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To my family,
who were my first teachers



iv

"The first principle is that you must not fool yourself—and you are the easiest
person to fool. So you have to be very careful about that. After you’ve not fooled
yourself, it’s easy not to fool other scientists. You just have to be honest in a

conventional way after that...I’m talking about a specific, extra type of integrity
that is not lying, but bending over backwards to show how you’re maybe wrong,
that you ought to do when acting as a scientist. And this is our responsibility as

scientists, certainly to other scientists, and I think to laymen."

Richard Phillips Feynman
Commencement Address

California Institute of Technology
June 14, 1974
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ABSTRACT

Protein-bound iron sulfur clusters are critical in cells and allow proteins to carry
out many essential functions as electron carriers, catalysts for challenging organic
reactions, and sensors of cellular environments. A wide range of protein families are
known to coordinate iron sulfur clusters, and a growing category includes proteins
involved in maintenance of the genome. Within the last three decades, iron sulfur
clusters have been demonstrated to be important for enzymes that function in DNA
repair, DNA replication, and transcription pathways. To date, iron sulfur clusters
in the cubane [4Fe4S] geometry with all cysteine ligands have been exclusively
reported for DNA repair and replication enzymes. In contrast to enzymes where the
cofactor is necessary for active site chemistry or directly-linked to protein function,
the [4Fe4S] cluster in the overwhelming majority of repair and replication enzymes
is not involved in the catalytic modification of DNA substrates. Rather, the role of
the cofactor appears to vary in function from protein to protein, and has been demon-
strated to be important for protein stability, in the assembly of multisubunit proteins,
and for substrate recognition, among other roles. Through investigations of the
redox chemistry of the cofactor, our group has found that these enzymes participate
in DNA-mediated charge transport chemistry, the process through which electrons
rapidly migrate through well-stacked, duplex DNA. Long-range, DNA-mediated
redox signaling provides a means of rapid communication among DNA-processing
proteins for organizing repair and replication activities across the nucleus.

Notably, the first observations of the [4Fe4S] cofactor associated with repair
and replications enzymes has consistently occurred well after the first biochemical
studies of these enzymes. In some cases, the demonstration of a [4Fe4S] center
has taken place decades later after initial work. Some proteins have required use of
anaerobic methods in order to detect the cofactor, perhaps explaining why in some
cases the metal center had eluded observation. Analysis of protein sequences might
be expected to help accelerate identification of new iron sulfur centers in repair and
replication enzymes. However, even with the abundance of sequencing data avail-
able in the post-genomic era, prediction of a metal center based on sequences alone
has been challenging. This is in large part because the spacing of the coordinating
cysteine residues can be quite irregular, leading to a weak bioinformatic signature.

Identifying proteins with overlooked [4Fe4S] cofactors poses an exciting chal-
lenge, and there are some elegant examples in the literature where data from genetics
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assays has been used in combination with careful sequence analysis to predict and
discover iron sulfur centers in repair and replication enzymes. Described here is the
evolution of our studies on one well-known repair enzyme from Escherichia coli,
UvrC. UvrC is part of the nucleotide excision repair pathway in the Bacteria domain
which is responsible for addressing the wide class of bulky, helix-distorting lesions
that can form after exposure to sources such as ultraviolet light, cigarette smoke,
chemotherapeutics, and protein-DNA crosslinks. UvrC, an excision nuclease with
two distinct active sites that incise the phosphodiester backbone on either side of
the site of damage, has been historically challenging to study. Given how essential
UvrC is in repairing damaged substrates, new insight has been greatly needed.

Through integration of several key reports from the literature regarding the
sequence of UvrC and evidence that pointed to a cofactor from genetics assays, our
group predicted that UvrC is a [4Fe4S] protein. Development of a new overex-
pression system and an anaerobic purification method allowed for isolation of UvrC
in holo form. We used spectroscopic techniques to confirm that the cluster type
was [4Fe4S], and a combination of spectroscopy and chromatography to demon-
strate that the UvrC-bound cofactor is susceptible to oxidative degradation. We also
found that loss of the cofactor, either through aerobic degradation or mutation of
coordinating cysteines, is associated with aggregation of apoprotein. Importantly,
in its holo form with the cofactor bound, UvrC forms high affinity complexes with
duplexed DNA substrates; the apparent dissociation constants to well-matched and
damaged duplex substrates are 100 ± 20 nM and 80 ± 30 nM, respectively. This
high affinity DNA binding contrasts reports made for isolated protein lacking the
cofactor. Moreover, using DNA electrochemistry, we find that the cluster coordi-
nated by UvrC is redox-active and participates in DNA-mediated charge transport
chemistry with DNA-bound midpoint potential of 90 mV vs. NHE.

The work detailed in this dissertation has highlighted how critical the [4Fe4S]
center is for UvrC, where the cofactor has been implicated in protein stabilization,
substrate binding, and redox signaling on DNA. Handling an apo form of UvrC
may have led to the previous challenges catalogued by researchers. Through the
development of entirely new methods to study UvrC under anaerobic conditions,
many opportunities are now available to study UvrC and the NER pathway anew in
vitro and in vivo. Such work will contribute additional insight on how iron sulfur
clusters are essential for enzymes that maintain genomic integrity.
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1

C h a p t e r 1

REDOX CHEMISTRY IN THE GENOME∗,†

Iron sulfur clusters are modular, tunable metal cofactors found in all domains of
life that are often agents of redox chemistry in biology, operating over a wide and
tunable range of physiological potentials, from approximately -500 mV vs. NHE
to 300 mV vs. NHE (NHE = normal hydrogen electrode) [8, 92, 116]. Common
cofactor geometries include the rhomboid [2Fe2S] cluster and the cubane [3Fe4S]
and [4Fe4S] clusters (Figure 1.1, Top), though more complex geometries are also
well-known and studied. These cofactors commonly mediate redox reactions in
nitrogen fixation, photosynthesis, and respiration [3, 94, 126], often acting in a
chain of metal cofactors within an otherwise insulating protein matrix [52, 141].
Iron sulfur centers in transcription factors can also mediate responses to changes in
cellular environment through chemical transformations of the center [27, 67, 91].
Iron sulfur centers undergo electron transfer at a range of redox potentials that
varies depending on the local protein environment and solvent exposure (Figure 1.1,
Middle) [33, 57]. One of the most common geometries is the [4Fe4S] cluster, which
is found in the [4Fe4S]2+ resting state. High potential [4Fe4S] clusters, like those
in high potential iron (HiPIP) proteins, can be oxidized to the [4Fe4S]3+ state and
lower potential clusters, like those in ferredoxins, can be reduced to the [4Fe4S]+

state [53]. Thirty years ago, these [4Fe4S] clusters were found also to be associated
with a protein involved in DNA repair [28], and over time, more and more proteins
involved in DNA processing were found to contain [4Fe4S] clusters.

After decades of progress, it is now understood that the incorporation of
[FeS] metal centers occurs through a highly regulated and coordinated series of
metabolically expensive steps by a network of iron sulfur cluster biogenesis proteins
[5, 17, 43, 72, 100, 110, 118, 120, 122, 123, 137], some of which in eukaryotes
are essential for cluster delivery to repair and replication enzymes (Figure 1.1,
Bottom). At present, specialized biogenesis components have not been identified
for [4Fe4S] repair proteins in prokaryotes, though, prokaryotic biogenesis has been
∗Adapted from E. O’Brien, R. M. B. Silva, and J. K. Barton (2016). "Redox Signaling through
DNA." Israel Journal of Chemistry 56, 9-10, 705–723. doi: 10.1002/ijch.201600022.

†Adapted from J.K.Barton, R.M.B. Silva, andE.O’Brien (2019). "RedoxChemistry in theGenome:
Emergence of the [4Fe4S] Cofactor in Repair and Replication." Annual Review of Biochemistry 88,
163-190. doi: 10.1146/annurev-biochem-013118-110644.
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Figure 1.1 Iron sulfur clusters in DNA processing enzymes.[6, 17, 43, 118, 120]
(Top) Iron sulfur cofactors can be found in [2Fe2S], [3Fe4S], and [4Fe4S] geome-
tries, though more complex geometries are well-known. Iron in shown in red and
sulfur in yellow. Common redox states are shown. (Middle) The potential of the
[4Fe4S] cluster cofactor is tunable over a wide range of physiological redox poten-
tial values. Ferredoxins access the [4Fe4S]2+/1+ couple, upon reduction from the
resting [4Fe4S]2+ state (light brown). High potential iron proteins (HiPIPs) access
the [4Fe4S]3+/2+ couple upon oxidation to the [4Fe4S]3+ state from the resting
[4Fe4S]2+ state (dark brown). DNA-processing enzymes with [4Fe4S] cofactors
have DNA-bound redox potentials that fall within the HiPIP [4Fe4S]3+/2+ potential
range, at ~65–150 mV versus the Normal Hydrogen Electrode (NHE) (blue). The
solvent accessibility and hydrogen bonding/electrostatic environment of the clus-
ter all contribute to tuning the redox potential of the cofactor. (Bottom) Reactive
iron and sulfide species are assembled on protein scaffolds, and mature clusters are
delivered to apoprotien targets, often with the aid of carrier and chaperone proteins.
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linked to pathogenesis and antibiotic resistance [38]. Mechanisms of protein target
recognition by biogenesis machinery have been brought to the forefront recently
[120], and interestingly, bioinformatic signatures of the coordinating cysteines in
repair and replication proteins are surprisingly weak [140].

1.1 IRON SULFUR CLUSTERS IN DNA PROCESSING ENZYMES
Following these remarkable discoveries, several questions arose about the nature of
the [4Fe4S] cluster in nucleic acid processing enzymes. Creation and incorpora-
tion of iron-sulfur clusters into proteins is a metabolically expensive task requiring
the engagement of several protein systems. Placing an iron-containing cofactor in
a DNA-binding protein could additionally place the bound nucleic acid at risk of
damage. A labile ferrous iron from the cofactor could react with hydrogen peroxide
in the cellular environment; this Fenton chemistry creates reactive oxygen species
which could damage nearby DNA bases [65, 66]. Why then does Nature spend
the requisite energy incorporating a redox-active inorganic cofactor into a DNA-
processing enzyme? What were their roles? Were they structural factors or perhaps
ancestral relics? As described here, we are finding that these [4Fe4S] clusters carry
out redox reactions in DNA-processing proteins, serving as redox switches to regu-
late protein binding to the DNA polyanion.

The surprising discovery of a [4Fe4S] cluster in the base excision repair (BER)
glycosylase Endonuclease III (EndoIII) from Escherichia coli (E. coli) in 1989 [28]
soon led to the discovery of [4Fe4S] clusters inMutY (an EndoIII paralog) andUracil
DNAGlycosylase in Archaeoglobus fulgidus (AfUDG) [55, 59]. Over the following
decades, nucleic acid processing enzymes across many pathways were shown to
contain [4Fe4S] cofactors (Table 1.1 [5, 9, 30, 43, 60, 61, 76, 140, 143, 148, 149].
In most cases, discovery of the [4Fe4S] cluster occurred years after the first isolation
of the gene products [43]. As predictive tools and protein isolation methods become
more and more sophisticated, we and others expect that even more [4Fe4S] clusters
will be observed in essential DNA processing enzymes [43, 121].
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Table 1.1 DNA Processing Enzymes Coordinating a [4Fe4S] Cluster

[4Fe4S Proteins]
Bacteria Archaea Eukarya Pathway Enzyme Family Refs.
EndoIII; MutY;
UDG (Family 4)

Ntg2, NTHL1;
Myh1, MUTYH

Base excision
repair

Glycosylases [5, 30]

DinG XPD Rad3, XPD;
FANCJ; RTEL1;
ChlR1

Many repair
pathways

SF2 5′→ 3′ helicases [43, 143]

AddAB (Gram-
positive)

Dna2 Replication-
coupled repair

Helicase-nucleases with 5′→
3′ nuclease activity

[80, 143]

PhrB (Class FeS-
BCPs)

Photoreacti-
vation DNA
repair

(6-4) photolyase [148]

Spore photoprod-
uct lyase

Direct repair
of UV damage
(spore photo-
product)

Radical SAM enzyme [9, 76]

Cas4 CRISPR adap-
tive immunity

5′→ 3′ exonuclease [149]

RNA polymerase
(RpoD)

RNA polymerase
II (Rpb3)

Transcription Template-directed RNA poly-
merase

[60]

DNA primase Replication De novo synthesis of RNA
primers

[5]

Pol α Replication Extension of RNA primers [5]
Pol ε Replication Leading strand polymerase [5]
Pol δ Replication Lagging strand polymerase [5]
Pol ζ Replication Translesion polyermase [5]

Proteins separated by a semicolon are homologs or paralogs from the same protein family. Proteins separated by commas in the
Eukarya column are from yeast (left) and humans (right). See text for abbreviations and additional references.
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The question of what role the [4Fe4S] clusters played, however, was less
straightforward to answer, as early studies demonstrated that the clusters were iso-
lated in the electron paramagnetic resonance (EPR) silent [4Fe4S]2+ state and were
resistant to powerful chemical oxidants and reductants [13, 28, 59]. Moreover, the
spectroscopic signature of coordinating cysteines was unchanged upon binding a
damaged substrate, leading to the initial conclusion that the cluster had a structural
role [28, 42, 131]. MutY, however, could be denatured and refolded in the apo form,
challenging this early conclusion [114]. A substrate-sensing role was proposed for
the cluster in light of this result, but a general, chemical function for the cofactor
eluded observation.

1.2 CHARACTERIZING THE FUNDAMENTAL PROPERTIES OF DNA-
MEDIATED CHARGE TRANSPORT CHEMISTRY

At the same time that these proteins involved in DNA processing were being found
to contain [4Fe4S] clusters, experiments were being conducted to characterize DNA
charge transport chemistry (DNA CT), where electrons rapidly migrate through
well-stacked duplex DNA [46]. The native substrate of these [4Fe4S] enzymes,
double stranded DNA (dsDNA), was initially predicted to conduct charge in the
dry, solid state [36], as the π-stacked DNA bases resemble the structure of graphite,
a conductive material (Figure 1.2). To assess whether DNA conducted charge in
biologically relevant aqueous conditions, new platforms were developed to examine
this chemistry. Two important characteristics of this chemistry emerged: (i) DNA
CT can occur over long molecular distances with shallow distance dependence, and
(ii) DNA CT is exquisitely sensitive to perturbations in π-stacking of the bases.

A range of studies using DNA-bound electron donors and acceptors were used
to characterizeDNACT chemistry. In an early photophysical study, aDNAoligomer
was prepared containing a tethered luminescent ruthenium complex (donor) inter-
calated at one end of the duplex and a rhodium complex that acts as an oxidizing
quencher (acceptor) at the other end of the duplex. While the tethered, DNA-
bound ruthenium complex luminesced in the absence of the rhodium complex, in
its presence, the luminescence was quenched by electron transfer occurring through
the π-stacked dsDNA duplex, and remarkably over a distance > 40 Å [97]. In a
subsequent experiment using the base analog 2-aminopurine, a base analog as the
luminescent donor, with guanine serving as the electron acceptor, electron transfer
quenching was also evident, but was attenuated in the presence of a single base mis-
match (a lesion that perturbs π-stacking) intervening between the bound donor and
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Figure 1.2 DNA charge transport (DNA CT) chemistry [48, 52, 93, 101, 141]. The
structure of DNA facilitates long-range, rapid electron transfer. (Top left) Side view
of DNA. The aromatic bases at the center of the DNA helix are oriented so that the
π-orbitals of adjacent bases overlap with one another in the duplex. This structural
property suggests that charge could pass through the π-stacked base pairs of DNA.
(Top right) View down the helical axis of aromatic base pairs (blue) stacked in 3.4-Å
layers at the center of DNA. (Bottom) Timescale and length scale of various electron
transfer pathways through biomolecules (Protein Data Bank ID 3BSE).

acceptor [74]. Long-range CT through a 63 bp (base pair) duplex DNA substrate has
also been observed with DNA-intercalating photooxidants, where the DNA-bound
photooxidant can promote oxidative damage at guanine residues from a distance. A
covalent rhodium photooxidant at one end of a DNA duplex, for example, oxidizes
guanine bases at the 5′- guanine of a guanine doublet, the site of low oxidation po-
tential, through DNA CT, generating 7,8-dihydro-8-oxo-2′-deoxyguanosine lesions
200 Å from the site of intercalation [101]. DNA CT chemistry through well-stacked
RNA/DNA hybrids has also been observed [106, 108]. Experiments monitoring
base-base CT utilizing 2-aminopurine furthermore showed that these DNA CT re-
actions can occur on the picosecond timescale, gated by the motions of the bases
[107], and moving 10 times the single-step tunneling distance through protein in a
miniscule fraction of the time [48, 52, 112, 141]

Again, however, perturbations in base stacking, as occur with base mismatches
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or kinks in the DNA, turn off this long-range CT chemistry. In fact, proteins that
bind and kink the DNA, such as TATA-binding protein, can be used to turn off DNA
CT. In contrast, proteins that bind DNA without affecting DNA base stacking, as
with histones, do not alter DNA CT [15, 102, 115].

We also explored DNA CT in the ground state using DNA electrochemistry.
Here, as with the photophysical studies, we observe long-range CT as long as the
DNA is well-stacked. Indeed, ground state CT through DNA was observed over
100 base pairs to a tethered, intercalating redox probe, Nile blue, using multiplexed
DNA-modified gold electrodes, but a single base mismatch in the 100-mer was
sufficient to attenuate the redox signal severely [129]. Duplex DNA with well-
stacked bases is thus a strikingly effective mediator of charge transport, but what
proteins serve as the electron donors and acceptors? In order to utilize DNA CT
for long-range redox reactions, electron donors and acceptors must both possess
a redox-active center capable of one-electron transfer reactions and bind duplex
DNA such that their redox centers are coupled into the π-stacked bases. Repair and
replication enzymes bearing the [4Fe4S] meet all of these criteria and were thus
examined in the context of DNA CT chemistry, described in the next section.

1.3 MEASURINGREDOX POTENTIALSOF [4FE4S] ENZYMES BOUND
TO DNA

For our early electrochemistry studies, we had used proteins to modulate DNACT to
a small DNA-bound redox probe [15], but we considered that DNA electrochemistry
could be used also to examine DNA CT to a redox cofactor within a DNA-bound
protein. Could a DNA-binding protein containing a redox cofactor carry out DNA
CT chemistry? If so, DNA CT experiments could be used to characterize the redox
centers of DNA-binding proteins and to determine their DNA-bound potentials.

1.3.1 DNA-Mediated Electrochemistry
DNA-modified Au electrodes have become a useful platform for assessing whether a
DNA-processing [4Fe4S] enzyme is redox-active in solution under physiologically
relevant conditions (Figure 3.8). Gold surfaces are functionalized with alkanethiol-
modified DNA duplexes through formation of a thiol-gold bond. Duplex DNA
bound to the surface is then characterized, with respect to density, surface thickness,
and ability to be cut by restriction enzymes. In this platform, the DNA, function-
alized onto an electrode surface, is biologically accessible; restriction enzymes, for
example, can cut the DNA on the electrode with sequence specificity, just as in
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solution. Once assembled, the Au surface is used as the working electrode in a
three-electrode cell, often with an Ag/AgCl gel tip as the reference electrode and
a platinum wire as the auxiliary electrode [111, 128, 129]. DNA-bound redox po-
tentials of [4Fe4S] proteins can be measured with this method, where charge flows
to (cathodic peak) and from (anodic peak) the electrode through the DNA to the
cluster, reversibly oxidizing [4Fe4S]2+ to [4Fe4S]3+, then re-reducing [4Fe4S]3+ to
[4Fe4S]2+ in the process. Electrochemical studies on these platforms have been cen-
tral to the prediction and discovery of redox signaling between DNA-bound [4Fe4S]
enzymes across different repair pathways [6, 104, 132].

We first examined MutY, EndoIII, and AfUDG, three base excision repair pro-
teins found to contain [4Fe4S] clusters [13]. Earlier studies using strong chemical
oxidants and reductants had suggested that the clusters were redox-inactive at phys-
iological potentials [28], but these studies had been conducted in the absence of
DNA. It was reasonable to consider that binding the DNA polyanion might change
the potential of the cluster within the protein. Our studies showed first that a re-
versible signal was detectable at ~80 mV versus NHE, within the physiological
window, for each of these proteins bound to the DNA-modified electrode [33, 92].
The potentials were consistent with those found for the clusters in HiPIP proteins
and were at equal potentials for all of the repair proteins examined. Moreover, the
presence of an abasic site on the DNA intervening between the bound protein and
the electrode surface served to attenuate the signal from the cluster. This result
established two important points: (i) we were measuring the DNA-bound potential
of the protein and (ii) we were observing DNA-mediated CT between the electrode
and the cluster within the protein. Many repair and replication proteins have now
been studied using this DNA electrochemistry platform, and in each case we have
observed reversible, redox signals in the physiological potential range, near ~80 mV
vs. NHE, corresponding to cycling between the [4Fe4S]2+ and [4Fe4S]3+ oxidation
states [6, 13, 35, 96, 104, 130, 132].

It is noteworthy that the most recent generation of DNA-modified electrodes
utilizes a multiplexed chip so several experimental conditions can be examined in
parallel (Figure 3.8) [111, 128, 129]. Patterned, silicon chips with sixteen indepen-
dently addressable Au electrodes uniform in area can be physically divided into four
quadrants and used to monitor the redox activity of a single protein on as many as
four different DNA substrates on the same surface. The platform can also be used
to compare CT efficiency of WT and mutant protein on the same chip. All of the
experiments described can moreover be carried out anaerobically.
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Figure 1.3 Measuring the redox potential of DNA-bound [4Fe4S] enzymes [13,
16, 111, 128, 129]. (Top) DNA electrochemistry on Au electrodes, where well-
matched (WM) DNA duplexes containing a tethered alkanethiol are attached to a
gold electrode passivated with β-mercaptohexanol, which can be used to assess
redox signals from DNA-bound, [4Fe4S] proteins. Signals are attenuated when
base lesions, such as mismatches (MM, shown in red) in the duplex, are present, or
when the redox pathway within the [4Fe4S] protein, as for EndoIII Y82A (shown
in gray), is deficient in charge transport (CT). (Bottom left) A multiplexed chip
platform has now been adapted to measure [4Fe4S] protein signals on 16 separate
DNA-modified electrodes, with replicates on a single surface. (Bottom right) Cyclic
voltammetry scanning can be used to measure the DNA-mediated redox signal from
CT-proficient proteins (such as WT EndoIII, blue) and CT-deficient mutant proteins
(EndoIII Y82A, red).

1.3.2 Graphite Electrochemistry to Compare DNA-bound and DNA-free Po-
tentials of [4Fe4S] Cluster Proteins

We became interested in monitoring directly the shift in potential for [4Fe4S] repair
proteins bound to DNAversus free, and that requiredmeasuring the protein potential
both in the absence and presence of DNA. DNA electrochemistry on Au electrode
surfaces is amenable to measuring physiological potentials ranging from -200 mV
to +500 mV vs. NHE [6, 7, 35, 51, 54, 88, 96, 104, 111, 130, 132]. However,
scanning beyond this range is necessary to observe a redox signal from a protein in
the absence of DNA, which has a higher (more reductive) midpoint potential due
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to the absence of the DNA polyanion [7, 35, 51, 54, 132]. In order to measure the
DNA-free and DNA-bound redox potentials of EndoIII, highly oriented pyrolytic
graphite (HOPG) electrodes were used [51]. Bare surfaces or surfaces modified
with pyrene-functionalized duplex DNA (which creates a DNA monolayer through
π-stacking between pyrene and graphite) facilitated direct comparison of DNA-
free and DNA-bound EndoIII [4Fe4S] cluster redox potentials. A negative shift of
approximately 200 mV was observed for the DNA-bound EndoIII relative to DNA-
free EndoIII. Given that protein binding does not lead to a large conformational
change in the protein or DNA, this shift in redox potential for the [4Fe4S] cluster
thermodynamically reflects a roughly 1000-fold tighter DNA binding affinity for
the oxidized [4Fe4S]3+ state, relative to the reduced [4Fe4S]2+ state (Figure 1.4,
Left). Oxidation of the [4Fe4S]2+ cluster to the [4Fe4S]3+ state thus should serve
as a redox switch for DNA binding.
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Figure 1.4 DNA binding shifts the potential of [4Fe4S] cluster enzymes. (Left)
Tuning of cluster potential by DNA. EndoIII has a redox potential of approximately
80 mV vs NHE for the [4Fe4S]3+/2+ couple measured on a DNA-modified Au
electrode [13]. On graphite electrodes, the DNA-bound potential is ~60 mV vs
NHE, which is a negative shift from the ~130 mV vs NHE potential for this couple
when the protein is not bound to DNA [7, 51]. (Middle) Redox switching of binding
affinity. This shift in potential corresponds thermodynamically to a stabilization
of the oxidized [4Fe4S]3+ state upon binding the DNA polyanion. Microscale
thermophoresis on electrochemically oxidized and native reduced EndoIII indicates
that a > 500-fold increase in DNA-binding affinity is associated with the conversion
from [4Fe4S]2+ to the [4Fe4S]3+ state, consistent with this negative shift in potential
[132]. (Right) A thermodynamic cycle for oxidized and reduced protein associating
and dissociating with DNA is shown.
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1.3.3 Spectroscopic Observation of [4Fe4S] Cluster Redox Activity in DNA-
Processing Proteins

Electrochemical observations of the [4Fe4S] cluster in DNA-processing enzymes
was also complemented by spectroscopic analysis. EPR spectroscopy requires
chemical or electrochemical conversion of the resting, diamagnetic [4Fe4S]2+ en-
zymes to the paramagnetic oxidized [4Fe4S]3+ or reduced [4Fe4S]+ redox states,
and thus was used to establish the resting state for the DNA-bound repair pro-
tein as [4Fe4S]2+ [7, 75, 117, 138]. We also demonstrated that the DNA-bound
protein can be oxidized photochemically, from a distance, using DNA CT from a
distantly tethered intercalating photooxidant [6]. Importantly, we were also able to
demonstrate spectroscopically that the cluster could be oxidized by guanine radicals,
generated using flash-quench experiments monitored by transient absorption spec-
troscopy [144]. Indeed, these studies highlight how the oxidized [4Fe4S]3+ cluster
could be generated within the cell from a distance using DNA CT from guanine
radicals formed under conditions of oxidative stress, and in so doing, activating the
DNA repair machinery.

1.3.4 A Shift in Cluster Potential Reflects a Redox Switch in DNA Binding
While we had seen several examples of DNA binding yielding a shift in redox poten-
tial for the clusters within the repair proteins, from which one can infer a difference
in DNA binding affinity for the protein with a [4Fe4S]3+ cluster versus a [4Fe4S]2+

cluster, we were not at first able to measure this difference directly. In the absence
of DNA, the [4Fe4S]3+ cluster degrades oxidatively to a [3Fe4S]+ cluster, which
affects protein binding. As a result, binding affinities for the [4Fe4S]3+/2+ clusters
needed to be determined anaerobically.

Recently we found that microscale thermophoresis could be used under anaer-
obic conditions to carry out the DNA binding experiments for the [4Fe4S] proteins
in the two oxidation states [132]. EndoIII containing the [4Fe4S]3+ cluster was first
generated on DNA-modified electrodes and then, under strictly anaerobic condi-
tions, the thermophoresis experiments were conducted. Consistent with the shift in
potential associated with DNA binding, oxidized EndoIII with the [4Fe4S]3+ clus-
ter was indeed found to bind >500 times more tightly to dsDNA than the reduced
EndoIII with the [4Fe4S]2+cluster (Figure 1.4, Middle). This difference in binding
affinity is understandable based simply on electrostatic considerations, assuming
that a conformational change in the protein does not occur upon cluster oxidation.
In fact, calculations of the potential energy change for the [4Fe4S]2+ cluster versus
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the [4Fe4S]3+ state, based on the distance of the cluster from the DNA polyanion
and the intervening protein dielectric, well reflect the change in binding affinity that
we see. It is interesting in that context that we find similar shifts in potential for
all of the DNA repair proteins examined, and, for proteins with reported crystal
structures, the clusters generally appear to be ~ 20 Å from the DNA polyanionic
backbone. Based upon the measurements for EndoIII, then, we can consider that
binding of these repair proteins to the DNA polyanion serves to tune the potential
of the cluster by altering the electrostatic environment, activating the cluster toward
oxidation, and lowering the [4Fe4S]3+/2+ couple into a physiologically accessible
potential range. Additional binding affinity measurements of other repair proteins in
reduced and oxidized states are needed to continue examining the role of the cluster
in the context of each protein.

1.4 DNA REPAIR ENZYMES COORDINATING [4FE4S] CENTERS
Thousands of DNA damage sites are generated by endogenous and exogenous agents
in each cell daily [26]. An arsenal of DNA repair pathways has evolved to address the
structurally and chemically diverse lesions, though a comprehensive understanding
of how repair pathways efficiently identify and remove damaged bases has remained
elusive [25, 50, 87]. In the case of the repair proteins that contain [4Fe4S] clusters,
what they share is a low copy number within the cell and a moderate specificity in
binding their target lesion versus unmodified DNA. But with few players and not a
high specificity in targeting, how do they effectively find all the lesions within the
cell and on a timescale appropriate to the organism?

We have considered that DNA charge transport chemistry might provide a
first step in localizing repair proteins that contain these clusters in the vicinity of
lesions, essentially redistributing the proteins to regions of damage, irrespective of
the actual lesion characteristics as long as the damage interferes with DNA CT. We
had actually found earlier that many common base lesions interfere with DNA CT
[12]. Moreover, the fact that these proteins share a similar redox potential means
that essentially they can work together, transferring electrons from one to another to
carry out a first scan of the genome.

We have, by now, foundmany types of DNA repair proteins containing [4Fe4S]
clusters that are involved in redox signaling on DNA, and we have probed how these
redox signaling networks work in coordination utilizing DNA CT through their
[4Fe4S] clusters. We have also found CT deficiencies in mutated proteins strongly
linked to disease. In the context of redox signaling, included below, is an overview
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of the major repair protein families that coordinate a [4Fe4S] cluster, the damaged
substrates they repair, and illustrations of how they may utilize redox signaling to
maintain genomic integrity (Figure 1.5).
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Figure 1.5 Reactions and substrates for DNA repair enzymes containing [4Fe4S]
clusters. (Top Left) Glycosylases remove several single-base lesions caused by
endogenous and exogenous agents [12, 30, 83]. (Right) Superfamily 2 5′→3′
helicases participate in several pathways and are involved in unwinding very diverse
substrates. The substrate specificity overlaps for many of the helicases (e.g., FANCJ
and RTEL1), although genome location (e.g., telomeres) and cell cycle phase (e.g.,
replication in the S phase) appear to be factors in activity [18, 19, 125, 143]. (Bottom
Left) The helicase-nuclease AddAB processes double-strand breaks [80, 140].
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1.4.1 Glycosylases
Glycosylases are key players inBER, a highly conserved pathway responsible for rec-
ognizing and removing single-base lesions generated by spontaneous deamination,
alkylating agents, and oxidative stress, among other sources of damage (Figure 1.5,
Top Left) [30, 58]. For EndoIII, MutY, and AfUDG, biochemical studies have very
elegantly demonstrated that mutations at coordinating cysteines or in the cluster
binding domain can affect protein expression, enzymatic function, and DNA bind-
ing, even though the cluster is located remotely from the glycosylase active site
and there is not a large conformational change associated with the binding to DNA
[31, 37, 83, 131]. Specific to mammalian BER, a connection has been established
between the glycosylases NTHL1 and and multiple cancers, most notably MUTYH-
associated polyposis (MAP). These syndromes are characterized by increased risk
of aggressive, early-onset colorectal cancer [26, 30, 139].

As described above, several BER glycosylases were demonstrated to partic-
ipate in DNA-mediated CT chemistry [13]. Further examination of the available
structures of EndoIII in the free and DNA-bound forms revealed a few highly con-
served aromatic residues between the cluster and the DNA, which could provide
a CT pathway through the protein [14, 52, 119, 141]. Informed by these crystal
structures, several key mutants of EndoIII have been generated and characterized,
including a CT deficient/enzymatically proficient mutant Y82A and charge-flipped
mutants to explore the electrostatics near the cluster [14, 51, 119]. Unique to the
HiPIP-like [4Fe4S] repair proteins, the DNA polyanion is the governing factor that
shifts the potential and stabilizes the cluster in the [4Fe4S]3+ state [7, 51, 57], so that
only variations in the intensity of the redox signal is observed for different mutants
bound to the DNA electrode, as a function of their proficiency in carrying out DNA
CT; the DNA-bound potential is the same for all of the EndoIII mutants. Further-
more, redox sensing of base stack perturbations on DNA-modified gold electrodes
containing a lesion has been observed, even when that lesion is not a substrate for
the glycosylase [13, 119].

1.4.2 Superfamily 2 (SF2) 5′→ 3′ Helicases
SF2 helicases were the second family of enzymes discovered to coordinate a [4Fe4S]
cluster [124]. SF2 helicases are NTP-dependent proteins that directionally translo-
cate and unwind duplexes [143]. Distinct from the glycosylase family, the helicases
are involved in several repair pathways (Figure 1.5, Right). These pathways respond
to stress from multiple sources, and there are many examples of extensive crosstalk
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and cooperativity among a complex network of repair pathways that include SF2
helicases with [4Fe4S] clusters [43]. As might be expected, mutations in SF2 heli-
cases containing [4Fe4S] cluster are associated with a host of genetic disorders and
cancers and are being targeted for cancer therapies [18, 135].

A common theme with SF2 helicases is the multifunctional nature of their
activities within the cell (Figure 1.5, Right). In bacteria, DinG resolves R-loops,
RNA:DNA hybrids, formed at collisions between replication and transcription ma-
chinery; DinG has also been shown to be active on D-loops (displacement loops,
triple stranded DNA) [117, 136]. Notably, mutation of the ligating cysteines of
DinG results in an increased susceptibility to proteolytic degradation in vitro [117].
A new, well-conserved bacterial protein YoaA was identified in a genetics screen to
be involved in coordinating repair and replication machinery at blocked replication
forks. Based on sequence similarity to DinG, YoaA was predicted also to be a
[4Fe4S] protein [20].

The first archaeal/eukaryotic SF2 helicase discovered, XPD, is part of the tran-
scription factor IIH (TFIIH) complex and is involved in both nucleotide excision
repair (NER) and transcription initiation [124]. In NER, helicase activity is critical
for removing damaged oligomers, and helicase activity can be disrupted by mutating
cysteines that coordinate the [4Fe4S] cluster, even though the [4Fe4S] cluster does
not participate directly in catalyzing substrate unwinding [43, 117]. In contrast,
only the association of XPD with TFIIH is needed to initiate transcription, which
is thought to aid assembly of other proteins with TFIIH. Many other facets of XPD
have also been studied, including a role for XPD in preventing oxidative damage in
the mitochondria [62].

Both XPD and DinG can participate in DNA CT chemistry with a shared
DNA-bound redox potential of approximately 80 mV vs. NHE [54, 96]. Further
probing of the CT activity found that upon addition of ATP, the signal for XPD
and DinG quite stunningly increased without any shift in the midpoint potential.
Helicase activity thus increases the electrochemical signal through better coupling
of the cluster to the π-stacked DNA bases, essentially signaling helicase activity
through DNA CT. The increased coupling upon co-factor binding appears to be
an important feature of the SF2 helicase family that helps coordinate repair and
replication, signaling from a distance that the helicase is active.

Another eukaryotic SF2 helicase, FANCJ has a role in several pathways. Com-
promised FANCJ function, which can result from mutations in the cluster binding
domain, has been linked to several cancers, and FANCJ upregulation has been found
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in many tumor types [19]. FANCJ is known to act on many substrates, including
duplex substrates, D-loops, and G4 quadruplexes (89). FANCJ association with
numerous other proteins, including BRCA1, can depend on the timing of the dam-
age response and the type of lesions generated. Furthermore, FANCJ activity has
been observed to alleviate replication stress through resolution of stalled replication
forks, particularly at telomers rich in G4 quadruplexes. Two other SF2 helicases
that coordinate a [4Fe4S] cluster, RTEL1 and Chlr1, resolve several different types
of structures in the process of facilitating replication [11, 135]. Both RTEL1 and
Chlr1 have been also found to associate with various replication proteins. Mutations
in these enzymes are similarly associated with an array of diseases [5, 11, 43, 56].
Electrochemical studies of these proteins have not yet been conducted, but studying
these proteins in the context of redox signaling will likely illuminate how these
multifunctional enzymes coordinate their activities.

1.4.3 Helicase-Nucleases
In 2009, the first helicase-nuclease containing a [4Fe4S] cluster identified was
AddB, part of the AddAB heterodimer found in gram positive bacteria and some
proteobacteria [80, 145]. Helicase-nuclease activity is involved in double strand
break (DSB) repair, which can be caused by a number of factors, including collapsed
replication forks (Figure 1.5, Bottom Left). Located in the C-terminal nuclease
domain of AddB, the cluster was found to be essential for binding of DNA substrates,
but not essential for complexation with AddA or for maintaining structure, though a
stabilizing role of the cluster was suggested. The crystal structure of the AddAB in
complexwith a DNA substrate revealed aDNAbinding loop supported by the cluster
domain, providing explanation of why mutating coordinating cysteines abolished
substrates binding [125]. A homologous [4Fe4S] helicase-nuclease, Dna2, was later
found in eukaryotes (vide infra).

1.4.4 Monitoring Redox Signaling Among [4Fe4S] Repair Proteins
Given the multitude of these clusters, their similarity in redox potential, and their di-
versity in lesions targeted, we became interested in examining how the proteinsmight
cooperate in searching forDNA lesions. To study cooperative, redox communication
between [4Fe4S] proteins, a series of in vitro and in vivo assays were developed to
monitor signaling networks. In vitro, atomic forcemicroscopy (AFM) has facilitated
visualization of [4Fe4S] repair protein distribution on well matched (WM) DNA
versus duplexDNA containing a single basemismatch (MM) [14, 54, 119, 130, 132].
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Though strands containing a single, engineered C:A mismatch are not native sub-
strates for any of the repair enzymes studied, preferential binding to the 3.8 kb long
MM strands, expressed as a binding density ratio of 1.5 (Figure 1.6, Top Left) has
been seen for all CT-proficient repair proteins. Mixtures of [4Fe4S] proteins from
different repair pathways, and, remarkably, mixtures of cluster proteins from distinct
organisms also signal cooperatively one to another, localizing to damaged strands.

Two factors have been found to affect the efficiency of the damage search: (i)
the CT proficiency of a protein and (ii) the extent to which the protein population
is oxidized [132]. Mixing CT-proficient and CT-deficient proteins (eg. EndoIII and
Y82A) impairs localization to MM strands; the binding density ratio is 1. Protein
samples that are 99% oxidized generated anaerobically using DNA electrochem-
istry also do not redistribute to MM strands, likely due to the >500-fold increase
in binding affinity. Redistribution of oxidized EndoIII, however, can be restored
with addition of reduced DinG. The same phenomenon was seen in the reciprocal
experiment with oxidized DinG and reduced EndoIII. These data underscore that
long-range redox signaling between [4Fe4S] enzymes is dependent on the shared
DNA-bound redox potential and CT proficiency of the protein.

Complementary genetics assays were developed using strains of E. coli en-
gineered to depend sensitively on the repair activity of MutY or DinG for growth
[14, 54]. For example, to examine DinG repair activity of R-loops in vivo, a strain
was used in which an essential and highly-expressed ribosomal gene was inverted,
which causes collisions between transcription and replication machinery, formation
of R-loops at those collisions, and requires DinG repair of R-loops for cell survival
[54]. Putative redox signaling networks can be disrupted by genetically knocking
out a signaling partner [14, 54]. Limited growth in the knocked out strains there-
fore points to diminished repair activity occurring, owing to limited availability of
signaling partners (Figure 1.6, Top Right). Complementation plasmids for EndoIII,
which include WT enzyme, Y82A, and D138A have been used to monitor how
rescue with wild type and EndoIII mutants can restore survival. With this genetic
approach, evidence of signaling among BER enzymes and DinG has been found to
be necessary for repair activity and growth of cells. Rescue with the CT-competent
but enzymatically deficient D138A, but not the CT-deficient but enzymatically com-
petent Y82A, restores growth in EndoIII knockouts. These data demonstrate that
CT proficiency and not enzymatic activity is needed for redox signaling and efficient
repair activity in other pathways.
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Figure 1.6 DNA-mediated redox signaling among DNA repair enzymes containing
[4Fe4S] clusters. (Top Left) The atomic force microscopy (AFM) redistribution
assay. A greater binding density of [4Fe4S] repair proteins is found on 3.8-kb duplex
strands containing an engineered C:AMMcompared to theWM strand, even though
the MM is not a substrate for [4Fe4S] repair proteins (blue bar graph). If the protein
is deficient in DNA CT, the binding density is the same for MM and WM strands
(red bar graph) [14, 54, 119, 130, 132]. (Top Right) Genetics assays for detection
of DNA-mediated redox signaling among E. coli [4Fe4S] repair proteins [14, 54].
Rescue plasmids expressing CT-proficient (D138A) or CT-deficient (Y82A) variants
of EndoIII are introduced to ∆nth (EndoIII knockout) E. coli strains (∆, gray) that
report on the repair activity of a putative signaling partner to evaluate if the parent
phenotype (blue) can be rescued (bar graph). Rescue can be achieved only with
a CT-proficient enzyme (light blue bar vs light gray bar), indicating that DNA-
mediated redox signaling is necessary for efficient repair. (Bottom) A model for
DNA-mediated redox signaling network among repair proteins [5, 46]. DNAbinding
activates the native [4Fe4S]2+ state toward oxidation, leading to a > 500-fold increase
in DNA-binding affinity in the [4Fe4S]3+ state. Oxidized proteins remain bound
and diffuse along the DNA until another [4Fe4S]2+ protein bound at a distal site can
reduce the oxidized protein, effectively scanning the intervening DNA for lesions
through DNA CT. On damaged strands, redox signaling is disrupted and any nearby
oxidized proteins remain bound. Thus, DNA CT allows repair proteins to scan large
sections of the genome and redistribute to areas containing damage.
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1.4.5 A Model for Scanning the Genome Utilizing DNA CT Chemistry
To describe how DNA-mediated CT chemistry could be utilized for more efficient
lesion detection, we developed a model for redox signaling among a network of
[4Fe4S] repair proteins (Figure 1.6,, Bottom) [14, 16, 54, 119, 130, 132]. Upon
association of freely-diffusing protein in the [4Fe4S]2+ state onto duplex DNA, the
protein is activated toward oxidation and can reduce a distally bound protein from the
[4Fe4S]3+ state to the more weakly binding [4Fe4S]2+ state. Alternatively, guanine
radicals (G•+), a product of oxidative stress, can generate the [4Fe4S]3+ species by
DNA CT over long molecular distances [12, 101, 144]. Iterations of this CT can
occur across the genome, providing a rapid CT scan for the integrity of the genome,
and redistributing the repair proteins in the vicinity of lesions. In these regions, if
there is a lesion that attenuates CT, redox signaling between the cluster proteins is
interrupted. Both proteins in the tightly-binding [4Fe4S]3+ state persist on the DNA
and can localize by facilitated diffusion to the precise site of damage. Thus DNA
CT aids in the first step of repair proteins finding and localizing in the vicinity of
lesions.

1.4.6 Diseases and Cancers Related to Mutations in [4Fe4S] Proteins
Mutations linking cancer with compromised repair activity by human [4Fe4S] pro-
teins have been reported [5, 88]. Investigations into the redox chemistry of mutant
proteins has helped illuminate how impaired redox signaling capacity could con-
tribute to disease. For example, Y82 in EndoIII from E. coli parallels in structural
position of Y166 in MUTYH. As discussed, the Y82A mutant is CT-deficient, and
this parallel Y166S mutation has been known to be associated with MAP colorec-
tal cancers [23, 49]. Within the context of DNA CT chemistry, a mutation which
compromises the CT proficiency of one repair protein could understandably lead to
compromised crosstalk of [4Fe4S] repair pathways across the genome.

Perhapsmore directly, a novelMUTYHgermline variant, C306W,was recently
found in a patient with colonic polyposis and a family history of early-onset colon
cancer [88]. Mutation of C306, a [4Fe4S] cluster-ligating cysteine, does not fully
abolish cluster loading or DNA-bound redox activity, but is destabilizing, leading
to rapid oxidative degradation of the [4Fe4S] cluster to the [3Fe-4S]+1 species on
a DNA electrode, which has not been seen for the WT enzyme. Degradation of
the cluster results in diminished binding to DNA substrates and enzymatic function.
The C306W mutant is a powerful example of how cluster degradation disrupts en-
zymatic activity and redox signaling, emphasizing the critical role of the cluster in
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preventing onset of disease. Moreover, this degradation occurs only with oxidation,
underscoring the important role of the cluster in carrying out redox chemistry.

Mutations in XPD have also been linked to disease, in particular, to three
distinct but related disorders with extreme photosensitivity: trichothiodystrophy
(TTD), Cockayne syndrome (CS), and xeroderma pigmentosum (XP) [18, 43].
Crystal structures of XPD have helped illuminate how common mutations in differ-
ent domains of XPD lead to specific disorders [39, 142]. For example, the L325V
mutation (from Sulfolobus acidocaldarius, L461 in human XPD), specifically asso-
ciatedwith XP and TTD, is CT-deficient relative to theWT enzyme, with diminished
ability to distinguish well-matched versus mismatched strands in our AFM assay
[130]. Another mutation, G34R (also from S. acidocaldarius, G47R in human
XPD), is associated with loss of ATP binding and helicase activity. Consistent with
these data, the G34R mutant did not exhibit enhanced electronic coupling upon
addition of ATP on DNA-modified electrodes [96]. Thus, these disease-relevant
mutations not only impair enzymatic activity, but also diminish redox signaling
capacity.

The study of the redox chemistry and cooperative signaling between disease-
relevant mutants has exemplified intimate connections between cluster stability,
enzymatic activity, redox activity, and CT proficiency [43]. Mutations in other
[4Fe4S] proteins may also affect enzymatic or redox signaling activity, and we
expect that many heretofore uncharacterized clinically relevant mutations will be
linked to compromised redox signaling. The cluster within these proteins thus
represents an intriguing new therapeutic target.

1.4.7 Redox-Mediated Catalysis by [4Fe4S] Radical SAM Enzymes
For all of the proteins described thus far, the [4Fe4S] cluster has been involved in
redox chemistry but not directly in the enzymatic reaction carried out by the pro-
tein. This contrasts the more than 100,000 known radical S-adenosyl-L-methionine
(SAM) enzymes [79, 84]. Radical SAM enzymes, some of which repair or mod-
ify nucleic acid substrates, employ the tunable, versatile [4Fe4S] cluster cofac-
tor to catalyze essential biochemical reactions in multiple metabolic pathways
[1, 9, 76, 79, 86, 127]. It is important to note that these proteins, unlike those
that carry out redox signaling, contain ferredoxin-like clusters coordinated by three
cysteines, which cycle between the [4Fe4S]+ and [4Fe4S]2+ states during activity.
The primary reaction catalyzed by the redox function of the cluster is the generation
of a 5′-deoxyadenosyl (5′-dA•) radical, a powerful, aliphatic oxidant which then cat-
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alyzes further biochemical reactions. For radical SAM proteins that act on nucleic
acids, comparison of the redox potentials of the [4Fe4S]2+/1+ couple in the presence
and absence of substrates will be interesting to consider regarding the chemistry
driving catalysis.

1.5 EUKARYOTICDNAPOLYMERASESCOORDINATING[4FE4S]CEN-
TERS

Diverse, specialized replication enzymes, many of which contain [4Fe4S] clusters,
duplicate large eukaryotic genomes with high fidelity [44, 93]. DNA primase,
B-family polymerases α (Pol α), δ (Pol δ), and ε (Pol ε), the helicase-nuclease
Dna2, and the translesion DNA polymerase ζ (Pol ζ) all contain a [4Fe4S] cofactor
[75, 99, 113, 138]. These multisubunit enzymes, along with the replicative helicase
(CMG), processivity factors such as proliferating cell nuclear antigen (PCNA),
replication factor c (RFC), and single-stranded binding protein Replication Protein
A (RPA), work together to coordinate replication [4, 24, 71, 85, 98, 146]. Before
polymerases can synthesize new DNA, replication origin sites in the genome must
be recognized and licensed before more factors, including DNA Pol ε, can form the
pre-initiation complex [34, 40, 68]. Once active, the replicative helicase complex
then unwinds AT-rich DNA at origin sites, initiating bidirectional replication on the
two parent strands of genomic DNA, a process which is spatiotemporally regulated
through kinase phosphorylation [78, 95, 109]. After annealing and origin firing,
polymerases then begin DNA synthesis.

1.5.1 DNA Polymerase-α-Primase Begins Replication through Coordinated
Binding and Dissociation Events

DNA polymerase-α-primase (pol-prim) is the heterotetrameric complex responsible
for synthesizing an RNA-DNA primer which begins DNA synthesis on a template
[22]. Primase consists of an RNA polymerase subunit p48 and a regulatory subunit
p58, and synthesizes a 8-14 nt (nucleotides) RNA primer on ssDNA [2, 41, 77].
Polymerase α consists of a catalytic subunit p180 and an auxiliary subunit p70
and synthesizes a ~10-30 nt DNA segment downstream of the RNA primer. The
C-terminal domain of the primase auxiliary subunit (p58C), and putatively the C-
terminal domain of the Pol α catalytic subunit (p180), coordinate [4Fe4S] cofactors
[75, 99, 138]. To synthesize RNA/DNA primers, primase first binds ssDNA and
two nucleotide triphosphates (NTPs). After substrate binding and synthesis of a
phosphodiester bond between NTPs, primase is converted to the active form. Pri-
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mase then rapidly elongates the primer, and finally truncates synthesis, handing
off the template to Pol α [2, 41, 99, 103]. After this transfer step, Pol α binds
the RNA/DNA template and deoxynucleotide triphosphates (dNTPs), polymerizing
~10-30 dNTPs downstream of the RNA primer. After this sequence is completed,
DNA polymerases ε and δ can take over replication.

Primase and Pol α contain [4Fe4S] clusters, but are otherwise structurally
and functionally distinct from Pol δ and Pol ε [22, 77]. Primase and Pol α are
heterodimers containing catalytic and regulatory subunits. These low-fidelity en-
zymes lack a proofreading exonuclease domain and have error rates of ~10−2 and
~10−5-10−4 respectively, and unlike Pol ε and Pol δ, Pol α and primase also do not
interact with PCNA [2, 22, 41, 77]. Primase [4Fe4S] cluster assembly and fidelity
are, moreover, negatively affected by oxidative stress conditions in the cell [81],
suggesting cluster sensitivity to the redox environment.

The [4Fe4S] cluster of DNA primase was recently discovered to function as a
redox switch, regulating DNA binding and signaling [104]. The [4Fe4S] domain of
primase, p58C, can independently bind DNA [81, 134]. On a DNA-modified elec-
trode, this protein was anaerobically oxidized and re-reduced using bulk electrolysis.
Subsequent CV scans showed that the oxidized [4Fe4S]3+ protein was bound to the
DNA electrode with the cluster signal evident, while the reduced [4Fe4S]2+ form
could not be detected; the reduced form was only loosely associated [104]. As we
had seen with the repair proteins, the oxidation state of the cluster governed DNA
binding, providing a redox switch for binding. This electrochemically controlled
switch is likely mediated by conserved tyrosines that facilitate electron transfer be-
tween the cluster and the DNA binding interface (Figure 1.7, Left) [81, 104, 134].
Mutation of these tyrosines to phenylalanine or leucine attenuates redox activity on
DNA electrodes and compromises primase initiation on ssDNA but not catalytic
activity. Primase truncation is gated by DNA CT in vitro; a single base mismatch
in a nascent primer abrogates truncation.

In a proposed model of primase-polymerase α handoff (Figure 1.7, Left),
oxidized, tightly bound [4Fe4S]3+ primase, coupled into the RNA/DNAduplex, syn-
thesizes the RNA primer. When a reduced [4Fe4S]2+ polymerase α cluster contacts
the RNA/DNA duplex, polymerase α is oxidized by primase with DNA CT through
the nascent RNA/DNA helix. Our results with human DNA primase indicated that a
mismatch formed in the growing DNA/RNA hybrid inhibited the handoff, consistent
with the idea that DNA CT facilitated this rapid, long range signaling. Through CT,
polymerase α becomes tightly bound in the [4Fe4S]3+form, and primase is reduced
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Figure 1.7Models for redox-mediated regulation of Primase-Polα and Pol δ activity
during replication. (Left) Primase in the oxidized 3+ state (purple and blue) is bound
to the RNA/DNAprimer during primer synthesis, andwhen the RNAprimer reaches
appropriate length, Pol α, which is in the 2+ state (red and yellow), can be oxidized
by Primase through DNA charge transport through the RNA:DNA hybrid segment
(green and black strand). Reduced Primase then dissociates and the handoff is
completed when Pol α continues synthesizing DNA. Shown are three conserved
tyrosine residues positioned between the cluster and p58C DNA-binding domain
(Protein Data Bank ID 3L9Q) [104, 134]. (Right) In complex with PCNA, Pol δ
accomplishes lagging strand synthesis during replication. When replication stress
occurs, stalling of Pol δ can occur by transfer of an electron from the [4Fe4S]2+
cluster (red and yellow) to an acceptor (ex. guanine radicals, another [4Fe4S]
protein) or by direct oxidation of the Pol δ when in complex with DNA. In the 3+
state (purple and blue), Pol δ stalls until damage resolution [6].

to the [4Fe4S]2+ form. Primase dissociates from the substrate, allowing polymerase
α to bind and synthesize DNA on the template. Redox switching driven by [4Fe4S]
cofactors thus may coordinate these binding and dissociation events.

We recently observed that the redox-driven DNA binding switch is conserved
in yeast as well as human primase [105]. On DNA electrodes, oxidized [4Fe4S]3+

p58C is tightly bound, whereas reduced [4Fe4S]2+ p58C is loosely associated with
DNA in yeast and human systems. Yeast and human redox switches, moreover,
are mediated by conserved tyrosines positioned between the p58C DNA binding
interface and [4Fe4S] cluster. Remarkably the tyrosines are positioned differently,
but mediate the same chemistry in yeast and human primase. Mutations at Y397 in
yeast primase moreover cause partial loss of redox signaling and lead to oxidative
degradation to a [3Fe4S]+ species on DNA. This effect is severe enough to cause
lethality in yeast for the p58C Y397L mutation, underscoring the importance of this
redox signaling chemistry in essential replication processes.



24

1.5.2 DNA Polymerases ε and δ Divide Labor between Leading and Lagging
Strands

Pol ε and Pol δ are the larger, high-fidelity polymerases responsible for DNA syn-
thesis on the leading and lagging strands, with proofreading 3′→5′ exonuclease
domains and mutation rates of ~10−6-10−5 and ~10−6-10−4, respectively [22, 45].
PCNA binding moreover enhances the intrinsic processivity of both enzymes. The
high intrinsic polymerase fidelity (with aide in overall replication fidelity from mis-
match repair machinery) is necessary for these enzymes, as their products remain in
the daughter DNA copy. Pol-prim products, on the other hand, are removed during
Okazaki Fragment maturation.

The division of replicative labor has been extensively debated and investigated
[73, 82, 89, 90]. Studies monitoring ribonucleotide or mispaired base incorporation
in an RnaseH knockout cell line by error-prone Pol ε or Pol δ mutants has illu-
minated the distribution of DNA synthesis. A Pol ε variant, pol2M644G, causes
ribonucleotide incorporation on the leading strand [82, 90]. A low-fidelity poly-
merase δ variant, pol3L612M, conversely causes an increase in replication errors,
localized on the lagging strand [89]. Although Pol δ can replicate the leading strand
templates under certain conditions, Pol ε putatively synthesizes the leading strand
and Pol δ, the lagging strand under normal conditions [73].

The four-subunit Pol ε holoenzyme has a large polymerase subunit, Pol2, which
contains two [4Fe4S] clusters. The first cluster, located within the active polymerase
domain, is essential for polymerase activity but dispensable for exonuclease activity
[69]. The second [4Fe4S] cluster is ligated in the Pol2 C-terminal domain, further
from the active polymerase site, and is stabilized by coordination with Dpb2 [103].
The Dpb2 subunit of Pol ε is associated with the C-terminus of Pol2 and is essential
for replisome assembly and checkpoint activation [22]. The noncatalytic Dpb3 and
Dpb4 subunits likely enhance polymerase ε processivity. Characterizing the putative
[4Fe4S] clusters in polymerase εwill illuminate new roles for DNA-mediated redox
signaling in replication in the context of a complex, multisubunit enzyme.

The three-subunit Pol δ coordinates a [4Fe4S] cluster in the Pol3 subunit
catalytic domain. Pol δ auxiliary subunit Pol31 associates with Pol3 to stabilize
the cluster [99] and the subunit, Pol32 [22, 45]. After replication factor C loads
PCNA onto DNA, Pol δ coordinates with PCNA to extend the Okazaki fragments
begun by pol-prim [133, 147]. PCNA binding greatly enhances Pol δ processivity,
and biochemical evidence suggests that a conformational switch may occur during
polymerase δ PCNA binding and activity [45]. Pol δ moreover is uniquely capable
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of strand displacement synthesis [22], consistent with its role in Okazaki fragment
maturation, interacting with protein partners like Dna2. Pol δ is additionally stabi-
lized in the presence of stalled forks during replication stress and may play a role in
response to changes in the environment [32].

Pol δ has been demonstrated electrochemically to be redox-active on DNA,
with a midpoint potential near 100 mV vs. NHE in the presence of PCNA
(Figure 1.7, Right) [6]. With PCNA bound, Pol δ already binds very tightly to
DNA, so it is difficult to consider the cluster oxidation to function as a redox switch
for binding. Instead what we observe is that oxidation to the [4Fe4S]3+ state slows
polymerase activity in vitro, an effect which can be electrochemically reversed by
reducing the protein back to the [4Fe4S]2+ state. These results inspired a model
where PCNA-bound, reduced [4Fe4S]2+ Pol δ processively synthesizes DNA. Un-
der oxidizing conditions, the cluster is converted to the [4Fe4S]3+ form, inducing
tighter DNA binding, so tight as to stall activity. Pol δ then remains stalled in the
oxidized form, consistent with the stalling of Pol δ found under conditions of oxida-
tive stress [10]. While repair proteins then may be activated with cluster oxidation
under conditions of oxidative stress, replication would be inhibited. However, the
polymerase can be re-reduced and restored to the processive form after DNA dam-
age resolution, potentially through long range signaling using DNA CT from repair
proteins (Figure 1.8). Thus here the cluster may function as a redox switch to stall
replication under conditions of oxidative stress. Clearly, this signaling needs still
to be established, though the electrochemistry and biochemistry show that this long
range signaling is possible.

1.6 MORE [4FE4S] PROTEINS IN DNA PROCESSING
In addition to the primary replicative eukaryotic DNA polymerases, several other
enzymes have now been discovered to contain [4Fe4S] cofactors [61, 113, 148].
Dna2 is a [4Fe4S] helicase-nuclease enzyme important in double strand break re-
pair, Okazaki fragment maturation, and processing stalled replication forks [150].
The cluster in Dna2 is located in the nuclease domain, approximately 10 Å from the
bound ssDNA substrate. The 5′-flap endonuclease activity is primarily associated
with processing of long flaps during Okazaki fragment maturation [22]. Dna2 also
plays a role in preventing regression of stalled replication forks, however, and the en-
zyme has weak ATP-dependent helicase activity [21, 63]. Dna2 function, especially
helicase and nuclease coordination, is still unclear; [4Fe4S] redox signaling may be



26

BI88CH08_Barton ARjats.cls June 3, 2019 10:49

[4Fe4S]
redox

partner

Oxidative stress conditions

e– e–

XPD
(NER)

MUTYH/NTHL1
(BER)

DNA polymerase δ
(Replication)

CMG helicase
(Replication)

Dna2
(Okazaki fragment 
maturation)

Replication
protein A
(ssDNA binding)

PCNA
(Sliding clamp)

DNA polymerase ε
(Replication)

DNA polymerase-α-
primase (Replication)

Gox
•+

Figure 10

[4Fe4S] enzymes in eukaryotic repair and replication. B-family polymerases, DNA primase, Dna2 helicase-nuclease, and base excision
repair (BER)/nucleotide excision repair (NER) enzymes such as MUTYH, NTHL1, and XPD all coordinate a [4Fe4S] cluster cofactor.
Several of these proteins have been demonstrated to participate in DNA-mediated redox signaling; characterization of their redox roles
is ongoing. (Below) Under oxidative stress conditions, polymerase δmay be converted to the [4Fe4S]3+ state as a means to stall synthesis
under poor cellular conditions (53). Polymerase δ can be reversibly oxidized and reduced through DNA charge transport, which may
regulate polymerase activity on the lagging strand. Additional abbreviations: CMG, Cdc45/Mcm2–7/GINS; PCNA, proliferating cell
nuclear antigen.

weak ATP-dependent helicase activity (142, 143). Dna2 function, especially helicase and nuclease
coordination, is still unclear; [4Fe4S] redox signalingmay be important for regulating the multiple
cellular roles for Dna2 and its interaction with other [4Fe4S] enzymes, such as polymerase δ.

The translesion polymerase ζ also contains a [4Fe4S] cluster, coordinated in the Rev3 catalytic
subunit (114, 126), which is homologous to other B-family polymerase catalytic subunits. This en-
zyme also contains a subunit, Rev7, and two subunits found in polymerase δ, Pol31 and Pol32, but
lacks an exonuclease domain. Interacting with PCNA and many other replication factors, poly-
merase ζ catalyzes mutagenic polymerase activity in the presence of lesions that stall replication
fork progression (114). Finally, RNA polymerase II, which synthesizes RNA during transcription,
has been demonstrated to contain a [4Fe4S] cluster in methanogens (29, 114, 144). These pro-
teins may use redox signaling on DNA to coordinate activity in cells, and investigation of their
[4Fe4S] redox properties will illuminate important biochemical features of the proteins and their
pathways.

SUMMARY AND PERSPECTIVES

Long-range, DNA-mediated redox signaling provides a means of rapid communication among
DNA-processing proteins for coordination of replication and repair activity across the nucleus.
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Figure 1.8 [4Fe4S] enzymes in eukaryotic repair and replication. B-family poly-
merases, DNA primase, Dna2 helicase-nuclease, and BER/NER enzymes such as
NTHL1, MUTYH, and XPD all coordinate a [4Fe4S] cluster cofactor. Several
of these proteins have been demonstrated to participate in DNA-mediated redox
signaling; characterization of their redox roles is ongoing. Under oxidative stress
conditions, Pol δ may be converted to the [4Fe4S]3+ state as a means to stall syn-
thesis under poor cellular conditions. Pol δ can be reversibly oxidized and reduced
through DNA charge transport, which may regulate polymerase activity on the lag-
ging strand [5, 6, 88, 104]. Additional abbreviations: CMG, Cdc45/Mcm2–7/GINS;
PCNA, proliferating cell nuclear antigen.

important for regulating the multiple cellular roles for Dna2 and its interaction with
other [4Fe4S] enzymes, such as Pol δ.

The translesion polymerase Pol ζ also contains a [4Fe4S] cluster, coordinated
in the Rev3 catalytic subunit [85, 99], which is homologous to other B-family poly-
merase catalytic subunits. This enzyme also contains a subunit Rev7, and two
subunits found in Pol δ, Pol31 and Pol32, but lacks an exonuclease domain. Inter-
acting with PCNA and many other replication factors, Pol ζ catalyzes mutagenic
polymerase activity in the presence of lesions that stall replication fork progression
[85]. Additionally, RNA polymerase II, which synthesizes RNA during transcrip-
tion, has been demonstrated to contain a [4Fe4S] cluster inmethanogens [61, 70, 85].
Finally, Cas4 and PhrB have also been observed to coordinate [4Fe4S] clusters in
some species of bacteria [148, 149]. Cas4 is an exonuclease part CRISPR (clustered
regularly interspaced short palindromic repeats) adaptive immunity while PhrB,
part of a class of iron-sulfur bacterial cryptochromes and photolyases (Fes BCPs),
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is a photolyase that directly repairs (6-4) photoproducts that arise following UV
damage. These proteins may use redox signaling on DNA to coordinate activity in
cells, and investigation of their [4Fe4S] redox properties will illuminate important
biochemical features of the proteins and their pathways.

1.7 IDENTIFYING NEW [4FE4S] CENTERS IN DNA PROCESSING EN-
ZYMES

Several have noted that given how many new [FeS] proteins have been identified in
the past three decades that carry out essential cellular functions, many more [FeS]
proteins would be reasonably expected to be discovered across all domains of life
[29, 43, 121]. To underscore this point, the [4Fe4S] cofactor for the overwhelming
majority of DNA repair and replication enzymes has been discovered years to
decades after initial characterization of the gene or gene product. Moreover, even
for a well-studied model organism like E. coli, a large percentage of gene functions
are still uncharacterized or poorly annotated [64]. New [FeS] enzymes from entirely
new protein families may also await discovery within this group of genes without
known function (known as the y-ome) [47].

Informed by trends in previous discoveries, our group hypothesized that other
DNA repair enzymes also likely coordinated [4Fe4S] centers that had not been
observed. Focusing on E. coli, we noted that glycosylases (EndoIII and MutY)
and SF2 helicases (DinG and likely YoaA), enzymes in major repair pathways, are
known to coordinate [4Fe4S] clusters. However, a [4Fe4S] center in a protein from
another major pathway, NER, had not yet been identified in prokaryotes. This is in
contrast to archaeal and eukaryotic organisms (see discussion of XPD above). Our
group made the observation that the sequence of a bacterial NER enzyme, UvrC,
contained four atypically-spaced cysteine residues of unknown function in an N-
terminal region that had already been characterized in the literature as cysteine-rich.
The residues - C154, C166, C174, and C178 - were not spaced suitably to coordinate
a metal like zinc (common in proteins that bind to DNA), but were reminiscent of
the spacing found in the other bacterial [4Fe4S] repair proteins. During my thesis
work, I have focused on UvrC and described here is the evolution of my research
on this enzyme. Chapter 2 includes a summary of early observations of the [4Fe4S]
center and my demonstration that the [4Fe4S] center was prone to degradation in an
aerobic environment. Chapter 3 details my development of anaerobic methods to
study UvrC under stable conditions, which enabled broad characterization of UvrC
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as a metalloprotein. In Chapter 4, I describe ongoing efforts to generate stable,
apo species of UvrC. Finally, in Chapter 5, I provide a summary of my thesis work
and perspective on new research opportunities to investigate UvrC and the bacterial
NER pathway anew in the context of the [4Fe4S] cofactor.
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C h a p t e r 2

PREDICTION AND FIRST OBSERVATIONS OF A [4FE4S]
CLUSTER COORDINATED BY UVRC∗

2.1 INTRODUCTION
Maintaining the integrity of the genome is a universal challenge essential for the
survival and proliferation of all species [11, 21, 22, 35, 37]. All organisms require
an arsenal of repair mechanisms to confront constant endogenous and exogenous
assaults on the genome by sources such as reactive oxygen species (ROS), reactive ni-
trogen species (RNS), stalled transcription and replication machinery, protein-DNA
crosslinks, ribonucleotide incorporation, UV light, carcinogens, and other damag-
ing agents. Unrepaired, chemical modifications of DNA resulting from damage
events can have deleterious effects that lead to mutation or cell death. The complex
network of pathways responsible for locating, processing, and repairing the diverse
classes of DNA damage (lesions) continues to offer exciting opportunities to probe
how organisms across kingdoms accomplish the overwhelming task of proofreading
and replicating up to 109 base pairs (bp) of nuclear DNA.

2.1.1 Bulky DNA Lesions
Major classes of DNA damage that can arise in the cell include mismatches, single
base lesions, bulky lesions (localized over multiple bases), and double strand breaks
[35, 54, 75]. Bulky lesions are a particularly broad category of structurally and
chemically diverse DNA damage types that often lead to distortion of the double
helix (kinking) (Figure 2.1). A common, exogenous source of damage is UV
light, which causes formation of photoproducts at adjacent thymine and cytosine
bases (ex. thymine-thymine). Another environmental source that leads to formation
of bulky lesions are polycyclic aromatic hydrocarbons (PAH) that are products of
incomplete combustion from cigarette smoke, industrial processes, and automobile
emissions. Benzo[a]pyrene adducted to DNA is one example of a PAH that forms a
bulky DNA lesion. Small molecule chemotherapeutics that target DNA for cancer
treatment can also form bulky lesions, as exemplified by the covalent adduct of
∗Sequence alignments, spectroscopy, and associated text adapted fromR.M. B. Silva, M. A. Grodick,
and J. K. Barton (2020). "UvrC Coordinates an O2-Sensitive [4Fe4S] Cofactor." Journal of the
American Chemical Society, in press. doi: 10.1021/jacs.0c01671
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cisplatin and DNA. Even larger adducts can result from crosslinking agents, such
as psoralen, which cause formation of interstand crosslinks. Psoralen is commonly
used in a laboratory setting as a model for crosslinks that form from naturally-
occurring sources under oxidative or nitrosylative stress. Finally, enzymes that
process DNA, like topoisomerases or polymerases, can become covalently trapped
on DNA duplexes forming very large adducts (not shown).

Figure 2.1 Selected examples of bulky DNA lesions. Protein Data Bank ID: 3BSE
(well-matched duplex), 1N4E (thymine-thymine dimer), 1AIO (cisplatin adduct),
1JDG (benzo[a]pyrene adduct), 20KS (NMR, psoralen-induced crosslink).

2.1.2 Bacterial Nucleotide Excision Repair
As bulky DNA lesions can often block transcription and replication machinery, ef-
ficient detection and repair of bulky DNA lesions are vital for cellular homeostasis.
The nucleotide excision repair (NER) pathway is the major DNA repair pathway
conserved from bacteria to humans primarily responsible for processing bulky le-
sions [35, 54, 75]. In Bacteria, a remarkably simple network of proteins is involved
in processing these lesions Figure 2.2). Bacterial NER has been most well-studied
in E. coli, though the importance of NER for other species, particularly those that
are virulent, has been more recently realized [8, 29, 45, 48]. In the classic model of
bacterial NER, UvrA and UvrB initiate global genomic repair (GGR) by searching
for bulky lesions in a UvrA2UvrB2 heterodimer complex. Verification of damage is
followed by recruitment of the dual-incision endonuclease UvrC (also referred to as
an excision nuclease or exinuclease) which then forms the active incision complex
with UvrB (under some conditions, the UvrC Homolog, Cho, also incises strands
in complex with UvrB). Distinct active sites located at the N and C termini of UvrC
carry out incision of the damaged strand 5′ (C-terminal) and 3′ (N-terminal) to the
site of damage. The damaged oligomer is unwound by a helicase, UvrD, and patch-
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ing is completed by DNA Polymerase 1 and Ligase. Damage detection can also be
initiated by transcription machinery, primarily through RNA Polymerase (RNAP)
stalled at damaged sites, in a process known as transcription-coupled nucleotide
excision repair (TC-NER). Following removal of stalled RNAP by UvrD and other
proteins, TC-NER proceeds through the GGR UvrABCD system as shown. Inter-
estingly, while a range of substrates are processed by bacterial NER, the efficiency
of the turnover varies, where faster turnover generally occurs for larger lesions [75].
These dynamics, however, are not fully understood.
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Figure 2.2 Bacterial nucleotide excision repair (NER) [35]. Upon encountering
bulky, helix-distorting DNA lesions, NER is initiated by UvrAB or RNAP (top
left). Damage detection and verification (top right) is followed by dual incision
on the damaged strand from the UvrBC complex (or Cho in some cases, bottom
right). Repair is completed by removal of the 12-13 nucleotide damaged oligomer
by UvrD, gap filling by Pol1, and sealing of the nicks by ligase (bottom left). ATP
is required for many of the steps in NER.

2.1.3 Ongoing Challenges in Bacterial NER Related to UvrC
Though the bacterial NER pathway has been a research focus for nearly four decades,
several in the field have noted repeatedly that the UvrABCD system has been non-
trivial to investigate, due in large part to the instability of UvrC in vitro and the
scarcity ofUvrC in vivo [35, 75]. UvrC has been noted by investigators to be uniquely
challenging to purify and handle; UvrC is prone to degradation, aggregation, loss
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activity over time (even when stored frozen), and precipitation in solution with itself,
UvrA, UvrB, and DNA [59, 73, 75]. Though first isolated in 1981, crystal structures
of UvrC or co-crystal structures in complex with a substrate or other NER proteins
are also not available, which has limited searches for structural homology (again, in
contrast toUvrA,UvrB, andUvrD) [35, 60, 92]. Insight has also been difficult to gain
through searches for homology, because UvrC (along with Cho) comprises its own
protein family of excision nucleases [35]. In vivo, major differences in regulation
of UvrC expression and inducibility during the SOS response in comparison to
UvrA, UvrB, and UvrD have continued to be perplexing [80]. For example, the
expression of UvrC is not inducible by the SOS system, a cellular-wide response
to DNA damage present in many bacteria [32]. This again is in contrast to UvrA,
UvrB, and UvrD, which are induced during the SOS response [38]. Through
early radiolabeling experiments, UvrC has been reported to be expressed between
10-20 copies/cell, though some modern techniques place the copy number up to
300 per cell (or per cell per generation) [40, 71, 80]. Other cellular-wide bacterial
physiology studies have reported that UvrC expression may be inducible under some
metabolic stress conditions [9, 18, 30]. Again, a range of copy numbers for UvrC
were measured, and UvrC was not the main focus of these studies. Furthermore,
assembly and regulation of theUvrABC complex, particularly howUvrC is recruited
to the damage site in vivo, remains an open area of investigation [35]. Overall, efforts
toward understanding the mechanisms that underlie the observed instability of UvrC
and thus, what factors might stabilize UvrC and facilitate more in-depth study have
remained limited. Given how essential UvrC is in removing damaged oligomers,
new insight is greatly needed for this enzyme.

2.1.4 A Putative [FeS] Coordination Site in the Sequence of UvrC
Initial examination of UvrC in our group began with the sequence of the protein.
Five main regions of UvrC have been identified, which include the N-terminal GIY-
YIG endonuclease domain (3′ incision), a cysteine rich region, a UvrBC interacting
domain, RNaseH endonuclease domain (5′ incision), and helix-turn-helix motif
(Figure 2.3) [35, 75]. In the N-terminal cysteine-rich region, four highly-conserved
cysteine residues at positions 154, 166, 174, and 178 have been discussed in the
literature. The function of the conserved cysteines has remained unknown, but
speculated to facilitate interactions between UvrB and UvrC [75]. Because the four
cysteines are atypically-spaced, close in proximity, and highly-conserved through
the Bacteria domain and up to some archaeal species (CysX6−14CysX7CysX3Cys
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consensus sequence), our group hypothesized that these cysteine residues coordi-
nate a [4Fe4S] cluster. Two putative (LIV)(YF)(RK) tripeptide motifs were also
observed, one of which is located N-terminal to the predicted coordination site and
the other just after Cys154. Additionally, conserved aromatic and proline residues
are also located around Cys154, Cys166, Cys174, and Cys178, one of the few
common themes among the sequences of nucleic acid processing enzymes that co-
ordinate the [4Fe4S] cofactor [85]. More moderately-conserved cysteine residues
can be found at positions 265, 398, and 413, but these were not hypothesized to
participate in Fe coordination because of the absence of other factors suggestive of
a [4Fe4S] binding domain.

GIY-YIG Cys BC RNAse H (HhH)2
UvrC

E. coli          148 IFPIRQCENSVY---RNRSRPCLQYQIGRCLGPCVEGLVSEEEYAQQVEY
S. typhimurium   148 IFPIRQCENSVY---RNRSRPCLQYQIGRCLGPCVAGLVSEEEYAQQVEY
P. aeruginosa    149 AFLVRQCEDSYF---RNRTRPCLQYQIKRCKGPCV-GLVGPEEYAEDVRH
S. aureus        148 IYPYRKCDK-------MPDKLCLYYHIGQCLGPCV-YDVDLSKYAQMTKE
M. tuberculosis  150 VFPARTCSAGVFKRHRQIDRPCLLGYIDKCSAPCI-GRVDAAQHRQIVAD
T. maritima      142 IMGFRTCKSDL----KRIKRPCFLYHLGRCIGPCI-GNIE--SHEEAIRK
M. acetivorans   140 TFQLRTCKK-------MPSRACLRYHIGACSGPCI-GSISEEEYGEKVKR

Figure 2.3Conserved and atypically-spaced cysteine residues in the cys-rich domain
of UvrC [35]. Shown is a schematic representation of the GIY-YIG endonuclease (3′
incision, light green), cysteine rich (Cys, orange), UvrBC interacting (BC, purple),
RNAse H endonuclease (5′ incision, dark green), and helix-turn-helix ((HhH)2 teal)
domains of UvrC (Middle). (Top, Bottom) Within the N-terminal region, residues
1 to 50 and 148 to 194 are shown. In the cysteine-rich region, Cys154, Cys166,
Cys174, and Cys178 (E. coli numbering) are highly conserved and atypically-spaced
in bacterial and several archaeal species. The UvrC sequence contains additional
sequence motifs suggestive of a [4Fe4S] center. Two putative LYR tripeptide motifs
(shaded) are located N-terminal (VYR, IFK, or LFK) and between (VYR or VFK)
Cys154 Cys166. A highly-conserved aromatic residue (Tyr169) and two conserved
proline residues (Pro165 and Pro177) are also located in the vicinity of the conserved
cysteine residues.
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Our group also noticed additional evidence in the literature consistent with
UvrC binding a putative [4Fe4S] cofactor. First, as discussed above, cellular expres-
sion of UvrC is highly controlled, and tight regulation of copy number appears to be
a common characteristic of repair proteins bearing the [4Fe4S] cofactor. Second,
DinG overexpression and∆dinG strains ofE. coliwere inexplicablymore sensitive to
UV light [84], suggestive of redox signaling between DinG and an unknown protein
in NER. We hypothesized that this unknown signaling partner is UvrC. Described
here are our initial observations that supported our prediction that UvrC coordinates
iron sulfur cluster. Also described are other key observations that informed the
refinement of our methods for handling UvrC (detailed in Chapter 3).

2.2 EXPERIMENTAL METHODS
2.2.1 General Procedures
All reagents were used as received and stored according the manufacturer’s in-
structions. All water used was purified on a Milli-Q Reference Ultrapure Water
Purification System (≥18.2 MΩ cm). UV-Visible (UV-Vis) spectra of DNA sub-
strates and UvrC were taken on a Cary 100 Bio (Agilent) spectrophotometer using
quartz cuvettes (Starna). High performance liquid chromatography (HPLC) was
done using HP 1100 (Aglient) system and fast performance liquid chromatography
(FPLC) was done using an ÄKTA FPLC™ system (GE Life Sciences). Before use,
all solvents and buffers used during purifications were filtered through a 0.22 or 0.45
µm Nalgene™ Rapid-Flow™ filter unit with an SFCA membrane (ThermoFisher
Scientific). Glass plates, spacers, and the Owl™ Vertical Electrophoresis System
were purchased from ThermoFisher Scientific. Sequencing gel supplies were pur-
chased from National Diagnostics. Anaerobic vinyl chambers (glove bags) were
kept at atmospheres of 2-4%H2 in N2, with Pd scrubbing towers (Coy Laboratories)
and used for experiments requiring anaerobic conditions. When needed, buffers
were degassed in an anaerobic chamber by stirring vigorously [43, 63, 88].

2.2.2 Multiple Sequence Alignments
UvrC sequences from Escherichia coli (E. coli), Salmonella typhimurium (S. ty-
phimurium), Pseudomonas aeruginosa (P. aeruginosa), Staphylococcus aureus (S.
aureus), Mycobacterium tuberculosis (M. tuberculosis), Thermotoga maritima (T.
maritima), and Methanosarcina acetivorans (M. acetivorans) were aligned using
TCoffee (tcoffee.crg.org), and alignments were formatted using BoxShade (ExPasy)
[2, 51]. Sequences were placed in decreasing order of taxonomic relationship.
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2.2.3 Primers and DNA Substrates.[25, 26, 53]
All oligomerswere purchased from IntegratedDNATechnologies (IDT) and all plas-
mids were purchased fromAddgene. Dry, single-stranded DNA (ssDNA) oligomers
were received on a 1 µmol scale and resuspended in 600 µL in DNA Buffer (5 mM
sodium phosphate, 50 mM NaCl, pH 7.0), and 300 µL of this stock was diluted in
DNA buffer in a 1:1 ratio before purification. Strands of ssDNA were purified on
a reverse phase PLRP-S 300 Å column (Agilent) by HPLC using a linear gradient
from 97% 50 mM ammonium acetate in ACN (pH 6.8) to 85% ammonium acetate
over a period of 45 min at a flow rate of 2 mL/min. Peaks were collected, dried on a
lyophilizer, ethanol precipitated, resuspended in DNA Buffer, quantified by UV-Vis,
and stored at -20 ◦C until use unless otherwise indicated. Sequences of DNA used
here are given in (see Appendix A). In DNABuffer, duplexes were formed bymixing
equimolar quantities of complementary strands at ≥ 30 µM, heating to 90◦C for 10
minutes, and cooling to 20 ◦C over a linear gradient for 90 minutes.

Thiol-modified oligonucleotide was resuspended in 10 mM Tris-HCl (pH 8.5,
Qiagen) and reduced in 100 nmole batches with an excess of dithiothreitol (DTT,
50 to 100 mgs) to cleave the disulfide protecting group and reveal the thiol moiety
[26, 53]. The deprotected oligonucleotide was purified on an Illustra NAP-5 col-
umn (GE Life Sciences) and then purified by HPLC as above. Deprotection of the
electrochemistry substrate was confirmed on an Autoflex matrix-assisted laser des-
orption ionization time-of-flight mass spectrometer (Bruker). The thiol-modified
strand was quantified by UV-Vis as above, sparged with Ar (1 s of sparging per
µL of solution), and sealed with Teflon tape before storing. Duplexes including
thiol-modified strands were sparged and sealed with Teflon tape before annealing.
Duplexes were also stored at -20 ◦C until use.

2.2.4 Liquid and Solid Growth Media [25, 26]
Liquid media was prepared by adding 25 g of powered lysogeny broth (Miller,
Mo BIO) in 1 L of MilliQ water and sterilizing the solution using the Amsco®
CenturyTM SV-1262 Prevac Steam Sterilizer (Steris) on the Liquid 30 cycle. Solid
media was prepared by combining 12.5 g of powered lysogeny broth and 7.5 g of agar
(Beckman Dickinson) in 0.5 L of MilliQ and sterilizing the solution by autoclaving.
Once agar media had cooled to ~55 ◦C, ampicillin was added to a final concentration
of 50 mg/L, and media was aliquoted into sterile, plastic petri dishes. Ampicillin
was added to sterile, liquid media cultures immediately before inoculation.
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2.2.5 Amplification of the uvrC Gene from Genomic DNA [25, 26]
To isolate the uvrC gene (1830 bases), a colony of the MG1665 E. coli strain grown
on LB/agar plate was resuspended in 100 µL of ddH2O, and 10 µL was mixed
with Gibson Assembly (GA) primers (0.5 µM each, see below for sequences), Ex-
pand High Fidelity dNTPs (200 µM; Roche), Expand High Fidelity 10x Buffer (1x,
Roche), and Expand High Fidelity Polymerase in a total reaction volume of 50 µL.
Temperature cycling is as follows: 1. 5 minutes at 95 ◦C; 2. 34 cycles of 30
seconds at 95 ◦C, 1 minute at 55◦C, and 4 minutes 72◦ C; 3. a final elongation
for 10 minutes at 72 ◦C. Amplified products were purified using a PCR purification
kit (Qiagen), mixed 1:1 with Ultraclean Gel Dye (MO Bio), resolved at 150 V for
1 hour on a 0.8% agarose gel (Invitrogen) containing 0.5 µg/mL EtBr, visualized
with a transilluminator, purified using the gel extraction kit (Qiagen), purified again
using the PCR purification kit (Qiagen), and quantified by UV-Vis.

Colony PCR Primer for Gibson Assembly F:
5′-TCGGGATCGAGGAAAACCTGTACTTCCAATCCAATATTATGAGTGATCAGTTTGACGC-3′

Colony PCR Primer for Gibson Assembly R:
5′-TGAAAATCTTCTCTCATCCGCCAAAACAGCCAAGGGATCCTCAATGTTTCAACGACCA

GA-3′

2.2.6 Construction of an Overexpression Plasmid for UvrC [25, 26]
The Gibson assembly method was used for plasmid construction. All plasmid
samples were submitted to Laragen (Culver City, CA) for sequencing to confirm
integration of the desired gene into the plasmid using the procedures described. In a
total volume of 50 µL, 2.5 µg of pBAD plasmid (Addgene 37503), 50 units each of
SspI and BamHI, and 10x Cutsmart Buffer (New England Biolabs) were restricted
at 37 ◦C for 16 hours, heat inactivated at 65 ◦C for 20 min, and held at 4 ◦C. The
restricted plasmid was purified as described. In a total volume of 42.6 µL, 100 ng of
restricted plasmid was combined in a 1:1 ratio with the PCR-amplified gene and 2x
GA Master Mix (New England Biolabs). The Gibson assembly was completed at
50 ◦C for 1 hour, diluted three-fold, and 2 µL of diluted samples were transformed
into a vial of One Shot® TOP10 Electrocomp™ E. coli cells (Invitrogen) using
a MicroPulser Electroporation Unit (Bio-Rad) with a 1.8 kV pulse. Cells were
recovered by growing in 1 mL of SOC Media (Invitrogen) for 1 hour at 240 rpm
at 37 ◦C. To an LB/Amp plate (50 mg/LB), 250 µL transformed cells were plated
and grown at 37 ◦C overnight. Individual colonies were picked and grown in liquid
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cultures overnight as above, miniprepped using a Qiagen kit, and sequenced by
Laragen. Samples containing the desired plasmids were transformed into TOP10
cells, grown, cell stocks were made with 25% glycerol, and cells were flash frozen
in liquid N2 before storing -80 ◦C. See Figure 2.4 for a promoter map.

2.2.7 Induction Trials [25, 26]
Overnight starter cultures of pBad plasmid containing UvrC from a single colony
were grown in Lb/Amp as above. A large 1 L culture was inoculated as above,
grown to an OD600 of ~0.6, and protein expression was induced by arabinose (10
mg/L). Time points were taken between 0 and 16 hours (0.5 mL), centrifuged at
9000 rpm for 2 min, and stored at -80 ◦C after discarding the supernatant. For SDS-
PAGE gel analysis, these whole cell samples were resuspended in 0.5 mL of Blue
Loading Buffer (New England Biolabs), vortexed, heated at 95 ◦C for 5 minutes,
vortexed again, and heated at 95 ◦C for 5 minutes. Samples were developed at 200
V for 35 min on 7.5% Precast Protein Gels (Bio-Rad) in SDS-PAGE buffer (25
mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3) with High Molecular Weight Dual
Color Protein Standards (Bio-Rad). Gels were imaged on the ChemiDocTM Imaging
System (Bio-Rad).

2.2.8 Overexpression of UvrC
A starter culture of One Shot® TOP10 Electrocomp™ E. coli Cells (Invitrogen)
containing the UvrC overexpression plasmid (encoding the His6-MBP-UvrC fusion
protein) were grown (200 rpm, 37 ◦C) ~16 hours in LB/Amp (50 mg/L). Large (1 L)
cultures LB/Amp (50 mg/L) were inoculated with starter culture, grown (225 rpm,
37 ◦C) to an OD600 of ~0.6, and expression was induced by addition of arabinose to
a final concentration of 10 mg/L. Cells were grown for 16 hours (150 rpm, 22 ◦C),
harvested at 5,000 rpm for 20 min, and stored at -80 ◦C.

2.2.9 Purification of UvrC
2.2.9.1 Purification Buffers and Column Equilibration

The following purification buffers were prepared at a pH of 7.5: Buffer A - Tris-HCl
25 mM, KCl 0.5 M, 10% v/v glycerol, 1 mMDTT; Buffer B - Tris-HCl 25 mM, KCl
0.5 M, 20% v/v glycerol, 0.5 M Imidazole; Buffer C - Tris-HCl 25 mM, KCl 0.5 M,
20% v/v glycerol, 1 mM DTT; Buffer D - Tris-HCl 25 mM, KCl 0.5 M, 20% v/v
glycerol, 10 mM maltose monohydrate, 1 mM DTT; Buffer E - Tris-HCl 25 mM,
KCl 0.5M, 20% v/v glycerol. Two stacked HisTrap HP 5 mL columns, three stacked
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MBPTrapHP 5mL columns (GEHealthcare), and a Superdex 200 preparative grade
26/200 size exclusion column (GE Healthcare) were used for purification. In a cold
room (4 ◦C) the night before cell lysis, all columns were equilibrated in water and
then in loading buffer. Histrap columns were equilibrated with at least 10 column
volumes of Buffer A at a flow rate of 5 mL/min using a peristaltic pump (10 mL per
ColVs), the MBP Trap columns were washed with 5 ColVs (15 mL per ColV) of
Buffer C ddH2O (5 mL/min flow rate), and the Superdex column was washed with
1.5 to 2 ColVs (330 mL per ColV) of Buffer E at a flow rate of 1 mL/min overnight
(referred to as storage buffer or UvrC buffer). Buffers were also chilled overnight.
Additionally, autoclaved polycarbonate centrifuge tubes, a Dounce homogenizer
with rods and a 500 mL beaker covered with aluminum foil were also chilled in the
cold room overnight.

2.2.9.2 Cell Lysis and Purification [25, 26]

Purification of UvrC should be expected to last between 17-20 hours and should
be completed in a single day. Frozen cell pellets were thawed on ice in a cold
room and resuspended and homogenized in Buffer A (10g pellet per 100 mL buffer)
that was supplemented on the day of the purification with 6-8 tablets of crushed
cOmplete™ protease inhibitor cocktail tablets (Roche), DNAse (15 kU, Sigma).
Cells were homogenized using a Dounce homogenizer, passed over a 100 µm nylon
cell strainer (Corning), and lysed using an Microfluidizer or the other instrument at
25,000 psi over 2-3 cycles. For each cycle, cell lysate was collected on ice. Lysate
was loaded into polycarbonate vials and centrifuged on a Sorvall™ RC 6 Plus
Centrifuge (ThermoFisherScientific) at 13,000 rpm for 45 minutes at 4 ◦C. After
centrifugation, the supernatant was collected while samples were kept on ice, and
the supernatant was filtered over a 0.45 µm membrane. Stacked Histrap columns
(GE Life Sciences) were loaded with the cell lysate using a peristaltic pump (GE) at
a flow rate of about 3.5 mL/min. During the wash and elution steps, a flow rate of
1.5 mL/min was used. A 4 ColV gradient of Buffer A was used to wash the column,
and a gradient from 1 to 100% Buffer B (0 to 0.5 M Imidazole) over 15 ColVs
was used to elute the protein. Fractions were collected, pooled, and concentrated
using Amicon® filters (30-100 kDa cut off). Stacked MBP Trap columns (GE Life
Sciences) were loaded with the sample using a peristaltic pump (GE) at a flow rate of
about 0.5 mL/min. During the wash and elution steps, a flow rate of 1.5 mL/min was
used. A 4 ColV gradient of Buffer C was used to wash the column, and a gradient
from 1 to 100% Buffer D (0 to 10 mM maltose monohydrate) over 10 ColVs was
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used to elute the protein. Fractions were again pooled and concentrated to < 10 mLs.
Concentrated fractions were loaded onto the Superdex 200 at a flow rate of 1mL/min
using a 10 mL superloop (GE Life Sciences). Samples were eluted with 1 ColV of
Buffer E. Soluble fractions were collected, concentrated between 20-30 µM to avoid
precipitation upon freezing, then immediately flash frozen in liquid N2 and stored at
-80 ◦C. Subfractionswere taken throughout the purification to assess the purity of the
samples by SDS-PAGE as above, combining Blue Loading Buffer (NEB) 1:1 with
fractions, pre-heating in sample buffer at 90 ◦C for 3-5 minutes before resolving
on a 4-20% TGX precast gel (Bio-Rad) at 200 V for 35 min along with a High
Molecular Weight Dual Color Protein Standers (Biorad). Gels were stained with
Bio-Safe™ Coomassie Stain according to the manufacturer’s instructions (Biorad).
The identity of UvrC was confirmed through peptide mass fingerprinting completed
by the Protein/Peptide Micro Analytical Laboratory at Caltech.

2.2.10 UV-Vis andContinuousWave (CW)Electron Paramagnetic Resonance
(EPR) Spectroscopies

2.2.10.1 UV-Vis Spectroscopy [25]

Aliquots of UvrC were thawed on ice in a cold room. The [4Fe4S] cluster con-
centration was quantified by using the extinction coefficient of the absorption band
centered at 410 nm ε = 17,000 M−1·cm−1 [25, 26] Because of the size of the fusion
protein, typically a 10-15x dilution of the thawed protein needed to be made in order
to bring the absorption band at 280 nm into the linear region. The total protein
concentration was then quantified by using the calculated excitation coefficient (Ex-
pasy) of His6-MBP-UvrC at 280 nm ε = 111,995 M−1·cm−1. The percent of the
[4Fe4S] cofactor incorporated was calculated by dividing the total concentration of
[4Fe4S] over the total protein concentration.

2.2.10.2 CW EPR Spectroscopy [25]

EPR samples were prepared in 200 µL volumes at final concentrations of UvrC at
10 µM and ferricyanide at 2 µM or dithionite at 2 µM in UvrC buffer. Prior to
mixing, buffer was bubbled with argon and argon was passed over thawed aliquots
of protein. UvrC and a chemical oxidant or reductant were mixed on the benchtop
in atmosphere. Samples were loaded into clean 4 mm thin-wall precision quartz
EPR tubes (Wilmad LabGlass, 715-PW-250MM), capped, and flash frozen in liquid
N2. An EMXX-band spectrometer (Bruker) with an ESR-900 cryogen flow cryostat
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(Oxford) and an ITC-503 temperature controller was used to collect X-band CW
EPR spectra. Spectra were acquired at 10 K or 50 K at power settings between 0.2-
16 mW and a modulation amplitude of 10 gauss using WinEPR software (Bruker)
[16].

2.2.11 DNA-modified Gold Electrochemistry on Au Surfaces [25, 26, 53, 66]
A 16-electrode, gold, multiplex chip (4 quadrants with 4 electrodes each) was rinsed
and sonicated with acetone three times for five minutes and once with 100% iso-
propyl alcohol, also for five minutes. The gasket and clamp were washed and
sonicated in 50% isopropanol (in water) for five minutes followed by three to five
rinses with water. All components were dried using an argon gun. To clear the chip
of debris, the chip was cleaned by ozonolysis (UVO Cleaner) for 15 minutes. The
chip, gasket, and clamp were assembled and 23 µL duplexed WM electrochemistry
substrate at a concentration of 25 µM was added to each quadrant. Monolayers
were allowed to form overnight under humid conditions at room temperature. The
electrode was then rinsed three times with DNA buffer (5 mM sodium phosphate, 50
mM NaCl, pH 7.0) and then three times with glycerol buffer (DNA buffer with 5%
glycerol). The electrode was backfilled with 1 mM of 6-mercaptohexanol (in glyc-
erol buffer) for ~30 minutes. The electrode was rinsed 10 times with DNA buffer.
The multiplex chip was equilibrated in electrochemistry buffer at room temperature
prior to taking measurements (4 mM spermidine, 25 mM Tris-HCl, pH 7.5, 0.25 M
KCl, 20% glycerol). Buffer was removed by pipetting, and 400 µL of 5 µM of UvrC
(by cluster) was added to the chip in electrochemistry buffer. A 4% agarose/3 M
NaCl gel tip Ag/AgCl reference electrode (MW-2030, RE-6, BASi) was used. The
potentiostat, multiplexer, and analysis software were from CH Instruments, Inc. A
scan rate of 50-100 mV/s between -0.4 V and 0.2 V (vs. Ag/AgCl) is optimal for
cyclic voltammograms. Scan were taken periodically at 0, 1 hr, 2 hrs, and 3 hrs.

Electrochemistry Substrate:
5′-GCGCAGACACGTTGCAGCAC-3′

3′-CGCGTCTGTGCAACGTCGTG-5′-(CH2)6-SH
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2.2.12 Electrophoretic Mobility Shift Assays (EMSA) [16, 61, 62, 78]
2.2.12.1 Radiolabeling and Purification of DNA Substrates.

For 5′ end labeling phosphorylation, 14 µL water, 2 µL T4 PNK buffer (New Eng-
land Biolabs), 1 µL ssDNA 100 µM stock solution, 2 µl T4 polynucleotide kinase
solution, and 1 µL of [γ-32P] ATP (NEG035C005MC, 6000 Ci/mmol, 150 mCi/mL,
PerkinElmer) were combined in a 1.7mLmicrocentrifuge tube, the tubewas clipped,
and incubated at 37 ◦C for 2 hours upon which 80 µL of water was added, the so-
lution was vortexed and purified using a Micro Bio-Spin 6 chromatography column
(Biorad) twice according to the manufacturer’s instructions. Samples were dried
overnight on the speed vac. Samples were resuspended in 10 µL of loading buffer
(80% formamide, 10 mM sodium hydroxide, 0.025% xylene cyanol and 0.025%
bromophenol blue) and loaded onto a 20% urea denaturing PAGE gel pre-warmed
to 50 ◦C. The gel was run in TBE buffer for ~3 hours at 90 W (0.089M Tris base,
0.089M boric acid, and 2 mM Na2EDTA, pH 8.3). The gel was exposed to X-ray
film (Kodak) in the dark for 30 s, and the X-ray film was developed on Konica
Minolta X-ray Developer. The band of ssDNA was excised using the X-ray film as a
guide. Excised bands were incubated in 1 mL of 100 mM triethylammonium acetate
(TEAA, pH 7.0) at 37 ◦C overnight. The TEAA supernatant was dried overnight,
and the resulting salts were dissolved in 80 µL of ddH2O and purified using a Micro
Bio-Spin column (Biorad). The process was repeated twice. The DNA was again
dried on and then resuspended in 50 µL of phosphate buffer. Radiolabeled ssDNA
stocks were stored at -20 ◦C
.
EMSA Substrate:
5′-CCGACTGAACTCTGTACCTGACACGACAAG-3′

3′-GGCTGACTTGAGACATGGACTGTGCTGTTC-5′

2.2.12.2 Annealing Titrations

A100%yieldwas assumed following radiolabeling. A solution of or 99:1 cold:radiolabeled
1 µM double-stranded DNA (dsDNA) was generated by heating complementary
strands to 95 ◦C for 10 min and cooling to room temperature over a linear gradient.
Titrations from 50%-125% were prepared by varying the complement concentra-
tion DNA buffer in order to verify the duplex character of the substrate (and to
detect any pipetting errors). Annealing titration samples were run on a 10% TBE
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polyacrylamide Native gel (Bio-Rad) in pre-chilled 0.5x TBE buffer at 4 ◦C for 3
hours at 50 V. Phosphorimaging (GE or Molecular Diagnostics) screens were ex-
posed to samples using the guideline of 300,000 c.p.m. per hour of exposure per
sample. Screens are imaged using the Typhoon Imager (GE Healthcare). Images
were processed using ImageQuant (GE Healthcare).

2.2.12.3 EMSA Conditions

DNA and protein samples were prepared in 25 mM Tris-Cl (pH 7.5), 20% Glycerol,
100 nM 1% [γ-32P]-dsDNA, 100 mM KCl, and various concentrations of UvrC.
Samples were incubated at 4 ◦C for 2 hours and electrophoresed as above. Some
gels were transferred to an Amersham Hybond-N nucleotide blotting paper (GE
Healthcare) using a semidry electroblotter (Owl HEP-1) using extra thick cotton
blotting paper (Biorad) in transfer buffer (25 mM Tris, HCl, 200 mM glycine, 10%
methanol, pH8.5) for 1 hour at 175mAmps. Gelswere exposed and imaged as above.

2.2.13 UV-Vis Time Courses to Monitor Cofactor Stability
To investigate the stability of UvrC under aerobic conditions, UvrC was incubated
at custom Starna cuvettes that were sealed with a screw cap (to prevent evaporation)
before heating in a 37 ◦Cwater bath. Generally, between 10 µM and 30 µMof UvrC
(by cluster) was used. For each time point, the Cary instrument was blanked with
buffer at 37 ◦C. Samples were applied to an equilibrated Superdex 200 column at a
flow rate of 1 mL/min in UvrC buffer.

2.2.14 Analysis of Apo Species by Size Exclusion Chromatography
In a cold room, the Superdex 200 Column (GEHealthcare) was pre-equilibrated (1.5
- 2 ColVs) at 1 mL/min in UvrC buffer. Samples were applied and developed also
using 1 mL/min flow rate. Selected fractions were pooled and concentrated using
Amicon Ultra 10,000 MWCO concentrators. Concentrated fractions were analyzed
by SDS-PAGE as above.

2.3 RESULTS AND DISCUSSION
2.3.1 Evidence of a Redox-active [4Fe4S] Cluster Coordinated by UvrC
Initial studies with UvrC under the aerobic conditions described in this section
were completed in collaboration with Dr. Michael A. Grodick [25]. As discussed
above, we noticed that UvrC has historically been difficult to express and purify
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[35, 54, 73, 75], and accordingly, we screened new expression and purification
strategies that would yield soluble and pure protein in large enough quantities that a
[4Fe4S]metal center could be detected spectroscopically. Included in the screenwas
a pBAD overexpression plasmid under the control of the L-arabinose promoter with
a His6-Maltose Binding Protein (MBP) affinity/solubility tag encoded N-terminally
to UvrC (Figure 2.4) [33, 68]. The L-arabinose promoter can be used to prevent
leaky expression prior to induction with arabinose, which is an advantage for overex-
pressing proteins that are potentially toxic to cells prior to induction [28, 56, 67, 72].
Additionally, MBP tags are frequently used to enhance the expression and solu-
bility of target proteins, including for previous overexpression of the C-terminal
half of UvrC as well as repair and replication enzymes bearing the [4Fe4S] cluster
[6, 10, 36, 41, 64, 89]. A cooler overexpression temperature (22 ◦C), longer in-
duction time (16 hrs), and an anaerobic purification in buffers that included a high
concentration of potassium chloride were also chosen to minimize accumulation of
apo, aggregated, or degraded protein [17, 20, 26, 39, 50, 57, 58, 79, 87, 90].

We found that the pBad overexpression system resulted in detectable over-
expression of a His6-MBP-UvrC fusion protein (110 kDa) in whole cell lysate
(referred to as UvrC throughout). Cell lysis, purification, and concentration of
the UvrC fusion protein using immobilized metal affinity chromatography, MBP
affinity chromatograpy, and gel filtration chromatography was performed in the cold
room. Our strategy allowed for isolation of the UvrC fusion protein in high purity
with a broad and shallow absorption band centered at 410 nm and yellow-tan color
characteristic of [4Fe4S] clusters (Figure 2.4, Top Left) [19, 24, 42, 69]. Based on
the ratio of absorbances at 410 nm and 280 nm, the cofactor was typically 40-60%
incorporated.

Initial studies also included assessing the redox activity of UvrC using elec-
tron paramagnetic resonance spectroscopy (EPR) and electrochemistry on DNA-
modified Au electrodes. We used X-band CW EPR spectroscopy first to assign
oxidation states of the [4Fe4S] cluster aided by use of chemical oxidants and reduc-
tants. In the 2+ resting state, [4Fe4S] clusters are EPR silent, though some proteins
with incompletely incorporated cofactors can be EPR-active under native conditions,
often complicating interpretation of spectra of DNA repair and replication enzymes
[16, 50, 58]. Indeed, we observed an EPR-active species at g = 2.01, which is likely
due to a small percentage of the population in the [3Fe4S]+ state (Figure 2.4, Top
Right). The intensity of the signal decreased with temperature, also consistent with
a [3Fe4S]+ species (Figure 2.4, Top Right). Because the majority of DNA repair
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and replication enzymes are most similar in potential to high potential iron proteins
(HiPIPs), which access the 3+/2+ couple, we would expect UvrC to be oxidized
by ferricyanide into the EPR-active 3+ state, but we did not observe such a signal
for UvrC under the conditions tested (Figure 2.4, Middle). Rather, we observed a
strong signal appear under reducing conditions in the presence of dithionite, which
is more reminiscent of ferredoxin-like clusters.

Chemical oxidation and reduction, however, are harsh methods that can lead
to degradation of the cofactor, and many species have been observed by EPR for
[4Fe4S] DNA repair and replication proteins upon treatment with oxidants or re-
ductants [13, 50, 55]. In contrast to chemical methods, electrochemical methods
using DNA-modified Au surfaces allows for assessment of the DNA-bound redox
chemistry of [4Fe4S] proteins under gentler conditions. Efforts to understand the
role of electron transfer reactions in DNA repair and replication have only recently
begun, as discussed in the previous chapter [1, 3, 27]. Using several complementary
techniques, our group has investigated the redox chemistry of glycosylases, SF2
5′→3′ helicases, primase, and B family replication polymerases that are found in
Bacteria, Archaea, and Eukarya. All proteins studied to date have been observed
to access the [4Fe4S]3+/2+ couple with midpoint potentials of ~200 mV vs. NHE.
Binding to DNA polyanions has been shown to tune their midpoint potentials to
~80 mV vs NHE which activates the cluster toward oxidation and would allow these
proteins to exchange electrons through long-range signaling through DNA as a first
step in lesion detection [1, 3, 27]. A reversible signal occurs at 80 mV vs NHE,
indicating that the electron transfer is not damaging for the DNA substrate or the
cluster at physiological potentials. Critically, the studies of the redox activity on
DNA-modified gold electrodes and other complementary gel-based methods have
demonstrated that the [4Fe4S] cluster of repair and replication enzymes can partici-
pate in DNACT chemistry, the transport of charge through the π stack of the duplex.
The efficiency of the charge transport is extraordinarily sensitive to disruption of the
base stack, a common feature of damaged DNA sites [5]. We have developedmodels
to describe how redox signaling among repair and replication proteins utilize DNA
CT chemistry to facilitate repair of damage and faithful replication of the genome
on a biologically relevant time scale.

Our group has previously developed a gold electrode platform that can bemod-
ified with DNAmonolayers which are formed through a thiol-gold bond on surfaces
that are accessible to proteins in solution (Figure 2.4, Bottom Left) [25, 26, 53].
Generally, the gold electrode serves as the working electrode, while a Ag/AgCl gel
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tip and a platinum wire serve as the reference electrode and auxiliary electrodes,
respectively. The latest generation of DNA-modified gold electrodes features a mul-
tiplex chip with 16 independently addressable electrodes that can be separated into
quadrants which allows for up to four different experimental conditions to be assayed
in parallel. The platform is often one of the first methods we use to interrogate the
DNA-bound redox activity of a [4Fe4S] protein, and the platform can furthermore
be adapted for studies that require anaerobic conditions.

Application of UvrC to DNA monolayers on a 16-electrode multiplex chip in
buffered solution allowed for observation of a reversible, redox signal centered at
a midpoint potential of 85 mV ± 0.03 vs. NHE (Figure 2.4, Bottom Left). Our
observations of a [4Fe4S] cofactor that exhibited a DNA-bound redox signal of-
fered many opportunities for deeper investigation into the attributes of UvrC in holo
form. First, UvrC is not well-known in the bacterial NER literature to form a com-
plex with duplex substrates independently of other NER proteins, so interactions of
holo-UvrC with DNA substrates in particular is a major aspect that would need to
be characterized further. Second, the presence of a redox-active cofactor opened
up avenues to study redox signaling in vivo among the BER (EndoIII and MutY),
loop repair (DinG), and NER (UvrC) pathways in vivo using genetics assays. Dr.
Michael A. Grodick and Dr. Andy Zhou completed in vivo studies with UvrC (the
details of which can be found in their theses) [25, 93]. Redox signaling between
UvrC and DinG in vivo has already been suggested by the increased UV sensitivity
in DinG overexpression and ∆dinG strains of E. coli [83]. In vivo data collected in
their thesis work suggest that redox signaling among BER, Loop Repair, and NER
indeed may be involved in facilitating growth recovery after challenge of cells with
UV-light [25, 93]. My thesis work has focused on the in vitro characterization of
UvrC, which is detailed in the following sections and chapters.
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Figure 2.4 First observations of a redox-active [4Fe4S] cofactor coordinated by
UvrC. (Top Left) Development of a new expression and purification route for UvrC
resulted in isolation of a deep yellow protein with a broad and shallow absorption
band centered at 410 nm, which is characteristic of [4Fe4S] cluster proteins. (Top
Right and Middle) X-band CW EPR spectra of purified UvrC (10 µM) was taken
for native, purified UvrC (dark yellow), UvrC treated with ferricyanide (2 mM, light
purple), and UvrC treated with dithionite (2 mM, light green) at 10K. The signal
at g=2.02 for purified protein is attributed to [3Fe-4S]1+ species. (Bottom) DNA
duplexes in monolayers accessible to proteins are formed on gold through an alkane-
thiol linker on multiplex chips with 16 independent electrodes. Amidpoint potential
of 85 mV ± 0.03 vs. NHE was measured for UvrC (dark blue). UvrC is redox active
at physiological potentials when bound to DNA and shares a DNA-bound redox
potential with other high potential [4Fe4S] repair proteins.
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2.3.2 Optimization of Purification and Storage Conditions for UvrC
2.3.2.1 Modifications to the Purification Sequence

Over the span of several purifications, optimization was necessary in order to im-
prove the workflow for UvrC. The first step taken toward optimizing the purification
was improving the Histrap column washing protocol, which occurs after application
of the clarified cellular lysate to the column has finished (Figure 2.5, Top Left).
The wash step was increased from including 1% elution buffer (5 mM imidazole)
to 10% elution buffer (50 mM imidazole) in order to address the overlapping peaks
that co-eluted. The first peak was later determined to be catalase (a heme pro-
tein), which non-specifically bound to the nickel column (protein identification not
shown). Increasing the percentage of imidazole used during the column wash step
allowed for catalase to elute quickly during from the Histrap column wash, thereby
separating this contaminant prior to elution of UvrC peak (see Chapter 3: Ap-
pendix A). Over the course of completing multiple purifications of UvrC, we also
attempted to increase yields by doubling the volume of Histrap resin (from 5 mL to
10 mL). In doubling the volume of the column, the collected fractions also doubled
in volume. This change in volume was not tolerated by the MBP Trap HP columns,
even though three MBP Trap HP columns were stacked in series in order to accom-
modate upstream changes. A large percentage of the UvrC fraction immediately
washed off the column (Figure 2.5, Top Right, 0-60 mLs), as evidenced by the flow
through appearing yellow (not shown). The flow through (FT) and the species that
did elute off the column (Fraction 1) were resolved separately using size exclusion
chromatography (Figure 2.5, Bottom). As can be seen in a comparison of the two
chromatograms from the size exclusion column, the majority of the protein that
directly washed off the column was soluble UvrC, and the majority of the protein
that was retained on the MBP Trap column was in fact aggregated UvrC. Use of the
MBP Trap column during purification was therefore eliminated, and a two-column
purification with the Histrap and Superdex 200 columns was used for all subsequent
purifications (see the Experimental Section of Chapter 3).

2.3.2.2 Storage and Handling Conditions for Increased Stability

Additional observations during the course of carrying out experiments also led
to insights on what conditions were necessary to stabilize UvrC. For example,
following the final purification step by size exclusion chromatography, protein is
often concentrated before freezing at -80 ◦C to allow for aliquoting of protein at
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reasonable working concentrations (in the micromolar range). During a round of
purification, UvrC was concentrated above 100 µM (roughly 10 mg/mL for the
MBP-UvrC fusion protein), and upon thawing aliquots for subsequent experiments,
it was discovered that the protein had completely crashed out of solution (not shown).
For this reason, UvrC is concentrated between 20-30 µM (between 2 and 3 mg/mL)
before flash freezing and storage at -80 ◦C (see the Experimental Section above and
in Chapter 3). Buffer conditions have also been found to affect UvrC greatly. Great
care must be taken when buffer exchanging UvrC into solutions without glycerol
(which is optimal for electrochemistry on graphite electrodes [4, 16]). Exchanging
UvrC into buffer without glycerol via diafiltration causes UvrC to crash out of
solution, forming yellow precipitate, if the centrifugation steps are carried out for
> than 1-2 minutes. In between short centrifugation steps, UvrC must be mixed
by pipetting to avoid precipitation. When buffer exchanging into HEPES buffer via
diafiltration (prepared at the same pH and ionic strength as storage buffer), UvrC
crashes out immediately, and no methods were found to aid in buffer exchanging.
These observations are not surprising, given thewide reports of UvrC instability, and
highlight how careful study of UvrC at all steps of handling is absolutely required.

2.3.3 Observation of a UvrC-DNA Complex by EMSA
To continue characterizingUvrC in holo form, we examined howUvrC interacts with
radiolabeled, duplexed 30 base pair substrates using electrophoretic mobility shift
assays (EMSAs) [16, 61, 62, 78]. UvrC along with the full UvrABC exinuclease
has been studied extensively in vitro with single stranded DNA (ssDNA), well-
matched (WM) dsDNA, damaged duplex substrates, and substrates with nicks,
gaps, bubbled regions, and overhangs derived from plasmid DNA and synthetic
oligomers [35, 75]. The majority of previous work from chromatographic, optical,
and gel-based methods with UvrC from E. coli and thermophilic bacteria indicates
that UvrC does not form a complex with dsDNA independently of UvrA and UvrB
[49, 65, 81, 82, 91]. (It should be noted that UvrC, both truncated and full-length,
has been seen to bind to ssDNA or single-stranded regions of nicked, gapped, or
bubbled substrates [34, 49, 60, 65, 74].) Thus, it is widely accepted that UvrC
requires the action(s) of UvrA and UvrB in order to associate with substrates of
duplex character. There have, however, been two reports of UvrC species forming
a complex with dsDNA at equilibrium (a tetramer in a gel-based assay) and non-
equilibrium (single molecule assays) conditions [31, 70, 86]. It is not clear how
these data can be reconciled. What is clear is that UvrC is sensitive to the conditions
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Figure 2.5 Purification Chromatograms for UvrC (referenceMike’s thesis). Top Left
Shown is the chromatogram of the wash and elution steps for the Histrap column.
The elution step for the specific chromatogram shown here begins where marked.
(Top Right) Shown is the chromatogram of the wash and elution steps for the MBP
Trap HP column. The elution step for the specific chromatogram shown here begins
wheremarked. (Bottom Left) Displayed is the chromatogram from the size exclusion
column from the flow through of the MBP Trap HP column, the majority of which
is the soluble UvrC. (Bottom Right). Displayed is the chromatogram from the size
exclusion column from the Fraction 1 (F1) of theMBPTrapHP column, themajority
of which is aggregated UvrC species.

under which it is studied, exemplified by reports and our experiences that UvrC is
prone to precipitation [52, 73, 94].

Our observations of a DNA-bound redox signal suggested that in holo form,
UvrC in fact formed a complex with DNA independently of other NER proteins. We
used electrophoretic mobility shift assays (EMSAs or gel shift assays) during our
first investigations to study formation ofUvrC-DNAcomplexes. The sequence of the



65

DNA substrate was taken from the center of the WM sequence of the 3.8 kbp AFM
substrate (about the regions that is engineered to include a C:A lesions in the 3.8 kbp
MM strand [7]). In order to provide a large enough substrate, a 30 bp duplex was
chosen because of a 19 bpDNA footprint for the UvrBC complex that was previously
reported [81]. Shown in Figure 2.6 is a gel from one replicate that demonstrated that
relative to other repair proteins on WM DNA, UvrC exhibited high-affinity toward
the WM duplex (240 nM) [16, 23, 78]. While all other replicates also showed
complexes forming, a consistent pattern and gel quality was difficult to obtain (not
shown). While a more optimal system for studying UvrC-DNA complexes required
additional development, our initial observations of a UvrC-DNA complex and the
redox signal on the DNA-modified gold electrode supported our conclusions that
UvrC participates in DNA CT chemistry. This new modality raised other questions
about the nature of the UvrC-DNA complex, if UvrC forms similar complexes with
other NER substrates, how apo species interacted with DNA duplexes in our hands.
More robust methods for interrogating these exciting questions would first need to
be developed for UvrC, as the gel pattern and gel quality were highly variable. Over
time, the variability seen in gel shift assays and in handling UvrC throughout the
course of experiments under aerobic conditions (see previous section) pointed to
the source of instability for UvrC, which was investigated and is summarized in the
next section.

2.3.4 Degradation of the [4Fe4S] Cofactor in the Presence of O2

A final, key discovery made during initial studies with UvrC revolved around the
stability of the [4Fe4S] cluster. Curiously, across different protein purification
cycles, some batches were lighter yellow than others, which could not be easily
explained by differences in methods used or by the total protein concentration of
the sample. Aliquots of UvrC would also appear to lose color during the course of
longer experiments, even when steps were taken to ensure that the protein was kept
on ice. The suggestion was made that perhaps the cofactor of UvrC was not stable
in atmosphere due to the presence of O2. To investigate this intriguing possibility,
UvrC was incubated at 37 ◦C (at a physiologically-relevant temperature) in sealed
cuvettes in atmosphere, and the absorption band at 410 nm was monitored by UV-
Vis. (Figure 4.3, Left). Near complete disappearance of the absorption band at 410
nm occurred after incubating at 37 ◦C after 1 hour, which is a common incubation
temperature and time for many activity assays [15, 34, 47, 59, 76]. Complete
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Figure 2.6 First observations of a UvrC-DNA complex. UvrC was incubated with
30 base pair DNA substrates in UvrC buffer (25 mM Tris-HCl, 0.5 M KCl, 20% v/v
glycerol). Free and complexed DNA were separated by native gel electrophoresis
using a 10% TBE gel and TBE running buffer (recipe) in a cold room at 4 ◦C.
Preliminary data indicated that UvrC forms a complex with WM duplex DNA.
Lanes with ssDNA and dsDNA only each contain 100 nM concentration of DNA.
Lanes 1-10: 100 nM - 1000 nMUvrC by cluster with a constant duplex concentration
of 100 nM. Binding data was fit to a sigmoidal function in Origin.

degradation could be seen after 4 hours (not shown). We emphasize here that in
order to detect the oxygen-driven degradation spectroscopically, concentrations of
UvrC well above that of what is commonly found in an activity assay needed to be
used. Our observations highlight the subtlety of handling a metalloprotein in vitro
and the importance of carefully monitoring cofactor stability, particularly during
early studies with a new metalloprotein.

Because apo and holo forms of metalloproteins can have different oligomeric
states, we compared holo- and apo-UvrC by size exclusion chromatography after
the 4-hour time point [12, 46]. Apo-UvrC species eluted at the void volume of
the column, which corresponds to aggregates that would be > 600 kDa in mass
(Figure 4.3, Middle). Finally, we verified that the source of degradation was
specific to molecular oxygen and not temperature by incubating UvrC at 37 ◦C in an
anaerobic chamber in degassed buffer (Figure 4.3, Right). The spectra before and
after heating overlap completely, confirming that UvrC undergoes degradation in
the presence of molecular oxygen. This result distinguishes UvrC from other repair
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proteins in E. coli that have been discovered to date which are stable to oxygen,
raises even more important questions about UvrC, and suggests the possibility of a
multifunctional role for the [4Fe4S] cofactor in NER.

UvrC, 0 hr UvrC, 4 hr
UvrC, 1 hr

Aerobic Incubation, 37 °C Gel Filtration Analysis Anaerobic Incubation, 37 °C

UvrC, 0 hr
UvrC, 4 hr

Figure 2.7 Degradation of the UvrC-bound [4Fe4S] cofactor due to molecular
oxygen. (Left) Aerobic incubation of UvrC at 37 ◦C results in degradation that is
centered at the [4Fe4S] cluster. (Middle) Apo species of UvrC elute at the void
volume of the Superdex 200 size exclusion column, corresponding to species with
molecular weights > 600 kDa. (Right) The UvrC-bound [4Fe4S] cluster is stable
under anaerobic conditions.

2.4 CONCLUSIONS
The observation of a [4Fe4S] cluster in repair and replication proteins has often
occurredmany years after the first characterization of the gene and gene products due
to several reasons [20, 57, 85]. First, [4Fe4S] clusters, like other metal centers, can
be sensitive to expression and purification conditions, which has delayed isolation of
protein with intact clusters [14, 57, 77]. Second, prediction of [4Fe4S] coordination
sites in nucleic acid processing enzymes has been particularly challenging because
the spacing of the coordinating cysteines is atypical across different protein families,
leading to a weak bioinformatic signature [85]. As discussed, other indications that
a protein may bind an iron-sulfur cluster, such as the LYR sequence motif, are just
emerging [44, 57, 77].

The story for UvrC has been consistent with the pattern in the literature.
The first biochemical experiments with purified protein were reported in 1981,
and many research groups have made significant contributions to the literature on
UvrC and bacterial NER. Yet, nearly four decades have passed between the first
expression and purification of UvrC and our initial observations of the [4Fe4S]
cofactor. The cofactor eluded discovery through serendipitous means possibly
because the induction times during overexpression were not long enough to allow
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for iron sulfur cluster biogenesis machinery to load the cofactor into nascent protein,
the expression vector and purification methods did not allow for UvrC to be isolated
at high enough concentrations for the cofactor to be observed by eye, and/or the
sensitivity of the cofactor to molecular oxygen caused degradation during the course
of harvesting UvrC from overexpression cells. Much remains to be elucidated about
many aspects of UvrC, and further studies must be pursued in conjunction with the
development of additional anaerobic methods so that more extensive examination
of UvrC in holo form can be carried out in a controlled environment.
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C h a p t e r 3

UVRC COORDINATES AN O2-SENSITIVE [4FE4S] CLUSTER∗

3.1 INTRODUCTION
Proteins that coordinate a metal cofactors often function in cells to maintain home-
ostasis in the cell, and some even function as sensors of cellular environment
[12, 30, 31, 43]. Classic examples include transcription factors, radical SAM en-
zymes, nitrogenase, hydrogenases, among many others. Metal centers can easily
be poisoned by reactive diatomics like O2 and NO, though some proteins, chiefly
transcription factors, utilize changes at the coordination site to regulate responses to
stress conditions, iron availability, and the redox state of the cell [12, 30, 31, 43]. As
such, many metalloproteins require use of anaerobic methods in order to preserve
the integrity of the coordination site and even the protein itself outside of a cellular
context [8, 72, 79, 84]. Because air-free techniques have a long history of devel-
opment by bioinorganic chemists, many robust methods exist that can be readily
adapted for other proteins. Appreciation that some [4Fe4S] proteins may require
anaerobic handling has begun, and as researchers continue to detect metal centers
coordinated by nucleic acid processing enzymes, we expect that use of anaerobic
methods will become more and more widespread for repair and replication proteins
[20, 63].

Our group has developed several anaerobic methods to examine the DNA-
bound redox chemistry, the nature of substrate interactions in reduced (2+) and oxi-
dized (3+) states, and enzymatic activity in reduced and oxidized states of [4Fe4S]
repair and replication proteins. However, the enzymes examined to date have not
required anaerobic methods during purification in order to isolate protein with sta-
ble cofactors. To develop a robust system for purification of UvrC, we utilized the
resources on campus for nitrogenase that were made available to us by the Rees
lab [72, 84]. The Rees group has developed well-established methods for purifying
and studying nitrogenase under strict anaerobic conditions. Detailed here are the
anaerobic methodologies that were adapted for UvrC and the first characterization
of UvrC as an O2-sensitive metalloprotein, which serves as a basis for future work
∗Experimental Methods, Results and Discussion, and Conclusions adapted from R. M. B. Silva,
M. A. Grodick, and J. K. Barton (2020). UvrC Coordinates an O2-Sensitive [4Fe4S] Cofactor.
Submitted.



80

with UvrC in holo form.

3.2 EXPERIMENTAL METHODS
3.2.1 General Procedures
All reagents were used as received and stored according the manufacturer’s in-
structions. All water used was purified on a Milli-Q Reference Ultrapure Water
Purification System (≥18.2 MΩ cm). Anaerobic vinyl chambers (glove bags) were
kept at atmospheres of (2-4% H2 in Argon or N2, ≤ 1 ppm of O2) with Pd scrubbing
towers (Coy Laboratories) and used for experiments requiring anaerobic conditions.
Unless specified otherwise, all protein buffers were degassed in an anaerobic cham-
ber by stirring vigorously overnight, protein samples were handled anaerobically,
and other solutions of reagents that came in contact with UvrC were prepared anaer-
obically as well [40, 68, 87]. UV-Vis spectra of UvrC were taken on a Cary 100
Bio (Agilent) spectrophotometer using custom quartz cuvettes (Starna) modified
with an airtight screwcap or on a DeNovix DS-C Spectrophotometer using quartz
cuvettes (Starna) in the glove bag. DNA concentrations were taken as above aerobi-
cally. High performance liquid chromatography (HPLC) was done using HP 1100
(Aglient) system and fast performance liquid chromatography (FPLC) was done
using an ÄKTA FPLC™ system (GE Life Sciences) or a NGC™ Chromatography
System (Bio-Rad). Before use, all solvents and buffers used during purifications
were filtered through a 0.22 or 0.45 µm Nalgene™ Rapid-Flow™ filter unit with an
SFCA membrane (ThermoFisher Scientific). Glass plates, spacers, and the Owl™
Vertical Electrophoresis System were purchased from ThermoFisher Scientific. Se-
quencing gel supplies were purchased from National Diagnostics.

3.2.2 DNA Substrates and Plasmids
Unless specified otherwise below, oligomers and plasmids were treated as detailed
in Chapter 2.

3.2.3 Overexpression of UvrC
The MBP-UvrC fusion protein was overexpressed as described in Chapter 2.

3.2.4 Air-free Purification of UvrC
Described is the procedure for purifying UvrC that was adapted from the purification
method for nitrogenase [72, 84]. Unless otherwise stated, steps were completed
at room temperature. See Appendix A at the end of this chapter for additional
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description of the methods.

3.2.4.1 Degassing Purification Buffers

The following purification buffers were prepared at a pH of 7.5: Lysis Buffer (25
mM Tris-HCl, 0.5 M KCl, 10% v/v glycerol), Nickel Elution Buffer (25 mM Tris-
HCl, 0.5 MKCl, 20% v/v glycerol, 0.5 M Imidazole), and Size Exclusion Buffer (25
mM Tris-HCl, 0.5 M KCl, 20% v/v glycerol). The buffers were placed in separate
round bottom flasks with custom glass adapters, connected to a Schlenk line, and
degassed using a timer (Eagle Signal) alternating vacuum (7 min) and Ar (2 min)
for 12 cycles.

3.2.4.2 Column Equilibration

The day before cell lysis, two stackedHisTrapHP5mLcolumns (GEHealthcare) and
a Superdex 200 preparative grade 26/200 size exclusion column (GE Healthcare)
were used for purification. Nickel columns were washed with at least 5 column
volumes (10 mL, ColVs) of ddH2O and the Superdex column was washed with 1.5
to 2 ColVs of ddH2O using an ÄKTA FPLC™ system (GE Life Sciences). Once
buffers were degassed, the Superdex 200 was washed with 1.5 to 2 ColV (330 mL)
of size exclusion buffer overnight. The next day, the HisTrap columns were washed
with >10 ColV of lysis buffer with 1 mM dithiothreitol (DTT). DTT was also added
to elution buffer to a final concentration of 1 mM. The Superdex 200 was also
equilibrated with an addition 100 mL of degassed size exclusion buffer containing
1 mM DTT.

3.2.4.3 Sterilization of Equipment

A glass stirring rod, a glass beaker, polycarbonate centrifuge tubes, Dounce homog-
enizer with rods, and two 250 mL wide-mouth screw cap bottles were autoclaved
and subsequently placed in a cold room to chill overnight.

3.2.4.4 Anaerobic lysis and chromatography†

All following steps were completed in an anaerobic chamber, on a Schlenk line,
or in airtight vials. While columns were equilibrating, cell pellets were thawed,
†This section is completed in a single day over the course of 15-17 hours. Freezing and storing the
concentrated fractions following the Histrap column and completing the purification over a span
of two days has never been attempted. Considering the increased stability of UvrC in anaerobic
conditions, this may be tolerated.
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resuspended in Lysis Buffer (100 mL lysis buffer per 10 g of wet pellet) that was
supplemented on the day of the purification with 6-8 tablets of crushed cOmplete™
protease inhibitor cocktail tablets (Roche), DNAse (15 kU, Sigma), and DTT (1
mM), and homogenized on ice using a Dounce homogenizer. The cell slurry was
passed over a 100 µmnylon cell strainer (Corning) and lysed using an Emulsiflex-C5
(Avestin) homogenizer at 25,000 psi under a positive pressure of Ar over two cycles.
For each cycle, cell lysate was collected on ice. Lysate was loaded into polycarbonate
vials and centrifuged on a Sorvall™ RC 6 Plus Centrifuge (ThermoFisherScientific)
at 13,000 rpm for 45 minutes at 4 ◦C.

Using an ÄKTA FPLC™ system (GE Life Sciences), the supernatant was
loaded under a positive pressure of Ar at a flow rate of 2.5 mL/min onto the HisTrap
column. At a flow rate of 1.5 mL/min, Histrap columns were washed with 4 ColVs
of 10 % Elution Buffer and eluted with 10 to 100 % Elution Buffer over 15 ColVs.
Fractions were collected under a positive pressure of Ar and concentrated to <10
mLs using an Amicon® Stirred Ultrafiltration Cell over a 30 kDa cutoff filter using
the minimum overpressure that allowed for filtration. Concentrated fractions were
loaded under a positive pressure of Ar onto the Superdex 200 at a flow rate of 1
mL/min. Samples were eluted with 1 ColV of Size Exclusion Buffer containing 1
mMDTT. Soluble fractions were collected, concentrated between 20-30 µMto avoid
precipitation upon freezing, aliquoted in screw cap vials, then immediately flash
frozen in liquid N2 and stored at ≤ -80 ◦C. Subfractions were taken throughout the
purification to assess the purity of the samples by SDS-PAGE as above, combining
Blue Loading Buffer (NEB) 1:1 with fractions, and pre-heating in sample buffer at
80 ◦C for 2 minutes before resolving on a 4-20% TGX precast gel (Bio-Rad) at 200
V for 35 min.

3.2.5 Fe Quantification by the Ferene Assay
The colorimetric ferene assay was performed according to a published procedure in
triplicate [16]. Briefly, samples (including a UvrC buffer control) were diluted 1:1
with HNO3 (21.7% v/v) to a total volume of 200 µL. Samples were heated at 95 ◦C
for 30 min, cooled at 4 ◦C for at least 10 min, and centrifuged. After centrifugation,
600 µL of ammonium acetate (7.5% w/v), 100 µL of ascorbic acid (12.5% w/v), and
100 µL of 3-(2-pyridyl)-5,6-di(2-furyl)-1,2,4-triazine-5′,5′ ′,-disulfonate (ferene, 10
mM) were added. Samples were incubated at room temperature for 30 min before
absorbance at 593 nm was recorded. Calibration curves were prepared using an Fe
standard solution (1001 ± 2 mg/L Fe in 2% v/v HNO3, TraceCERT Fe standard for
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ICP).

3.2.6 Assessment of UvrC Stability
To investigate the stability of UvrC under aerobic conditions, UvrC was thawed on
ice in a cold room and then buffer exchanged into aerobic UvrC buffer as described
above. UvrC was quantified by UV-Vis as above in Starna cuvettes that were sealed
with a screw cap (to prevent evaporation) before heating in a 37 ◦C water bath.
Generally, between 10 µM and 30 µM of UvrC (by cluster) was used. For each
time point, the Cary instrument was blanked with buffer at 37 ◦C. Samples at a
concentration of 5 µM were loaded into a Hamilton syringe, injected into a 250 µL
superloop on a Bio-Rad NGC, and applied to a Superdex 100/300L analytical size
exclusion column (GE Healthcare) at a flow rate of 0.35 mL/min in UvrC buffer. An
aliquot of protein was reserved and analyzed by SDS-PAGE as above. Samples that
included DNA substrates were treated as above and well-matched (WM) duplexes
were added 1:1with holo-UvrC (ex. 20 µMDNAand 20 µMUvrC by cluster). UvrC
samples that included WM dsDNA were measured against buffer that included the
same concentration of DNA. For comparison, UvrCwas also heated anaerobically in
UvrC buffer in a cappedmicrofuge tube on a heat block in the glove bag and assessed
as above. UvrC was also buffer exchanged anaerobically into 25 mM Tris-HCl, 0.1
M KCl, and 20% glycerol (v/v) at a pH of 7.5 (activity buffer) and examined by
size exclusion chromatography as above. UvrC in low-salt activity buffer was used
immediately in downstream assays.

3.2.7 UV-Vis and Continuous Wave (CW) Electron Paramagnetic Resonance
(EPR) Spectroscopies

For all assays described below, aliquots of UvrC were thawed on ice in an anaerobic
chamber and buffer-exchanged by diafiltration into UvrC buffer (25 mM Tris-HCl,
0.5 M KCl, 20% v/v glycerol) using Amicon Ultra-0.5 mL 10,000 kDa cut off
mini filter units (Millipore). The [4Fe4S] cluster concentration was quantified by
using the extinction coefficient of the absorption band centered at 410 nm ε = of
17,000 M−1·cm−1 [23]. Because of the size of the fusion protein, typically a 10-
15x dilution of the thawed protein was made to bring the absorption band at 280
nm into the linear region. The total protein concentration was then quantified by
using the calculated excitation coefficient (Expasy) ofHis6-MBP-UvrC at 280 nm ε=
111,995M−1·cm−1. The percent of the [4Fe4S] cofactor incorporatedwas calculated
by dividing the total concentration of [4Fe4S] over the total protein concentration.
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EPR samples were prepared in 200 µL volumes at final concentrations of UvrC
at 10 µM and ferricyanide at 50 µM of 2 mM dithionite in UvrC buffer. Stocks
of ferricyanide and dithionite were prepared in an anaerobic chamber in degassed
UvrC buffer. Samples were loaded into clean (soaked in 2% nitric acid, washed
with water, washed with ethanol, dried, and cooled) 4 mm thin-wall precision quartz
EPR tubes (Wilmad LabGlass, 715-PW-250MM), capped, sealed with parafilm, and
flash frozen in liquid N2. An EMX X-band spectrometer (Bruker) with an ESR-
900 cryogen flow cryostat (Oxford) and an ITC-503 temperature controller was
used to collect X-band CW EPR spectra. Spectra were acquired at 10 K at power
settings between 12-16 mW and a modulation amplitude of 10 Gauss usingWinEPR
software (Bruker) [16]. Data presented was collected in triplicate.

3.2.8 Molecular Weight Determination [53, 69, 74]
Stock solutions of proteins from theGel FiltrationHMWCalibrationKit (GEHealth-
care) were made anaerobically from lyophilized powder in UvrC buffer according
the manufacturer’s instructions. Standards were flash frozen and stored at -80 ◦C
until use. Once standards were thawed on ice in a glove bag, all subsequent steps
were completed at room temperature. Samples were diluted to recommended con-
centrations, passed through a 0.22 µM syringe filter, loaded into a Hamilton syringe,
and injected into a 250 µL superloop. All chromatography was done anaerobically
at a flow rate of 0.35 mL/min on a Bio-Rad NGC using a Superdex 100/300L
analytical size exclusion column (GE Healthcare) in UvrC buffer. All standards
were completed in triplicate. UvrC was thawed on ice in an anaerobic chamber,
buffer-exchanged into UvrC buffer, quantified by UV-Vis (by cluster concentration),
and 250 µL of UvrC (between concentrations of 5 and 10 µM by cluster for each
replicate) was assessed by analytical size exclusion chromatography.

3.2.9 Radiolabeling and Purification of DNA Substrates [16, 66, 67, 80]
For 5′ end labeling phosphorylation, 14 µL water, 2 µL T4 PNK buffer (New
England Biolabs), 1 µL ssDNA 100 µM stock solution, 2 µl T4 polynucleotide
kinase solution and 1 µL of [γ-32P] ATP (NEG035C005MC, 6000 Ci/mmol, 150
mCi/mL, PerkinElmer) were combined in a 1.7 mL microcentrifuge tube, the tube
was clipped, and incubated at 37 ◦C for 30min followed by heat inactivation at 65 ◦C
for 20 min. Solutions were cooled, centrifuged, and the volume of the solution was
brought up to > 25 µL (or two labeling reactions were combined). Micro Bio-Spin 6
columns (Bio-Rad) were used to purify radiolabeled ssDNA followed by a Monarch
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PCR&DNACleanup Kit (New England Biolabs) with a modified protocol for short
oligomers. Briefly, the filtrate from the Micro Bio-Spin 6 column was combined
with 100 µL Monarch DNA Cleanup Binding Buffer and 300 µL ethanol. The
resulting solution was loaded into a Monarch DNA Cleanup Column (New England
Biolabs) and spun at 16,000 g for 1 min. After discarding the flow-through, 500
µL of a 1:4 solution of Monarch DNA Cleanup Binding Buffer and ethanol were
added to the column and spun at 16,000 g for 1 min. This washing procedure was
repeated once more and flow-through was discarded each time. The column was
spun at 16,000 g for 1 min to remove residual ethanol. Radiolabeled ssDNA stocks
were stored at -20 ◦C.

3.2.10 Annealing Titrations [16, 66, 67, 80]
A100%yieldwas assumed following radiolabeling. A solution of or 95:5 cold:radio-
labeled between 30 to 40 µM dsDNA was generated by heating complementary
strands to 95 ◦C for 10 min and cooling to room temperature over a linear gradient.
Titrations from 75%-125%were prepared by varying the complement concentration
DNA buffer in order to verify the duplex character of the substrate (and to detect
any pipetting errors). Radioactivity was measured using the LS 6000SC Scintil-
lation Counter (Beckman). DNA was electrophoresed at 50 V for 90-105 minutes
at RT using Bio-Rad Mini-PROTEAN 4-20% TGX Precast Gels (Native PAGE) in
Tris-Glycine buffer. Phosphorimaging screens (GE Healthcare or Molecular Diag-
nostics) were exposed according to the guideline that samples with 300,000 counts
require 1 hour of exposure. The exposed screens were scanned using the Typhoon
FLA 9000 (GE Healthcare). Images were analyzed using Image LabTM software
(Bio-Rad). See text and Appendix B for an annealing titration gel.

3.2.11 Electrophoretic Mobility Shift Assays (EMSAs)[16, 66, 67, 80]
Native PAGE running buffer (25 mM Tris, 192 mM glycine, pH 8.3 from Bio-Rad)
was degassed overnight in an anaerobic chamber with vigorous stirring. Duplex
character of substrates was assessed by an annealing titration (see Supporting Ex-
perimental Section), and completely annealed duplexes were used for EMSAs and
in activity assays (see below). Radioactivity was detected using an LS 6000SC
Scintillation Counter (Beckman). In an anaerobic chamber, 10 nM to 2 µM UvrC
(by cluster) was incubated for 30 min at room temperature with 100 nM dsDNA
in activity buffer or UvrC buffer. DNA proteins mixtures were electrophoresed at
50 V for 2 hours at room temperature using Mini-PROTEAN TGX 4-20% Precast
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Gels (Bio-Rad). Gels were exposed on a phosporimaging screen as described in the
Supporting Experimental Section. For each replicate, bands were quantified using
Image LabTM (Bio-Rad) and the fraction of bound DNA was plotted as a function
of free UvrC concentration and fit to the Hill function using Origin (OriginLab
Corporation). The apparent dissociation constant reported is the free UvrC con-
centration when half of the DNA substrates are bound. From three independent
trials, the apparent dissociation constants were averaged over and are reported with
the standard error of the mean. See text and Appendix B for the structure of the
fluorescein substrate.

WM EMSA Substrate:
32P-5′-CCGACTGAACTCTGTACCTGACACGACAAG-3′

3′-GGCTGACTTGAGACATGGACTGTGCTGTTC-5′

Fluorescein (F) EMSA Substrate:
32P-5′-CCGACTGAACTCTGTACCTGACACGACAAG-3′

3′-GGCTGACTTGAGACATGGACTGTGCTGTTC-5′

3.2.12 Incision Assays [33, 46, 59, 70, 77, 78, 86]
In an anaerobic chamber, UvrC was buffer exchanged into activity buffer. Solutions
of MgCl2, ATP, and DTT were prepared in the glove bag in filtered and degassed
water (Trials 1 and 2) or in filtered and degassed buffer containing 25 mM Tris-
HCl, 0.1 M KCl, 20% v/v glycerol. UvrC was pre-incubated at room temperature
with 10 mM MgCl2 and 1 mM DTT. Just before adding 3 µM 32P-dsDNA (WM
or F), 10 mM ATP was added to UvrC and samples were incubated at 37 ◦C for
1 hr and then heat inactivated at 70 ◦C for >10 min. Radioactivity was quantified
using the Beckman LS 6000SC Scintillation Counter (Beckman). Samples were
mixed 1:1 with denaturing loading dye (80% formamide, 10 mM sodium hydroxide,
0.025% xylene cyanol, and 0.025% bromophenol blue, in TBE buffer from National
Diagnostics [0.089 M Tris base, 0.089 M boric acid, and 2 mM Na2EDTA at pH
8.3]) and stored at -20 ◦C until use. A 20% TBE-Urea polyacrylamide sequencing
gel was pre-heated to over 50 ◦C, and then samples were resolved on the pre-heated
gel for 120min at 90Watts. Gels were exposed on a phosporimaging screen, imaged,
and visualized as described.
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3.2.13 DNA-Modified Electrochemistry on Au Surfaces [22, 23, 55, 71]
A 16-electrode, gold, multiplex chip (4 quadrants with 4 electrodes each) was rinsed
and sonicatedwith acetone three times for fiveminutes and oncewith 100% isopropyl
alcohol, also for five minutes. The gasket and clamp were washed and sonicated
in 50% isopropanol (in water) for five minutes followed by three to five rinses with
water. All components were dried using an argon gun. To clear the chip of debris,
the chip was cleaned by ozonolysis (UVOCleaner) for 15 minutes. The chip, gasket,
and clamp were assembled and 23 µL duplexed WM electrochemistry substrate at a
concentration of 25 µM (see Supporting Experimental Section) was added to each
quadrant. Monolayers were allowed to form overnight under humid conditions at
room temperature. The electrode was then rinsed three times with DNA buffer (5
mM sodium phosphate, 50 mM NaCl, pH 7.0) and then three times with glycerol
buffer (DNA buffer with 5% glycerol). The electrode was backfilled with 1 mM of
6-mercaptohexanol (in glycerol buffer) for ~30 minutes. The electrode was rinsed
10 times with DNA buffer. In an anaerobic chamber, 400 µL of 5 µM of UvrC
(by cluster) was added to the chip in electrochemistry buffer (4 mM spermidine, 25
mM Tris-HCl, pH 7.5, 0.25 M KCl, 20% glycerol). A 4% agarose/3 M NaCl gel tip
Ag/AgCl reference electrode (MW-2030, RE-6, BASi) was used. The potentiostat,
multiplexer, and analysis software were from CH Instruments, Inc. A scan rate
of 50-100 mV/s between -0.4 V and 0.2 V (vs. Ag/AgCl) is optimal for cyclic
voltammograms. Scans were taken periodically at 0, 1 hr, 2 hrs, and 3 hrs. Square
wave scans were taken after 3 hours, and then scan rates were varied from 10 to
1600 mV/s. A Randles-Sevcik analysis was done by plotting the current vs scan
rate and (scan rate)1/2. Data presented is representative of three independent trials.

Electrochemistry Substrate:
5′-CCGACTGAACTCTGTACCTGACACGACAAG-3′

3′-GGCTGACTTGAGACATGGACTGTGCTGTTC-5′-(CH2)6-SH

3.3 RESULTS AND DISCUSSION
3.3.1 An Anaerobic Environment Stabilizes the [4Fe4S] Cofactor and UvrC
Anaerobic cell lysis and purification methods used for nitrogenase in the Rees
lab were adapted for UvrC (Figure 3.1 and Appendix A) [72, 84]. Immobilized
metal affinity and gel filtration chromatography was performed under strict anaero-
bic conditions in an anaerobic chamber and using standard Schlenk line technique
([72, 84]. A more rapid concentration system located in a glove bag also greatly
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aided in streamlining the purification process. During initial studies, concentration
steps post-purification were accomplished aerobically at 4 ◦C by centrifugation (a
common technique). In our case, this likely resulted in generation of oligomeric
species in situ prior to freezing and storing. Because concentration steps could
also be carried out anaerobically, we eliminated the risk of aggregates forming in
situ after column purification due to oxidative degradation. The stability exhibited
by UvrC over the course of the purification during 15+ hours at room temperature
was also a great improvement, as compared to the instability in atmosphere at 4
◦C. The expression and anaerobic purification strategy allowed for isolation of the
UvrC fusion protein in high purity with the same broad and shallow absorption
band centered at 410 nm and yellow-tan color characteristic of a [4Fe4S] cluster
(Figure 3.1, Bottom Left) [17, 21, 38, 73]. Based on the ratio of absorbances at 410
and 280 nm, each purification yielded approximately 5 mg of the UvrC fusion pro-
tein per liter of liquid culture (5 grams of wet pellet) with 60-70% incorporation the
[4Fe4S] metal center (Figure 3.1, BottomMiddle) [5, 11, 16, 17, 25, 37, 41, 42, 50–
52, 56, 57, 64, 76, 80].

To characterize the nature of the Fe center further, we used the ferene colori-
metric assay to quantify the amount of protein-bound Fe (Figure 3.1, Bottom Right)
[16]. We find that UvrC coordinates on average 4.0 ± 0.3 Fe per cluster (about 3
Fe per protein), which is consistent with the sub-stoichiometric levels of [4Fe-4S]
cluster incorporation seen with other repair and replication enzymes. A range from
2 to 4 Fe per protein has been reported and has been attributed to incomplete incor-
poration or loss of a labile Fe during the process of overexpression or purification,
even when each step is completed anaerobically [3, 13, 28, 35, 48, 49, 60, 64, 83].

Comparison of the data from the aerobic and anaerobic purifications further
demonstrates the improvement to the quality UvrC isolated, which can most readily
be seen in the chromatogram from the size exclusion column, where the ratio of sol-
uble:aggregated protein is much improved, suggesting increased yields. Aggregated
protein and what we thought was soluble protein were not as easily separated under
aerobic conditions, and the soluble protein displayed an earlier elution volume. Un-
der anaerobic conditions, the separation between the aggregated protein (first peak)
and soluble protein (aggregated peak) is greater (Figure 3.1 Top Left and Middle
and Figure 3.2, Left). While the UV-Vis absorption spectra of both proteins are
similar, there is a small feature in the UV-Vis spectrum of aerobically-purified UvrC
at 325 nm, which could be due to partially-degraded cluster in the [3Fe4S]+ state
(Figure 3.2, Middle) [38].
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Figure 3.1 Anaerobic purification of UvrC.(Top Left and Middle) All purification
steps were completed in a glove bag or using standard Schlenk line technique
under a positive pressure of N2 or Ar gas. UvrC is purified using affinity and gel
filtration chromatography. Shown are representative chromatograms. Cell lysate
is first loaded onto a 10 mL Histrap column, washed with 10% elution buffer to
remove non-specifically bound debris, and then eluted with a linear gradient of
elution buffer (Materials and Methods). The collected peak (boxed, dark blue) is
then concentrated and further purified on a Superdex 200 column. The yellow and
clear peak (boxed and pictured) are concentrated and stored in 250 µL aliquots at
concentrations between 20 and 30 µM. (Top Left) After concentration, subfractions
taken during purification analyzed by SDS-PAGE to assess purity. Labels with a blue
background correspond to fractions taken from the Histrap column. The label with a
black background corresponds to the fraction taken from the Superdex. L: Ladder; 1:
Insoluble pellet (black box and text); 2: Histrap flow through; 3: Histrap 10% wash;
4: Collected Histrap fraction; 5: Collected Superdex fraction: 6: Concentrated
UvrC (black box, orange text). (Bottom Left and Middle) UV-visible absorbance
spectrum for purified UvrC shows a broad and shallow absorption band centered
at 410 nm, which is characteristic of [4Fe4S] clusters. Also shown is an example
of how percent incorporation is calculated using absorption maxima at 280 nm and
410 nm. (Bottom Right) A representative standard curve and data point from an
independent trial of the ferene iron quantification assay is shown. All buffers are at
pH 7.5. Lysis Buffer: 25 mM Tris-HCl, 0.5 M KCl, 10% v/v glycerol supplemented
with 6-8 tablets of crushed cOmplete™ protease inhibitor cocktail tablets (Roche),
DNAse (15 kU, Sigma), and DTT (1 mM); Nickel Elution Buffer: 25 mM Tris-HCl,
0.5 M KCl, 20% v/v glycerol, 0.5 M Imidazole, 1 mM DTT; Size Exclusion Buffer:
25 mM Tris-HCl, 0.5 M KCl, 20% v/v glycerol, 1 mM DTT.
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Figure 3.2 Comparison of the UvrC isolated aerobically and anaerobically. (Left)
During an aerobic purification at 4 ◦C (from~30 gwet pellet, gray), UvrC elutes at an
earlier volume off of a prep grade size exclusion column than UvrC isolated during
anaerobic purification (~10 gram wet pellet, black). The ratio of solube:aggregated
protein is also greater for the anaerobic sample. Flow rates and buffer components
for the aerobically-purified samples are the same, except size exclusion buffer does
not contain DTT. (Middle) An extra shoulder centered near 325 nm (gray) can be
seen for UvrC purified in atmosphere (both in UvrC buffer). (Right) As shown in
Chapter 2, incubation of aerobically-purified UvrC at 37 ◦C results in near complete
degradation of the cluster in 1 hour.

3.3.2 Oxidative Degradation of the UvrC-bound [4Fe4S] Cofactor Results in
Protein Aggregation

To explore the oxidative degradation first seen for the [4Fe4S] cofactor (Figure 3.2,
Right) and subsequent aggregation further, we incubated anaerobically-purified
UvrC in aerobic UvrC buffer (25 mM Tris-HCl, 0.5 M KCl, 20% v/v glycerol) at
37 ◦C and monitored the absorption band at 410 nm. We find that on the timescale
of a UvrC activity assay (1 hr), 20% of the cluster degraded after incubation at
37 ◦C, while complete degradation was observed after 4 hours (Figure 3.3, Top
Left). The degradation here was slower than what we observed previously (1 hr
vs. 4 hrs), possibly because UvrC isolated anaerobically is not already partially
degraded. As seen previously, aggregation of UvrC followed oxidative degradation
of the cofactor, which wasmonitored using an analytical size exclusion columnmore
appropriate to the volume and amount of material used per incubation (Figure 3.3,
Top Right). We further verified that the bleaching of the absorbance at 410 nm
was due only to degradation of the [4Fe4S] center and not the peptide through gel
analysis (Figure 3.3, Middle Left). Anaerobic incubation of holo UvrC at 37 ◦C in
the absence of O2 did not result in degradation of the [4Fe4S] cluster here either,
further confirmation that the source of the degradation is due to O2 (Figure 3.3,
Middle Right). We also observe that binding to duplex DNA does not affect cluster
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degradation (see below for studies of UvrC-DNA complexes) (Figure 3.3, Bottom
Left). Using a standard curve, we determined that holo-UvrC elutes at a volume
consistent with protein migrating in dimeric form (~ 220 kDa, assuming a globu-
lar protein migrating based on size rather than shape) (Figure 3.3, Bottom Right)
[53, 69, 74]. The apo-UvrC species eluted at the void volume of the column would
correspond to aggregrates that are >a pentamer in size.

As emphasized previously, metalloproteins can be challenging to handle, and
oxidative degradation of the [4Fe4S] cofactor of UvrC was non-trivial to observe.
As summarized in the previous chapter, our early studies were carried out with UvrC
purified aerobically at 4 ◦C [22]. The protein was isolated from a peak that eluted
after the void volume of the size exclusion columnwas yellow in color, and exhibited
a temperature-dependent EPR signal, so it appeared that an aerobic purification at 4
◦C was sufficient for isolating holoenzyme. The sensitivity to O2 could have easily
been overlooked. The straightforward time courses that demonstrated degradation
of the [4Fe4S] cofactor in the presence of molecular oxygen after incubating at 37 ◦C
for 1 hour (again, common incubation times and temperatures for an activity assay),
were carried out at concentrations of protein orders of magnitude above (µM) what
is commonly used in an activity assay (nM).

The significance of our observations and findings of other investigators re-
garding how [4Fe4S] cofactor in EndoIII, MutY, DinG, and UvrC are transformed
by exposure to reactive species remains to be explored fully in vitro and in vivo.
EndoIII, MutY, and DinG have not been reported to be similarly sensitive to O2,
and moreover, we have observed previously that EndoIII is not only highly solu-
ble, but also stable at room temperature in atmosphere for many days [5, 10, 16].
EndoIII, homolog MutY, and DinG have furthermore been crystallized aerobically
[10, 18, 19, 36, 76]. EndoIII does, however, react rapidly with another diatomic
signaling molecule, NO, causing loss of one iron atom per cluster and formation of
a mononuclear dinitrosyl iron complex and a dinuclear Roussin’s red ester in the
cluster binding domain [16]. Transformation of the iron center is reversible and does
not affect global protein structure or DNA binding, but does shift the redox potential
of the cluster and hinders enzymatic activity [16, 61]. DinG also reacts with NO and
is inactivated, but surprisingly, is resistant to treatment with H2O2 [60]. Cellular
responses mediated by sensing of reactive species by iron-sulfur transcription fac-
tors has been well-characterized, though in contrast, the specificity and responses of
repair proteins to reactive species is not as fully understood [12, 31, 43]. Variations
in the stability of the [4Fe4S] cofactor from repair proteins across different bacterial
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Figure 3.3Degradation of the UvrC-bound [4Fe4S] cluster in the presence O2. (Top
Left) Incubation of UvrC at 37 ◦C in aerobic UvrC buffer (25 mM Tris-HCl, 0.5 M
KCl, 20% v/v glycerol) resulted in the disappearance of the absorption band at 410
nm. Incubation for 1 hour (the timescale of an activity assay) led to 20%degradation.
(Top Right) Holo-UvrCwas examined by size exclusion chromatography in degassed
buffer at room temperature. Holoenzyme (orange trace) eluted at a volume consistent
with a dimer (see Bottom Right). Apoprotein (gray trace) arising from oxidative
degradation eluted at the void volume, indicating that the apoprotein had formed
species > 600 kDa. (Middle Left) Aerobic incubation does not result in degradation
of peptide backbone of UvrC [65]. L: Ladder; Lane 1: Purified UvrC; Lane 2:
Aerobically-degraded UvrC; Lane 3: Aerobically-degraded UvrC incubated with
the WM 30mer. (Middle Right) The [4Fe4S] cluster of UvrC is stable during
incubation at 37◦C in the absence of O2 over the course of 4 hours (blue dashed
line). (Bottom Left) Binding to the duplexed 30-mer WM substrate does not slow
the aerobic degradation of the [4Fe4S] cluster. (Bottom Right) Relative to a standard
curve of elution volumes for globular proteins, UvrC elutes at a volume consistent
with a protein that is a dimer. Elution volumes were measured in triplicate for
each protein. Average elution volumes are shown, and the error bars represent the
standard deviation.
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species adapted to niche environments is also not fully appreciated [15, 27, 81, 82].
Exploring how UvrC and other DNA repair enzymes are involved in detecting
changes in cellular environments and in the cellular response to endogenous and
exogenous stressors (separate or related to their repair activities in the genome) is
an area that warrants further investigation.

3.3.3 Holo-UvrC Is Redox Active
X-band electron paramagnetic resonance (EPR) spectroscopy was used to character-
ize the the [4Fe4S] center further. In the native state, we again saw a signal centered
at g = 2.01, however, the intensity of the signal is significantly smaller compared to
the spectrum taken aerobically (shown in Chapter 2), highlighting the improvements
in sample quality for UvrC in anaerobic conditions. A small signal at g = 2.01 has
been observed previously and found to be due to a small percentage of the native
protein population in the [3Fe4S]1+ state (with the rest of the population in the
EPR-silent [4Fe4S]2+ state) (Figure 3.4, Top) [6, 13, 28, 42, 48]. As discussed,
two categories of protein-bound [4Fe4S] clusters are known: (i) ferredoxins which
cycle between the 2+/1+ oxidization states and (ii) HiPIPs which cycle between the
3+/2+ oxidation states [21, 29, 38, 39]. To classify the nature of the [4Fe4S] cluster,
UvrC was again treated with the oxidant potassium ferricyanide and immediately
frozen in liquid N2, which resulted in the appearance of a large and sharp signal at g
= 2.01 [13, 28, 35, 49, 64, 83]. We assign this signal to a [3Fe4S]1+ species derived
from an oxidized [4Fe4S]3+ cluster, indicating that UvrC accesses the 3+/2+ redox
couple. Equivalent spectra have been observed for EndoIII and homologues, repair
proteins with [4Fe4S] clusters that are generally substantially more stable under
aerobic conditions [6]. A corresponding signal at g = 4.3 can also be observed after
treatment with ferricyanide, suggestive of a ferric species in solution and consistent
with the release of an iron atom from the [4Fe4S]3+ species following oxidization
[2, 26]. No clear evidence of the [4Fe4S]3+ species, characterized by a g = 2.1,
before Fe loss was apparent [21, 38, 73]. Taken together, these data demonstrate
that UvrC resembles these other DNA repair proteins and coordinates a HiPIP-like
[4Fe4S] cluster when bound to DNA.
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Figure 3.4 Anaerobic EPR. (Top) Using X band EPR spectroscopy, a small signal
was observed for UvrC (orange) at g = 2.01, which is attributed to a small percentage
of the protein population in the [3Fe4S]1+ state. (Middle) A large and sharp signal
was observed in the presence of ferricyanide (purple), at g = 2.01. This signal
is attributed to the transformation of oxidized [4Fe4S]3+ species to the [3Fe4S]1+
species and release of ferric iron. A corresponding signal at g = 4.3 (Middle Right),
characteristic of ferric iron species was seen upon oxidation which is not observed
above the background signal for UvrC in the native state (Top Right). (Bottom) In
the presence of dithionite, signals were also observed at g = 2.04, g = 1.90, and g =
1.89. This signal could be due to 4Fe4S]+ and/or degraded [2Fe2S]+ species, which
are difficult to distinguish through EPR [14, 26]. All spectra were taken in buffer
containing 25 mM Tris, 0.5 M KCl, and 20% glycerol (v/v) at a pH of 7.5 (UvrC
buffer). Spectra were taken with samples containing 10 µM UvrC by cluster, 50
µM ferricyanide, and 2 mM dithionite. EPR Conditions: 9.37 GHz, 10 K, 16 mW
microwave power.



95

We also studied UvrC in the presence of dithionite, and again, saw signals at g
= 2.04, 1.90, and 1.89. It is difficult to distinguish the [4Fe4S]+ from the [2Fe2S]+

species, which is not uncommon to observe for sensitive clusters ([14, 17, 26]). As
it is unlikely that the UvrC-bound [4Fe4S] cofactor can access both the 3+/2+ and
2+/1+ couple, additional experiments combining EPR with Fe quantification and
graphite electrochemistry could help in assigning the signals seen in the presence
of chemical reductants and oxidants.

3.3.4 UvrC Independently Forms a Complex with DNA Duplexes
To continue characterizing UvrC in holo form, we returned to examining how UvrC
interacts with radiolabeled, duplexed 30 base pair substrates using electrophoretic
mobility shift assays (EMSAs) completed in an anaerobic chamber [16, 66, 67, 80].
Since the majority of the genome in the cell is comprised of non-damaged dsDNA
through which redox signaling can occur, we were interested in how UvrC in its
holo form interacts with WM duplexes as well as damaged substrates. We selected a
fluorescein-modified substrate (F), which is considered to mimic damage caused by
polycyclic aromatic hydrocarbons, natural substrates of the UvrABC system ([32],
and references therein). Once formation of WM and F duplexes was confirmed
with annealing titrations (seeAppendix A), UvrC was incubated anaerobically with
duplexed substrates at a high KCl concentration to avoid precipitation of UvrC
(discussed in Chapter 2). Mixtures of UvrC and DNA did not appear cloudy, and
no scattering was observed by UV-Vis (see (Figure 3.3, Bottom Left). Free and
complexed DNA was resolved on a native gel that was pre-equilibrated in degassed
running buffer. Band intensities were quantified, and the fraction of complexedDNA
as a function of free UvrC concentration was fit to the Hill equation. UvrCwas found
to form high affinity complexes with duplexed substrates, with apparent dissociation
constants of 100 ± 20 nM and 80 ± 30 nM for WM and F substrates, respectively
(n = 3 independent trials) (see (Figure 3.5, Bottom Left). The complexes not only
appear to be high affinity but also stable, even at the high KCl concentration used;
band smearing was not observed over all three trials.

We note that the UvrC-DNA complex displayed a much lower mobility than
free duplexes. Low mobility of UvrC on native gels has been seen previously (with
and without DNA substrates) and has been attributed to the positive charge of UvrC
(predicted pI of about 9) in neutral buffers, which would cause migration to the
positive electrode to be unfavorable [45]. Low migration has also been attributed
to precipitation of protein in the gel, but we do not observe precipitation in solution
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[86]. However, Hill coefficients > 1 were found for both WM and F substrates,
suggesting there is also some possibility of oligomerization upon binding to DNA.
Low mobility in our system could therefore be explained through the predicted
positive charge of UvrC or to formation of high molecular weight oligomers of
UvrC on DNA. In any case, we conclude that holo-UvrC forms a high affinity
complex with undamaged and damaged duplexed DNA.

Figure 3.5 UvrC forms a complex with DNA substrates. UvrC was incubated with
30 bp DNA substrates in degassed UvrC buffer (25 mM Tris-HCl, 0.5 M KCl, 20%
v/v glycerol). Free and complexedDNAwere separated by native gel electrophoresis
using degassed running buffer (25 mM Tris-HCl, 192 mM glycine, pH 8.3) in an
anaerobic chamber in an atmosphere of N2 with 2-4% H2 at room temperature.
Data from the gel shift assays indicate that UvrC forms a complex with both WM
duplexes (Top) and a fluorescein-modified (F) substrate (Bottom) at a high affinity.
Lane 1: DNA only (100 nM). Lanes 2-10: 10 nM to 2 µM UvrC by cluster with
a constant duplex concentration of 100 nM. For each DNA substrate, binding data
from three independent trials were fit using a Hill function and then the apparent
dissociation constants were averaged (reported with the standard error of the mean).
Hill coefficients were also found to be >1.
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3.3.5 DNA Binding Does Not Lead to Independent Enzymatic Activity
Our observation that holo-UvrC forms complexes with dsDNA independently of
other NER proteins led us to investigate if holo-UvrC also exhibited independent or
nonspecific enzymatic activity, which has been observed previously [9, 47]. UvrC
uniquely contains two independent active sites, a GIY-YIG motif in the N-terminal
domain which is responsible for making the incision 3′ to the site of damage and
a second active site which is a structurally-conserved RNase H-like domain in the
C-terminal end of the protein that achieves incision 5′ to the damage site [34]. The
5′ and 3′ incisions can even be reconstituted in vitrowith C-terminal and N-terminal
truncation products of UvrC, respectively, which both exclude the Cys-rich region.

Standard activity assay conditions include Mg2+, ATP, DTT (or another com-
mon reducing agent), and a KCl concentration of 0.1 M [33, 44, 65, 70, 78]. We
first verified that buffer-exchanging UvrC into lower-salt buffer did not cause im-
mediate destabilization of the protein. The UV-Vis spectrum indicated that [4Fe4S]
cofactor was not lost in the process of buffer exchanging or when incubated at 37
◦C (Figure 3.6, Top Left). Furthermore, size exclusion chromatography confirmed
that UvrC in buffer containing 0.1 M KCl eluted at the same volume as UvrC in
buffer containing 0.5 M KCl, confirming that the oligomeric state was unchanged
during buffer exchange (Figure 3.6, Top Right). We also verified that UvrC exhib-
ited a similar binding profile to dsDNA (both WM and F substrates) in buffer that
contained 0.1 M KCl as in buffer containing 0.5 M KCl (Figure 3.6, Middle and
Bottom).

We tested the activity of UvrC at multiple concentrations on the F substrate as
well as the WM substrate as a control. Even up to a concentration of 1 µMUvrC by
cluster (3:1 DNA:UvrC ratio), no evidence of substrate incision by UvrC under the
conditions tested was observed. The absence of enzymatic activity in the presence
of DNA binding suggests that a complicated set of factors controls UvrC activity,
which appear to prevent spurious reactions from occurring even as UvrC is bound
to dsDNA in holo form. How the [4Fe4S] cofactor is involved in such regulation
remains to be determined. For other repair and replication proteins, the finely-tuned
roles of the [4Fe4S] cofactor have been examined over many studies. These studies
have been particularly informative for understanding how disruption of the [4Fe4S]
cofactor inhibits subunit assembly (and therefore enzymatic activity) or enzymatic
activity alone of the multisubunit B family replication enzymes, polymerases ε and
δ, respectively [24, 48, 75]. In the context of the multisubunit exinuclease repair
complex formed by UvrABC, we speculate that because the [4Fe4S] domain is
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adjacent to the UvrBC interacting domain (see Chapter 2, Figure 2.3), the [4Fe4S]
cluster may analogously be involved in the association of UvrC with other NER
proteins or the overall activity of the exinuclease complex [20]. Other roles may
also exist for the [4Fe4S] cluster of UvrC relevant for other repair pathways, one
of which is possible to study because of the independent DNA binding activity of
UvrC (vide infra).

3.3.6 UvrC Participates in DNA-mediated Charge Transport Chemistry
Our characterization of UvrC as a metalloprotein culminated with exploration of
the DNA-bound redox chemistry under anaerobic conditions [4, 22, 23, 50, 55, 80].
With confirmation that UvrC forms complexes with WM duplexes, we prepared
multiplex chips using a thiol-modified 30 bpWMsubstrate fromEMSA experiments
which formed self-assembled DNA monolayers on gold surfaces (Figure 3.8, Top
Left). Prepared multiplex chips were taken into an anaerobic chamber and allowed
to equilibrate in degassed UvrC electrochemistry buffer (25 mM Tris-HCl, 0.25
M KCl, 20% glycerol (v/v), 4 mM spermidine, and 0.5 mM EDTA at pH 7.5).
After recording background buffer scans, UvrC was applied to DNA monolayers
on the multiplex chip which resulted in appearance of a reversible, redox signal
centered at a midpoint potential of 90 mV ± 0.03 vs. NHE, consistent with the
redox activity observed by EPR (Figure 3.8, Top Right). The signal increased with
time, suggesting that UvrC is a diffusive species at the monolayer [7]. Varying scan
rate and quantifying the anodic and cathodic peak currents in a Randles−Sevcik
analysis confirmed that the redox-active species on the electrode is indeed diffusive
(Figure 3.8, Bottom) [5]. Thus we conclude that UvrC behaves like the other
HiPIP-like repair and replication proteins we have studied that contain a [4Fe4S]
cluster. UvrC is the fourth repair protein from E. coli and the sixth protein from
Bacteria reported to do so [1, 3, 24]. Moreover, UvrC shares a DNA-bound redox
potential with EndoIII, MutY, and DinG, the three other repair proteins from E. coli
that are known to coordinate the redox-active [4Fe4S] cofactor.
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Figure 3.6 UvrC retains stability in low-salt buffer. (Top) Prior to an activity assay,
UvrC was buffer-exchanged into low-salt activity buffer (25 mM Tris-HCl, 0.1 M
KCl, 20% v/v glycerol). The UV-Vis spectrum (Top Left) and the size exclusion
chromatogram (Top Right) indicate that the overall integrity of the [4Fe4S] cluster
and the protein were not compromised by buffer exchanging UvrC into a low-salt
environment. (Middle) The binding pattern ofUvrC to duplexedWMand F (Middle)
DNA substrates in low-salt activity buffer (with 0.1 M KCl) is comparable to the
binding pattern of UvrC in high-salt UvrC buffer (with 0.5 M KCl). In the low-
salt activity buffer, the apparent dissociation constants over three independent trials
(reported with the standard error) are 100 ± 20 and 200 ± 20 nM for WM and F
substrates, respectively. Hill coefficients were also found to be >1.
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Figure 3.7 Activity assays. UvrC was incubated with WM or fluorescein-modified
substrate (3 µM) at 37 ◦C in activity buffer containing 25 mM Tris, 0.1 M KCl,
and 20% glycerol (v/v) at a pH of 7.5 in the presence of 10 mM Mg2+, 10 mM
ATP, and 1 mM DTT under anaerobic conditions. The reactions were resolved on a
denaturing 20% urea gel, and incision of WM or damaged strands was not observed.
(Left) Lane 1: ssDNA, Lane 2: dsDNA, Lane 3: 1 µM UvrC (by cluster). (Right)
Lane 1: ssDNA; Lane 2: dsDNA; Lanes 3 - 5: 1 µM - 10 nM UvrC.

3.4 CONCLUSIONS
The data presented herein have demonstrated that UvrC coordinates a [4Fe4S] clus-
ter that contributes to protein stability, undergoes oxidative degradation, facilitates
substrate binding, and participates in DNA CT. With the discovery that UvrC is a
[4Fe4S] enzyme, excision nucleases join the growing body of diverse repair and
replication proteins known to bear the [4Fe4S] center. Excision nucleases are a
small class of proteins, comprised of UvrC and a smaller protein Cho (UvrC homo-
logue), found only in Bacteria and some Archaea. We predict that Cho, which is
homologous to the N-terminal half of UvrC and contains the four conserved cysteine
residues, may also coordinate a [4Fe4S] cluster [47, 54]. Other [4Fe4S] proteins
may be identified once structural data becomes available for excision nucleases. We
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Figure 3.8UvrC participates in DNA charge transport chemistry. (Top Left) Shown
is a schematic of DNA-modified electrodes on multiplex chips. DNA duplexes are
formed in monolayers through an alkane-thiol linker on gold multiplex chips with 16
independently-addressable electrodes [22, 23, 55]. (Top Right) All measurements
were taken in an anaerobic chamber in degassed electrochemistry buffer (25 mM
Tris-HCl, 0.25 M KCl, 20% glycerol (v/v), 4 mM spermidine, and 0.5 mM EDTA
at pH 7.5). On DNA electrodes modified with a 30 bp WM substrate, UvrC (5 µM,
400 µL) is redox active at physiological potentials, exhibiting a reversible signal
with a midpoint potential of 90 mV ± 0.03 vs. NHE. The initial signal (light blue)
increases over time (1-3 hours) as protein diffuses to the monolayer surface. UvrC
and all other [4Fe4S] repair proteins from E. coli, EndoIII, MutY, and DinG, share
a DNA-bound potential which can facilitate redox sensing and signaling among
different repair pathways in vivo. (Bottom) UvrC is diffusive on DNA monolayers.
Scan rate was varied from 10 mV/s to 1600 mV/s, and the current at the anodic
and cathodic peaks were quantified using software from CHI Instruments. A strong
linear relationship between peak current and the square root of scan rate can be seen,
indicating UvrC is diffusive (rather than adsorbed) on DNA monolayers.
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also note that even though substrate processing by prokaryotic and eukaryotic NER
machinery is similar, the proteins in each pathway that accomplish the repair are
divergent. Even so, a [4Fe4S] protein has now been found in each system, UvrC and
XPD (a SF2 5′→3′ helicase) in prokaryotic and eukaryotic NER, respectively. In a
small set of archaeal species, both UvrC and XPD are encoded in the genome [85].

Continued study of UvrC both in vitro and in vivo will help further our un-
derstanding of the relationship between UvrC activity and its [4Fe4S] cofactor
(Figure 3.9). In the cell, [FeS] cofactors are loaded by biogenesis machinery to re-
cipient proteins in a series of regulated and controlled steps; thus, there is a putative
relationship between pathways that include UvrC (and perhaps Cho) and iron-sulfur
metabolism [20, 58, 62]. UvrC is part of NER, in both the global genomic and
the transcription-coupled subpathways, and the nature of interactions between NER
proteins with newly-synthesized apo-UvrC and loaded holo-UvrC remains to be ex-
amined. Recognition of structurally and chemically diverse lesions and the activity
of protein complexes with apo and holo-UvrC on substrates also requires further
examination. It is possible that the different forms of UvrC in the cell, apo, holo,
and aggregated, may have different roles and are recognized differently by cellular
components.

In its holo form, we expect that UvrC alone would be found in complex with
DNA due to the high affinity of the complex observed here. When bound to DNA,
UvrC can participate in a redox signaling network through DNA CT chemistry,
which would serve as a means for crosstalk among repair pathways in vivo, allowing
for rapid scanning of the genome for lesions [1, 3, 24]. This study certainly high-
lights how the enigmatic functions of UvrC, which have eluded understanding for
many years, may be related to the [4Fe4S] cofactor. We expect that future studies
which carefully monitor the [4Fe4S] cofactor will continue to unravel key aspects
regarding the activity of UvrC in vitro and in vivo.

3.5 ACKNOWLEDGEMENTS
We are grateful to the NIH (5R35GM126904 to J.K.B.) and The Gordon and Betty
Moore Foundation (to the Caltech Center for the Chemistry of Cellular Signaling)
for their financial support. R.M.B.S. recognizes the National Science Foundation
(NSF) for support through a Graduate Research Fellowship and the Center for En-
vironmental Microbial Interactions (CEMI, Caltech) through a Pilot Grant. M.A.G.
was an NIH predoctoral trainee (NIH/NRSA 5T32GM07616) and also a recipient
of a CEMI Pilot Grant. The authors are especially grateful to Professor Douglas



103

Rees and the Rees group for use of their vacuum manifold for anaerobic purification
of UvrC. In particular, we are grateful for Ailiena Maggiolo for her training and
assistance. This work was also facilitated by use of the Caltech EPR facility which
is supported by the NSF (NSF-1531940) and the Dow Next Generation Educator
Fund. This research also utilized the Autoflex MALDI TOF mass spectrometer in
the Caltech CCE Multiuser Mass Spectrometry Laboratory which is supported by
the Dow Next Generation Educator Fund. Instruments in the Center for Molecular
Medicine also facilitated this research.

Oxidative 
Stress UvrC UvrCUvrC UvrCUvrC UvrC

E. coli cell

FeS Biogenesis

UvrCScaffolding

Fe and S Delivery

FeFeFeFe

SSSS

UvrC e- Signaling 
Partner

Damaging 
agents

UvrABCD, 
Pol 1, Ligase

NER Activity

Apo
UvrC

[4Fe4S]3+/2+ 

EDNA-Bound, [4Fe4S]3+/2+ 

90 mV vs NHE

Bulky lesions
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3.6 Appendix A: Supplemental Purification Methods
Diagrams are taken from a combination of nitrogenase (where I shadowed Rees
group members during training) and UvrC purifications. Dark brown solutions are
nitrogenase, and light yellow/tan solutions are UvrC. Shown in Figure 3.10 is a
summary of the purification steps. See Materials and Methods for details specific
to the UvrC purification.

Figure 3.10 Expression and purification overview. (Left) Overexpression cells
harboring MBP-UvrC are stored frozen until the day of purification, where they
are thawed in a glove bag and then lysed using an Emusliflex under a positive
pressure of argon. Lysed cells are centrifuged, purified over a Histrap column under
a positive pressure of argon, concentrated in a glove bag, and then purified using
size exclusion chromatography under a positive pressure of argon (Middle). Purified
protein is concentrated once more, aliquoted, flash frozen, and stored until use.

3.6.1 Degassing Purification Buffers
3.6.1.1 Assembling the Cold Trap

A cold trap for the chosen manifold was prepared by submerging the cold trap in dry
ice and ethanol in a dewar and placing a towel over the cold trap. A vacuum hose and
a hose to the chosen manifold were connected to the cold trap, clamps were tightly
screwed down, and the vacuum switch that is associated with the chosen manifold
was turned on. The vacuum was checked for oil spurts or burning. Degassing of
buffers proceeded when the pressure reached between 20 and 50 mbar (about 30
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minutes).

3.6.1.2 Preparing Degassing Chambers

Columns were equilibrated in filtered ddH2O the day before degassing, and buffers
were made the day of the water equilibration. Round bottom flasks were chosen that
could hold twice the volume of the buffer to degas along with adapters with stems
that can reach just above the bottom of the flask (Tygon tubing adjusted as necessary)
(Figure 3.11). The bottom of the adapter was lightly greased along with the valves,
while checking the valves for too much grease (if grease gets onto a column, it can
clog the column). Extra grease was removed with a pipe cleaner. The valves were
secured with clips or a screw (depending on the design of the joint). A Keck clip
was placed on the joint where the adapter meets the round bottom flask. The valve
on the side of the adapter that is closest to the black rubber tubing was closed, and
the valve on the other side with the glass-only connection was left open. The final
assembly is shown in Figure 3.11.

3.6.1.3 Programming the Autocycler

At the chosen degassing manifold, the Schlenck line was opened to argon, and the
bubbler was checked for gas flow. A rubber hose was connected to the degassing
chamber, and the Autocycler was turned on. The Autocycler was switched to the
Manual Mode and Argon settings. The Autocycler was programmed to pull vacuum
for 7 min and refill with Ar for 2 min for 12 cycles. The Autocycler was switched to
the Vac mode to make sure the lines were working; the bubbler should start bubbling
and the pressure should lower on the pressure gauge. The Autocycler was switched
back to Ar, and system was monitored until it returned to the starting pressure (the
bubbler should stop bubbling vigorously). The Autocycler was placed on Auto, and
the program was started. It is advisable to monitor a complete cycle to catch any
malfunctions.

3.6.1.4 Cleaning Up

Buffers that needed to be left out overnight remained on the Schlenk line with the
argon line open. Otherwise, the valve on the buffer going to the Schlenck and the
Schlenk line were closed (finger tight). The Autocycler was placed on Manual,
and the system was tested by placing it on vacuum and then back to argon. The
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Autocycler and vacuum were turned off and the trap was released. The bubbler was
monitored for leaks in the lines.

Figure 3.11 Degassing buffers. (Top Left) Buffers placed in round bottom flasks
sealed with an adaptor that has a connection to a Schlenk line port and connection
to an FPLC line (labeled). (Top Right) The stem of the adapter should reach near
the bottom of the round bottom flask. (Bottom Left) The Autocycler which controls
the degassing sequence. (Bottom Right) Buffers degassing in parallel.

3.6.2 Column Equilibration
The FPLC lines were washed with 20% ethanol and water. Columns were connected
to the FPLC using the the drip-to-drip method by flowing water through the inlet
and connecting the column to the FPLC lines (this is done to avoid introducing air
into the lines). A flowing argon line was connected to a flask of degassed buffer
and the valve to the line was opened. The inlet line was was opened and buffer
was allowed to flow out. The drip-to-drip method was used again to connect the
inlet line to the buffer adapter (the lines screw together). Buffer was flowed through
the FPLC on the bypass position, then the buffer was flowed to the desired column
position. Columns were equilibrated in the desired volume of buffer.
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3.6.3 Emulsiflex Assembly
The Emulsiflex-C5 (Avestin) homogenizer was assembled in the orientation shown
in Figure 3.12. The regulator was connected to a full argon tank and an argon line
was connected to the lysis chamber (a click should be heard once the line is in place).
The linet line was placed in 20% ethanol, while the outlet line was placed in the
waste. The argon tank was opened, and the tank and outlet readings were verified
to be at the appropriate pressures (marked in black on the regulator). The green gas
valve on the Emulsiflex was turned 90 degrees, and the Emulsiflex was allowed to
cycle three times on low pressure, and then the system was turned off by turning the
green argon valve to the off position. The inlet was placed in water, and the cycling
was repeated on low pressure again, then the pressure control knob was adjusted to
allow the Emulsiflex to cycle three times at high pressure (25,000 psi). The system
was returned to low pressure and allowed to cycle three times. The Emulsiflex was
turned off, the argon tank was shut off, and then the Emulsiflex was turned back on
to depressurize the system. The green valve was left in the position shown.

Figure 3.12 Emulsiflex assembly. Shown is the arrangement of the Emulsiflex
instrument (Left) and the regulator for the argon tank (Right), which is connected to
the Emulsiflex through blue hoses.

3.6.4 Cell Lysis
On the day of the purification, cell pellets were thawed on ice in a glove bag. While
cells were thawing, a 100mMsolution ofDTTwasmade in the glove bag in degassed
lysis buffer. DTT was added to the stock lysis buffer to a final concentration of 1
mM. The remaining DTT was placed in a Wheaton vial and sealed with a rubber
stopper. Cells were resuspended in Lysis Buffer (100 mL of buffer per 10 g of
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wet pellet) that was supplemented on the day of the purification with 6-8 tablets of
crushed cOmplete™ protease inhibitor cocktail tablets (Roche) and DNAse (15 kU,
Sigma). Tablets were crushed with a glass stirring rod. A Dounce homogenizer
was used to homogenize the resuspended cell slurry, using both the loose and the
tight rods. Once the slurry was homogenized, the cell slurry was passed over a 100
µm nylon cell strainer (Corning) by pipetting and collected in a wide-mouth flask
(the strainer sits in the flask). The filtered slurry was transferred to a round bottom
flask which was then sealed with rubber stopper and tape. Lysis buffer was added
to another flask and sealed.

The flask of lysis buffer was secured with a clamp and a Schlenck line port
delivering argon was introduced to the flask through a needle that punctured the
rubber stopper. The Emulsiflexwas equilibrated in degassed lysis buffer as described
above. After clamping the flask of lysate and placing it on ice, a Schlenck line port
delivering argon was introduced. The Emulsiflex inlet (affixed with a long needle
reaching to the bottom of the flask) was also introduced to the lysate. An empty flask
with rubber stopper and argon line (on ice) was placed at the collection outlet. The
outlet is also affixed with a long needle. Just prior to cell lysis, the argon line was
closed to avoid overpressure in the collection flask; once collection was finished, the
argon line was re-opened. Cells were lysed at high pressure (25,000 psi). Cells were
allowed to cool before a second round of lysis. The lysate was brought into a glove
bag, loaded into screw-cap polycarbonate vials with an O-ring, and centrifuged on
a Sorvall™ RC 6 Plus Centrifuge (ThermoFisherScientific) at 13,000 rpm for 45
minutes at 4 ◦C. During centrifugation, the Emulsiflex was cleaned using lysis buffer
(low and high pressure) and water (low pressure). An outside chamber was attached
to the cell to inlet (see Figure 3.12, Top Left inset), filled with water, sealed with a
screw cap (not shown), and another argon line was used to pressurize the cell. This
was repeated a total of three times. The chamber was removed, the inlet line was
reattached, and 20% ethanol was passed through the Emulsiflex (low pressure). The
instrument was disassembled and returned to storage.

3.6.5 Column Chromatography
Prior to purification, DTT was added to all the buffers (Figure 3.13, Top Left). The
bottle of DTT in the Wheaton vial was put on an argon line. A syringe with needle
was prepared by aspirating out argon from the top head space of the DTT bottle, the
syringe was emptied, more argon with some DTT solution was taken out, swirled
around, and emptied. DTT solution was aspirated out once more, the adapter in
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the buffer solution was unclipped, lifted quickly, DTT was added through the long
needle, the needle was removed, the adapter was quickly put back in place, and the
Keck clip was returned. Buffer with DTT was then applied to the columns.

Figure 3.13 Purification on the Histrap column. (Top) Lysate is loaded onto the
Histrap column using a transfer line connected to one of the buffer ports. (Bottom)
Once the buffer port has been reconnected to the buffer line, the column was washed
and protein was eluted and collected.

After centrifugation, supernatant was combined in the glove bag in a round
bottom flask and covered with a rubber stopper. The flask was then placed on an
argon line. A transfer line was prepared; the steps are similar to the steps required
for preparing the syringe to add DTT, except that a thin piece of Tygon tubing with
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another needle at the end is prepared. In the last step, the transfer line is place in the
headspace of the lysate, and argon is allowed to flow out of the line. While argon was
flowing out of the transfer line, the loading buffer valve closest to the FPLC adapter
was closed (Figure 3.13, Top Right). The buffer line was unscrewed, and adaptors
were taken off the end of the FPLC inlet line. Next, the needle in the headspace was
pushed into the lysate and the Tygon tubing at the end was pinched to stop the flow
of the lysate. Very slowly, the Tygon tubing was released and allowed to drip. While
dripping, the FPLC line was inserted into the Tygon tubing without introducing any
air into the line. After application of the lysate to the column, the buffer line was
reconnected to the Lysis buffer line. The purification program was run as described
in the Experimental Section, and fractions were collected inWheaton vials that have
been prepared with taped rubber stoppers in the glove bag. When collecting, the
argon line was turned off to avoid overpressurizing.

An Ultracentrifugation Cell was assembled in the glove bag (Figure 3.14), and
buffer was used to test the cell for leakage. The fractions from the Histrap column
were concentrated to a volume less than 10 mLs (the recommended maximum
volume for the Superdex 200). The concentrate was placed in a Wheaton vial, and a
transfer line was prepared as above in order to load the concentrate onto the Superdex
200 column (Figure 3.15). The soluble fractionwas collected, concentrated between
20-30 µM to avoid precipitation upon freezing, aliquoted in screw cap vials, then
immediately flash frozen in liquid N2 and stored at ≤ -80 ◦C.
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Figure 3.14 Anaerobic concentration. (Left and Middle) To assemble an Ultrafil-
tration Cell, a 30 kDa membrane was placed on a screw cap (attached to the buffer
outlet), an O-ring was placed on top of the membrane, and the screw cap was con-
nected to the concentrator cell. The cell was capped, the black switch on the cap
was placed in the upright position, secured in place in a black brace, and placed over
a stir plate. (Right) The cell was pressurized through an argon line.
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Figure 3.15 Purification on the Superdex 200 column. Concentrated fractions are
loaded onto the Superdex 200 using a transfer line connected to one of the buffer
ports. (Top) Once the buffer port has been reconnected to the buffer line, protein
was eluted, collected, and concentrated (Bottom).
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3.7 Appendix B: DNA substrates

Figure 3.16 DNA substrates. DNA substrates used for gel shift assays (Top and
Middle) and representative annealing titrations are shown. Separation of single and
double can be seen and are labeled. The electrochemistry substrate is also shown
(Bottom), along with a schematic of DNA monolayers.
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C h a p t e r 4

APPROACHES FOR ISOLATION OF APO-UVRC

4.1 INTRODUCTION
Iron sulfur metal centers are versatile inorganic cofactors that serve many spe-
cialized functions in the cell, and identification of a general role for the [4Fe4S]
center in repair and replication is ongoing [1, 2, 9, 24]. This is in contrast to
other proteins involved in nucleic acid transactions, such as transcription factors,
where transformations of [FeS] centers are involved in mounting rapid responses
to reactive oxygen species, reactive nitrogen species, iron availability, and other
changes in cellular environment ([5, 12, 15]). For repair and replication enzymes,
one approach used to investigate the role of the cofactor has been to study vari-
ants with engineered or naturally-occurring mutations at coordinating cysteines,
which disrupt cluster stability. Mutant studies have demonstrated that the cofactor
is important for protein expression, protein stability, subunit assembly, enzymatic
activity, and proficiency in redox signaling through DNA charge transport chemistry
[6, 10, 11, 13, 14, 16, 20, 26, 30]. How mutations disrupt overall function appears
to depend highly on the protein.

Cysteine mutants of the repair protein MutY and human homolog, MUTYH,
have been well-studied in the literature. In a screen of MutY mutants, Golinelli et
al. found that the extent to which each variant was affected by cysteine mutation
(relative to WT) varied widely depending on which residue (ex. Cys192, Cys199,
Cys202, or Cys208) was mutated and what mutation is chosen (ex. alaline, ser-
ine, or histidine) [10]. For example, the Cys199Ala mutant could not be studied
due to complete abolishment of expression, while overexpression of the Cys199Ser
mutant was greatly diminished. In contrast, overexpression and protein stability
for the Cys199His mutant was comparable to WT protein, and a MutY truncate
harboring the Cys199His mutation could even be crystallized [14]. Surprisingly
though, both Cys199Ser and Cys199His exhibited WT repair activity, even though
cluster loading and stability was affected (though not abolished). As described in
Chapter 1, more recent work with a novel MUTYH germline variant, Cys306Trp
(C306W) associated with early-onset, aggressive colon cancer, demonstrated that
the Cys306Trp mutation was associated with diminished cluster loading, protein
aggregation (reversible with β-mercaptoethanol and DTT), rapid degradation of the
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[4Fe4S] cluster upon oxidation to the [3Fe-4S]+1 species (as monitored using DNA-
modified electrochemistry), as well as diminished substrate binding, redox signaling
on DNA, and activity on damaged substrates [13].

As detailed in Chapter 1, the coordinating cysteines in other repair enzymes
have also been found to be important for activity on damaged substrates, protein
stability, and repair activity in vivo [19, 23, 25, 31]. As briefly mentioned in Chapter
3, coordinating cysteines were demonstrated to be important for eukaryotic replica-
tion polymerases, polymerase ε (leading strand, Pol ε) and polymerase δ (lagging
strand, Pol δ) [16, 26]. Cysteine mutations did not interfere with assembly of the
four subunits of Pol ε , but the mutations did abolish enzymatic activity [26]. In
contrast, cysteine mutation did interfere with subunit assembly for Pol ε , thereby
also interfering with enzymatic activity [16].

Incubation ofWTproteinwith air-sensitive clusters in aerobic buffer is another
commonly-used method to generate apo species of transcription factors [18, 21, 22].
Removal of the cofactor from holoenzyme through treating with chelators, low pH,
or denaturation and refolding has also been used [8, 17, 20, 29]. These approaches
are less widespread for repair and replication proteins, possibly due to yields and
instability [8, 20]. Other iron sulfur proteins, such as radical SAM enzymes, can
often be overexpressed and isolated in apo form (or even crystallized) and the holo
form can be reconstituted in vitro where applicable [3, 7, 28]; this strategy has not
been reported for repair and replication proteins.

For UvrC, we were interested in exploring the role of the cofactor further,
in large part because we demonstrated that the air-sensitive cofactor is so integral
for the stability of UvrC. The body of work on UvrC up until the discovery of the
[4Fe4S] cluster was to our knowledge completed under aerobic conditions presum-
ably with apo protein (and not just dilute protein) [27]. Studying holoenzyme in
parallel with apo-UvrC would allow for a more direct comparison of our samples
and the apo protein species that has likely been the subject of investigation in the
majority of the bacterial NER literature. Such studies would also provide insight to
what functions apo and holo-UvrC could occupy in vivo. Described here are the first
attempts to generate and isolate soluble apo-UvrC through mutation of coordinating
cysteines and through solubilization of aggregated product(s) after aerobic incuba-
tion. Overall, we found that disruption of the cofactor using the methods described
leads to aggregation that is not easily reversible, further highlighting how important
the cofactor is for UvrC. Discussed are implications of these preliminary results and
recommendations for future investigations.
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4.2 EXPERIMENTAL METHODS
4.2.1 General Procedures
General procedures are as described in Chapters 2 and 3.

4.2.2 Site Directed Mutagenesis
4.2.2.1 Primer Design and Primer Sequences

Site directed mutagenesis primers were designed according to the instructions that
accompany Agilent’s QuikChange site directed mutagenesis kits. The OligoAna-
lyzer (IDT), an online tool, was used to check sequences for stable hairpins and used
to adjust the sequences to minimize hairpin formation. The sequences selected are
given below for forward (F) and reverse (R) primers.
Cys154Ala
F 5′-CTACTGCAAAAGATTTTCCCCATTCGCCAGGCCGAAAATA-3′

R 5′-ACGCGAGCGATTGCGATAAACACTATTTTCGGCCTGGCG-3′

Cys166Ala
F 5′-GAAAATAGTGTTTATCGCAATCGCTCGCGTCCGGCCCTGCAA-3′

R 5′-GCCCTATCTGGTATTGCAGCGGCGGACGCGAGC-3′

Cys174Ala
F 5′-CTGCAATACCAGATAGGGCGCGCGCTGGGACCG-3′

R 5′-TCACTCACCAGTCCTTCAACGCACGGTCCCAGCGCGCGCCCT-3′

Cys178Ala
F 5′-GATAGGGCGCTGTCTGGGACCGGCAGTTGAAGG-3′

R 5′-GTATTCTTCTTCACTCACCAGTCCTTCAACTGCCGGTCCC-3′

4.2.2.2 Cys154Ala Plasmid

The QuikChange II-E Site-Directed Mutagenesis Kit was used to generate the
Cys154Ala mutant. 50 ng of WT pBAD-UvrC plasmid and 125 ng of each primer
was used. Temperature cycling was as follows: 1. 30 seconds at 95 ◦C; 2. 16
cycles of 30 seconds at 95 ◦C, 1 minute at 60 ◦C, and 10 minutes 68 ◦C; 3. a final
extension according to the manufacturer’s instructions. Once the amplification was
complete, 30 U of Dpn I was added to the reaction mixture and then incubated for
3 hours at 37◦C. Subsequent purification steps were completed using Qiagen kits.
Plasmids were transformed into a vial of One Shot® TOP10 Electrocomp™ E. coli
cells (Invitrogen) using a MicroPulser Electroporation Unit (Bio-Rad) with a 1.8 kV
pulse. Cells were recovered by growing in 1 mL of SOC Media (Invitrogen) for 1



126

hour at 240 rpm at 37 ◦C. To an LB/Amp plate (50 mg/LB), 250 µL transformed
cells were plated and grown at 37 ◦C overnight. Individual colonies were picked and
grown in liquid cultures overnight as above, miniprepped using a Qiagen kit, and
sequenced by Laragen. The sequence data was aligned to the sequence of WT UvrC
using BLAST®n [4]. Samples containing the desired plasmids were transformed
into TOP10 cells, grown, cell stocks were made with 25% glycerol, and cells were
flash frozen in liquid N2 before storing -80 ◦C.

4.2.2.3 Cys166Ala, Cys174Ala, and Cys178Ala Plasmids

The region around the Cys166, Cys174, and Cys178 is GC-rich, and we found that a
mutagenesis protocol that included dimethyl sulfoxidewas needed. TheQuikChange
IIXLSite-DirectedMutagenesisKitwas used to generate theCys166Ala, Cys174Ala,
and Cys178Ala mutants. For the Cys166Ala, reaction 50 ng of WT pBAD-UvrC
plasmid was used; for the Cys174Ala and Cys178Ala reactions, 10 ng of plasmid
was used. 125 ng of each primer was used for all reactions. Temperature cycling
was as follows: 1. 30 seconds at 95 ◦C; 2. 16 cycles of 30 seconds at 95 ◦C, 1 minute
at 60 ◦C, and 10 minutes 68 ◦C; 3. a final extension according to the manufacturer’s
instructions. Once the amplification was complete, 10 U of Dpn I was added to
the reaction mixture, then incubated for 2 hours at 37◦C. Subsequent steps were
completed as instructed by Qiagen. Plasmids were transformed and sequenced as
above.

4.2.3 Induction Trials
Induction trials were completed as described in Chapter 2.

4.2.4 Overexpression and Purification of UvrC
Overexpression and purification was completed aerobically as described in Chapter
2.

4.2.5 Overexpression and Purification of Cys→Ala Mutants
Overexpression and purification was completed as described in Chapter 2. Pu-
rification was completed aerobically for all mutants and once anaerobically for
Cys154Ala, as described in the methods Chapter 2 and Chapter 3, respectively.
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4.2.6 Generation of Apo Protein During Aerobic Incubation
UvrCwas incubated at concentrations between 15 and 20 µM in aerobic UvrC buffer
(25 mM Tris-HCl, 0.5 M KCl, 20% v/v glycerol) at 37 ◦C that was either supple-
mented with DTT (at a concentration 100x of the cluster) during heating, treated
with DTT after heating (at a concentration 1000x of the cluster), or supplemented
with 0.05 % (v/v) Tween® 20 during heating. Products from heating were resolved
on a Superdex 200 column in UvrC buffer, UvrC buffer containing 1 mM of DTT,
or UvrC buffer containing 05 % (v/v) Tween® 20.

4.3 RESULTS AND DISCUSSION
4.3.1 Mutation of Coordinating Cysteines Leads to Destabilization of UvrC
To explore the site of coordination, we generated Cys→Ala mutations of the cys-
teine residues that are highly conserved at positions Cys154, Cys166, Cys174, and
Cys178. Sequencing data confirmed that the intended mutations had been made
on the UvrC expression vector (Figure 4.1). We found that the Cys154Ala and
Cys166Ala mutants overexpress similarly to WT UvrC. In contrast, expression of
the Cys174Ala and Cys178Ala mutants were not detectable in whole cell lysate
(Figure 4.2, Top Right). The Cys154Ala and Cys166Ala mutants were purified
aerobically (during the same time period that the experiments in Chapter 2 were
completed), and the chromatograms from the size exclusion column are shown in
Figure 4.2. Both Cys154Ala and Cys166Ala mutants eluted in the void volume
as aggregates and were colorless. Once the anaerobic expression and purification
system in Chapter 3 had been developed, attempts were made to purify Cys154Ala
anaerobically; aggregation was also seen (data not shown). Attempts were also
made to isolate any amount of the Cys174Ala and Cys178Ala mutants, but none
could be harvested (data not shown).

For future studies, the position and type of mutation (alanine, serine, etc.)
will likely require optimization, as expression of the Cys174Ala and Cys178Ala
mutants were severely compromised while the Cys154Ala and Cys166Ala mutants
aggregated. Purification of mutants may also require additional optimization, per-
haps with the addition of reducing agents or detergents to assist in solubilizing the
aggregates. Expression in the presence of UvrA and/or UvrB for stabilization may
also aid in downstream isolation. Examination of other regulatory aspects of the
cysteines ligating the [4Fe4S] cluster of UvrC will be fascinating to investigate,
especially with regard to protein stability, subunit assembly, and enzymatic activity
on damaged DNA substrates.
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Figure 4.1 Sequencing data for the Cys→Ala mutants. The sequence of UvrC is
shown aligned to sequencing data obtained from Laragen. The sequences were
aligned using Blast®n.
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Figure 4.2Expression and purification of Cys→Alamutants ofUvrC. (Top Left) The
expression of Cys→Alamutants was assessed by resolvingwhole cell lysate by SDS-
PAGE. (Top Right, Bottom Left, Bottom Right) The purification chromatograms for
WT UvrC, Cys154Ala, and Cys166Ala from the size exclusion column are shown.
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4.3.2 Apo Species of UvrC Are Not Readily Solubilized
Since mutating coordinating cysteine residues did not readily provide a means to
isolate soluble apo-UvrC, we briefly explored methods to generate soluble apo-
UvrC following oxidative degradation. We have established that aggregation of
apo-UvrC species occurs following degradation of the [4Fe4S] cofactor in aerobic
conditions, and it is possible that the aggregates are formed through disulfide bonds
and/or through association between hydrophobic surfaces that become exposed upon
degradation of the cofactor. To test these possibilities, we first incubated UvrC at
37 ◦ in the presence of DTT (in 100x excess of the cluster) and used a Superdex 200
column to analyze the apo protein. We found that while DTT slowed the aerobic
degradation of the [4Fe4S] cluster (not shown), incubation with DTT did not pre-
vent aggregation (Figure 4.3, Left). All protein eluted at the void volume. Addition
of a 1000-fold excess of DTT following aerobic incubation also did not result in
solubilizing the aggregate (Figure 4.3, Middle). Similarly, aerobic incubation in
mild detergent also did not yield soluble apo-UvrC (Figure 4.3, Right). Our initial
work here further highlights how important the cluster is for UvrC stability and
how investigations of apo-UvrC will need additional development. Future work
may require other methods for removing the cofactor, such as use of other reduc-
ing agents, reducing agents in combination with detergents, chelators, or denaturing
and refolding in order to remove the cofactor while preserving the solubility of UvrC.

+O2, DTT 1. +O2       
2. +DTT

+O2, Tween 20

Figure 4.3 Incubation of apo-UvrC with DTT and Tween 20. Aerobic incubation
with DTT (Left), DTT treatment after aerobic incubation (Middle), and aerobic
incubation with Tween 20 (Right) are shown.

4.4 CONCLUSIONS
Overall, our observations support the assignment of Cys154, Cys166, Cys174,
and Cys178 as coordinating residues. Understanding of the [4Fe4S] cofactor may
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benefit from investigations of the othermoremoderately-conserved cysteine residues
at positions 265, 398, and 413. However, because the sequences around these
cysteines were not suggestive of a [4Fe4S] binding domain, they have not been
an immediate focus. Understanding the role of the UvrC-bound [4Fe4S] cofactor
in bacterial NER will benefit, however, from additional studies with solubilized
cysteine mutants and/or solubilized apo protein. It will be particularly important
to understand how the holoenzyme compares in function to the species of UvrC
that has been previously studied in the literature. Other opportunities to reexamine
the NER pathway and explore additional functionalities of the [4Fe4S] cluster have
also emerged with the discovery that UvrC is a metalloprotein. One major area to
revisit concerns the protein-protein interactions involved in facilitating formation
of UvrABC protein complex(es). Direct comparison of holo and apo-UvrC would
allow for determination of how the integrity of the cofactor may contribute to
assembly of the full bacterial NER complex and activity on damaged substrates.
Until now, UvrC has eluded understanding, and there are many new opportunities
to study UvrC and the bacterial NER pathway anew in the context of the [4Fe4S]
cofactor, which we predict will continue to lead to key insights for UvrC.
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C h a p t e r 5

SUMMARY AND PERSPECTIVE

DNA repair and replication proteins that coordinate [4Fe4S] cofactors continue
to offer rich areas for investigation, particularly regarding the roles of the metal
cofactor. Seventeen years after the first protein-bound [4Fe4S] cluster was found
associated with a repair glycosylase, SF2 helicases were the next family of repair
proteins discovered to bind a [4Fe4S] center. Soon after, eukaryotic primases,
helicase-nucleases, iron-sulfur bacterial cryptochromes and photolyases, eukaryotic
B family polymerases, and the Cas4 exonuclease (part of CRISPR/Cas bacterial
innate immunity) were all reported to coordinate a [4Fe4S] cluster. We and others
expect that many more proteins involved in DNA transactions will continue to be
discovered with iron sulfur cofactors, especially in light of more recent reports that
have highlighted how some of these proteins require use of air-free techniques in
order to isolate highly pure samples with intact metal centers. Continued collabo-
ration with computational biologists in detecting unusual patterns in coordinating
residues and in other motifs recognized by iron sulfur cluster biogenesis machinery
will likely facilitate the acceleration of the discovery process. The multifunctional
roles the [4Fe4S] cofactors occupy in contributing to protein or complex stability,
substrate interactions, participating in redox signaling, and responding to changing
cellular environments, requires considerably more attention and multidisciplinary
investigation.

Through our work with UvrC, a repair enzyme in the Bacteria domain, wemost
recently have demonstrated that excision nucleases are also [4Fe4S] proteins. Our
work began first with piecing together observations made separately in the literature
of a cysteine-rich region at the N-terminus of UvrC and genetics assays in E. coli
with another [4Fe4S] repair enzyme, DinG, that suggested redox signaling with nu-
cleotide excision repair. In our early work with UvrC from E. coli, we screened new
overexpression vectors and were able to isolate yellow protein with spectroscopic
and redox properties supportive of the prediction that UvrC coordinated a [4Fe4S]
cluster. Over time however, it became apparent that the cofactor degraded under
aerobic conditions, which was a novel finding for a [4Fe4S] repair enzyme from E.
coli.
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After adapting anaerobic purification methods for nitrogenase, we were able
to isolate UvrC with 60-70% cofactor incorporation. The [4Fe4S] cofactor is stable
at room temperature in an anaerobic environment over the duration of purification
and in subsequence experiments, but undergoes degradation in the presence of O2

which results in formation of aggregated species. Mutation of coordinating cys-
teines - C154, C166, C174, and C178 - to alanine further demonstrated that UvrC
is stabilized by the [4Fe4S] cofactor. In its holo form, UvrC also forms complexes
with both well-matched and damaged duplex substrates independently of UvrA and
UvrB and participates in DNA charge transport chemistry (DNACT). Though UvrC
independently associates with DNA duplexes, UvrC was not found to exhibit inde-
pendent enzymatic activity on the damaged lesion under the conditions tested.

The discovery that UvrC coordinates a [4Fe4S] cofactor has also raised entirely
new and important questions regarding the role of the protein in the cell. Another ex-
cision nuclease, Cho, a smaller protein that is homologous to the N-terminal region
of UvrC, likely also coordinates a [4Fe4S] cofactor based on sequence similarity.
Continued examination of UvrC (and perhaps Cho) in holo form both biochemically
and structurally, along with UvrA and UvrB, will undoubtedly be important for
elucidating the dynamics of complex assembly and activity on damaged substrates.
Given how distinct our observations are for holo-UvrC from those in the literature, it
is possible that holo-UvrC and apo-UvrC occupy completely different functionalities
in the cell. The specificity of the UvrC-bound [4Fe4S] cofactor for reactivity with
O2, alone and in complex with UvrAB, and the degradation product(s) that form
remains to be determined. There are some initial reports that the [4Fe4S] centers
in repair proteins from E. coli can indeed be modified by ROS or RNS, affecting
protein function. More extensive studies are needed with UvrC to establish if such
reactivity could have a regulatory role related to cellular stress responses. Careful
examination of the interplay between the integrity of the [4Fe4S] center and the
stability of UvrC, UvrABC complex assembly, activity, and cellular recovery and
growth will facilitate entirely new research directions on how the UvrABCD system
acts in a large network of pathways that utilize the chemistry of [4Fe4S] cofactors
to maintain and proliferate genomes.
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