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Abstract

Recent advances have led to numerous landmark discoveries of [4Fe4S] clusters coordinated by 

essential enzymes in repair, replication, and transcription across all domains of life. The cofactor 

has notably been challenging to observe for many nucleic acid processing enzymes due to several 

factors, including a weak bioinformatic signature of the coordinating cysteines and lability of the 

metal cofactor. To overcome these challenges, we have used sequence alignments, an anaerobic 

purification method, iron quantification, and UV–visible and electron paramagnetic resonance 

spectroscopies to investigate UvrC, the dual-incision endonuclease in the bacterial nucleotide 

excision repair (NER) pathway. The characteristics of UvrC are consistent with [4Fe4S] 

coordination with 60–70% cofactor incorporation, and additionally, we show that, bound to UvrC, 

the [4Fe4S] cofactor is susceptible to oxidative degradation with aggregation of apo species. 

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 coordinated by UvrC is redox-active and participates in 

DNA-mediated charge transport chemistry with a DNA-bound midpoint potential of 90 mV vs 

NHE. This work highlights that the [4Fe4S] center is critical to UvrC.
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INTRODUCTION

Iron sulfur clusters are ubiquitous in proteins as inorganic cofactors found in all domains of 

life and are essential in major cellular processes, including respiration, photosynthesis, and 

nitrogen fixation.1–5 In the past three decades, iron sulfur clusters have been found 

coordinated by many DNA repair and replication enzymes essential for genome 

maintenance.6–11 In most of these proteins, however, the [4Fe4S] cofactor is not involved 

directly in catalytic activity on DNA substrates, so identifying a general role for the metal 

cofactor has become a growing area of interest.12 Toward this end, we have investigated the 

DNA-bound redox chemistry of several repair and replication proteins and demonstrated that 

these proteins not only participate in DNA charge transport (DNA CT) chemistry but also do 

so at a shared potential of ~80 mV vs NHE, making electron transfer energetically favorable. 

We have found that the DNA-bound potentials of repair and replication proteins studied to 

date are consistent with those of high potential iron–sulfur proteins (HiPIPs).12 Models have 

been developed to describe how redox signaling among repair proteins through DNA CT is 

utilized for rapid lesion detection and to explain how the oxidation of the cluster can act as a 

redox switch that modulates binding affinities to DNA substrates as well as processivity of 

eukaryotic replication polymerases.13–15

The observation of a [4Fe4S] cluster in repair and replication proteins has often occurred 

many years after the first characterization of the gene and gene products due to several 

reasons.7,8,12 First, [4Fe4S] clusters, like other metal centers, can be sensitive to expression 

and purification conditions, which has delayed isolation of protein with intact clusters.16–18 

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.8 Other 

indications that a protein may bind an iron–sulfur cluster, such as the LYR sequence motif 

identified first in human protein sequences as a recognition element for iron–sulfur 

biogenesis machinery, are just emerging and could inform predictive tools for other 

organisms in the future.17,19–21 In light of these reasons, several research groups have 

proposed that many more iron– sulfur cluster proteins involved in nucleic acid processing 

remain to be discovered.7,16,17

In Escherichia coli (E. coli), two repair glycosylases, Endonuclease III (EndoIII) and MutY, 

and one Superfamily 2 (SF2) 5′ → 3′ repair helicase, DinG, coordinate a [4Fe4S] cluster (a 

paralog of DinG, YoaA, has also recently been predicted to bind a [4Fe4S] cluster based on 

sequence similarity) and are active in essential repair pathways in prokaryotes.22–28 EndoIII 

Silva et al. Page 2

J Am Chem Soc. Author manuscript; available in PMC 2020 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and MutY primarily resolve oxidized pyrimidines and 8-oxoguanine mispaired with adenine, 

respectively, in Base Excision Repair (BER), while DinG is involved in resolving R-loops 

and D-loops (RNA or DNA or triple-stranded nucleic acid structures) which can occur at 

collisions between transcription and replication machinery.29,30 Inexplicably, DinG 

overexpression and ΔdinG strains of E. coli are more sensitive to UV light, suggestive of 

redox signaling between DinG and an unknown protein in Nucleotide Excision Repair 

(NER; in eukaryotic and archaeal NER, XPD is known to a coordinate a [4Fe4S] center).
30,31 In prokaryotic NER, a relatively small pool of proteins recognize and repair structurally 

and chemically diverse bulky DNA lesions that arise due to DNA damage by UV light, 

cigarette smoke, small molecule chemotherapeutics, and protein–DNA adducts, among 

others.32–34 In the classic model of bacterial NER, the UvrAB complex scans and searches 

the genome for bulky lesions, UvrC in complex with UvrB makes an incision 5′ and 3′ to 

the site of damage, UvrD unwinds the damaged oligomer, and DNA polymerase 1 and DNA 

ligase patch the damaged strand, completing the repair process (Figure 1).32–34

UvrC is unique in many respects among the proteins in the NER pathway, most notably in 

how challenging the protein has been to study, both in vitro and in vivo.32–35 Insight on 

UvrC has been difficult to gain because of limited sequence homology to other proteins. 

UvrC comprises its own protein family of dual-incision endonucleases (also referred to as 

excision nucleases or exinucleases) with two distinct active sites located at the N and C 

termini of the same peptide.33,36 UvrC has also been noted by many in the field to be 

difficult to purify and, once purified, to be susceptible to degradation, aggregation, and loss 

of activity over time, even when stored frozen.34–36 Though first isolated in 1981, a full-

length or near full-length crystal structure has not been reported for UvrC (in contrast to 

UvrA, UvrB, and UvrD), and cocrystal structures of UvrC in complex with a substrate or 

other NER proteins are also not available, which has limited searches for structural 

homology.33,37,38 In vivo regulation of UvrC expression is complex and has been reported to 

be under the control of multiple promoters, which further distinguishes UvrC from the other 

proteins in the NER pathway.39 Expression of radio-labeled UvrC was first reported to be 

10–20 copies per cell, though subsequent studies of UvrC mRNA levels, fluorescently 

labeled UvrC, and active ribosomes have reported between 0.05 to 300 copies of UvrC per 

cell (or per cell per generation).39–41 Furthermore, the expression of UvrC is not inducible 

by the SOS system, a cellular-wide response to DNA damage present in many bacteria.42 

This again is in contrast to UvrA, UvrB, and UvrD, which are induced during the SOS 

response.43 In the context of repair proteins bearing a [4Fe4S] cofactor, tight regulation of 

copy number appears to be a common characteristic of these metalloproteins in E. coli.12

Our initial examination of UvrC 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, the RNaseH endonuclease 

domain (5′ incision), and a helix-turn-helix motif (Figure 1).33,34 In the N-terminal cysteine-

rich region, four highly conserved cysteine residues at positions 154, 166, 174, and 178 have 

been observed. The function of the conserved cysteines has been unknown, but speculated to 

facilitate interactions between UvrB and UvrC.34 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 consensus sequence), we hypothesized 
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that these cysteine residues coordinate a [4Fe4S] cluster (Figure 1). Two putative (LIV)(YF)

(RK) tripeptide motifs were also observed (Figure S1), 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 

(Figure S1), one of the few common themes among the sequences of nucleic acid processing 

enzymes that coordinate the [4Fe4S] cofactor.8 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 supporting sequence motifs 

suggestive of a [4Fe4S] binding domain.

Here, we report the discovery and characterization of a HiPIP-like [4Fe4S] cluster that is 

coordinated by UvrC. The holo form of UvrC is stabilized relative to its apo form; distinct 

from what has been reported to date for other [4Fe4S] repair proteins in E. coli, the cluster 

degrades in the presence of molecular oxygen. We also find, in its holo form, UvrC 

independently forms a high-affinity complex with DNA, though DNA binding does not lead 

to independent enzymatic activity on a damaged substrate. Finally, using DNA-modified Au 

electrodes, we observe that UvrC participates in DNA CT chemistry and shares a DNA-

bound midpoint potential seen previously for EndoIII, MutY, and DinG. Based on these 

observations, we discuss UvrC activity in its holo form in the context of the NER pathway 

and the greater redox signaling network of [4Fe4S] repair proteins.

RESULTS AND DISCUSSION

Development of an Anaerobic Purification Method for UvrC.

UvrC has historically been difficult to express and purify.32–35 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 screen was 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 (see Supporting Experimental Section).44–47 The L-arabinose promoter 

can be used to prevent leaky expression prior to induction with arabinose, which is an 

advantage for overexpressing proteins that are potentially toxic to cells prior to induction.
48–51 Additionally, MBP tags are frequently used to enhance the expression and solubility 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.52–58 A cooler overexpression 

temperature (22 °C), longer induction time (16 h), 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.7,11,17,59–65

We found that the pBad overexpression system resulted in detectable overexpression of a 

His6-MBP-UvrC fusion protein (110 kDa) in whole cell lysate (referred to as UvrC for the 

remainder of this manuscript, Figure S2). Cell lysis, purification, and concentration of the 

UvrC fusion protein using immobilized metal affinity and gel filtration chromatography was 

performed under strict anaerobic conditions in an anaerobic chamber and using a standard 

Schlenk line technique (Figure S2).66,67 UvrC was concentrated between 20 and 30 μM to 

prevent precipitation after flash freezing in liquid N2 and stored at −80 °C. The expression 
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and anaerobic purification 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 a [4Fe4S] cluster (Figure 2).3,68–70 Based on the ratio of absorbances at 410 

and 280 nm, each purification yielded approximately 5 mg of the UvrC fusion protein per 

liter of liquid culture (5 g of wet pellet) with 60–70% incorporation of the [4Fe4S] metal 

center (Figure S2).11,15,24,61,70–81 To characterize the nature of the Fe center further, we 

used the ferene colorimetric assay to quantify the amount of protein-bound Fe.80 We find 

that UvrC coordinates about 3 Fe per protein on average (or 4.0 ± 0.3 Fe per cluster, Figure 

2 and Figure S2), which is consistent with the substoichiometric 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 incorporation or loss of a 

labile Fe during the process of overexpression or purification, even when each step is 

completed anaerobically.25,27,53,61,64,82–85

Holo-UvrC Is Redox-Active.

We used X-band electron paramagnetic resonance (EPR) spectroscopy to assign oxidation 

states of the [4Fe4S] cluster. A small signal centered at g = 2.01 can be seen from the native 

UvrC EPR spectrum, which 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 2).27,54,64,72,82 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.68,69,86 To 

classify the nature of the [4Fe4S] cluster, UvrC was treated with the oxidant potassium 

ferricyanide and immediately frozen in liquid N2, which resulted in a large and sharp signal 

at g = 2.01.27,53,61,82,83,85 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.54 A 

corresponding signal at g = 4.3 can also be observed after treatment with ferricyanide, 

suggestive of a ferric species in solution (Figure S3) and consistent with the release of an 

iron atom from the [4Fe4S]3+ species following oxidization.87,88 No clear evidence of the 

[4Fe4S]3+ species, characterized by a g = 2.1, before Fe loss was apparent.3,68,69 Taken 

together, the data for UvrC are consistent with other DNA repair proteins and coordinates a 

HiPIP-like [4Fe4S] cluster.

The UvrC-Bound [4Fe4S] Cluster Is Susceptible to Oxidative Degradation.

Protein-bound Fe centers can serve multiple functions in the cell,6,89–91 and the role(s) of 

the [4Fe4S] center are still being defined for repair and replication proteins. The [4Fe4S] 

cluster is not involved in active site chemistry on DNA substrates for the majority of repair 

and replication proteins,12 though a role for reactivity with dioxygen (and other reactive 

species) and redox signaling are just emerging (vide infra). With regard to sensing reactive 

species, particularly dioxygen, part of the challenge is that a range of stabilities under 

aerobic conditions has been observed for repair and replication proteins, and more labile 

[4Fe4S] centers which require anaerobic expression and/or purification conditions to remain 

intact (and therefore detectable) have only recently been reported.12 To investigate if the 
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[4Fe4S] cluster of UvrC sensitive to O2 at a physiologically relevant temperature, we 

incubated 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 time scale of a 

UvrC activity assay (1 h), 20% of the cluster degraded after incubation at 37 °C, while 

complete degradation was observed after 4 h (Figure 3). We 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 S4). Notably, anaerobic incubation of holo UvrC at 37 °C in the 

absence of O2 does not result in degradation of the [4Fe4S] cluster (Figure S4). We also 

observe that binding to duplex DNA does not affect cluster degradation (see below for 

studies of UvrC–DNA complexes) (Figure S4). 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.

Because apo and holo forms of metalloproteins can have different oligomeric states, we 

compared holo- and apo-UvrC by analytical size exclusion chromatography.6,89 Using a 

standard curve, we determined that holo-UvrC elutes at a volume consistent with protein 

migrating in dimeric form (Figure 3 and Figure S4). In contrast, apo-UvrC species elute at 

the void volume of the column, which corresponds to aggregates that would be greater than 

600 kDa in mass (Figure 3). Such a sensitivity to O2 has not been seen previously in repair 

proteins that coordinate a [4Fe4S] cluster.

The significance of our observations and findings of other investigators regarding 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. As summarized above, EndoIII, 

MutY, and DinG have not been reported to be similarly sensitive to O2. Moreover, we have 

observed previously that EndoIII is not only highly soluble but also stable at room 

temperature in atmosphere for many days. EndoIII, homologue MutY, and DinG have 

furthermore been crystallized aerobically.58,74,80,92–94 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.80 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.80,95 DinG also reacts with NO and is inactivated, but 

surprisingly, is resistant to treatment with H2O2.25 Cellular responses mediated by sensing of 

reactive species by iron– sulfur transcription factors has been well-characterized, though in 

contrast, the specificity and responses of repair proteins to reactive species are not as fully 

understood.6 Variations in the stability of the [4Fe4S] cofactor from repair proteins across 

different bacterial species adapted to niche environments are also not fully appreciated.
33,96–99 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.
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As emphasized above, metalloproteins can be challenging to handle, and oxidative 

degradation of the [4Fe4S] cofactor of UvrC was nontrivial to observe. Our early studies 

were carried out with UvrC purified aerobically at 4 °C (Figure S5, top left).100 The protein 

was isolated from a peak that eluted after the void volume of the size exclusion column, was 

yellow in color, and exhibited a temperature-dependent EPR signal, so it appeared that an 

aerobic purification at 4 °C was sufficient for isolating the holoenzyme (Figure S5). This 

sensitivity to O2 could have easily been overlooked, but in the process of working with 

aerobically purified UvrC, we noticed that the protein bleached over the course of 

experiments. During a straightforward time course monitoring the absorbance band centered 

at 410 nm, near-complete disappearance of the signal occurred after incubating at 37 °C 

after 1 h, which is a common incubation temperature and time for many activity assays 

(Figure S5, top right).36,98,101–103 Furthermore, most activity assays use low concentrations 

of enzyme such that the cofactor absorbance (and therefore integrity) is not generally 

monitored.

Comparison of the UV–vis spectra of aerobically purified and anaerobically purified UvrC 

further highlights the elusive nature of holo-UvrC. Briefly, the UV–vis absorption spectra of 

both proteins are similar, though there is a small feature in the UV–vis spectrum of 

aerobically purified UvrC at 325 nm, which could be due to the partially degraded cluster in 

the [3Fe4S]+ state (Figure S5).69 Differences are also seen with the chromatograms of the 

size exclusion column (Figure S5). 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. Based on the chromatogram, the yield of aerobically 

isolated UvrC was also lower in comparison to anaerobically isolated UvrC. We also note 

that postpurification, concentration steps were done aerobically at 4 °C during initial studies, 

so it is likely that oligomeric species were generated in situ prior to freezing and storing. 

These observations from early studies with UvrC highlight the necessity of handling this 

protein in an anaerobic environment to minimize heterogeneity.

Mutation of Coordinating Cysteines Leads to Instability.

To explore the site of coordination, we generated Cys → Ala mutations of the cysteine 

residues that are highly conserved at positions Cys154, Cys166, Cys174, and Cys178. Using 

the conditions optimized for overexpression, we found the Cys154Ala (Cys154 → Ala154) 

and Cys166Ala mutants overexpress similarly to WT UvrC (Figure S6). In contrast, 

expression of the Cys174Ala and Cys178Ala mutants were not detectable in whole cell 

lysate. The Cys154Ala and Cys166Ala mutants precipitated or aggregated, eluting at the 

void volume of the size exclusion column (data not shown). Attempts were made to isolate 

any amount of the Cys174Ala and Cys178Ala mutants, but none could be harvested (data 

not shown). The coordinating cysteine residues of repair and replication proteins have been 

found to be involved in regulating protein expression, protein stability, subunit assembly, and 

enzymatic activity.64,79,104,105 The extent to which each protein, including homologous 

protein, is disrupted by cysteine mutations (relative to WT) appears to vary widely 

depending on which residue is mutated and what mutation is chosen. Overall, our 

observations support the assignment of Cys154, Cys166, Cys174, and Cys178 as cluster-
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stabilizing residues, and examination of other regulatory aspects of the cysteines ligating the 

[4Fe4S] cluster of UvrC warrants further investigation.

UvrC Independently Forms a Complex with DNA Substrates.

To continue characterizing UvrC in holo form, we examined how UvrC interacts with 

radiolabeled, duplexed 30 base pair substrates using electrophoretic mobility shift assays 

(EMSAs) completed in an anaerobic chamber.78,80,106,107 UvrC along with the full UvrABC 

exinuclease has been studied extensively in vitro with single-stranded DNA (ssDNA), well-

matched (WM) double-stranded DNA (dsDNA), damaged duplex substrates, and substrates 

with nicks, gaps, bubbled regions, and overhangs derived from plasmid DNA and synthetic 

oligomers.33,34 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.108–112 (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.37,103,111–113) 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 nonequilibrium (single molecule assays) 

conditions.114–116 It is not clear how these data can be reconciled. What is clear is that UvrC 

is sensitive to the conditions under which it is studied, exemplified by reports that UvrC has 

a tendency to form precipitates with itself, with UvrAB, and with DNA substrates.35,117,118

Since the majority of the genome in the cell is comprised of nondamaged dsDNA, we were 

interested in how UvrC in its holo form interacts with WM dsDNA. We also selected a 

fluorescein-modified substrate (F, Table S1), which is considered to mimic damage found in 

the cell caused by polycyclic aromatic hydrocarbons, natural substrates of the UvrABC 

system.119 Once formation of WM and F duplexes was confirmed with annealing titrations 

(Figure S7), UvrC was incubated anaerobically with duplexed substrates at a high KCl 

concentration to avoid precipitation of UvrC (discussed above). Mixtures of UvrC and DNA 

did not appear cloudy, and no scattering was observed by UV–vis (see Figure S7). 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 complexed DNA as a function of 

free UvrC concentration was fit to the Hill equation. UvrC was 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) (Figure 4). 

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.111 

Low migration has also been attributed to precipitation of protein in the gel,116 but we do 

not observe precipitation in solution (Figure S7). However, Hill coefficients >1 were found 
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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.

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.120,121 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.33 The 5′ and 3′ incisions can even be reconstituted in vitro with 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 common reducing 

agent), and a KCl concentration of 0.1 M.36,101–103,122 We first verified that buffer-

exchanging UvrC into a lower-salt buffer did not cause immediate destabilization of the 

protein. The UV–vis spectrum indicated that [4Fe4S] cofactor was not lost in the process of 

buffer exchanging (Figure S7). 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 S7). We also verified that UvrC exhibited 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 S7 and see Figure 3 for comparison).

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 μM UvrC by cluster (3:1 

DNA:UvrC ratio), no evidence of substrate incision by UvrC under the conditions tested was 

observed (Figure 5 and Figure S7). 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.64,105,123 In the context of the 

multisubunit exinuclease repair complex formed by UvrABC, we speculate that because the 

[4Fe4S] domain is adjacent to the UvrBC interacting domain (see Figure 1), the [4Fe4S] 

cluster may analogously be involved in the association of UvrC with other NER proteins or 

the overall activity of the exinuclease complex.7 Other roles may also exist for the [4Fe4S] 
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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).

UvrC Participates in DNA-Mediated Charge Transport (DNA CT) Chemistry.

Iron sulfur clusters are well-known electron carriers in the cell, and efforts to understand the 

role of electron transfer reactions in DNA repair and replication have only recently begun.12 

Using several complementary techniques, we have investigated the redox chemistry of 

glycosylases, SF2 5′ → 3′ helicases, primase, and B family replication polymerases that are 

found in Bacteria, Archaea, and Eukarya.12 All proteins studied to date have been observed 

to access the [4Fe4S]3+/2+ couple with midpoint potentials of ~200 mV vs NHE.12 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.
12,13,124,125 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 participate in DNA CT 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.126 We have 

developed models 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.12

One of the first methods we use to interrogate the DNA-bound redox activity of a [4Fe4S] 

protein is electrochemistry on DNA-modified gold electrodes.127 We have previously 

developed a gold electrode platform that can be modified with DNA monolayers which are 

formed through a thiol–gold bond on surfaces that are accessible to proteins in solution. 

Generally, the gold electrode serves as the working electrode, while a Ag/AgCl gel tip and a 

platinum wire serve as the reference electrode and auxiliary electrodes, respectively. The 

latest generation of DNA-modified gold electrodes features a multiplex 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 (Figure 6). The 

platform has also been adapted for studies that require anaerobic conditions.12

Application of UvrC to DNA monolayers on a multiplex chip in buffered solution allowed 

for observation of a reversible, redox signal centered at a midpoint potential of 90 mV vs 

NHE, consistent with the redox activity observed by EPR (Figure 6). The signal increased 

with time, suggesting that UvrC is a diffusive species at the monolayer.56 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.74 Thus, we 

conclude that UvrC behaves like the other HiPIP-like repair and replication proteins we have 

studied that contain a [4Fe4S] cluster. Like these proteins, UvrC participates in DNA charge 

transport chemistry. UvrC is the fourth repair protein from E. coli and the sixth protein from 

Bacteria reported to do so.124 Moreover, UvrC shares a DNA-bound redox potential with 
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EndoIII, MutY, and DinG, the three other repair proteins from E. coli that are known to 

coordinate the [4Fe4S] cofactor. Redox signaling between UvrC and DinG in vivo has 

already been suggested by the increased UV sensitivity in DinG overexpression and ΔdinG 
strains of E. coli. In vivo data suggest that redox signaling among BER, Loop Repair, and 

NER may be involved in facilitating growth recovery after challenge of cells with UV-light.
100,128

Implications for UvrC as a [4Fe4S] Protein.

The data presented herein have demonstrated that UvrC coordinates a [4Fe4S] cluster 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 homologue), 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.129,130 Other [4Fe4S] 

proteins may be identified once structural data becomes available for excision nucleases. We 

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.131

Continued study of UvrC both in vitro and in vivo will help further our understanding of the 

relationship between UvrC activity and its [4Fe4S] cofactor (Figure 7). In the cell, [FeS] 

cofactors are loaded by biogenesis machinery to recipient 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.7,10,20 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 examined. 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 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.12,13,124,125 This study certainly highlights 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.
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EXPERIMENTAL SECTION

General Procedures.

All reagents were used as received and stored according the manufacturer’s instructions. 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 chamber by stirring vigorously overnight. Protein samples 

were handled anaerobically, and other solutions of reagents that came in contact with UvrC 

were prepared anaerobically as well.132–134 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 glovebag. DNA concentrations were taken as above aerobically. High performance 

liquid chromatography (HPLC) was done using an 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. 

Sequencing gel supplies were purchased from National Diagnostics.

Multiple Sequence Alignments.

UvrC sequences from Escherichia coli (E. coli), Salmonella typhimurium (S. typhimurium), 

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). Sequences were placed in 

decreasing order of taxonomic relationship.

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) or Cys→Ala 

mutant overexpression plasmids were grown (200 rpm, 37 °C) ~16 h in LB/Amp (50 mg/L). 

Large (1 L) cultures LB/Amp (50 mg/L) were inoculated with starter culture and 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 h (150 rpm, 22 °C), harvested at 

5000 rpm for 20 min, and stored at −80 °C.

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 M KCl, 

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 
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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.66,67

Anaerobic Purification of UvrC and Cys→Ala Mutants.

Described is the procedure for purifying UvrC that was adapted from the purification 

method for nitrogenase;66,67 the procedure is identical for Cys→Ala mutants. Two, stacked 

HisTrap HP 5 mL columns (GE Healthcare) 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. 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 Superdex 200 was equilibrated with an additional 100 mL of degassed size exclusion 

buffer containing 1 mM DTT. The HisTrap columns were washed with >10 ColV of lysis 

buffer with 1 mM DTT. The day of purification, DTT was also added to elution buffer to a 

final concentration of 1 mM. 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, 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 μm 

nylon 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 (ThermoFisher-Scientific) at 13 000 rpm for 45 min 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 mL 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 mM DTT. Soluble fractions were collected, concentrated between 20 and 30 

μM to 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, preheating in sample buffer at 80 °C for 2 min 

before resolving on a 4–20% TGX precast gel (Bio-Rad) at 200 V for 35 min.

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 kDa cut off mini filter units 

Silva et al. Page 13

J Am Chem Soc. Author manuscript; available in PMC 2020 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(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).59 Because 

of the size of the fusion protein, typically a 10–15× dilution of the thawed protein needed to 

be made in order 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) 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. EPR samples were prepared in 200 μL volumes at final 

concentrations of UvrC at 10 μM and ferricyanide at 50 μM in UvrC buffer. 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 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 and 16 mW and a modulation amplitude of 10 gauss using WinEPR software 

(Bruker).80 Data presented were collected in triplicate.

Fe Quantification by the Ferene Assay.

The colorimetric ferene assay was performed according to a published procedure in 

triplicate.80 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 ICP).

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 WM duplexes were added 

1:1 with holo-UvrC (ex. 20 μM DNA and 20 μM UvrC by cluster). UvrC samples that 

included WM dsDNA were measured against buffer that included the same concentration of 

DNA. For comparison, UvrC was also heated anaerobically in UvrC buffer in a capped 

microfuge tube on a heat block in the glovebag 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.
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Electrophoretic Mobility Shift Assays (EMSA).78,80,106,107

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. The duplex character of 

substrates was assessed by an annealing titration (see Supporting Experimental 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 protein mixtures 

were electrophoresed at 50 V for 2 h at room temperature using Mini-PROTEAN TGX 4–

20% Precast 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 

Lab (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 concentration 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.

Incision Assays.36,102,103,106,107,113,116,119,122,135

In an anaerobic chamber, UvrC was buffer exchanged into activity buffer. Solutions of 

MgCl2, ATP, and DTT were prepared in the glovebag in filtered and degassed water (Trials 1 

and 2) or in filtered and degassed buffer containing 25 mM Tris-HCl, 0.1 M KCl, and 20% 

v/v glycerol. UvrC was preincubated at room temperature with 10 mM MgCl2 and 1 mM 

DTT. Just before addition of 3 μM 32P-dsDNA (WM or F), 10 mM ATP was added to UvrC 

and samples were incubated at 37 °C for 1 h 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 preheated to over 50 °C, and then samples were resolved on the preheated gel for 120 

min at 90 W. Gels were exposed on a phosporimaging screen, imaged, and visualized as 

described.

DNA-Modified Electrochemistry on Au Surfaces.59,127,136

A 16-electrode, gold, multiplex chip (4 quadrants with 4 electrodes each) was rinsed and 

sonicated with acetone three times for 5 min and once with 100% isopropyl alcohol, also for 

5 min. The gasket and clamp were washed and sonicated in 50% isopropanol (in water) for 5 

min 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 

min. The chip, gasket, and clamp were assembled and 23 μL duplexed WM electrochemistry 

substrate at a concentration of 25 μM (see Supporting Experimental Section) were 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 
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with 5% glycerol). The electrode was backfilled with 1 mM of 6-mercaptohexanol (in 

glycerol buffer) for ~30 min. The electrode was rinsed 10 times with DNA buffer. In an 

anaerobic chamber, 400 μL of 5 μM of UvrC (by cluster) were 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 and 0.2 V (vs Ag/AgCl) is 

optimal for cyclic voltammograms. Scans were taken periodically at 0, 1, 2, and 3 h. Square 

wave scans were taken after 3 h, 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 are representative of three independent trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Sequence of UvrC. The excision nuclease in bacterial nucleotide excision repair (NER), 

contains a putative [4Fe4S] cluster coordination site. (Left) DNA damage caused by agents 

that generate bulky lesions (light purple) are resolved by bacterial NER machinery through 

excision and removal of damaged oligomers (UvrABCD) followed by patching by Pol 1 and 

Ligase (gray). (Right) Four conserved cysteine residues contained in the N-terminal region 

of UvrC. (Right, Top) Shown is a schematic representation the GIY-YIG endonuclease (3′ 
incision, green), cysteine rich (Cys, orange), UvrBC interacting (BC, purple), RNase H 

endonuclease (5′ incision, green), and helix-turn-helix ((HhH)2 teal) domains of UvrC.

(Right, Bottom) Within the N-terminal, cysteine-rich region (shown are residues 148 to 

194), Cys154, Cys166, Cys174, Cys178 (E. coli numbering) are highly conserved and 

atypically spaced in bacterial and several archaeal species.
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Figure 2. 
UvrC coordinates a [4Fe4S] cluster. (Left) UV–visible absorbance spectrum for purified 

UvrC shows a broad and shallow absorption band centered at 410 nm, which is characteristic 

of [4Fe4S] clusters. The concentration of cluster-loaded protein shown was 35 μM (60% 

loading) with ~3 Fe per protein. (Right) 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. 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. 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). 

EPR conditions: 9.37 GHz, 10 K, 16 mW microwave power.
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Figure 3. 
UvrC-bound [4Fe4S] cluster undergoes degradation in the presence O2. (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 h (the time 

scale of an activity assay) led to 20% degradation. (Right) Holo-UvrC was examined by size 

exclusion chromatography in degassed buffer at room temperature. Holoenzyme (orange 

trace) eluted at a volume consistent with a dimer (see also Figure S4). Apoprotein (gray 

trace) arising from oxidative degradation eluted at the void volume, indicating the 

apoprotein had formed species >600 kDa.
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Figure 4. 
UvrC forms a complex with DNA substrates. UvrC was incubated with 30 base pair DNA 

substrates in degassed 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 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 electrophoretic 

mobility shift assays indicate that UvrC forms a complex with both well-matched (WM) 

duplex DNA and a fluorescein-modified (F) substrate 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 

individually fit using a Hill function and then the apparent dissociation constants were 

averaged (reported with the standard error of the mean).
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Figure 5. 
UvrC in the holo form alone is not enzymatically active on a damaged substrate. UvrC was 

incubated with the 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. On a denaturing 

20% urea gel, incision of the damaged strand was not observed. Lane 1: ssDNA; Lane 2: 

dsDNA; Lanes 3–5: 1 μM–10 nM UvrC.
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Figure 6. 
UvrC participates in DNA charge transport chemistry. (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.12 

(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-modified gold electrodes, 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 h) 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.
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Figure 7. 
Examination of UvrC in its holo form is likely to uncover many crucial details regarding the 

activity of UvrC in vivo. Connections between FeS biogenesis machinery and the NER 

pathway (dashed, black square and dashed, purple square), cellular functions of apo (orange 

oval), holo (orange oval and cofactor) and aggregated UvrC (gray ovals), the role of O2 

sensitivity (solid gray arrow), and DNA-mediated redox signaling with other repair 

pathways (solid blue, double headed arrow) remain to be explored.
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