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Abstract

[4Fe4S] clusters, redoyotactors, have been discovered in DNA processing enzymes
ranging from bacterial base excision repair glycosylases to eukaryotic DNA polymerases.
Bacterial repair proteins are activated toward redox activity when bound to DNA and can take
advantage of DNAnediated charge transport (DNA CT) to search the genome for lesions. DNA
CT involves the rapid t-staskedbase pairsandfisslealplgr ges t h
attenuated in the presence of lesions, mismatches, or other stacking perturbations. &48$, [4F
repair proteins use this chemistry to rapidly redistribute to target lesions and communicate with
one another over long distances.

The general function of [4Fe4S] clusters in bacterial DNA repair has received much
attention, but previous efforts haledt several critical questions unanswered. First, while the
redox potential of these proteins is affected by DNA binding, the relative importance of the
negativelycharged DNA, the protein environment surrounding the cluster, and solvent has
remained unlear. Second, the importance of [4Fe4S] clusters and DNA CT to human disease
has never been directly addressed. The biological consequences of this chemistry are certainly a
pressing issue, as numerous disgagevant mutations in the human homologuewei-studied
repair proteins have been recorded. Finally, the existence of [4Fe4S] clusters in eukaryotic DNA
replication proteins in general, and in thdanily DNA polymerases in particular, was entirely
unexpected. The function of the [4Fe4S] clustereplication proteins was far from obvious, and
the functional differences from repair proteins made them difficult to explain even in the context
of CT signaling. Herein, these questions have been addressed using a combination of

electrochemical, specsoopic, and biochemical approaches.



viii

First, we describe the use of pyrolytic graphite edge electrodes (PGE) ardd® B
ray absorption spectroscopy (XAS) to address the influence of protein environment, DNA, and
solvation on the [4Fe4S] cluster redmatential in the bacterial base excision repair glycosylases
endonuclease Il (Endolll) and MutY. The PGE surface is rough and favorable for protein
binding; electron transfer can be further enhanced in the presence of carbon nanotubes.
Electrochemical sigals for Endolll and MutY in the absence of DNA are large and
reproducible, and a potential shift upon DNA binding is observed. With respect to studying
proteins in the absence of DNA, the PGE electrode represents a significant advance over
previously usedhighly-oriented pyrolytic graphite (HOPG), which is hydrophobic and difficult
to prepare. To test the effect of protein environment on redox potential, a series of Endolll point
mutants were prepared in which the charge within 5 A of the cluster waseewa@radded in.
None of these mutations induced a significant shift in redox potential relative to wild type,
arguing that DNA electrostatics are the dominant factor in potential modulation. In parallel, XAS
studies were performed on Endolll and MutY e fpresence and absence of DNA, and in the
presence and absence of solvent. Ligating cysteinyl thiols and inorganic S atoms in the [4Fe4S]
cluster absorb at different intensities in XAS depending on solvent environment and local
electrostatics; these chasgy in turn, directly correlate to redox potential. By XAS, DNA was
found to induce a significant shift in absorbance, and thus potential; the removal of solvent had a
smaller effect. Together, these studies provide new approaches for the study -biiriaixhg
[4Fe4S] proteins and reveal the critical role of DNA in tuning the redox potential.

Second, we report on a novel mutation in human MUTYH identified from a colorectal
cancer patient and confirmed to be pathological. MUTYH is responsible for repariagnc

lesions induced by oxidative stress and is thus frequently implicated in cancer. This new variant,



C306W, contains a mutation in one of the cysteines that ligates the [4Fe4S] cluster.
Electrochemistry, activity and DNA bindingsays, and spectrogso analyses werperformed
for C306W alongside wild type MUTYH and two other diseesevant mutants, Y179C and
G396D, with an unaltered cluster environment. From this work, it is now clear that C306W can
still bind a cluster, but it is susceptible tdaative degradation to the [3Fe4S}ate upon redox
signaling in an aerobic environment. Consequently, enzymatic activity is very low, and DNA
binding is poor. Overall, this represents the first complete characterization of the [4Fe4S] cluster
in a humarhomologue of MutY, and the first demonstration of pathology resulting from a
mutation that primarily affects the [4Fe4S] cluster.

Moving into DNA replication proteins, we report on the characterization of the [4Fe4S]
cluster in yeast DNA polymerase (Pdl, t he eukaryotic | agging str:
reversible electrochemical signals at a midpoint potential indistinguishable from Endolll under
the same conditions, and EPR spectroscopy confirms use of the [2té48liple. The
electrochemicasignal is attenuated on DNA containing an abasic site or a CA mismatch,
confirming that Pneediated signaingcBallp eebtriolgsisanti D N A
photooxidation were used to oxidize Pol d und
carriedout using oxidized or untreated protein. Oxidation stalls replication activity, while
electrochemical reduction of oxidized samples restores activity to untreated levels. These results
thus reveal that cluster oxidation serves as a reversible switclareguin g P o | ad activi
suggesting am vivorole in responding to replication stress, especially oxidative stress. In an
effort to address these possibilities, we have carried out preliminary efforts in the

characterization of two potentially Gdeficientmutants, W1053A and Y1078A. Both mutants



were found to be too structurally unstable to proceed iwithivo experiments, but they can serve
to guide future efforts in this direction.

Finally, a strategy to examine charge transport through-B&hd singt-stranded DNA
is reported. RPA is the eukaryotic singkeanded binding protein and forms a protective coat
around vulnerable unwound DNA at replication forks. Given the importance of redox signaling
in replication proteins, we aimed to use photooxideé&rperiments to determine if CT through
RPA is a viable pathway; if so, this would open up a large set ofreomge transfer pathways to
[4Fe4S] proteins in replication. These efforts are ongoing, but the experimental strategy and

initial efforts are disussed.
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Chapter 1

Introduction: DNA Signaling by Iron-Sulfur Cluster

Proteins

Adapted from: Bartel s, P. L. ; O 6 BSulfueGiuster E . ; Bar
Proteins. pp. 405 423 inlron-Sulfur Clusters in Chemistry and Biology* &d. (ed. Rouault,
T.), DeGruyter, Berlin/Boston.



[4FedS] Clusters in DNA Processingenzymes and DNA Charge Transport

The multimetal [4Fe4S] clusters in mitochondrial and cytosolic proteins have long been
known to serve critical functions ranging from electron transfer to catalysis @n exciting
turn, the last three decades haveaaxjed the known cellular distribution of [4Fe4S] clusters to
the nucleus, where they occur in DNbAocessing enzymes throughout all domains of Bf&2).
Table 1.1 illustrates many of these new DNA processing enzymes containing [4Fe4S] clusters.
As is evdent from the table, [4Fe4S] clusters occur in proteins involved in all aspects of DNA
processingThese enzymes are structurally and functionally diverse, acting in a range of
pathways from base excision repair (BER) and nucleotide excision repair (bl PIR)A
replication.Many of these proteins are known to be disease relevant, and so determining the
function of the cluster has been a high priorit8,(14. In all of these proteins, the [4Fe4S]
cluster is norcatalyticandlargely redoxinert in solutian, and only secondarilynvolved in
maintaining structural integrityl(5, 1. Despite some evidence to the contrary and the
metabolic expense of inserting such a complex cofat®rl({7), the cluster was typically
assigned a structural role. This aremaeed highly contentiousr years, but workn the
Barton labhasdemonstrated that DNA binding activates these proteins toward redox chemistry
through an electrostaticatipduced potential shiftl@). The activation of these proteins for
redox activitywhen bound to DNA enables thémtake advantagd a fundamental property of
DNA known as DNA charge transport (DNA CT).

DNACTi nvol ves the transport -stdckee@basepdrs;,ons or
this process remains functional over lahigtances as long as stacking is not perturbed (i.e., by
lesions, mismatches, or proteins that sharply kink the DNI8)) (ndeed, the sensitivity of DNA

CT as a damage reporter led to much interest in possible biological applications of DNA CT, and



sparkel initial interest in studying the mysterious [4Fe4S] proteins. The connection between
[4Fe4S] proteins and DNA CT has proven to be extraordinarily fruitful from both perspectives.
Over the course of numerous studies described later in this cHaN#®ICT has been found to

help [4Fe4S] proteinsearch the genome for damage in a timely manner and to coordinate their
activities by longrange redoxignaling. The devadpment of this model has sinbegun to

provide insight inta range of poorlunderstoodnutations in the [4Fe4S] domaaf repair

proteins, and the importanoésignaling among these proteiasdiseasecausing mutations
underscores the need for a better understanding of the chemistry of [4Fe4S] clusters in DNA
processingg,13,19.

Until recently, the study of [4Fe4S] proteins was largely limited to bacterial repair
proteins, with the behavior of their eukaryotic counterparts assumed to be similar. The work
described in Chapters 2 and 3 describes some additional experiments to clarifyeladsng
bacterial repair proteins, while Chapter 4 discusses the first investigation of DNA CT in one of
the eukaryotic homologues of bacterial BER proteins, human MUTYH. In addition, it has only
recently become apparent that [4Fe4S] clusters are notrumon in eukaryotic DNA replication
proteins, and these include DNA primase and ttiarBily DNA polymerases. Chapters 5
through 7 describe multiple approaches to the study of one of these enzymes, the yeast lagging
strand polymerase, DNA polymerase (Hol) Wi t h t he realization that
DNA CT, it also became interesting to see if the shsglanded binding protein RPA could
facilitate CT on ssDNA and serve to expand the possible signaling routes olacttiex
proteins. Preliminaryork with RPA thus constitutes Chapter 8. In this chapter, an outline of the

studies that led to the current model for redox signaling in DNA repair is provided along with the



developments that led to an expansion and generalization of the model to Dislade

replication proteins.



Table 11 DNA-processing [4Fe4S] proteins from the 3 domains of life.

Pathway

Base Excision Repair
(BER)

Nucleotide Excision
Repair (NER)

DNA Replication

Replication Coupled
Repair

Telomere
Maintenance/Meiotic
Crossover

Transcription

[4Fe4S] Proteins

Bacteria Archaea
EndolIll, UDG, Mig
MutY

- XPD
AddAB, -
DinG

- RNA

Polymerase

Eukarya

Ntg2,
MUTYH,
DME

Rad3/XPD

DNA Primase,
DNA
Polymerase

(Pol) 0., 9, &,
g

Dna2, FANCI,
ExoV

Rtell, Chll

Elp3

Function

DNA glycosylases that
excise oxidized or
misincorporated bases

Helicases that unwind DNA
surrounding bulky lesions

RNA priming of ssDNA and
5' - 3' synthesis of primed
DNA

Varied; helicases and
nucleases that expose
ssDNA for homologous
recombination or, in the case
of DinG, unwind R-loops

Helicases that unwind
specialized DNA structures

Template-directed RNA
synthesis



DNA-Mediated Signaling in Base Excision Repair

The BER pathway involves the targeting and removal of damaged or misincorporated
bases from DNA by one of several specialized DNA glycosylase enz@nd$é resulting
abasic (AP) site is then exposed by an endonuclease that nicks the phosphate backbone, allowing
the short gap to be filled in by a DNA polymerase and then sealed BAdiffase. Within this
pathway, [4Fe4S] clusters are present in several glycosylases of thadigdix-helix family;
the Escherichia colenzymesendonuclease I{Endolll) and MutY were the first well
characterized example3-6). Endolll is a bifunctbnal glycosylaseesponsible for excising
oxidized pyrimidines andicking the DNA backbone at the site of damage, while MutY is a
monofunctional glycosylase that remonine mispaired witt8-oxoguanine. Homologues of
both proteins are present in ngaall organisms, from bacteria to mangd the [4Fe4S] domain
is conserved throughowt,(6). Early studies on Endolll by Cunningham showed the cluster to be
largely insensitive tbbothoxidation and reductigieading to the eventual assignment of a
strudural role @, 15). In the case of MutY, however, the cluster was found to be unnecessary for
structuralintegrity, and a possible substratensing role for the cluster was proposed inst&ad (
However, this mechanism could not explain the role of4Re4S] cluster in proteins other than
MutY, and recent work demonstrating full activity in the MutY homologues of anaerobic
organisms that lack a cluster entirely provides a further argument against this possility (
Amidst this perplexing situatiosupportfor a functional role for the cluster arose, due to strict
conservation of [4Fe4S] clusters in these proteins despite the metabolic expense associated with
cluster production and loading into target apoproteifs (

Unexpectedly, the key to undg@anding the role of the cluster turned out to be a

fundamental property of the DNA substrate itself: ground steta® DNA can conduct charge



d u e t -etacket @rangement of the aromatic base pairs, which have a similar spacing and
arrangement to #t of conductive graphite sheels). This remarkable property was
demonstrated in the ground state through electrochemical experiments where DNA containing a
covalent alkanghiol linker at one end was tethered to a gold electrode, and aaetoz
intercalator appended to the opposite end of the duplex served as an electron donor/acceptor
upon the application of a potent{®@igure1.1). Using cyclic voltammetry (CV) and square wave
voltammetry (SQWYV), rapid, lorgange charge transport (CT) has bebseoved over distances
up to 34nm (100bp of duplex DNA) with rates comparable to those measured-mex (D).
CT is efficient even with multiplereakspresent in the phosphate backbone, but just a slight
perturbation to base stacking, such as theepiess of a CA mismatch, has been shown to sharply
attenuate chargeansportyields (Figure 1.1) Well-stacked base pairs are thus a requirement for
DNA CT. The biological accessibility of DNA on this platform has been demonstrated by
experiments measurirrgstriction enzyme activity electrochemically, so that proteins are able to
recognize their cognate sequence and carry out reactions on the DNA duplex on the electrode.
Overall, CT renders DNA an effective redox sensor of DNA integrity in cells, andahcept,
combined with the propensity of biological systems to use all available resources at their
disposal, led to a series of experiments designed to test the redox activity eb@idd [4Fe4S]
proteins.

To determine if otherwise redorert [4Fe4S] poteins couldbecome activated to carry
out DNA CT upon binding the DNA polyanipf#Fe4S] proteins were added@iNA-modified
gold electrodes, with the DNAound [4Fe4S] enzyme taking the place of a redox préigeire
1.2). In a revealing study, Endoldind MutY fromE. coliandUracil DNA glycosylase (UDG)

from Archeoglobus fulgidusiere each incubated in buffered solution at physiological pH on



DNA-modified electrodes and scanned by @@)( Remarkably, a reversible redox signal was
observed for all thee proteins and at quite similar potentials. DNA CT from the protein to
electrode surface was severely attenuated both in the absence of DNA and when the DNA duplex
contained an intervening abasic site proximal to the electrode surface, verifying tightie
was DNA-mediated. Midpoint potentials ranging from % versus NHE (Endolll) to 95 mV
(MutY and UDG) placed all three enzymes at the lower end of the&Q00nV range reported
for high potential iron proteins (HiPIPs), and well above-g@® to-600 mV rangeexpected for
ferredoxins 21). These electrochemical results, combined with data from EPR spectroscopy of
native and chemically oxidized DNBound proteins, led to assignment of the observed signal
to the [4Fe4S]"?*couple utilized byHiPIPs rather than the [4Fe48}* couple favored by
ferredoxins.

To understand how this redox activation occurred, it was necesddirgdtly compare
the redox potential of the [4Fe4S] clusitethe presence and absence of DNAe DNA-
dissociated [Be4S] enzymes were previously shown to be resistant to a change in cluster redox
state even in the presenof powerful chemical oxidan{8). This redox insensitivity suggested
that the DNAdissociated proteins have high reduction potentials outsidenhtisgofpgical range,
requiring an electrode with a wider available potential window than gold. The 2V scanning
window of highly-oriented pyrolytic graphite (HOPG) satisfied thegjuirementand it could
furthermore be modified with DNA by appending a pwdinker to the end of the duplex to
form a noncovalent bond with the surfac2?j. On the bare electrode, CV and SQWYV revealed
an irreversible signal for Endolll with an oxidative peak centered at 250 mV versus NHE, just
outside the physiologically relant potential rangéFigure 1.3) An irreversiblg4Fe4S§/t*

reduction was also observed arouBA0 mV, supporting the initial assignment of the DNA



bound signal to thetFe4S§*2* couple. In the presence of DNA, however, the [4F&4S]
coupleundere nt a s hi f t-200mV and beeamé rmuahl largerfand @ore reversible;
signal loss in the presence of an abasic site confirmed that this process wasddiwed
(Figurel.3). The potential shift, in turn, corresponded thermodynamically tocaase in DNA
binding affinity of 3 orders of magnitude for the oxidized [4FéA&}rm of the protein, relative
to the reduced [4Fe48Jform. The lack of significant conformational differences between the
DNA-dissociated and DNAbound structures of Endolll and MutYg, 23) suggested that this
potential shift is due to the electrostatic effects resulting from binding to the polyanionic
backbone of DNA; the DNA polyanion tunes the potential of the bound [4Fe4S] cMster.
recert results examining Endolll and MutY along with electrostatic mutants in electrochemistry
experimeis on graphite support this notion, and are the topic of Chapters 2(2dxd I8
addition, limitations to the HOPG system and their solutions are discinsgethil in Chapter 2.
Overall, these electrochemical experiments revealed several critical details about the
redox properties of [4Fe4S] proteins in BER. First, DNA binding activated the proteins for redox
activity under physiological conditions by néigaly shifting the potential, and this negative
shift meant that the oxidized form of the protein would necessarily bind DNA with a much
greater affinity than the native, reduced form. Second, Endolll, MutY, and UDG all displayed
DNA-mediated redox sigrakentered around 85 mV vs. NHE, and thus similar EféAnd
redox potentials for the cluster. With no other obvious redox partners, it was reasonable to
consider whether these DNBound enzymes might be using DNA CT to signal to each other.
CT between evedistant DNAbound proteins is certainly temporally feasible, as DNA charge
equilibration takes place on the nanosecond time$28)avhile proteins diffuse along DNA on

the microsecond to millisecond timescale.
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One clear partner for redox chemistry vilas guanine radical. Under conditions of
oxidative stress, guanine radicals are generated in the DNA duplex, and indeed MutY recognizes
and repairs ®xoguanine/A mismatchegenerated after the formation of oxidized guanine
radicals in DNA. Guanine dama generated by loaginge oxidation of guanine through DNA
mediated CT has been measured biochemically and occurs over long molecular distances
(26,27. Monitoring guanine radical formation spectroscopically was used to determine rates of
DNA CT; DNA CT occurs on the nanosecond timescale and islirateed bythe base pair
motions(25). In fact, EPR and transient absorption spectroscopies were used to characterize
DNA CT between the guanine radical and Mutdsulting information of the oxidized
[4Fe4S}* cluster 28). We have also demonstrated that guanine radicals can transcriptionally
activate SoxR from a distanc29j. SoxR is an irossulfur protein that acts as a sensor of
oxidative stress in bacteria and activates a series of genes to respansttesFigurel.4).

Thus, undeconditions of oxidative stress, it is likely thithe guanine radicalan bea source for
oxidation of the BER enzymes with [4Fe4S] clusteyDNA CT and a means potentially to
signal the need tactivate necessary rapa

The fact that cellular DNA is not linear but wrapped around histongsromatin
brought up an important concern about the feasibility of4@mge signalingn vivo. can DNA
CT still occur in DNAwrapped aroundistones in a nucleosongere particl® This issue was
addressed by an experiment that isolated DNA cleavage at sites of guanine oxidation in
nucleosomevrapped DNA using a rhodium photooxidant covalently tethered to one end of the
DNA (30). The occurence of damage, evenstes distant fronthe photooxidantdemonstrated
that curvature of t he DN-ftackingisunpartuigesdh Theant as |

wrapping of DNA around histones produces very graduafature, not the kinking of DNA,
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whichis known to interferevi t h  DNA Gsfackind perturddtions can arise from the
binding of certain proteins, as has been shown with the transcription factor TATA binding
protein, which kinks the DNA duplex at a sharp angle and effectively shuts o8 LTThis is
not, lowever, the typical binding moa¥ DNA-binding proteins; helbturn-helix proteins do
not interfere with DNA CT and thus many proteins that coat the DNA in the celbaexpected

to affect long range signaling through DNA CT.
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Figure 1.1 Redox probeslectrochemistry m DNA-modified gold electrodes. As illustrated by
Nile blue, DNAintercalating redox probes can participate in DMAdiated charge transport on
this platform to produce a reversible signal by cyclic voltammetry (CV; blue). The presence o
single modest disruption, such as a CA mismatch, markedly attenuates CT (red).
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Figure 1.2Protein electrochemistry on DN#nodified gold electrdes. When §dFe4S] cluster
protein binds to DNA o a selfassembled monolayer, electron transfer betweertluster and
the electrode is highly efficierfkeft cartoon, dark blue CV)f bn abasic site anismatched base

pair is incorporated into the DNA sequence, CT is disrupted and the signal is effectively shut off
(right cartoon, light blue CV)



14

250 mV vs NHE

Figure 1.3Endolll electrochemistry on a highly oriented pyrolytic graphite (HOPG) electrode in
the presence and absence of DNA. When Endolll was incubated in solution on HOPG, an
irreversible signal with a potential of 250 mV vs NHE by square wave voltammagy w
observed (top). Importantly, the [4Fed$} couple could also be observed arouB@0 mV vs

NHE, in agreement with the assignment of the high potential couple to the [AEEAB]

contrast, when a film of pyrenmaodified DNA was present, tiendolll signal was reversible

and the potential shifted over 200 mV-89 mV vs NHE (bottom). Due to the lack of significant
conformational changes upon DNA binding, this effect was attributed primarily to the
electrostatic effects associated with bindiaghe polyanionic DNA backbone.
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%v’ = [2Fe2S]* Cluster

@ = [2Fe2S]** Cluster

Figure 1.4 Transcription factor SoxR, activated in response to oxidative stress in the cell,

contains a [2Fe2S] cluster, which is oxidized from the [2Fef2Bin to the [2Fe23] form when

turned on for activity. Usig a DNAintercalating Rh (1) photooxidant, a guanine radical is
generatepogittitd@e3dmudaubbet . The guanine dama
distance by bound SoxR, though DNA CT. The guanine damage in turn oxidizes SoxR to the
[2Fe2S}t* form and turns on the oxidative stress response.
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Assessing redox signaling by [4Fe4S] proteims vitro and in vivo

In addition to exploring chemically whether the [4Fe4S] cluster of the repair proteins
could be oxidized in a DNAnediatedeaction, we became interested in visualizing the process.
To do soan atomic érce microscopy (AFM) assay was developedssesshe distribution of
[4Fe4S]proteins on DNA(Figurel.5, ref. 32). Specifically, this assaypvolved the addition of
WT Endolll to a mixture consisting of&a8 kb DNA substrate, either completely welatched
(WM) or containinga single CA mismatcfMM), and two smaller (2.2 and 1.6 kb) strands of
WM DNA (from which the larger strand was comeds This solution was dried on a mica
surface and imaged, with DNBound proteins distinguished by their greater height relative to
DNA and free proteins, thereby providing a visual snapshot of the equilibrium binding
distributions of proteins on the DNAVith respect to the distribution, it was predicted that redox
signaling would causgghtly bound oxidized protein® be trapped in the vicinity of a €T
attenuating mismatch, leading to an increase in binding density on mismatched DNA over well
matched DNA. The notion is that on the wathatched strand, there is extensive DiWdiated
CT between the DNAound proteins, facilitating the dissociation (with reduction) and
reassociation (with oxidation) of proteins onto different strands. With a mismatble strand,
DNA CT is inhibited, and thus little dissociation and redistribution occurs, leading ultimately to
proteins being bound preferentially on the mismatched versus fully matched duplexes.
Importanty, a CAmismatch is not a substrate for Endold,teere is no intrinsic reason for the
protens to localize to this stranthdeed we found that Endolll binding density ratios for WM
versus MM DNA (proteins bound per kb on long DNA/proteins bound per kb on short DNA)

averaged to 1.6 for mismatched IdDNA, indicating a preference for nmeatched strand$n
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control experimenta/here the long and short strands were both fully matched, the binding
densities were always essentially the same.

Although Endolll as purified is largely in the [4Fe4d'Sjxidation state, enough [4Fe4S]
Endolll must be present in a given sample to allow redistribution in the AFM assay. However,
Endolll and other BER proteins generally operate under conditions of oxidative stress in which
onewould expect a higher proportion d¢fet proteins to be oxidized. To test conditions in which
more oxidized [4Fe48] protein is initially present, Endolll/DNA mixtures were incubated with
hydrogen peroxide prior to AFM imagirfd2). Consistent with oxidative stress activating this
process, xidationresulted in an increase tine redistribution, witlihe binding density ration
mismatched DNA increasifgpm 1.6to24 The protein i s able to
single mismatch on a 3.8 kilobase duplex.

Endolll mutantghat weredefective in carrying out DNA Chad been prepared and
characterizedand it was of interest to see how these mutations would affect redistribution.
Tyrosine and tryptophan residues are well known to facilitate electron transfer within proteins
(33), andit was reasonable to consider that they might be involved in relaying electrons between
DNA and the cluster in Endolll. With this aim, a range of mutamseprepared and
chamcterized in activity assays, and their CT properties were then investigated in
electrochemical experimerdsid the AFM assaysdl). Independent mutation gkveral aromatic
residues in Endolll, including F30, Y55, Y70, and YB%ulted in proteins with full catalytic
activity and an identical midpoint potential but differing extesft€T deficiency relative to WT,
as measured by the current signal height per cluster in a cyclic voltammogram on a DNA
electrode. InterestingJyve could correlate directly the efficiency of DNA CT with redistribution

in the AFM assaythose proteins whitshowed poor electrochemical signals on DNA
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electrodes, reflecting poor DNA CT, also showed low binding density ratios in the AFM assay,
while those with high DNA CT efficiency showed high ratios for redistribution onto the
mismatched strand. Thus protewith efficient DNA CT could more effectively find the
mismatched strand.

But does this signaling occur within the cell? To see if these #eds&d exchanges
between [4Fe4S] pteins occuiin the cell, we took advantage of a geneticassaii h e | per
functi ondo assay designed to asses figueh@&refef f ect
32). This assay usds. colistrain CC104, which has a cytosine swapped for an adenine in the
lacZGlu-4 6 1 ¢ o d o n, -ggactasidasenattivitg and ibhibiting growth in media with
lactose as the primary carbon source. Because MutY specifically removes adenine mispaired
withoxoguani ne, | owered MutyY acti vit ytransversitnhe CC1 |
t hat rgalactosidase acfivity and growth on lactdae*). Numbers obtained could range
from ~20 revertants per 1plated cells in the background to over 300 revertants Jerell®
when MutY was knocked out. To see if cooperatosignaling with other [4Fe4S] proteins
might affect MutY activity, the Endolll genath) was knocked out in the CC104 strain;
critically, Endolll does not resolve-AxoG mispairs, so it cannot function redundantly with
MutY. Despite thisnth cells slowedan average db4 lac* revertants, more than a tvfold
increase over background, finditsitacgetd. Torveyifythdt at End
this effect was due to long range CT, CChii4 strains were complemented with plasmids
encoding either C-leficient Endolll Y82A or catalytically inactive but &@droficient D138A.
Y82A was unable to restore background transversion rates, which were indistinguishable from
uncomplementedth’; in contrast, D138A, despite its inability to carry out the glycosylase

reaction, was able to help MutY and lower transversion rates to background levels. These genetic
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results provided a direct link between DNA CT and the observed ability of Endolll to assist
MutY in finding its targets.

These assays thus laid a foundation for considering how long range signaling through
DNA CT might indeed function for communication and cooperation among [4Fe4S] cluster
repair proteins within the cell. In our model, DNA repaitpins with [4Fe4S] clustersise
long-range redox signaling communicate oBDNA as a first step in locatinipeir targetg32).

As illustrated inFigure1.7, a redoxinert repair protein in the natijéFe4S§* oxidation state

binds to DNA and becomestiavated toward oxidation. If another distally bound protein is in the
oxidized [4Fe4ST state, the newbpound protein can reduce itatistance via DNA CT; upon
reduction, the binding affinity of the distal protein is lowered and the protein isofchffuse to
another region of the genom&hen the intervening DNAetween tk two proteins is

undamaged, thiself-exchange reaction proceeds efficiently. However, if a mismatch or lesion is
present between the proteins, CT is attenuated and the pain® longer communicate; both
proteinsthen remain oxidized and bound to DA in the vicinity of the lesion, significantly
reducing the rage over which diffusion must occur and allowing repair of the entire genome on
a biologically relevant time scale.

In addition to the novelty of the Clased damage search, this model was particularly
relevant because it presented a solution to the &ignifproblem of how repair proteins manage
to locate substrates on a time scale feasible for biological processes. Earlier models generally
invoked some combination of ommemensional and thregimensional diffusion along DNA to
explain this problem35), butthese mechanisms alone have been estintatide far too long
(over twice the c e-dpyonsmbdrprotéirs like utYttd seaech thef~4.5 | o w

Mb E. coligenome 82). If oxidative lesions were rare, this might not be a problem, lugthlg
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1000 such lesions occur per doubling tirfB8)( and the situation is no more favorable in other
organisms%). However, wheDNA-mediated CT scanning of the genome is feaxtanto this
processthe search time is significantly reduced even with tsGdrdistances of ~200 bp, and
substantially more so with longer CT distanc&®.(Critically, this mechanism does not

preclude diffusional search methods, but instead simply provides a way for proteins to reach the
vicinity of a lesionsignificantly morerapidly, and independent of the many other proteins
associated with the DNA; once in the vicinity, diffusion over relatively short (~200 kb) distances

would beused to locate and recognize the damaged base.
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Figure 1.5Atomic force microscopy (AFMassay to assess protein redistribution by CT. DPNA
bound proteins can be visually distinguished by their relatively great height on the surface, as
seen in a sample image at top left. If CT signaling is occurring (middle), WT proteins like
Endolll preferenally bind to DNA containing a CA mismatch, leading to significantly more
proteins bound to mismatched strands, as seen in the plot at bottom left.Seébnwenen the
assay is carried outith a CT-deficient mutant such as Endolll Y82A (far right), no
redistribution is observed (bottom lefAdapted from Reference 32.
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Figure 1.6E. colihelper function assay for MutY activity. The CC104 strain used in this assay
contains a GC substitution in ttecZ gene, rendering the cells unable to metabolize$ac
Oxidative stress generatesoguanine, which is readily mispaired with adenine during
replication; repair by enzymes thattargegs& o G ul ti mately cause a
reverting thdacZ gene back to WT. MutY, however, excises adening@anied with 80xoG, so

its activity prevents reversions. Remarkably, when Endolll (nth) is knocked out and an empty
plasmid is added in (top), revertants are observed, indicating an impairment in MutY activity.
WT Endolll restores the efficiency of MutYofp middle), while the Ceficient mutant Y82A

is unable to rescue MutY activity (bottom middle). In contrast, thef@ficient, but

catalytically defective, mutant Endolll D138A has the same restorative effect on MutY activity
as WT (bottom), confirminghat DNA-mediated redox signaling is the primary factor
responsible for this result.

GC
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§ @ =[4Feds]? Cluster
2 ’ = [4Fe4S]** Cluster

Figure 1.7 A model for DNA-mediated redox signaling between repair proteins. Enzymes with
the cluster in the native [4Fe#Sfirst bind DNA, causing the cluster to become activated

toward oxidation. Oxidative stress initiates the damage search when highly reactive species such
as the guanine radical cation are formed; these can oxidizell@NAd proteins in their vicinity.
Oxidation of the cluster to the [4Fe4Sform leads to a 100fbld increase in DNA binding

affinity, so oxidized proteins remain bound and diffuse along the DNA. \&@hether [4Fe4S]
proteinbinds at a distant site, it can send an electron through the DNstaask to reduce the
oxidized protein. At this point, the reduced protein binds less tightly to DNA and diffuses away,
while the newly oxidized protein continues the damage search. This process of redox exchange
continues until a segment of DNA containadesion is approached. Since even subtle lesions

can disrupt base stacking, CT is attenuated and any nearby oxidized proteins remain bound.
Thus, DNA CT allows repair proteins to scan large sections of the genome and focus their time
on areas containindamage.
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DNA CT in other repair pathways

In addition to BER[4Fe4S] proteins have also been found in NER pathways in archaea
and, by homology, eukaryote®)(NER involves the removal of bulky lesions such as thgm
dimers by exposing the damage through helicasdiated unwinding of theurrounding ~25 nt
of DNA, after which an endonuclease excises the segment and the resultant gap is filled in by a
DNA polymerase36). In archaea and eukaryotes, DNA unwindindependent upon the ATP
stimulated activity of the [4Fe4S] helicase enzyme XPD. Although XPD is itself part of the
transcription factotiH (TFIIH) complex, ithas nonetheless bemolated from the extremophile
Sulfolobus acidocaldariuand structurally kearacterized. Upon incubation amgold electrode
modified with anappropriate DNA substrate (20erduplex with a 9mer ssDNA overhang), a
reversible, DNAmediated signal centered at 80 mV N$IE is observed37). This signal
comparable in both shap&d potential to Endolll and MutY, in line with predictions for the CT
scanning model. In the case of XPD, however, the addition of ATP to stimulate DNA unwinding
strongly enhancethe current, whilethenehy dr ol ys ab | e-Sabpsadt. dlgsue ATP 0
signal enhancement indicat@sproved coupling of the akter to the DNA during activity, a
function which could be very important in coordinating with other proteins during NER,
effectively fAsignalingo that the repair prote
In humans, mut#ons in XPD are associated with several diseases, including xeroderma
pigmentosum, Cockayne syndrome, and trichothiodystra@hyr e archaeal versions of two of
these mutants, G34R and L325V, were characterized electrochepicdhywee CT-deficient
(37,38. To see if DNAmediated signaling could occur between disparate pathways and
proteins,S. acidocaldariuXPD andE. coli Endolll wereincubated together in the presence of

DNA and imaged by AFM38). As with experiments involving only Endo]lthepresence of a
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CA mismatch resulted in an elevaieMA-binding density ratio; this effect wésstif WT

Endolll or XPD were incubated with a @¥eficient signaling partner, namely XPD L325V or

Endolll Y82A, respectivelyThus, XPD was able to help Enddbtalize to damaged DNA, but

only if both proteins were Gproficient. This experiment established two important génera
properties of CT between [4&8] proteins: first, that lorgange signaling can occur between

proteins in distinct pathways, and second, that the proteins do not even have to be from the same
organism in order to communicate in this mankénat is critical is that they both bind DNA,

have similar DNAbound redox potentialand are well coupled into the DNA helix to carry out

DNA CT.

E. coliDinG isasuperfamily 2 helicasa@ith homology to XPD that also contains a
[4Fe4S] clusterq), althoughDIinG is primarily tasked witlR-loop matiration rather than NER.
R-loop maturation involves the helicasediated unwinithg of RNA-DNA hybrids that result
from collisions betweetranscription and replication machingB8). We found that DinG
behavedimilarly to XPDon DNA-modified Au electrdes, displaying airtually identical
midpoint potential, and the increase in current upon the addition of ATP was even more dramatic
than for XPD 40). Likewise, DinG showed a redistribution onto mismatched DNA in the AFM
assay, both alone and in a mixdwith WT Endolll but not when combined with &iEficient
Endolll Y82A. These assays supported the model developed for CT signaling in repair.

The real value in probing signaling by DinG, adzaroli protein,was the ability to
examinen vivosignalingin a bacterial system both with Endolll and Mud6 an initial effort
in elucidating signaling between pathways, I helper function assajiscussed above was
employedo see if CFactive DinG could stimulate MutY activity in the same way as Endolll

Remarkably, a DinG knockout did cause an increasacinreversionsdegite the fact that
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DinG and MutYare activen distinct repair pathways. This result wasagreement with thi
vitro AFM studies showing communicationtibeen XPD and Endolll bwvent further by
demonstrating such communicationvivo within the same organism.

Importantly, we could ask also if Endolll signaling was necessary for DinG activity. Here
we used the InvA. colistrainto test the effect of EndolCT on DinG activity(Figure 1.841).
This assay relied upon the reversal of the frequently transarib&dperon inE. colito
increase the frequency of replication/transcription collisicasising stalled forks and generating
R-loops; DinG correction of theselBops wa essential for cell survival. Indeexkll growth
was abolished when Endolll was knocked out, and complementation with eithert &l or
enzymatically inactiveCT-proficientmutantEndolll D138A restored survival. In contrast,
complementation with th€T-deficientbut enzymatically active Endolll Y82A did not restore
survival. Taken together, thiglutY helper function and InvA strasurvival assayshowed that
long-range signaling by DNA CT is critical to [4Fe4S] enzymes in disparate pathways: DinG
signalsBER proteins in their search for damage, and the BER proteins, in turfiaciddate R

loop resolution by DInG.
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Figure 1.8E. coliinverted A assay for DinG activity. In this assay, the highly transcritvetl
operon has been inverted to incretserate of replication/transcription collisions, generating R
loops, which the [4Fe4S] helicase DinG unwinds to resolve the stalled fork. Surprisingly,
knocking out Endolll prevented DIinG from resolvingd®ps, abolishing cell growth. As in the
helper function assayRigure 1.6), both WT and the CGproficient mutant D138A rescued this
effect, while CTFdeficient Endolll Y82A did not. Overall, this indicates that CT signaling
between Endolll and DinG is important in helpingn@ localize to collision sites.
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A role for CT in eukaryotic DNA replication?

In addition to BER and NER, consern@dre4S] clusters have been idergii in
eukaryotic replication proteins, including yeast and human DNA primase and the yaastyB
DNA pol ymer ais e 9,9 HdHdsrsl.90 In DNA replication, a replication
bubble is generated by two helicase complexes unwinding DNA in opposite directions, and new
DNA strands are synthesized in the 5a Y 3aqa di
shat (8-10 nucleotide) RNA primer generated by a primase enzg)e The directionality of
the polymerases necessitates that one strand, the leading strand, undergoes continuous synthesis
in the direction of the fork, and the other, the lagging strandyrioee in discontinuous 12160
nt Okazaki fragments. Under normal conditions, eukaryotic polymerases divide the task of DNA
replication, wDmntbf DRAtd thelRNA pirder befpre deing the leading
strand to Pol U ®#od43itihé | agging strand to

Replication presents an additional puzzle beyond DNA repair, asptasas daot
scan the genome, but instead associate in complexes at replicatiodfrkaithful
duplication of the genome requires a large amount of coordination@DNAbound [4Fe4S]
proteins, which may be facilitated by DNAediated redox signalingVork in our laboratory
has indeed shown this to be the case for DNA
(45.Pri mase f or ms a(Pa-Rrimyn vieocandogettrer tieselprotéins form a
20-30 nt RNADNA hybrid primer. The means by which the RNA and DNA segment lengths are
precisely controlled, and the mechanism of the prirkasel U handoff are curre
understood. In the casé DNA primase oxidation of the clusteglectrochemicallyesults in
markedly enhanced DNA binding, and redox activity has been proposed to act as a switch

mediatingthehand f f from pri mase t o-boBnprimgbeinthew t hi s mo
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[4Fe4S} stae would synthesize anB) nt RNA primer, at which point reduction of the
oxidized primase by the [4Fed4S] cluster of Po
the haneboff. Signaling between these particular proteins is a compelling possigilren that
pri mase and Pol U form a single complex fl exi
pri mase and Pol U for CT signaling.

Upon completion of the RNANA hybrid primer by PePrim, the primer end is handed
off to the clamp loader complewhich attaches the circular sliding clamp PCNA to the primed
end; PCNA is then bound by Pol U ontdadhe | eadi
synthesize long stretches of DNA in a processive madeerBeause the clamp loaddpbes
notcontan a [ 4Fed4S] cluster, the Pol 04 cluster mu
Among other possibilities, a role for the cluster in sensing and coordinating the response to stress

during DNA replication was particularly appealing. This intriguingbpem led to extensive

workwi t h Pol u, which is described in detail i n
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Figure 1.9DNA-binding eukaryotic enzymes containing [4Fe4S] clusters are found both in
repllcatlon and in repair pathways. The three polymerases (Polseng¢Rrimase, Polymerase

U, and Polymerase U) responsible for copying
cluster. Polymerase-Primase initiates replication through RNA/DNA primer synthesis;

Pol ymerase U and Pol yoatonomtheleadingtarid éagging srdnéof o v e r
the replication fork, respectively. Dna2 helicameslease, instrumental in Okazaki fragment
processing, also contains a [4Fe4S] cluster in its nuclease domain. Repair enzymes, such as
XPD helicase in the TFIIldomplex (NER) and MUTYH/NTHLL1 glycosylases (BER) search for

and repair any mismatched/damaged bases on the nascent genomic DNA. This array of [4Fe4S]
enzymes in several pathways, with the ability to communicate with one another through DNA

CT, suggestdhiat redox signaling may play a larger role in coordinating the complex and

dynamic process of eukaryotic replication.
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DNA-binding [4Fe4S] proteins in human disease

Many DNA processing proteins containing [4Fe4S] clusters are known to be inuolved
human disease, with naratalytic mutations near the cluster being surprisingly prevalent. These
proteins include the human homologues of MutY and Endolll (MUTYH and NTHL1,
respectively) and XPD; poorly understood mutations in the [4Fe4S] domain apedent in
DNA primase and Pol d. MUTYH is a crit-i cal
associated polyposid ). Several poorly characterized mutations in residues near the cluster
have recently been recognized. While difficult to undesfaom conventional perspectives,
preliminary electrochemical studies have revealgldast one of these mutants to be more
sensitive to oxygemediated cluster degradation as described further in Chaf8). £luster
degradation would be especiallgv@stating from the perspective of a-8dsed damage search,
compromising not only MUTYH but other repair proteins within the redox signaling network.
Similarly, NTHL1 has been recognized as important in a variety of different cancers, although
mutations mn NTHL1 have not been studied to the extent that those in MUTYH AdyeXPD

mutations are better known for their direct role in three major genetic disorders:

p |

trichothiodystrophy, Cockayne syndrome, and xeroderma pigmentosum. These disorders cause a

phaosensitivity phenotype that ultimately results in the development of cancer and/or
accelerated aging. Canemlevant mutations in the [4Fe4S] domain hals® been reported in
bot h DNA pr i @3 S0echowened mRatidns inirepl(icative polyrases are

relatively rare due to the essential nature of these enzymes, and those that have been studied
generally occur in catalytic domainsl( 5. From these examples, it is clear, however, that

non-catalytic [4Fe4S] clusters in DNArocessing enzymese more relevant to disease than
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previously suspectedSome work has already implicated defective CT capabilities as important,

but many questions remain to be answered.
Conclusions

Our understanding of the role of [4Fe4S] clusters in Bdcessing exymes has
progressed from that of an unusually complex structural group to that of a critical element of
rapid, longrange redox signaling along DN&onsidered from another perspective, the
recognition of redossignaling between [4Fe4S] proteins has destrated the importance of
DNA-mediated CT to biological systems. Indeed, DNA CT is crucial for the identification of
lesions by lowcopy number proteins like MutY, which would otherwise be unable to find their
targets on a relevant timescale. Although Hudy of work has come a long way toward
explaining daunting problems regarding [4Fe4S] proteins and the role of DNA CT in the cell, it
opens the door to numerous further questions. These include the nature and origin of the
unprecedented potential shifts e | f, t he rol e of the cluster in
DNA replication proteins that serve very different purposes than the [4Fe4S] protein studied up
to this point.

The work described in following chapters builds upon this basis anelseyis an effort
to answer some of these unresolved questions. This starts with problems in the same bacterial
proteins described in this chapter, specifically addressing the role of charged amino acid residues
near the cluster in modulating the redox ptitd and probing the molecular source of the large
potential shifts seen on HOPG. Moving beyond bacteria, the role of the cluster in human repair
proteins and its relevance to disease was directly addressed for the first time when a remarkable
opportunityto study a novel human MUTYH mutation was provided by clinical researchers.

Finally, the relevance of clusters in eukaryotic DNA replication, and in tfaaridly DNA
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polymerases in particular, was considered in depth. Indeed, the polymerases, alongAvith D
primase, represent the first efforts at studying DNA CT in proteins outside of DNA repair. As
will hopefully be made clear, despite the diverse functions of these proteins, they all use DNA
CT as a regulatory switch to rapidly coordinate activity betwssthways and under stress
conditions. From a slightly different perspective, this work provides more support for the notion
thatDNA CT, far from being an esoteric mechanism useful only in detection devaesgerve

as a sensor for the integrity of thpenome and expeditése cellular response to DNA damage,

oxidative stressand other genomic insults.
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Chapter 2

Electrochemistry of the [4Fe4S] Cluster in Base

Excision Repair Proteins: Tuning the Redox Potential

with DNA

Adapted from: Bartels, P.L.; Zhou, A.; Arnold, A.R.; Nufiez, N.N.; Crespilho, F.N.; David, S.S.;
Barton, J.K. Electrochemistry of the [4Fe4S] Cluster in Base Excision Repair Proteins: Tuning
the Redox Potential with DNA.angmuir, 2017, 33, 25237 2530.

P.Bartels performed all electrochemical experiments with assistance from F. Crespilho and A.
Zhou. A. Zhou, A. Arnold, and N. Nufiez prepared proteins for experiments.
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Introduction

E. coliendonuclease Il (Endolll) is a DNA glycosylase that excises oxidized
pyrimidines from DNA, functioning as part of the base excision repair (BER) pathway in order
to maintain the integrity of the genomiB.( Endolll contains a [4Fe43 cluster that is relatively
insensitive to reduction and oxidation in soluti@y @s a result, it was initially proposed that the
cluster served only a structural role within the protein. MutY is an@heoli BER glycosylase,
homologous to Endollthat also contains a [4Fe4Stluster 8). MutY, found in organisms
from bacteria to man, is involved in the repair of oxoG:A mismatches(humans, inherited
defects in MUTYH are associated with a familial form of colon cancer known as MUTYH
associged polyposis (MAP) and many MA&ssociated variants are localized near the [4Fe4S]
cluster @). Furthermore, in the case of MutY, it has been shown that the cluster is not required
for folding or stability 8), or direct participation in the intrinsic glgsidic bond hydrolysis
catalysis(5), making the widespread presence of conservedcatalytic [4Fe4S] clusters
difficult to explain.

Notably, the earliest studies with Endolll and MutY looked only at free protein in
solution, neglecting theffect of DNA binding on redox potential. Experiments carried out on
DNA-modified electrodes have demonstrated that, in both Endolll and MutY, the cluster
undergoes a negative shift in potential associated with binding to the DNA polyanion and is
activatedtoward reversible redox activitg). In these experiments, DNA monolayers were
formed on gold electrodes, and, upon addition of Endolll or MutY, a reversible signal with a
midpoint potential ranging from 685 mV versus NHE was observed. Importantly, the
introduction of just a single mismatch or abasic site into DNA led to signal attenuation, showing

that electron transfer bet ween isthcked pasegpairs i n

an
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in a process known as DNmediated charge transport (DNA L({I7). In this process, charge is
funneled from t he el stackof thalDNA bages to eeack thetrddoxo u g h  t
probe (a protein in this case); the only requirement is that the probe must be electronically

coupl ed t stack. Remarkdlg fe sensitivity to base stacking observed with Endolll

and MutY was comparable to that obtained using small molecules such as Nile blue or

methylene blue that intercalate directly into the base stack.

The expanded potential window of higkdyientedpyrolytic graphite (HOPG) and the
ability to form pyrenemodified DNA films on the surface made it possible to directly compare
the potential of proteins in the presence and absence of BNEXperiments with Endolll
revealed that DNA binding shifts tmeduction potential of the [4Fe4SF* couple by-200 mV
to favor oxidation. Thermodynamically, this shift corresponded to a large (~3 orders of
magnitude) increase in the DNA binding affinity of the oxidized form of the protein. Crystal
structures of Enalll and MutY with and without DNA do not show any significant structural
change upon DNA binding{12), so this dramatic result was attributed to a combination of
electrostatic effects resulting from the negatively charged DNA backbone and decreased solv
accessibility of the cluster in DNAound protein, which is in agreement with the known
sensitivity of [4Fe4S] clusters to their local environmdr®).(By demonstrating that DNA
binding brought the redox potential of Endolll into a biologically ret¢weindow, this result
served to explain the previously observed redox insensitivity of free Endolll and provided
evidence in favor of a redox role for the DNvdund protein cluster.

Since these experiments were carried out, a wide range of DNA proceszyrges have
been revealed to contain [4Fe4S] clusters with properties similar to Endolll and MutY. These

include theArchaeoglobus fulgidugracil DNA glycosylase (UDG), archaeal and eukaryotic



42

versions of the nucleotide excision repair helicase XPDilamH. coli R-loop maturation

helicase DinG 14), all of which were found to have similar DN#ound potentials (~80 mV
versus NHE) as measured on Dh#odified gold electrode$(7). The similar DNAbound
midpoint potentials and picosecond kinetics of DNA t©gether suggested that DNA CT could
provide a means for these enzymes to localize efficiently to the vicinity of their target lesions
(15). Indeed, experiments carried out butlvitro andin vivohave led to the development of a
model for DNA repairn which two [4Fe4S] cluster proteins use DNA CT to communicate with
each other over long molecular distances via electron transfenaliinge reactiong,(15). As
evidenced through the potential shift, DNA binding activates the proteins toward axittatie
[4Fe4S}* state 8). When the DNA intervening between the two proteins is undamaged, the self
exchange reaction can proceed efficiently, with the result that one of thebdti#d proteins is
reduced and its affinity for DNA lowered. This protedrtien free to diffuse to another region of
the genome. However, in the case of an intervening mismatch or lesion that impairs CT by
d i s r u-stacking,ghis’selexchange reaction is inhibited. Both proteins then remain bound
to the DNA in the vicinityof the lesion, significantly reducing the range over which the slower
processes of diffusion must occur and facilitating repair of a relatively large genome on a
biologically relevant time scald.p).

While DNA binding is clearly of critical importance the redox activity of these
enzymes, it is not clear that it represents the only way to modulate the potential. It was recently
reported that carboxylic acid monolayers had a similar activating effect as DNA, although, in
contrast with the above modéhgly identified the relevant couple as the [4Fé4Sjather than
the [4Fe4S}7?* couple (6). With respect to the latter point, the high potential of the reversible

DNA-bound signal on both gold and HOPG, EPR spectroscopy of oxidized DNA bound Endolll
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and MutY, and the observation of both couples in the expected potential regimes on HOPG
support the original [4Fe48]?* assignment§,8,15. Furthermore, this assignment is in

agreement with the known potential ranges accessed by the [3F&48]iple ofHIPIPs (L7).
Regardless of redox couple assignment, the possibility of activation by other molecules remains
an interesting point deserving further investigation.

In addition to other molecules, charged amino acid residues near the cluster might also be
expected to affect the potential. This was explored in a recent study in which several Endolll
mutants, E200K, Y205H, and K208E, were prepared and extensively characterized en DNA
modified gold electrodes; although these residues are located within thé dbister, all of the
mutants had indistinguishable DN#ound midpoint potentiald 8). Overall, these observations
suggested that DNA binding was the dominant environmental effect in modulating potential, but
the narrow accessible potential window omdgarevented further investigation.

In this work, we used direct electrochemistry on carbon electrodes to address the capacity
of DNA and other polyanions to activate [4Fe4S] proteins for redox activity and to assess the
ability of local electrostatics tehift the potential of Endolll in the absence of DNA. Because the
hydrophobic surface of HOPG is unsuitable for protein adsorption and difficult to pr8page (

20), we turned to the rougher, more hydrophilic pyrolytic graphite edge (PGE) electrode for
these experiments, using the technique of thin film voltammetry to immobilize proteins in a
stable layer on the electrode surfa2#-24). To enhance signal sizes, we also included single
walled carbon nanotubes (CNT) when possible, taking advantagdrdiiteconductivity and
the additional &limensional surface area they can provide for protein bin@if)g o summary,
this platform provided an ideal and reliable way to improve our understanding of the factors

important to tuning the potential of DNgrocessing enzges containing [4Fe4S] clusters.
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Materials and Methods

Endolll Overexpression and Purification

WT E. coli Endolll was overexpressed in BL21s{&E3)pLysS cells containing a
pET12-ubiquitin-Hiss-nth construct and purified as detailed previoudl8)( with the exception
that the final buffer contained 10% rather than 20% glycerol (20 mM sodium phosphate, pH 7.5,
0.5 mM EDTA, 150 mM NacCl, 10% glycerol). For electrochemical experiments, glycerol was
renoved from the protein solution using a HiPrep 26/10 desalting column (GE Healthcare)
equilibrated with a buffer consisting of 20 mM sodium phosphate, pH 7.5, 0.5 mM EDTA, 150
mM NaCl. Following buffer exchange, the protein was concentrated in two $tep.10,000
molecular weight cutoff (MWCQO) Amicon Ultra 15 mL centrifugation filter units (Millipore)
were used to concentrate each protein solution to a total volume of 1 mL or less. Samples were
then transferred to 10,000 MWCO Amicon Ultra 0.5 mL dérgation filter units (Millipore)
and concentrated until the initially yellow protein solutions were very dark in color
(approxi mately 300 €L final volume from 6 L o
by SDSPAGE.Immediately following conentration of the sample, the [4Fe4S] cluster loading
ratio was calculated by dividing the total [4Fe4S] cluster concentration as determined from the
UV-vi si bl e absor b aipxld008 Went byrthe total pretéimcgncedtration
as measureith a Bradford assay; typical cluster loading ratios for WT Endolll wer@é5e@.
MutY Overexpression and Purification

MBP (Maltose Binding ProteiAylutY fusion protein was expressed and purified using a
slightly modified version of a previously reporteabtocol 5). Modifications to the protocol
included changes in fAbuffer A0 to a resuspens

mM NaCl, 1 mM EDTA, 1 mM DTT, 1 mM PMSF, and 10% glycerol) and use of an amylose
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column to eliminate the necessityaktreptomycin sulfate and ammonium sulfate precipitation.
During the amylose preparation, the sample was washed with amylose wash buffer (20 mM
sodium phosphate, pH 7.5, 200 mM NaCl, 1mM EDTA pH 8) and eluted in amylose elutant
buffer (20 mM sodium phosplte, pH 7.5, 200 mM NaCl, 1 mM EDTA pH 8, 10 mM maltose).
The resultant fractions were concentrated using an ultrafiltration cell with a 10,000 MWCO filter
with stirring at 2C. Protein was then diluted -f6ld in heparin buffer A (20 mM sodium
phosphatepH 7.5, 1 mM EDTA, 5% glycerol in water), applied to a Pharmacitdii heparin
column on an AKTApurifier FPLC system, and eluted using a 10% linear gradient in heparin
buffer A to 100% heparin buffer B (20mM sodium phosphate, pH 7.5, 1mM EDTA, 5%
glycerol, and 1 M NaCl in water). MBRutY eluted at 450 mM NaCl (45% heparin buffer B).
Purity of protein samples was confirmed via 12% SDS page stained with SYPRO orange. The
[4Fe4S] cluster loading was determined usingtheMUWs i bl e absor4dmwance at 4
17,000 M'cmiY)  and a tso=2183R40rMomY); Ehmples were typically 685% loaded.
DNA Preparation

DNA strands for Endolll experiments were purchased from Integrated DNA

Technologies, with sequences as follows:

20-mer: 5-BTGAGC TAA CGT GTC AGT AG3 Nj

Complement:5-BjTA CTG ACA CGT TAG CTC AG3'

Singlestranded DNA oligomers (5 emol) were resus,|
et hanol precipitation. Briefly, 1000 L of ¢

added t o 1 Ostranded DNAinnvagtér and vortexed; DNA solutions were then frozen in
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liquid nitrogen for rapid precipitation and spun at 16,000 RCF (25 minutes) to form a pellet
which was then relissolved in Endolll storage buffer (20 mM sodium gitade, pH 7.5, 0.5
mM EDTA, 150 mM NacCl). Singkstranded DNA was quantified by BWi s  uesvalueg U
calculated using the Integrated DNA Technologies oligo analyzer tool; these were 197,800 M
emi! for the 20mer strand and 190,200 Mnv? for its complement. Equimolar amounts of each
strand were then annealed by incubation at 90°C for 5 minutes followed by slow cooling to
ambient temperature.

For MutY experiments, DNA substrates containing oxo®X8g uani ne)- or FA
fluoro-adenine)vere synthesized at the University of Utah DNA and Peptide Synthesis Core
Facility and unmodified strands were ordered from Integrated DNA Technologies. The following

DNA duplexes were used:

15mer: 5-BjGA GCC AXG AGC TCG3

15-mer Complement:3-8BCT CGG TYC TCG AGG5 N;j

30-mer: 5-NjGA TCA TGG AGC CACXAG CTC CCG TTA CAG3 Nj

30-mer Complement:3-RBJCT AGT ACC TCG GTGYTC GAG GGC AAT GTG5 Nj

X=GoroxoG and =C, FA, or A

Oligonucleotides containinpe central oxoG or FA were deprotected and cleaved from the

column by incubation in NKDH; 2-mercaptoethanol was added into oxoG samples to prevent
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oxidation. The cleaved DNA substrates were dissolveddH f i | t ered wi th a 0.
HPLC purified using a Beckman Gold Nouveau system with a Waters AP1DEAE 8HR column;
a 10100% gradient of 90:10 #@/acetonitrile with 2 M NHAc was used in purification. Isolated
fractions were dried down and-gdalted using SEPAK cartridges, and DNA integrity was
confirmed using MALDIMS. All DNA substrates were stored dried in tB6°C freezer prior to
annealing.
Electrochemistry

All electrochemical experiments were performed on an-@iiyee pyrolytic graphite
electrode (Pine Research Instrumentation) wige@metric surface area of 0.196%cifio
generate a rough surface suitable for protein binding, the electrode was abraded with 400 grit
sandpapeaind cleaned by sonication for 1 minute each in ethanol and water. After sonication, the
absence of electroacévmpurities was verified by scanning in Endolll storage buffer (20 mM
sodium phosphate, 0.5 mM EDTA, 150 mM NaCl, pH 7.5) or MutY storage buffer (20 mM
sodium phosphate, 1 mM EDTA, 150 mM NacCl, pH 7.6) as appropriate.

Singlewalled carbon nanotubes (CH)Twere found to enhance the signal size of
adsorbed protein, so they were included in the formation of all thin films unless otherwise noted.
Protein thin films were formed from several (typicalpd al t er nat e I|l-ayers of
walled carbonnanobues ( CNT) i n water (0.25 mg/ mL) and 1
buffer) or MutyY (50 €M) in a 1:1 mix with aqu
argon gun, and the process was repeated until the surface was coated by a viscous film, which
was then secured with 5% Nafion in water (diluted from 10% in water as purchased) to prevent
dispersal 21). For experiments including DNA, CNTs generally hindered electrochemical

signals, so these films were formed in their absence:IPglytamate (MW B-100 kDa) was
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used to assess the effects of a negatively chargedutstrate on potential. Although Nafion

also carries a negative charge at the pH values used, it was applied only to the top of a multilayer
film to form a binding layer, minimizing intactions with the electroactive protein; in contrast,

poly-L glutamate and DNA were incorporated directly into the thin film with protein to

maximize any possible interactions.

After thin film formation, 50 ¢lLdoonfop Endol I
of the film and an Ag/AgCl reference in 3 M NaCl and Pt auxiliary electrode were submerged in
the resulting droplet. Reduction potential, current, and charge measurements were then taken by
cyclic voltammetry (CV), square wave voltammetry (SQWafd differential pulse
voltammetry (DPV); all experiments were conducted at ambient temperature (20 °C).
Electroactive area was determined by plotting the scan rate dependence of the CV current
generated by 1 mM [Ru(Ngi]Clz in storage buffer and applyinge RandlesSevcik equation

(26),

I, = [(0.4463(F/RT)Y(n*?)(A)DY ( CA) 3 (1)

lbi s the peak current in amper®Risthéunivessal§aar aday
constant ( 8Y) BidtdmparafufermaKl nliskhe numlwé electrons transferred per

CV peak, A is electrode area in & is the diffusion coefficient in cfis* (9.0 x 10° for

[Ru(NHs)e]®;27) , CA i's bul k pr ot @i nancdo nsc einst rtantei osnc ai nn
Potentials were converted to NHby adding 0.212 V to the value measured by Ag/AgCl, using

the value of 0.209 mV value at 25 C given by the supplier, BASI®, and applying a temperature

correction £8). To prevent leakage of NaCl into the buffer and subsequent wandering of the
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reference pintial, the glass frit of the electrode was immersed in a gel loading pipet tip
containing 3 M NaCl with 4% dissolved agarose, and dried in this mix overnight. CNTs, 10%
aqueous Nafion, pol glutamate, and [Ru(N]Cls were purchased from Sigr#edrich,

while the Ag/AgCl reference electrode in 3 M NaCl was purchased from BASI®.
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Results

Direct Electrochemistry of WT Endolll and MutY

To examine variations in Endolll potentials with various substitutions or binding
partners, we first prepared WT Endolll thin films on a PGE electrode. All films were anchored to
the surface by Nafion and cappedthevabdeite 0 €L o
DNA, a quasireversible signal was observed by CV (Figure 1). The signal under these
conditions was relativeldy RsmalelC (03 iN alt iev@® rpeeda
reductive peak partially overlapped the much larger wavenaien reduction, making it
challenging to quantify. By adding 0.25 mg/mL CNTSs to form a protein/CNT/Nafion thin film,
the peak areas increased by an-18r 8lebfp o mednt
and oxidative peaks, respectively, while geak potentials remained unaltered from those
without the CNTs at 74 + 20 mV and 162 + 18 mV vs NHE (Figure 1).

The addition of Endolll and CNTs was associated with a large increase in the
capacitance; much of this increase was due to CNTs, as seefMIN&Nn thin films, but the
protein itself certainly contributed (Figure 2). Notably, the high conductivity of CNTs amplifies
redox events at the surface; a CNT/Nafion film shows reversible peaks around 200 mV vs NHE
and-80 mV vs NHE, both of which shomo splitting and are likely attributable to the reversible
reduction of surface oxides on the edge plane and even on the CNTs themselves (Fa§ure 2) (
31). Indeed, the 200 mV peaks were invariably present, although smaller, in buffer alone and the
-80 mV peaks varied in size based upon the freshness of the CNT suspension applied, consistent
with this assertion. The presence of protein on the surface markedly suppressed both of these

peaks, and the Endolll signal differed from the background both by astgdt which was
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essentially identical to that measured in the absence of CNTs, and in the occurrence of peak
splitting; the latter suggested a slower process, in agreement with reports of other proteins
adsorbed on carbof1Y).

WT MutY thin films wereprepared just as with Endolll, although the stock
concentrations were somewhat lower (~50 uM for MutY compared to ~150 uM for Endolll).

MutY displayed a quageversible signal similar to Endolll on CNT/Nafion thin films, with CV
peak potentials centeretd 800 £ 9 mV for the reductive peak and 162 + 3 mV for the oxidative
peak (Figure 1). Notably, the potentials were within error of the values obtained for Endolll. The
respective peak areas were 2.3 = 0.3 uC-8ntl+ 0.1 uC, about an order of magnitudeaier

than Endolll and indicative of lower surface coverage.

For both Endolll and MutY, the current exhibited a linear dependence on the scan rate
(Figure 3), confirming that the protein was adsorbed to the electrode surface rather than diffusing
in from solution; this relationship was present whether or not CNTs were included. Surface
coverage was initially determined simply by converting the total CV peak charge at a scan rate of
100 mV/s into pmol usi ng Far adasufase awaofittket ant a
electrode. Because the PGE surface is uneven, the geometric surface area can underestimate the
electroactive area by a factor as large &32). Indeed, using the geometric area of the
electrode (0.196 cfhigave a surface coverage5®0 + 300 pmol/cthf or 75 &M Endol | |
over 10 times larger than reported for ferredoxin thin films on PGE (40 pnpif8&) and over
100 times larger than CNT/Nafion/protein thin films on glassy carb@g@ol/cn?) (21).

By taking the scan ratependence of the current for [Ru(B* in Endolll storage
buffer and applying the RandiSgevcik equation (Equation 1), the electroactive surface area was

determined to be 1.0 &rabout 5 times larger than the simple geometric area (Figure 4). When
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thh s correction was applied to a thin £60I m f or i
pmol/cnt was obtained, which is still high but much closer to previously published results on

PGEB2 . Applying the same cor rMutystockgavetao f i | ms f
coverage of 29+ 6pmol/dn around 25% of that measured for
more direct comparison, surface coverage on t
measured to be 51 + 8 pmol/grindicating that MutY adsormin was absolutely less extensive

than Endolll. This result is not surprising, given that unmodified MutY is 39 kDa while Endolll

is only 24 kDa; the 42 kDa#&rminal MBP tag on MutY would only enhance this issue.

Adsorption of proteins to the electrodeface made it possible to estimate electron
transferrate &) and transfer coefficient (U) values
systems (Figure588) , where U is a measure of transitio
between 0 and 1. EnMutY signal was too small to measure the currents at high scan rates, but
this analysis could be carried out for Endolll. In the case of Endolll, we obtaingdfk+ 0.6
sland U values of 0.4 and 0.6 f ovely. Ashumingted uct i v
electron transfer is the only reaction-taking
reversible system. Importantly, electron transfer rates are similar to those reported for other
redoxactive enzymes/proteins adsorbedatarbon electrodes in the presence of CNTs and

Nafion 21).
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Figure 2.1 Representative CVs frolndolll and MutY thinfilms on a PGE electrode. A thin

film containing only 75 uM Endolll capped with Nafion gave a quasersible signal with
reductiveand oxidative peaks centered, respectively, at 74 £ 11 and 162 = 20 mV versus NHE
(center; red trace). Notably, the addition of CNTs substantially amplified the signal, simplifying
guantification (center; blue trace). Similarly, 25 uM MutY in the preseh¢&NTs yielded a

signal with reductive and oxidative peaks at 100 + 9.0 and 162 = 3.0 mV versus NHE (bottom).
CV scans were taken at a scan rate of 100 mV/s.
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Figure 2.2 CV of storage buffer, a CNT/Nafion thin film, and a WT Endolll/CNT/Nafion thin

film. CNTs (from a 0.25 mg/mL stock in water) increased the capacitance dramatically relative
to that observed with storage buffer alone and strongly amplified the signal around 200 mV vs
NHE that can be attributed to oxides present on the electrodeesurfdbe presence of CNTSs,

an additional signal occurs arow80 mV vs NHE which is likely the result of oxides on the

CNTs themselves. Notably, none of the signals observed with CNTs alone shows any peak
splitting, consistent with very rapid electroarnsfer taking place at the electrode surface. The
incorporation of WT Endolll (75 €M stock) int
results in a new, reversible signal centered around 130 mV vs NHE. In contrast to the unsplit
surface signals, thendolll signal is split by ~85 mV, with reductive and oxidative peaks around
75 and 160 mV vs NHE, respectively. The much greater capacitance in the Endolll CV shown
here relative to that in Figure 1 is due to the presence of 3 additional CNT/prote# fhiger

made the CNT alone/Endolll signals more easily compared, but the peaks were broadened and
less readily quantified. CVs were taken at a scan rate of 100 mV/s. Storage buffer consisted of 5
mM sodium phosphate, pH 7.5, 150 mM Na&id 0.5 mM EDTA.
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surface. (Bottom) The large Endolll signals made it possible to estimate electron transfer rates
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Figure 2.4 [Ru(NHs)e¢]Cls electrochemistry on a PGE electrode. 2 mM [RugF" in Endolll

storage buffer was used first to determine the trudrebactive area of the electrode and second

as an independent confirmation of redox potential measurements with proteins. CNTs markedly
amplified the signal size and decreased the peak splitting, but had no effect on the midpoint
potential.



57

WT Endolll and MutY Electrochemistry in the Presence of DNA

Having found thin films on PGE to facilitate the direct electrochemistry of free [4Fe4S]
proteins, we proceeded to see if the DNifected potential shift observed on HOPG could be
replicated With this aim in mind, a solution containing Endolll andr@@r duplex DNA in a 1:1
ratio in storage buffer was prepared, incubated on ice for 30 minutes and dried to form a thin
film on the electrode surface. Inclusion of CNTs in the film resultechimisy, widely split (>
100mV) signal that had the same potential as Eif& protein, indicating that the protein was
not DNA-bound. Thus, CNTs were excluded from subsequent experiments with DNA present.
Under these conditions, Endolll showed a very ssighal by CV that was much more readily
visualized and quantified using square wave voltammetry (SQWV) (Figure 5, Table 1). The
potential as measured by SQWV was 64 + 8 mV, representing a negative shift of ~60 mV from
the DNAfree value of 130 £ 8 mV. Thigsult is in overall agreement with earlier results
supporting the stabilization of the oxidized [4Fe4$drm upon DNA binding, but the shift seen
here is markedly smalle8), This difference can likely be attributed to less than 100% of the
protein béng DNA bound; free protein likely contributed to the observed peak, leading to an
underestimate of the shift. This heterogeneity could be further complicated by the expected
random orientation of DNA and protein at the electrode. Indeed, this is a fumdduiEerence
between the HOPG and PGE setups: the signal on HOPG wasizdiated, while that on
PGE was not.

Electrochemistry of MutY thin films prepared in the presence and absence of DNA (a 30
mer duplex, in this case) gave similar results to Endiilthe absence of DNA and CNTSs, the
SQWYV peak was too small to measure the potential with confidence, but it was in the same

region as Endolll (~130 mV vs NHE) (Figure 5); when DNA was present, the potential shifted to
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85 £ 3 mV vs NHE (Figure 5, Tablg.1n an effort to obtain larger signal sizes by increasing the
proportion of DNAbound protein on the surface, the experiment was repeated with DNA
containing an FA:0xoG substrate trap, which mimics the A:0xoG target of MutY but inKibits
glycosidic bonctleavagel ue t o t he el ectron withdrawing eff
position @4). No significant differences were observed, although the potential of 80 £ 6 mV
indicated a similar DNAbound signal, suggesting that any increase in DNA bgdifinity

afforded by the substrate trap was not sufficient to overcome the combined effects -Gfd@NA
proteins on the surface and surface passivation by the DNA itself. In considering these results, it
is important to note that, while a shift couldddeserved for both proteins, surface passivation by
nontethered DNA blocked a portion of the available electroactive sites and made the signals
small and noisy. Taken together, these results demonstrate the limitations of the PGE surface,
but, importantly they confirm that large potential shifts can be observed on the PGE electrode

even under suboptimal conditions.
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Figure 2.5Endolll andMutY thin-film voltammetry on a PGE electrode in the presence of

DNA. By SQWV, thepresence of DNA resultedinr@5 mV shi ft i n the pot
Endolll (center), with a similar result for
surface passivation, but they were still readily apparent by SQWYV. Unfortunately, CNds led
inconsistent and unstable signals, likely interfering with DNA binding, so they could not be used
to enhance the signals. Thin films were formed from several layers ofmaiyed 1:1

protein/DNA solution, and were capped with Nafion. SQWYV scans \a&entat a frequency of

15 Hz with 0.025 V amplitude, and scans were from positive to negative potentials (indicated by
the arrow).

er
2
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Table 21 Potentials (versus NHE) of SQWYV reductive sweeps for WT and mutant Endolll
and WT MutY in the presence and absencef DNA.

aEnzyme b Esowv (MV), - DNA b Esowv (MmV), + DNA

WT Endolll 130+ 8 €64 +8

WT Endolll + polyL 110+9 -

glutamate

Endolll Y82A 120+ 14 -

Endolll E200K 1307 -

Endolll Y205H 125+ 11 -

Endolll K208E 141 £ 12 -

WT MutY d> 130mV €85+ 3
©e80+6

a. When used, CNTs were added from a 0.25 mg/mL stock, and all experiments used protein storage
buffer as the supporting electrolyte (20 mM sodium phosphate, 0.5 mM EDTA, 150 mM NacCl,
pH 7.5 for Endolll, 20 mM sodium phosphate, 1 r&lATA, 150 mM NacCl, pH 7.6 for MutY).

b. Error isthestandard deviation of the mefor 3 or more separate experiments.

c. No CNTs present.

d. The MutY SQWYV peaks (Figure 2) were too small and noisy to measure the potential with

confidence.

e. OG:FA MutY substrate &ap DNA
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WT Endolll Electrochemistry in the Presence of PolyL Glutamate

We next sought to determine if DNA is unique in its ability to shift the potential of the
[4Fe4S] cluster by forming thin films with pely glutamate (MW 56100 kDa). Due tohe small
size of MutY signals, Endolll was used for this purpose. Like DNA,-hajjutamate is
polyanionic, but it is not a specific target for Endolll binding. In these experimentsl.poly
glutamate was preincubated with Endolll in a 1:1 ratio and amidiih films just as with DNA.
Unlike with DNA, the measured potentials and peak shapes were indistinguishable whether or
not CNTs were included. Interestingly, the presence of-paglutamate did not result in a
significant potential shift by CV, witthe reductive and oxidative peaks centered at 81 £ 1 mV
and 143 + 1 mV, respectively (Figure 3). At 110 + 9 mV, the SQWYV potential is, accounting for
error, about 10 mV lower than that of free Endolll, but is still substantially more positive than
the DNA-bound potential (Table 1). The CV values are within error of that for free WT Endolll
(Figure 6, Table 1), and, given that Endolll does not specifically bind telpglytamate, this
result should not be too surprising. It is likely that the [4Fe4S]edisthot exposed to the
negative charges of unbound pdlylutamate to the extent that it would be when the protein is
tightly bound to DNA, so no significant shift can be observed. This is also in line with the
insusceptibility of free Endolll to oxidain or reduction originally noted by Cunningha®). (
Overall, these results indicate that the potential of the Endolll [4Fe4S] cluster can be appreciably
altered only when the protein binds directly to a polyanion, such that the cluster experiences the
full effect of the negative charges. Thus, DNA appears uniquely able to affect the potential of the
cluster both by its charges and by its function as a binding substrate for these types of [4Fe4S]

proteins.
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Figure 2.6 CV of WT Endolll alone and in the presence of pblglutamate. In these
experiments, pol. glutamate was pracubated with Endolll (~20 minutes, final Endolll
concentration 75 €M) prior to thin fil-m for ma
glutamate caused no significant potential shift even at 6 mM gluta@idtewere taken at a scan
rate of 100 mV/s; DPVs were taken at an amplitude of 0.05 V with a 0.5 s pulse period.
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Direct Electrochemistry of Endolll Mutants

Since Endolliwas observed to undergo a significant potential shift upon DNA binding,
but not in the presence of the reubstrate poh. glutamate, we reasonably assumed that only
charges in the immediate vicinity of the cluster could shift the potential. Followmgjrthiof
reasoning, we sought to determine if altering the charge on amino acid residues near the cluster
might have a similarly large effect on the potential. Mutation of nearby residues to give a net
positive or negative charge was of further interes@loise it could, in principle, shift the cluster
potential in both positive and negative directions, unlike the unidirectional shift associated with
DNA binding.

In order to investigate these possibilities, the following Endolll point mutants were
prepared18): E200K, Y205H, and K208E. All of these residues are ~5 A from the cluster, and
these mutations span nearly the full range of possible sigleye alterations, going from a
single negatively charged residue to a positively charged one (E200K)ral nesidue to a
positive residue (Y205H), and a positive residue to a negative one (K208E). Positively charged
mutants would be expected to be more repulsive to the [4FetSle, favoring reduction, while
negatively charged mutants would be more efitra, stabilizing the oxidized form of the
protein. While shifts might be expected, the precise extent cannot be readily predicted; a study
on outersphere effects in HIiPIP [4Fe4S] protein resulted in shifts as large as 150 mV, while
surface mutations icertain ferredoxins led to no changes in potenga) 86. As a further
control, we included the mutant Y82A, which is known to be deficient in DNA CT on-DNA
modified gold electrodes, but which was not expected to differ from WT Endolll in the absence

of DNA (18).
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As expected, the Y82A SQWYV potential fell within error of WT at 120 = 14 mV vs NHE;
furthermore, the signal was of comparable size to WT, confirming that thus mutation is only
defective at DNAmediated signaling. Surprisingly, all of thieargealtered mutants exhibited
DNA-free potentials on PGE thin films within error of WT (Figure 7, Table 1). However, the
standard deviation was relatively high, with the largest value (for WT) around 20 mV. Since
conclusions are limited by the largestoe among the species investigated, these data are
consistent with two possibilities: either there is no change between WT and any of the mutants,
or a small shift on the order of 10 mV is present. In either case, it is clear that the effect of
changing aingle charge, even one in very close proximity to the cluster, is much less dramatic
than that of DNA binding.

To confirm the accuracy of potential measurements, thin films formed with 2 mM
[Ru(NHs)e]®* with and without Endolll were also examined (Figd). The [Ru(NH)e]>*
midpoint potential was consistently ~10 mV vs NHE in the presence and absence of CNTs and
Nafion, as well as in the presence and absence of Endolll. Just as with Endolll, CNTs did
markedly sharpen the peaks and facilitate largematsgimdependently confirming their effect on
species in a thin film. Overall, these controls verified that the measured potentials were not
affected by CNTs or other thin film components, indicating that the observed lack of variation
between mutants wakie to properties of the proteins themselves. Overall, direct
electrochemistry of these Endolll mutants confirm that DNA binding is a dominating effect

relative to single charge reversals in the amino acid sequé&Bjce (
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Figure 2.7 Thin-film voltammetry of WT Endolll and the mutants Y82A, E200K, Y205H, and
K208E. 75 pM WT and mutant Endolll in protein/CNT/Nafion thin films had nearly identical
potentials, with CV peaks centered around 125 mV versus NHE (top); the similarity is even more
appaent by DPV (bottom). Small shifts within the measurement erredELV) may still

occur in the three chargdtered mutants, but these nonetheless pale in comparison to the effect
of DNA. All CVs shown were taken at 100 mV/s, while DPVs were taken atrgolitude of

0.05 V with a 0.5 s pulse period
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Discussion

In this study, we used thin film voltammetry on a PGE electrode to measure the potentials
of Endolll and MutY in the presence and absence of DNA, and, in the case of Endolll, in the
presence gpoly-L glutamate and with point mutations altering the charged environment near the
cluster. Table 1 summarizes all of the results. Notably, the potential shift observed upon DNA
binding was smaller than previously report8y (ith the SQWYV potentials ddNA-free
Endolll going from 250 £ 30 mV on HOPG to 130 £ 8 mV on PGE. This difference was
certainly in large part the result of less than 100% DNA binding on PGE, but the distinct
electrode environments on PGE and HOPG may also have played & d@e0). Indeed, the
presence of negatively charged surface oxides on PGE, but not HOPG, would be expected to
lower the potential of adsorbed proteins to some exBt Even with a lower DNAfree
potential, DNAbound potentials still dropped by 65 mV on P@/Bjch supports the assertion
that DNA binding has a prominent, although not necessarily additive, effect which cannot be
duplicated by norsubstrate polyanionic molecules such as fhofjjutamate.

The absence of a significant potential shift in the presef polyL glutamate does at
first appear to be in conflict with the results of the Todorovic group, wherein the redox activation
of Endolll was reported on a mercaptoundecanoic acid monolayer assembled on a gold electrode
in the absence of DNALG). However, this effect was attributed to tight binding to the carboxylic
acid film; in contrast, the solvated pédlyglutamate used here would present a very different
environment than a thin film of small molecules, and it is unlikely that Endolll was resdodidy
to bind this norsubstrate polymer. While it is reasonable that multiple negative charges could

shift the potential, they can only do so if Endolll is able to bind with some specificity.



67

The results obtained here for DNA demonstrate that large padtehifts are observable
on PGE even under conditions where full DNA binding is unlikely. In contrast to the conditions
required to study DNAinding, the DNAfree Endolll mutants were studied under conditions
that generated very large and readily quatilé signals; thus, the lack of any apparent change
in the potential among these mutants indicates that individual charge alterations near the cluster
do not have a significant effect. However, the error in these experiments was relatively high,
leaving to interpretations open. First, there may genuinely be no shift. In this case, the
conclusion would be that a single charge alteration is insufficient by itself to disrupt the local
environment, even for residues ~5 A from the cluster. Alternatively, bedhe measurement
error was around 20 mV for WT, shifts on the order of 10 mV may have been present but
undetectable. Such small shifts would still pale in comparison to those associated with DNA
binding, which are larger as independently measured orEadReBtrode-60 mV for the
Endolll 2/3" couple) and on an HOPG electrod200 mV;8). Assuming that the charge
mutants of Endolll do have altered potentials and that the shift is at the upper limit of our error
(~10 mV), the effect of DNA binding is atinimum 6 times greater than the effect of a single
charge alteration. In either case, it should be noted that, despite the small signals and adverse
conditions resulting from DNA in the film, a substantial shift in potential upon DNA binding was
still detectable on PGE, while no obvious shift in potential relative to WT was observed for any
of the mutants, even though their potentials were determined from very largdrBdsignals
under ideal circumstances.

A similar result obtained with the same mutammsDNA-modified gold electrodes
supports the observed lack of potential shifts. In those experiments, the similarity in potential

was attributed to the presence of DNA being a dominant effect, with only an increase in current
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correlated with protein foldig stability occurring for K208E and Y205H8). The smaller
accessible window and poor to nonexistent Dikge signal on gold electrodes prevented the
experiments described here from being carried out, but taken along with our results, it appears
that themutants have similar potentials to WT both on and off of DNA.

In summary, these results reveal that, under the same experimental conditions, DNA
binding is the dominant factor in tuning the redox potential of the [4Fe4S] cluster. This is
supported by theimilarity of the DNAbound midpoint potentials of various repair enzyn@@s (
which all fall within a range of 685 mV vs NHE. In the context of DNA repair, we have
previously proposed a model in which these proteins use stegieon transfers to sigl to
each other across the genome in the search for dad@gén(order for this model to work, the
electron transfers must be reversible, necessitating that the proteins involved have approximately
equal DNAbound midpoint potentials. If this were rnibe case, proteins of lower reduction
potential would remain bound at the expense of those of higher potential, and the search process
would only be able to proceed by diffusion processes that are too slow to fully account for the
time scale of DNA repaifl5). This model depends on the large effect of DNA binding to bring
potentials into a relevant regime, and our results verify that differences in the protein
environment are unlikely to shift the potential sufficiently to affect the reversibility af inte
protein signaling on DNA. Overall, the similar DN#ound potentials among diverse proteins
facilitate not only the DNA damage search, but could also makeréorge communication

between diverse pathways possible.
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Introduction

Iron-sulfur clusters occur in a wide range of proteins with roles in electron transfer,
catalysis, and regulatiqid). Those involved in electron transfer are the rubredoxins and
ferredoxins. Rubredoxin contains a mononuclear iron center with thiolate ligands, while
ferredoxins contain multinuclear iresulfide clusters which tludes PFe2y, [3Fe4S], and
[4Fe4S] sites R). The [Fe&4y] proteins can be funer divided into two categorietie low
potential ferredoxins (Fd), which utilize théFe4S]?*** redoxcouplewith a potential as low as
-600 mV, and high potential irgproteins (HiPIP), which have adRfe4SIF*?* redoxcouplewith
a reduction potential as high as +350 miy. From X-ray crystallography3d), Extended XRay
Absorption Fine StructurdeKAFS) (4) and resonance Ramab) 6pectroscopic results, the
[4Fe4S]** sites in the Fds and HiPIPs are almost identical. They have similar bond distances and
angles, as well as similar vibrational modes. The major difference is in their protein
environments. ThedFe4S]site in Fd is solvent exposed while this cluster in HiBIBuried 6).
Lyophilization of Fd and unfolding of HiPIP lead to significant changes in thekefide XAS
spectra, showing that the-bbnds from solvent water change theS-bond covalencyrj. The
higher covalencyn HiPIP stabilizes the oxidized ate over the reduced state, and this
significantly contributes to theidFe4S] clusters utilizing different redox couplEem Fd(1).
The BFe4SP?* in Fd is less covalent and activated toward reduction, while the cluster in HiPIP is

more covalentandthus tuned toward oxidation.
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Endonuclease Il (Endolll) and MutY are DNA glycosylases present in bacteria to
humanghat exciseoxidizedbasesor their mispaired partness initiating events in the Base
Excision Repair (BER) pathwa$pecifically,Endo 11l remove®xidized pyrimidines while
MutY removes adenine from A:oxofispairs(where oxoG = &xo-7,8-dihydroguaninej8, 9.

The importance of these enzymes is highlighted by the correlation of inherited defects in
human MutY (MUTYH) and early onset colorectahcar, referred to as MUT Yddssociated
polyposis (MAP)(10). Endolll and MutY bothcontain a #Fe4S]?* cluster, which is redox
inactive in solutiorin the alsence of DNA11). The BFe4S]?* cluster in these enzymes has been
shown to be essential for substrate binding and catalysjsatdatst in the case of MutY it
nat requiredfor global structural integrity of the enzyr{@. However, electrochemical
experiments carried out withndolll and MutY on DNAmodified gold electrodes showed
reversible redox signals at potentials ranging from 60 to 95 mV versus NHE, suggesting that
DNA binding is able to activate these proteins for redox acti8jtyA role for DNA in
activating the clugr for redox activity was confirmed by electrochemistmhighly oriented
pyrolytic graphite (HOPG) electrodésthe presence and absence of DNA; these experiments
revealedhat upon binding to DNA, the reduction potential of tiEgS]**2* couple inEndolll
shifted ~-200 mV into the physiological range acokresponding to a significantigcreased
DNA binding affinity of the oxidized form of the proteiftd, 13. From electrochemical and
vivo experiments, anodel has beeproposed in which longistance DNAmediated electron

transfer between twalFe4S] proteins with similar DNAbound redox potentials facilitates the
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search for damage across a vase gen8ni15). If there is no DNA damage between the two
binding sitesthe charge transfer can proceed efficiently, and one of the-BdWAd proteins is
reduced, thus its affinity for DNA is decreased. This protein can then dissociate and diffuse to
another region of the genome. However, if thei@mssmatch or lesion thalisruptsthe " -
stacking of DNA, charge transfer will be attenuated and both proteins would remain bound to the
DNA in the vicinity of the lesion. While the CT signaling model has been strongly supported in
numerous studies, the cause of the large Exced potential shift that makes such a damage
search possible has remained puzzling. Electrostatic effects remain the most likely explanation,
given that no significant structural changes are apparent between the free afzbDiAforms
of Endolll and MuY. Unfortunately, the electrochemical techniques used in earlier eammkot
reveal the fundamental moleculsgale changes involvethaking an alternative approach
necessary to elucidate these details

S K-edge Xray Absorption Spectroscopy (XA8as been developed and applied
experimentally de ?)efsuliirmetal borus(i.eth@amaunteiSl@y ( U
character mixethto the metal 3dntibanding () valence orbitalsty” Wp | 0 | Y
(16). The S1sorbitalis ocal i zed on the S atom and the S
all owed, thus t hué préeeddge gamstiontreflects the covalencybfshis Yond.
The energy of the predge transition reflects the energy of the unoccupigzhrtally occupied
Fed-orbitals, which depends on the effective nuclear charg@ ¢Zthe metal and theature of

theligand field(16). Thepre-edge transition energlso deperslon the charge of the Sulfide

‘N
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has a loweZes than thiolate, thughe sulfidedonor orbitals are at higher enetiipan those of the
thiolatg and theimssociatd S 1 8| pi-edge transitiogare at lower energ§l 6).

The intensity of a predge pealdo is given by

s, =20

D,= A ca2‘<sls|r

where c is a constantis the dipoleoperatorF is the bond covalency (i,esulfur p character

mixed intothe metal d orbitals)N is the total number of sulfurs bound to the médtad, the total
number of d electron holes, ahds the S 1s 3pelectric dipole integral, which is also
dependentwthe Zs of the S ligand and has been experimentally determined for thiolate and
sulfide ligands irprevious work(17). Our previous XAS studies §RresS] sites showed that the
contributions of thiolate and sulfide can be distinguishddeapree d g e , w-sulfile pteh e ¢
edge ~0.7 eV lower than the thiolag 18. Quantitativelyfor the B(RSUFe4S| clustersthere

are nine U holes and nine b holes (i.e., unoc
and S 3p characte8) thus, the maximum covalency possible is 1800%. In particular, one unit

of sulfide intensitycorresponds to 30.6% S character peSHeond, while 1 unit of thiolate
corresponds to 70.8% S character in unoccupied valence orbitals. This difference tteflect
different number of bonds to k8 from sulfides and 1 from thiolatahd the difference in dipole
integral due to th&es of sulfide relative to thiolate &.54 vs 8.47]17). Note that only the

sulfur atoms bound to the iron contribute to theguige feature in the XAS spectra, while all

sulfur atoms including the free Cys and Met residues contribute to the edge. Thus;atigepre
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intensity directly reflects the covalency of the thioleeand bridging sulfidé&e bonds, but the
edge normalizatin must be corrected for the total number of sulfurs in the protein.

The total preedge intensityandtherefore S covalengin HIiPIP is significantly higher than
in Fd. The preadge intensity in a relevant alkyl thiola#=p4S] model complex is even ghtly
higherthanin HiPIP (7). Importantly, there is a direct correlation between the total S covalency
and the redox potential of théHe4S] clusters, with an increase of 1% of total S covalency
corresponding t6-3.3mV decrease in redox potent{d), which reflects the fact that higher
covalency stabilizes the oxidized over the reduced state oifedd] cluster. With respect to
DNA repair proteins, the power of Sédge XAS to monitor changes “He4S] cluster
covalency under different conditionsdato correlate these changes to redox potential results in
an ideal method to elucidate the details of the BINduced potential shift at a molecular level.

In the present study, S-&dge XAS is applied to experimentally measure th& bend
covalency othe 4Fe4S] clusters in Endolll and MutY, both in the absence of and bound to
DNA, and with and without solvent water. The effect of DNA binding on theeslge intensity
and hence covalencgy correlated tahe reduction potential of the cluster accogdio a
relationship defined in previous XAS studms [4Fe4S] clusters(7) and is in agreement with the
electrochemicallypbserved reduction potential decrease upon DNA bindiBg The solvent
effect is compared to thogeeviouslyobserved for Fd7) and forthe HiPIP proteinsin this
study. Thiswork providesdirect molecular evidender theproposathat the negative chargé

bound DNA tunes the potentiaf [4Fe4S] clustersand shavs that this involves a change in the
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covalency of the cluster that enables #eeiS]**'?* redoxcouplewhen Endolll(and MutY) are

bound to DNA.
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Materials and Methods

Expression andPurification of Endolll
WT E. coliEndolll was overexpressed in BL21s{&E3)pLysS cells containing a

pPET1XubiquitinrHise-nth construct and purified as detailed previoudl9), with the
exception that the final buffer contained 10% glycerol, rather than 20% glycerol (20 mM sodium
phosplate, pH 7.5, 0.5 mM EDTA, 150 mM NacCl, 10% glycerol, Buffer A). Endolll is less
stable in the absence of glycerol; therefore glycerol was not removed until the day of sample
preparation. Glycerol was removed from half the volume of protein solution ugfngg26/10
desalting column (GE Healthcare) equilibrated with Buffer A lacking glycerol. Next, the protein
solutions either containing 10% glycerol or no glycerol were separately concentrated first with
10,000 MWCO (molecular weight cutoff) Amicon Ultr& inL centrifugation filter units
(Millipore) and then with 10,000 MWCO Amicon Ultra 0.5 mL centrifugation filter units
(Millipore) wuntil the protein solutions were
using an entire protein preparation frénh of bacterial culture.
Expression and Purification of MutY

WT MutY was expressed as ant®&rminal fusion with MBP (maltose binding protein) to
increase the solubility at the concentrations needed for XAS experiments. Of note, the MBP tag
has additionaMet residues that can complicate XAS analysis. The MBRY protein was
overexpressed in BL21 DE3 competent cells and purified as detailed previt®)shyith the
following modification.Pelleted cells from overexpression weresuspended in resuspensio
buffer (20 mM sodium phosphate, pH 7.5, 200 mM NaCl, 1mM EDTA, 10 % glycerol, 1 mM

PMSF), sonicated on ice and centrifuged at 12,000 RPM for 15 minutes. The supernatant was
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saved in a conical tube on ice, and the pellet wasispended and underwenepeat of
sonification and centrifugation. The supernatant was batch bound to amylose resin (New
England BioL#&s) for one hour, poured over a PD10 column and washed with amylose wash
buffer (20 mM sodium phosphate, pH 7.5, 200 mM NaCl, 1ImM EDTA) and eluted in amylose
elutant buffer (20 mM sodium phosphate, pH 7.5, 200 mM NaCl, 1 mM EDTA, 10 mM
maltose). The elutantas concentrated using an ultrafiltration cell with a 10,000 MWCO filter
with stirring at 40C. Protein was then dilutedfd@ in heparin buffer A (20 mM sodium
phosphate, pH 7.5, 1 mM EDTA, 5% glycerol). The sample was applied to a Pharmtaia Hi
heparin column on an AKTApurifier FPLC system, and eluted using a 10% linear gradient in
heparin buffer A to 100% heparin buffer B (20 mM sodium phosphate, pH 7.5, 1 mM EDTA, 5
% glycerol, and 1 M NaCl). Fractions corresponding to MBIRY were combined and
concentrated using an ultrafiltration cell with a 10,000 MWCO filter with stirring°&t, 40
approximately 10mLPurity of MBP-MutY samples was confirmed via 12% sodium dodecyl
sulfate (SDS) PAGE stained with SYPRO orange and 7.5% acetic acid.
DNA Prepardion

DNA strands for Endolll studies were purchased from Integrated DNA Technologies (a
20-mer mixedsequence stranda& TGAGCTAACGTGTCAGTAG3gand its complement).
DNAstrands (5 emol) were resuspended in MilliC
precipitation. The purified strands were resuspended in Buffer A or Buffer A lacking glycerol
and quantifi ed 2wmlses fibrthe strardsi(Intequatec DNA dechiologies) of
197,800 Mtcnr? for the 20mer strand and 190,200 M for its complement. Annealing of

the strands in either Buffer A or Buffer A without glycerol was accomplished by combining
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equimolar amounts of the singd¢&randed DNAS, heating at 90°C for 5 minutes, and slowly
cooling to room temperature.

DNA strands ér MutY studiescontaining oxoG (&xo-g u a ni n e )-fluoro-addnide) ( 2 6
were synthesized at the University of Utah DNA and Peptide Synthesis Core Facility and
unmodified strands were ordered from Integrated DNA Technologies. The following DNA

duplexes wee used:

15mer: 5 -GGA GCC AXG AGC TCG3

15-mer Complement: 3 -CCT CGG TYC TCG AGGH

30mer:5 -CGA TCA TGG AGC CAC XAG CTC CCG TTA CA&Z

30-mer Complement”3 -GCT AGT ACC TCG GTG YTC GAG GGC AAT GTG 6
X=GoroxoGandY =C, FA,or A

Oligonucleotias containing the central oxoG or FA were deprotected and cleaved from the
column by incubation in NKDH, with the addition of Znercaptoethanol to oxoG samples to
prevent oxidation. The cleaved DNA substrates were dissolvegdnH f i | t er ed wi t h a
filter, and HPLC purified using a Beckman Gold Nouveau system with a Waters AP1DEAE
8HR column with a 14100% gradient of 90:10 H2O/acetonitrile with 2 M Md. Isolated
fractions were lyophilized down and-dalted with a SEfPAK C18 column, and DNA intedy
was confirmed using MALDMS. All DNA substrates were stored dried in t26°C freezer

prior to annealing to the complement strand.
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XAS Sample Preparation
To prepare the Endolll XAS samples, concentrated solutions of Endolll protein were

mixedwith the DNA duplex at a ratio of 1 mol Endolll: 20 mol bgmsers DNA. An equivalent
volume of buffer was added to Endolll alone solutions so that identical Endolll concentrations
were obtained both with and without DNA. Mixtures were allowed to inculrateet ice for 30
minutes to allow for binding before freezing in liquid nitrogen. No glycerol samples were
lyophilized. Both samples were placed on dry ice and sent to Stanford University for
measuremenilo confirm that lyophilized protein was not irresibly altered by treatment, UV
visible and circular dichroism (CD) spectra were taken of untreated and redissolved samples.

To prepare the MutY XAS samplesynfied MBP-MUTY samples were buffer exchanged
in concentration buffer, with the final buffer cpogeedof 20 mM sodium phosphate, pH 7.5, 150
mM NacCl, 1mM EDTA, 10% glycerol for samples to remain in buffer, or MBIRY
concentration buffer lacking glycerol for samples to be lyophilized for XAS. The sample was
concentrated to a final concentration d M. 125 uL of the purified MBMMutY is incubated
with 25uL of the 6mM annealed DNA duplex (see DNA contexts below) &€ 26r 30 minutes
to afford a final concentration of 1mM protein and DNA. Following lyitipation or
immediately for the buffer sgoies, they were snap frozen in liquid nitrogen, stored in88&C
or dry ice, and thawed on ice just prior to XAS experiments. Purity of MBEY samples \as
confirmed via 12 % SDS page stained with SYPRO orange and 7.5 % acetic acid. The [4Fe4S]
cluste loading was determined usingthe WM s i bl e absor4dpalr@@Mat 410
lem and a ts0=2183®R40vilanY); §amples were typically 685% loaded with

cluster.
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S K-edge XAS

Sulfur K-edgeXAS data were measured at the Stanford Synchrotron Radiation
Lightsourceon the unfocussed Afble, 2.0Tesla wiggler BamLine 43, under SPEAR3
storage ring parameters of 3 GeV and 500 mA. Addted, flatbentpremonochromator
mirror was used for harmanrejection and vertical collimatiorA Si(111) double crystal
monochromator was used for energy selecfitre energy calibration, data reductiand error
analysis follow the methods describedefference Z0). Solid samples wereground intoafine
powder and dispersed as thinly as possible on Kapton tape to mipiotezgialsel-absorption
effects.The solution samples were loaded inte b@eflon cells, with Kapton tape as the back
window, and6 € rrthick, sulfurfree polypropylendilm as front window. A shutter was iested
automatically during each monochromator mtweninimize photoreductiol.he photon energy
was calibrated to the maximum of the first4edge feature of N&OzA 5.8 a 2472.02 eVAt
least threescans were measurém eachsample to ensure reproducibility. Raw data were
calibrated and averaged using MAVE in the EXAFSPAK packagje Using the PySpline
program(22), the background was removed from all spectra by fitting a semalet polynomial
to the preedge region and subtractitigs from the entire spectrum. Normalization of the data
was accomplished by fitting a straight line to the fmafde region and norniang the edge
jump to 1.0 at 2490.0 eV. The error from background subtraction and normalization is less than
3%. Intensities of the predge features were quantified by fitting the data with ps&{aigt line
shapes with a fixed Lorentzian to Gausg@io of 1:1, using the EDG_FIT progra@l). Pre
edge energies and widths of single peaks were locked based on the previously published results
on [Fea&] models and protein@). The error from the fitting procedure less thar3%. The

fitted sulfide andhiolateintensities were converted to %S 3p character accordirgj 17.
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Note that all the perturbations (lyophilization, mixing with DNA, and the combination)
on Endolll and MutY were done on aliquots of the same protein sample. This means tleat all th
data on each protein presented in this study have the same loading ratio; thus, the differences
observed upon DNA binding and lyophilization are independent of the loading.
DFT calculations

DFT calculations witlbroken symmetrgpinpolarization werg@erformed using Gaussian

09 (23), with the pure functiondP86, and wth 6-311G(d) basis sets on Bad S, and-@1G(d)
basis sets on C and Hhis functional and basis setere chosen to be consistent wpttevious
studies(7). TheU-carbons of the €ys ligands were fixed to threcrystal structurgositions 24)
during geometry optimizations. To qualitativelyaluatethe electrostatic effect of DNA binding,
a point charge was placedsA from either a sulfide or a thiolate S atamthe[4Fe4S] clustey
and the electronic structuveasreoptimized.
Iron Quantification

To measure the extinction coefficient at 410 nm for two Endolll mutants, Y205H and
K208E, we followed an iron quantification protocol described in2&fBriefly, 100150 M
Endolll in storage buffer (20 mM sodium phosphate, pH 7.5, 150 mM NaCl, 0.5 mM EDTA)
was denatured by addition of 125 €L 2 M HCI a
water. Samples were spun down at 16000 x g (20 minutes), and the supernatatiesizsl
and diluted in 250 €L saturated NaAc. Free ir
6 €L thiolglycolic acid i mme dipyadine (0.4% wvinanr t o
aqueous solution of 5% v/v acetic acid) to form(fFpg)s]?*. Finally, iron was quantified by

measuring absorbance at 522 nm using an extinction coefficient of 8¥&@aM
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UV-visible Spectroscopy with and without DNA
To see if changes to the cluster environment could be observed at lower energies, the
effect of DNA on the cluster environment in WT Endolll and the mutants E200K, Y205H, and
K208E was assessed by Wi si bl e spectroscopy. 10 €M Endol |
either alone or with equimolar (by duplex) DNA of the same sequence used for XAS
experiments, and incubated on ice for 30 minutes prior to measurement. Spectra were compared
following subtraction of a sample containing only DNA.
EPR Spectroscopy
The stability of Endolll mutants was assessed using continuous wahaaKEPR
spectroscpy at 10 K. All samples were prepared anaerobically in a glove bag under a 95%
nitrogen, 5% hydrogen atmosphere. Endolll (WT, Y82A, E200K, Y205H, or K208E) was
diluted to 20 €M in degassed storage buffer (
0.5mM EDTA) and either added directly to an EPR tube or first treated with 0.5, 1, 3, 5, or 10
fold molar excess of #e(CN}) to oxidize the cluster. Oxidized samples were frozen in liquid
nitrogen as soon as possible following treatment. Spectra were tak2i8& mW microwave
power, 2 G modulation amplitude, and 5.02 x 103 receiver gain. All samples were scanned 3
times, and a buffer background was subtracted from each. The lagke({N) contribution to

the signal was confirmed with a sample contairinty oxidant and buffer.
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Results

S K-Edge XAS of Endolll in the Absence and Presence @NA

Sulfur K-edge XAS spectra of Endolith the absencand presence of a 2fier mixed
sequace DNA duplex3aGTGAGCTAACGTGTCAGTAG30and its complemepat a ratio of
1 mol protein to 20 mol bageairs were measured in both solution &maphilizedforms. UV-
visible and CD spectra were taken of Endolll before lyophilization and once redissolved post
treatment (Figure 3.1). Bo#pectra were indistinguishable, confirming that lyophilization does
not affect cluster integrity or global protein folding. Protein concentrations & bmgreater
wereusedfor high qualityXAS data.Although highly concentrated, the protein shows no
evidence of aggregation, and no changes are observed-widible spectra or enzymatic
activity levels of protein diluted from similarly concentrated sto&kgialconcentrations of
Endolll were compared witutand withthe DNA 20-mer. The data werérst normalized to
onesulfur, then corrected for nebonding sulfur atomss{x in Endolll) andthe ironsulfur
cluster loading ratio, calculated as described in Materials and Metblodger loading ratios for
Endollll were 70% or greatefhe spectra were then multiplied by 8tealuate the total
contribution offour sulfide andfour thiolate sulfur atoms.

The normalize&-K edgeXAS spectra of the predge regiorand thebackgroundrising
edge)subtracted spectréits are shownn Figure3.2. The energies and intensities obtained from
the fitsincluded in Figure 3.2re given in Tabl&.1. The peak assignmentnd the preedge

shapes used in thefits are based oaur previousreaults on [4Fe4S] clusters(6, 7). All pre-edge
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spectra have two major features. Thedowner gy f eat ur e at -3Qldg 0. 2

S 1s Fe 3d transitions, and the higher energy feature at ~2470.9 eV is due to the thiolate S 1s
Fe 3d transitions. Both gain intensity through S 3p mixing into Fe 3d orlital$oth

unbound and DNA bound Endolll, lyophilizatiolecrease the prdge intensityNotably,

redissolving lyophilized Endolll results in XAS spectra indistinguishable amples that were

never dried, consistent with Uwisible and CD spectra and providing further confirmation that

lyophilization does not dramatically alter the protein (Figure 3.1c). Likewiséotbrsolution

and lyophilized data sets, DNA binding inases the@re-edge intensity, indicating that the-Be

bonds become more covalent. DNA binding in solution increases the total S covalency from

573%to 6326 (Table3.1). On the basis abur past studies, each % increase of total S covalency

correspond$o ~3.3 mV decrease in redox potenigl Thus, the covalencyincreasaupon DNA

binding in Figure3.1 and Table3.1 corresponds to a decrease of the reduction potential of the

[4Fe4S]3*2* couple in Endolll by 490 mV, which would activate thisluster for oxidation

Critically, the DNA-induced potential shift measured by XAS is nearly identical to that measured

electrochemicallyX2).

e\
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Figure 3.1 Spectroscopic data to confirm that lyophilization does not perturb the global structure
of Endolll or the cluster itselfUV-visible spectra (a) and circular dichroism (CD) spectra (b)
taken with untreated sample and sample redissolvedymg#tilization are indistinguishable,
confirming that cluster loading drhocal environment, as well as global @i folding, are

unaltered by lyophilization. Consistent with this data,-8dge XAS spectra taken of solvated
Endolll and a redissolved sample that had been previously lyophilized overlay almost perfectly

(©).
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Figure 3.2S K-edge XAS of Endolll without and with DNA and upon lyophilizat{top) ard
the fits of the preedge region (bottom)sing two peaks, one for thelfides at ~2470.1 eV and
one for the thiolates at ~2470.9 eV.



Table 3.1 S K-edge XAS Data for[4Fe43?* Models and Proteins

Covalency
Sample name En(i/rgy Area c Totlal
(eV) (% per ) Covalency
». Sulfide 2470.1 1.433 43.8
[Fe“s“(iElt)“] 689.9+30
mode Thiolate 2470.9 0.578 41.0
Fd Sulfide 2470.1 1.145 35.0
555+23
Solution Thiolate 2470.9 0.481 34.0
Fd Sulfide 2470.1 1.276 39.0
62027
Lyophilized Thiolate 2470.9 0.523 37.0
: Sulfide 2470.1 1.253 38.3
SH'IP'.P 618.0+17
olution  Thiolate 24709 0.558 39.5
HipIP Sulfide 2470.1 1.194 36.5
Lvonhilized 588.4+15
yophiized  Thjglate 2470.9 0.503 35.6
Sulfide 24702 1.185 36.2
Enldo.'” 572.8+28
Solution  Thiglate 24709 0.488 345
Endolll Sulfide 2470.1 1.056 32.3
Hlized 522.6:25
Lyophilized  thiolate 24709 0.477 33.8
Endolll+DNA  Sulfide 24702 1.293 39.5
St 631.2:30
olution  thiolate 24709 0.553 39.2
Sulfide 2470.1 1.106 33.8
Endolll+DNA 542 %96

Lyophilized  thigiate 24709 0482 341
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S K-edge XAS of MutYin the Absence and Presence of DNA

S K-edge XAS of MutY without and with DNA are shown in Fig@2. Data were treated
just as with Endolll, except that MutY spectra required correction for eighteen rather than six
nonbonding sulfur atoms. As with Endolll, controls were performed to ensure that lyophilization
pretreatment did not affect the protein. Fout¥, these controls consisted of active site titrations
using a®?P-labeled 36mer duplex containing a central 0xoG:A mispair (Figure 28). (Under
conditions of ratdimiting product release (burst kinetics), burst amplitudes, which correlate to
activesite concentration, exhibited no significant differences between samples.

XAS spectra reveal thatinsilar to Endolll, the preedge intensity increases upon DNA
binding, and decreases upon lyophilizatiigure 3.4) This is consistent with the fact ththe
N-terminal domain of MutY istructurallysimilar to Endollll in the presence of DN¢igure
3.5). Notably, while MutY and Endolll are structurally homologous, MutY shows specificity for
adenine mispaired with-8xoguanine, whereas Endolll targetsaage of oxidized substrates.
| nc or p odeaxy2i-fnagoaderosine (FA) in place of A across from an oxoG site generates
a northydrolysable substrate mimic that enhances DNA binding affinity in MR¥y. Thus, to
assess differences in nepecific anl target DNA binding in MutY, the S4édge XAS were
measured both in the presence of specific (oxoG:FAhangpecific DNA and with different
DNA pair lengths under the same conditions as for Endohk difference between MutY and
Endo Il is that MuY has an extra domain (Figugeb) thatplays an important role in OG

recognition and proper engagement of MutY on the oxoG:A substrate miggniF{gure3.4
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shows thatn the case of MutYonly thepresencef specific DNA leads to the predge intensity
increase, and that the length of the DNA strand (15 and 30 basedo&sapt impact these
intensity changeshis may be a consequence of affinity &mdtY conformation with specific
versus nonspecific DNAVIutY has much higher affinity for substréltke DNA over
nonspecific DNAandMutY also induces dramatic remodeling of its substidtavever, there
are more notbound sulfuratomsin MutY than in Endollicontributing to the backgrourahd
precludingquantification of the changes in FigiBd.

Figure 3.5a shows that MutY and Endolll not only are similar in conformation but share a
set of conserved Arg residues that are responsible for DNA binding. Figure 3.5b and ¢ show that
these Arg loations are not perturbed by the DNA in Endolll, although these two structures (both

for E. coliprotein homologues) share only 43% sequence similarity.
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Figure 3.3Average product curves and standard error bars of three separate aliquots each of
solution (green) and lyophilized (red) MBW®utY to determine the percent active fraction under
maximum turnover conditions.
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MutY N-term

: Endolll N-term
MutY C-term

Figure 3.5(a) Overlay ofG. stearothermophilu§s) Endolll (magenta, PDB 10RN) af&k

MutY (cyan, PDB 5DPK), with4Fe4S] cluster (orange for S and yellow for Fe atoms) and key
Arg residues highlighted (red and blue, respectively). Bound DNA in both structures is green. (
¢) Comparison oEc Endolll without DNA (pink, PDB 2ABK) in §) andGsEndolll (magenta,

PDB 10RN) bound to DNA (green) ig)(showing the molecular surroundings of tAE€4S]

cluster, including critical Arg residues (red). This comparison highlights the overall structural
similarity betweenGsEndolll in complex with DNA to that of thEc homologue without DNA.
Small structural differences (RMS8@= 1.4 A) between the two homologues are attributed to
their 43% sequence similarity.
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Solvent Hfect on HiPIP -Type Proteins

From ourprevious studies, lyophilization perturbs théobnd environment around the
[AFe4S] cluster sites. For the studies described below, the spectroscopic features and protein
activity were measured upon redissolving the lyophilized proteins to make suteethat t
lyophilization process did not lead to irreversible denaturation. Figurang.Z able3.1 show
that upon lyophilization, the sulfur covalency of Endolll decreases by ~50% total sulfur
character out of ~570%, which is opposite to the solvent effectvaaséor dFe4S| Bacillus
thermoproteolyticugerredoxirs Bt Fd) (7). The preedge intensity of thpdFe4S] cluster inBt
Fd increaseby ~65% total sulfur character out of ~555% upon removal of solvent Whtkke
Bt Fd, wherethe AFe4S] cluster is exposed at the surface, Endolll has a butlesll§] cluster,
similar to MutY andChromatium vinosurHliPIP. The XAS spectra dEndolll (Figure 3.2),

MutY (Figure3.4) andC. vinosunHiPIP (Figure3.6) all showadecrease in S predge intensity
with lyophilization (~30%out of a total of 618% sulfur character for HiPIP).

As shown in Figur&.7a the BFe4S] cluster in HiPIP (PDB code 1CKU) has five H
bonds from the protein environment to the thiolate sulfitisin 3.5 A, allfrom the amide
backbone. The higher S-&dge intensity in HiPIP relative to Fd and its decrease in S covalency
upon lyophilization indicate thatelativeto [4Fe4S] Fd, the Hbonds to #Fe4S] cluster in HIPIP
are weakRemoval of the solveim HiPIP would lead to a more compact site, increasing the
backbone Fbondsto the clusterAlso, three of the amides are solvent exposed, which could be

directly affected by lyophilization (boxedjurthermore,here are waters4donded to the
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carbonyls that are camgated to the amide N atoms, and removal of these water would enhance
ther N-H S hydrogen bonds.

Figure3.7b shows that ithe DNAfree form ofEndolll (PDB code 4UNF; the jFedS]
cluster has six Hbonds to thiolate sulfurs within 3.5 A: one from arginine, one from histidine,
and four from the amide backbortegure 3.7c shows a similar-bbnd pattern around the
cluster for DNAbound Endolll (PDB code 10RN). In Endollhe increasgé number of H
bonds and the strongerlbbnd from the positively charged Arg are consistent with the somewhat
lower S covalency of Endolll relative to that of HIiPIP (Tablk solution: 573% vs 618%;
lyophilized: 523% vs 588%or Endolll and HiPIP, respegely). In addition to the more
compact sitehat wouldresult from lyophiization, the Arg, Hisand amides are all at the surface
of the protein and wouldlsobe directly impacted by loss o8 (reddotsin Figure3.5and
boxed regionn Figure3.7b and ¢. The larger number of surface exposetdids is consistent
with the larger decrease in S edge intensity in Endolll relative to HiPIP upon lyophilization
(50% vs 30%espectively. MutY hasa similar DNA binding domain structure Endolll, and a
surface Arg is shown in blue in Figuseba

Finally, as displayed in Figure 3ghd Table3.1, lyophilization of DNA bound Endolll

also leads to an intensity decrease (somewhat larger than for the unbound Endolll). Thus even

when boundd DNA, there is solvent access to tHEf4S] cluster in Endolll.
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Figure 3.6 S K-edge XAS spectra of HiPIP compared with a model and Fd. As with Endolll,
HiPIP preedge absorbance is highest for solvated sample. In all cases, however, HIPIP
absorbancesimuch higher than that of Fd, consistent with lower solvent exposure of the cluster
in HiPIP.
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Figure 3.7 Local H-bond network of the & cluster for &) HiPIP (PDB code 1CKUpnd )
Endolll without DNA (PDB 4UNF) andd) with DNA (PDB 10ORN) illustrating some of thél-
bonds that could baffected by solvent watefhe Hbonds are shown in dashed green, and Arg
and His are labeled. Schemes of the boxed region are shodlim (@), an amide backbone-H
bond to thehiolate S bound to Fe amdcessible solvdris shown in the box, and ibYand €),

an arginine residue-+bond to thehiolate bound td-e andaccessibldo solvent is shown in the

box.
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DFT Calculations

DNA is rich in negative charge. To qualitatively test whether the presence of negative
charge would increase tof{dFe4S] sulfur covalency and understand the nature of this effect,
simple models were evaluatéiche results are shown iralble3.2

Placinga negative point chargef6away from one thiolate increases the total sulfide and
thiolate contributions from 429.0% to 439.1% and from 139.3% to 144.8% respectively, which
correspond to a total sulfur contribution increase from 568.4% to 583.9%s Tuislitatively
similar to experiment but the effect is léban observed experimentatlye to the simple model
Placinga negative point charge/ from one sulfide gave similar results (TaBl&); the total
sulfide and thiolate contributions increased88.3% and 143.9% respectively, and total sulfur
contribution increased to 582.2%.

The DFT calculations in Tab®&2show that the addition of the negative charge near the
[4Fe4S] cluster camgualitativelymodelthe increase in covalency observed VIBIRA binding
and thus provide insight into the origin of this effect. FigdiBgives the change iMulliken
charge distribution (a), Mayer bond orders (MBQO)&hd C contributions ¢, which sums the
contributions of the valence atomic orbitals otrexr unoccupied valence molecular orbitals, for
each Fe and S atom of the clustiug to the additioonf the negative point charge. The change in
C? would directly relate tothe change in S edge intensityservedexperimentally. Thehange
calculatedor placing the point charge next to a thiolate are given in blue, and next to a sulfide

are given in red.
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Adding a point charge near the thiolate (FigGt®, blue) results in a shift of the electron
densitytoward theopposite side of the cluster)(@he thiolate next to the point charge (dedote
S*) loses electron density (change in Mulliken charge +0.13), whel¢hreehiolates anadne
sulfide on the opposite side of the cluster gain some negative chafj83;-A). Thus S*
donates more chargeiksity to the Fe itoordinategdenotel Fe*); this is reflected ifts
increase in MBO (+0.12 for Fe3* in B). The three sulfides that@alinateto Fe* then donate
less to it to compensatMBO ~-0.01 each in ) but donate more to themainingFets (MBO
~+0.01). The other three thiolates haserease®1BO (-0.02 each in Jpasthey now donate less
charge density to their oodinatedFe atoms, which is consistent with their increase in negat
Mulliken charge (@ Although there are some compensatifiaats, the total MBO increases
(+0.06. In terms of € (Figure 38¢), because the Fe3* bond becomes stronger (from the
MBO), more S3p character is mixed into the unoccupied3georbitals, leading to thecrease
in S* C2 contribution (+3.4) andecreasef the Fe*contribution(-4.9). Although the other three
sulfide bonds to Peget sightly weaker (from the MBO in)pthese sulfides have net higher C
(+4.6,-0.4, +3.4 in C). The negative point charge at S* destabilimesccupied p orbitd
energiegSchemel), which results in more S character mixed into the unoccupied valence
molecular orbitals. The Fe d characters all decrease in &sjpatne increase of S pndboth
sulfide and thiolate €increase as observed experimentally.

Similar effects were observed when placing the point charge 5A away from the sulfide at the

corner of the cube (Figu®8, red). Note that except for the S atom aneSHBond(s) closest to
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the charge, there is only a limited change in Mulliken charge, MBDG contributions for the
rest of the cluster. The net change is an increasé ¢haacteragainqualitatively consistent

with the S kedge XAS experimental data



Table 3.2 Resultsof DFT Calculation

Total

Total

Model TOt;' " sulfide  Thiolate To;/alS
0 % % 0
2.
[Fe“‘:‘;(:d'\gf)“] 958.4 4290 1393  568.4
[FesSi(SMe)>
with 1e at 5A  944.1 438.3 143.9 582.2
from sulfide
[FesSy(SMe)>
with 1e at 5SA  949.3 4391  144.8  583.9

from thiolate

104
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Figure 3.8Difference in Mulliken charge distributiom), Mayer bond orders (MBPp) and C2
contributions €) of each Fe and S atom of the cluster without and with a point charge at 5 A
distance from the cluster. Blue represents values obtained for a point shargethiolate S,
and red represents those for a point charge near a sulfide S.
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negative
charge

Scheme 3.JAdding negative chargesuch as DNA in the proximity of tHdFe4S] cluster
destabilizes the S 3p orbital energy and increases3pe Sc h a r?a c it @hitréaes
the FeS covalencyndstabilizsthe oxidized formhan the reduced forwf the cluster and
decreassthe reduction potential
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Spectroscopic Characterization of Endolll Point Mutants

To see if shifting the charges near thEd4lS] cluster in Endolll might alter the redox
potential, we prepared a series of point mutants (E200K, Y205H, and K208E) in which the
altered residues are all within 5 A of the clusi®) (By changing a single charge from negative
to positive (E200K) or ice versa (Y205H, K208E), we reasoned that it might be possible to shift
the redox potential both negative, like DNA, and in the opposite direction. However, no evidence
for a shift was seen in these mutants when bound to DNA on a gold electrode, nor was a
difference observed by direct electrochemistry of Didge protein on edge plane graphii®,(

29). The error in the latter experiments, however, did not preclude a small shift on the order of
10 mV. Overall, we wished to use Sdfge XAS as amdependent means of assessing the
potential in these mutants.

Solvated and lyophilized samples of each mutant were prepared in the absence and
presence of DNA exactly as with WT Endolll, and spectra were taken alongside a WT sample.
Consistent with prewus electrochemical results that show no potential shift in these mutants, the
pre-edge absorbance of E200K overlay WT Endolll almost perfectly; results with DNA present
are inconclusive due to noise (Figure 3:89) The preedge features of both Y205H&K208E
are much lower than expected for HiRipe proteins; indeed, K208E is well in the range of Fd,
and Y205H is lower still, suggesting a redox potential beB®® mV vs NHE (Figure 3.9).

Such a large decrease inSe&ovalency was wholly unexpectead thus required further

experimental follomup. Other than a genuine potential shift in these mutants, possible
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explanations included a di fujtean Whileadilgkoust er abs
inaccurate loading measurements and thus incorr&&tcorrections or cluster degradation
before or during XAS measurements.

To address a possible difference in cluster absorbance at 410 nm, we used a combination
ofUV-vi si bl e spectroscopy, Bradford assmangs, and
[4Fe4S] loading in the same WT, Y205H, and K208E stocks used for XAS. In each case, total
protein concentration andfé4S] cluster absorbance were measured for three replicates each of
WT Endolll and each mutant, and an equal number of replicates wgeetsdlio iron loading
analysis to obtain total i ron govaluessmerer ati on i
determined to be 17618 + 229%Mm?, 16661 + 221 Mcm?, and 18008 + 135 Ncmt for WT,

K208E, and Y205H, respectively. Notably, nondhase differs appreciably from the assumed
value of 17000 Mcnt?, and cluster loading determined by Bradford assays using these updated
values was not greatly altered, indicating that the unexpected XAS results did not occur as a
miscalculation of clustdoading.

Having confirmed that cluster loading calculations could not have caused the
discrepancies in predge absorbance, we sought an independent technique to probe the cluster
environment of the Endolll mutants. Previous electrochemical resulthighpresent
suggested that the cluster environment of the mutants was dominated by DNA binding, in
contrast to the XAS results. In an effort to resolve this issue, we comparetidlé spectra of

WT and mutant Endolll in the presence and absence of D&&&pning that any changes in
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cluster electronic environment induced upon DNA binding should be similar between all Endolll
variants if the differences seen by XAS were due to sample degradation. In three replicates of
WT Endolll, the broad absorbancetbé [4Fe4S] cluster did not change markedly in the
presence of DNA, although a slight increase in absorbance was consistently present (Figure
3.10). These data suggest that DNA binding does induce a very minor, but still detectable,
change in cluster elegcinics that could be used to compare WT and mutants. These experiments
were repeated with E200K, Y205H, and K208E, all of which showed a very similar small
increase in absorbance upon DNA binding (Figure 3.10b). The similarity of absorbance changes
in WT and all mutants confirms that DNA binding has the same effect on cluster electronics as
WT, supporting previous electrochemical results and suggestive of sample degradation in the
XAS experiments.

At this point, our experiments indicated that the iron iogdh XAS samples was
correct, and that neither Y205H nor K208E was noticeably different byisitdle absorbance at
410 nm in the presence of DNA. Previous electrochemical, melting temperature, and CD analysis
suggested that the cluster is more sohexpiosed in Y205H and K208E, lowering their stability
relative to WT, while E200K is more shielded and of comparable or greater stability than WT
(19). To see if low stability might explain the XAS results, we carried cbaXd EPR
spectroscopy at 10 K witWT, E200K, Y205H, K208E, and an additional mutant, Y82A (Figure
3.11). Y82A is known to be Gdleficient in the presence of DNA, but is expected to have an

identical cluster environment to WI9); thus, this mutant served as an additional control for
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thes experiments. To probe cluster stability, we treated protein samples in the absence of DAN

with KsFe(CNs) in varied molar equivalents.ske(CN)} does not oxidize Endolll very

effectively in the absence of DNA, but a quantifiable signal centered at g = 2.02 attributable to a

[FesS4]™ cluster can nonetheless be observed at a sufficient excess of o&idbt If some

mutants were unstable, thepwd be expected to be more sensitive to such treatment than WT.
As expected, 20 &M WT Endolll was EPR sil ent

[3Fe4ST signal at g = 2.03 when treated with a molar excess of oxidant (Figure 3.11a). Signal

size increasesrearly with increasing oxidant concentration, although some signal loss occurrs

at 10fold excess KFe(CN) when samples were not frozen immediately after treatment. The

latter effect is consistent with oxidative degradation. To minimize this risk, E€draf

Endolll mutants were initially taken at af&d molar excess of #e(CN}. Like WT, all

mutants are EPR silent when untreated. Y82A signals are as large or larger than those of WT,

confirming that the cluster environment in this mutant is, as&rg, unaltered. K208E spectra

are slightly smaller than WT in the presence-06/8 molar excess #e(CN), while E200K

and Y205 are both much smaller (Figure 3.11b). E200K signals could be increased by including

a 10fold excess of oxidant, but stiémained much smaller than those of WT; these results are

in agreement with previous work suggesting a more soebf@ptded cluster in this mutant. In

contrast, Y205H signals decreased withfdd excess oxidant, and were much more sensitive to

incubationtime than any other Endolll variant. To see if better signals could be obtained, we

tried treating Y205H with 0.5, 1, andf@ld excess oxidant; signals increased linearly up to 3
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fold excess, and were similar to those obtainedfatbexcess. These @asupport the

previously mentioned instability of Y205H; furthermore, &Wgible spectra of some (but not all)
stocks sent for XAS showed increased absorbance associated with oxidative degradation after
one additional freezthaw cycle. In summary, our ERBsults are in agreement with previous
studies, indicating greater instability in the Y205H cluster. EPR spectra did not show any
significant differences between K208E and WT, but the bulk of previous evidence supports
cluster instability in this mutansawell, although to a lesser degree than Y205H.

Overall, the XAS results for Endolll mutants are equivocal. E200K spectra fit the
expected pattern and match previous results, but K208E and, especially, Y205H appear to be too
unstable to carry out reliabkexperiments. Thus, the unexpectedly lowgulge absorbance seen
in the Y205H and K208E XAS spectra most likely reflects cluster degradation rather than an

actual shift to a Fdike environment.
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Normalized Intensity

2465 2470 2475

Energy (eV)

Figure 3.9S K-edge XAS spectra of WT Endolll and the mutants E200K, Y205H, and K208E.
These mutations all reside within 5 A of the cluster, and were intended to alter the local
environment sufficiently to induce a shift in potential. E200K overlaid well with Wilisistent

with electrochemical experiments, while K208E and Y205H showeégge absorbance more
similar to Fd than HiPIP or the other Endolll variants. The latter results were likely due to cluster
degradation in these less stable mutants.
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Figure 3.10UV-visible spectra of WT Endolll and the mutants E200K, Y205H, and K208E
with and without DNA present. WT Endolll shows very little difference in absorbance at these
wavelengthsd), with only a slight increase most easily seen in subtraction spbitihé other

mutants were similar, indicating no significant differences in cluster environment upon DNA
binding.
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Figure 3.11Continuouswave and EPR spectra @&éandd@mutadds WT End
Y82A, E200K, Y205H, and K208E treated withHe(CN;) in the indicated molar exceds) (

All variants are EPR silent when untreated and show formation of the [3Fed&itive

degradation product in the presence efF&CN). WT and Y82A yield shstantial signals,

while E200K ismarkedlyless sensitive toxidation. Y205H is highlysusceptible t@xidation
anddegradation, giving the largest sais with 3fold excess oxidankK208E was similar to WT,

although signals wergightly smaller All spectra were taken at 10 K, 12.88 mW microwave

power, 5.03 x 1®receiver gain, and are the average of 3 scans.
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Discussion

Both Endolll and MutYcontain[4Fe4S] clustes that are largelyedox inert in solution, but
their reductionpotentiaé decrease by200 mV upon DNA bindingo turn on the functionin
DNA damageecognition In naturea large numbeof proteins also haviglFe4S] clustes, with
awide rangeof reduction potential@d: -700 to-300 mV, HiPIP: 100 to 400 mY (1) (Scheme
2). S K-edge XAShas been fountb bea powerful technique to evaluate gntributiors of H-
bonds ancelectrostatics to the reduction potertiail these[4Fe4S] clustes (30). Fromour past
studies on Fd and HiPIEheredox properties ahesg4Fe4S] clustes arehighly related taheir
local proteinenvironmen{7). In Fd,the[4Fe4S] clusteris at the surface of the proteimédre are
strong Hbonds from solvent waterandthe Fe-S bonds are lesswvalent This raises the
reduction potential of the +2 staded resultsin the BFe4S)?*'** redox couple in the
physiological potential range. Upon lyophilization, the S covalency significantly increases due to
the loss of Hbonds from solvent to thdffe4S] cluster and the covalency becomes similar to
that of HiPIP.In contrat, HiPIP, whichis not solvent exposetias only weak Hbonds from the
backbone amides to the irsulfur clusterandthus more covalerite-S bondsIn HiPIP, the
[4Fe4S]3*2* redox couple is activatiiin the physiological potential ranggcheme?). In the
present study, lyophilization of HiPIP leads to an invefféect on the F& bond covalency
relative to Fdi.e.thecovalency decreask Loss of solvent would lead to a more compact site

and increase the-Hondngto the BFe4S] cluster from backbone. Loss of watethidnds to the
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surface amides would further stgtinen these Hbonds to the thiolates. Lyophilization results in

a similar effect on Endolihnd MutY.

Endolll and MutY bothhavea strong Arg Hoond to the& [4Fe4S]?* cluster, whichs
consistent witithe lower covalercy relative to HiPIPand making the [4Fe4S]3+/2+ couple less
accessibléTable3.1). Overall, his behaviorcorrelates withtheirlack of redox activityn the
absence of DNA31, 32. S K-edge XAS experiments show tHalNA binding to Endolll and
MutY significantly increases their F& bond covalencyyhile in Endolll DNA binding lowers
its [FexSq]3*/2* potential by ~200 mV into the physiologically accessible raAgealignment of
the unbound anBNA bound structuresf Endolll (Figure 3.12) showso significant distortion
of the proteifRMSDioo= 1.4 A; note that these Endolll proteins heemologues with 43%
sequence similarity); trsiDNA binding does not appear to structurally affect itssflesite.
DNA binding, although at a distance-ef5 A from the BFe4S] cluster, does introduce
significant negative charge into the system. For thesudfur cluster, the negative charge would
destabilize the occupied S p orbital energies, and result in more S character donated into the
unoccupied valence Ralbased moledar orbitals (Schem@). This increases the F&bond
covalency of the cluster, stabilizing the oxidized over the reduced state, and thus decreasing the
reduction potential. Simple DFT models using a negatoiet charge to represent the effect of

the DNA qualitatively reproduce this covalency increase and show that it dominantly involves an
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increasen electron donatiofrom the S oriented toward the negative charge with some limited
compensation by the rematalfurs.

S K-edge XAS studies on iron sulfproteins both alonand bound to DNA, and with and
without solvent water show that the local environments of4Red| clusters affect the
covalencies of the Fe-S bonds and thus tune the potestadlthe clusers. In Fd, the strong H
bonds from solvent reduces the covalency and stabilizes the reduced form of the cluster, while in
HiPIP,the cluster is buried and witinly weak amide Fbonds stabilizng the oxidized form. In
Endolll and MutYthe cluster is also buried but with an additional Arpdhd that reduces the
covalency relative to HiPIP and makes the HiPIP couple less accessible. Hdwalieg to
DNA introducesegative charge that increases #eeflS] covalencyfor both Endolll and
MutY . Previous correlatianbetween 4FedS] covalency and redox potential indicate ttias
decreasecorresponds to an approximately 200 mV negative shiftduction potential and
would enable the4Fe4S])?*3* redox couple that is observed experimdyptaverall, the results
obtained by XAS are in remarkably close agreement with electrochemical studies carried out
with Endolll in the presence and absence of DNA, indicating that the physical mechanism of the
patential shift is a chargeduced increase in thiolateon bond covalency within thelfFe4S]
cluster. t is these moleculdevel changes that are responsible for the remarkable ability of
otherwise redoxnert repair proteins to communicate with eacheotbver vast distances using
reversible DNAmediated charge transfer, making the daunting task of searching an entire

genome for damage possible on a physiologically relevant time scale.
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Scheme3.2 Protein environment of the [4Fe4S] cluster tunes its redox cdugiéehave strong
H-bonds to §5 amidethiolate Hbonds, 3 amidsulfide bonds, and, more importantlysdénds

to surfaceexposed thiolate from solvent wataryd thus the S donate less electron density to Fe,
stabilizng the reduced stafegedox potential range300 to-700 mV) HiPIPs have only weak H
bonds to §5 amidethiolate Hbonds) thustheseS dorate moreelectron densityo Fe,

stabilizing the oxidized stateedox potential range 100 to 400 m&ndolll/MutY have

moderate Fbondng (a few amidethiolate Hbonds, and an Arthiolate Hbond) thus are
largelyredox inert. However, binding DNA introduces negative charge, thus stabitig the
oxidized statend facilitating redox activity at potentials of ~80 mV vs NHE.
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Figure 3.12 Structural alignment comparison of free (bIB®B code 2ABK) and DNA bound
(greenPDB code 10RN) forms of Endolll.
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Introduction

In cells sustaining oxidative damage, genomic guanine residues may be oxidized to 8
oxo-7,8 dihydroguanine 8xoG). Unlike guanine,-8xoG can pair effectively with either
cytosine or adenine bases, with potentially serious mutagersegoencegl, 2. A DNA
glycosylase conserved among species from bacteria to humans, known in humans as MUTYH,
removes adenine from thes@80G:A mispairs as part of the base excision repair pathway. In
humans, germlin®UTYH mutations that impair enzymatic activity lead to an increase in G:C to
T:A transversions thdtave been shown tesult in missense mutations in thBCtumor
suppressor geneéMutations inAPCare the first recognizable genetic events that initiate
malignant transformation of normal colonic epithelia into polyps, specifically adenomas, prior to
the acquisition of other mutations that complete the neoplastic conversion sequence from normal
tissue through adenoma to carcinof®ad). Bi-allelic mutations bBMUTYH give rise to the
autosomal recessive cancer genetic syndribEl'Y Hassociated polyposis, MAB-7).
Typically, by their fifth decade, MAP patients developZ@ colonic polyp$8-10). MUTYH
variants are common with a prevalence of at le%lhmong Western Europeafisl), and the
colorectal cancer risk increases nearlp2d 106fold for mone and btallelic MUTYH
mutations, respectivell 2, 13.

The MUTYH protein comprises three major regi¢h4): the Nterminus, which contains
the Endonulease Il 6helix barrel catalytic domain, the interdomain connector (IDC), and the
C-terminus, corresponding to protein residued06, 315366, and 36&00, respectively. The
MUTYH N-terminus contains a [4Fe4Stluster ligated by four cysteine residues; though
metabolically expensive, the cluster is conserved in MutY homologues across all domains of life

(15). A rare exception is the yeast endonuclease Il homologue Ntgl, which has no cluster, but
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one is presdnn a second yeast homologue (Nt¢P9). Indeed, the only organisms lacking a
cluster in any MutY homologue are specialized anaerobes subjected to lower levels of oxidative
stresq17). Studies performed dascherichia colMutY and its homologue endonlease Ili

(Endolll) have demonstrated that the cluster is unnecessary for structural integrity and is largely
redox inert in solutiorf18, 19. However, whert. coliMutY and Endolll were incubated on

duplex DNA-modified gold electrodes, a reversible redagnal centered near 80 mV versus

NHE was observed for both proteins and identified as the [4F€48puple, an assignment
supported by EPR spectroscd@y). Subsequent experiments with Endolll on a graphite
electrode in the presence and absenceN Pevealed that binding to the negatively charged

DNA backbone shifts the redox potential of these proteins by abodtmV, activating the

cluster toward oxidation and resulting in a significant increase in binding affinity of the oxidized
[4Fe4S}* form of the enzyme relative to the native [4F€4&irm (21).

These studies have led to a model in which [4Fe4S] BER proteins with similar DNA
bound redox potentials use reversible redox exchanges to signal to one another across the
genome, taking advantagef t he wuni que ability of -stBcke t o cor
base pairs (bps) in a process known as Bi#diated charge transport (DNA CBR, 23.

DNA CT has both a very shallow distance dependence and an exquisite sensitivity to even slight
disruptions in base pair stacking, making it an ideal lesion reporter. In our CT signaling model,
oxidative stress generates highly reactive species, such as guanine radicals, which can then

oxidize proteins including MutY24). If another [4Fe4S] protein i®und at a distal site and the
intervening DNA is undamaged, it can send an electron through the DNA to reduce the first
protein. Upon reduction, the proteinds affini

to another region of the genome, whhe oxidized protein remains bound. In the presence of a
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lesion, DNA CT is impaired, and the oxidized protein will remain bound and diffuse toward the
site of damagelhus, DNA CT constitutes a means for [4Fe4S] proteins to scan a vast genome
on a relevantime scale and redistribute in the vicinity of lesions. In the cake odli, long

range signaling by DNA CT has been estimated to reduce the damage search time from 45
minutes to 10 minutes or le§25).

In the present study, we describe a novel MUTYH variant, p.C306W, discovered in a
patient exhibiting colonic polyposis. This mutant was isolated usirkfy aali overexpression
system along with WT and the welharacterized mutants Y179C and G396D, and
electrochemistry, UWisible and EPR spectroscopy were used to compare the redox properties
of these four MUTYH variants. Enzymatic activity and DNA binding parameters were compared
using glycosylase assays and biolayer interferometry (BLI), respecthaggther, these results
provide strong evidence for a primary function of the [4Fe4S] cluster in-Diddiated redox
signaling ancestablish MUTYH C306W as a pathogenic variant, enhancing our understanding

of the role of the [4Fe4S] cluster in human disease
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Materials and Methods

Determination of Trans Chromosomal Configuration of MUTYH Gene Variants

Germline DNA was amplified using the polymerase chain reaction (PCR) to generate a
935 base pair amplicon that includes the open reading frame posi@d@C>G (p.C306W) and
c.1187G>A (p. G396D) . The PCR-CCAGGAGATOIMC used th
AAC CAA GC-3pand the reverse primepAAG GGT CAA GGG GTT CAA AT3aThe
€.1187G>A mutation creates a unique Bglll restriction endonuclease site allowed
generation of a 719 base pair fragment from the parent 935 base pair amplicon. The shorter 719
base pair fragment was resolved using agarose gel electrophoresis, amtdigd DNA
sequence determined (University of MichigarNl) Sequencing Gre) to establish the identity
of the ¢.918 position.
Identification of APC gene G:C4 T:A Transversions

Tumor DNA was extracted from a formatiixed, paraffirembedded colonic adenoma
originating from the proband using the RecoverAll Total Nucleic Asidation kit (Ambion). A
portion of the mutation cluster region of tARC gene(26) was amplified using PCR with the
forward-TEC CAGAGA TATGTCCTTCATCA3a and the +€AVerse pr
GGTTTGTCCAGGGCTRAT-3a. The P CRubgequentysequencedit
Sequencing Core).
Cloning of wild type and Mutant MUTYH ExpressionIBsmids

A plasmid containing the open reading frame for the beta3 isofoMuatYH
(NM_001048174.1) was obtained from OriGene (Catalog #: RC2008¥,8Rockville MD.)
and used as a template for the cloning of derivative constructs. NWitARY H construct

synthesis was accomplished using P#Red sitalirected mutagenesis of wild type MUTYH.
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The wild type and mutants were then cloned as maltose binding pidt@i) fusions into
pMCSG1927) between the Kpnl and Xbal restriction sites to increase protein soly{BBjty
The plasmids were further modified by removing the first fourteen codons encoding the

mitochondrial recognition sequence, which allevidteterologous protein toxicity. Furthermore,

to decrease the capture of truncated heterologous protein;tdrenius Higtag located
between the MBP sequence and the TEV cleavage site was removed-#néenGs Higotag

was attached with a flexible G37 linker to increase solvent exposure.
Preparation of Protein

Heterologous MUTYH proteins iEscherichia colstrain BL21(DE3) were initially
purified in accordance with previously published protocols using nickel affinity chromatography
with 1 mM DTT (29). To improve yields and purity, the expression plasmids were transformed
into theE. coliexpression strain for toxic proteins, B\l (Invitrogen) also harboring the rare
codon plasmid pPRAREEDF (30). One liter of fresh Terrific Broth modified with 4¢gycerol
and 50 pg/mL of antibiotics (ampicillin and streptomycin) in a three L baffled flask was
inoculated with 25 mL of overnight cultures in the same medium. Cultures were grown at 37 °C
in a horizontal shaker at 175 rpm until the dgfdeached approriately 2.5. The temperature
was adjusted to 15 °C, and after 90 minutes, 0.25 mM IPTG and 0.2% arabinose were added.
After 12-16 hours, cells were harvested by centrifugation, flash frozen in liquid nitrogen, and
stored at80 °C until processing. Cell pgets were thawed in an ice bath anésuspended in 80
mL of ice cold 10% glycerol before the addition of 53 mg/mL of CelLytic Express (Sigma), one
tablet of Protease Inhibitor Cocktail (Sigma) and 20 mM imidazole. The samples were clarified
onanutatordr 30 mi nutes at 4UC b enfercapteethanoleTheacdudei t i o n

cell lysate was passed through a 0.45 um filter in preparation for nickel affinity chromatography.
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His-tagged proteins were loaded onto a 5 mL HisTrap HP column (GE Healtlat@& mL/min
using an AKTA Explorer FPLC instrument (GE Healthcare) at 4 °C. The columns were first
washed with 20 column volumes of 93% Buffer A (20 mM “HiSI, pH 7.4, 1 M NaCl, 20 mM
b-mercaptoethanol, 10% glycerol) and 7% Buffer B (20 mM-R@&, pH 7.4, 100 mM NacCl,
500 mM imidazole, 10% glycerol) and the proteins were eluted usiritp@% Buffer B
gradient over 10 column volumes. Fractions containing NBPTYH protein (as determined by
SDSPAGE), were pooled. Typical yields of purified protein lBP-MUTYH wild type,
Y179C and G396D were between20 mg from one liter cultures and 1% mg of soluble
protein was obtained for MUTYH p.C306W. Monomeric protein was obtained by size exclusion
chromatography using a Superdex 200 10/300 GL columrH&#hcare) in Buffer C (20 mM
Tris-HCI, 100 mM NaCl, 1 mM DTT, 10% glycerol). Fractions eluting near the expected
molecular weight (104 kD) were collected, partitioned into aliquots, flash frozen in liquid
nitrogen and stord at-80 °C until further use
DNA Substrates for Glycosylase and Binding Assays

All oligonucleotides (Integrated DNA Technologies, Coralville, lowa) were purchased
PAGE purified. Duplexes were obtained by heatingrB80 UM complementary strands at 85 °C
then decreasing the temptna by 0.5 °C every 30 seconds until attaining room temperature.
The FAM labelled 8x0G:A duplex used in the DNA glycosylase assay consisted of
5-ACA AAG AACTTATAG CTC CTC CTT GAG CAC ACAGAG GTG TTC GAT GTA
GTT G/A/IC GCA GGA CGG GTT CAG B-FAM/-3 a n dTGT GITC TTG AAT ATC GAG

GAG GAA CTC GTG TGT CTC CAC AAG CAT GAT CAA BbxodG CGT CCT GCC

CAAGTCAS5qg. The bi-ooxxtaG: A adbwepleedx 8used i n t-he bi

nd
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/BiotinTEG/AC AAA GAA CTT ATA GCT CCT CCT TGA GCA CAC AGA GGT GTT CA
GTA GTT G/A/C GCA GGACGG GTT CAG-B o a n-dxoG dhigomes.
DNA Glycosylase Assay

The DNA glycosylase assay was adapted as previously reg@2ete8132). The activity
was evaluated by providing 10 nM of DNA substrate containing a singk®&:A mismatch to
wild type or mutant MBRMUTYH proteins (01000 nM) at 37°C in a buffer (20 mM T4#4$Cl,
pH 8.0, 100 mM NaCl, 1 mM EDTA, 1 mM DTT, and 0.1 mg/mL BSA). Reactions were
guenched after 1 hour with 80 mM NaOH followed by heating the samples tof604C
minutes,cooledcand t hen diluted with three volumes of
LI ZE Size Standard (lnvitrogen). DNA fragment
electrophoresis (M DNA Sequencing Core, ABI 3730 DNA Analyzer). Traogere analyzed
using Peak Scannéf Software (version 1.0, Applied Biosystems). The percent of excised DNA
was calculated as the ratio of th&AM peak area migrating at 44 oligonucleotides to the total
peak areadt 44 and 66 oligonucleotides).
Multiple Turnover Assay: Active Site Titration

The multiple turnover assay was adapted as previously ref@aed132). Reactions
were analyzed for scission of 10 nM FAbeled 8oxoG duplex DNA after the additioof
MUTYH protein. The total protein concentrations, selected to give a burst amplitude in a
detectible range, were 25, 2670, 580d 25 nM of MUTYH wild type, Y179C, C306Vdnd
G396D, respectivgl Samples were drawn over a-20nute time course and pressed as
described above. The cleaved product concentration, [P], was fitted with Equation 1 to determine
the amplitude of the burst 6 ks (rate constant during the burst phase) anftd¢e constant for

the linear phase).
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Equation 1. [P] = Ao[1-exp(kst)]+kit
The percent of active protein was calculated as a ratio ofthe tAtal protein corentration.

Binding Kinetics(Biolayer Interferometry)

All biolayer interferometry measurements were made on an Octet RED instrument (Pall
ForteBio, Menlo Park, CA) using streptavidin (SA) biosen$®8s Assays were performed in
9%we | | bl ack microplates at 25 UC ateindwete0O00 r pnm
buffer exchanged using PIDD columns (GE Healthcare) peguilibrated with PBS then serial
diluted (25, 12.5, 6.25, 3.125, 0.78125 nM) into working volumes with 1X Kinetics Buffer (Pall
FortBio;10 mM Phosphate, pH 7.4, 150 mM NaCl, 0.02% Twa@n. mg/mL BSA). The
biotinylated duplex DNA was first immobilized onto the SA biosensors for 300 seconds and then
equilibrated in 1X Kinetics Buffer for 300 seconds. Protein association was performed-for 150
300 seconds followed by dissociation into 1&tics Buffer for 900 seconds. A reference
sensor with immobilized dsDNA was subtracted from each data set. Shift data was analyzed with
ForteBiobdbs Analysis soft wa smandkqsana afinitydgkp) were 1) . K
determined from global nonlinear regression of association and dissociation binding kinetics
using a 1:1 Langmuir binding model.
Fe Elemental Analysis

The presence of elemental Fe within MUTYH protein samples was determined using a
Thermo Scientific Element2 ICARMS (34). Purified proteins were dialyzed overnight to
remove glycerol and to allow equilibration with blank buffer (20 mM-H@I, pH 7.5, 100 mM
NaCl and 1 mM DTT) using a 10K MWCO Slide-Lyzer dialysis assettes (Thermo

Scientific).
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DNA Synthesis andPurification for Electrochemistry

Thiol, FA, and OG modified DNA strands were prepared on an automated DNA
synthesizer (Applied Biosystems) and purified by HPLC on a PLRPS column (Agilent) as
described in previously published protoc(85); unmodifiedstrands were ordered from IDT and
purified by HPLC. For electrochemistry, 50 €L
degassed and annealed in storage buffer (5 mM sodium phosphate, pH 7.0, 50 mM NacCl) in
equimolar amounts by arbinute incubation at 3& followed by slow cooling (1.5 hours) to RT
on a thermocycler. Welhatched (WM) duplex DNA, DNA with an FA:OG lesion, and
substrates containing an abasic site were all prepared in this way. Duplex sequences were as
follows:

WM DNA

5Zi ACT GAA CCC GTC CTGCGT CAA CTA CAT GAA CAC CTCi 3Z
3Zi TGA CTT GGG CAG GAC G® GTT GAT GTA CTT GTG GAGI 5Zi C6 Thiol

FA:OG DNA

5Zi ACT GAA CCC GTC CTG C®G CAA CTA CAT GAA CAC CTCi 3Z
3Zi TGA CTT GGG CAG GAC GEA GTT GAT GTA CTT GTG GAG 5Zi C6 Thiol

Abasic DNA

5Zi ACT GAA CCC GTC CTG CG CAA CTA CAT GAA CAbC CTCi 3Z
3Zi TGA CTT GGG CAG GAC G® GTT GAT GTA CTT GTG GAGI 5Zi C6 Thiol

OG =80 x 0 g uani n-fuproaffeAine=Ab 2 abasic site

Electrochemistry on DNA SelAssembled Mnolayers (SAMSs)

Electrocherical characterization of MUTYH was carried out on a multiplexed chip
platform consisting of 16 individualgddressable gold electrodes separable into four quadrants
(35).Selfassembl ed DNA monol ayers were formed by a

phosphate buffer (5 mM sodium phosphate, pH 7.0, 50 mM NaCl) to each quadrant of the chip
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and incubating overnight. After monolayer formation, gaps in the film were elirdibgte
backfilling for 45 minutes at RT with 1 mM-@ercaptel-hexanol in phosphate buffer with 5%
glycerol. The surface was then extensively rinsed in phosphate buffer, followed by protein
storage buffer (described below). To compare different monolaygrhlogies, DNA was
incubated in phosphate buffer as described to generatéddnsity DNA monolayers (surface
coverage of ~15 pmol/cinor in the presence of 100 mM Mg@b form highdensity
monolayers (surface coverage of ~40 pmotjoi®6, 37. Bulk electrolysis experiments were
performed using gold rod electrodes in a custoatle electrochemical cell. Experiments were
carried out in air unless otiveise noted; anaerobic experiments were performed in a glove bag
(Coy) under a 95% M6% H, atmosphere.

MUTYH concentration was determined by bIN&, using an extinction coefficient of
17000 M*cmt at 410 nm to determine [4Fe4S] cluster concentration and 1023861kat 280
nm to determine total protein concentration; cluster loading was determined by dividing [4Fe4S]
cluster concentration by total protein concentration, and was typically around 15%. Initial
characterization was carried out in Tris storage buffem{®DTris, pH 7.4, 100 mM NaCl, 1
mM DTT, 10% glycerol v/v), while later electrochemical and spectroscopic experiments used a
HEPES buffer (20 mM HEPES, pH 7.4, 100 mM KCI, 1 mM DTT, 0.5 mM EDTA, 10%
glycerol v/iv). MUTYH was transferred into HEPES using Aamcl0 kDa MW cutoff spin tubes
(Millipore Biomedicals) at 4C.

Once in an appropriate buffer, MUTYH was added to a multiplexed chip and incubated
for several hours with cyclic and square wave voltammetry (CV and SQWYV, respectively) scans
taken once per . In typical experiments, CV scans were taken in a potential windew of

0.188t0 0.412 V vs NHE at a scan rate of 100 mV/s, while SQWYV scans were taken at a
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frequency of 15 Hz with 0.025 V amplitude. To plot the scan rate dependence of CV current,
scangn the same window were carried out at 20, 50, 80, 100, 200, 500, 750, and 1000 mV/s. All
experiments were performed on a CH Instruments potentiostat with a Ag/AgCl reference in 3 M
NaCl and Pt wire counter electrode. Potentials were converted to NHEimg&12 mV to the
measured potentials, accounting for both the salt concentration (209 mV according to BASI®)
and ambient temperatuf88). Bulk electrolysis was carried out at 0.412 mV versus NHE, and
yields were estimated by subtracting the total chpegsed with only buffer present from that
passed when MUTYH was included. All buffer components were purchased from-Sigma
Aldrich, the Ag/AgCl reference electrode was purchased from BASI®, and the Pt wire counter
electrode was purchased from the Kurtdsker Company.
EPR Soectroscopy

Continuous wave »band EPR was carried out at 10 K on a Bruker EMX instrument.
Sampl es were preparedilabereoNdi MWAWTYH ,i nuspanrga |115€0l
buffer blank. Spectra were taken from the summatidhsfeeps at 12.88 mW microwave

power, 2 G modulation amplitude, and a receiver gain of 5.02 x10
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Results

Identification and Functional Deficiencies of aNovel MUTYH V ariant

A novel germlineMUTYHvariant, c.918C>G (p.C306W), together with the previously
well-describedMUTYH mutation, ¢.1187G>A (p.G396D), were identified in a patient with
colonic polyposis and a family history significant for early age colon cantbke cysteine at
position 306 epresents one of the four cysteine residues that mediate integration of the
conserved MUTYH [4Fe4S] cluster. In bacterial MutY cluster loss is associated with decreased
protein function(19) which suggests that in MUTYH the C306W variant may affect ttegynity
of the [4Fe4S] cluster and represent a pathologic mutant (Mduidustrates the structure of
bacterial MutY and identifies corresponding residues in MUTYH).

Supporting the potential pathogenicity of the novel ¢.918C>G variant, we establiahed t
this variant was situated in a trans chromosomal configuration relative to the ¢.1187G>A
MUTYHmutation (Figuret.2). Further evidence of the pathogenic nature of the ¢.918C>G
variant was apparent in the sequencing ofAR€ gene in somatic DNA origating from a
colonic adenoma from the patient. This sequencing revealed the presence of a C:G to T:A
transversion in the APC gene, which is the hallmark genetic lesion distinguishing deficient

MUTYHmediated DNA repaif4) (Figure4.3).
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Figure 4.1 Structure ofGeobacillus stearothermophilddutY with residues homologous to

disease el evant variants in human MUTYH isoform b
been previously shown to be pathological mutations involved in MU-B¥$bciated polyposis

(MAP); C306W was identified in this study. Notably, C306 is one of four cysteine residues

involved in [4Fe4S] cluster ligation. Structure from PDB ID 1RRQ.
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DNA ladder Bglil-digest PCR product

Figure 4.2Thec.918C>G MUTYH variant is situated trans relative to the c.1187@A YH
mutation Thec.1187G>A (p.G396DMUTYHmutation creates a unique Bglll restriction

enzyme site which we employed to isolate the chromosomal DNA strand containing the
€.1187G>AMUTYHmutation. A 957 bp fragment encompassingNhéTYHopen reading

frame nucleotide positions 918 and 1187 was generated with PCR and then restriction enzyme
digested with Bglll. The digestion products were resolved on 1.5% agarose gel and the lower
molecular weight DNA band isolated (arron§equencing of the lower moldar weight band
demonstrated the wildtype cytosine nucleotide at position 918 consistettvetis

configuration of thee.1187G>Aandc.918C>GMUTYHalterations.
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A
Forward I ! | ‘
Nor mal Colo €T TTGTCATCAGC TG AAG
GA AACAGTAGTCGAC TTC
Reverse! /| / \ N\ | \/\ /A

Foward J\Y U\ ALV VALY A)

. CT TTG TCATCAAG C TG AAG

Col oMAdeN 0 4 4 sc AGTAGTTIC G AC T 1 ¢
Reverse | | ] ANA)

Figure 4.3Transc.1187G>A (p.G396Pand ¢.918C>G (p.C306W) MUTYH mutations are
associatedvith the signature G:C to T:Aansversionn the APC g@nedistinctive of deficient
MUTYHDNAreparFr om one of the patientdés adenomatou
assess for the presence of the signature G:C to T:A nucleotide transversion which results from
deficient MUTYH DNA repair. The figure depicts a portion of the germline nucleotide sequence

from the mutation cluster region of the APC gene (upper tracing); this sequence reveals the

normal wildtypeAPCsequence. In comparison, the lower tracing depicts the forward and
reverse nucleotide seqguence from dpblypsferxt ract e
this same mutation cluster region of theC gene; there is identified a G:C to T:A transversion

(arrow) resulting in a premature stop codon inAIREC open reading frame and pathologic APC

protein product.
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Preparation of Monomeric MUTYH Protein

The four MUTYH proteins, WT, G396D, Y179C, and C306W were overexpresged in
coli and purified by nickel affinity chromatography followed by size exclusion FfHiglire
4.4). All of the MUTYH proteins eluted as soluble aggregates in thefvaidion; evidence of
aggregation in these samples was also clear from theitibe spectraAggregated WT,

G396D and Y179C MUTYH proteins demonstrated glycosylase activity consistent with previous
reports, with attenuated activity observed in the G386 Y179C MUTYH proteing29-31);
aggregated C306W protein lackgigcosylase activity (Figure 4.ha

Aggregatedrotein is unlikely to exhibit nativactivitylevels t hus ,- 20 mM D
mercaptoethanol was added prior to purification in an effort to disffeessggregates and yield
monomeric protein. This additional measure was effective, and monomeric proteins were of
expected moleular weight (104kDand eluted around 12 minutes during the skusion
FPLC step (Figure 4.4Relative to aggregated prateimonomeric WT demonstrated enhanced
glycosylase activity. The glycosylase activities of the monomeric G396D and Y179C MUTYH
proteins were also enhanced relative to the aggregated species, however they displayed less
activity compared with WT protein. éhomeric C306W MUTYH protein remained severely
deficient inglycosylase activity (Figure 4.5bBased on the higher catalytic function ofive,
monomeric MUTYH proteirwas employed for all subsequent experiments.

For a more complete functional compansaf the four MUTYH variants, time course
glycosylase assays were conducted under multiple turnover conditions to quantitatively
determine the proportion of active enzyme in each sa(@ple3132). These assays were
performed using dsDNA containing aro80G:A mispair together with varying concentrations

of MUTYH proteins. The experimental results demonstrate an initial burst of adenine excision
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activity proportional to the active fractionfof the protein sample (Figai#d.5¢ Table4.1).
The rateconstantskg andk., were determined for the exponential and linear phases of the
reaction, respectively (Tab#l). Both WT MUTYH and G396D proteins had comparable linear
rates for turnover and the highest fraction of active protein. In contrast, @&\CBIUTYH
mutant was essentially devoid of adenine excision activity and Y179C had no detectable
turnover. The fractions of active MUTYH were then employed to correct for the total amount of
protein used in the glycosylase assay (Figube), confirming hat WT MUTYH and G396D
mutant had comparable activities, while C306W and Y179C mutants displayed poor activity.
Poor activity observed in MUTYH C306W could have two possible explanations: that either this
mutant was catalytically inactive or it was unatadind specifically to DNA (as is the case with
low activity in the weaklybound Y179C).

To help distinguish between these possibilities,employed biolayer interferometry
(BLI) (33) to measure the binding parameters of the MUTYH proteins. Aftenprelry
experiments demonstrated that there was no significant difference in binding of WT MUTYH to
DNA that contained an-8xoG:A mispair relative to DNA without the mispair, we compared the
binding of WT MUTYH and the G396D, Y179@nd C306W mutants to DNcontaining an 8
0x0G:A mispaired duplex. The binding kinetics data are summairiZEable 4.2 Relative to
WT MUTYH, the G396D and Y179C variants demonstrated increasing valugspfriarily
due to decreased association rates. There was no detédtalihg for the C306W mutant
within the protein concentration range tested, suggesting that the low activity levels observed in
this mutant were due primarily to ineffective DNA binding.

Together these data demonstrate the functional deficiency oB0&/CMUTYH

mutant. The cysteine at position 306 represents one of the four cysteine residues that ligate the
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MUTYH [4Fe4s] cluster. In bacterial MutY, [4Fe4S] cluster loss is associated with decreased

protein function(19), which suggests théte C306Wariantof MUTYH may affect the

integrity of the [4Fed4S] cluster accounting f
To assess the integrity of the [4Fe4S] cluster, iron loading of the clusters of WT MUTYH

and the mutants Y179C, G396D and C306W were compargddntifying the iron present in

each sample using IGRRMS for elemental analys{84). Consistent with disruption of the &

cluster loop in the C306W variant, this protein exhibited substantially lower iron content relative

to the other MUTYH proteinested Table 4.3. However, U\visible spectra taken from

disrupted aggregates of all four variants distinctly showed the broad peak centered at 410 nm that

is characteristic of a [4Fe4S] cluster, indicating that MUTYH C306W is still capable of binding

anintact cluster and further suggesting that logdig cellular machinery remairgfective

(Figure 4.6) In addition, circular dichroism (CD) spectra of WT MUTYH and the C306W

mutant were indistinguishable, confirming that no global conformational chamgesnduced

by the mutatior{Figure 4.7. Thus, the low cluster content as measured byH®&RMS was

instead tentatively associated with decreased protein stability in this mutant, and subsequent

electrochemical and EPR experiments were used to morelyadiedmine the [4Fe4S] cluster

properties in detail.
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Monomeric MUTYH
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1309 Soluble aggregate
MUTYH
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Figure 4.4 Purification of monomeric MUTYH proteinsL¢ft) SDSPAGE gel of purified

monomeric MUTYH proteins. The left lane contains the protein molecular weight ladder. The

lanes 14 contain g of MUTYH wild type, Y179C, C306W, and G396D, respectivéRight)

SEGFPLC UVogot r ace of WT MUTYH f ol | oanercagtoethanel.at me nt
While some soluble aggregates still occur in the void volume, the majority of the purified protein

IS monomeric.
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Figure 4.5A novel human MUTYH variant, C306W, lacks glycosylase atiBlack lines,

wild type MUTYH; Green lines, G396D; Red lines, Y179C; Blue lines, C306W

All data are presented as megs.d.,n = 3.

(a) Glycosylase assays with soluble MUTYH aggregates. Activity levels for WT MUTYH and
the variants Y179C and G396D a@mparable to previously reported values. MUTYH C306W
shows only minimal activity, comparable to Y179C.

(b) Glycosylase assay using soluble, monomeric MUTYhk pattern matches that of
aggregated protein, and confirms the observed defect in MUTYH C3R6é\Ative to WT and
G396D MUTYH, Y179 and C306 proteins demonstrate severely attenuated DNA scission
activity.

(c) Multiple turnover reaction conditions define the concentration of active protein within a
purified protein sample. The glycosylase assay veaf®pned with sufficient MUTYH protein

to generate reaction burst amplitudes)(\ithin the detectable range. MUTYH active fractions,
Ao, and kg and k rate constants of the excision reaction during the exponential and linear phase,
respectively, were detmined by fitting the curves from the reactions at top to the equation [P]=
Ao [1-expFke)t] + Kit.

(d) Adenine excision activity of wild type and mutant MUTYH proteins after correcting for
active fractions, A The correction for active MUTYH C306W aivd 79C proteins shifted their
assay concentrations below 2.5 nM



Table 4.1 Determination of Rate Constants from Multiple Turnover Assay

Enzyme ID [protein] (nM)

wild type (WT) 25

Y179C 2670
C306W 500
G396D 25

Data show measi s.d.,n=3

Ao

48 +0.2

1.1+0.1

1.0+0.1

1.2+0.2

Adl[protein]
19.2%
0.04%
0.2%

4.9%

ke (min-1)

08+0.1

1.0+0.2

1.2+0.2

03+0.1

146

kL (min-t nM)
0.07 £0.01

0
0.01+0.01

0.05+0.01
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Table 4.2 Enzyme/DNA Kinetic Binding Data Obtained from Biolayer Interferometry.

Enzyme ID Kon (1/Ms) x 1¢
WT 43+0.4
Y179C 29+04
C306W No binding
G396D 10+ 0.5

Data show measi s.d.,n=3

Kdis (104 1/s)
2.7 +£0.03

5.0+£0.21

5.3+0.12

Kp (10° M)
0.6 £0.01

17 +2.57

5.2+0.27



Table 4.3 Elemental iron analysis of MUTYH proteins by ICP-HRMS.

Enzyme ID [ Fel]
WT 6. 42
Y179C 6. 40
C306W 0.78
G396D 6.59
Buffer 0.17

Data show measi s.d.,n=3
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Figure 4.6 MUTYH UV -visible spectra.d) Complete UVvisible absorption spectra of

monomeric WT MUTYH and the mutants Y179C, C306W, and G396D. Aggregated MUTYH
(light blue) can be distinguished by asdapedpectrum with elevated absorbance at 800 nm.

(b) Zoomed in version of spectra in (a) highlighting the broad peak centered at 410 nm, which is
characteristic of [4Fe43]clusters. The presence of this peak confirms that the C306W mutation
does not preverdiuster binding, and indeed cluster loading is comparable to that of WT and the
other variants studied. All monomeric proteins were scanned in standard storage buffer (20 mM
Tris-HCI, pH 7.4, 100 mM NaCl, 1mM DTT, 0.5 mM EDTA, 10% glycerol v/v), while the
aggregated WT spectrum is in a phosphate buffer (20 mM sodium phosphate, pH 7.4, 100 mM
NaCl, 0.5 mM EDTA, 10% glycerol v/v).
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Figure 4.7 Circular dichroism (CD) spectra of WT MUTYH and MUTYH C306W. The

similarity in spectra suggest that the C306Wtation does not result in significant global
structural perturbations. These experiments were performed in HEPES storage buffer (30 mM
HEPES, 100 mM KCI, 1 mM DTT, 0.5 mM EDTA, 10% glycerol v/v, pH 7.4).
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DNA-Bound Electrochemistry of WT and Mutant MUTYH

Having observed that MUTYH C306W appeared to incorporate less iron despite its
capacity to bind an intact cluster, we next assessed its redox properties em@hfed gold
electrodes alongside WT, G396&hd Y179C MUTYH(Figure 4.8. Electrahemical analysis
was reasoned to be an insightful approach in these studies for two reasons: first, access to highly
purified WT MUTYH allowed us to determine if the human protein behaved like its bacterial
counterpart, and, second, electrochemical mangowould provide an effective way to assess
the stability of MUTYH C306W over time. Specifically, the predicted instability of MUTYH
C306W was expected to lead to electrochemical signals that were either smaller than WT or less
stable over time.

In thee experiments, MUTYH was incubated in storage buffer (20 mM Tris, pH 7.4, 100
mM NaCl, 1 mM DTT, 10% glycerol v/v) and periodically scanned by CV and SQWV.
Aggregated protein pr eparnercaptoethanolare exeharigede at e d
into stora@ buffer with fresh DTT immediately prior to electrochemical anal@isster
loadingas determined by UWisible spectroscopy was low monomeric WT MUTYH
prepared from disassembladggregategaround 15% byhe As10A2s0 ratio), although all
deaggregated MUTYH variants, including C306W, showed similar loading percentages. It is
likely thatapoproeins can compete to some extent with loaded holoenzyme for DNA binding on
electrodesurface, making low loading potentially problematic for eleclremistry. However,
when making direatomparisons between different MUTtariants, similar [4Fe4S] loading
between the proteins studied is a more important factor than absolute loading as long as
guantifiable signals can be obtained. Thus, we proceedsdddivochemical experiments despite

the low loading values.
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To test multiple conditions simultaneously, DNA monolayers were prepared on
multiplexed gold electrodes, which enabled up to four experiments to be conducted in parallel
(39). In this case, halbbf the available quadrants consisted of unmodified (WM) DNA and half of
substrate trap FA:OG DNAncluded in an effort to enhance signal amplitude by increasing the
DNA binding affinity. In addition, both high density (formed in the presence of 100 mM MgCl
and low density monolaye(®rmed without Mg*) were compared on a single chip. DNA
surface density is an important parameter for protein experirt@s)thigh density films have
more DNA on the surface (30 pmol/cmi) that can improve DNAnediatedsignaling by
sterically hindering large proteins, while low density films contain less DNAQLpmol/cm)
that can be more readily accessible to proté36s 37. Overall, the effect of each type of film is
likely to depend strongly on the particulaof@in being studied, and both have been employed in
previous studies.

In initial experiments, WT MUTYH+{ 2 . 5 ¢ M [ 4 Hielde8q reverdible setlo r
signal with a midpoint potential of 106 + 1 mV sas NHE (Figure 4.8b), which smilar to the
65-95 mV (versus NHE) range reported for otB&A-bound [4Fe4S] proteins. That the
MUTYH potential was slightly higher camost likelybe attributedo disparatebuffer
conditions.The signal appeared almost immediately after addition to the eleetnodiecreased
in magnitude over the course of @a8urexperimentAlthough small the signalavere readily
quantifiable: on low density films containing WM DNA, CV peak areas were 31 + ZrC@0
for the reductive peak an83 + 2 x 10 nC for the oxidativgpeak, while the equivalent values
on high density films were 25 + 2 x 20C and-27 + 3 x 1& nC, respectively. Interestingly, no
significant differences in signal intensity were observed between WM and FA:OG DNA, with

CV reductive and oxidative peakanges of 28 + 1 x 1OnC and-34 + 4 x 1 nC on low
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density FA:OG DNA films and 24 + 2 x ZC and-24 + 1 x 1& nC on high density films. The
FA:OG substrate trap is known to increase the binding affinity of the very similar murine

MUTYH on a 3@merduplex by an order of magnitug®9), and the absence of any clear change

in signal intensity suggests that our system is not sufficiently sensitive to detect this difference.
Several possible explanations exist for this insensitivity. First, it mayabéhth absolute amount

of accessible DNA on either surface is too low to detect a difference between WM and FA:OG
substrates. Alternatively, the significant amount of apoprotein present may have blocked some of
the accessible DNA from fully loaded protekinally, the fact thaDNA is tethered to a surface

in these experiments rather than in solutiight lower the chanced a successful binding

event.

Thepotential and maximursignalsize of MUTYHC306W{ 2 . 5 €M [ 4Fe4S] cl
were comparableo WT, dthoughpeak area wasonsiderably more variable between
experimentsContrary to expectations, the C306W mutant was not obviousigefitient but
thesignaldid steadily decrease in siaéter 12 hours of incubation. The observed signal loss is
consistent with the cluster lability suggested by-lEIRMS. In addition, &econd, irreversible
peak centered arourBl0 mV versus NHEppeared anishcreasedn sizeas the reversible
[4Fe4SF?* signal decayed (Figure 4.8b). This pattern of reversigleasioss and secondary
peak growth was observed in several experiments with C306W and did not occur to any
appreciable extent in WT MUTYH, confirming that it was not a contaminasecdndary peak
at this potentialvas unprecedermdeamong previously stigld base excision repair protejnsit
its growth along with the parallédss of the reversible signal suggested that it was some form of

degradation product.
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While theDNA processing enzymes studied thus far hgameerallyshown stabilization
of the [4Re4SF* form upon DNA binding to yield a reversible [4FeZ$} signal on an
electrode, loss of iron by the oxidized [4Fe¥%Species to form the [3Fe4Sjluster has been
reported in bacterial MutY and Endolll when the samples were frozen for EPR endleica
conditions(20). As the loss of one iron atoim the first step in cluster degradation, we
considered the [3Fe4Stluster to be a likely candidate fdret identity of thaunexpectededox
active MUTYH C306W specie#t ~-50 mV versus NHE, the MUTM C306W secondary peak
fell within the range of reported [3Fe4SJluster potential$40), supportinghis assignmenfThe
irreversible nature of the signal was unusgaden that [3Fe4S] clusters cancess a reversible
1%/0 redox couple, bugiven thesignificant impacbf even a single unit of cluster charge on
DNA binding affinity (21), irreversibilityin our experiments can be rationalizeiprotein
dissociation from DNA followingeduction to the neutral [3Fe4S}ate

Confirming that the [4Fe4SJuster degradation observed in MUTYH C306W was
unique to this mutant, electrochemical analysis of DNA bound Y179C anddG3$6b ot h 2. 5 ¢
[4Fe4S] clusteryielded reversible signals at nearly the same potential as WT with no secondary
peak presenFigure4.8b, Table 4.1 Like WT, the signals from both of these variants increased
over time and remained stabtw several hourdNotably, the Y179C signal was only about half
as large as W, consistent with the lowddNA binding affinity of this mutant relate to both
WT and G396D Kp of 7.5 nM for Y179C versus 2.2 and 4.9 nM for WT and G396D,
respectively)29). Overall both mutants were more similar to WT than C306W @irtredox
properties, amnsurprisingoutcomegiven that the cluster in these vargrg unalteredlhe
propensity for the MUTYH C306W cluster to degrade by redox activity provides a possible

explanation for the low DNA binding affinity observed with BLI binding studéssprevious
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work with E. coli MutY hasdemonstrated that apoprotein lacking clugeatefective in DNA

binding despite remaining structurally intat®).

Characterization of the C306W Degradation Product

In an effort to characterize the MUTYH C306W cluster degradation product more fully,
we proceeded to assess its dependenaaxggen, which is often an important factof{3Fe4Sj
cluster formatior(20). Specifically, electrochemical and WXsible spectroscopic analysis were
employed to compare aerobically oxidized proteins with those maintained in an anaerobic
environment. For an effective comparison, a single C306W sample was concentraiad and
halfwas di | ut év[4Re45] clusten deglksed buffer and place a chip
containing low density WM DNA in an anaerobic glove bag (9596% H, atmosphere), while
the other half was maintained in aerobic conditions and oxidized on arbdt#ied gold rod
electrode held at 0.412 V versus NHE. The anaerobic sample araseskcperiodically by CV
and SQWV, and, following electrolysis, the oxidized sample was transferred to the glove bag
and added to a separate quadrant on the same chip. In addition to electrochemisisjhlgV
spectra were recorded before and after edgais both to observe changes in the 410 nm peak
and to ensure that the oxidized sample did not aggregate.

Quantification of the total charge passed during electrolysis indicated omptete
oxidation of the aerobic protein by ~60 minutes. Prior totedysis, the UWvisible spectrum
showed the broad peak centered at 410 nm characteristic of a [4Fe4S] cluster, but after oxidation,
the absorbance increased over a broad range frorm 300 nm, with a poorkgefined peak
around 410 nm and a substansihbulder betwee400 and 300 nm (Figure 4)8&uch

absorbance features are a general characteristic of cluster oxidation, althowghdg¥ectra
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alone are insufficient to precisely identify the oxidized species gendddiedmportantly, the

280 nm pela remained sharp and distinct even after oxidation, and the spectrum was not elevated
at 800 nm, demonstrating that the protein had not aggregated and confirming that all changes
were due solely to cluster oxidation. This result stands in stark cowmtthst $oluble MUTYH
aggregates observed in both WT and C306W in the absence of DTT, which were visibly cloudy
with a U-shaped UWisible spectrum characteristic of aggregation, with highly elevated
absorbance at 800 nm, no distinct [4Fe4S] peak, and ahgiy 280 nm peak visible only as a
shoulder.

CV and SQW\Vof the aerobically oxidized C306W MUTYH variant revealed an
irreversible peak comparable in size to the main reversible peaks; in contrast, the equivalent peak
in the anaerobic sample was much smaller than the main peak and had not changed from initial
levels (Figure 4.89. Furthermore, the reversible signal of the anaerobic sample increased over
time and exceeded even the strongest signals observed for aerobically incubated WT MUTYH,
which was all the more intriguing given that the anaerobic sample leadimibating on the
electrode for several hours. Supporting greater instability of the C306W [4Fe4S] cluster, aerobic
oxidation of WT MUTYH gave low bulk electrolysis yields, and no readily apparent irreversible
peak was present by CV. In addition, the-Mig spectra of WT before and after oxidation were
indistinguishable. Taken together, the apparent sensitivity of MUTYH C306W to oxidation and
degradation in air along with the absence of any observable degradation in aerobically oxidized
WT MUTYH all supported the assignment of the secondary peak to a [3FelSier
However, U\tvisible spectroscopy and electrochemistry alone are insufficient to distinguish

between possible oxidized f&especies, which requires EPR spectroscopy.
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Figure 4.8Initial electrochemical and spectroscopic characterization of MUTYH variats. (
Electrochemistry is carried out on DNAodified gold electrodes, which allow controlled

reduction or oxidation of the [4Fe4S] clustd) [hcubationof 2 . 5 e M WTG396D,1 7 9 C,
or C306W MUTYH on a DNAmodified electrode in storage buffer (20 mM Tris, 100 mM

NaCl, 1 mM DTT, 0.5 mM EDTA, 10% glycerol v/v, pH 7.4) results in a reversible signal with a
midpoint potential of approximately 105 mV versus NHE. C306W uniquely g&dian

irreversible reductive peak arourisD mV versus NHE, which was presumed to be some form of
oxidative degradation product) (After aerobic oxidation by bulk electrolysis, the Wis

spectrum of C306W showed no evidence of aggregation but didysproad increase in
absorption from 700 to 300 nm, suggestive of cluster oxidatijrCgnsistent with cluster
degradation in the presence of oxygen, aerobic bulk electrolysis of C306W enhanced the size of
the peak relative to the reversible signaijlesanaerobic incubation provided a protective effect.

All SQWV measurements were obtained at a frequency of 15 Hz and 0.025 V amplitude, and the
signals shown are an average from at least four separate electrodes on a multiplexed chip. The
SQWV backgroud current levels ink) were all comparable and have been adjusted for ease of
visualization. Bulk electrolysis was performed for 1 hour at 0.412 V vs NHE on a DNA

modified gold rod electrode in a glass cell.
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EPR Soectroscopy of MUTYH

Having confirmed tht thesecondaryC306Wreductive peak was an oxidation product
formedunder aerobic conditions, we turned to EPR spectroscopfiree atep toward its
identification. EPR provides a means of distinguishing among different paramagnetic species and
is comnonly employed to study ireaulfur proteing40 - 42). While EPR analysis can be very
informative, there were two general concerns with respect to MUTYH. First, EPR experiments
are generally performed with significantly higher levels of concentratedmptbtn those used
in our electrochemical experiments wk.toi MUTYH
Endolll(20and ~9 € M DNA(43p lout eyem thesa weee stiliddtimes more
concentrated than the MUTYH samples. Second, thedawperatures necessary to resolve
signals from [4Fe4S] clusters (BB K) require the samples to be frozen prior to analysis, which
can impact protein stability if the buffer pH changes with temperature, as is the case for the Tris
buffers employed in ouMUTYH studies(44).

Therefore, prior to attempting EPR, all MUTYH variants were concentrated and
exchanged into a HEPES buffer (20 mM HEPES, pH 7.4, 100 mM KCI, 1 mM DTT, 10%
glycerol viv, pH 7.4); potassium was used in place of sodium as a further pedtalgtailize
the pH at low temperaturd®). UV-visible spectroscopy and electrochemistry (Figuga, 10
were used to confirm protein stability in HEPES and to verify that redox properties remained
comparable. As observén the UV-vis spectra (Fige 4.93, all of the MUTYH variants
maintained their monomeric form in this buffer, although they could not be concentrated beyond
15 ¢M without forming soluble aggregates. Whe
resolved by simple dilution, antde UV-visible spectra of WT MUTYH and the mutants Y179C

and G396D all retained a sharp 410 nm peak with ~15% cluster loading even after an additional
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freezethaw cycle one wee#fter buffer exchange (Figure 4)9&n contrast, the spectrum of the
MUTYH C306W protein closely resembled the aerobically oxidized sample described
previously (Figuret.99. Oxidation may have occurred over the extended aerobic buffer
exchange process or during the fredmaw cycle on the day of EPR experiments. Because the
extinaion coefficient at 410 nm was unknown for the MUTYH C306W product, cluster loading
in this mutant was estimated by comparing the magnitude of absorbance with the earlier
aerobically oxidized sample, yielding a concentration comparable to the otherszariant

Al | EPR spectra of MUTYH proteins were obt
eM G396D and Y179C (the |l atter mutants were n
broadened UWis absorption, we predicted that the corresponding EPR spectrum stmvid
evidence of either the [3Fe43Jluster or a more advanced degradation product, while WT,
Y179C, and G396D were expected to be diamagnetic and thus EPR silent. Unexpectedly, all of
the samples showed a small, broad signal aishoulder at g = 2.Q4igure 4.9h most likely
attributable to oxidation during the aerobic freezing process, as reported previolslgdbr
Endolll and MutY®. Nonetheless, MUTYH C306W protein displayed a much sharper signal
with a clear peakantered at g = 2.018 (Figu4edb), which is characteristic of [3Fe4S]lusters
(40, 42. Importantly, the C306W EPR signal, but not the broad signals of WT and the other
MUTYH variants, closely resembled spectra from chemically oxidizexbli Endolll and MutY
that were also assigd to the [3Fe4Skluster(20). While some of the C306W [4Fe4S]
degradation may have occurred during sample freezing, the significantly larger and sharper EPR
signal relative to the other variants and the-\d8lble spectrum indicating previous oxidation

suggest that the cluster was largely in this state prior to freezing.
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Figure 4.9 Characterization of MUTYH in HEPES and analysis of the C306W decay product.

(top) UV-visible spectra of concentrated WT, Y179C, and G396D exchanged into HEPES buffer

(30 mM HEPES, 100 mM KCI, 1 mM DTT, 0.5 mM EDTA, 10% glycerol v/v, pH 7.4) all

displayed the characteristic [4Fe4S] cluster absorption band centered at 410 nm. In contrast, the
C306W spectrum showed broadly increased absorbance associated with oxiolatiom)(

EPR spectra of 15 €M (WT and C306W) or 5 M (
C306W EPR spectrum shows a sharp peak at g = 2.018 with a shoulder at g = 2.04 EPR,
supporting identification of the degradation product as a [3Feh8ter. Continuous/ave X

band EPR spectra were measured at 10 K with 12.85 mW microwave power, 2 G modulation
amplitude, and 5.02*f0eceiver gain.
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Electrochemical Characterization of MUTYH in EPR B uffer

In parallel with EPR experiments, we performed electrochemigthyconcentrated (5
eM) MUTYH in HEPES buffer to verify that the
observed in Tris buffer (Figure 410n HEPES bufferthe midpoint potential of WT MUTYH
decreaseéfrom 105 £ 1 mV vs NHE infis to 93 £ 1 mV v&\HE (Table4.4), but the overall
signal shape and properties remained unaltered. Unsurprisingly, the addition of more
concentrated protein to the electrode (~5 &M
gave substantially larger signals, with WT MUHRYielding a reductive peak area of 7.6 £ 3 nC
and an oxidative peak area-6f6 + 3 nC on low density monolayers. Remarkably, although the
protein was only about twice as concentrated compared with previous experiments, the signal
was over 10 times lger, suggesting more efficient redox coupling in HEPES

Like WT, all of the mutants showed ~I@ld larger signals when concentrated in
HEPES, and their midpoint potentials decreased by a similar margin, placing all variants in the
same potential window (Tde 4.4). The signal from the MUTYH Y179C protein was still
noticeably smaller than WT (reductive and oxidative peaks at¥®b and 33 + 17% of WT),
most likely as a result of low&NA binding affinity, while G396D was not significantly
different from WI' (reductive and oxidative peaks at 77 £ 32% and 76 + 41% of WT). To ensure
accurate comparison with EPR spectra, electrochemistry for the less stable C306W mutant was
performed on the same day as EPR, and using the same sample stock. Consistent with the
oxidation indicated in the UWisible spectrum and the presence characteristi§3Fe4S|
clusterEPR signal, the electrochemical signal from #ample was significantly smaller than
any other mutant (reductive and oxidative peaks 35 + 15%2@rd14%of WT) and possessed

aprominent seaadary reductive peagenterecat-88 + 6 mV vs NHE (Figure 4.10The larger



162

signals made this peak much more readily quantifiable compared with Tris buffer, and the total
charge of this irreversible peak was foundeapresent ~20% of either peak of the reversible
[4Fe4S$?* couple. The area in this case was lower than estimated for the C306W sample
aerobically oxidized in Tris buffer, where the secondary peak was roughly equal in magnitude to
the main peak, which ggested that the concentrated sample in HEPES was not 100% oxidized.
Overall, UV-visible and EPR spectra obtained from the same MUYH C306W protein strongly
supported the identification of the irreversible peak as a [3F84&Jox couple. When
compared t&WT MUTYH, or even the Y179C and G396D mutants, the susceptibility of the
C306W [4Fe4S] cluster to degradation upon oxidation during redox signaling was apparent, and
the irreversibility of the degradation product signal indicates that the resultant [3Fsg&cies
does not bind DNA effectively.
Based on the measured midpoint potentials in Tris buffer (Fadb)eelectrochemical
signals from dilute MUTYH samples were most likely DNyund(35); however, the small
signal sizes made it impossible to detire if the signal was DNAnediated. The substantially
larger signals recorded in HEPES buffer with concentrated samples allowed this issue to be
addressed, and chips containing half weditched DNA and half DNA containing an abasic site
were prepared fahis purpose. Earlier work with DNnediated Endolll signals showed a
dependence on monolayer morphol@8y); thus, to see if this was also the case for MUTYH,
the abasic site discrimination studies were carried out on both high and low density manolayer
On abasic DNA, a maximum charge attenuation of 38% for the reductive peak and 46%
for the oxidative peak was obtained owldensity monolayers (Figure 4)1in contrast, no
appreciable discrimination was observed on high density monolayers. Theeobabasic site

discrimination confirmed that MUTYH can take part in DM#Aediated signaling, and the
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differences in high and low density DNA monolayers emphasize the importance of surface
accessibility to large proteins. The sterically hindered high defilsits clearly do not provide
sufficient access to DNA in an appropriate conformation to observe such a signal, and the peaks
seen in this case are likely attributable to DN&und proteins signaling directly through the
monolayer surfac€3b).

Interestngly, the pattern of abasic site discrimination observed here is opposite to
previously published data f&. coli Endolll (35); this difference can be rationalized by
considering two important factors. First, the DNA used in the Endolll experimentaniyats
bp, while Endolll has a binding footprint of 12 @46). Thus, the protein would have taken up
much of the available space and the cluster could readily bypass the mismatch on fully accessible
low density DNA. In contrast, the DNA substrate choseMUTYH was 36 bp while the
binding footprint is likely close to the 16 bp reported for mouse MUT39®), making bypass of
the abasic site on low density monolayers less likely. Second, a considerable size discrepancy
exists between the two proteins: urdiified MUTYH is 61 kDa, while Endolll is only 24 kDa.
Thus, steric hindrance in high density films would be expected to have a greater impact on
MUTYH, a notion supported by the observation that the largest signals obtained on high density
monolayers comtining WM DNA were ~30% smaller than the equivalent sigjoal low density

films.
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Table 4.4CV Midpoint Potentials of MUTYH Variants in Tris and HEPES Buffers.

MUTYH variant Emdpt in Tris (MV) Emdpt in HEPES (mV)
WT 106 £1 93+1

C306W 114 +3 97 +1

Y179C 105+ 0.8 100+ 2

G396D 115+0.1 9 +4

Error is the standard deviation of the mean from at least 3 separate experiments.
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Figure 4.10Electrochemical characterization of MUTYH variants in HEPES buf@r. (

Arrangement oMUTYH variants on a multiplexed chipb) CV (top) and SQWYV (bottom)

scans of 5 &M WT, Y179C, G396D, and C306W var
HEPES, 100 mM KCI1 mM DTT, 0.5 mM EDTA, 10% glycerol v/v, pH#). Under these

conditions, substantiaignals occur even by CV. The MUTYH C306W secondary peak is

readily apparent in both CV and SQWYV. CV scans were taken at a scan rate of 100 mV/s, while
SQWV scans were taken at a frequency of 15 Hz with 0.025 V amplitude. All scans shown are

an average dhined from at least seven separate electrodes.
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Figure41l1Abasi c site discrimination by WT MUTYH.
HEPES buffer (30 mM HEPES, 100 mM KCI, 1 mM DTT, 0.5 mM EDTA, 10% glycerol v/v,
pH 74) on a single multiplexed chipith half of the available quadrants containing DNA with

an abasic site (light blue) near the electrode and the other half containing well matched (WM)
DNA (dark blue). As is apparent from the SQWYV voltammetry, the signal on WM DNA was
comparable in sizto prevously observed signals (Figure 4),1But the total peak area on abasic
DNA was decreased by ~40%, indicating that the signal was-Bigdiated. he SQWV
voltammograms were obtainati15 Hzand 0.025 mV amplitudend signal sbwn is the

average oht least seven separate electrodes on a single multiplexed chip
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Discussion

In the present study we describe a novel MUTYH variant, C306W, and its association
with the development of colonic polyposis and a family history of colon cancedeWemined
that the C306W variant lacks DNA abscission activity and has decreased ability to bind target
DNA, establishing the pathogenicity of this variant. In C306W MUTYH there occurs loss of a
cysteine residue that ligates the MUTYH-&eluster. Thidinding raised the possibility that the
loss of the cysteine might disrupt the integrity of theéSFduster and be causative of the
pathogenicity associated MUTYH C306W. The observation byH®RIS that the F& cluster
of C306W exhibits significantlyower iron content provided further bolsters this hypothesis and
prompted an electrochemical mechanistic investigation of the MUT¥H &lester and the
effect of cysteine loss in the C306W variant.

Toward this end, in our investigation, we present thédirect evidence of redox
signaling in eukaryotic MUTYH, which until now had only been assumed based on studies using
E. coliMutY. DNA-modified electrochemical analysis revealed the redox potentials of all
MUTYH variants studied to be in general agreetweith earlier work (Tablel.4). Notably, the
potentials as measured in HEPES buffer are almost identical to those obtaiBeddioMutY
in phosphate buffer2Q). The similarity of the WT MUTYH electrochemical signals to those of
theE. coliprotein stongly supports the notion that the primary function of the conserv&l Fe
cluster is redox activity in all organisms. Furthermore, the Bh&diated nature of this signal in
MUTYH suggests that a process akin to the DidAdiated redobased damage search
observed in bacteria may also be present and operating in humans.

Unlike WT MUTYH, the C306W mutant showed an unexpected, and irreversible,

reduction betweerb0 and-100 mV versus NHE in combination with loss of the reversible
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signal; EPR spectroscopy camfied this additional signal to be the [3Fe4&jouple. The
observed degradation and poor DNA binding in MUTYH C306W are consistent with the higher
DNA binding affinity associated with increasing charge in [4Fe4S] clusters, in which Coulombic
effects cage the [4Fe48] cluster to bind the DNA polyanion significantly more tightly than the
[4Fe4S}* form (21). The relationship of cluster charge to binding affinity predicts that the
[3Fe4S] and [3Fe4S)degradation products, with one and zero net chavgmsdd bind much
more weakly to DNA than the [4Fe4Sform, and the irreversible reduction observed in
degraded MUTYH C306W was experimentally verified. Overall, our results suggest that, for
MUTYH C306W, ordinary redox activity on DNA would lead to oxidatto the [4Fe4S}
state, as is typical in these proteins, but the lower stability of the cluster would promote the loss
of an iron atom and irreversible dissociation following a second redox signaling cycle.
Ultimately, this process could result in tlegv iron content measured by IHIRMS, an effect
that might well be exacerbated if the dissociated [3F&48h degraded further when removed
from the protective environment of DNA. Cluster degradation in MUTYH C306W is also
consistent with the low levels glycosylase activity and poor DNA binding affinity as measured
by BLI (Table4.2), which are attributes of bacterial MutY following cluster remo%8).(This
inherent instability of the C306W F cluster and consequent loss of function, we propadse to
causative of pathogenicity this MUTYH variant.

With regard to other potential causes of pathogenicity, we recognize that MUTYH is also
regulated by podranslational modifications, including phosphorylation and ubiquitination, that
could be altered bthis mutation 47, 48§. However, these sites are in different regions of the

protein relative the [4Fe4S] domain, and are thus unlikely to be affected by this particular
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mutation. Thus, redestimulated cluster degradation is most likely the primary cafise
pathogenicity in MUTYH C306W.

The irreversible [3Fe4S] cluster signal seen in MUTYH C306W has not been previously
observed in electrochemical studies of Didfocessing [4Fe4S] proteins, but the signal was
within the same redox potential range repoftedhe [3Fe4ST° couple of bacterial nickdton
hydrogenase and fumarate reductase enzy#®51). In E. coliMutY, [4Fe4S] cluster ligand
substitution of the corresponding cysteine residue has been shown to result in defective DNA
binding, similar tahe situation with MUTYH C306W5?2). It should be noted, however, that
none of the substitutions involvirig coliMutY were to a residue as bulky or destabilizing as
tryptophan $2).

Given the results obtained for MUTYH C306W, it appears probable thationg in
other residues that alter the region around the [4Fe4S] cluster will be similarly deficient in their
ability to mediate repair of oxidatively damaged DiAvivo (53-57). Indeed, four arginines
participate in Hbonding to the four cysteines thatordinate with the [4Fe4S] clustért]

(Table 4.5 and mutations to each one are associated with colorectal canc#rig probable

that these mutations also result in instability, degradation and dysfunction of§hellrsger
secondary to the sammechanisms detailed above. The effects of these lesions as well as the
C306W variant underscore the importance of the {4iEEcafactor in establishing competent
MUTYH -mediated DNA repair.

The current study advances our basic electrochemical undengtaridhe redox
chemistry, functiopand integrity of the [4Fe4S] cluster. Concomitantly, we are acquiring a
better appreciation for the pathologic sequelae resulting from disruption of-elEster.

Specifically, within the context of the presentestigation we have documented and provided
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explanation for a novel mechanism of colonic polyposis and cancer predisposition caused by
electrochemical compromise of the MUTYH [4Fe4S] cluster. Future studies, we anticipate, will
provide further clarificatiorof the central role of the cluster in MUT ¥iediated DNA repair

and ts underlying electrochemistry.



Table 4.5 The four coordinating cysteines and surrounding arginines predicted or

reported!* to be associated with MAP.

Residue Reported Variant

C290

C297

C300

C306

R241

R245

R247

R309

C290W°

not reported

not reported

C306W (this study)
R241W?3° R241G*
R2451%%, R245C*, R245H4>
R247G*

R309C>7
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Chapter 5

A Redox Role for the [4Fe4S] Cluster

of Yeast DNA Polymerase U

Adapted from: Bartels, P.L.; Stodola, J.L.; Burgers, P.M.J.; Barton, J.K. A Redox Role for the
[ 4Fed4S] Cluster of JYAmaGhem. Bo@l7 F39 18839e€l8348s e U .

P. Bartels synthesized DNA, carried out all electrochemical andrepeapic characterization,

and ran and analyzed activity assays. J. Stodola and P. Burgers provided purified proteins for
experiments.
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Introduction

During genomic replication, eukaryotic cells divide the task of DNA synthesis between
three BfamilyDNAp ol ymer ases ( Pol s)1).Inkhe mostWidelyRacéptedi, an d
model, the DNA primas® o | U compl3eox DONMA tsiyanttehse s5iqgsDNAAy f or mi
hybrid primer that is then extended angdbyPol 0
Pol 0 on the disconti B)uouhsddyi tfioornmaeld rloalgegsi nfgo rs
strand replication have been suggesg&dl\ , and Pol U i s also invol ve
recombinatorial and repair processgs Structurally, eachfdhe B-family polymerases forms a
multi-subunit complex composed of a catalytic subunit anesatiinit, with additional
accessory subunits 6pReeentevork has showrthat a [dFedSloster P o | 0
in the Gterminal domain (CTD) of # catalytic subunit is essential for the formation of multi
subunit complexes a6. |l east in the case of Pol
While the Gterminal [4Fe4S] cluster is certainly important for complex formatin (
several lines of evidence suggest a more direct furaitiole. First, a 2.5 A Xay crystal
structure of the vyeast-subumitconiain€@Tibcinplaceofamp| e x w
cluster, demonstrating that complex formation can be supported by simpler Bet@ls€¢n the
metabolic expense of [4Fe48ster biosynthesis and loading into target proteins, the strict
conservation of this cofactor in thef8mily polymerases suggests that it serves an important
function Q). Indeed, the importance of [4Fe4S] clusters in these enzymes is emphasized by the
presence of an additi o-teannaldomaing®.er i n the unigq
The [4Fe4S] clusters perform a wide range of roles in biology including enzymatic
catalysis and electron transférj. In the DNA polymerases, the cluster is not required for

catalysis 8, 12. Many DNA-processing enzymes have now been shown to contain [4Fe4S]



179

clusters, and, in many cases, a DNéund redox activity of the cluster has been demonstrated
(13-16). These diverse proteins include base excision repair glycosylgsas helicasesand
DNA pri mase. As in the Pol U -iheot In the abgeycend
DNA (17-20). However, when bound to DNA, these protein cofactors undergo a significant
negative shift in redox potential, activating thesters toward oxidatior2(-23).

Electrochemical experiments with DNBound proteins show a reversible redox signal with
potentials ranging from 695 mV versus the normal hydrogen electrode (NHB)16). EPR
studies support the assignment of the revisiignal to the [4Fe43]%*couple favored by high
potential iron proteins (HiPIP) that are electron carrigéBsZ4-25). In addition to modulating
redox p o t-gacked bade pairs ohDNA ¢an act as a medium fordange charge
transport betwen redoxactive proteinsZ6). DNA-mediated charge transport (DNA CT) is
characterized by a shallow distance dependence and high sensitivity to base pair stacking,
making it an excellent reporter of DNA integri®G). Importantly, although DNA CT can be
attenuated by proteins that bend the duplex or flip out bases, DNA CT can proceed unimpeded
through nucleosomerapped DNA 26).

The redox activity of the [4Fe4S] cluster appears to be utilized in many of these proteins
as a switch to regulate DNA bindjrand therefore activity. For the DNA repair enzyme,
Endonuclease Il (Endolll), the negative shift in redox potential associated with DNA binding
has been shown to lead to a §6@l increase in DNA affinity for the oxidized [4Fe4Stluster
versus theeduced 2+ formJ7). In the case of human DNA primase, the oxidation state of the
[4Fe4S] cluster also controls template binding, and redox switching through electron transfer

between clusters in primase and Phahdofifl6has

t he

bee
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Here we f ocus oefamilypolymerase. We utdize a comkanktiorBof
electrochemical, spectroscopic, and biochemical techniques to investigate redox activity in this
enzyme and to understand the consequences of redox swichpaymerase activity. These

studies provide a new perspective on polymerase regulation under oxidative stress.
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Materials and Methods

Protein Expression and Rrification
Yeast Pol UD520WTRF@, REA, RCNA, and. coliEndolll were

expressed according to previously published proto@o3].

DNA Preparation

The DNA substrate for electrochemistry consisted of a 4mé&B8primeftemplate
composed of three oligomers: a2 r wi t h a 3qg t imeropahdamneri f i cati o
complement; sequences are as follows (see also FBdure
20me r T h-GOT GITC GTNjCAG CTC AAT GG 3 NjCH2)20(CHz)sSH
38me r : TAB GG GTT GAT GCA TCG CGC TTC GGT GCT GCG TGT GB N;j
49me r : GCANJG AGC TGT ACG ACA GCA GAC ACG CAG CAC CGA AGC GCG
ATG CAT C- 3 Nj
The bold G of the 49ner waschanged to an A or an abasic (AP) site for CA mismatch and
abasic site discrimination experiments.

Thiol-modified DNA sequences for electrochemistry were prepared by standard
phosphoramidite chemistry on a DNA synthesizer (Applied Biosystems) using@®, G,
phosphoramidites and th&Bhiol-Modifier 6-S-S CPG as purchased from Glen research. DNA
substrates were cleaved and deprotectedtoguB incubation in NEOH (SigmaAldrich) at 65

Deprotected DNA was s ep aavasephate HPLO(Agilentr unc a't
PLRPS column, gradient ofi575% ACN/95- 25% 50 mM NHAc over 30 minutes at a 2
mL/min flow rate). Thiolmodi f i ed DNA was reduced by dissolywv
(Qiagen elution buffer), adding excess DTT (Sigiddrich), and shaking for 45 minutes. DTT

was removed by filtration through a NAFPcolumn (GE Healthcare) prior to a final round of
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HPLC purification (gradient of 5 15% ACN/95i 85% 50 mM NHAc over 35 minutes at 2

mL/min). Lastly, singlestranded DNAwas desalte by st andard et hanol pr e
water, 1 mL 100% EtOH, 130 mM NacCl) and the identity of the substrate was confirmed by

MALDI -TOF. Unmodified oligomers were ordered from IDT and purified by the Biidé

HPLC method. Desalted DNA was dissolvediphosphate storage buffer (5 mM sodium

phosphate, 50 mM NaCl, pH 7.0) and concentrations were determined-gisib\é

spectr os covplyes estimataddy lbtegrated DNA Technologies (IDT). Equimolar
concentrations of single stranded DNA werentdegassed and annealed (rapid heating?€95

5-minute incubation, and 1.5 hour cooling to°Z0).

DNA replication assays used singiganded M13mp18 plasmid purchased from New
England Biolabs (NEB). Primers were purchased from IDT and purified hy’HB described
above. Primed DNA was formed by heating a 1:1 plasmid/primer mix in activity buffer (50 mM
Tris-HCI, pH 7.8, 50 mM NaCl) to 90° C foiZand cooling to RT over several hours. The
M13mpl8 DNA primer had the following sequence (complemerntappsitions 626%235):

5 NAC TCT AGA GGA TCC CCG GGT ACC GAG CTC &3 N;j
Primers were radiolabeled by incubating 10 pmol eh®&F M13mp18 primer with T4
polynucl eot i de -%P|ATR @ekin(EPdIKN T4 huffed (NEB) for 15 mites
at 37° C. Reactions were stopped by addition of EDTA to 10 mM and heatingyy@tfai510
minutes. 2 log DNA ladder (NEB) was dephosphorylated by calf intestinal alkaline phosphatase
(CIAP; 60 minutes, 37° C) prior to labeling in the same mannernAslditional size standard,
duplexed M13mp18 DNA was linearized by digestion with Hincll (60 minutes, 37° C) and
dephosphorylated by CIAP prior to radiolabeling. Proteins and unincorporated ATP were

removed using spin columns (BioRad Microspin6) equildordt i n P o | U0 activity
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Tris-HCI, pH 7.8, 50 mM NaCl). T4 PNK, CIAP, Hincll, and dsM13mp18 DNA were purchased
from NEB.
Preparation ofDNA-Modified Gold Electrodes

Multiplexed chips containing 16 Au electrodes (0.015 area) were prepared as
described previously29). Selfa s s emb|l ed monol ayers (SAMs) were
of 25 €M duplexed DNA on the electro®éhe overni
times in phosphate buffer (5 mM sodium phosphate?7®, 50 mM NaCl) and backfilled for 45
minutes with 1 mM émercaptel-hexanol (Sigm&Aldrich) in the same buffer containing 5%
(v/v) glycerol. Electrodes were then extensively rinsed in phosphate buffer followed by protein
storage buffer (30 mM HEPES, pH4, 350 mM NaAc, 1 mM DTT, 0.1 mM EDTA, 10%
glycerol, and 0.01% decaethylene glycol monododecyl ether). Lastly, the absence of
electroactive impurities was confirmed by scanning the surface with cyclic voltammetry (CV).
Bulk electrolysis experiments weoedertaken by droplet electrochemistry8B®@ &L sol uti o
on Au rod electrodes of 0.0314 talectrode area (Pine Research Instrumentation). Electrodes
were cleaned as previously describ&d) (and monolayers formed using the same procedure as
the multplexed chip.
Pol O El ectrochemistry

All electrochemical experiments were performed using a potentiostat equipped with a
multiplexer, both from CH Instruments. Experiments used a stanelstBode cell composed
of an Au working electrode, a Ag/AgCl ezence electrode in 3 M NaCl (BASInc), and a 1 mm
diameter Pt wire counter electrode (Lesker). Potentials were converted from Ag/AgCl to NHE by
adding 212 mV to the potential as measured by Ag/AgClI; this correction accounted for both

ambient temperature drthe use of 3 M NaCl for reference storag® (. Experi ments wi
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were all run in polymerase storage buffer (30 mM HEPES, pH 7.4, 350 mM NaAc, 1 mM DTT,
0.1 mM EDTA, 10% glycerol v/v, and 0.01% w/v decaethylene glycol monododecyl ether).

Because PRA can slide directly onto DNA with open ends, the clamp loader complex
RFC was excluded from these experimeB® (. WT ZBZexonudieas® activity was
prevented by excluding M§from the buffer. In initial experiments;3 ¢ M WT P o | u or
exonucleasd e f i ci ent P o B3) was imxdbat€dvn tle2lgcirodé¢ for several hours
inthe presenceof50 € M PCNA. To spare enzyme, | ater ex
in combination with 5.0 &M P Cylikyoltaghtetrg(V;d ATP a
100 mV/s scan rate) and square wave voltammetry (SQWYV; 15 Hz frequency, 25 mV amplitude)
scans were taken once per hour for several hours. Between scans, electrodes were covered in
Parafilm and stored in a humid environment toimine evaporation. CV scan rate dependence
was assessed after 3 hours using rates of 20, 50, 80, 100, 200, 500, 750, and 1000 mV/s. In
experiments with abasic and CA mismatch DNA, signal attenuation was calculated as follows:

[17 ((peak area on abasic GA mismatch DNA)peak aea on unmodified DNA))]*100%

Pol 0 concentrations are reported as the ¢
UV-vi si bl e abs orapalB806 Ment?) (7. Orbe [4FedS] cluster loading was
in the range of G-85%, determined by dividing [4Fe4S] concentration by total protein
concentration as measured by Bradford assay, Pierce BCA assay, ansithd/absorbance at
280 psom 194100 Micm; estimated using the EXPasy ProtParam tool). Bradford and
BCA assay standard curves were generated using a BSA standard, and both kits were purchased
from Thermo Scientific. UWisible spectra were taken on a Cary Varian instrument using 100

eL quartz cuvettes purchased from STARNA Cel l
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When possible, diffusion coéffents were obtained from the scan rate dependence of the
CV current using the Randk&evcik equation34):
I, = [0.4463(F/RT)Y(n*?)(A)(DY?) ( CA) 3 (2)
lbis the peak current in amper®Risthéniversaigisar aday
constant ( 8 Bidtdmpdratufermd| nTiskhe number of electrons transferred per
CV peak, A is electrode area in & is the diffusion coefficient in cfis?, C° is bulk protein
concentrat® omnidn 3nrddsTet HiExpesvdmah values of D were
compared to those estimated by the Stdkiestein equation,
D=ksT/ 6 (R ®3)
whereki s Boltzmannodos ®ddKstants(Lhad8irwrclhbation t
is the solution viscositfestimatedtobe 1.38x2®aTs f or an aqueous sol u:
glycerol), and R is the hydrodynamic radius. R was estimated to be ~26 A from dimensions
obtained from Xray crystal structures of DNAound Pol3, PokPol12, and PCNA (PDB ID
3IAY, 3FLO, and 4YHR, respectively).
El ectrochemical Oxi dation and Spectroscopic A
To prevent cluster degradation in the presencexpb@k electrolysis was performed in
an anaerobic glove bag (COY) under a 95%9% H atmosphere with an4Xcavenging
catalyst present. Buffers were degassed by bubbling in argon for several hours and stored open in
the glove bag overnight prior to experimefisor s pectr oscopi c character
sampleofi2 &€ M Pol U was add-enddifiedelectrogdesOniorntk electrode; a | DN
a potential of 0.412 V vs NHE was applied for ~15 minutes, while no potential was applied to
the other. Oxidation yields were estimated by taking the difference between the total charge

obtained in the presence of Rol and t hat gener ated bBRollogihgectr ol y
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electrolysis, UWvisible and electron paramagnetic resonance (EPR) spectroscopy were used to
confirm the integrity of the cluster after electrolysis. Samples were sealed in cuvettes for UV
visible spectroscopy, and subsequently returned to the glove bag and added to EPR tubes. Tubes
were sealed by Parafilm and frozen in liquid nitrogen outside the bag. Continuous \wanel X
EPR was performed at 10 K, and each experiment consisesvaepsakenat 12.88 mW
microwave power2 G modulation amplitude, arsd02 x1G receiver gain
Pol O Activity Assays

| mmedi ately prior to assays, Pol a4 DV was
described for spectroscopic characterization, but the sawgs diluted to 190 nM in degassed
storage buffer in a total volume of 300 ¢ L. Reducti on of oxidized s
potential 0f-0.188 V vs NHE for a similar length of time.n par al | el wi th el ect
reaction mixes (0.1mg/mLBS, 80 &M each dNTP, 500 & MP-ATP, 2
labeled primer, 8.0 mM MgA¢ 500 nM RPA, 5.0 nM RFC and 5.0 nM PCNA, 50 mM NacCl,
50 mM TrisHCI, pH 7.8) were prepared inside the glove bag. The PCNA sliding clamp was
loaded onto the primer end by incubating the reaction mix with the RFC clamp loader and ATP
for 1 minute at 30 °CAfter clamp loading, reactions were initiated by the addition of 2 nM
(final concentration) oxidized, untreated, onrree duced Pol U DV. Reaction:
and 20 €L aliguots were removed and qgumxnched
(10 mM EDTA and 0.1% v/v SDS final concentration). The polymerase wasnaetivated for
10-20 minutes (55 °C), and samples were counted on a liquid scintillation counter to determine
exposure time (1 hour per 300,000 counts). Samples were driespeedvacuum and
dissolved in alkaline gel buffer (500 mM NaOH, 10 mM EDTA) with 1x alkaline loading dye

(6x stock: 300 mM NaOH, 6.0 mM EDTA, 18% Ficoll w/v, 0.25% xylene cyanol w/v, and
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0.15% bromocresol green w/v), and equivalent amounts of radiopeteie then loaded onto a
1% alkaline agarose gel and run at 30 V forlbdhours. Gels were neutralized in 7% TCA (w/v)
in water for 30 minutes at RT and dried under mild pressure for several hours, exposed on a
phosphor screen and visualized on a Typhagtowsphorimager (GE Healthcare). Products were
analyzed using ImageQuant software (GE Healthcare). The relative amounts of DNA synthesis
were determined by dividing the volume of the largest band in an oxidized sample by the
equivalent band in the approgte untreated sample.

To limit DNA synthesis to that of a single processive cycle by the PENAI U compl e x
0.01 mg/mL heparin was included in reactioBS) that were then analyzed on 5%
pol yacryl amide gel s. | n t h e pleadingrasdtreactiansewere P o |
started by adding a mix of dNTPs and heparin. Quenched reactions were then counted, dried, and
redi ssolved in 2.0 €L formamide | oading dye.
heated at 90 f avere rinCat ~30 Wi farts bosirs in Bx 7 BE bgffer] s
Polyacrylamide gels were then exposed and imaged by phosphorimager analysis.

Tris-HCI, NaCl, MgAe, BSA, and heparin were purchased from Sighkidrich, while
dNTPs and ATP were from NEB. dNTPs, ATP, and Mg#ere thoroughly degassed prior to
reaction, and the protein stocks were kept open during a series of vacuum/nitrogen/gas mix
purges to minimize residual oxygen.
Chemical Oxidation of Pol U

For photooxidation, the 3ther M13mp18 primer was covalentlymodl i ed wi t h a 5
anthraquinone (AQ). AQ was prepared as a phosphoramidite and added to the unmodified DNA
on a DNA synthesizer according to previously reported procedssgslhe presence of AQ

was verified by MALDITOF, and the modified primerwasanreead t o M13 mp 18 DNA i
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activity buffer (G50 mM TrisHCIl , pH 7.8, 50 mM NacCl ) . Because
prevented®P endl abel i ng, DNA was |-¥R e@ATR(BerkmEImer)dod i ng 2
the reaction, a¥PjdATPwashciliamad by bbwedng thedoncdntehation of
cold dATP from 80 &M to 10 & M.

Anaerobic reaction mixes lacking dNTPs were prepared in glass vials and incubated
under a solar simulator equipped with a UVB/C long pass filter or in the dark for 30 minutes. To
ensure complete oxidation;2o0l d mol ar excess of both PCNA an
controls, reactions were also run using unmodified DNA (no AQ) and AQ reactions were
repeated with 140 nM Klenow fragment edEB). After treatment, samples were returned to
the glove bag and transferred into Eppendorf tubes containing dNTPs to start the reaction. Free
dNTPs were removed using BioRad Microspin 6 columns in SCC buffer (GE Healthcare) and
sample radioactivity waguantified on a liquid scintillation counter. Samples were then run out
on a 1% alkaline agarose gel and viE®RwWATPi zed b
incorporation was used to compare overall DNA synthesis levels by dividing the total

radioactivity counts in oxidized samples by those of dark controls.
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Results
Electrochemical CharacterizationofPo | U

To determine whether Pol U hol oenzyme was
carried out electrochemistry on DNAodified goldet ct r od e s . Il n initial ex)
Pol O in storage buffer was combined with 10

several hours. CV scans taken hourly reveal a reversible signal with a midpoint potential of 116
+ 3 mV vs NHE (Figure 5.1).His signal grew in over time to reach a maximum size of 41 + 4
nC and-51 + 2 nC for the reductive and oxidative peaks at a 100 mV/s scan rate after two hours
of incubation (Figure 5.1). The CV current varied linearly with the square root of the scan rate
(Figure 5.2), yielding a diffusion coefficient D on the order of 7  ¢0¢-s* upon application
of the RandlesSevcik equation. A linear dependence on the root of the scan rate is characteristic
of diffusive rather than adsorbed species, which instead s linear relationship between scan
rate and currenB@). Diffusive behavior has been observed previously for DNA repair proteins
under similar conditions, and would indeed be expected for a polyrrdidisg clamp complex
on a free DNA endl(). No dfferences were observed between aerobic and anaerobic
electrochemistry carried out in a glove bag, indicating that the cluster is relatively stable in air
and consistent with the general letggm stability of Bfamily DNA polymerases37). The
redox coufe observed was attributed to the [4F€248]b ased on t he fact that
like, being EPRsilent unless oxidizedr). In addition, the electrochemical signal is similar to the
DNA glycosylases Endolind MutY, in which the identity of theouple has been established
by EPR (3, 29.

We could obtain quantifiable signals at lower concentrations by adding dNTPs &hd Mg

to enhance protein association with the DNA. To prevent degradation of the DNA substrate by
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t heSog3ogexonuc!| eWdls eP oa ¢ tli,v iwey toufr rdeed itca etnh e maux amu
DV (D520V) for these experiment8%) . At 113 N 5 mV vs NHE, the 1
DV is indistinguishable from WT (Figure51. By adding 80 €M dATP (th
nucleotide), 8.0 mMgAc,, and 5.0 €M PCNA, we were able to
concentrations as low as 500 nM (Figbrg). Under these conditions, the maximum CV peak
areas were 6.9 £ 1 nC ard5 £ 1 nC for the reductive and oxidative peaks at a scan rate of 100
mV/s.

TheP o Imidpoint potential as measured resides within the HiBdfime, but it is
slightly higher than the 695 mV vs NHE reported for DNAound repair proteind 8, 29. To
determine if this was an intrinsic difference between these proteins mstileof different
buffer conditions, we performed electrochemistmthe weltstudiedE. coliBER glycosylase
Endollif ol | owi ng exchange (2B).Ansmnd&gphosphatsteragebufferg e b u f f
(20 mM sodium phosphate, pH 7.5, 100 mM NaGhNI EDTA, 10% glycerol v/v), the Endolll
midpoint potential is ~80 mV versus NHEgj. When we exchanged Endol ||
buffer, CV and SQW\s c a ns o Enddll4dsulegiMa midpoint pagntial of 113 £ 3 mV
versus NHE, whiclis indistiguisha bl e from t hat of Pol O (Figur e
even when Endolll was diluted to 1.5 &M to mo
polymerase experiments (Figure 53)-visible spectra confiredthe stability of Edolll in
Polbud fer (Figure 5.3a). That the Endolll midp
that there is no significant difference between the [4Fe4S] cluster between these two proteins.
The potenti al i ncrease i n Paodsultdafhigherioniage buf f e

strengtt 350 mM NaAc in Pol 0 buffer388%Iindny0 mM NacC
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case, thee results suppotthie assertion that the [4Fe4S] cluster resides in the same narrow
potential regime in a wide range of DN#nding poteins

Given that Pol U ordinarily functions in c
PCNA might have on the electrochemical proper
midpoint potential is unaltered at 115 + 8 mV versus NHE, but thalsigas markedly smaller,
reaching a maximum CV peak area of 0.4 £ 0.1 nC for the reductive peak asd0.1 nC for
the oxidative peak (Figure 5.4). The signal also decayed more rapidly with PCNA absent,
suggesting lower polymerase stability. To morenfisatively compare the signals obtained in
the presence and absence of PCNA, we measured diffusion coefficients (D) under both
conditions, as well as with and without dATP, by applying the Rasgiesik equationa the
scan rate dependence of the curfdj. To confirm that our values were within the expected
range, we also calculated D from the Stek@sstein equation, using a hydrodynamic radius
obtained from several crystal structures. At maximum signal size, D was found to be 6.7 £ 3 x
10% cn?B* with both PCNA and dATP present, which is within one order of magnitude of the
StokesEinstein estimate (6.0 x Y&n?E®?). The difference between these values most likely
reflects the use of simplified geometries calculated from partial crystal sgsictn the absence
of PCNA, D decreased by more than an order of magnitude to 1.2 + 0:3cxdB?, lower than
either our experimental values with PCNA present or our StBkestein estimates, indicating a
change i n compl ex slehcanmaets wittARCNA @ dhange infslaape ismu | t i p
expected, and our result is fully consistent with earlier studies that indicates an elongate form for
Pol O alone in solution and a 7,#@. TesecifaMIPact f o
can also contribetto the shape of PCNBhou nd Pol u, we prepared a s

PCNA but lacking dATP and Mdg. Under these conditions, the signal is comparable to that in
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the absence of PCNA, giving a D value of 2.2 + 0.7 Xd®’ & and suggesting that, eveiith

PCNA present, Pol O is |l ess compact without d
PCNA does not affect the potenti al of Pol a b
differences in signal size and stability suggest that, atdedst nanomol ar concentr e
[4Fe4S] cluster is most strongly coupled to the electrode when both PCNA and dNTPs are

present. The importance of PCNA and dNTPs to DNA binding further suggest that the signals
observed were from DNAound protein.

Given the experimental support for the observed electrochemical signals being DNA
bound, we next ai med t o de-mediatedfasl@on.iTéthiead, U c a
we prepared multiplexed chips containing DNA modified with eitheataasic site 0a CA
mismatch 6 nucleotidesdm the thiolated end (Figure 5.1). BecaD$¢A-bound proteinsire
capable of charge transport both through the DNA bases and directly through the monolayer
surface we also varied monolayer morphology in these experin{eigsre 5.9 (28). Thiolated
DNA monolayers can be sedfssembled in two basic ways: overnight incubation &@H mM
MgCl, formsclosely packed islands of DNA (@0 p mé),lwfile standard loosely packed
monolayers (12 0 p m forfndnrthe absercof Mg?* (Figure 5) (41, 49. Loosely packed
monolayers had been used exclusively to this point to avoid steric crowding with large protein
complexes, but the more densely covered closely packed monolayers have been shown to be
more amenable to DN#nedided signaling in experiments with Endol#i8). To test each of
these conditions, chips were prepared with one of the two monolayer forms, with the device
divided evenly between wethatched aneither abasi or CA mismatch DNA (Figure 5). All
experimentsvere performedwith 00 n M Po | 4 DV in the presence

MgAc..
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Consistent with previous studies on EndoP8)( , Pol U r e ceaanticalont ent i a
both film morphologies, supporting the assertion that all observed signals are frorb@IXA
proteins (Figure b On closelypacked DNA films, signal size wehighly variable, but 46 + 33%
signal attenu#on as determined by SQWYV occurred on abasic DNA (Figune Bdmismatch
discrimination was observed, and even the abasic site disationirdecreased over time as
more protein diffused to the surface. In general, the signals on closely packed monolayers are
consistent wi significant steric hindrance causing prot&iINA complexes to lie flat on the
surfae (Figure 5.5p In contrastsignals on loosely packed monolayers were of very consistent
sizeandshowedsignificantcharge attenuation with both abasic and@&match DNA,
reaching maximaf 44 + 16% on abasic DNA and 46 + 29% on-@#smatch DNA after 2
hours of incubatioms measugtby SQWV (Figure 5) Abasic siteand mismatch
discriminationremaired stable over several hours, suggesting less steric hindrarae lnosely
packed DNA. Together, these r esnedatedsignatngf i r m t
and emphasize ¢himportance of substrate accessibility when asse&Singy large protein

complexes.
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CV signal with a midpoint potential centered at 113 = 4.7 mV versus NHE (red trace). By using
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catalytic magnesium, signals could be obtainezbatentrations as low as 500 nM when
MgAcz, 5
Pol a

respectively. Bottom) DNA substrate desigfor electrochemical experiments. The substrate
consists of 3 parts, a a@er thiol, a 38ner and a 49ner complement. Notably, the nick in the
phosphate backbone is not expected to interfere with CT. Electrochemistry was performed in
storage buffer (30 M HEPES, pH 7.4, 350 mM NaAc, 1 mM DTT, 0.1 mM EDTA, 10%
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Figure5.2Scan rate dependence of the CV current in

PCNA, 80 &M dATP, (@ mnhhe maimdm pesid cuMentAncreases with

increasing scan rate, coupled with an increaseak pplitting. p) The currenexhibitsa linear

dependence on the square root of the scan rate, characteristic of a diffusive rather than adsorbed
species. The scan rates included are 20, 50, 80, 100, 200, and 500 mV/s. The line was fit to data
averagedbm 8 separate exper i ménro0.5725wihradRvaldeef f it i s
0.9828.
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sodium phosphate, pH 7.5, 150 mM NaCl, 1 mM EDTA) was exchangeRiotb U st or age
buffer (30 mM HEPES, pH 7.4, 350 mM NaAc, 1 mM DTT, 0.1 mM EDTA, 10% v/v glycerol,

0.01% decaethylene glycol monododecyl ether w/v) and added to a multiplexed chip containing
unmodi fi ed P onhersubstitd)AjU\-vsiBle dpetragken before and after

buffer exchange confirm the stability of Endolll in a HEPSed buffer.l) The midpoint

potenti al as measured by CV is 113 N 3 mV, vi
mV versus NHE.
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Figure 5.4SQWYV of 500 nM WT B | U and -ckefoinaicd reta skeo | a DV wit
5.0 ¢M PCNA PWT @nbV exlmare the same potential,
signal on a DNAmodified gold electrode; the smaller size of the WT signal may be due in part

to DNA degradtion by exonuclease activity. PCNA itself does not affect the potential, but its

absence results in significantly decreased signal size and lower stability over time. SQWVs were
taken at 15 Hz frequency and 25 mV amplitude, and electrochemistry wasl catria storage

buffer (20 mM HEPES, pH 7.4, 350 mM NaAc, 1 mM DTT, 0.1 mM EDTA, 10% glycerol v/v,

0.01% decaethylene glycol monododecyl ether v/iv) with 8.0 mM MgAacd 80 e M dATP.
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Figure 55Pol U el ectrochemistry on iesi@gfToéndannt DNA n
opti mal DNA monol ayer morphol ogy for Pol a si
containing either closely packed (assembled with 100 mM W gCloosely packed (no Mgg)l

DNA films. Two chips were prepared for both morphologieshwne half of each chip

consisting of wellmatched (WM) DNA (dark blue) and the other containing DNA with either an

abasic site (red) or a CA mismatch (orange) 6 nucleotides from the monolayer sbiféne. (

cl osely packed f i | mshighlyRaribbleand ShQWY¥46sB3gn al s wer e
attenuation on abasic DNA (solid SQWYV traces) but no significant mismatch discrimination

(dashed SQWV tracesk)(In contrast, SQWYV signals on loosely packed films were much more
consistent between electrodes, with at46% signal loss on abasic DNA (solid traces) and 46

+ 29% signal loss with CA mismatch DNA (dashed traces). To minimize the effects of

variability between devices, all direct comparisons were made on a single chip; scans that were
directly compared ardenoted by either solid or dashed lines in the SQWYV signals shown. The

SQWV traces shown are an average of 6 individual electrodes on a single device, with scans

taken at 15 Hz frequency and 25 mV amplitude.
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Activity Assayswi t h Oxi di zed and Reduced Pol U

Having seen that DNA bedoxdativityg wemexhaskadiliei vat e
cluster oxidation state might affect pol ymera
[4Fe4S} state 7), so any assessment of activity differensesild require extensive oxidation
to generate sufficient amounts of the [4F€48luster for conparison. For this task, we used
bulk electrolysis on DNAmModified electrodes, applying an oxidizing potential of 0.412 V versus
NHE for 1520 minutes under anert atmosphere (95%2/%% H) to prevent cluster
degradation (Figure 5.6a).

High bulk electrolysis yields generally require an electrode with substantial surface area,
so we switched from multiplex chips to single gold rod electrodes for these expistime
Multiplexed chips have many advantages for electrochemical characterization, but only a single
electrode can be addressed at a time and each sample in a quadrant is distributed across 4
separate electrodes. To confirm the effectiveness of this syasteample of concentrated (150
eL of 2.74 ¢M) Pol -nmodifiedaectmdeiind custemhdealass eell far N A
several hours (Figure 5.6b). Wsible spectra were taken before and after electrolysis, after
which the sample was then frozem EPR in parallel with untreated protein (Figure 5.6c, d). The
[4Fe4S] cluster oxidation generally results in a broad increase ivigiMe absorbance from
300-450 nm with a less distinct peak at 410 nm in both the [4Re468J [3Fe4S]species43i
45). After bulk electrolysis, increased absorbance from&00 nm, consistent with cluster
oxidation, was indeed observed. No significant increase in absorbance at 800 nm occurred after
oxidation, and the 280 nm peak associated with aromatithasidted amio acid residues
remained distinct. From our own observations, protein aggregation tends to genesitepet

curve with high absorbance at 800 nm and a shallow, poorly defined peak at 280 nm, and the
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lack of these features in our spectra indicate thigized Poli di d not aggkregate |
EPR signals are small as a result of the low sample concentration, but clear signals at g = 2.08

and g = 2.02 are present in the oxatl sample (Figure 5. These signals are consistent with a
combination of4Fe4S§+ and [3Fe4S]cluster oxidation product®4, 4445). A smaller signall

at g =2.02 was also present in the native sample, consistent with earlier reports of residual
[BFe4Sfc |l ust er i n 7\ Whatsane [3eedSEIRsted would o¢cunpon oxidation

is not surprising, and similar results have been obtained for Endolll and 81'24. In earlier

studies, loss of iron was attributed in part to damage incurred upon freezing, which may have

al so happened her e. \visgstoreth avaynrom peotectieeXDNAllong e d P ol
enough to take a UVisible spectrum prior to freezing. In any case, some [4F&4bister was

still observed, and the [3Fe4SJuster that did occur would have formed as a degradation

product of the [4Fe48] cluster (3).

Because activity assays require only low hanomolar polymerase concentrations, bulk
electrolysis for these experiments was carrie
waste. Oxidation yields under these conditions were higher, tiypgraund 75 90% as
determined from the total charge passed. Afte
added directly to prenade reaction mixes to a final concentration of 2 nM (Figure 5.7a). When
run out on an alkaline agarose gel, idpparent that at early time points less DNA synthesis was
carried out by oxidized Pol a (Figure 5.7, 8)
compared for the oxidized versus untreated sample by dividing the amount of frontier products
(highest molec@r weight major products) in the oxidized sample by the amount present in
untreated sampl es. Us i n g-80%lyield formshoaly 3%b8% a5 |, oxi di

many | arge (~ 5 kb) DNA products as untreated
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Significantly, higher oxidation yields lead to lower activity levels. In any case, this difference
gradually decreases over the course of 10 minutes. Regardless of oxidation state, no DNA
synthesis occurs in samples lacking PCNA, confirming that all observeddyhtAesis is
processive (Figure 5.8c).

Reduction of the oxi di z0188 VRerdus NHE sffeativelk by
restores DNA synthesis, reaching 90% of untreated levelsrittime points (Figure 5.7).8
Critically, this result botltonfirms the reversibility of oxidative slowing and provides support
for the [4Fe4SY cluster as the major oxidation product. As mentioned earlier, the reversible

electrochemical signals are consistent with [4F&#3Eycling, butEPR spectroscopy with

e

oxidized Pol U s howetandd3Fe48]produces inthé samplet léndifg4 Fe 4 S

to some ambiguity. However, the nearly complete restoration of native activity levels upon re
reduction would not be expected if most of the cluster had degradeel [3Fe4S]state,
supporting the [4Fe48]cluster as the major oxidation product. These combined results thus
indicate that the [3Fe4S¢luster seen by EPR likely forms after the [4Fé48iajor product
degrades over time in the absence of DNA; aechobserved this previously with sample
freezing forE. coli Endolll and MutY following chemical oxidatiori8, 24.

To gain further insight into the effect of oxidation, reaction rates were estimated by
comparing frontier velocities. Velocities wereaahted by dividing the amount of the largest
guantifiable band of DNA by time and the number of polymerase molecules p#&eiitfs
met hod yields maxi mum rates of 118 N 63 (SD,
+27(SD,n=5)nt/sfo oxi di zed Pol d at 2 minutes. The
consistent with previously publish&advitro results 85), while the oxidized form is significantly

slower. This calculation represents just an upper estimate, as typical bultlgdescfails to

r
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oxidize around 2{B0% of the enzyme; thus, some of the DNA synthesis observed in oxidized
samples can be attributed to the +oxidized population. Indeed, the comparable amounts of
DNA synthesis observed afterl® minutes could have rdgd from either slow oxidized
pol ymerase catching up or redistribution by o
Overall, it is clear from these experiments that oxidation leads to a decrease in replication rate,
but resolution on alkaline aga® gels is insufficient to distinguish between complete stalling or
dramatic slowing of DNA synthesis.

To distinguish between stalling and sl owin
reactions were analyzed on 5% polyacrylamide gels to obtain increasédion in the 361000
nucleotides range. In addition, DNA synthesis was limited to that of a single processive cycle by
the PCNAP o | U4 complex by addi ng he5aWihoutthewhi ch tr
heparin trap, products up to 7 kb weltsserved, due to multiple processiyeles of synthesis
(Figure 5.7, 8 In order to visualize products at all sizes, reactions containing heparin were
divided in two, with half loaded onto a polyacrylamide gel and half onto an alkaline agarose gel.
With heparin present, alkaline agarose gels demonstrate a severe limitation to DNA synthesis,
with no products larger than ~1 kb observed on alkaline agarose gels (data not shown). When
these products are resolved on polyacrylamide gels, a greater propofimh @€ry small
(~primer I ength) and very |l arge (~1 kb) produ
oxidized form generates more intermediate products betweand30000 nucleotides (Figure
5.9).

These results illustrate several important poibtaut t he ef fects of oxi
DNA synthesis. First, they verify that the oxidized form remains active and does not completely

stall. Second, the relatively greater amounts of very small products and unextended primers in
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reactions with native sartgindicate greater susceptibility to dissociation from DNA and

trapping by heparin, while the native form that does associate produces longer products. In
contrast, oxidized Pol U |l eaves fewer pri mers
intermediate products between 150 bp and 1 kb. The greater proportion of extended primers is
consistent with tighter DNA binding after cluster oxidation, as has been observed with both
primase and DNA repair proteing, 27. However, the slower processiomicates that tighter

binding impedes rapid procession, acting as a brake on RG&thated DNA synthesis. These
experiments suggest that the similar activity levels observed on alkaline agarose gels at time
points beyond 5 minutes could be explained byeeithe oxidized form gradually catching up or

by redistribution of the residual native enzyme in the sample. Regardless of the precise detalils,
the overall impact of polymerase stalling, with-folil decrease in rate, would be significant on

the timescalef S.phase; unperturbed yeaspBase lasts ~30 minutes, while using oxidized Pol

4 moving at 20 nt/s to replicate the | agging

minutes 47-49).
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Figure 5.6.Characterization of electrochemicay o x i d i & Bullk eld®toolysis jpotentials
were ~200 mV beyond the major oxidative and reductive peaks at 0.412 V (oxidatien) and
0.188 V (reduction) versus NHBb)(Yields were calculated by subtracting a background
electrolysis (blue) from oneontaining protein (red) and taking the area under the resultant curve
(green). Electrolysis of 150 €L of 2cUM ¢ M
visible spectra reveal an increased absorbance frord@Q®m consistent with cluster ozitibn

with no evidence of protein aggregatiod) CW X-band EPR spectra at 10 K reveal the

presence of both [4Fe£3)g = 2.08) and [3Fe48]g = 2.02) species in the oxidized sample,

with a residual amount of [3Fe4S]luster present in the native samplhese results are

consistent with the formation of [4Fe4S¢luster after anaerobic bulk electrolysis, with some
degrading to form [3Fe4Stluster in the absence of DNA. As slight sample loss did occur
following oxidation, the UWisible spectrumofoi di zed Pol U has been

absorbance at 280 nm to afford a more direct comparison. EPR spectra were taken at 12.85 mW

microwave power2 G modulation amplitude, and a receiver gain of 5.02.x10

Po
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