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. SoRR@17 38 1883918348 e U .

P. Bartels synthesized DNAawied out all electrochemical and spectroscopic characterization,

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



178

Introduction

During genomic replication, eukaryotic cells divide the task of BiyAthesis between
three Bfamily DNAp ol ymer ases ( Pol s)1).Inkhe mostWwidelyRacéptedi, a n d
model, the DNA primas® o | U compl-3eoxx DONA tsiyanttehse s5iqgsDNAyYy f or m
hybrid primer that is then extended andbyPol U
Pol U4 on the disconti B)u.oufsddyi tfioornmeeld rloalgegsi nfgo rs
strand replication have been suggesg&d) , and Pol U i s also invol ve
recombinatorial and repair process®s Structurally, eachfdahe B-family polymerases forms a
multi-subunit complex composed of a catalytic subunit anesal®init, with additional
accessory subunits 6pReeentevork has showRthat a [AF€A8lnster 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 fumatiole. First, a 2.5 A Xay crystal
structure of the yeast-subuicoliain@Tibcinplaceofamp!| ex w
cluster, demonstrating that complex formation can be supported by simpler Bjet@is€n the
metabolic expense of [4Fe4d8lster biosynthesis and loading into target proteins, the strict
conservation of this cofactor in thefBmily 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-teinaldomaingdd.er i n the wunig
The [4Fe4S] clusters perform a wide range of roles in biology including enzymatic
catalysis and electron transféd). In the DNA polymerases, the cluster is not required for

catalysis 8, 12. Many DNA-processing enzymes have now been shown to contain [4Fe4S]
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clusters, and, in many cases, a DNéund redox activity of the cluster has been demonstrated
(13-16). These diverse proteins include base excision repair glycosylgsais helicasesand
DNA pri mase. As in the Pol 0 -iheotintheabseyced ,
DNA (17-20). However, when bound to DNA, these protein cofactors undergo a significant
negative shift in redox potential, activating the clusters towsighton 1-23).

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 reversible signad fdfe4S]}*2*couple favored by high
potential iron proteins (HiPIP) that are electron carri#BsZ4-25). In addition to modulating
redox p o t-gtacked bade paird ohDNA Can act as a medium foriange charge
transport between redeactive proteins36). DNA-mediated charge transport (DNA CT) is
characterized by a shallow distance dependemdénmh sensitivity to base pair stacking,
making it an excellent reporter of DNA integri®4j. 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 binding and therefore activity. For the DNA repair enzyme,
Endonuclease Il (Endolll), the negative shift in redox potented@ated with DNA binding
has been shown to lead to a 0@l increase in DNA affinity for the oxidized [4Fe4Stluster
versus the reduced 2+ foria7j. In the case of human DNA primase, the oxidation state of the
[4Fe4S] cluster also controls templaiading, and redox switching through electron transfer

between clusters in primase and Pol U6has

t he

bee
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Her e we f ocus efamilypolymerase. We utitize a ¢comkanktiorBof
electrochemical, speascopic, and biochemical techniques to investigate redox activity in this
enzyme and to understand the consequences of redox switching for polymerase 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@oR8).

DNA Preparation

The DNA substrate for electrochairy consisted of a 49:58er primeftemplate
composed of three oligomers: a@% r wi t h a 3¢ t imerpahdamneli f i cati o
complement; sequences are as follows (see also FBduoe
20mer T hiGEGTIGTC GT¥ CAG CTC AAT GG 3 N|CH>):0(CH.)3SH
38me r : TAAGIAG GTT GAT GCATCG CGC TTC GGT GCT GCG TGT CB N;j
49me r : GCA NJIG AGC TGT ACG ACA GCA GAC ACG CAG CAC CGA AGC GCG
ATG CAT C-3 Nj
The bold G of the 48ner was changed to an A or an abasic (#if&) 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 A, G, C, T
phosphoramidites and th&Bhiol-Modifier 6-S-S CPG as purchased from Glen research. DNA
substrates were cleaved and deprotectedigud incubation in NEOH (SigmaAldrich) at 65

Deprotected DNA was separ atphate HPLO(Agilentr unc a't
PLRPS columngradient of 5 75% ACN/95- 25% 50 mM NHAc over 30 minutes at a 2
mL/min flow rate). Thiobmodi fi ed DNA was reduced by dissolyv
(Qiagen elution buffer), adding excess DTT (Sigitdrich), and shaking for 45 minutes. DTT

was remoed by filtration through a NAB column (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 DNA was desalted by standard ethanol precipitatiore (100
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 Biid&

HPLC method. Desalted DNA was dissolved in a phosphate storage buffer (5 mM sodium
phosphate, 50 mM NaCl, pH 7.0) and concentrations were determined-kisibM

spect r os covalyes estimataddy litegrated DNA Technologies (IDT). Equimolar
concentrations of single stranded DNA were then degassed and annealed (rapid h@ati@g to
5-minute incubation, and 1.5 hour cooling to°Z0).

DNA replication assays used singitanded M13mp18 plasmid purchased from New
England Biolabs (NEB). Primers were purchased from IDT and purified by HPLC as described
above. Primed DNA was fored by heating a 1:1 plasmid/primer mix in activity buffer (50 mM
Tris-HCI, pH 7.8, 50 mM NaCl) to 90° C foZand cooling to RT over several hours. The
M13mp18 DNA primer had the following sequence (complementary to positionstz35.

5 NSAC TCT AGA GGA TCC CCG GGT ACC GAG CTC & N;j
Primers were radiolabeled by incubating 10 pmol i@t M13mpB primer with T4
polynucl eot i de -kP]ATR @ekin(EPbIKN T4 huffed (NEB) for 15 minutes
at 37° C. Reactions were stopped by addition of EDTA to 10 mM and heating@tat510
minutes. 2 log DNA ladder (NEB) was dephosphorylateddiyintestinal alkaline phosphatase
(CIAP; 60 minutes, 37° C) prior to labeling in the same manner. As an additional size standard,
duplexed M13mp18 DNA was linearized by digestion with Hincll (60 minutes, 37° C) and
dephosphorylated by CIAP prior to ratiibeling. Proteins and unincorporated ATP were

removed using spin columns (BioRad Microspin6) equiliordt i n P o | U 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 embl ed monol ayers (SAMs) were
of 25 €M duplexed DNA on the electro&é#e overni
times in phosphate buffer (5 mM sodium phosphate, pH 7.5, 50 mM NaCl) ekidled for 45
minutes with 1 mM énercaptel-hexanol (Sigma&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, pH 7.4, 350 mM NaAc, 1 mM 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 were undertaken by dropéetreichemistry (3@ 0 e L sol uti o
on Au rod electrodes of 0.0314 ¢alectrode area (Pine Research Instrumentation). Electrodes
were cleaned as previously describ2d) (and monolayers formed using the same procedure as
the multiplexed chip.
Pol Uockemisto/t r

All electrochemical experiments were performed using a potentiostat equipped with a
multiplexer, both from CH Instruments. Experiments used a staneleletBode cell composed
of an Au working electrode, a Ag/AgCl reference electrode in 3a8ZINBASInc), 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/AgCl; this correction accounted for both

ambient temperature and the use of 3 M NaCtdterence storag8y) . 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 PCNA can slide directly onto DNA with open etigsclamp 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 Pol a or
exonucleasel e f i ci ent P o B3)was iizGbat@dk theg el2atrpde for several hours
inthe presenceof50 € M PCNA. To spare enzyme, |l ater ex
in combination with 5.0 &M PCyl&yoltaghtetrg(RV;dATP a
100 mV/s scan rate) and square wave voltamn{QWYV; 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 to minimize evaporation. CV scan rate dependence
was assessed after 3 houssng 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:

[1T ((peak area on abasic GA mismatch DNA)(peak aea on unmodified DNA))]*100%

Pol O concentrations are reported as the <c
UV-vi si bl e abs orpalBaoe Ment') (7. 0rbe [4FedS] €luster loading was
in the range of 7@85%, determined by dividing [4Fe4S] concentrationdigltprotein
concentration as measured by Bradford assay, Pierce BCA assay, ansiild/absorbance at
280 peom 194100 Micm; estimated using the EXPasy ProtParam tool). Bradford and
BCA assay standard curves were generated using a BSA stamthizhth kits were purchased
from Thermo Scientific. UWisible spectra were taken on a Cary Varian instrument using 100

eL quartz cuvettes purchased from STARNA Cel |
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When possible, diffusion coefficients were obtained from the scan rate dependérece of t

CV current using the Randli&evcik equation34):

I, = [0.4463(F/RT)Y(n*?)(A)(DY?) ( C'A) 3 (2)
lbi s the peak current in amper®Risth&univessal§aar aday
constant ( 8 Bidtdmpdrlr¢ imio, h i te) number of electrons transferred per
CV peak, A is electrode area in € is the diffusion coefficient in cf?, C° is bulk protein
concentrat®omnidn amdIsT d thExpesnemtatvalues of B wdren V T's
compared tahose estimated by the StoKemstein equation,

D=ksT/ 6 (R ®3)
wherelgi s Boltzmannoés Bdd%stants(Lhada8irnclubation t
is the solution viscosity (estimatedtobe 1.38XP0a Ts f or an atml®%ous 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).

Cc

Electrochemical Oxidation and Specto s copi ¢ Anal ysis of Pol
To prevent cluster degradation in the presencepb@k electrolysis was performed in

an anaerobic glove bag (COY) under a 95%59% H atmosphere with an#3cavenging

catalyst present. Buffers were degassed by bubbliaggion for several hours and stored open in

the glove bag overnight prior to experimefi®or spectroscopi c character

sampleofi2 € M Pol 0 was add-enddifiecdelectrodexOniortk electrode; a | DN

a potential of 0.412 V vs NEHwas 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 Pol i 4dralldwingphat ge
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electrolysis, UVWvisible 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 daglded to EPR tubes. Tubes
were sealed by Parafilm and frozen in liquid nitrogen outside the bag. Continuous \vane X
EPR was performed at 10 K, and each experiment consisgesvadepsakenat 12.88 mW
microwave power2 G modulation amplitude, arkd02 x16 receiver gain
Pol O Activity Assays

| mmedi ately prior to assays, Pol a4 DV was
described for spectroscopic characterization, but the sample was diluted to 190 nM in degassed
storage buffer in a total vatoe of 304 0 ¢ L . Reduction of oxidized s
potential 0f-0.188 V vs NHE for a similar length of time.n par al |l el wi th el ect
reaction mixes (0.1mg/ mL BSA, 80 &M ea®h dNTP
labeledprimer, 8.0 mM MgAg, 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,onrre duced Pol U0 DV. Reacti on:
and 20 eL aliquots were removed and qumxnched
(10 mM EDTA and 0.1% v/v SDS final concentration). The polymerase wasnaeiated 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 driespeed vacuum 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 radiopetere 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 Typhatmwsphorimager (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 approgie untreated sample.

To limit DNA synthesis to that of a single processive cycle by the REeNAI 0 compl e x
0.01 mg/mL heparin was included in reactioBs) that were then analyzed on 5%
pol yacryl amide gel s. I 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 eL formamide | oading dye.
heated at 90 f avere riinCat ~%0 Wi fars kosirs in BxTBE bgffer] s
Polyacrylamide gels were then exposed and imaged by phosphorimager analysis.

Tris-HCI, NaCl, MgAe, BSA, and heparin were purchased from Sighktdrich, 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 3mher M13 mp 18 pri mer was <covalent
anthraquinone (AQ). AQ was prepared as a phosphoramidite and added to the unmodified DNA
on a DNA synthesizer according to previously reportedgutares 36). The presence of AQ

was verified by MALDIT OF, and the modified primer was an
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activity buffer 50 mM TrisHCIl , pH 7.8, 50 mM NaCl ). Because
prevented?P endlabeling, DNA was labeled by addh g 2 -*%R] GATP (Pé&ikin Elmer) to
the reacti on, a¥PIdATRPwasfaciitated bytlowering the tonderiiration of
cold dATP from 80 €M to 10 ¢ M.

Anaerobic reaction mixes lacking dNTPs were prepared in glass vials and incubated
unde a solar simulator equipped with a UVB/C long pass filter or in the dark for 30 minutes. To
ensure complete oxidatiorsf2o0l d mol ar excess of both PCNA an
controls, reactions were also run using unmodified DNA (no AQ) and AQioas were
repeated with 140 nM Klenow fragment efdEB). 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 columngd@ $uffer (GE Healthcare) and
sample radioactivity was quantified on a liquid scintillation counter. Samples were then run out
on a 1% al kaline agarose gel and v i®wWATPi zed b
incorporation was used to compareell DNA synthesis levels by dividing the total

radioactivity counts in oxidized samples by those of dark controls.
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Results
Electrochemical Characterization ofP o | a

To determine whether Pol 0 hol oenzyme was
carried out electrochemistryonDNAo di f i ed gol d el ectrodes. I n i
Pol O in storage buffer was combined with 10

several hours. CV scans taken hourly reveal a reversible signal wittpaimt potential of 116
+ 3 mV vs NHE (Figure 5.1). This 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 currerdried linearly with the square root of the scan rate
(Figure 5.2), yielding a diffusion coefficient D on the order of 7 X @@?-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 show a linear relationship between scan
rate and currenBd). Diffusive behavior has been observed previously for DNA repair proteins
under similar conditions, and would indeed be expected for a pagesiding clamp complex
on a free DNA endl{d). No differences 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 letegm stabity of B -family DNA polymerases37). The
redox couple observed was attributed to the [AF84Sh ased on t he fact that
like, being EPRsilent unless oxidized’). In addition, the electrochemical signal is similar to the
DNA glycosylases Endoliind MutY, in which the identity of the couple has been established
by EPR (3, 24.

We coud obtain quantifiable signals at lower concentrations by adding dNTPs afid Mg

to enhance protein association with the DNA. To prevent degradation of the DNA substrate by
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t heSg3gexonucl ease activity of -déficierPrult atn,t WwWe |t dir
DV (D520V) for these experiment83) . At 113 N 5 mV vs NHE, the
DV is indistinguishable from WT (Figure 5.1. By adding 80 €M dATP (th
nucleotide), 80 MM MgAs and 5.0 &M PCNA, wewwehePabl & to
concentrations as low as 500 nM (Figbre). Under these conditions, the maximum CV peak
areas were 6.9 £ 1 nC and5 £ 1 nC for the reductive and oxidative peaks at a scan rate of 100
mV/s.

TheP o Imidpoint potential as measured residéthin the HiPIPregime, but it is
slightly higher than the 685 mV vs NHE reported for DNAound repair proteind 8, 29. To
determine if this was an intrinsic difference between these proteins or the result of different
buffer conditions, we performeslectrochemistrypnthe wellstudiedE. coliBER glycosylase
Endollif ol | owi ng e xc hange (2B.Ans@and&ghosphatsteragebufierge b u f f
(20 mM sodium phosphate, pH 7.5, 100 mM NaCl, 1 mM EDTA, 10% glycerol v/v), the Endolll
midpoint potential is ~80 mV versus NHEg). When we exchanged EndolllintoRol st or ag e
buffer, CV and SQW\s ¢ a n s o EnddlIl&dsulediiMa midpoint pagntial of 113 £ 3 mV
versus NHE, whicls indistigui shabl e from that of Pol a (Fig
even when Endol |l | was diappwxirate the @onditionduseedddr t o0 mo
polymerase experiments (Figure 53)-visible spectra confiredthe stability of Edolll in
Pol U buffer (Figure 5.3a). That the Endol I |
that there is no significantference between the [4Fe4S] cluster between these two proteins.
The potential increase in Pol U0 storage buffe

strengtht 350 mM NaAc in Pol U buffer388&inany0 mM NacCcC
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case, thse results suppotthie assertion that the [4Fe4S] cluster resides in the same narrow
potential regime in a wide range of DN#Anding proteins

Given that Pol 4 ordinarily functions in c

Cc

PCNA might haveonthe|l ect r ochemi cal properties of Pol
midpoint potential is unaltered at 115 + 8 mV versus NHE, but the signal was markedly smaller,
reaching a maximum CV peak area of 0.4 = 0.1 nC for the reductive peab ard0.1 nC for
theoxidative peak (Figure 5.4). The signal also decayed more rapidly with PCNA absent,

suggesting lower polymerase stability. To more quantitatively compare the signals obtained in

the presence and absence of PCNA, we measured diffusion coefficients (Dpotide

conditions, as well as with and without dATP, by applying the Rasgidesik equationa the

scan rate dependence of the curr8dj.(To confirm that our values were within the expected

range, we also calculated D from the Stek@sstein equationysing a hydrodynamic radius

obtained from several crystal structures. At maximum signal size, D was found to be 6.7 £ 3 x

10° cnm?E! with both PCNA and dATP present, which is within one order of magnitude of the
StokesEinstein estimate (6.0 x T&n?E?Y). The difference between these values most likely

reflects the use of simplified geometries calculated from partial crystal structures. In the absence

of PCNA, D decreased by more than an order of magnitude to 1.2 + 0:3cxdB8?, lower than

eithe our experimental values with PCNA present or our Stékestein estimates, indicating a
change in complex shape. As Pol U4 has multipl
expected, and our result is fully consistent with earlier studies that tiesliaa elongate form for

Pol 0 alone in solution and a 7,%0. TeseefadMiPact f o
can also contribute to the shape of PGblA und Pol d, we prepared a s

PCNA but lacking dATP and Mg Under these coiitibns, the signal is comparable to that in



192

the absence of PCNA, giving a D value of 2.2 + 0.7 Xd® & and suggesting that, even with

PCNA present, Pol U0 is |less compact without d
PCNA doesnotaffeéet he potential of Pol O but is critic
di fferences in signal size and stability sugg

[4Fe4S] cluster is most strongly coupled to the electrode when both PCNA and afdTPs
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 aimed to determine if Bol ¢ a n s i g smadiated fashian. TD tRig\end,
we prepared multiplexed chips containing DNA modified with eithealzasic site or a CA
mismatch 6 nucleotidesdm the thiolated end (Figure 5.1). BecaD$¢A-bound proteingre
capable of charge trgosrt both through the DNA bases and directly through the monolayer
surface we also varied monolayer morphology in these experiments (Figyr@8)5Thiolated
DNA monolayers can be sedssembled in two basic ways: overnight incubation ®® mM
MgCl; formsclosely packed islands of DNA (@0 p mé),Iwfile standard loosely packed
monolayers (12 0 p m?d forfndnrthe absence dMg?* (Figure 5) (41, 42. Loosely packed
monolayers had been used exclusively to this point to avoid steric crowdin@grgighgrotein
complexes, but the more densely covered closely packed monolayers have been shown to be
more amenable to DNAnediated signaling in experiments with EndoB8); To test each of
these conditions, chips were prepared with one of the two mardl@yns, with the device
divided evenly between wethatched aneéither abasi or CA mismatch DNA (Figure 5). All
experiments were performedwBh0 0 nM Pol O DV in the presence

MgAc..
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Consistent with previous studies on Endo28)( , Pol 0 r e cedaanticplont ent i a
both film morphologies, supporting the assertion that all observed signals are frorhd@iNA
proteins (Fgure 5. On closelypacked DNA films, signal size waighly 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 discrimination decreasedeus
more protein diffused to the surface. In general, the signals on closely packed monolayers are
consistent wit significant steric hindrance causing protBINA complexes to lie flat on the
surfa@ (Figure 5.5 In contrastsignals on loosely m&ked monolayers were of very consistent
sizeandshowedsignificantcharge attenuation with both abasic and@&match DNA,
reaching maximaf 44 + 16% on abasic DNA and 46 + 29% on-@fsmatch DNA after 2
hours of incubatioms measured by SQWYV (Figurép Abasic siteand mismatch
discriminationremaired stable over several hours, suggesting less steric hindrarae lnosely
packed DNA. Together, these r esgnedatedsignabngf i r m t
and emphasize the importance of substrate accessibility when as§&Es&ipdarge protein

complexes.
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445864 -50
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5 49-mer
] 3’
3’ 5
20-mer 38-mer
5'- - 3’- (CH,),0(CH,),SH

5’- TAA CAG GTT GAT GCA TCG CGC TTC GGT GCT GCG TGTCT -3’
nick site

5'- GCA TTG AGC TGT ACG ACA GC A GACACG CAG CACCGA AGCGCGATGCATC-3'

Figure 5.1 Cyclic voltammetry with WT and enucleasal e f i ¢ i eTop) The additiod of  (
3.0 ¢M WT Pol 0 a n d-mddiied gdidl elBc@ddé\restulted iraa rdveNisible
CV signal with a midpoint potential centered at 113 + 4.7 mV versus NHE (red trace). By using

the exonuclease deficien mut ant Pol d DV, which cannot degl

catalytic magnesium, signals could be obtained at concentrations as low as 500 nM when

MgAc, 5 €M PCNA and excess dATP were included
Pol d DV tinguaskiable midpaoint motentials at 116 + 3 and 113 + 3 mV versus NHE,
respectively. Bottom) DNA substrate design for electrochemical experiments. The substrate
consists of 3 parts, a A@er thiol, a 3&ner and a 49ner complement. Notably, the nick ireth
phosphate backbone is not expected to interfere with CT. Electrochemistry was performed in
storage buffer (30 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/v), and the abasicssitatom

di scrimination experiments also includdd 5.0
CV scans were taken at a scan rate of 100 mV/s.
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Figure5.2Scan rate dependence of the CV current ir

PCNA, 80 en¥8.admMIMgAe. (@ The maximum peak current increases with

increasing scan rate, coupled with an increase in peak splitilnghé currenexhibitsa linear

dependence on the square root of the scan rate, characteristic of a diffusive rather thad adsor
species. The scan rates included are 20, 50, 80, 100, 200, and 500 mV/s. The line was fit to data
averaged from 8 separate e¥%+0&572bwitkantRealuecind t he
0.9828.
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Figure 5.3P o | 0 and Endolcloimpalredt r dc tbemiMstEmyd ol I | (
sodium phosphat e, pH 7.5, 150 mM NaCcCl , 1 mM E

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 ethenahd added to a multiplexed chip containing

unmodi fied

P enher substiat) AjU\(-vsiBle dpeXtra taken before and after

buffer exchange confirm the stability of Endolll in a HEPzSed buffer.lf) The midpoint

potential as measured by CV1isl 3
mV versus NHE.

N 3 mV, virtually indistingui
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5.0 ¢M PCNA. ' PWT @nlbV exlmare the same pdaodlenti al,
signal on a DNAmodified gold electrode; the smaller size of the WT signal may be due in part

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

absence results in significantly decreased signal size ard &ability over time. SQWVs were

taken at 15 Hz frequency and 25 mV amplitude, and electrochemistry was carried out in 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 ethiey with 8.0 mM MgAeand 80 e M dATP.
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Figure 5.5P o | U electrochemistry on diaToéndamnt DNA
opti mal DNA monol ayer morphol ogy for Pol a si
containing either closely packed (assembled with 100 mM Ma@Cloosely packed (no Mgé)l

DNA films. Two chips were prepared for both morphologies, with one 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) Geutiles from the monolayer surfack) On
closely packed fil ms, Pol U4 SQWV signal s were
attenuation on abasic DNA (solid SQWYV traces) but no significant mismatch discrimination

(dashed SQWYV tracesk)(In contrast, SQWYV signals on loosely packed films weoeh more

consistent between electrodes, with a 44 + 16% 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 madesimgl@ chip; scans that were

directly compared are denoted 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 amplgud
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Activity Assayswi t h Oxi di zed and Reduced Pol U

Having seen that DNA bedoxdativitygwemexhaskediiei vat e
cluster oxidation state might affect pol ymer a
[4Fe4S} state(7), so any assessment of activity differences would require extensive oxidation
to generate sufficient amounts of the [4F€48luster for conparison. For this task, we used
bulk electrolysis on DNAmodified electrodes, applying an oxidizing potentiad @12 V versus
NHE for 1520 minutes under an inert atmosphere (9596% 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 single gold rod electrodes for these experiments.
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 electred. To confirm the effectiveness of this systarmample of concentrated (150
eL of 2.74 M) Pol -rmodified adectmdeind custenthdealass 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 imisiMe absorbance from
300-450 nm with a less distinct peak at 410 nm in both the [4R&48J [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 aromatithasdted amio acid residues
remained distinct. From our own observations, protein aggregation tends to genesitapet)

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 aggkxegate |
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 oxetl sample (Figure 5% These signals are consistent with a
combination of [4Fe48] and [3Fe4S]cluster oxidation product®4, 4445). A smaller signal

at g =2.02 was also present in the native sample, consistent with earlier reports of residual
[BFe4Sfc |l ust er i n 7ufhatsene [3eedSEIRsted would ogcur upon oxitlan

is not surprising, and similar results have been obtained for Endolll and MB81'24. In earlier

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

al so happened here. F u r tdlaway fmrom ipretective BNAdbngz e d P o |
enough to take a UVisible spectrum prior to freezing. In any case, some [4Fé&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 nanomolar polymerase concentrations, bulk
electrolysis for these experiments was carrie
waste. Oxidation yields under these conditions were higher, typically arounél0Bb 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, it is apparent thestrly time points less DNA synthesis was
carried out by oxidized Pol U (Figure 5.7, 8)
compared for the oxidized versus untreated sample by dividing the amount of frontier products
(highest molecular weight majproducts) in the oxidized sample by the amount present in
untreated sampl es. Usi ng-80tyieldformsoaly3HB8%as, oxi di

many | arge (~ 5 kb) DNA products as untreated



201

Significantly, higheroxidation 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 observed DNA synthesis is
processive (Figure 5.8c).

Reduction of the oxi di z0188 VRerdus NHE sffectivelk by e
restores DNA synthesis, reaching 90% of untreated levelrttime points (Figure 5.7).8
Critically, this result both confirms the reversibility of oxidativevalag and provides support
for the [4Fe4S]' cluster as the major oxidation product. As mentioned earlier, the reversible
electrochemical signals are consistent with [4F&#SEycling, butEPR spectroscopy with
oxidized Pol U s howsfdandd3Fe4s]prodacts inthé sampet ldadifg4 F e
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 degraded to the [35tats]
supporting the [4Fe3J** cluster as the major oxidation product. These combined results thus
indicate that the [3Fe4S¢luster seen by EPR likely forms after the [4Fé48i{ajor product
degrades over time in the absence of DNA; we have observed this previously with sample
freezing fork. coliEndolll and MutY following chemical oxidatiori8, 24.

To gain further insight into the effect of oxidation, reaction rates were estimated by
comparing frontier velocities. Velocities were calculated by dividing the amount of thstlarge
quantifiable band of DNA by time and the number of polymerase molecules p#&eitihis
met hod yields maximum rates of 118 N 63 (SD,
N 27 (SD, n = 5) nt/s for dxiidieded oPolunil ratat2
consistent with previously publish@dvitro results 85), while the oxidized form is significantly

slower. This calculation represents just an upper estimate, as typical bulk electrolysis fails to
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oxidize around 2(B0% of he 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 resulted from either slow oxidized
polymeraseat ching up or redistribution by of resid
Overall, it is clear from these experiments that oxidation leads to a decrease in replication rate,

but resolution on alkaline agarose gels is insufficient to distinguishebataomplete stalling or

dramatic slowing of DNA synthesis.

To distinguish between stalling and sl owin
reactions were analyzed on 5% polyacrylamide gels to obtain increased resolution H1 006 30
nucleotides rangén addition, DNA synthesis was limited to that of a single processive cycle by
the PCNAP o | U complex by addi ng hep5aWihoutthewhi ch tr
heparin trap, products up to 7 kb were observed, due to multiple procesdesaf ynthesis
(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 demdasrsevere 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 proportion of both very small

(~primer length) and very larde~1 kb) products are formed by ul
oxidized form generates more intermediate products betweand30000 nucleotides (Figure

5.9).

These results illustrate sever al i mportant
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 sample indicate greater susceptibility to disswcfatm 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. Téeter proportion of extended primers is
consistent with tighter DNA binding after cluster oxidation, as has been observed with both
primase and DNA repair proteinkg, 27). However, the slower procession indicates that tighter
binding impedes rapid prossion, acting as a brake on PCii#ediated DNA synthesis. These
experiments suggest that the similar activity levels observed on alkaline agarose gels at time
points beyond 5 minutes could be explained by either the oxidized form gradually catching up or
by redistribution of the residual native enzyme in the sample. Regardless of the precise details,

the overall impact of polymerase stalling, with-goll decrease in rate, would be significant on

the timescale of $hase; unperturbed yeaspBase lasts ~3@inutes, while using oxidized Pol

d moving at 20 nt/s to replicate the |l agging

minutes 47-49).
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Figure5.6.Char act eri zation of el a8ukrelectrdiysispoterddsl | v o X i
were ~200 mV beyond the major oxidative and reductive peaks at 0.412 V (oxidatien) and

0.188 V (reduction) versus NHEb)(Yields were calculated by subtracting a background

electrolysis (blue) from one containing protein (red) and taking the area tnedresultant curve
(green) . El ectrolysis of 150 €L of 2c0V4 €M Po
visible spectra reveal an increased absorbance frord@0D@m consistent with cluster oxidation

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

presence of both [4Fe4S)g = 2.08) and [3Fe45]g = 2.02) species in the oxidized sample,

with a residual amount of [3Fe4S]jluster present in the native sample. These results are

consistent with the formath of [4Fe4S]* cluster 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 no
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



