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ABSTRACT

Iron sulfur clusters are ubiquitous metal cofactors that play a variety of roles in many
enzymes important for health and the climate. The bacterial nitrogenase enzyme, which
supports the growth of all organisms by converting atmospheric dinitrogen into ammonia,
contains three different redox-active iron sulfur clusters that are central to its function.
Dna2, found in all eukaryotes, is integral to genome maintenance and coordinates an iron
sulfur cluster of unknown function. Many details of the nitrogenase mechanism are yet
to be revealed and pursuits toward this goal will support human efforts to develop more
sustainable solutions to nitrogen fixation, which is required for maintaining our food supply.
Thorough characterization of the DNA-maintenance enzyme Dna2 will allow us to develop
better technologies for cancer prevention and treatment. Development and optimization,
as well as technical critique, of a variety of analytical chemistry techniques were performed
toward the goal of increasing our understanding of these two important enzymes. Yeast
Dna2 was successfully overexpressed and purified from E. coli and spectroscopic features
of the 4Fe-4S cluster were characterized. Toward measuring the redox potential of the 4Fe-
4S cluster of Dna2, the DNA-modified electrochemistry technique was evaluated leading
to the discovery that the source of electrochemical signals proposed to be due to redox
activity of 4Fe-4S clusters in DNA-binding proteins are actually due to the redox activity of
Fe-EDTA complexes that form in the buffers of these proteins. These results will support
future scientists in accurately interpreting the electrochemical signals from DNA-modified
electrochemistry. The solvent isotope effect of nitrogenase reduction was investigated by
measuring deuterium incorporation into nitrogenase products by GC-MS, FTIR and NMR,
revealing that the enzyme exhibits modest preference for H vs. D in acetylene reduction to
ethylene, but significant preference for H in the reduction of protons to H,. These results
indicate that there are distinct mechanisms of H atom transfer in the reduction of these two
substrates and the experimental design that we developed opens the door for a new avenue
of nitrogenase research to reveal the solvent isotope effects of reduction of a variety of
different substrates under different experimental conditions. Finally, a new ATPase assay
using ion chromatography was developed to measure ATPase activity of the Fe protein,
which provides a tool for future pursuits toward quantifying P; release by ATPases and led

to our surprising result that the apo-form of the Fe protein is active in ATP hydrolysis.
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Chapter 1

INTRODUCTION

Iron Sulfur Cluster Proteins

Metalloenzymes, ubiquitous in biology with important roles for health and the climate,
require specialized handling procedures and can be studied with many physical and spec-
troscopic techniques that aren’t applicable to enzymes that don’t host metal centers. Iron-
sulfur clusters, a particular class of enzyme metallocofactors, fulfill many different func-
tions and can exist in a variety of forms. The cubane 4Fe-4S cluster is particularly common

and can play structural, redox, and/or catalytic roles in enzymes [1-3].

Recently, many DNA-processing enzymes, such as the DNA-repair enzyme Dna2, have
been found to coordinate 4Fe-48S clusters [4—6]. The presence of metallocofactors in many
DNA-processing enzymes evaded discovery for many years after first characterization of
the enzyme because the clusters are sensitive to oxidative degradation and many of these
enzymes are stable without their 4Fe-4S cluster [7]. The presence of redox active 4Fe-4S
clusters in these proteins is intriguing because the clusters themselves are not required for
enzymatic activity and the 4Fe-4S cluster biogenesis pathway is energetically expensive.
Furthermore, it is surprising that nature would engineer a possible source of reactive
oxygen species’, known to cause damage to DNA, in an enzyme that binds DNA [8,
9]. Understanding the role of 4Fe-4S clusters in DNA-binding enzymes will reveal this
evolutionary mystery and be valuable in developing strategies to support the integrity of

our genomes.

The nitrogenase enzyme complex also coordinates a 4Fe-4S cluster, as well as two other
iron sulfur clusters of unique form. The iron sulfur clusters of nitrogenase have been well
studied and are understood to play electron transfer and catalytic roles. The most unique
of the clusters, a 7Fe-8S-Mo cluster, is the active site of the enzyme where nitrogenase
performs electron and proton transfers leading to the multi-electron reduction of a variety
of substrates [10, 11]. Despite much focus on the mechanism at this iron sulfur cluster,
there are still many unanswered questions about how substrates bind to the cluster and are

reduced.

A common feature of these two iron sulfur cluster enzymes is their sensitivity to oxygen
and thus, anaerobic techniques are required to uphold the integrity of their structure and

function. Although Dna2 can be overexpressed and purified aerobically (although with
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attempts to minimize oxygen exposure), nitrogenase must be strictly kept under atmosphere
without oxygen [10]. For both of these enzymes, the atmosphere under which samples are
prepared is extremely important and must be kept in mind when designing experiments
and evaluating literature results. There is a rich history of literature on Dna2 due to its
relevance for preventing and treating cancer; however, many of these results were obtained
from experiments performed aerobically because the authors were unfamiliar with the
oxygen sensitivity of the 4Fe-4S cluster [12, 13]. Although we observed that the 4Fe-4S
cluster of Dna?2 is stable for a few hours in air, it is important that the oxidation state and
possible oxidative degradation of the 4Fe-4S cluster be considered in future experiments

to develop a better understanding of the role of the 4Fe-4S cluster in Dna2.

The presence of iron sulfur clusters in Dna2 and nitrogenase bestows them with the ability
to occupy multiple oxidation states. The iron sulfur cluster of Dna?2 is thought to transition
between the 2+ and 3+ states; however, other than the the EPR-silent [4Fe-4S]?- "signal"
that we report in this work, these states have not been isolated and observed spectroscopi-
cally and the redox potential of the cluster is unknown. The 4Fe-4S cluster of nitrogenase
occupies the 1+/2+ couple during turnover [14], and there is growing evidence that the
apo-form of the enzyme without the 4Fe-4S cluster also has a physiologically relevant role
[15]. The intermediate cluster in the electron transfer pathway of nitrogenase, the P-cluster,
is a 8Fe-7S cluster that transitions between the [8Fe-7S]?> and [8Fe-7S]3- oxidation states
during turnover [16]. Finally, the 7Fe-8S-Mo active site cluster of nitrogenase can build
up many reducing equivalents, although it is thought that these electrons are stored as
hydrides on the cofactor and the metallocofactor itself only transitions between two redox
states [17]. The oxidation states of the iron sulfur clusters of nitrogenase are central to the
function of the enzyme and the role of the oxidation state of the 4Fe-4S cluster in Dna?2 is

still an exciting open question that warrants further study.

In the Dna2 chapters of this work, the 4Fe-4S cluster is the focus, revealing spectroscopic
features of the cluster and characterizing its stability. DNA-modified electrochemistry was
pursued to measure the redox potential of the iron sulfur cluster as has been performed
previously for iron sulfur cluster proteins that bind DNA [18]; however, our work uncovers
that DNA-modified electrochemical signals can be due to artifacts of the redox active
Fe-EDTA complex that can form in buffers of iron sulfur cluster proteins. The nitrogenase
chapters of this work focus on revealing details of the reduction mechanism. We have
observed a significant difference in the solvent isotope effect of proton reduction and
acetylene reduction by nitrogenase, revealing that the pathway of H atoms toward the

products in these two reactions are distinct. Additionally, we have discovered that a
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novel form of the apo-Fe protein of nitrogenase is an active ATPase. Overall, this work

contributes to our growing understanding of the properties and functions of iron sulfur

clusters in biological systems.
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Chapter 2

ISOLATION OF ACTIVE YEAST DNA2 WITH 4FE-4S CLUSTER
FROM E. COLI

2.1 Introduction

Dna? is a nuclease-helicase found in all eukaryotic organisms with an impressive reper-
toire of DNA maintenance activity. Essential in yeast [1] and required for embryonic
development in mice [2], Dna2 is a major player in Okazaki fragment processing during
DNA replication, double strand break repair, telomere maintenance, and mitochondrial
DNA maintenance [3-6]. Due to its major contributions to genome stability, it is not
surprising that both Dna2 upregulation and mutation have been observed in various types
of cancer [7, 8]. The replication stress associated with hyperproliferation of cancer cells is
alleviated by the overexpression of Dna2, providing these cells with a survival advantage
that promotes tumoregenesis [9]. On the other hand, due to the role of Dna2 in maintaining
genome stability, disabling mutations in the enzyme can cause cells to be more susceptible
to cancer-causing mutations [10]. Dna2, as well as other DNA nuclease-helicases involved
in alleviating oncogene-activated replication stress, is an active target for anti-cancer in-
hibitors. The prevalence of Dna2 overexpression in the early stages of many cancers, most
notably basal-like breast cancer, suggests that Dna2 is a promising biomarker for early

detection of the disease [9].

Dna2 contains an N-terminal nuclease domain and a C-terminal helicase domain, both
of which are highly conserved from yeast to humans (Figure 2.1). The overall shape of
the protein is cylindrical with an internal tunnel that contains the nuclease active site.
The nuclease activity of Dna2 requires a single-stranded DNA (ssDNA) flap, consistent
with the fact that sSDNA, and not double-stranded DNA (dsDNA), fits within the tunnel.
The nuclease domain resides at the base of the cylinder in a doughnut-like shape and the
helicase domain is positioned 5’- to the nuclease domain. A 4Fe-4S cluster is coordinated
by four cysteine residues (C136, C394, C397, and C402 in mouse Dna2) of the nuclease
domain and is located 9 A from the entry point of the tunnel, which is the expected location
of the ssDNA-dsDNA junction [11].

Despite the fact that both the helicase and nuclease domains are equally conserved in
evolution, the nuclease function of Dna2 dominates on most substrates and only the

nuclease-deficient mutant causes cellular lethality in yeast. One explanation for the



Figure 2.1: Crystal structure of mouse Dna2 (2.3 A, PDB = SEAX) in complex with a 21
nt single stranded DNA substrate (ssDNA) [11]. Nuclease domain shown in gray, helicase
domains shown in blue and pink. ATP binds in cleft the two helicase domains. 4Fe-4S
cluster (shown as spheres) located about 9 A from the end of the ssDNA substrate.

relatively weak helicase function is the fact that the helicase domain resides 5°- to the
nuclease domain making helicase function dependent on nuclease inactivation. The
mechanism through which Dna2 modulates the nuclease domain to allow for helicase
activity is not well understood. Post-translational modification and protein partners have
been suggested as possible regulators of this functional switch [12]. The redox state of
the 4Fe-4S cluster was also proposed to be involved in this switch; however, the redox

behavior of the cluster has not been investigated.

Although Dna2 has been extensively studied biochemically, there is need for a more thor-
ough characterization of the 4Fe-4S cluster, not only to understand its role for the function
of the enzyme, but also to establish proper enzyme-handling guidelines to maintain the in-
tegrity of the cluster. This report includes the first heterologous isolation of wild-type yeast
Dna?2 and the nuclease-dead mutant Dna2 E675A from E. coli resulting in robust 4Fe-4S
cluster loading during expression and stability during purification. The 4Fe-4S cluster
of recombinant Dna?2 is characterized by UV-Vis and EPR Spectroscopy. The nuclease

and DNA-binding activity of Dna2 under anaerobic conditions has been studied using
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radiolabeled oligonucleotide substrates. This study begins to illuminate the biochemical
role played by the 4Fe-4S cluster and provides insight into the mechanism through which
Dna2 promotes genome stability. Focus on the 4Fe-4S cluster is an unexplored avenue
of inquiry for this well-studied enzyme and will greatly improve our understanding of
how Dna?2 supports the stability of the genome. A richer understanding of the role of the
4Fe-4S of Dna2 in DNA replication processes will help to reveal the pathway of cancer

evolution and will aid in the development of Dna2 inhibitors for cancer therapy.

2.2 Methods

Overexpression of yeast Dna2 and Dna2 E675A in E. coli

The full length wild-type yeast dna2 gene or the nuclease-dead mutant dna2 E675A
was cloned into a pQTEV vector with a cleavable N-terminal 6xHis tag by a former
Barton group member, Helen Segal (gift from the Campbell lab). The vector contains the
Ampicillin resistance marker and a lactose promoter. This plasmid was sequenced showing
no mutations and was harbored in Rosetta (DE3) pLysS E. Coli cells. The pLysS plasmid
suppresses basal expression at the T7 promoter and is retained by a Chloramphenicol
resistance marker. After streaking the Rosetta pLys full length yDna2 cell stocks on
LB/Agar plates with the appropriate antibiotics, an overnight culture with the appropriate
antibiotics (25 mg/L Chloramphenicol, 100 mg/L. Ampicillin) was inoculated. The next
morning the overnight culture was cloudy and six flasks containing 1.5 L autoclaved
Terrific Broth (Sigma) with the appropriate antibiotics were inoculated with 11 mL of the
overnight culture each. The culture was grown at 37 °C and 225 RPM until they reached
an O.D. of 0.68 to 0.84, at which point they were transferred to the 16 °C incubator
and expression was induced with 200 UM IPTG. For the Dna2 E675A over expression in
Jan 2019, the cells were supplemented with 100 mg/mL ammonium iron(IIl) citrate, 100
mg/mL iron(I) sulfate heptahydrate, and 2mM cysteine. The cells were harvested after
expressing at 16 °C and 150 RPM for 21 hours.

Purification of yeast Dna2 with anaerobic cell lysis

The day before the purification, 1 L of HisTrap A buffer was degassed using the vacuum
manifold in the Rees lab. To purify yeast Dna2, cells (46 g pellet) were homogenized in
HisTrap Buffer A (20 mM Tris, 0.5 M NaCl, 5% glycerol, pH 7.75, 2 mM DTT, 500
mL) with 10 protease inhibitor tablets and 2 vials (20,000 KU) of DNase in the glove bag.
The homogenized cells were transferred to a 0.5 L round bottom flask that was capped
with a septum and sealed with parafilm. The flask was removed from the glove bag and

brought to the Rees lab for anaerobic lysis. The cells were lysed with two passes through
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the Emulsiflex, collecting the lysed cells on ice. The solution was slightly warm as it
came out of the Emulsiflex. The lysed cells were spun at 13,000 RPM for 30 minutes
and the supernatant ( 500 mL) was filtered before loading onto double stacked nickel
columns (GE Healthcare) equilibrated in HisTrap Buffer A. The column was washed in
three steps: an initial phase of 4 column volumes of 97% HisTrap Buffer A/3% Histrap
Buffer B (20 mM Tris, 0.5 M NaCl, 0.5 M imidazole, 5% glycerol, pH 7.75, 0.5 mM
DTT), followed by a gradient of 3-10% His Trap Buffer B over 6 column volumes, and a
final wash with a gradient of 10-11% His Trap Buffer B until the absorbance at 280 nm
decreased completely. Recombinant Dna2 was then eluted with a gradient of 11-100%
His Trap Buffer B with the center of the eluted peak at 50% His Trap Buffer B (fractions
8-17). This peak was buffer exchanged into 20% Anion Exchange Buffer A (20 mM
Tris, 0.1 mM EDTA, 5% glycerol, pH 7.75, 1 mM DTT)/80% Anion Exchange Buffer
B(20 mM Tris, 0.1 mM EDTA, 1 M NaCl, 5% glycerol, pH 7.75, 1 mM DTT) using a
desalting column (GE Healthcare). All of the eluant from the desalting column was loaded
onto the HiTrap Q anion exchange column (GE Healthcare) and eluted with a gradient
of 11-100% Anion Exchange Buffer B over five column volumes. The peak with 410nm
absorbance (Fractions 5-10) from the anion exchange column were collected, combined
and concentrated to 4.5 mL using Amicon centrifugal filter devices at 6500 RPM. This
sample was loaded onto a size exclusion column (GE Healthcare) equilibrated with SEC
Buffer (20 mM Tris, 0.5 M NaCl, 0.1 mM EDTA, 5% glycerol, pH 7.75, 1 mM DTT) and
eluted after 130 mL of elution with SEC Buffer. This peak containing purified yeast Dna2
was concentrated and analyzed with UV Vis. The concentration of Dna2 was calculated
with the 280 nm absorbance and the Expasy Dna2 extinction coefficient (94550 M-1 cm-1)
and the concentration of 4Fe-4S cluster was calculated with the 410 nm absorbance and the
iron sulfur cluster extinction coefficient (17000 M ' cm !). The percent cluster loading
was the concentration of 4Fe-48S cluster divided by the concentration of protein multiplied
by 100%. Aliquots were taken of the final purified protein and of fractions throughout the

purification and were analyzed with denaturing gel electrophoresis.

Nuclease Assay of Dna2

The procedure for the nuclease assay was slightly adapted from that used by Professor
Judy Campbell to study Dna2 nuclease activity [13]. Indicated amounts of recombinant
Dna2 (0.05 nM, 0.125 nM, 0.5 nM, 1.25 nM, or 7.5 nM) were incubated at 37 °C with
600 fmol of radiolabeled oligonucleotide (sequences E, F, G in Appendix Tablel) in 30
UL of reaction volume containing 50 mM Tris-HCI (pH 8.0), 2mM dithiothreitol (DTT),
0.1 mg/mL BSA, 30 mM NaCl, 2 mM MgCI2, and 5% glycerol. To stop the reaction,



Table 2.1: Sequences of DNA Substrates used for Dna2 Nuclease Assays

DNA Strand Sequence (5’ - 3’)

HS Hairpin (nuclease assay) TTC ACG AGATTT ACT TAT TTC ACT GCG GCT
ACA TGA TGC ATC GTT AGG GCA TTC CGC

CTA ACG ATG CAT CAT GT
18ntover comp TTC ACT AGATTT AGCTCT GGA ACT GAA CCC
GTC CTG CGT CAA CTA CAT GAA CAC CTC
MST temp GAG GTG TTC ATG TAG TTG ACG CAG GAC
GGG TTC AGT

20 YL of the reaction mixture was added to a 10 UL solution of SDS and EDTA so that
the final concentrations were 0.1 % SDS and 10 mM EDTA. The samples were then heat
denatured with incubation at 90 °C for 10 minutes. The samples were dried on the speed
vac and their radioactivity was measured using the scintillation counter. The samples were
dissolved in the appropriate volume of blue loading dye to normalize their radioactivity.
They were loaded onto a 20% sequencing gel and the gel was run for 3 hours at 90W.
The gel was exposed for (300,000/radioactivity per well) hours and visualized using the
Typhoon 9400 phosphorimager with ImageQuantTL software.

2.3 Results

Overexpression and purification of yeast Dna2 in E. coli

Recombinant S. cerevisiae Dna2 was successfully overexpressed and purified from E. coli
with 72% 4Fe-4S cluster loading (Figure 2.2). Special overexpression techniques were
employed to facilitate this high 4Fe-4S cluster-loading including filling the expression
flasks with 1.5 L of culture (instead of the standard 1 L) to limit aeration during shaking,
and decreasing the incubation temperature to 16 °C upon induction of expression to
slow the overexpression, allowing time for sufficient 4Fe-4S cluster biogenesis. The
purification process was made as anaerobic as possible to limit oxidative degradation of
the 4Fe-4S cluster. The cells were homogenized in an anaerobic chamber and lysed using
an Emulsiflex under Argon. Although the FPLC system was not anaerobic, it was kept
at 4 °C and the rest of the purification was performed quickly in one day (without any

freeze-thaw cycles) to limit degradation of the 4Fe-4S cluster.

Spectroscopy of native and oxidized recombinant yeast Dna2

The UV-Vis of the recombinant Dna2 purified from E. coli showed the characteristic
shoulder at 410 nm corresponding to the 4Fe-4S cluster (Figure 2.2). EPR spectroscopy
of the Dna2 sample as purified was mostly EPR silent, which is consistent the 4Fe-4S
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Figure 2.2: UV Vis Spectrum of representative sample of purified recombinant Dna2 (15
MM 4Fe-4S cluster, 21 pM, 72% cluster loaded). The concentration of Dna2 was calculated
with the 280 nm absorbance and the Expasy Dna2 extinction coefficient (94550 M ' cm 1)
and the concentration of 4Fe-4S cluster was calculated with the 410 nm absorbance and
the iron sulfur cluster extinction coefficient (17000 M ! cm ). Inset: denaturing protein
gel electrophoresis of concentrated purified fractions after elution from the SEC column.
Band around 150 kDa contains recombinant Dna2 (MW=172 kDa). Band around 75 kDa
likely contains mostly truncated Dna2 and chaperone protein dnaK.

cluster being in the 2+ state (Figure 2.3). There was a small signal at g = 2.008, which
increased significantly with treatment with the strong oxidant potassium ferricyanide. The
strong signal at g = 2.008 is indicative of the [3Fe-4S]- cluster, indicating that potassium
ferricyanide caused oxidative degradation of the [4Fe-4S]%- cluster of yeast Dna2 to the
[3Fe-4S]- cluster, likely through a [4Fe-4S]3- cluster intermediate [14].
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Figure 2.3: EPR spectra at 10K of 15 pM recombinant yeast Dna2 as purified (red) or
after treatment with 5X potassium ferricyanide (orange) for 1 min. Signal at g = 2.01 is
representative of the [3Fe-4S]- cluster. Buffer = 20 mM Tris, 0.5 M NaCl, 0.1 mM EDTA,
5% glycerol, pH 7.74.

Anaraerobic nuclease activity of recombinant Dna2

Recombinant yeast Dna2 showed robust nuclease activity (Figure 2.4 and 2.5), evidenced
by the formation of short oligonucleotide products after 30 second incubation under
nuclease assay conditions. Nuclease products were not observed in assays performed
without magnesium chloride, consistent with previous reports indicating that Mg?- is
required for Dna2 nuclease activity [11]. At time points up to 5 min, the majority
of products were of lengths 5-10 nucleotides (nt) and after 5 minutes, the majority of

products were less than 5 nt.

2.4 Conclusions and Future Outlook

Dna2 from S. cerevisea was successfully overexpressed and purified from E. coli with
significant 4Fe-4S cluster loading and nuclease activity. EPR spectrscopy revealed that
the majority of the 4Fe-4S clusters were in the EPR-silent 2+ state; however, the cluster

was susceptible to oxidative degradation to the [3Fe-4S]- cluster with treatment with a
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Figure 2.4: Nuclease assay time trial of recombinant yeast Dna2. Recombinant yeast
Dna2 (3 nM) was incubated at 37 °C with 600 fmol of 5’- radiolabeled oligonucleotide in
30 YL reaction volume containing 50 mM Tris-HCI (pH 8.0), 2 mM dithiothreitol (DTT),
0.1 mg/mL BSA, 30 mM NaCl, 2 mM MgCl2,, and 5% glycerol. Reactions quenched
with 0.1 % SDS, 10 mM EDTA and incubation at 90 °C for 10 min. Samples loaded onto
20% sequencing gel. Gel was run for 3 hours at 90 W, exposed to a phsophor screen, and
imaged using a Typhoon 9400 with ImageQuantTL software.

strong oxidant.

To our knowledge, this is the first report of heterologous expression of yeast Dna2 in E.
coli with characterization of the integrity of the 4Fe-4S cluster. These reports will be
valuable for future studies of Dna2, both by providing a route for heterologous expression
of the enzyme and also for establishing protocols for protection and characterizaiton of

the 4Fe-4S cluster of Dna2.

Future studies should include a more complete characterization of the redox properties of
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Figure 2.5: Quantification of nuclease activity of Dna2 from nuclease assay show in
Figure 2.4. Percent substrate cleaved = (short products/(short prod. + long prod.)) x
100%. Quantified using ImageQuantTL software. Error bars are standard deviation of
two trials.

the 4Fe-4S cluster of yeast Dna2. By EPR, we were able to observe a signal representing
the [3Fe-4S]- cluster, which is likely the product of oxidative degradation of the EPR-
silent [4Fe-4S]?- cluster of native Dna2. This oxidative degradation pathway likely
passes through the [4Fe-4S]3- intermediate; however, an EPR signal representative of
this 3+ cluster was not observed. Future work should include treatment of Dna2 with
milder oxidative conditions (possibly simply exposure to air) followed by analysis by
EPR to observe the putative [4Fe-4S]3- signal. This would confirm that the 4Fe-4S
cluster of Dna2 is a HiPiP cluster, exercising the [4Fe-4S]?-/[4Fe-4S]3 redox couple, as
expected [15, 16]. Furthermore, the redox potential of the cluster should be determined.
DNA-modified electrochemistry was attempted toward this goal; however, no signal was
observed from yeast Dna2 on DNA-modified electrodes over the background Fe-EDTA
signal (see chapter III). Other methods for determining the redox potential are possible
including performing a redox titration with an oxidant whose redox potential is close to the
expected redox potential of Dna2 (100 mV vs. NHE) and that undergoes a color change
upon reduction. These results would determine whether or not the 4Fe-4S cluster of Dna2
is redox active under physiological conditions and thus, whether it is possible that the

4Fe-4S cluster plays a redox role in the enzyme. In conclusion, the results reported here
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lay the groundwork for performing a thorough characterization of the redox properties of

the 4Fe-4S cluster of Dna2, an unexplored avenue of research for this important enzyme,

which could provide valuable insight for designing cancer therapeutics.
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Chapter 3

CRITICAL INVESTIGATION OF THE ELECTROCHEMICAL
SIGNAL OBSERVED FROM 4FE-4S CLUSTER PROTEINS ON
DNA-MODIFIED GOLD ELECTRODES USING A SERIES OF
CONTROL EXPERIMENTS

3.1 Introduction

The phenomenon of DNA-mediated charge transfer (DNA CT) was discovered in the
1980s by Prof. Jacqueline Barton [1, 2]. Her work established that electrons/holes can
pass through a strand of DNA through the overlapping c-orbitals of the DNA bases. The
first investigation into whether this process could be studied on an electrode surface was
published in 1997 in Bioconjugate Chemistry [3]. In this work, a self-assembled DNA
monolayer was formed on a gold electrode surface and the surface was treated with the
redox-active DNA-intercalator methylene blue. Cyclic voltammetry (CV) was performed
on this surface and a reversible signal was observed, which the authors attributed to the
DNA-mediated reduction and oxidation of methylene blue intercalated into the base stack

of the DNA monolayer.

Further progress was made in the development of DNA-modified electrochemistry with
two papers published in 1999 out of the Barton group [4, 5]. These reports used dauno-
mycin (DA) as the redox active DNA intercalator, either covalently bound to the DNA at
known positions or free in solution similar to the methylene blue in the previous reports.
The results of this work showed that the distance from the electrode surface to the redox
active species bound to the DNA did not affect the rate of charge transfer, suggesting that
the rate limiting step of charge transfer in DNA-modified electrochemistry is tunneling
through the alkane-thiol linker. This work also included control experiments in which a
mismatched DNA base pair, known to attenuate DNA CT, was engineering in the DNA
strand between the electrode and the DA, causing a complete abrogation of the signal in
CV. These observations supported the conclusion that the electrochemical signal from DA
arose from DNA CT.

In a 2003 contributed paper in PNAS, the Barton group reported the first use of DNA-
modified electrodes to observe the redox activity of a DNA-binding protein, MutY, that
contains a 4Fe-4S cluster [6]. MutY (800 uM) was deposited onto a DNA-modified gold

electrode and a reversible signal was observed by CV with a midpoint potential of 275
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mV vs. NHE.l This signal was assigned to the 2+/3+ oxidation states of the 4Fe-4S
cluster in MutY. As controls, the same protein solution was analyzed on a monolayer
of V-mercaptohexanol (MCH) and on a DNA monolayer in which the DNA contained a
mismatch to disrupt the c-stacking of bases, which attenuates DNA CT. In both control
experiments, no signal was observed by CV. The 1990’s saw a variety of publications
from the Barton group investigating the electrochemistry of DNA repair enzymes MutY
and Endolll. In a 2006 article published in JACS, it was observed that the midpoint
potential of Endolll shifted negatively upon binding to DNA, leading to the conclusion
that DNA binding primed the 4Fe-4S cluster of DNA repair enzymes for redox chemistry
[8]. This observation was made by comparing the cyclic voltammogram of Endolll on
bare HOPG electrodes (E< = 250 £ 30 mV vs. NHE) with that of Endolll on HOPG
electrodes modified with DNA (E< = 20 £ 10 mV vs. NHE). The observation that the
redox activity of these 4Fe-4S cluster DNA binding enzymes was accessible by DNA CT
and that binding to DNA could modulate their midpoint potentials led to the development
of a model for how these repair enzymes locate their substrate lesions in the genome [9].
In this model, DNA repair enzymes with 4Fe-4S clusters signal to each other using DNA
CT, concentrating on strands with lesions where DNA CT is abrogated (see reference [9]

for more detail).

In 2010, an important advancement was made in the field of DNA-modified electrochem-
istry with the development of multiplexed gold electrode chips. These silicon chips were
fabricated with 16 gold working electrodes and fashioned with a plastic clamp and gasket
that split the 16 gold electrodes into 4 quadrants. Now, different DNA monolayers could
be deposited on the four separate quadrants and electrochemical measurements could be
made in which the 4 quadrants share a common analyte/protein solution and a common
reference and counter electrode. These multiplexed chips became the standard method
for examining the redox activity of DNA binding enzymes with 4Fe-4S clusters in the
Barton group. The Barton group continued their study of the redox activity of DNA repair
enzymes, observing that two helicases with 4Fe-4S clusters, XPD and DinG, were redox
active on DNA-modified electrodes and both had a midpoint potential of about 80 mV vs.
NHE [6, 10-12]. Strikingly, this midpoint potential is in the range of that observed from
Endolll and MutY on DNA-modified gold electrodes under similar buffer conditions,
further supporting the model that DNA repair enzymes can reduce and oxidize each other
through DNA-mediated CT. Addition of ATP to the helicases caused an increase in the

I'This PNAS paper reports a potential of 275 mV, but a later publication [7] reports a midpoint potential
of 90 mV for MutY on DNA-modified electrodes. This later report states that the 90 mV signal is similar
to the 275 mV signal, however, this difference is as large as the stated difference in potential between
DNA-bound and DNA-free protein and corresponds to a change in binding factor of 1000
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intensity of the signal in CV, which was attributed to an increase in the coupling of the
4Fe-4S cluster of the protein to the DNA facilitated by a conformational change associated
with ATP hydrolysis.

The Barton group expanded their scope of study to DNA replication enzymes in 2017, with
a paper published in Science reporting the redox activity of the 4Fe-4S cluster of DNA
primase on DNA-modified electrodes [13]. DNA primase and one of its cofactors, ATP,
showed a midpoint potential of about 100 mV vs .NHE on DNA-modified gold electrodes.
Without ATP, no signal was observed from DNA primase. However, a signal could be
observed from DNA primase alone after bulk oxidation. After holding the potential at an
oxidizing potential for 30 minutes, CV was performed on DNA primase and a cathodic
peak around -135 mV vs NHE was observed in the first scan. The signal was not apparent
after sweeping to reducing potentials. These results lead to the conclusion that DNA
primase in its resting [4Fe-4S]?- state does not bind to DNA (and therefore a signal can’t
be observed in DNA-modified electrochemistry) and after oxidation to the 3+ state, it
binds to DNA and can be observed by CV on DNA-modified electrodes. The authors
further concluded that ATP increases the binding affinity of primase to DNA, allowing a

reversible signal to be observed without bulk oxidation.

Another protein of interest to the Barton group, due to its integral role in genome main-
tenance and coordination of a 4Fe-4S cluster of unknown function, was S. cerevisiae
Dna2. Dna2 is a nuclease-helicase found in all eukaryotic organisms with an impressive
repertoire of DNA maintenance activity. Essential in yeast and required for embryonic
development in mice, Dna2 is a major player in Okazaki fragment processing during
DNA replication, double strand break repair, telomere maintenance, and mitochondrial
DNA maintenance [14—-19]. Due to its major contributions to genome stability, it is not
surprising that both Dna2 upregulation and mutation have been observed in various types
of cancer [20, 21]. A 4Fe-4S cluster is coordinated by four cysteine residues (C136, C394,
C397, and C402 in mouse Dna?2) of the nuclease domain of Dna2 and is located 9 A away
from the expected location of the double stranded region of the DNA substrate [22]. The
mechanism through which Dna2 modulates nuclease and helicase activities is not well
understood. Post-translational modification and protein partners have been suggested as
possible regulators of this functional switch. The redox state of the 4Fe-4S cluster was
also proposed to be involved in this switch; however, the redox behavior of the cluster has

not been investigated [23].

The goal of this work was to elucidate the effect of the redox properties of the 4Fe-4S

cluster on the regulation of helicase and nuclease activity in S. cerevisiae Dna2. Toward
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this end, yeast Dna2 was overexpressed and purified from E. coli and DNA-modified
electrochemistry experiments on purified yeast Dna2 were performed. A reversible signal
was observed from Dna2 on DNA-modified electrodes with a midpoint potential of about
90 mV vs. NHE, similar to that of all other DNA-binding 4Fe-4S cluster proteins studied
in the Barton group. This signal was assigned to the reduction and oxidation of the [4Fe-
481?- 3- cluster of Dna2 through DNA-mediated charge transfer, as was concluded from
previous work on other DNA-binding enzymes with 4Fe-4S clusters. Additionally, ATP
was added to Dna2 on DNA-modified electrodes and an increase in signal was observed.
Like the work with DinG and XPD, this increase was attributed to a conformational change
associated with ATP hydrolysis that increased the coupling of the 4Fe4S cluster to the
DNA.

These results from Dna2 were exciting and we wanted to confirm the integrity of our
DNA-modified electrodes before moving forward with the investigation. The following
report describes the discovery that the electrodes prepared for experiments with Dna2
did not contain adequate DNA monolayers, possibly due to the use of commercial DNA.
Characterization of the putative DNA-modified electrodes revealed that there was very
little DNA on the electrode. Further experiments revealed that the electrochemical signal
from Dna2 and Endolll on these electrodes is not due to 4Fe-4S cluster redox activity
and the signal is not mediated by DNA CT. These control experiments reveal a DNA-
independent interpretation of the redox activity observed from 4Fe-4S cluster proteins on

gold electrodes arising from Fe-EDTA complexes formed from 4Fe-4S cluster degradation.

3.2 Methods

Preparation of DNA substrates for DNA-modified Electrochemistry of yeast Dna2
and Dna2 E675A [14]

All standard or modified phosphoramidites and DNA synthesis reagents were purchased
from Glen Research. DNA substrates were either purchased from Integrated DNA Tech-
nologies Inc. or synthesized on an Applied Biosystems 3400 DNA synthesizer. DNA
sequences for electrochemistry experiments of Dna2 and Endolll are shown in Table 3.1
below. Single-stranded DNA was purified using standard procedures: high pressure liquid
chromatography (HPLC) using a reverse-phase PLRP-S column (Agilent) was used and
oligonucleotide mass was confirmed using MALDI-TOF mass spectrommetry. Thiol-
modified strands were reduced after initial HPLC purification with 100 mM dithiothreitol
(Sigma) for 2 hours and purified by size exclusion chromatography (Nap5 Sephadex G-25,
GE Healthcare) followed by reverse-phase HPLC. The solvent was removed in vacuo and

the strands were purified with HPLC. All single-stranded oligonucleotides were desalted
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using ethanol precipitation and stored in a low salt buffer (5 mM phosphate, 50 mM NaCl,
pH 7). Quantification of single-stranded oligonucleotides was performed by UV Vis and
solutions of equimolar concentration of complementary strands were prepared. The well
matched duplex solution solution contains the 36mer thiol strand with the 45mer comple-
ment strand with 9mer 5’ overhang and the abasic site duplex solution contains the 36mer
thiol strand and the 45mer strand with an abasic site and a 9mer 5 overhang. These solu-
tions were deoxygenated by bubbling argon gas through the solution for 90 sec and duplex
DNA was annealed on a thermocycler (Beckman Instruments) by initial heating to 90 °C,
followed by slow cooling to 4 °C over 90 minutes. DNA was quantified using absorbance
at 260 nm with extinction coefficients provided by Integrated DNA Technologies’ online

OligoAnalyzer tool.

Table 3.1: Sequences of DNA Substrates used for DNA-modified electrochemistry

DNA strand Sequence (5’ - 3’)

A. 36mer thiol SH — GAG GTG TTC ATG TAG TTG ACG CAG
GAC GGG TTC AGT

B. Well matched complement | AGC TCT GGA ACT GAA CCC GTC CTG CGT

with 9 nt overhang CAA CTA CAT GAA CAC CTC

C. 45mer complement with | AGC TCT GGA ACT GAA CCC GTC CTG CGT

abasic site (9nt overhang) CAA CTA CAabAA CAC CTC

DNA-modified Electrochemistry of yeast Dna2 and Dna2 E675A [12]

A multiplex chip was cleaned using sonication in acetone and isopropyl alcohol. The chip
was then dried using argon gas and ozone cleaned for 20 min at 20 mW using an Uvo
brand ozone cleaner. The clean chip was assembled onto a polycarbonate holder with
an acrylic clamp and Buna-N rubber gasket (also cleaned using sonication in isoporopyl
alcohol and milliQ water), with the four quadrants of the chip separated by the fastened
gasket and clamp. The aforementioned duplex solutions (25 pM) were deposited in 20
UL volumes onto each quadrant of the multiplex chip. For experiments without a DNA
monolayer, 20 UL of DNA storage buffer was deposited onto the chip. The chip was
incubated in a humid chamber for 20 hours to allow for formation of a self-assembled
DNA monolayer. DNA monolayers were washed with phosphate buffer (5 mM P;, 50 mM
NaCl, 5% glycerol, pH 7.0) and then backfilled with 1 mM 6-mercaptohexanol (Sigma)
in phosphate buffer for 45 min. Monolayers were then washed 10 times per quadrant
with phosphate buffer and then 5 times with the indicated protein buffer. For anaerobic
studies, the chip was then transferred to the anaerobic chamber. Here, it was washed

5 times with degassed Dna2 SEC buffer that had been stored in the anaerobic chamber
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overnight. Initial CV scans of the monolayers in Dna2 SEC buffer were performed to
ensure monolayer formation on each electrode. Dna2 (purification described in chapter
IT) or EndollI (purified as described in [24]) was thawed on ice in the cold room and buffer
exchanged into the appropriate buffer (see text). The buffer was removed from the chip and
20 YL of the Dna2 or Endolll sample was deposited onto each quadrant and the rest of the
sample was deposited on the chip as bulk solution. For experiments where the quadrants
are kept separate, no bulk Dna2/Endolll sample is placed above the quadrants. The chip
was connected to the multiplexer and the Ag/AgCl reference and Pt counter electrodes

were placed in the solution. CV and Square Wave Voltammetry were performed.

Adding cofactors ATP and Mg?- to Dna2 on DNA-modified electrodes

A 300 mM solution of premixed ATP (Sigma CAS # 34369-07-8) and MgCl; in degassed
milliQ water was prepared in the glove bag. This solution was added to the chip to achieve
the desired final concentration and CVs and square wave voltammagrams were obtained.
After the indicated time incubating with ATP, the chip was scanned by CV and Square
Wave Voltammetry again. The above procedures were performed in the same way with
addition of non-hydrolyzable ATPWS to different quadrants.

Protein Film Electrochemistry of Dna2 [25]

All electrochemical experiments were performed on an edge-plane pyrolytic graphite
electrode (Pine Research Instrumentation) with a geometric surface area of 0.196 cm?.
To generate a rough surface suitable for protein binding, the electrode was abraded with
400 grit sandpaper and cleaned by sonication for 30 seconds each in ethanol and water.
After sonication, the absence of electroactive impurities was verified by scanning in Dna2
SEC buffer (20 mM Tris, 0.5 M NaCl, 0.1 mM EDTA, pH 7.73). Single-walled carbon
nanotubes (CNTs) were included in the formation of all thin films unless otherwise noted.
Protein thin films were formed by first depositing 10 pL of CNTs (0.25 mg/mL in water)
on the cleaned electrode surface. This layer was dried with an Argon stream. Then, 2 or
3 layers of 10 pL Dna2 (29 UM in Dna2 SEC buffer without glycerol) were deposited on
the electrode with drying by Argon stream after each later. Finally, 10 pL of 5% Nafion
(2X dilution in water) was deposited on the surface and dried by argon stream to prevent
dispersal. After thin film formation, 50 JL of Dna2 SEC buffer was pipetted on top of the
film and a Ag/AgCl reference in 3 M NaCl and Pt auxiliary electrode were submerged in the
resulting droplet (reference and counter rinsed before submersion). Reduction potential,
current, and charge measurements were then taken by cyclic voltammetry (CV), square

wave voltammetry (SQWYV), and differential pulse voltammetry (DPV); all experiments



20

were taken at ambient temperature (25 °C). Potentials were converted to NHE by adding
0.212 V to the value measured by Ag/AgCl. To prevent leakage of NaCl into the buffer
and subsequent wandering of the reference potential, 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.

3.3 Results

Electrochemical signals of 4Fe-4S cluster proteins on putative DNA-modified gold
electrodes: Dna2 and Endolll as examples

Prior to this investigation, Dna2 had been studied many times in our group using putative
DNA-modified electrochemistry (Figure 3.1). A reversible signal was observed from Dna2
with a midpoint potential of about 90 mV vs. NHE. No signal was observed when cyclic
voltammetry was performed on buffer solution with the same electrodes before addition
of the 4Fe-4S cluster Dna2 sample (Figure 3.1, top box, grey line). As was customary in
the Barton group, the signal from the Dna2 sample was attributed to the reduction and
oxidation of the 4Fe-4S cluster of Dna2 through DNA-mediated charge transfer. It was
concluded that when a sufficient potential was applied to the gold electrode, namely 90 mV
vs. NHE, charge would pass from the electrode, through the c-stacked orbitals of DNA, to
the DNA-bound 4Fe-4S cluster. As was reported for other DNA-binding proteins, it was
concluded that the midpoint potential of Dna2 shifts negatively upon binding to DNA,
supported by the fact that the midpoint potential of Dna2 in protein films on graphite
electrodes (without DNA) was about 150 mV vs. NHE (Figure 3.1, bottom box).

After the observation that a redox signal could be observed from Dna2 on DNA-modified
electrodes, we sought to investigate whether the signal would be affected by the addition
of ATP, as is seen with the DNA helicases XPD and DinG [10]. Indeed, addition of
ATP to Dna2 on DNA-modified electrode resulted in an increase in the peak intensity that
continued over time (Figure 3.2). As was concluded with XPD and DinG, this increase was
attributed to an increase in coupling of the 4Fe-4S cluster of Dna2 to the DNA substrate as
a result of a conformational change associated with ATPase activity. This interpretation
was significant because it would establish that we can observed DNA-helicase activity on
a DNA-modified electrode.

Due to the significance of these observations, and the significance of the role of DNA in
our interpretation of the results, we wanted to confirm that the electrodes used for these
experiments had adequate DNA-monolayers. With the characterization outlined in the

next section, we found that there was no DNA-monolayer on these electrodes. Thus, we
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Figure 3.1: Dna2 was analyzed many times with putative DNA-modified electrochemistry
on multiplexed gold electrodes (top box) prior to the onset of this work. Picture of
multiplexed electrode (left) and cartoon of DNA-modified surface with Dna2 (green)
bound to the DNA monolayer. CV of 14 UM Dna2 on putative DNA-modified electrode in
Dna?2 storage buffer (20 mM Tris, 0.5 M NaCl, 0.1 mM EDTA, 5% glycerol, pH 7.74) in
anaerobic chamber shows a midpoint potential of about 90 mV vs. NHE. Scan rate: 100
mV/s, Ag/AgCl gel-tip reference electrode. Differential pulse voltammetry was performed
on a protein film of Dna2 (bottom box) and shows a potential of 150 mV vs. NHE (buffer:
20 mM Tris, 0.5 M NaCl, 0.1 mM EDTA, pH 7.73).

sought to further investigate the source of the observed signals from the 4Fe-4S cluster
proteins.
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Figure 3.2: Cyclic Voltammograms of 6 UM Dna2 on putative DNA-modified gold elec-
trode before and after addition of 5 mM ATP. Left panel shows quantification of reductive
peak current normalized to the peak current before addition of ATP (error bars from four
electrodes). All CVs performed anaerobically in Dna2 storage buffer (20 mM Tris, 0.5 M
NaCl, 0.1 mM EDTA, 5% glycerol, pH 7.74) at 100 mV/s with Ag/AgCl gel-tip reference

electrode.

Electrode characterization: DNA monolayerson gold electrodes contain considerably
less DNA than originally reported

With the goal of supporting the interpretation that the electrochemical signal from Dna2
and Endolll was due to the DNA-modified redox activity of the 4Fe-4S cluster, we
sought to characterize the integrity of the DNA-monolayer on our electrodes. Potassium
ferricyanide is used to measure the passivation of the electrode surface and ruthenium
hexamine can be used to quantify the amount of DNA on the surface [26]. If the electrode
surface is well passivated, with a DNA monolayer or V-MCH monolayer, then potassium
ferricyanide will not be able to contact the electrode surface and there will be no signal
observed in CV. If the surface is not well passivated, potassium ferricyanide will give a
reversible signal in CV with a midpoint potential of about 200 mV vs. NHE. Ruthenium
hexamine has been used in the Barton group to quantify the amount of DNA on the
DNA-modified electrode. The positively-charged [Ru(NH3)6]?> can associate with the
negatively-charged DNA strands and is reduced and oxidized during CV. The intensity of
the signal is then used to quantify the number of DNA strands on the electrode.

When putative DNA-modified electrodes were treated with 150 pUM K3Fe(CN)g, a small
irreversible reductive signal was observed at about 0 mV vs. NHE and the signal did not
increase by adding a second aliquot so that the final concentration was 300 UM K3Fe(CN)g
(Figure 3.3, top panel). The presence of a peak in the voltammogram indicates that the
electrode surface was not entirely passivated; however, the peak was quite small, indicating

that much of the KzFe(CN)g was blocked from the electrode surface.
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Figure 3.3: Characterization of putative DNA-monolayer with [Fe(CN)g]? (top panel)
and [Ru(NHj3)s]3> (bottom panel). Cyclic voltammetry was performed on Tris buffer (20

mM Tris, 75 mM NaCl, pH 7.2) (gray trace, top panel). Then, K3Fe(CN)s was added
directly to the electrode to a final concentration of 150 UM and CV was performed again
(black dotted). CV was performed again after 1 hour (black solid) and again after another
addition of K3Fe(CN)g to a final concentration of 300 UM (red dashed-dot). In another
quadrant, cyclic voltammetry was performed on Tris buffer (20 mM Tris, 75 mM NaCl,

pH 7.2) (gray trace, bottom panel). Then Clz Ru(NH3)g was added to a final concentration
of 40 UM. A clear reversible signal was observed with a midpoint potential of about 60 mV
vs. NHE. All CVs performed anaerobically at 100 mV/s with Ag/AgCl gel-tip reference

electrode.

When DNA-modified electrodes were treated with 40 UM [Ru(NHj3 )6]>*, a clear reversible
signal was observed with a midpoint potential of 62 mV vs. NHE (Figure 3.3, bottom
panel). Yu et al.[27] report a comparison of the cyclic voltammograms of [Ru(NH3)g]>"
on bare gold electrodes vs. DNA-modified electrodes. On bare gold, [Ru(NH3)6]3* shows
a reversible signal with a midpoint potential of about 40 mV vs. NHE. On DNA-modified
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electrodes, there is also a reversible signal; however, the peak separation is smaller and the
midpoint is at about -63 mV vs. NHE. The signal that we observed in our experiments is
more similar to the bare-gold signal reported by Yu et al. from [Ru(NH3)6]3*. Therefore,
our observed signal from [Ru(NH3)6]?" is likely due to direct electron transfer at the
electrode surface and is not DNA-mediated. Scan rate dependence analysis showed that
the signal is diffusion-controlled, which agrees with the previous result that the ruthenium

is diffusing to the electrode surface and making direct contact to be reduced/oxidized.

On the same multiplexed chip that was used for the previous two experiments with
K3Fe(CN)g and [Ru(NH3)e]?>, 17 MM Endolll was added. EDTA was suggested to
be a possible source of overlapping signals in CV, so Endolll was buffer exchanged to
remove EDTA before deposition on the electrode. No peaks were observed in the cyclic
voltammogram initially (Figure 3.4). A small irreversible reductive signal at about -15
mV vs. NHE was observed from 17 UM Endolll after one hour. No oxidative signal
was observed. This signal looks very similar to that which was observed in the quadrant
that was treated with K3Fe(CN)g (Figure 3.3, top panel). It is unclear whether this peak
is due to the reduction of the 4Fe-4S cluster of Endolll or some other contaminant in
the solution. Compared to the signal from 13 pM Endolll with EDTA (see Section VI,
Figures 3.13 & 3.14) and the published CVs of Endolll on DNA-modified electrodes, this
signal is extremely small and not reversible. The absence of signal from Endolll without
EDTA supports the possibility that EDTA could be a source of the reversible signal from
Endolll on DNA-modified electrodes.

Because the signal from the CV of [Ru(NHj3)]*" suggested that [Ru(NH3)6]* was being
directly reduced and oxidized on the gold electrode surface, this technique could not be
used quantify the amount of DNA in the DNA-monolayer. Therefore, the density of the
DNA-monolayer was determined with the use of radiolabeled DNA. A DNA-modified
gold electrode was prepared using the established protocol with a 3P label on the 5’ end
of the non-thiolated DNA strand of the DNA-monolayer substrate. The prepared chip was
then analyzed with the scintillation counter revealing that there was 0.87 pmoles of DNA
per cm? electrode, which would cover about 20% of the electrode surface. This disagrees
with previous publications from the Barton group that report 40 pmol/cm? DNA-coverage
on DNA-modified gold electrodes that were prepared in the same way [25]. Interestingly,
the scintillation counter showed 20 times as many counts from the rubber gasket as the
electrode itself. Therefore, thiol-modified DNA was absorbed by the rubber gasket during
the incubation period causing a very low-density DNA-monolayer. Similar results were
observed when the chip was backfilled for 20 minutes or 40 minutes with 0.5 mM MCH.
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Figure 3.4: Cyclic voltammogram of Endolll (17 pM) on putative DNA-modified gold
electrode. Endolll was added to the same multiplexed electrode chip used in Figure 14
to a separate quadrant and CV was performed (gray solid). CV was performed one hour
later (black solid). Buffer scan performed before addition of Endolll (grey dotted). Inset:
schematic of DNA-modified electrode with Endolll bound to the DNA-monolayer. No
reversible signal observed from Endolll in cyclic voltammograms. All CVs performed
anaerobically at 100 mV/s with Ag/AgCl gel-tip reference electrode.

The scintillation counter could not detect any counts from the chip that was assembled with
DNA that was not radiolabeled. The low density of DNA on the putative DNA-monolayer
raises the question of the source of the previously observed signals from DNA-binding
4Fe-4S cluster proteins (Dna2 and Endolll). With very little DNA on the surface, it is
unlikely that the signal was due to DNA mediated charge transfer from the electrode to the
4Fe-4S cluster of the DNA-bound protein. Therefore, we sought to investigate possible
other sources of this signal. For the rest of this report, the electrodes that were prepared
by incubation with thiol modified DNA with the goal of generating a DNA monolayer will
be referred to as “putative DNA-modified electrodes” because it is likely that they have a

very incomplete or no DNA monolayer.
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Electrochemical signals of 4Fe-4S cluster proteins on gold electrodes are not specific
to DNA

To start, an electrode was prepared without a DNA monolayer. The multiplexed gold
electrode was prepared using the established protocol that had been employed for many
previous studies with Dna2 and other 4Fe-4S cluster proteins investigated in the Barton
group [13, 26, 28]. However, instead of incubating the gold electrode surface overnight
in a thiol-modified DNA duplex solution, the electrode was incubated in DNA-storage
buffer. The rest of the electrode preparation was kept exactly the same, including the
backfilling with MCH. Therefore, the resulting electrode contained a monolayer of MCH
on the multiplexed gold electrode chip.

In cyclic voltammograms of 6 UM Dna2 on the aforementioned MCH-monolayer gold
electrode, a clear reversible signal was observed with a midpoint potential of about 90 mV
vs. NHE (Figure 3.5). This signal is nearly identical to those observed from Dna2 on the
putative DNA-modified electrodes used in Section II. This was unexpected because it was
believed that the signal that had been previously observed from Dna2 was due to a DNA-
mediated charge transfer between the electrode and the 4Fe-4S cluster. Although a direct
reduction and oxidation of the 4Fe-4S cluster was thought to be possible between the gold
electrode and the 4Fe-4S cluster, this signal was supposedly avoided by the passivation
of the gold surface with MCH. Furthermore, the midpoint potential of 90 mV vs. NHE
directly contradicted the proposed shift in oxidation potential upon DNA-binding [29].
This control experiment indicates that the observed Dna2 electrochemical signal is not

caused by a DNA-mediated process.

On the putative DNA-modified electrodes described in Section II, an increase in peak
intensity was observed following addition of ATP to Dna2 on the electrode surface (Figure
3.2). After observing that Dna2 showed a reversible signal on gold electrodes with a MCH
monolayer that was very similar to the signal on the putative DNA-modified electrodes,
we next investigated whether the increase in peak intensity upon addition of ATP was also
observed on gold electrodes with a MCH monolayer. Indeed, upon addition of ATP to
Dna2 on gold electrodes without a DNA monolayer, there was an increase in the peak
intensity of the reversible signal (Figure 3.6). This change in signal was comparable to
that seen on the putative DNA-modified electrodes. Therefore, the conclusion that the
increase in signal with ATP hydrolysis is due to a change in the coupling of the 4Fe-4S
cluster to the DNA is not supported. On the same electrode, in a separate quadrant, buffer

was added instead of ATP and no significant increase was observed.

In this experiment, Dna2 was not added to two of the quadrants of the MCH-modified
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Figure 3.5: Cyclic Voltammograms of 6 UM Dna2 on multiplexed gold electrodes with
beta-mercaptohexanol monolayer (left). Signal with midpoint potential of about 95 mV
vs. NHE is apparent immediately (light blue) and increases over time. Right panel
shows overlay of CV of Dna2 on multiplexed gold electrodes with beta-mercaptohexanol
monolayer (blue) with CV of Dna2 on a putative DNA-modified gold electrode surface
(red). Both CVs show a reversible signal with a midpoint potential of about 95 mV
vs. NHE. All CVs performed anaerobically in Dna2 storage buffer (20 mM Tris, 0.5 M
NaCl, 0.1 mM EDTA, 5% glycerol, pH 7.74) at 100 mV/s with Ag/AgCl gel-tip reference
electrode.

electrode. Instead, these quadrants were filled with Dna2 storage buffer (30 pL) and
CVs of these quadrants showed no observable peaks. ATP was also added to one of the
quadrants without Dna2 and a small reversible signal appeared with a midpoint potential
of about 110 mV vs. NHE (Figure 3.7). The redox active moiety responsible for this
signal is unclear. It is known that ATP binds iron with a formation constant of 10?° at pH
7, which could form a possibly redox active Fe-ATP complex [30, 31]. Although there
was no 4Fe-4S Dna2 or other iron species deposited into this quadrant, there could be
trace iron in the solution or contamination from the electrode surface that forms a redox

active complex with interaction with ATP.

Following the observations that a signal could be observed from Dna2 without a DNA-
monolayer, we wanted to investigate the effect of the MCH monolayer on the electrochem-
istry of Dna2. A multiplexed gold electrode was prepared using the established protocol,
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Figure 3.6: Cyclic Voltammograms of 6 UM Dna2 on multiplexed gold electrodes with V-
mercaptohexanol monolayer before (black), after(green), and 1 hour after (purple) addition
of 5 mM ATP. Black trace is signal from Dna2 after 3 h (same as Figure 2, left, 3h time
point). Green trace is CV after 5 mM ATP added. Purple trace is CV performed 1
hour later. An increase in the peak intensity is observed with addition of ATP over time.
Compare to Figure 2 on DNA-modified electrodes. All CVs performed anaerobically in
Dna?2 storage buffer (20 mM Tris, 0.5 M NaCl, 0.1 mM EDTA, 5% glycerol, pH 7.74) at
100 mV/s with Ag/AgCl gel-tip reference electrode.

except that it was incubated with DNA storage buffer overnight instead of thiol-modified
DNA. Then, half of the quadrants were back-filled with MCH for 45 minutes to form a
monolayer and the other two quadrants were incubated with buffer during that time. This
electrode was then thoroughly washed according to the established protocol and used for
electrochemistry of Dna2. First, Dna2 buffer was placed on the electrode and CV was
performed. The capacitance of all electrodes on the chip were the same, revealing that the
presence of the MCH monolayer did not affect the capacitance of the electrodes. Upon
treatment with a 2.3 UM solution of Dna2, a reversible signal was observed with a midpoint
potential of about 90 mV vs. NHE in all quadrants (Figure 3.8). This signal was very
similar to that which was observed from the 6 UM solution of Dna2 on the MCH-modified
electrode, however the intensity of the signal was smaller. This was probably due to a
lower concentration of 4Fe-4S cluster. An increase in peak intensity was observed on all
electrodes upon addition of ATP. Therefore, whether the gold electrode is bare or has a

MCH monolayer does not affect the reversible signal observed from Dna?2 or the increase
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Figure 3.7: Addition of ATP to buffer on multiplexed gold electrode with V-
mercaptohexanol monolayer. CV of Dna2 storage buffer before (black) and after (red)
addition of 5 mM ATP on multiplexed gold electrode with V-mercaptohexanol monolayer.
Reverisble signal observed with a midpoint potential of about 110 mV vs. NHE. CVs
performed anaerobically at 100 mV/s with Ag/AgCl reference electrode with gel tip.

in peak intensity upon addition of ATP.

When the above protein solution was removed from the electrode, it was analyzed by
UV Vis (Figure 3.9). There was a change in the spectra before and after addition to the
electrode. After electrochemistry, a pronounced shoulder appeared at 300-350 nm. The
Fe(II)-EDTA complex as well as the 3Fe-4S cluster (a degradation product of 4Fe-4S
clusters) absorb in this range and could be the source of this shoulder [32-35]. There was
also a large increase between 200 and 300 nm which is likely due to ATP, which has an
absorption maximum at 260 nm (extinction coefficient = 15.4 x 10> M ! cm !). After
Dna2 was removed, the electrode was washed extensively with Dna2 storage buffer and
CV was performed in Dna2 storage buffer, which showed no observable peaks. Then a
5 mM solution of ATP and MgCl, was added to the electrode. A reversible signal was
observed with a midpoint potential of about 125 mV vs. NHE. This signal was very small
immediately, but increased significantly after 90 minutes. This is consistent to what was

observed with the previous electrode, ATP-Mg on the electrode can cause a reversible
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Figure 3.8: CVs of Dna2 on gold electrode with V-mercaptohexanol monolayer and on bare
gold electrodes. CV of 2.3 UM Dna?2 on gold electrode with V-mercaptohexanol monolayer
(teal) and bare gold electrode (pink). Bare gold and V-mercaptohexanol monolayer were
on the same multiplexed chips in different quadrants. Identical reversible signal observed
with a midpoint potential of about 90 mV vs. NHE on both types of electrode surface. All
CVs performed anaerobically in Dna2 storage buffer (20 mM Tris, 0.5 M NaCl, 0.1 mM
EDTA, 5% glycerol, pH 7.74) at 100 mV/s with Ag/AgCl gel-tip reference electrode.

redox signal without the presence of 4Fe-4S protein.

The above results contradict the conclusions regarding the analysis of the redox activity of
4Fe-4S cluster proteins by putative DNA-modified electrochemistry as described in Section
II. The experiments in Section II report a reversible signal from the 4Fe-4S cluster with a
midpoint potential in the range of 80-100 mV vs. NHE. This signal has been attributed
to the DNA-mediated reduction and oxidation of the 4Fe-4S cluster of the protein while
it is bound to the putative DNA-monolayer on the electrode. The observations reported
in this section, that an identical signal can be observed without the presence of a DNA-

monolayer, show that the previously reported signals can not be unequivocally assigned
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Figure 3.9: UV Vis Spectra of Dna2 before and after putative DNA-modified Electro-
chemistry. UV Vis of 2.3 UM Dna2 before (black) and after (red) analysis on putative
DNA-modified electrodes. After electrochemistry (Figure 5), Dna2 solution was pipetted
off of the electrode and analyzed with UV-Vis (red). Spectra shows characteristic 410 nm
absorbance of 4Fe-4S cluster. Saturating absorbance at 200-300 nm likely from the 5 mM
ATP added to solution during electrochemistry experiment.

to DNA-mediated redox activity. The 4Fe-4S cluster of the protein, or some other redox
active species in solution, is able to be reduced or oxidized at the electrode without charge
transfer through the DNA bases. Furthermore, previous work on Dna2 showed that the
midpoint potential of the 4Fe-4S cluster of DNA-binding proteins shifts with binding to
DNA. This conclusion was made by comparing the midpoint potential of Dna2 proteins
on graphite electrodes (> 150 mV vs. NHE) vs. DNA-modified gold electrodes (90-100
mV vs. NHE). The above results show that Dna2 had a midpoint potential characteristic
of the “DNA bound” species, even though there was no DNA in solution. Finally, the
above control experiments establish that ATP-Mg can cause a reversible signal in CV in

the absence of 4Fe-4S cluster protein, contradicting the previous conclusion that addition
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of ATP causes a conformational change in the protein that increases the coupling of the
4Fe-4S cluster to the DNA.

These control experiments led us to investigate whether there was a redox active species
in the solution other than the 4Fe-4S cluster protein that was causing the reversible signal
in the CV. Looking to the literature, we found that a complex of Fe-EDTA was found
to have a midpoint potential of about 90 mV vs. NHE in CVs at pH 8 [36]. The Dna2
storage buffer, and the buffers used to perform DNA-modified electrochemistry on other
4Fe-4S cluster proteins in the Barton group, contain EDTA in concentrations of 0.1 —
1 mM. Additionally, it is known that the 4Fe-4S cluster can be unstable and degrade
(which could be exacerbated by the interaction with the electrode surface [37]), releasing
iron into the solution. Therefore, it is highly likely that Fe-EDTA forms in our protein
solutions. To determine whether this species was responsible for the observed signal,
we sought to investigate the redox activity of Fe-EDTA complexes on our DNA-modified

electrochemistry set up.

Electrochemical signals of 4Fe-4S cluster proteins are identical to electrochemical
signals arising from Fe-EDTA

As mentioned above, we wanted to investigate the redox activity of Fe-EDTA complexes
on our DNA-modified electrodes to observe how they compared to the signals that were
previously attributed to 4Fe-4S cluster proteins. Putative DNA-modified multiplexed
gold electrodes were prepared using the established protocol (2 quadrants with DNA-
monolayer, and 2 quadrants without DNA-monolayer) and a variety of Fe-EDTA species
were deposited on the surface and analyzed by cyclic and square wave voltammetry. First,
Fe(Il) sulphate heptahydrate (2.5 uM) in HEPES buffer (20 mM HEPES, 0.5 M Na(l,
5% glycerol, pH 7.75) was deposited onto the electrode surface. An irreversible reductive
peak was observed in CV at -100 mV vs. NHE (Figure 3.10, black trace). In the first scan
there was also a oxidative wave at 190 mV vs. NHE; however, this was not apparent in
any future scans. Then, EDTA was added directly to this electrode to a final concentration
of 2.5 UM. This caused a large increase in the irreversible peak at -100 mV vs. NHE in
CVs (Figure 3.10, light pink traced). After 30 minutes, CV was performed again and the
signal at -100 mV vs. NHE was less intense. There was still an irreversible peak at 190
mV vs. NHE in the first scan of the CV. After 90 and 130 minutes, the irreversible peak
at -100 mV vs. NHE was quite small and there was still a large peak in the first scan at
190 mV vs. NHE.

The next species that was investigated was a premixed solution of 2.5 UM Fe-EDTA in






