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ABSTRACT

The aromatic core of double helical DNA possesses the unique and remarkable
ability to form a conduit for electrons to travel over exceptionally long molecular distances.
This core of 1r-stacked nucleobases creates an efficient pathway for charge transfer to
proceed that is exquisitely sensitive to even subtle perturbations. Ground state
electrochemistry of DNA-modified electrodes has been one of the major techniques used
both to investigate and to harness the property of DNA-mediated charge transfer. DNA-
modified electrodes have been an essential tool for both gaining insights into the
fundamental properties of DNA and, due to the exquisite specificity of DNA-mediated charge
transfer for the integrity of the 1r-stack, for use in next generation diagnostic sensing. Here,
multiplexed DNA-modified electrodes are used to (i) gain new insights on the
electrochemical coupling of metalloproteins to the DNA Tr-stack with relevance to the
fundaments of in vivo DNA-mediated charge transfer and (ii) enhance the overall sensitivity

of DNA-mediated reduction for use in the detection of low abundance diagnostic targets.

First, Methylene Blue (MB') was covalently attached to DNA through a flexible C12
alkyl linker to yield a new redox reporter for DNA electrochemistry measurements with
enhanced sensitivity. Tethered, intercalated MB’ was reduced through DNA-mediated
charge transport. The redox signal intensity for MB'-dT-C12-DNA was found to be at least 3
fold larger than that of previously used Nile Blue (NB)-dT-DNA, which is coupled to the base
stack via direct conjugation. The signal attenuation, due to an intervening mismatch, and
therefore the degree of DNA-mediated reduction, does, however, depend on the DNA film
morphology and the backfilling agent used to passivate the surface. These results highlight
two possible mechanisms for the reduction of MB' on the DNA-modified electrode that are

distinguishable by their kinetics: reduction mediated by the DNA base pair stack and direct
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surface reduction of MB' at the electrode. The extent of direct reduction at the surface can

be minimized by overall DNA assembly conditions.

Next, a series of intercalation-based DNA-mediated electrochemical reporters were
developed, using a flexible alkane linkage to validate and explore their DNA-mediated
reduction. The general mechanism for the reduction of distally bound redox active species,
covalently tethered to DNA through flexible alkyl linkages, was established to be an
intraduplex DNA-mediated pathway. MB, NB, and anthraquinone were covalently tethered
to DNA with three different covalent linkages. The extent of electronic coupling of the
reporter was shown to correlate with the DNA binding affinity of the redox active species,
supporting an intercalative mechanism. These electrochemical signals were shown to be
exceptionally sensitive to a single intervening m-stack perturbation, an AC mismatch, in a
densely packed DNA monolayer, which further supports that the reduction is DNA-mediated.
Finally, this DNA-mediated reduction of MB occurs primarily via intra- rather than inter
duplex intercalation, as probed through varying the proximity and integrity of the neighboring

duplex DNA.

Further gains to electrochemical sensitivity of our DNA-modified devices were then
achieved through the application of electrocatalytic signal amplification using these solvent
accessible intercalative reporters, MB-dT-C8, and hemoglobin as a novel electron sink.
Electrocatalysis offers an excellent means of electrochemical signal amplification, yet in
DNA based sensors, its application has been limited due to strict assembly conditions. We
describe the use of hemoglobin as a robust and effective electron sink for electrocatalysis in
DNA sensing on low density DNA films. Protein shielding of the heme redox center
minimizes direct reduction at the electrode surface and permits assays on low density DNA
films. Electrocatalysis of MB that is covalently tethered to the DNA by a flexible alkyl linkage

allows for efficient interactions with both the base stack and hemoglobin. Consistent



viii

suppression of the redox signal upon incorporation of single CA mismatch in the DNA
oligomer demonstrates that both the unamplified and the electrocatalytically amplified redox
signals are generated through DNA-mediated charge transport. Electrocatalysis with
hemoglobin is robust: it is stable to pH and temperature variations. The utility and
applicability of electrocatalysis with hemoglobin is demonstrated through restriction enzyme

detection, and an enhancement in sensitivity permits femtomole DNA sampling.

Finally, we expanded the application of our multiplexed DNA-modified electrodes to
the electrochemical characterization of DNA-bound proteins containing [4Fe-4S] clusters.
DNA-modified electrodes have become an essential tool for the characterization of the
redox chemistry of DNA repair proteins that contain redox cofactors. Multiplexed analysis of
Endonucleaselll (Endolll), a DNA repair protein containing a [4Fe-4S] cluster known to be
accessible via DNA-mediated charge transport, elucidated subtle differences in the
electrochemical behavior as a function of DNA morphology. DNA-bound Endolll is seen to
have two different electron transfer pathways for reduction, either through the DNA base
stack or through direct surface reduction. Closely packed DNA films, where the protein has
limited surface accessibility, produce electrochemical signals reflecting electron transfer that
is DNA-mediated. The electrochemical comparison of Endolll mutants, including a new
family of mutations altering the electrostatics surrounding the [4Fe-4S] cluster, was able to
be quantitatively performed. While little change in the midpoint potential was found for this
family of mutants, significant variations in the efficiency of DNA-mediated electron transfer
were apparent. Based on the stability of these proteins, examined by circular dichroism, we
propose that the electron transfer pathway can be perturbed not only by the removal of

aromatic residues, but also through changes in solvation near the cluster.
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CHAPTER 1

DNA-mediated electrochemistry



INTRODUCTION

DNA-mediated charge transport

The aromatic core of double helical DNA possesses the unique and remarkable
ability to form a conduit for electrons to travel over exceptionally long molecular distances
(1-8). The conductive properties of DNA have long been predicted due to the similarities of
the m-stacking character of the aromatic nucleobases to that of sheets of graphene (9)
(Figure 1.1). The inter-base pair spacing in duplex DNA is 3.4 A, the same as the spacing
between sheets of graphene, highlighting their potential electronic similarities (9). Since
these conductive properties of DNA were first predicted, decades of experimental evidence
has demonstrated the ability of DNA to function as a molecular wire.

Through the use of a variety of platforms, including solution phase and solid phase
as well as excited state and ground state experiments, many of the fundamental properties
of DNA-mediated charge transport (DNA CT) have been elucidated. This core of m-stacked
nucleobases not only creates a highly efficient pathway for charge transfer with an
exceptionally shallow distance dependence (7, 8), but is also exquisitely sensitive to even

subtle perturbations (10, 11).

DNA-modified electrodes

DNA-modified electrodes have proved to be an invaluable tool for the
characterization of ground state DNA CT (8, 10-14) as well as in the development of next
generation biosensors (15-20). Electrochemistry provides an affordable and simple means
of performing these surface-based studies. DNA-modified electrodes are formed through
the immobilization of DNA with a chemical moiety that covalently attaches it to the surface

(Figure 1.2). Most commonly, DNA is modified with an alkane thiol appended off the 5’ end



Figure 1.1. The structure of double helical DNA. The nucleobases are depicted using a
space filling model (grey) and the sugar-phosphate backbone is depicted using a ribbon
(black). Both the axes parallel (top) and perpendicular (bottom) to the direction of DNA CT
propagation are presented. The perpendicular axis (bottom) highlights the extensive degree
of overlap between the base pairs.




Figure 1.2. Thiol-modified duplex DNA is self-assembled on gold surfaces using a (CH.)s
alkane linkage. The distal end is modified with an intercalative redox active reporter. In the
case of a well-matched duplex (left), DNA CT is able to occur and reduce the reporter as the
mr—stack is uninterrupted. Incorporation of a single intervening base mismatch (right)
disrupts the DNA tr-stack such that electrons can no longer efficiently reduce the reporter
and the electrochemical signal is attenuated.
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of the duplex, driving the self-assembly of DNA on gold electrodes (14). These electrodes
are then backfilled with mercaptoalkanes to fill in all remaining areas of exposed electrode
surface. This serves to reduce background oxygen contributions and allows the DNA to
adopt an upright position (21). The two most common means of altering the morphology of
the DNA monolayer formed are the addition of MgCl, (16, 22) or backfilling agents during
DNA self-assembly (23). MgCl, has been shown to screen the negative charge of the sugar
phosphate backbone of DNA, allowing the formation of much more densely packed DNA
monolayers. The co-deposition of mercaptoalkanes with the DNA has been shown to yield
more extensively passivated surfaces with enhanced signal to noise ratios.

The final component to these DNA-modified electrodes is a redox-active moiety that
can be electrochemically monitored. Many different electrochemical reporters have been
used for the investigation of these DNA-modified electrodes, including redox active metals,
aromatic organic compounds, and proteins (24). The choice of the redox-active reporter
depends on the properties that one wishes to investigate. Ruthenium hexamine, which
electrostatically associates with DNA, is ideal for the quantification of immobilized DNA,
while intercalative organic dyes, such as Methylene Blue, Nile Blue, and Daunomycin are
ideal for reporting on the integrity of the 1-stack and therefore the DNA-mediated
electrochemistry. Ultimately, the successful electrochemical characterization of DNA CT by
theses platforms depends on the extent and specificity of the electronic coupling of the
reporter to the tr-stack (25). More recently, the covalent tethering of these redox-active
reporters has been developed to control the placement and electronic coupling of these
reporters (11, 19, 20, 22, 25). A variety of means of coupling to the T—stack have been
developed, including end capping, intercalation, and direct conjugation (14, 25, 26).

Putting all these components together yields a platform where DNA is immobilized
on an electrode surface in an upright position with a distally bound redox-active species. At

a potential negative enough to reduce the reporter, electrons will travel through the 1r-stack



of the DNA, yielding an electrochemical signal. This is a reversible signal and will persist as
long as the r-stack remains unperturbed. Upon introduction of even a single base pair
mismatch or lesion, the observed DNA-mediated signal will be drastically attenuated (10,
11). These DNA-mediated signals have been characterized to be rate-limited by tunneling
through the alkane thiol (13), to have minimal lateral diffusion throughout the monolayer

(12), and to be capable of proceeding over exceptionally long molecular distances, 34 nm

(8).

Multiplexed analysis

Multiplexed platforms for these DNA-modified electrodes have been developed to
detect an extensive range of targets, including small molecules, DNA, RNA, and proteins
(15, 19, 20, 27-29). These devices are all designed to achieve the same goals of enhanced
sensitivity, faster detection times, and tolerance to cell lysates (19, 28, 30). Despite a
variety of designs for these multiplexed DNA-modified electrodes, they all possess the same
intrinsic benefits of statistical comparisons and parallel experimentation. These advantages
have proven to be essential for the electrochemical characterization of complex systems.
Ultimately, these technologies possess ideal attributes for performing the next generation of
fundamental electrochemical measurements, as they have been optimized for low variability,
real-time monitoring, and complex substrates. The use of multiplexed analysis for the
fundamental studies of DNA CT has been demonstrated through the characterization of the
biologically relevant conformation of the surface immobilized duplex DNA (19, 20), as well
as the exceptionally shallow distance dependence of this DNA-mediated electrochemistry
(8). Multiplexed DNA-modified electrodes allow for subtleties of DNA-mediated
electrochemistry to be elucidated and for the direct comparisons necessary for diagnostic

applications.



The thesis work described here utilizes multiplexed DNA-modified electrodes to
further both our fundamental understanding of the properties of DNA CT and their
development in sensing applications. Chapter 2 describes the initial synthesis and
electrochemical characterization of a new redox-active DNA CT reporter that interacts with
the 1r-stack through an intercalative mechanism allowing for enhanced sensitivity. This new
class of intercalative redox-active reporter for DNA CT was then generalized in Chapter 3
and the mechanism of reduction was further explored and demonstrated to be via an
intraduplex DNA-mediated pathway. Chapter 4 harnesses the solvent accessibility of the
reporter and a novel electron sink, hemoglobin, to electrocatalytically amplify the DNA-
mediated signal, yielding a 100-fold enhancement to the sensitivity of these devices.
Finally, Chapter 5 describes the extension of these multiplexed DNA-modified electrodes to
the electrochemical characterization of DNA-bound metalloproteins. This body of work
brings us one step closer to addressing the challenges of harnessing DNA CT for next

generation biosensing and the question of the biological role for DNA CT in vivo.
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CHAPTER 2

DNA Electrochemistry with Tethered Methylene Blue

Adapted from Pheeney, C.G., Barton, J. K. (2012) Langmuir 28, 7063.
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ABSTRACT

Methylene Blue (MB’), covalently attached to DNA through a flexible C12 alkyl linker,
provides a sensitive redox reporter in DNA electrochemistry measurements. Tethered,
intercalated MB' is reduced through DNA-mediated charge transport; the incorporation of a
single base mismatch at position 3, 10, or 14 of a 17-mer causes an attenuation of the
signal to 62 £ 3 % of the well-matched DNA, irrespective of position in the duplex. The
redox signal intensity for MB'-DNA is found to be at least 3 fold larger than that of Nile Blue
(NB)-DNA, which is coupled to the base stack via direct conjugation, suggesting that
intercalation, as opposed to direct conjugation, is a stronger mode of coupling to the -
stack. The signal attenuation, due to an intervening mismatch, and therefore the degree of
DNA-mediated reduction, does, however, depend on DNA film density and the backfilling
agent used to passivate the surface. These results highlight two possible mechanisms for
the reduction of MB' on the DNA-modified electrode: reduction mediated by the DNA base
pair stack and direct surface reduction of MB' at the electrode. These two mechanisms are
distinguished by their rates of electron transfer that differ by 20 fold. The extent of direct

reduction at the surface can be controlled by assembly and buffer conditions
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INTRODUCTION

Since the discovery that DNA can efficiently serve to conduct an electrical current, its
properties have been exploited across numerous platforms (7-74). DNA-mediated charge
transport (CT) is exquisitely sensitive to perturbations in the intervening base stack,
including single base mismatches, lesions, or structural changes caused by proteins (714-
16).

Electrochemistry experiments on DNA-modified electrodes have been particularly
valuable in probing ground state DNA CT and in the development of new DNA-based
sensors (17-19). To study and exploit the sensitivity of DNA CT, it is essential that the
redox-moiety makes an electronic interaction with the base stack of the DNA (77, 20).

Over the past decade, various reporters have been used for DNA electrochemistry;
some redox reporters have been well-coupled, others, not at all (14-38). Early applications
of DNA-modified electrodes primarily depended on the use of noncovalent redox reporters.
Noncovalent Methylene Blue (MB) was widely used as a reporter for DNA CT, as it
intercalates into the base stack (77, 13). Studies with noncovalent MB demonstrated the
exquisite sensitivity of the T—stack to subtle perturbations, and MB had the additional
advantage that it undergoes electrocatalytic signal amplification (38).

However, noncovalent reporters incurred a number of constraints, including the
inability to control probe placement and the stringent requirement for high quality DNA films.
As such, covalent tethering has been explored to address these issues. Covalent tethering
of the reporter results in its restricted mobility; therefore it must be ensured that coupling
between the reporter and base stack is still feasible. The degree of coupling varies based
on the mechanism of interaction between the reporter and the base stack (77). Coupling to
the base stack has been shown to be possible through various mechanisms, including

intercalation (78), end-capping (20), and direct conjugation to a nucleic acid base (77). The
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degree to which the reporter is coupled to the base stack determines the overall efficiency of
DNA CT.

Daunomycin, when covalently tethered to the DNA through a short alkyl linkage, has
been shown to yield exceptionally strong electrochemical signals (74, 16, 21). This
evidence of strong coupling agrees with the crystal structure that shows daunomycin is
tightly intercalated into the base stack (39, 40). Despite the exceptional coupling of
daunomycin, the field of DNA-mediated based sensors has evolved to use other reporters,
as DNA modified with daunomycin is difficult to prepare, is unstable, and has sequence
constraints.

More recently Nile Blue (NB) has been used as an electrochemical reporter of DNA
CT (12, 19). The preparation of NB-DNA does not possess the synthetic limitations of
daunomycin, and it is well coupled to the base stack through direct conjugation of NB with a
modified uracil (72). In the present study, we built upon this work by developing a system to
covalently tether MB, as it has previously been shown to strongly intercalate into the base
stack.

MB’'-DNA was tethered through a flexible C12 alkyl linkage to a modified uracil
(Figure 2.1). This linkage further improves the coupling of the reporter by providing the
conformational freedom for MB' to interact with the base stack through intercalation.
However, with the enhanced flexibility of the reporter, its ability to be reduced directly at the
surface of the electrode must be taken into account.

Various probes, including both MB and ferrocene, have been covalently tethered to
the DNA through flexible alkyl linkages and shown to be reduced directly at the electrode
surface (20, 22-37). This has led to a new class of DNA-modified biosensors, based upon
the binding of either oligonucleotides (22-32) or DNA-binding proteins (33) which cause
conformational changes that attenuate the observed signal by physically diminishing the

surface accessibility of the reporter. These biosensors are based on the surface reduction
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Figure 2.1. On the left: Schematic illustration of MB'-DNA (top) and NB-DNA (bottom)
monolayers bound to an electrode. The reporter is appended to the distal base of the
duplex. The intended path for electrochemical reduction is indicated. On the right: The
chemical structure of both MB' and NB covalently tethered to a modified uracil.
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of the reporter, and thus the reporter does not couple with the base stack. Ferrocene has
been shown to be a common reporter for this platform, given its poor coupling to the base
stack, and yielding efficient reduction at the electrode surface (37). More recently, MB'-
modified DNA has been frequently used (22-33).

In this work, the mechanism of reduction for MB' covalently tethered to DNA through
a flexible C12 alkyl linkage to a modified uracil is investigated (Figure 2.1). MB'-DNA,
covalently tethered through this flexible linkage, couples to the base stack through
intercalation. This is compared to the previously established reporter, NB-DNA, which is
covalently tethered through a short rigid linkage and couples to the base stack through
direct conjugation. MB'-DNA is shown not only to be reduced via DNA CT, but is also
capable of being reduced directly at the surface (Figure 2.2). We describe the conditions

under which DNA CT is the primary mechanism for MB’ reduction.

MATERIALS AND METHODS

Synthesis of Modified NHS Ester Activated Methylene Blue' (Figure 2.3).

All materials were used as purchased from Sigma-Aldrich. See Appendix | for further

details.

2-Amino-5-dimethylaminophenyithiosulfonic acid (3) preparation. 3 was prepared

according to the procedure described by Wanger (41) by separately dissolving aluminum
sulfate octadecahydrate (43.6 mg, 65 mmol), sodium thiosulfate (22.0 g, 140 mmol), and
zinc chloride (8.8 g, 63 mmol) in 100 mL, 80 mL, and 12 mL of water respectively, which
was then added to N,N-dimethylphenylene diamine (1) (10 g, 73 mmol) in a 500 mL round
bottom flask. The reaction mixture was then cooled to 0 °C while continuously stirring.

Potassium dichromate (5.0 g, 17 mmol) was dissolved in 30 mL of water and added



Figure 2.2. Schematic illustration of the different proposed mechanisms for MB'-DNA
reduction on DNA-modified electrodes.
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Figure 2.3. Synthetic strategy for the preparation of N-carboxypropyl Methylene Blue (MB')
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dropwise to the reaction mixture over 15 min. The reaction was kept at 0 °C for 2 hr and
then slowly allowed to warm to room temperature. The precipitate was isolated by vacuum
filtration and washed with water, acetone, and ether. The purple solid (7.4 g, 30 mmol, 41 %
yield) was confirmed as the desired product by "H-NMR (DMSO-dg) and was used in

subsequent reactions without further purification.

N-methyl-N-(carboxypropyl)aniline (4) preparation. 4 was prepared according to the

procedure described by Whitten (42). N-methylaniline (2) (15.17 mL, 140 mmol) was
refluxed with ethyl-4-bromobutyrate (20.0 mL, 140 mmol) for 16 hr in a 100 mL round bottom
flask. The reaction mixture was then cooled to room temperature and water (15 mL) was
added. The crude reaction mixture was then made basic by the dropwise addition of
saturated sodium hydroxide and extracted with ether (3 x 50 mL). The extract was washed
with water, dried over MgSQ,, and the ether was removed under reduced pressure. Pure N-
methyl-N-ethyl-4-butanoate aniline (16.3 g, 74 mmol, 53 % yield) was isolated, as a clear
liquid, by vacuum filtration at 110 °C at 0.2 mm Hg. The product was confirmed by "H-NMR
and "*C-NMR (CDCls) and an observed mass of 221.3 g/mol (calculated mass of
221.3 g/mol) in ESI-MS in acetonitrile:water:acetic acid (1:1:0.1 %).

The ester product (9.4 g, 43 mmol) was subsequently hydrolyzed in 5 % KOH
(150 mL) by refluxing for 2 hr to form the desired carboxylic acid. The reaction was cooled
to room temperature and washed with ether (2 x 70 mL). Concentrated hydrochloride acid
was added dropwise to the aqueous layer to adjust the pH to 5.5, and then the product was
extracted with ether (3 x 100 mL), dried over MgSO,, and the solvent was removed under
reduced pressure. The desired product, 4 (5.1 g, 26 mmol, 62 % yield) was confirmed by
'H-NMR and "*C-NMR (CDCls) and an observed mass of 193.2 g/mol (calculated mass of

193.2 g/mol) with ESI-MS in acetonitrile:water:acetic acid (1:1:0.1 %).
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N-(carboxypropyl)-Methlyene Blue (MB') preparation. MB' was prepared using an

adapted procedure from Wagner (47). 3 (2.4 g, 9.7 mmol) and 4 (1.87 g, 9.7 mmol) were
combined and dissolved in a methanol:water mixture (200 mL : 80 mL). The reaction was
heated to just below reflux (60 °C) and 50 % w/w silver carbonate on Celite (10 g) was
slowly added. The reaction was then refluxed for 2 hr. The reaction was left to cool to room
temperature, was vacuum filtered, and the solvent was removed under reduced pressure.
The desired product MB' (0.9 g, 2.5 mmol, 26 % yield) was isolated by dry chromatography
(43) as conventional chromatography techniques were unsuccessful. Impurities were eluted
using 20 mL portions of chloroform:methanol:acetic acid (100:15:1.5), and the blue band
(MB’) was eluted using portions of chloroform:methanol:acetic acid (100:30:1.5). The final
product was confirmed by an observed mass of 356.3 g/mol (calculated mass of

357.13 g/mol) with ESI-MS in acetonitrile:water:acetic acid (1:1:0.1 %).

MB'-NHS ester preparation. MB' (8 mg, 0.022 mmol) was dissolved in DMF (1 mL)

and combined with N,N'-dicyclohexylcarbodiimide (9.3 mg, 0.045 mmol) and N-
hydroxysuccinimide (5.2 mg, 0.045 mmol). The reaction proceeded at room temperature for
24 hr. The solvent was removed under reduced pressure and the material was re-
suspended in DMSO. Successful ester activation was confirmed by a mass of 454.5 g/mol
(calculated mass of 454.54 g/mol) in ESI-MS in acetonitrile:water:acetic acid (1:1:0.1 %).
Activated ester was not found to be stable for extended periods of time, and therefore it was

freshly prepared directly before tethering to amino-modified DNA.

Synthesis of Modified Oligonucleotides

The synthesis and purification of NB and thiol-modified oligonucleotides were carried
out following the previously reported protocol (19, see Appendix Il). Thiol-modified and

NHS-ester uracil analog phosphoramidites were purchased from Glen Research.
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MB'-modified oligonucleotides were synthesized similarly to NB-DNA with the
substitution of an amino-(CH,)s-uracil analogue purchased from Glen Research. Amino-
modified DNA was purified using standard protocols and then coupled in solution to MB'-
NHS ester.

Amino-modified DNA was suspended in 200 pl of a 0.1 M NaHCOj; solution in order
to buffer the reaction to a pH of 8.3-8.4. MB'-NHS ester was suspended in DMSO (100 pl)
and added to the DNA solution in roughly a 10 fold excess of MB'-NHS ester to amino-
modified DNA. The reaction was left to proceed for 12-24 hr. A final round of purification
was performed by high-performance liquid chromatography (HPLC) using a 50 mM
ammonium acetate buffer/acetonitrile gradient with a PLRP-S Column (Agilent). The MB'-
DNA mass was confirmed by matrix-assisted laser desorption/ionization-time of flight mass
spectrometry. A mass of 5695 g/mol was found for well-matched MB'-DNA, agreeing with
the calculated mass of 5695 g/mol (Figure 2.4).

DNA stock solutions were prepared in low salt buffer (5.0 mM phosphate, 50 mM
NaCl, pH 7) and quantified as previously reported. The extinction coefficient for single-
stranded MB'-DNA at 260 nm was corrected for the absorbance of MB'. This correction was
performed by adding the extinction coefficient of MB' at 260 nm (10,300 M"'cm™) to the
calculated extinction coefficient for single-stranded DNA. All DNA solutions were thoroughly
deoxygenated with argon prior to annealing. Equimolar amounts of thiol-modified and
probe-modified oligonucleotides were combined and annealed by heating to 90 °C and

cooling to ambient temperature over 90 min to form duplexes.

Preparation of DNA Monolayers and Electrochemical Measurements

Multiplex chips, previously reported (719), were employed for the electrochemical
experiments. Each chip contains 16 gold electrodes (2 mm? area) which were prepared with

up to four different kinds of DNA. Equimolar amounts of single-stranded thiol-modified and
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probe-modified DNA were annealed prior to the electrode assembly. HPLC analyticals of
duplex DNA stocks were performed prior to electrode assembly to ensure that there were no
single-stranded impurities (data not shown). The duplex DNA (25 ul of 25 yM) was then
assembled on the electrode surface overnight (20-24 hr) in a humid environment to allow for
monolayer formation with or without 100 mM MgCl,. Once DNA films were assembled and
thoroughly washed with low salt buffer, the electrodes were backfilled with either 1 mM 6-
mercaptohexanol (MCH) or 6-mercaptohexanoic acid (MHA) for 45 min in low salt buffer
with 5 % glycerol. The electrodes were again washed to ensure removal of trace
alkanethiols. The electrodes were scanned in a common running buffer of either low salt
buffer (5.0 mM phosphate, 50 mM NaCl, pH 7) or spermidine buffer (5.0 mM phosphate,

50 mM NacCl, 4 mM MgCl,, 4 mM spermidine, 50 uM EDTA, 10 % glycerol, pH 7). An
analogous buffer to spermidine buffer was prepared that lacked spermidine, and minimal
changes were observed in the electrochemistry compared to the low salt buffer (data not
shown). Thus, electrochemical differences are best attributed to the effect of adding
spermidine. Electrochemical measurements were performed with a CHI620D
Electrochemical Analyzer and a 16-channel multiplexer from CH Instruments. A three-
electrode setup was used, with a common Ag/AgCl reference and Pt wire auxiliary
electrodes placed in the central buffer solution.

Cyclic voltammetry (CV) data was collected at 100 mV/s, with the exception of the
scan rate dependence experiments where the scan rate is indicated. In order to minimize
errors associated with thiol oxidation and surface quality, all CVs overlaid and compared
were acquired on the same multiplexed chip with the thiol-modified strand being equivalent
in all duplexes.

The film density (I') of MB'-DNA and NB-DNA was calculated by the area under the

reductive peaks of CVs at 100 mV/s (Equation 2.1).
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(Equation 2.1) r Q/nFA
In Eq. 2.1, Q is the area of the reductive signal, n is the number of electrons per
redox event (n = 2 for both NB and MB"), F is Faraday’s constant, and A is the area of the

gold electrode.

RESULTS

Electrochemistry of MB'-DNA with Intervening Mismatches

In this investigation MB' has been confined to the distal end of the duplex through a
flexible C12-linker appended off the terminally modified uracil (Figure 2.1). As seen in
Figure 2.4, the resulting CVs from scanning the electrodes in spermidine buffer exhibit
strong reductive and oxidative peaks with a midpoint potential of -290 mV versus Ag/AgCI.
This is the same reduction potential as freely diffusing MB, indicating that covalently
tethering MB' to the DNA through a flexible alkyl does not alter its electronic properties (44).
The areas of the reductive and oxidative signals were 7.8 £+ 0.4 nC and 7.5 + 0.3 nC,
respectively. Surface bound species reduced by DNA CT have previously been shown to
have cathodic/anodic signals with ratios of near unity, which we have ascribed to the fact
that the binding affinity of MB for duplex DNA is lowered upon reduction (19, 38).

In order to demonstrate that the reduction of MB'-DNA occurs via DNA CT, the signal
attenuation from the introduction of a single mismatched base pair (CA) intervening between
the surface and the probe was compared to that of well-matched MB'-DNA. By performing
these experiments on multiplexed chips, any variation that can be observed from backfilling
the electrodes is removed. Under these conditions, any signal differential obtained between
well-matched and mismatched DNA on the same multiplexed chip can be attributed to

deficiencies in the CT properties of the mismatched DNA (79). Introduction of a signal base
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Figure 2.4. Electrochemistry of MB'-DNA with a single intervening AC mismatch. Top:
Cyclic voltammetry was acquired at 100 mV/s with either a well-matched sequence (blue) or
a sequence containing a single mismatch (red). Bottom: All four sequences (left) of MB'-
DNA were assembled on the same multiplexed chip and assembled without MgCls,
passivated with MHA, and scanned in spermidine buffer. The area of the reductive signal
(right) was used to quantify the signals observed and the errors denoted are determined
from the variation across four different electrodes.
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mismatch has been well documented to cause attenuations in DNA CT in both
photophysical studies and DNA electrochemistry studies (7-76).

Thiol-modified DNA was annealed to the complementary well-matched (WM) DNA
sequence and three different mismatched DNA sequences, where the position of the
mismatch was varied. The mismatches varied from proximal to the electrode (MM3), in the
middle (MM10), and at the distal end (MM14) of the duplex (Figure 2.4). The four quadrants
of a multiplexed chip were used to simultaneously assemble each type of DNA overnight
without MgCl, (Figure 2.4). In this case the electrodes were passivated by backfilling with
MHA and scanned in spermidine buffer. The ratio of the mismatched to well-matched
reduction signal areas was quantified in all cases to determine the percent mismatch signal.
The signal area of well-matched MB'-DNA was found to be 7.8 £ 0.4 nC. For the various
mismatches, the percent signal remaining was 65 %, 64 % and 59 % for a mismatch
incorporated at position 3, 10, or 14, respectively. Under these assembly conditions, the
percent signal remaining was essentially equivalent regardless of the position in the duplex,
due to the incorporation of the CA mismatch. The suppression of the MB' signal from a
single CA mismatch validated that MB' is well coupled to the r-stack and the electrons that
reduce MB' are traveling through the intervening DNA.

It should be noted that we observed signal attenuation from a CA mismatch at the
14th position of the 17-mer, indicating that MB' must intercalate within three base pairs of
where it is covalently tethered; if MB' intercalates further away there would be no observed
signal attenuation. This confinement of MB' is also consistent with what is predicted from
model building. Therefore, when MB' is tethered to the distal end of the duplex, any

perturbation to the base stack occurring below the top 7.2 A will be reported.
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Comparison with NB-DNA

MB'-DNA was then compared with the previously described DNA CT reporter, Nile
Blue (NB). This comparison used electrodes assembled with 100 mM MgCl,, passivated
with MCH, and scanned in spermidine buffer. The area of the reductive signal for MB'-DNA
is significantly larger than the signal observed with NB-DNA, 12.5 £ 1.2 nC compared to
4.3 + 0.2 nC, respectively (Figure 2.5).

Additionally, when the same electrodes are scanned in low salt buffer, NB-DNA has
an average signal area of 0.2 + 0.1 nC (Figure 2.5). While the reductive peak areas for MB'-
DNA remains relatively unchanged at 11.8 £ 0.5 nC. Despite the area of MB' remaining
minimally affected, other peak characteristics were significantly altered. Switching to a low
salt buffer resulted in a broadening of the peak and an increase in the peak splitting. The
sharper peaks in spermidine buffer indicate that the film is more homogenous. The peak
splitting between the oxidative and reductive peaks decreases from 140 mV in low salt
buffer to 30 mV in spermidine buffer. These peak changes are largely reversible; there is
however not a complete restoration of the peak observed in low salt buffer, indicating that

the spermidine is not fully removed.

Optimized Mismatch Discrimination

The degree of signal attenuation upon introduction of a single mismatched base
(MB'-MM10 DNA) was compared in low salt buffer and spermidine buffer. The DNA was
assembled with 100 mM MgCl, and backfilled with MHA. Well-matched MB'-DNA shows a
reductive signal area of 11.1 £ 0.2 nC while mismatched MB'-DNA shows a signal area of
4.0 £ 0.4 nC in spermidine buffer. The percent signal remaining after the introduction of a
CA mismatch is 36 £ 6 % (Figure 2.6). When the same experiment is performed with NB-

DNA in spermidine buffer, a 50 + 10 % decrease is observed (data not shown). This result
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Figure 2.5. Comparison of the signal from NB-DNA (dotted) and MB'-DNA(solid). The
electrodes were assembled with 100 mM MgCl, and passivated with MCH. CVs were
acquired at 100 mV/s and all electrodes were scanned in both a low salt buffer (5.0 mM
phosphate, 50 mM NaCl, pH 7) (grey) and a spermidine buffer (5.0 mM phosphate, 50 mM
NaCl, 4 mM MgCl;, 4 mM spermidine, 50 uM EDTA, 10 % glycerol, pH 7) (black). The CVs
shows the overall signal changes in response to the running buffer. The reductive peak
areas were quantified to show that the amount of MB'-DNA being reduced is relatively
unchanged regardless of the buffer. The errors denoted are determined from the variation
across four different electrodes.
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Figure 2.6. Optimization of mismatch discrimination depending on the running buffer. Both
WM MB'-DNA (solid) and MM10 MB'-DNA (dotted) modified electrodes were assembled with
100 mM MgCl,, passivated with MHA, and scanned in both low salt buffer (5.0 mM
phosphate, 50 mM NacCl, pH 7) (left) and spermidine buffer (5.0 mM phosphate, 50 mM
NaCl, 4 mM MgCl;, 4 mM spermidine, 50 uM EDTA, 10 % glycerol, pH 7) (right). The area
of the reductive peaks were used to quantify the reductive signal size (black) and determine
the percent signal remaining ([MM]/[WM] *100) (grey) from the incorporation of a single
mismatch. The grey arrows denote the decrease in signal area with the optimal percent
signal attenuation being in low salt buffer. The errors denoted were determined by the
standard deviation from four electrodes averages, for each sequence of DNA, across three
chips.
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agrees with the previously reported values with NB-DNA, in that the percent signal
remaining due to a CA mismatch ranges from 30-60 % (72,19).

When the same MB'-DNA electrodes were then examined in low salt buffer, the
mismatched reductive signal was significantly broadened and decreased in intensity,
yielding an area of 0.5 + 0.1 nC. This broadening decreased the percent signal remaining to
only 7 £ 2 % of the well-matched signal (9.1 + 1.2 nC) (Figure 2.6). Spermidine binds in the
grooves of duplex DNA, which rigidifies the duplex, resulting in sharper peaks. However,
spermidine should also decrease the binding affinity of MB', which may account for the

decreased signal attenuation.

Variation in Assembly Conditions

In addition to buffer conditions, the effect of varying the assembly conditions on
mismatch discrimination was investigated. The varying densities of DNA were obtained by
assembling with and without 100 mM MgCl.. In the absence of MgCl,, the negatively
charged phosphate backbone of DNA duplexes repel each other, yielding significantly lower
film densities (13, 20). MB'-DNA and NB-DNA films were therefore examined with and
without incubation with 100 mM MgCl.. With these assembly conditions, we find for MB'-
DNA and NB-DNA film densities of 1.3 — 3.2 pmol/cm? and 0.8 — 1.6 pmol/cm?, respectively.

The percent of signal remaining after incorporation of a CA mismatch was then
compared as a function of film density in both low salt and spermidine buffer (Figure 2.7).
When the percent signal remaining is plotted against the film density, a roughly linear
correlation is observed. The mismatch signal attenuation improves with increasing density.
This trend for MB'-DNA is present in both low salt buffer and spermidine buffer.

The dependence of the mismatch signal attenuation on the film density suggests that

there might be a contribution of the signal that originates from direct reduction at the



Figure 2.7. Dependence of mismatch signal attenuation on film density for both MB'-DNA
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(black) and NB-DNA (grey). Percent MB'-DNA signal remaining due to the incorporation of
a CA mismatch was determined in both low salt buffer (x) and spermidine buffer (squares).
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electrode surface. DNA assembled under low density conditions (without MgCl,) has a
higher surface accessibility compared to DNA assembled under high density conditions
(with MgCl,), thus increasing the possibility of direct surface reduction.

In order to gain further insight, the backfilling agent utilized was varied. Backfilling is
used to decrease the background noise due to oxygen, and to minimize non-specific
interactions between the DNA and the gold surface. 6-Mercaptohexanol (MCH) is the most
common backfilling agent for DNA-modified electrodes. 6-mercaptohexanoic acid (MHA)
offers an alternative backfilling agent with a more negative head group. The degree of
signal attenuation obtained in spermidine buffer was compared between MCH and MHA for
electrodes assembled with or without 100 mM MgCl,. (Figure 2.8).

At either assembly concentration of MgCl,, switching from MCH to MHA improves
the signal attenuation observed due to mismatch incorporation. When electrodes were
assembled with 100 mM MgCl, and scanned in spermidine buffer, the percent mismatch
signal remaining improved from 52 1 4 % to 36 + 6 % by switching from MCH to MHA
(Figure 2.8). Increasing the negative charge of the surface through backfilling with MHA
increases the barrier between MB'-DNA and the electrode surface. The direct correlation
between decreased surface accessibility and increased mismatch signal attenuation
provides further evidence that, depending on assembly conditions, the signal observed from
MB'-DNA may be generated by two different mechanisms: DNA CT and direct surface

reduction.

Kinetics of MB'-DNA Reduction

The rates of electron transfer to the redox reporter for both MB'-DNA and NB-DNA
were estimated under various assembly conditions, passivated with MCH, by measuring the
scan rate dependence of the peak reduction potential and then applying the Laviron analysis

(45). The Laviron analysis used to determine the rates of electron transfer has been
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Figure 2.8. Dependence on assembly conditions of the percent mismatch signal remaining
for MB'-DNA. Well-matched signal area (black) and the percent signal remaining (grey)
were from 12 electrodes averaged across 3 chips. The backfilling agent (1 mM MCH or
MHA) and concentration of MgCl; are indicated. Scans were acquired in spermidine buffer.
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routinely employed for rate determinations in these systems (72, 21). Consistently we found
for DNA-mediated electrochemistry that tunneling through the linker is rate-determining and
the rate is slower than with direct reduction. The same method was applied to this system to
compare reduction of the reporter by DNA CT to direct surface reduction. Electrodes
assembled with only single stranded (ss) MB'-DNA and NB-DNA were used to estimate the
rate of electron transfer by the direct surface reduction mechanism. In this case, the
complementary thiol-modified strand was omitted during assembly, ensuring that there could
be no DNA-mediated contribution to the observed signal; ssDNA does not efficiently conduct
charge and has a high affinity for the gold surface. For comparison, the rates of electron
transfer for the DNA-mediated reduction of MB'-DNA and NB-DNA were determined under
conditions where the signal attenuation was maximal (double stranded (ds) DNA assembled
with 100 mM MgCl,), due to an incorporated mismatch.

It has been previously established that the rate for ssNB-DNA is 10-30 fold faster
than the rate of electron transfer in dsNB-DNA, assembled with 100 mM MgCl, and acquired
in spermidine buffer (12). The rate for dsDNA is limited by tunneling through the (CH)s -
alkane linkage to the surface (72). This previous result for NB-DNA was reproduced in this
study (Table 2.1). Furthermore, the rate of electron transfer for dsMB'-DNA, with 100 mM
MgCl,, is 20 fold slower than ssMB'-DNA in both spermidine and low salt buffers (Table 2.1).
This result confirms that dsMB'-DNA is reduced via DNA CT when assembled with 100 mM
MgCl,.

The rates of electron transfer were then examined under conditions where DNA CT
is not the sole mechanism for MB'-DNA reduction, evidenced by reduced signal attenuation
from a CA mismatch (dsDNA without MgCl,). At fast scan rates (5 V/s) for dsMB'-DNA, two
reductive peaks are resolved with a 15 fold rate differential in both spermidine and low salt
buffer (Figure 2.9 and Table 2.1). These data indicate that rates of electron transfer for

these two modes of reduction correspond with direct surface reduction and DNA-mediated
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Table 2.1. Electron-Transfer Rate Constants of NB-DNA (kns.ona) and MB'-DNA (kys.pna) @S
Single-Stranded DNA(ssDNA) and Double-Stranded DNA (dsDNA) Under Different Running
Conditions.

ssDNA ¢
log(Kms~-onals™) * log(Kng-ona/s™) ®
Spermidine Buffer ° 1.6 1.6
Low Salt Buffer ° 1.2 1.6
dsDNA © dsDNA ¢
0 mM MgCl, 100 mM MgCl,
log(Kue-onal/s™) * l0g(Kngona/s™) log(Kue-onals™) * 10g(Kng-onals™)

Spermidine Buffer ° 05&16° 0.3 0.5 0.6
Low Salt Buffer -02&1.6° N/A ¢ 0.4 N/A ¢

a) The electron transfer rates were determined by applying Laviron analysis to CV data

acquired at scan rates ranging from 50 mV/s to 13 V/s. The uncertainties are ~ 10 % of
the log(k) values (45).

b) Low salt buffer is 5.0 mM phosphate, 50 mM NaCl, pH 7. Spermidine buffer is 5.0 mM
phosphate, 50 mM NaCl, 4 mM MgCl,, 4 mM spermidine, 50 yM EDTA, 10 % glycerol,

pH 7.

c) Assembled overnight with 25 uM of ssDNA (probe strand lacking thiol complement) or
dsDNA, with or without 100 mM MgCl..

d) The rate for double stranded NB-DNA could not be determined in low salt buffer as the
signals were too small.

e) Two distinct reductive peaks were observed for MB'-DNA when assembled without MgCl,

(Figure 2.9).
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Figure 2.9. Top: Schematic illustration of reporter reduction mechanisms. Bottom: CV at
5 V/s (bottom) for NB-DNA (left) and MB'-DNA (center) assembled without MgCl, and MB'-
DNA assembled with 100 mM MgCl, (right). Electrodes were backfilled with
mercaptohexanol and scanned in spermidine buffer. The red arrows indicate the peaks
quantified in order to determine the rate of the various processes for reporter reduction.

Spermidine Buffer Spermidine Buffer Spermidine Buffer
Assembled without MgCl, Assembled without MgCl, Assembled with 100mM MgCl,
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reduction of MB'-DNA. Well-matched and mismatched dsMB'-DNA were compared at 5 V/s,
and signal attenuation due to mismatch incorporation was observed only in the peak with a
slower rate of electron transfer, consistent with it being a DNA-mediated process (data not
shown). Alternatively, for dsNB-DNA only a single peak is observed in spermidine buffer,
with a rate that is 20 fold slower than ssNB-DNA. This observation suggests that while
dsNB-DNA is only capable of being reduced via DNA CT, dsMB'-DNA may be reduced by
either a DNA-mediated pathway or direct surface reduction. The ability of MB'-DNA to be
reduced directly at the surface is likely due to the flexibility of the linkage through which MB'

is covalently tethered (Figure 2.9).

Discussion

In this work, MB' is covalently tethered to DNA with a flexible C12 alkyl linkage to a
modified uracil. MB'-DNA produces a reversible redox couple via DNA CT. Incorporation of
a single CA mismatch within a 17-mer can attenuate the mismatch signal to 7 + 2 % of the
well-matched signal. The degree to which the mismatch signal is attenuated was found to
be highly dependent on assembly conditions. Under conditions where DNA CT is the sole
available mechanism for MB' reduction, a 10-fold improvement in the mismatch sensitivity is
obtained, when compared to previously utilized non-amplified DNA-mediated platforms (72,
19). MB’-DNA was found also to be capable of being reduced directly by the surface of the
electrode. The extent to which this mechanism contributes to the observed signal was
found to be directly influenced by assembly conditions.

Therefore, MB'-DNA can both report on DNA CT through the intercalation of MB' into

the base stack and report on the surface accessibility of the reporter through direct surface
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reduction of MB'. We can discern which mechanism of MB' reduction is dominating under
any given assembly condition by examining the signal sensitivity to TT—stack perturbations or
by examining the rate of electron transfer.

The fact that assembly conditions can alter which mechanism is dominant for MB'
reduction has relevance in the further development of DNA-based biosensors. Sensors
using direct surface reduction typically function through the formation of duplex DNA to
attenuate the observed signal by increasing the separation between MB' and the electrode
(22-32). Our work shows that upon duplex formation a new pathway for dsMB'-DNA
reduction has been introduced, DNA CT, which can contribute to the residual observed
signal.

Recent work performed to optimize these direct surface reduction-based platforms
has demonstrated that, upon duplex formation, no signal suppression is observed at slow
scan rates (100 mV/s) and the duplex signal yielded a rate of electron transfer slower than
that of the non-duplex DNA structure (23). In order to optimize these devices, the scan
rates were increased to minimize the contributions from the dsMB'-DNA (23). The trends
observed in this work are consistent with the work presented here, and demonstrate that the
DNA-mediated reduction of duplex MB'-DNA can significantly contribute to the observed
signal.

It is clear that both direct reduction and DNA-mediated reduction need to be
considered as important mechanisms in DNA-modified electrodes and that MB'-DNA is a
viable reporter for both systems. Furthering our understanding of the underlying mechanism
for the reduction of dsMB'-DNA is essential for exploiting both DNA CT and direct surface
reduction based biosensors to their full extent. Only when both mechanisms are considered

can the highest overall sensitivity be achieved.
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CHAPTER 3

Intraduplex DNA-mediated electrochemistry of
covalently tethered redox-active reporters

Adapted from Pheeney, C.G. and Barton, J.K. (2013) submitted.
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ABSTRACT

Intraduplex DNA-mediated reduction is established as a general mechanism for the
reduction of distally bound redox-active species covalently tethered to DNA through flexible
alkane linkages. Methylene Blue (MB), Nile Blue (NB), and Anthraquinone (AQ) were
covalently tethered to DNA with three different covalent linkages. Using these reporters,
DNA electrochemistry was shown to be both DNA-mediated and intra-, rather than inter-,
duplex. The charge transport pathway occurring through the DNA r-stack was established
by using an intervening AC mismatch to break this path. The fact that the DNA-mediated
reduction of MB occurs primarily via intraduplex intercalation is established through varying

the proximity and integrity of the neighboring duplex DNA.
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INTRODUCTION

DNA-modified electrodes are extensively used in both the development of next
generation diagnostic sensors (7-6) and the characterization of ground-state DNA-mediated
electrochemistry (7-15). Many different electrochemical reporters have been developed for
DNA-modified electrodes, including DNA binding compounds (7, 5), quantum dots (4), and
metallization (75, 16). Two classes of DNA-based devices have since emerged using the
same covalently tethered intercalative compounds but different mechanisms: DNA
conformation (3, 77-22) and DNA-mediated charge transfer (DNA CT) (6-14).

The DNA-mediated reduction of both freely diffusing and covalently tethered redox-
active reporters has long been established on these DNA-modified electrodes (23-25). The
strategy of covalently tethering redox-active reporters to the DNA, as opposed to the use of
freely diffusing reporters, has been adopted to significantly diminish non-specific signals (77,
17). Redox-active reporters covalently tethered to DNA have been shown to electronically
couple to the mr-stack by a variety of mechanisms: end capping (713), intercalation (71, 12),
and direct conjugation (74). However, the recent characterization of covalently tethered
Methylene Blue (MB), an extensively used reporter for DNA-conformation based assays,
has spurred a new debate with regards to the mechanism of its reduction (72).

The capacity of these redox reporters to be reduced via an intraduplex DNA-
mediated pathway has been brought into question with alternative mechanisms such as the
duplex tilting to the surface, the charge traveling along the counter ions associated with the
sugar phosphate backbone, or the reporter intercalating in a neighboring duplex (19-217).
Here we demonstrate the generality of DNA-mediated reduction of covalently tethered
reporters by varying both the redox-active species and the covalent linkage (Figure 3.1).

Critical to these assays is the use of an intervening AC mismatch to establish that the
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Figure 3.1. Schematic of DNA immobilized on an electrode modified with a variety of redox-
active species by different covalent linkages. The structures of the three different redox-
active species examined are presented on the right.
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charge transport pathway is through the duplex base pair stack. Beyond demonstrating that
the reduction is DNA-mediated, we also provide evidence supporting an intraduplex process

by varying the identity and proximity of neighboring duplex DNA.

Materials and Methods

Chemicals and reagents used in the preparation of the activated redox-active
reporters were purchased from Sigma and used without further purification. MB' was
prepared based on previously established protocols (72). All phosphoramidites and DNA
synthesis reagents were purchased from Glen Research. Silicon wafers used for the

fabrication of multiplexed chips were purchased from SiliconQuest.

Synthesis of proprionic acid modified Nile Blue (NB').

See Figure 3.2 for the synthetic strategy for the preparation of NB'.

5-(Dimethylamino)-2-nitrosophenol (1) preparation.

1 was prepared according to the procedure described by Moura (26) by dissolving 3-
(dimethylamino)phenol (8.26 g, 50 mmol) in concentrated hydrochloric acid (25 mL) chilled
to 0 °C, followed by the slow addition of sodium nitrite (4.0 g, 58 mmol). The reaction
mixture was maintained at 0 °C and the addition of sodium nitrite was slowed if orange
fumes were observed. The reaction was left to proceed for 30 min — 1 hr, until the contents
solidified. The precipitate was isolated by vacuum filtration and washed with chilled diluted
hydrochloric acid (1 N). The yellow-brown solid (5.6 g, 29 mmol, 57% yield) was confirmed
as the desired product by "H NMR (300 MHz, DMSO-ds): & 7.66-7.24 (m, 1H), 7.24-6.78 (m,
2H), 3.36 (s, 6H) and ESI-MS in 7:3 CHCI3;:MeOH by the observed [M+H]" peak at

167.0 g/mol. 1 was dried and used in following reactions without further purification.
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Figure 3.2. Synthetic strategy for the preparation of proprionic acid modified Nile Blue
(NB’).
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3-(naphthalen-1-ylamino)propanoic acid (2) preparation.

2 was prepared by dissolving naphthylamine (2.0 g, 14 mmol) in water (15 mL),
followed by the addition of sodium hydroxide (6 M, 5.0 mL) and equimolar amounts of
dissolved chloroproprionic acid (1.50 g, 15 mmol). The reaction was brought to a reflux and
allowed to proceed for 12-24 hr. The excess solvent was removed under reduced pressure
and the desired product was purified by silica chromatography (CHCI3;:MeOH 20:1) with an
R¢ of 0.5. The clear fraction was dried to yield a white solid product that was confirmed as
the desired product (2) by '"H NMR (300 MHz, CDs0D): & 80.5-7.87 (m, 1H), 7.85-7.62 (m,
1H), 7.53-7.23 (m, 3H), 7.18 (t, J = 8.4 Hz, 1H), 6.65 (t, J = 8.0 Hz, 1H), 3.59 (dt, J = 9.4,
7.0 Hz, 2H), 2.75 (t, 2H) and ESI-MS in 7:3 CHCI;:MeOH by the observed [M+H]" peak at

216.1 g/mol.

Proprionic acid modified Nile Blue (NB') preparation.

NB' was prepared based on previously established procedures by Moura (27).
Equimolar portions of 1 (0.17 g, 1.0 mmol) and 2 (0.22 g, 1.0 mmol) were combined and
dissolved in dimethylformamide (DMF) (6 mL). The reaction mixture was heated to 70 °C for
24 hr. The crude reaction mixture was dried under reduced pressure and purified by dry
silica chromatography (28). Pure NB' was eluted with 6:1 cholorform: methanol as a dark
blue compound. The identity was verified by ESI-MS in MeOH:H,0 5:1 based on the

observed [M]* peak at 362.3 g/mol.

NHS-ester activation of carboxylic acid modified reporters

MB’, NB’, and anthraquinone-2-carboxylic acid (AQ') were all activated to the NHS-
esters immediately prior to coupling to amino-modified DNA to aid the yield of amide bond

formation. The same procedure as previously used for the activation of MB' was applied to
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the activation of all three of these redox-active reporters (72). Briefly, the carboxylic acid
modified reporter (0.022 mol) was stirred at room temperature in DMF with excess N,N'-
dicyclohexylcarbodiimide (9.3 mg, 0.045 mmol) and N-hydroxysuccinimide (5.2 mg,

0.045 mmol) for 12-24 hr. The solvent was subsequently removed under reduced pressure

and the reaction mixture was re-suspended in DMSO (20 uL per 1 mg activated).

Preparation of probe and thiol modified oligonucleotides

Thiol-modified and amino-modified DNA were synthesized and purified based on
previously established protocols (6, 72). The procedure for DNA purification was unaltered
across all three different amino modifiers utilized: dT-C6, dT-C4, and 5-C6. The purified
amino-modified DNA was covalently modified with NHS-ester activated MB’, NB', and AQ’
using roughly 10-fold excess reporter in an aqueous basic solution (0.1 M NaHCO;). The
same thiol-modified complement stand was used for all duplex DNA, to negate variations
caused by the thiol driven self-assembly of the DNA. Both well-matched and AC
mismatched sequences were prepared of a CG-rich 17-mer duplex to investigate the effect

due to 1r-stack perturbations (Table 3.1).

Electrochemistry of DNA-modified electrodes

Multiplexed chips, with sixteen individually addressable electrodes, were prepared
and used based on previously established protocols (70). These sixteen-electrodes were
divided into four isolated quadrants, each with four electrodes, allowing for four different
typical of DNA or morphologies to be simultaneous compared without any variability
introduced due to changing the underlying gold surface. Electrodes were exposed to duplex
thiol-modified DNA (20 pL of 25 uM) in phosphate buffer (5.0 mM phosphate, 50 mM NacCl,

pH 7) and allowed to self-assemble for 12-16 hr in a humid environment. MgCl, was added
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Table 3.1. DNA sequences used for electrochemical measurements

Name Sequence
Thiol-ssDNA 5'- HS - (CH;)s — GAC TGA CCT CGG ACG CA -3'
Well-matched

ssDNA (WM)?®

5'-TG CGT CCG AGG TCA GTC -3'

AC-mismatched
ssDNA (MM)?°

5-TG CGT CCAAGG TCA GTC -3'

@ T is the site of the amino-modified nucleotide used to produce the dT-C6 and

dT-C4 linkages.

® 5'.C6 linkage is produced by an additional 5' phosphoramidite.



49

to solutions during DNA self-assembly, as indicated in the text, to alter the immobilization of
the DNA. After DNA self-assembly, electrodes were washed with excess phosphate buffer
and incubated with 6-mercaptohexanol (1 mM for 45 min) in phosphate buffer with 5%
glycerol. Electrodes were washed again with excess phosphate buffer.

Electrochemical measurements were performed with a CHI620D Electrochemical
Analyzer and a 16-channel multiplexer from CH Instruments. A three-electrode setup was
used with a common Pt auxiliary and a quasi Ag/AgClI reference electrode (Cypress
Systems) placed in the central well of the clamp. Cyclic voltammetry data were collected at
100 mV/s over a window of 0 mV to -0.6 mV versus Ag/AgCl unless otherwise indicated.
The electrodes were exposed to the various running conditions in the following sequence:
an initial background scan acquired in phosphate buffer (5.0 mM phosphate, 50 mM NaCl,
pH 7), DNA quantification by Ru(NHs)¢>* (1 uM in phosphate buffer), excess washing with
phosphate buffer until Ru(NH3)s®>* signal is no longer present, final scan in spermidine buffer
(5.0 mM phosphate, 50 mM NaCl, 4 mM MgCl,, 4 mM spermidine, 50 uM EDTA, 10%
glycerol, and pH 7.0). Unless otherwise indicated, presented and quantified data for
reporter signals is determined from CV in spermidine buffer. The signal averages and
associated error are for a given data set (comparison of reporters vs. comparison of
linkages) has many other factors that can alter the signal size including surface and self-
assembly quality. To control for this, the data was acquired in distinct data sets such that
results being directly compared are always from multiplexed chips running in close
succession. Therefore, the data presented is either quadrant averages (4 electrodes) or an
average of n quadrants (n x 4 electrodes) acquired within no more than a few days of each
other and is indicated where applicable.

The Laviron analysis was used to determine the electron-transfer rate constant (k)
for MB-modified DNA (29, 30). A plot of the peak shift (E,c — E°, mV), where E,c is the peak

potential at a given scan rate and E° is the midpoint potential determined at 50 mV, versus
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the In(scan rate), where the scan rate (v, mV/s) is varied from 50 mV/s to 13 V/s was
constructed. The electron transfer rate can then be derived from the linear portion of this
plot (AE vs In(v), see Figure 3.9) based on Equation 3.1. However, the rates determined
using this analysis are useful for comparisons and can only be assessed with confidence as

order of magnitude estimates.

, _ por _ RT (aan)
(Equation 3.1) E,e = E — In o

Quantification of immobilized DNA

The quantity of immobilized DNA within a given DNA monolayer was quantified
based off the area of reductive signal generated from the electrostatic binding of Ru(NH3)s>".
The surface coverage of DNA (I') was calculated using equation 3.2 where n is the number
of electrons per reduction event, F is the Faraday constant, A is the electrode area in cm?

(2 cm?), z is the charge on the Ru(NHs)¢>*, m is the number of base in the duplex DNA

(17 mer), and finally Q is the reductive signal from Ru(NHs)s®" in phosphate buffer minus the
redox reporter signal in spermidine buffer. As the contribution of reporter reduction could
not be de-convoluted from the Ru(NH;)s>* signal it was subtracted, even though it was
consistently negligible and less than 10% of the total Ru(NHs)s>* signal. Therefore the Qg,
used for determining the surface coverage is obtained by taking the area of the Qg +ms and
subtracting out the Qug (obtained after washing off the Ru(NH;)e>*).

. _ Qru Z
(Equatlon 32) FDNA T HWFA m NA
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Results and Discussion

Electrochemistry of variation across redox-active reporters

The electronically coupling redox-active reporters that are covalently tethered
through a long (dT-C12-DNA) flexible alkane linkage was demonstrated by coupling three
different NHS-ester activated redox reporters (MB, Nile Blue (NB) and Anthraquinone (AQ))
to the same amine modified DNA (Figure 3.3). The reporter-modified DNA was annealed to
a thiol-modified complement prior to the self-assembly on gold electrodes. Consistency
between electrodes was ensured through the use of multiplexed chips containing sixteen
individually addressable electrodes (6). The midpoint potentials of the signals generated
from densely packed DNA monolayers (assembled at 25 uM in the presence of 100 mM
MgCl,) labeled with MB, NB, and AQ are -300 mV, -420 mV, and -500 mV, respectively
(Figure 3.3). Interestingly, the oxidative signal sizes are 6.1 £ 0.3 nC (MB), 2.8 £ 0.2 nC
(NB), and 2.2 + 0.4 nC (AQ), which is not consistent across the reporters. This signal sizes,
however, correlate with the binding affinity of reporters based on their ability to thermal
stabilize the duplex DNA (Table 3.2). The quantity of immobilized DNA was determined
using the electrostatic binding of Ru(NH;)s>* under saturation conditions (1 uM in 5.0 mM
phosphate, 50 mM NaCl, pH 7.0) (Figure 3.4). Regardless of the redox reporter, the
electrodes all were found to have surface coverages within error of each other, 5.2 + 0.3
pmol/cm?, consistent with that previously reported based on reporter reduction (72). This
ensures that differences in signal sizes are not due to differences in the quantity of

immobilized DNA.

Variation across covalent linkages

In addition to varying the redox-active species, both the length of the covalent

linkage and the placement of the redox-active reporter were also probed (Figure 3.5). In



52

Figure 3.3. Variation of redox-active species. Structures (top) and cyclic voltammetry (scan
rate = 100 mV/s)(bottom) of MB (blue), NB (purple), and AQ (orange) modified DNA
covalently tethered via a C12 flexible alkane linkage on a modified thymine. DNA-
monolayers were assembled in the presence of 100 mM MgCl,, backfilled with 6-
mercaptohexanol (1 mM for 45 min), and scanned in spermidine buffer.

Well-matched DNA: HS - (CH,) - GACTGACCTCGGACGCA
CTGACTGGAGCCTGCGR - 5’
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Table 3.2. Thermal Stability of Duplex DNA 2

Redox-Active
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Species Tm (°C) Stabilization
Methylene Blue 63.7 °C +1.6°C
Nile Blue 63.1 °C +1°C
Anthraquinone 62.3 °C +0.2°C
None 62.1°C -

2 Duplex DNA (1 uM) was incubated with the redox-active species (5 yuM) in
phosphate buffer (5.0 mM phosphate, 50 mM NaCl, pH 7.0) and the
absorbance at 260 nm was monitored every 0.5 °C from 25 - 90 °C. The
maximum of the derivative of the absorbance temperature trace was
determined to extract the melting temperature under each condition.
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Figure 3.4. Electrostatic binding of Ru(NH;)s>* to immobilized DNA. Representative cyclic
voltammograms (scan rate = 100 mV/s) of MB-dT-C12-DNA-modified electrodes acquired
after the addition of Ru(NH;)>* (1 uM) in phosphate buffer (5.0 mM sodium phosphate,

50 mM NaCl, pH 7.0) are presented. The concentration of MgCl, present during DNA self-
assembly was varied to alter the overall DNA morphology: without MgCl, (blue), with 1 mM
MgCl, (red), and with 100 mM MgCl, (green). The representative traces for the three
different DNA morphologies were obtained on a single multiplexed chip with a common
Ru(NHs)e>* solution. The area of the total reductive signal minus the area of the reporter
reductive signal, acquired after washing off the Ru(NH;)s>*, was used to determine the
surface coverage of DNA on the electrode as outlined above.
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Figure 3.5. Variation of covalent linkage. Structures (top) and cyclic voltammetry (scan rate
=100 mV/s) (bottom) of MB covalently tethered to duplex DNA via three different linkages:
5'-C12 (red), dT-C12 (blue), and dT-C8 (green). The signals from well-matched (solid) and
AC mismatched (dashed) 17-mer DNA are both presented, sequences available in (Table
3.1).
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addition to the long C12 linkage appended off the thymine, two new linkages were prepared:
a shortened C8 linkage appended off the modified thymine in the same manner and a C12
linkage instead appended off the 5’ hydroxyl (37). Densely packed monolayers were
compared for MB (Figure 3.5) and NB (Figure 3.6) covalently tethered to the DNA through
these three linkages. Taken together, the midpoint potential, peak splitting, and signal size
create a distinct reproducible profile for each linkage (Table 3.3). Notably, differences are
observed in the signals generated from MB covalently tethered via the same C12 linkages
appended to the thymine and 5" hydroxyl as well as between both the short and long
linkages appended off the thymine. These distinct electrochemical profiles indicate that both
the placement and length of the covalent tether play critical roles in dictating the coupling of
the reporter with the base pair stack and therefore the kinetics of the redox signal. For
example, the difference in midpoint potential between the dT-C12 and dT-C8 linkages is
attributed to the truncated linkage, decreasing the binding affinity of the reporter; in fact, the
midpoint potential shift results solely from a shift in the reduction peak, while the oxidative
peak remains relatively constant. This differential behavior of the reductive and oxidative
peaks can be understood based on the lowered binding affinity of the reporter in the
reduced form (32). The shift in the midpoint potential of the 5’ hydroxyl linkage is attributed
to binding via an end-capping mode as opposed to intercalation (73). Additionally, based on
poorer coupling, NB consistently shows a decreased signal size (40% - 80%) compared to

MB for all three linkages under all conditions examined.

DNA-mediated reduction based on mismatch sensitivity

The degree of DNA-mediated reduction for this family of redox reporters and
linkages was assessed by introducing a single mismatched base pair intervening between

the redox reporter and the gold electrode. This is an essential assay of DNA-mediation.



Figure 3.6. Variation of covalent linkage for NB-DNA. Cyclic voltammetry (scan rate =
100 mV/s), in spermidine buffer (5.0 mM phosphate, 50 mM NaCl, 4 mM MgClI2, 4 mM
spermidine, 50 uM EDTA, 10% glycerol, and pH 7.0), of NB covalently tethered to duplex
DNA via three different linkages: 5-C12 (red), dT-C12 (blue), and dT-C8 (green). The
monolayers of 17-mer well-matched DNA were assembled in the presence of 100 mM

MgCl; to yield high density DNA films. See Table 3.1 for sequences and Figure 3.5 for
structures of linkages.
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Table 3.3. Electrochemical parameters for MB signals

58

Linkage Mid-point Peak Signal
g Potential (mV) Splitting (mV)  Size (nC)
dT-C12 -300 35 9.1
dT-C8 -330 124 8.4
5'-C12 -280 26 10.2
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DNA CT is known to be exquisitely sensitive to subtle perturbations to the 1r-stack; therefore
the introduction of even a single intervening mismatched base pair (AC) significantly
attenuates the overall yield of electrons reaching the distally bound reporter when the
signals are generated via a DNA-mediated pathway (7, 24). This diminished yield of
reporter reduction is seen to be associated with incorporation of a single base pair mismatch
even in a 100-mer and over a wide range of temperatures (9, 33). Here, direct comparisons
between fully well-matched and AC mismatched 17-mer DNA were performed on the same
multiplexed surface to reduce effects caused by the assembly conditions and surface
quality. The percent signal remaining with a single AC mismatch was determined relative to
well-matched DNA for all linkages and for both MB and NB (Table 3.4). Although AQ
appended by a C12 linkage to the terminal thymine was also shown to display significant
signal attenuation upon introducing a single AC mismatch (Figure 3.7), its negative midpoint
potential and oxygen- mediated electrocatalytic activity made signal quantification
challenging. Overall, AQ poses the most challenges to quantification and is poorly coupled
to the r-stack so it was not further investigated as an electrochemical reporter for DNA CT.
The degree of signal attenuation upon mismatch incorporation was characterized
under both low and high density conditions. It has previously been established that the
DNA-mediated reduction of MB-dT-C12-DNA is exceptionally sensitive to the assembly
conditions of the electrode, yielding a greater DNA-mediated signal upon decreased surface
accessibility of the reporter (72). All linkages attaching both MB and NB displayed
significant signal attenuation upon incorporation of a single AC mismatch under high density
conditions, validating that the predominant mechanism for reduction is a DNA-mediated
pathway (Figure 3.5, Figure 3.6 and Table 3.4). The quantity of immobilized DNA was again
verified by the addition of Ru(NHs)s>* (1 uM). DNA surface coverages were found to be

within error of one another for well-matched or mismatched DNA for both film densities,
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Table 3.4. Percent signal remaining for MB and NB modified DNA for all covalent linkages
examined in high and low density DNA monolayers.

Percent Signal Remaining

* b,c
Covalent Tether (MM/WM*100)

MB-DNA NB-DNA
High Density
dT-C8 9 42
dT-C12 18 N/A?
5-C12 6 15
Low Density
dT-C8 65 66
dT-C12 89 N/A?
5-C12 61 75

@ Data was not acquired due to low yields of mismatched NB-dT-C12-DNA.
b Errors on all percent signal remaining are + 1 %.

WM is well-matched and MM is AC mismatched.
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Figure 3.7. AQ-dT-C12-DNA response to m-stack perturbations. Cyclic voltammograms
(scan rate = 100 mV/s) of AQ-dT-C12-DNA modified electrodes self-assembled in the
presence of 100 mM MgCl, and acquired in de-oxygenated spermidine buffer (5.0 mM
phosphate, 50 mM NaCl, 4 mM MgClI2, 4 mM spermidine, 50 uM EDTA, 10% glycerol, and
pH 7.0). The sensitivity to the introduction of a single perturbation to the 1-stack is
demonstrated by the direct comparison of 17-mer well-matched (blue) and AC mismatched
(red) DNA (see Table 3.1 for sequences). Despite de-oxygenation of the multiplexed chips,
the extent of the background signals at the negative potentials of AQ allowed for only
qualitative comparisons to be performed.
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5.2 + 0.3 pmol/cm? and 3.0 + 0.3 pmol/cm? for high and low density respectively (Figure 3.8).
This ensured that the observed differences in signal were not a result of altered
hybridization efficiency caused by the incorporation of the AC mismatch. Finally, the scan
rate was varied from 50 mV to 13 V to establish the rate of electron transfer for MB with both
dT-C8 and dT-C12 linkages (Figure 3.9). Based on the Laviron analysis they displayed
similar rates of electron transfer (2-4 s™), consistent with previously established results for a
DNA-mediated mechanism where tunneling through the alkane-thiol is rate limiting (8, 12).
Under low density conditions, the percent signal remaining upon incorporation of a
single AC mismatch ranged from 60% - 90%, compared to the high density conditions where
it ranged from 10% - 40% across both reporters and all linkages (Table 3.4). The general
nature of this dependence on film density speaks to the validity of our proposed mechanism,
where surface accessibility dictates whether or not charge transport proceeds via DNA-
mediated or surface-mediated pathways. Additionally, this demonstrates the utility of the
truncated dT-C8 linkage as a means of decreasing the surface accessibility of the reporter

as it retains the most DNA-mediated character under low density conditions.

Effect of neighboring duplex proximity

The proximity of the neighboring duplex DNA within the monolayer was again varied,
this time including the additional assembly condition of 1 mM MgCl,, to provide further
support that DNA-mediated reduction is favored under conditions of high surface coverages
and not simply because of the addition of MgCl, during assembly. The addition of MgCl,
during monolayer formation has been used for over a decade to control the density of DNA
monolayer packing (2, 7). As previously mentioned, 100 mM MgCl, has been used to
produce dense DNA monolayers that physically extrude the reporter from directly accessing

the electrode surface therefore enhancing DNA-mediated electrochemistry; however, it has
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Figure 3.8. Consistency of Ru(NH3)s>* quantification across DNA sequences. Cyclic
voltammograms (CVs) of the quantification of immobilized DNA by the electrostatic binding
of Ru(NHs)s** (1 uM) in phosphate buffer are presented for MB-dT-C8-DNA. CVs for high
(left) and low (right) density DNA monolayers and both well-matched (blue) and AC
mismatched (red) 17-mer DNA are presented. For each given condition 4 individual
electrodes are presented to demonstrate the variability observed. Overall, the DNA
sequence is shown to have no significant impact on the signal from Ru(NH;)>* binding
indicating that there is not significant dehybridization of the mismatched duplex at the
surface of the electrode.
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Figure 3.9. Scan rate dependence. The scan rate was varied from 50 mV to 13 V and the
shift in the reduction potential was determined relative to 50 mV for MB covalently tether to
DNA by both dT-C8 (blue) and dT-C12 linkages (red). Three different assembly conditions

were also examined for each linkage: without MgCl, (triangle), with 1 mM MgCl, (square),
and with 100 mM MgCl, (diamond). Cyclic voltammetry was acquired in spermidine buffer
(5.0 mM phosphate, 50 mM NaCl, 4 mM MgCI2, 4 mM spermidine, 50 uM EDTA, 10%

glycerol, and pH 7.0) with well-matched DNA. The rate of electron transfer was determined

based on the Laviron analysis (30) and was found to be 2 - 4 s™ for all conditions.
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yet to be determined whether this effect results from simply the addition of MgCl, during
assembly or from the increased surface coverages obtained at high MgCl, concentrations.

Signal attenuation upon introducing a single AC mismatch and the concentration of
immobilized DNA, based on the electrostatic binding of Ru(NH3)63+, were quantified for MB
covalently tethered by both dT-C8 and dT-C12 linkages at three different DNA monolayer
conditions, incubation without MgCl,, with 1 mM MgCl,, and with 100 mM MgCl, (Figure
3.10). The observed signal attenuation upon incorporation of an AC mismatch and the DNA
surface coverage in the 1 mM MgCl; film is not altered compared to signals for DNA
monolayers assembled without MgCI2 (Figure 3.10). As the sensitivity to -stack
perturbations is only enhanced at higher DNA surface coverages, this result further supports
the model where the extent of the exposed electrode surface dictates the mechanism of

either DNA-mediated or surface-mediated reduction.

Effect of neighboring duplex m—stack integrity

The significance of the neighboring duplex integrity was investigated by introducing
increasing fractions of unlabeled duplex DNA with a single AC mismatch. DNA-modified
electrodes were assembled using a 50/50 mixture of well-matched MB-modified DNA and
unlabeled DNA of varying compositions of well-matched and mismatched DNA. As the
truncated dT-C8 linkage displays DNA-mediated character under both high and low density
conditions it was used to establish whether inter- or intra- duplex intercalation is the
predominant mode of reporter binding to the Tr-stack (Figure 3.11). Results for the dT-C12
linkage were included for completeness (Figure 3.12). As the fraction of well-matched MB-
modified DNA remains constant, an attenuation of signal would only be expected in the
presence of higher fractions of mismatched DNA if the reduction occurred through an
interduplex pathway, as opposed to an intraduplex pathway where the signal is expected to

remain unaltered. The predicted extent of signal attenuation for an interduplex pathway
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Figure 3.10. Electrochemistry as a function of assembly conditions. The percent signal
remaining (MM/WM*100) (red) and Ru(NHs)s>* signals (black) for MB modified DNA with
both dT-C8 (dark) and dT-C12 (light) linkages were examined. DNA-modified electrodes
were assembled without MgCl,, with 1 mM MgCl,, and with 100 mM MgCl,. The error was
determined from across three sets each containing four electrode replicates.
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Figure 3.11. Effect of neighboring duplex integrity for MB-dT-C8-DNA. Electrodes
assembled with MB-modified well-matched DNA and varied fractions of unlabeled well-
matched and AC mismatched DNA. The experimental (blue) reductive signal areas were
determined at each fraction of unlabeled mismatched DNA and normalized to the signal at
100% well-matched DNA. The predicted values were determined by the total fraction of
mismatched DNA times by the percent signal attenuation for the given linkage and assembly
conditions. Electrodes assembled in the presence (triangle) and absence (square) of

100 mM MgCl; are presented
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Figure 3.12. Effect of neighboring duplex integrity for MB-dT-C12-DNA. Electrodes
assembled with MB-modified well-matched DNA and varied fractions of unlabeled well-
matched and AC mismatched DNA. The experimental (blue) reductive signal areas were
determined at each fraction of unlabeled mismatched DNA and normalized to the signal at
100% well-matched DNA. The predicted values were determined by the total fraction of
mismatched DNA times by the percent signal attenuation for the given linkage and assembly
conditions. Electrodes assembled in the presence (triangle) and absence (square) of 100
mM MgCl, are presented
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was calculated at each mismatch concentration based on the fraction of mismatched DNA in
the film and the percent signal attenuation previously determined for a 100% mismatched
DNA film for both assembly conditions (Table 3.4). In all cases, the experimental results of
incorporating mismatched DNA showed significantly less signal attenuation than predicted,
consistent with a predominantly intraduplex pathway (Figure 3.11). Most notably, for the
case of the low density DNA films, the effect is less than 5% of that predicted, suggesting
that 95% of the DNA-mediated signal is generated via an intraduplex pathway. Therefore,
there is roughly 20-fold more intraduplex reduction occurring than interduplex reduction
within these films. Even in the densely packed DNA monolayers where the decreased
distance between duplexes would facilitate interduplex intercalation of the reporter, the
observed attenuation was still only 25% of that predicted, indicating that intraduplex

reduction is still 3-fold more favored than an interduplex pathway.

Conclusion

In conclusion, we have demonstrated that intraduplex DNA CT is a significant
mechanism for the redox-activity of probe molecules that are covalently tethered to a DNA
duplex. The extent of DNA-mediated electronic coupling depends not only on how tightly
the redox-active species interacts with the m-stack, but also on the location and structure of
the covalent tether. Finally, the possibility by which charge transport occurs through the
counter ions associated with the sugar-phosphate backbone or the reporter intercalating into
the neighboring duplex is not supported by our results. Instead we have observed reporter
sensitivity to intervening 1r-stack perturbations and a tolerance to the integrity of the
neighboring duplex DNA. These results fully support the intraduplex DNA-mediated

reduction of these covalently tethered reporters. Ultimately, delineating the mechanisms of



electron transfer in DNA-modified electrodes is critical for their continued development as

useful diagnostic tools.
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CHAPTER 4

DNA Sensing by Electrocatalysis with Hemoglobin

Adapted from Pheeney, C.G., Guerra, L.F., Barton, J.K. (2012) Proceedings of the National
Academies of Sciences 109, 11528. L.F. Guerra was a Caltech undergrad working under
the direction of C. G. Pheeney.
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ABSTRACT

Electrocatalysis offers a means of electrochemical signal amplification, yet in DNA-
based sensors, electrocatalysis has required high density DNA films and strict assembly and
passivation conditions. Here we describe the use of hemoglobin as a robust and effective
electron sink for electrocatalysis in DNA sensing on low density DNA films. Protein shielding
of the heme redox center minimizes direct reduction at the electrode surface and permits
assays on low density DNA films. Electrocatalysis with methylene blue that is covalently
tethered to the DNA by a flexible alkyl chain linkage allows for efficient interactions with both
the base stack and hemoglobin. Consistent suppression of the redox signal upon
incorporation of single CA mismatch in the DNA oligomer demonstrates that both the
unamplified and the electrocatalytically amplified redox signals are generated through DNA-
mediated charge transport. Electrocatalysis with hemoglobin is robust: it is stable to pH and
temperature variations. The utility and applicability of electrocatalysis with hemoglobin is
demonstrated through restriction enzyme detection, and an enhancement in sensitivity

permits femtomole DNA sampling.
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INTRODUCTION

DNA-modified electrodes have been extensively studied in the development of
sensitive DNA-based sensors using DNA-mediated charge transport (CT) chemistry (1-18).
Sensors based on DNA-mediated CT are exquisitely sensitive to structural perturbations
caused by single base mismatches, lesions, and DNA binding proteins (2-4). Due to the high
specificity, robust nature, and low cost of these DNA-based electrochemical sensors they
are being developed as new cancer diagnostics through the detection of transcription factors
and low abundance microRNAs (4,5,19,20). Despite the intrinsic specificity of these
devices, these DNA CT sensors currently lack the required sensitivity to detect biologically
relevant levels of cancer markers. Therefore, a means to reliably and robustly amplify the
DNA-mediated signal is essential for the application of these technologies to the rapid
detection of cancer markers directly from cell lysates.

Different electrochemical strategies have been used to achieve higher sensitivities,
including the use of gold nanoparticles, conducting polymers, and catalysis (21-27).
Electrocatalysis, however, represents a preferred means of signal amplification in
electrochemical sensors (25-27). The degree of electrocatalytic signal amplification
depends upon the coupling of the catalysis with the electrode surface and the electrode sink
(28). Additionally, robust reporting by electrocatalysis is dependent on the rigorous shielding
of the electron sink from the electrode surface, which prevents direct reduction by the
electrode and false positive outputs (27). In electrocatalysis, the redox reporter is coupled
with a freely diffusing electron sink, typically ferricyanide. Methylene Blue (MB) is typically
used as the redox reporter for DNA-mediated electrocatalysis, as it is well coupled to the
base stack through intercalation (26). Reduction of the reporter leads to the reduction of the

electron sink, returning the reporter back to its oxidized form and allowing for the repeated
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interrogation of the base stack. To complete this catalytic cycle reporting on DNA-mediated
changes, the reporter must interact with both the DNA film and the freely diffusing electron
sink (26). Finally, in order for DNA-modified electrodes to be viable for the detection of DNA-
binding proteins and the hybridization of oligonucleotides, the surface-bound DNA duplex
must be sufficiently accessible (29-32). All three of these constraints must be met for
electrocatalysis to be applied as a detection platform in DNA CT-based systems: dual
reporter interactions, robust shielding of the electron sink from surface reduction, and DNA
accessibility.

Initial electrocatalysis experiments were performed using non-covalently bound DNA
reporters and high density DNA films (2, 3, 25, 26). The freely diffusing non-covalent
reporter was able to readily interact with both the electron sink and the base stack, while the
high density DNA films limited localization of the reporter to the distal end of the duplex.

The high density films also imposed a strong kinetic barrier to the direct reduction of
ferricyanide at the electrode surface (2). This platform demonstrated enhanced sensitivity
due to electrocatalytic signal amplification, and allowed for efficient detection of single base
mismatches (2, 3, 25, 26). The major limitation of this platform originated from the need for
well-packed films to passivate the surface and ensure that the redox probe binds to the top
of the DNA film. These high packing densities can be difficult to achieve reproducibly and
lead to poor accessibility of the duplex DNA for analyte binding (29-32).

Low density DNA films are now the standard means for promoting efficient DNA
binding and hybridization events, as they provide higher sensitivity and specificity. Low
density DNA films, however, require covalent tethering of the reporter to the duplex to
ensure placement of the reporter near the top of the surface. This covalent tethering of the
reporter is furthermore essential for label-free assays of DNA or protein targets. However,
low density films expose the electrode surface, as the negatively charged phosphate

backbone of the immobilized DNA is insufficient to impose a kinetic barrier against the direct
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reduction of positively charged species such as ferricyanide. A previous attempt at
electrocatalysis with low density films utilized negatively charged functionalized
mercaptoalkanes to shield ferricyanide, the electron sink, from the electrode (27). This
platform has not been widely employed, due to the limited solution accessibility of the
reporter and the difficulty imposing sufficient kinetic barriers to the reduction of ferricyanide
to drive electrocatalysis. This platform did not address the poor interaction between the
reporter and the electron sink imposed by the short, rigid covalent tether linking the reporter
to the duplex (27). Therefore, a new means to promote efficient interactions between the
reporter with the base stack and electron sink, as well as to robustly shield the electron sink
from the electrode surface, must be developed for the application of electrocatalytic signal
amplification with these low density DNA films.

Redox-active proteins may be useful as electron sinks for electrocatalysis. Enzymes
such as horseradish peroxide and glucose oxidase have been shown to readily interact
electronically with phenothiazine dyes such as MB, and have had wide application as
recognition elements for molecular sensing (33-42). Detection platforms based on these
enzymes are desirable due to their inherent catalytic activity. The application of a protein as
an electron sink is also appealing because the protein shell itself can shield the redox core
from the electrode surface (34-41). Hemoglobin exhibits this property and has been shown
to couple with Nile Blue (42). Additionally, unlike many of the proteins typically employed for
signal amplification, the reduction of hemoglobin does not generate any DNA damaging
byproducts like peroxide.

Until now, no single DNA CT sensor has been compatible both with use of low
density DNA films (required for hybridized DNA or protein targets) and robust electrocatalytic
signal amplification (required for sufficient sensitivity). In this work, we report a DNA CT
sensor that robustly and efficiently amplifies the signal from low density DNA films using

electrocatalysis. This advancement is the result of a new flexible alkyl linkage between the
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reporter and the duplex coupled with a novel electron sink. The new flexible linkage allows
for the efficient shuttling of electrons between the duplex and the electron sink (28). The
use of hemoglobin allows electronic interaction with MB while inherently being shielded from
the electrode surface by the protein shell. No specialized backfilling agents or assembly
conditions were required, demonstrating the general applicability of this system. This
general technique, electrocatalysis of MB with hemoglobin, can therefore be utilized with
current DNA detection strategies without imposing any new constraints to the platform. Most

importantly, the enhanced sensitivity permits femtomole DNA sampling.

MATERIALS AND METHODS

Materials

All chemicals were purchased from Sigma Aldrich and used without further
purification. All proteins were purchased from New England Biolabs. Oligonucleotides
without unnatural modifications were purchased from IDT, while modified oligonucleotides
were synthesized on a 3400 Applied Biosystems DNA synthesizer. Modified
phosphoramidites were purchase from Glen Research. Hemoglobin was obtained from

Sigma Aldrich as a lyophilized powder from bovine blood.

Oligonucleotides preparation

MB modified DNA was prepared by the synthesis of amino-modified DNA utilizing an
Amino-(CH,),-dT phosphoramidite (Figure 4.1). Amino-modified DNA, as well as thiol
modified DNA, were purified through standard procedures as previously reported (6). MB
modified with a terminal carboxylic acid was synthesized and coupled to the amino modified
DNA (43). All single stranded DNA was purified by reverse-phase HPLC and characterized

with MALDI-TOF mass spectrometry.
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Figure 4.1. Structure of MB modified DNA with a flexible C8 linkage covalently tethering MB
to the DNA.
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Single stranded DNA stock solutions were prepared in phosphate buffer (5.0 mM
phosphate, 50 mM NaCl, pH 7) and quantified by UV-Vis spectroscopy based on their
absorbance at 260 nm. The extinction coefficients for the single strand DNA were estimated
using SciTools from IDT. The extinction coefficient for MB modified DNA at 260 nm was
corrected for the contribution of MB to the absorbance by adding 10,300 M'cm™ to the IDT
calculated extinction coefficient. All DNA solutions were thoroughly deoxygenated with
argon prior to annealing. Equimolar amounts of single stranded stocks were combined and

annealed by heating to 90 °C and cooling to ambient temperature over 90 min.

DNA-modified electrodes

Multiplex chips were employed for the electrochemical experiments and were
fabricated as previously reported (6, Appendix IIl). Chips consisted of 16 gold electrodes (2
mm? area) that were divided into four quadrants of four electrodes. Duplex DNA (25 pl of 25
MM, except for concentration dependence experiment) was assembled overnight (20-24 hr)
in a humid environment allowing for monolayer formation. Low density films were
assembled in the absence of MgCl,, while high density films were assembled with the
addition of 100 mM MgCl.. Once DNA films were assembled and thoroughly washed with
phosphate buffer, the electrodes were backfilled with 1 mM 6-mercaptohexanol (MCH) for
45 min in phosphate buffer with 5 % glycerol. The electrodes were scanned in a common
running buffer (5.0 mM phosphate, 5 mM NaCl, 40 mM MgCl,, 5 mM spermidine and pH 7).
Electrocatalysis data was acquired following the addition of 25 yM hemoglobin (5 mM

phosphate, 5 mM NaCl, 40 mM MgCl,, 5 mM spermidine, and pH 7) to the central well.

Electrochemical measurements

Electrochemical measurements were performed with a CHI620D Electrochemical

Analyzer and a 16-channel multiplexer from CH Instruments. A three-electrode setup was
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used, with a common Ag/AgCl reference and a Pt wire auxiliary electrodes placed in the
central buffer solution. Cyclic voltammetry data were collected at 100 mV/s unless otherwise
indicated, and chronocoulometry data were acquired at an applied potential of -450 mV for
an interval of 10 sec unless otherwise indicated. Non-electrocatalytic CV data were
quantified by the area of the reduction peak for MB, while electrocatalytic chronocoulometry
data were quantified by the accumulated charge after 10 sec. The surface coverage of the
MB-DNA was based on the area of the reduction peak observed for the distally bound MB
and calculated as previously reported (6). The catalytic turnover was calculated based on

the ratio of the accumulated charge in the presence and absence of hemoglobin.

Temperature dependence

Temperature dependence experiments were performed by assembling the chip in a
holder with a Peltier (thermoelectric) device (Melcor Corp.) placed underneath the chip. The
temperature was measured using a digital probe placed in the central well containing the
running buffer. Chronocoulometry data were repeatedly acquired at pulse widths of two
seconds, while heating the chip at a rate of 0.5 °C/min over a temperature range of 24-

38 °C.

Restriction enzyme detection

DNA-modified electrodes used for Rsal detection were incubated with Bovine Serum
Albumin (BSA) (1 mM in 5.0 mM phosphate, 50 mM NaCl, 4.0 mM MgCl,, 4.0 mM
spermidine, 50 uM EDTA, 10% glycerol, and pH 7) for 1 hr to minimize any signal
attenuation observed from non-specific protein binding. The electrodes were then washed
and scanned in the running buffer (8). Half of the electrodes were then incubated for 2 hr

with Rsal restriction enzyme (20 yL of 50 nM) in Rsal reaction buffer (10 mM Tris, 50 mM



82

NaCl, 4 mM spermidine, 10 mM MgCl,, pH 7.9) and then washed and scanned in phosphate

buffer.

RESULTS AND DISCUSSION

Electrocatalytic signal amplification of MB-modified DNA by hemoglobin

In this study, MB is covalently tethered to DNA with a flexible C8 linkage, such that
upon reduction the tethered MB mimics the behavior of a non-covalent reporter (Figure 4.1).
Hemoglobin is known to interact electrochemically with organic dyes such as MB and can
function as an electronic sink for catalytically reduced MB (42). The general electrocatalytic
cycle developed for this study utilizing MB-DNA and hemoglobin is presented in Figure 4.2.
The two-electron reduction of MB to leucomethylene blue (LB) significantly decreases the
binding affinity of the reporter, resulting in its dissociating from the duplex. LB proceeds to
electrochemically interact with, and reduce, two equivalents of freely diffusing hemoglobin,
returning the reporter to the oxidized form and completing the electrocatalytic cycle.

The low density MB-DNA films employed in this study were assembled without
MgCl, and had typical surface coverages of 1.3 + 0.2 pmol/cm?. Prior to the addition of
hemoglobin, the resulting cyclic voltammograms (CVs) demonstrate a reversible redox
couple consistent with a signal generated from MB reduction via DNA-mediated CT: a
midpoint potential of -340 mV, peak splitting of -50 mV, and a ratio of near unity for the
cathodic and anodic peak areas (Figure 4.2). MB-DNA modified electrodes were then
examined in the presence of freely diffusing hemoglobin (25 uM). The electrocatalytic signal
amplification is apparent in the CV by the characteristic non-reversible signal, where the
reductive peak is amplified and the oxidative peak is not observed. Hemoglobin was also

added to DNA in the absence of MB, showing that hemoglobin alone has no effect on the
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Figure 4.2. Electrocatalytic reduction of MB modified DNA by hemoglobin. Left: Schematic
representation of the electrocatalytic cycle of MB-DNA. In this model, upon reduction of MB
to leucomethylene blue (LB), the DNA binding affinity is significantly decreased, resulting in
the dissociation of reporter from the duplex and its subsequent oxidation by freely diffusing
hemoglobin. Center: Cyclic voltammetry (scan rate = 30 mV/s) of MB-DNA in the absence
(black), DNA without MB in presence (gray) and MB-DNA in the presence (red) of 25 uM
hemoglobin in phosphate buffer (5 mM phosphate, 5 mM NaCl, 40 mM MgCl,, 5 mM
spermidine and pH 7.0). Right: Corresponding chronocoulometry signal (V = -450 mV)
acquired over 10 sec intervals.
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observed electrochemistry (Figure 4.2). Additionally, the electronic spectrum of hemoglobin
showed no significant variation before and after electrocatalysis, indicating that protein
integrity was retained (Figure 4.3).

In the absence of hemoglobin, chronocoulometry at -450 mV vs Ag/AgCl, a potential
appropriate for reduction MB-DNA, showed a rapid initial accumulation of charge (0.04 uC
over 0.3 sec), with minimal charge accumulation (0.1 uC) over the subsequent 10 sec
(Figure 4.2). This modest accumulation of charge is consistent with the reduction of surface
bound MB without an electron sink for catalytic cycling. In the presence of hemoglobin,
there is the same rapid initial accumulation of charge as in the non-catalytic case, but over
the subsequent 10 sec, a total of 0.99 £ 0.04 uC of charge is accumulated. A comparison of
the accumulated charge as a function of the presence of hemoglobin yields insight into the
catalytic behavior of MB. An accumulated charge of 0.99 + 0.04 pC in the presence of freely
diffusing hemoglobin correlates to roughly ten turnovers per MB-DNA. This electrocatalytic
amplification of the accumulated charge due to MB-DNA reduction demonstrates that
covalently tethering MB to DNA through a C8 linkage does not disrupt the ability of

hemoglobin to electrochemically couple with MB.

Electrocatalytic amplification of MB-DNA with intervening mismatches

In order to demonstrate that the electrocatalytically amplified signal is generated via
DNA-mediated CT, the signal suppression due to the incorporation of a single base
mismatch was examined. Previously, the degree of signal attenuation upon incorporation of
a single base mismatch indicated that MB covalently tethered to the DNA duplex through a
flexible C12 linkage can be reduced by both DNA CT and direct surface reduction (43).
Here we utilized a shorter C8 linkage to reduce contributions from the direct surface
reduction of MB. Using this assembly, Figure 4.4 illustrates electrocatalysis with and

without an intervening mismatch. CGe-rich thiol modified DNA was annealed with
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Figure 4.3. Absorbance spectrum of hemoglobin (5 uM) in phosphate buffer (5 mM
phosphate, 5 mM NaCl, 40 mM MgCl,, 5 mM spermidine, pH 7) before (solid) and after
(dotted) electrocatalysis with MB-DNA.
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Figure 4.4. Signal suppression of MB-DNA due to incorporation of a single CA mismatch.
Left: Low density MB-DNA films were assembled on multiplexed chips. Sequence for both
well-matched MB-DNA (blue) and mismatched MB-DNA (red) are indicated. Center: In the
absence of hemoglobin, CV scans (scan rate = 100 mV/s) were used to demonstrate the
characteristic signal attenuation due to incorporation of a single CA mismatch. Right:
chronocoulometry scans (V = -450 mV) were used for electrocatalytically amplified MB-DNA
in the presence of 25 yM hemoglobin. All scans were acquired in phosphate buffer (5 mM
phosphate, 5 mM NaCl, 40 mM MgCl,, 5 mM spermidine and pH 7).
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complementary well-matched DNA as well as a mismatched sequence containing a single
CA mismatched base pair in the middle of the 17-mer duplex. Well-matched and
mismatched CG-rich DNA were each assembled as low density DNA films on eight
electrodes of a multiplexed chip. The use of equivalent thiol strands and multiplexed chips
removes variability due surface quality and film formation.

As is evident in Figure 4.4, signal attenuation is observed in this system with an
intervening mismatch. The average reductive peak area from the CVs for well-matched MB
DNA is 5.0 £ 0.4 nC and that of mismatched MB-DNA is 3.2 + 0.4 nC. This signal
attenuation in the presence of a single base mismatch confirms that the signal observed is
generated via DNA-mediated CT. Upon the addition of hemoglobin (25 uM) the MB-DNA
signals are electrocatalytically amplified and the accumulated charge for well-matched and
mismatched DNA were compared. The accumulated charge over 10 sec from the
chronocoulometry data are 0.99 + 0.04 uC and 0.62 + 0.02 uC for well-matched and
mismatched MB-DNA, respectively (Figure 4.4). The accumulated charge obtained for the
mismatched MB-DNA was again only 62 % of the well-matched MB-DNA signal upon
electrocatalytic amplification. The consistency in the signal suppression due to mismatch
incorporation indicates that the catalytic reduction of MB-DNA occurs via DNA CT.
Therefore, the sensitivity of the observed signal to subtle structural perturbations to the m—

stack is still apparent with electrocatalytic amplification.

Variations in pH and temperature on amplification

DNA-modified electrodes are generally stable over the pH range of 5.5 to 8.5, where
minimal damage occurs to DNA. The reduction peak area of MB-DNA, without amplification,
is unaffected by changes in pH, while the peak potential is shifted positive with increasing
acidity at a rate of 25 mV per pH unit (Figure 4.5). This is expected, as MB is protonated

upon reduction. Previous work with enzyme-mediated electrocatalytic cascades has
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Figure 4.5. Left: The MB-DNA peak reduction potential as a function of pH, ranging from
5.5 to 8.5 in the absence of hemoglobin measured from the cyclic voltammetry data (scan
rate = 100mV/s). Right: The accumulated current for electrocatalytically amplified MB-DNA
in phosphate buffer (5 mM phosphate, 5 mM NaCl, 40 mM MgCl,, 5 mM spermidine) as a
function of pH, ranging from 5.5 to 8.5, is presented. The accumulated current was
determined from chronocoulometry (V = -450 mV for 10 sec) in the presence of 25 uM
Hemoglobin.
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demonstrated a non-linear response to pH changes due to the pH dependence of the
enzymatic activity (34-42). In these cases, where catalysis is limited by enzyme activity,
constraints are imposed not only on the pH but also on other running conditions relevant to
enzyme activity (34-42). In the system presented here, the electrocatalysis is not dependent
on hemoglobin reactivity with oxygen, only the capability of hemoglobin to function as an
electron sink. The electrocatalytic amplification of MB should therefore be optimal at a pH
lower than the isoelectric point of hemoglobin (pl = 6.8) where hemoglobin will be less
negatively charged (42). We demonstrated this to be true by examining the accumulated
charge in the presence of hemoglobin at a range of pH values (5.5 to 8.5). All solutions
were buffered and had the same salt and hemoglobin concentrations. Between pH 5.5 and
8.5, the accumulated charge increases linearly with increasing acidity at a rate of 0.15 uC
per pH unit (Figure 4.5). This indicates that the electrocatalytic amplification obtained is not
limited by hemoglobin activity and behaves as would be expected for a proton dependent
electrocatalytic cycle. Therefore, hemoglobin activity does not impose new restrictions on
the running conditions of DNA-modified electrodes compared to free iron, demonstrating the
utility of hemoglobin as an electron sink in electrocatalysis.

The dependence of the total accumulated charge was also examined as a function of
the temperature to demonstrate both the stability and necessity for protein activity. The
temperature was systematically increased from 24 °C to 38 °C at a rate of 0.5 °C/min. The
accumulation of charge was found to increase at a rate of 20 uC/°C in the range of 24 °C to
32 °C (Figure 4.6). Within this temperature range, mismatch discrimination was still
observed in the catalytic signal. At increased temperatures ranging from 32 °C to 40 °C, the
accumulated charge increased at a rate of 60 uC/°C, roughly three times faster than at lower
temperatures, and the discrimination due to mismatch incorporation was lost (Figure 4.6).
While hemoglobin is stable under physiological conditions, the thermal denaturation of

hemoglobin is highly pH and concentration-dependent. In the buffer used for this study, a
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Figure 4.6. Temperature dependence of the electrocatalysis of MB-DNA. The temperature
was increased at a rate of 0.5 °C/min by a Peltier device placed beneath the multiplexed
chip. The electrocatalytic amplification was monitored by chronocoulometry at 2 sec
intervals. Left: The accumulated charge is plotted as a function of the measured solution
temperature. Two different linear regimes can be discerned with rates of 20 uC/°C and

60 uC/°C at moderate (24 °C to 32 °C) and high (32 °C to 40 °C) temperatures respectively.
Right: In each regime the effect on mismatch discrimination was examined by
chronocoulometry; well-matched (blue) and mismatched (red) MB-DNA are shown at both
25 °C (bottom) and 38 °C (top). All scans were acquired in phosphate buffer (5 mM
phosphate, 5 mM NaCl, 40 mM MgCl,, 5 mM spermidine pH 7).
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transition was observed by circular dichroism at 32-35 °C (Figure 4.7). The accelerated
charge accumulation and the loss in mismatch discrimination indicate that upon structural
changes to hemoglobin the heme bound iron is no longer effectively shielded by the protein
shell. These low density DNA films are not designed for passivation against the direct
reduction of iron. This temperature profile demonstrates the necessity for intact hemoglobin
to shield the iron from the electrode surface in order to observe the electrocatalytically

amplified MB-DNA signal, and avoid false positives.

Detection of restriction enzyme activity

Having demonstrated that hemoglobin is an effective electron sink in DNA-mediated
electrocatalysis, we can apply this electrocatalysis to the detection of DNA-binding proteins.
The restriction enzyme Rsal sequence-specifically cuts duplex DNA that contains the
binding site 5-GTAC-3' (8). Rsal activity was compared between DNA sequences with and
without the binding site (Figure 4.8). Half the electrodes of a multiplex chip were treated
with Rsal (20 yL of 50 nM) while the other half were left untreated. A comparison between
the treated and untreated electrodes was made for each sequence in order to demonstrate
the sequence-specificity of Rsal. Additionally, Rsal activity and electrocatalytic signal
amplification was compared using both high density and low density DNA films to
demonstrate the effect of duplex accessibility on the detection of DNA-binding proteins.

Low density films of the Rsal cutting sequence showed accumulated charges of
0.55 + 0.02 uC for untreated samples and 0.32 £ 0.01 uC for samples treated with Rsal
(Figure 4.8). With these low density DNA films, this corresponds to a 40 % signal
attenuation due to treatment with Rsal. This signal attenuation was sequence-specific, as
electrodes modified with low density DNA films of the control sequence showed no

differential from those treated with Rsal (Figure 4.8).
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Figure 4.7. Denaturation curve of hemoglobin (1 uM) measured by circular dichroism in
phosphate buffer (5 mM phosphate, 5 mM NaCl, 40 mM MgCl,, 5 mM spermidine, pH 7).
The molar elipticity was measured at 225 nm as the temperature was varied from 20 °C to
60 °C. An initial transition can be observed from 32-35 °C and a larger transition at 45-56 °C
corresponding to the denaturation of the alpha helices.
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Figure 4.8. Electrocatalytic detection of sequence-specific restriction enzyme Rsal activity.
Left: Sequences for the control and Rsal binding sequence are indicated. The binding site
for Rsal is indicated in purple. All electrodes were incubated with BSA (1 mM for 1 hr to
minimize any signal attenuation observed from non-specific protein binding). Electrodes
were either left untreated (red) or treated (green) with Rsal (20 pL of 50 nM) for 2 hr. Right:
The accumulated charge from the chronocoulometry data (V = -450 mV for 10 sec) of MB-
DNA in the presence of 25 uM hemoglobin for the control sequence is plotted for both high
density (dark) and low density (light) DNA films. High density films were formed by the
addition of 100 mM MgCl, during DNA film self-assembly. The analogous data for the Rsal
sequence is also presented.
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Using the traditionally implemented high density DNA films, no statistically relevant
decrease could be discerned from either the Rsal sequence or the control sequence upon
Rsal treatment. The Rsal sequence had accumulated charges of 0.36 + 0.05 uC for
untreated and 0.34 + 0.08 uC for treatment with Rsal, while the control sequence had
accumulated charges of 0.38 + 0.02 uC for untreated and 0.41 + 0.03 uC for treatment with
Rsal (Figure 4.8). In addition to the lack of detectable Rsal activity with high density DNA
films, there was significantly higher variability in the electrocatalytically amplified signal with
high density films.

Overall, the low density DNA films had enhanced electrocatalytic activity and
decreased variability compared to the high density films, which can be attributed to the
enhanced accessibility of both Rsal and hemoglobin. Thus, electrocatalysis with

hemoglobin clearly requires duplex accessibility.

Sensitivity of DNA detection

The sensitivity to the reduction of MB-DNA is compared with and without hemoglobin
to demonstrate the enhanced sensitivity that is achieved with the overall signal gain of
electrocatalysis. The reduction signal obtained from electrodes assembled with decreasing
amounts of MB-DNA was compared with and without electrocatalysis. In this experiment,
each set of four electrodes on a sixteen electrode multiplexed chip was assembled with
20 pL of MB-DNA of varying concentrations. The electrodes were exposed to MB-DNA
ranging from 25 pyM (500 pmol) down to 250 pM (5 fmol), and allowed to assemble
overnight. Once thoroughly washed and backfilled with mercaptohexanol, the electrodes
were examined by CV in the absence and chronocoulometry in the presence of
electrocatalysis with hemoglobin (25 uM).

The area of the reduction signal from MB-DNA in CV measurements was found to

decrease with decreasing amounts of MB-DNA from 500 pmol down to 500 fmol
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(Figure 4.9). This represents a dynamic range of only three orders of magnitude; assembly
with less than 500 fmol of MB-DNA results in no discernible peaks from MB-DNA reduction
in the CV. Upon addition of hemoglobin, the accumulated charge after 10 sec measured by
chronocoulometry was examined as a function of the amount of MB-DNA. Electrocatalytic
signal amplification with hemoglobin resulted in a significantly enhanced dynamic range,
where the decrease in the accumulated charge due to decreasing moles of MB-DNA during
monolayer formation was discernible from 500 pmol down to 5 fmol, corresponding to an
enhanced dynamic range of five orders of magnitude (Figure 4.9). This enhancement
corresponds to a 100-fold improvement in the sensitivity of the device and a dynamic range

down to femtomoles.

Implications

In this study, a new means to improve the sensitivity of DNA-modified electrodes by
electrocatalysis is presented using the novel electron sink hemoglobin. The use of low
density films is integral for current DNA-binding protein and oligonucleotide detection
strategies, and electrocatalysis with hemoglobin is shown to be the first compatible means
of enhancing the overall signal gain of these systems. Using a new flexible linkage between
MB and the DNA, and hemoglobin as an electron sink, DNA-mediated CT in low density
DNA films was electrocatalytically amplified. As an electron sink, hemoglobin is effective
through physiologically relevant ranges of pH and temperature and, as a compact protein,
does not carry out direct reduction at the surface, thus minimizing false positives. Restriction
enzyme reaction can be readily detected with high sensitivity, given the duplex accessibility
of the low density films and high efficiency of MB reaction with hemoglobin. Most
importantly, the sensitivity for MB-DNA reduction was demonstrated to be improved = 100-

fold upon electrocatalytic signal amplification. This enhanced sensitivity, which allows a
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Figure 4.9. Enhanced sensitivity for MB-DNA reduction upon electrocatalytic signal
amplification. Electrodes were incubated with 20 uL of MB-DNA of varying concentrations
ranging from 25 pyM down to 250 pM, resulting in the electrodes being exposed to 500 pmol
down to 5 fmol of MB-DNA during monolayer formation. The surfaces were thoroughly
washed and backfilled with mercaptohexanol prior to measurement. Scans were performed
in phosphate buffer (5 mM phosphate, 5 mM NaCl, 40 mM MgCl,, 5 mM spermidine, pH 7)
with and without hemoglobin (25 uM). The reduction of MB-DNA was quantified from the
reductive peak area in the CV (black), without hemoglobin, and the accumulated charge
after 10 sec in the chronocoulometry (red), with hemoglobin.
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high signal-to-noise ratio from an electrode assembled with femtomoles of MB-DNA, should
provide the response necessary to detect the unlabeled cellular markers, both DNA and
protein targets, at low concentrations (19,20). As electrocatalytic signal amplification with
hemoglobin is a general means of enhancing the sensitivity of current DNA-modified
electrode technologies, it should be applicable to many DNA electrochemical strategies

based on redox reporting of MB.
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CHAPTER 5

Multiplexed Electrochemistry of DNA-bound
Metalloproteins

Adapted from Pheeney, C.G., Arnold, A.R., Grodick, M.A., Barton, J.K. (2013) J. Am. Chem.
Soc. 135, 11869. Arnold, A.R. performed mutagenesis and protein purification for mutant

Endolll as well as circular dichroism. Grodick, M.A. performed protein purification of wild
type Endolll.
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ABSTRACT

Here we describe a multiplexed electrochemical characterization of DNA-bound
proteins containing [4Fe-4S] clusters. DNA-modified electrodes have become an essential
tool for the characterization of the redox chemistry of DNA repair proteins containing redox
cofactors, and multiplexing offers a means to probe different complex samples and
substrates in parallel to elucidate this chemistry. Multiplexed analysis of Endonucleaselll
(Endolll), a DNA repair protein containing a [4Fe-4S] cluster and known to be accessible via
DNA-mediated charge transport, shows subtle differences in the electrochemical behavior
as a function of DNA morphology. The peak splitting, signal broadness, sensitivity to 1-
stack perturbations, and kinetics were all characterized for the DNA-bound reduction of
Endolll on both closely and loosely packed DNA films. DNA-bound Endolll is seen to have
two different electron transfer pathways for reduction, either through the DNA base stack or
through direct surface reduction; closely packed DNA films, where the protein has limited
surface accessibility, produce electrochemical signals reflecting electron transfer that is
DNA-mediated. Multiplexing furthermore permits the comparison of the electrochemistry of
Endolll mutants, including a new family of mutations altering the electrostatics surrounding
the [4Fe-4S] cluster. While little change in the midpoint potential was found for this family of
mutants, significant variations in the efficiency of DNA-mediated electron transfer were
apparent. Based on the stability of these proteins, examined by circular dichroism, we
propose that the electron transfer pathway can be perturbed not only by the removal of

aromatic residues but also through changes in solvation near the cluster.
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INTRODUCTION

Multiplexed electrodes are emerging as a powerful analytical tool, particularly in the
development of electrochemical diagnostics for the detection of pathogens and cancer
markers (1-13). Multiplexed DNA-modified electrodes have been developed to sense an
extensive range of targets including small molecules (4, 5, 11), DNA (6, 10, 11, 12), RNA (8,
9, 11), and proteins (3, 7, 11-13). These devices all strive to achieve the same goals of
enhanced sensitivity, faster detection times, and tolerance to cell lysates (5, 9, 12). Despite
variety in the design of these multiplexed DNA-modified electrodes, they all possess the
same intrinsic benefits of statistical comparisons and parallel experimentation; these
advantages have proven to be essential for the electrochemical characterization of complex
systems. Ultimately, these technologies possess ideal attributes for performing the next
generation of fundamental electrochemical measurements, as they have been optimized for
low variability, real-time monitoring, and complex substrates.

The utility of multiplexed analysis for the fundamental studies of macromolecules
was demonstrated in the characterization of charge transport through DNA (12-14). One
such case is the measurement of ground state DNA-mediated charge transport (DNA CT)
through exceptionally long DNA distances up to 34 nm (14). DNA CT is the process through
which charge is conducted through the 1r-stack of the DNA base pairs (15-17). Both the
exquisite sensitivity of even a subtle perturbation in DNA stacking (18,19) and the shallow
distance dependence (14,15) of DNA CT have been characterized using DNA-modified
electrodes affixed with a redox-active moiety at the distal end of the duplex. Multiplexing
these DNA-modified electrodes onto a single device was crucial in establishing that the

electrochemical signal was generated via DNA CT over such long molecular distances and
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that the mr-stack of the DNA was well stacked and in a biologically relevant
conformation (14).

Here we utilize multiplexed technology to investigate the electrochemistry of DNA
repair proteins containing [4Fe-4S] clusters (Figure 5.1). DNA-modified electrodes have
become a necessary tool to investigate the electrochemistry of the iron-sulfur cofactor of
many DNA repair proteins, including Endonucleaselll (Endolll), MutY, UDG, SoxR, and
XPD, towards identifying the in vivo relevance for this redox activity (20-24). Upon DNA-
binding of Endolll, the 3/2" redox couple of its [4Fe-4S] cluster has been shown to shift
negative ~ 200 mV compared to freely diffusing protein, to approximately 80 mV versus
NHE (25). Thus binding of the DNA polyanion brings the 3*/2* redox potential of the [4Fe-
48] cluster into a physiologically relevant range. Moreover, disease related mutants show
deficiencies in DNA CT through their weaker electrochemical signals. Interestingly, DNA—
binding proteins involved in genome maintenance have increasingly been found to contain
[4Fe-4S] clusters (26-29). We have proposed that the redox chemistry of these [4Fe-4S]
clusters are critical as a first step in the search mechanism used by DNA repair proteins to
redistribute to the vicinity of DNA damage (21, 30). The proposed model hinges on the
ability of these [4Fe-4S] cluster proteins to electronically couple to the tr-stack of DNA in
order to perform efficient searching of the genome facilitated by DNA CT. This efficient
DNA-mediated CT between repair proteins seems to depend on the similar reduction
potentials of their clusters. The consistent DNA-bound midpoint potential of these various
proteins containing [4Fe-4S] clusters has been of particular interest. In this work, we
investigate how the electrostatics of the protein fold, in addition to binding of the DNA
polyanion, may tune the reduction potential of the cluster. Thus it becomes important to
characterize the DNA-bound electrochemistry of these proteins containing [4Fe-4S] clusters
in a quantitative manner that allows for direct side-by-side comparison of potentials and

couplings through multiplexing.
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Figure 5.1. Schematic depicting the versatility of multiplexed analysis for the investigation
of metalloprotein electrochemistry. Our multiplexed devices are composed of sixteen
electrodes that are divisible into four separate quadrants of four electrodes, having the
capability of producing four distinct experimental conditions on a single Au surface. This
assembly allows for facile comparisons of the electrochemical signal from various DNA-
bound proteins across varying DNA substrates and morphologies.

Multiplexed [4Fe-4S] cluster protein electrochemistry
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MATERIALS AND METHODS

Oligonucleotide preparation

All DNA substrates were synthesized on a 3400 Applied Biosystems DNA
synthesizer with all phosphoramidites and reagents purchased from Glen Research. The
sequences of the DNA substrates used were 5' - HS —(CHj)s— AGT ACA GTC ATC GCG - 3
for the thiol strand and 3' - TCA TGT CAG TAG CGC - 5’ for the complement strand.
Additional complements were prepared that yielded either a TC mismatch or an abasic site
at the position of the underlined adenine. Both the complement and thiol-modified DNA
were purified through standard procedures as previously reported (13). All single-stranded
DNA was purified by high pressure liquid chromatography (HPLC) using a reverse phase
PLRP-S column, purchased from Agilent. The identity of the oligonucleotides was
confirmed by matrix-assisted laser-desorption ionization — time of flight (MALDI-TOF) mass
spectrometry. The thiol-modified single stranded DNA was reduced with 100 mM
dithiothreitol (Sigma) in Tris buffer (50 mM Tris HCI, 50 mM NaCl, pH 8.4) for 40 min and
purified by size exclusion chromatography (Nap5 Sephadex G-25, GE Healthcare) as well
as reverse phase HPLC. Single-stranded DNA stocks were then desalted by precipitation in
ethanol and re-suspended in phosphate buffer (5.0 mM phosphate, 50 mM NaCl, pH 7.0).
Equimolar amounts of single-stranded stocks were combined based on quantification by
UV-Visible spectroscopy. The extinction coefficients at 260 nm from the IDT SciTools were
used for the quantification of the single-stranded DNA stocks. All DNA solutions were then
thoroughly deoxygenated with argon and annealed by heating to 90 °C followed by a slow

cooling to ambient temperature over 90 min.
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Site-Directed Mutagenesis

E200K, Y205H and K208E Endolll mutants were prepared using a pET11 vector
containing the nth gene with N-terminal ubiquitin and hexahistidine tags (22) and a
Quikchange lI-E Site-Directed Mutagenesis Kit (Stratagene). Y82A Endolll was prepared
previously (22). Primers were purchased from Integrated DNA Technologies and primer
sequences are provided in Table 5.1. All mutagenized plasmids were sequenced (Laragen)

to confirm the desired sequences.

Protein Overexpression and Purification

A stock of BL21star-(DE3)pLysS containing a pET11-ubiquitin-His6-nth construct
was used to inoculate a 100 mL culture of LB containing 100 pg/mL of ampicillin and
35 ug/mL of chloramphenicol. This culture was grown overnight at 37 °C with shaking.
Then, 1 mL of the overnight culture was used to inoculate each of four 1 L cultures of LB
containing the same amount of ampicillin and chloramphenicol as the overnight culture. The
1 L cultures were shaken at 37 °C until the ODgqo reached ~0.6 - 0.8. Enough isopropyl 3-D-
1-thiogalactopyranoside (IPTG) was then added to bring the total concentration of IPTG to
300 uM. The cultures were subsequently shaken at 150 rpm for ~ 3.5 hr at 30° C. The cells
were collected by centrifugation at 5,500 rpm for 15 min, flash-frozen, and stored at - 80 °C.
All subsequent steps were carried out at 4 °C or on ice. On the day of the purification the
pellet was re-suspended in 250 mL of Buffer A (20 mM sodium phosphate, pH 7.4, 250 mM
NaCl, 5 mM DTT, 5 % glycerol, DNase (Roche), RNase (Roche), and EDTA-free protease
inhibitor cocktail tablets (Roche)). The re-suspended cells were lysed via microfluidization.
The cell lysate was clarified by centrifugation at 17,000 g for 30 min. Enough NaCl was
added to the resulting supernatant to bring the NaCl concentration to 500 mM. The
supernatant was then loaded onto a Histrap HP column (GE Healthcare) that had been

equilibrated with buffer B (20 mM sodium phosphate, pH 7.4, 500 mM NaCl, 1 mM DTT).
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Table 5.1. Primer Sequences for Site-Directed Mutagenesis.

Mutation Primer

Y205H

5'- TGT GAA CAC AAA GAG AAA GTT GAC ATC TGA GGA TCC GGC TGC TAAC
-3' (Forward)

5'-GTT AGC AGC CGG ATC CTC AGATGT CAACTTTCTCTT TGT GTT CACA -
3' (Reverse)

E200K

5'-GCC CCG CTG TGG CTC TTG TAT TAT TAAAGA TCT TTG TGA ATAC -3'
(Forward)

5'- GTATTC ACA AAG ATC TTT AAT AAT ACA AGA GCC ACA GCG GGG C -3
(Reverse)

K208E

5'- GTG AAT ACA AAG AGG AAG TTG ACA TCT GAG GAT CCG GCT GCT AAC -
3' (Forward)

5'- GTT AGC AGC CGG ATC CTC AGA TGT CAA CTT CCT CTT TGT ATT CAC -3'
(Reverse)
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After washing with buffer B, Endolll was eluted using a gradient from 0-100 % buffer C

(20 mM sodium phosphate, pH 7.4, 500 mM NaCl, 500 mM imidazole, 1 mM DTT) over 20
column volumes. A yellow band that eluted at ~ 100 mM imidazole was collected. This
imidazole-containing buffer was then immediately exchanged into buffer D (20 mM sodium
phosphate, pH 7.4, 500 mM NacCl, 0.5 mM EDTA, and 20 % glycerol) using a HiPrep 26/10
desalting column (GE Healthcare). The protein solution, now in buffer D, was concentrated
down to ~ 5 mL using 10,000 MWCO Amicon Ultra-15 centrifugation filter units (Millipore)
and was loaded onto a HiLoad Superdex 16/600 75 pg size exclusion column (GE
Healthcare) that had been equilibrated with the protein storage buffer (20 mM sodium
phosphate, pH 7.4, 100 mM NacCl, 0.5 mM EDTA, 20 % glycerol). A clean peak that eluted
after approximately 50 - 55 mL of buffer had passed through the column was collected and
concentrated to achieve a final concentration of ~ 100 uM as quantified using an €440 of
17,000 M'em™ (30). The protein was then aliquoted, flash-frozen in liquid nitrogen, and
stored at - 80 °C. The approximate yield was 6 mg/L. The purity of the protein was

determined to be > 95% as analyzed by SDS-PAGE (data not shown).

Enzymatic assay for Glycosylase Activity.

Glycosylase activity was determined for each mutant (Y205H, K208E, and E200K)
compared to wild type Endolll based on previously established methods (22). Protein
samples (1 yM) were incubated for 15 min at 37 °C with 5’ radiolabeled 35-mer duplex DNA
modified with a 5-hydroxy-uracil. Reactions were quenched by adding 1 M NaOH to a final
concentration of 100 mM NaOH. The glycosylase activity was determined as the fraction of
14-mer product observed relative to the total quantity of DNA and the percent activity

compared to WT (Figure 5.2).
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Figure 5.2 Enzymatic assay for Endolll glycosylase activity. Glycosylase activity was
determined for each mutant (Y205H, K208E, and E200K) compared to wild type Endolll
based on previously established methods (22). For this assay, protein samples (1 uM) were
incubated for 15 min at 37 °C with 5-32P-radiolabeled 35-mer duplex DNA (100 nM)
modified with 5-hydroxy uracil, a substrate for Endolll, in 10 mM Tris HCI, 1 mM EDTA,

50 mM NaCl, pH 7.6. Reactions were then quenched by adding 1 M NaOH to a final
concentration of 100 mM NaOH, which was dried, and electrophoresed through 20%
denaturing PAGE at 90 W for 1.5 hr. Glycosylase activity of Endolll results in the
appearance of the 14-mer cleavage product in the denaturing gel. The glycosylase activity
was determined as the fraction of 14-mer product observed relative to the total quantity of
DNA and the percent activity compared to WT (purple) was then calculated for Y205H
(green), K208E (blue), and E200K (red). Two control lanes containing the 35-mer duplexed
DNA, yet lacking the enzymatic protein, were either untreated or treated with the 1 M NaOH.

WT E200K K208E Y205H Controls

[ 11 1 | 1 | |
——_ - - % Activity
Mutant Compared to WT
Parent 35-mer DNA
iy E200K 98.0x15
Cleavage 14-mer product K208E 95,8418
Ll L s t b b L & 4 & 1
-
Y205H 91621

Controls
1 - untreated 35-mer DNA modified with 5-hydroxy uracil
2 - NaOH treated 35-mer DNA modIfled with 5-hydroxy uracll
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Multiplexed Chip Fabrication

Multiplexed chips consisting of sixteen gold electrodes were prepared using standard
photolithography techniques as adapted from previously established protocols (13, see
Appendix Il for further details). Photoresist was used to pattern nine 1-inch-by-1-inch chips
on 525 um thick silicon wafers (SiliconQuest) that had a thermal oxide layer grown to a
thickness of roughly 4,000 A to insulate the wafer. A titanium adhesion layer (3 nm)
followed by a gold layer (100 nm) was deposited using an electron beam evaporator without
breaking the vacuum between depositions. The metal lift-off was performed directly after
metal deposition using Remover PG (MicroChem) heated to 60 °C for 1 hr. The wafers
were then dehydrated by baking at 180 °C for at least 2 hr and an insulating SUS8 layer
(3 ym) was coated on the wafer. This SUS8 layer was patterned such that the working
electrodes and contact pads were left exposed, yet the connective wires were covered to
define a controlled working electrode area (2 mm?). The SU8 was cured with a final hard
bake at 150 °C for 15 min. The wafer was then cleaved into individual chips (Dynatex

Scriber/Braker) to prevent any scratching of the exposed working electrode surfaces.

DNA-modified Electrode Assembly

Single electrode experiments were performed with a low-volume constrained
Au(111) on mica surface (Molecular Imaging), as previously established (20). Multiplexed
electrode experiments were performed with the sixteen-electrode chips divided into four
quadrants of four electrodes each (13). Multiplexed chips were cleaned in acetone and
isopropanol as well as ozone-cleaned for 5 min at 20 mW immediately prior to the assembly
into a holder and the exposure to thiol-modified DNA. The cleaned chip was then
assembled in a polycarbonate holder used to position the chip. A rubber gasket and acrylic

clamp was used to define the four quadrants and create a common central well. The rubber
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Buna N gasket (0.020" thick, unless otherwise indicated) and clamp are manufactured by
SAS Industries and Xcentric, respectively. A fresh gasket and clamp was used for each
experiment to prevent any cross contamination between experiments.

Duplex DNA (20 pl of 25 uM) was placed in each quadrant of a multiplexed chip and
left to self-assemble overnight (16 - 24 hr) in a humid environment. To ensure efficient
monolayer formation, thiol-modified DNA was used within two weeks of the dithiothreitol
reduction. Loosely packed DNA films were assembled in the absence of MgCl, while
closely packed DNA films were assembled with the addition of 100 mM MgCl,. Once DNA
films were assembled and thoroughly washed with phosphate buffer, the electrodes were
backfilled with 1 mM 6-mercaptohexanol (MCH) for 45 min in phosphate buffer with 5 %
glycerol. Background scans were acquired with common running buffers exposed to the
electrodes. An initial background scan is acquired in phosphate buffer (56 mM phosphate,
50 mM NacCl, pH 7.0) followed by a subsequent scan in spermidine buffer (5 mM phosphate,

50 mM NacCl, 40 mM MgCl,, 5 mM spermidine, pH 7.0).

Protein Electrochemical Measurements

Electrochemical measurements were performed with a CHI620D Electrochemical
Analyzer and a 16-channel multiplexer from CH Instruments. A three-electrode setup was
used with a common Pt auxiliary and a quasi Ag/AgCI reference electrode (Cypress
Systems) placed in the central well of the clamp. Cyclic voltammetry data were collected at
100 mV/s over a window of 0.1 mV to -0.4 mV versus Ag/AgCI unless otherwise indicated.
After background scans, Endolll samples in phosphate buffer (20 mM sodium phosphate,
100 mM NaCl, 0.5 mM EDTA, 20 % glycerol, pH 7.4) were added to the central well or
separated quadrants (120 pL total for the four quadrants), ranging in concentrations from
30 — 90 uM quantified using the absorbance of the [4Fe-4S] cluster at 410 nm (¢ =

17,000 M'em™) (30). Endolll was allowed to incubate on the multiplexed chip for up to
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12 hr and monitored over time. The chip was stored in a humid environment between

subsequent scans to prevent solution evaporation and concentration consistency over time.

Circular Dichroism Thermal Denaturation

For protein samples (5 uM), the ellipticity at 223 nm (the largest difference between
native and denatured protein) was measured as a function of increasing temperature (20 °C
to 60 °C) using a Model 62A DS circular dichroism spectrometer (AVIV). All data shown are
the average of at least duplicate measurements. Measured ellipticity was converted to
fractional change in ellipticity by assigning the native protein a value of 0 and the fully
denatured protein a value of 1. In order to extract melting temperature values, data were fit
using a non-linear least-squares regression to a simple two-state unfolding model using the
Equation 5.1 (32). Reported errors in the thermal denaturation values are derived from this

fitting.

RESULTS

Multiplexed electrochemistry of Endolll

The electrochemical behavior of the [4Fe-4S] cluster of Endolll incubated on loosely
packed DNA films, assembled in the absence of MgCl,, was first compared between
individual and multiplexed electrode assemblies. A reversible signal for the [4Fe-4S]-cluster
of Endolll, with the ratio of the reduction and oxidation currents being near unity, at a mid-
point potential of 80 £ 3 mV vs. NHE was observed on both single electrode and multiplexed
assemblies (Figure 5.3). The signal size for the redox couple of Endolll depended on
incubation time and concentration on both assemblies; this behavior, as well as the mid-
point potential, is consistent with previously established results for Endolll on DNA-modified

electrodes (22). The consistency across all sixteen multiplexed electrodes was comparable
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Equation 5.1. Circular dichroism (CD) thermal denaturation data was fit using a non-linear
least-squares regression to a simple two-state unfolding model (32), where Y is the
fractional ellipticity, T is the temperature in Celsius, AH, is the enthalpy at the unfolding
transition, T, is the melting temperature (°C), R is the ideal gas constant, while m, and y,
describe the pre-transition (native protein) slope and y-intercept and my and y4 describe the
equivalent values post-transition (denatured protein). Reported errors in T, values are
derived from this fitting.

(it 0, T + (rg + mnsf'}ﬂw(%“ E':'!::' %})

1+ e (S (- 1))

Fwm
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Figure 5.3. (Left) The signals generated after incubation of loosely packed DNA-modified
electrodes with Endolll (30 uM) in phosphate buffer (20 mM sodium phosphate, 100 mM
NaCl, 0.5 mM EDTA, 20% glycerol, pH 7.4) were used to directly compared the single-
(solid) and multiplexed (dashed) electrochemical assemblies. The cyclic voltammetry (scan
rate = 100 mV/s) was normalized, based on the capacitance at 0.3 mV vs NHE, so relative
signal sizes could be compared across platforms. (Right) The variability of the Endolll
signal, under the same conditions, across all sixteen electrodes (light solid line) of a single
multiplexed device was within 3.5% of the average CV for the device (dark dashed line).
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to that seen with previous multiplexed DNA-modified electrodes and showed at most a
3.5 % deviation in signal size (Figure 5.3) (13). The analogous experiment run on individual
single electrodes would yield dramatically higher variability on the order of 20 - 40 % (22).
Due to the modular nature of the multiplexed electrode assembly, the thickness of
the rubber gasket used to seal the central well was varied to increase accessibility to the
electrodes. Background scans and Endolll signal sizes were compared for gaskets 0.064",
0.032", and 0.020" thick. Oxygen contributions in the background scans, likely caused by
trapped oxygen in close proximity to the electrode surface, were decreased drastically with
the use of the thinner gaskets, yielding much more uniform CVs and increased Endolll
signal size (Figure 5.4). Overall, the most exposed electrodes produced a featureless
background scan, resulting in a 0.020" thick Buna N gasket being utilized for all subsequent

experiments.

Endolll on differing DNA monolayers.

The effect of DNA substrates and film morphology on the Endolll signal was next
investigated. Allowing the self-assembly of DNA monolayers to form in the presence of
MgCl, dramatically affects the film packing and ultimately the density of the DNA monolayer
formed (33). In the presence of MgCl,, the negative charge of the DNA phosphate
backbone is screened, allowing neighboring duplexes to more closely associate and self-
assemble into a tightly packed DNA monolayer.

Incubation of Endolll on DNA-modified electrodes assembled with duplex DNA
(dsDNA) was found to produce a redox couple with the same mid-point potential as
previously described (80 + 3 mV vs. NHE) regardless of DNA film morphology, while single-
stranded DNA (ssDNA) monolayers showed cyclic voltammograms that were relatively
featureless compared to background scans, even after 8 hr of protein incubation

(Figure 5.5). As both the underlying gold surface and the protein solution were common
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Figure 5.4. Cyclic voltammetry (scan rate = 100 mV/s) of Endolll (30 uM) incubated on
closely packed well-matched duplex DNA monolayers acquired in phosphate buffer (20 mM
sodium phosphate, 100 mM NaCl, 0.5 mM EDTA, 20 % glycerol, pH 7.4) are presented.
Three different thicknesses for the Buna N gasket, utilized during the multiplexed chip
assembly, were tested: 0.064" (green), 0.032" (red), and 0.020" (red). With decreasing
gasket thickness the signal generated from Endolll is shown to increase while the
background contributions decrease. Inset: Background signals acquired prior to the addition
of Endolll in spermidine buffer (56 mM phosphate, 50 mM NaCl, 40 mM MgCl,, 5 mM

spermidine, pH 7.0).
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Figure 5.5. The electrochemistry of Endolll on DNA-modified electrodes was determined as
a function of the underlying DNA film morphology. DNA monolayers were allowed to self-
assemble over 16 - 24 hr either with or without 100 mM MgCI, to form either closely (purple)
or loosely (blue) packed DNA monolayers. All morphologies were directly compared on the
same multiplexed device so the differences in the Endolll (60 uM) redox signal could be
resolved. Cyclic voltammetry scans (scan rate = 100 mV/s) were compared in phosphate
buffer (20 mM sodium phosphate, 100 mM NacCl, 0.5 mM EDTA, 20% glycerol, pH 7.4) and
the peak splitting and signal size were both quantified. Single-stranded DNA monolayers
(grey) were prepared and shown to not produce a DNA-bound Endolll signal.
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across all electrodes, this appearance of a reversible redox couple from Endolll on the
dsDNA monolayers but not on the ssDNA films indicates that the signal generated from
Endolll is dependent on binding to duplex DNA. Moreover, since the DNA-bound redox
potential for Endolll is not observed on these ssDNA-modified electrodes, these ssDNA-
modified electrodes provide a useful control against surface contaminants.

The DNA-bound signal of Endolll was then compared on DNA-modified electrodes
assembled with different morphologies. The peak splitting for the 3"/2" redox couple of the
[4Fe-4S] cluster of Endolll was found to be dependent on monolayer morphology, while the
mid-point potential remained unaltered. The consistency of the mid-point potential between
the surface morphologies indicates that Endolll is in the same electrostatic environment,
bound to duplex DNA, regardless of the monolayer morphology. The closely and loosely
packed DNA monolayers show peak splittings of 88 + 4 mV and 64 + 2 mV respectively
(Figure 5.5). In addition to the increase in peak splitting, there is also a broadening of the
signal observed upon switching to the more closely packed DNA films. Increases in the
peak splitting and broadening of the redox couple are both indicative of decreases in the
rate of electron transfer and the homogeneity of the electrochemical process (34). These
two characteristics, an increase in peak splitting and heterogeneity, have previously been
seen as characteristics of a redox-active moiety on DNA-modified electrodes being reduced

by DNA CT (35).

DNA-mediated electrochemistry of Endolll

The mechanism of electron transfer to the [4Fe-4S] cluster in Endolll was next
investigated on both loosely and closely packed dsDNA-modified electrodes. DNA-mediated
reduction is exceptionally sensitive to even subtle perturbations to the intervening 1-stack
(18, 19). Therefore the yield of [4Fe-4S] cluster reduction was examined after introducing a

single perturbation site into the DNA duplexes self-assembled on the electrodes. Either a
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single thymine-cytosine mismatch (TC) or an abasic site (Ab) were incorporated into thiol-
modified dsDNA near the electrode surface to prevent Endolll binding to the 1r-stack below
the perturbation site, as Endolll binds non-specifically to non-substrate DNA. The dsDNA
stocks for the well-matched (WM), TC, and Ab sequences were all quantified and annealed
using the same thiol-modified ssDNA stock. This consistency of the thiol strand avoids any
variability caused by the efficiency of monolayer formation due to the reactivity of the thiol-
modifier. These dsDNA sequences, as well as a ssDNA control, were then assembled on a
multiplexed chip.

The reduction signal for the [4Fe-4S] cluster of Endolll was characterized across
these different DNA substrates on both loosely and closely packed films (Figure 5.6). When
these DNA substrates were assembled in the presence of MgCl,, producing closely packed
DNA monolayers, the reduction signal of Endolll was attenuated upon introducing single
base pair lesions. The WM, TC, and Ab dsDNA monolayers gave signal sizes of 56 £ 1 nA,
42 + 1 nA, and 41 % 4 nA respectively after Endolll incubation (60 uM for 8 hr), resulting in
an average signal attenuation of 24 £ 1% and 26 + 2% upon incorporating a TC mismatch or
an abasic site, respectively (Figure 5.6). This attenuation in the reduction signal due to the
incorporation of perturbations to the 1r-stack support the assignment of the electrochemical
signal from Endolll observed on closely packed DNA films being mediated by DNA CT.
Conversely, when the same set of DNA substrates was compared using loosely packed
DNA monolayers, there was no significant difference in the reduction signal observed with
the introduction of these perturbations. The loosely packed DNA monolayers of WM, TC
mismatched, and Ab DNA produced signal sizes of 45 + 0.3 nA, 42 + 1 nA, and 44 + 1 nA
respectively, which yield a p-value > 0.05 when compared using a one-tailed t-test, do not
display statistically significant signal attenuation as compared to Endolll bound to the closely
packed DNA monolayer. This lack of signal attenuation with the incorporation of

perturbation to the mr-stack indicates that the DNA-bound signal of Endolll is not mediated
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Figure 5.6. The degree of signal attenuation, induced by a single perturbation to the 1-
stack, for both closely and loosely packed DNA monolayers was investigated. (Left)
Schematic of multiplexed devices prepared with well-matched (blue), TC mismatched (red),
and abasic site (green) duplexed DNA, and a single-stranded control (black).The sequences
are indicated above. (Right) The reductive signals from DNA-bound Endolll in phosphate
buffer (20 mM sodium phosphate, 100 mM NaCl, 0.5 mM EDTA, 20% glycerol, pH 7.4) were
quantified for DNA monolayers assembled in both the presence (dark) and absence (light) of
100 mM MgCil; yielding closely and loosely packed DNA, respectively. The percent signal
attenuations of the TC mismatch and abasic site were determined based on the average
signal size, across all four electrodes in a quadrant, compared to that of well-matched DNA.
The signals generated from closely packed DNA-films displayed distinct attenuation upon
introducing either a mismatch or abasic site, while the signals from loosely packed DNA-
films did not display this sequence dependence.
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by electron transfer through the 1-stack in loosely packed DNA monolayers.

Kinetics of Endolll reduction

The kinetics of Endolll reduction was assessed on these two different dsSDNA
morphologies to explore further the mechanistic differences in the electron transfer
pathways. In addition to the peak splitting, the Endolll reduction on loosely and closely
packed DNA monolayers was found to differ in the signal accumulation, both as a function of
scan rate as well as incubation time. For a diffusion rate-limited process this signal
accumulation increased linearly as a function of the square root of the scan rate (34). The
[4Fe-4S] cluster signal of Endolll was measured over ten different scan rates, ranging from
10 mV/s to 200 mV/s, on both loosely and closely packed dsDNA films and plotted as a
function of the square root of the scan rate, v’ (Figure 5.7). In the case of loosely packed
dsDNA films, the current was found to be linear with respect to v*, as previously established
for the diffusion rate-limited reduction of DNA-bound [4Fe-4S] cluster proteins on this dsDNA
film morphology (24). The same protein solution on the same multiplexed chip displayed
nonlinear behavior on closely packed dsDNA films. More quantitative approaches for
determining the rate of electron transfer, such as the Laviron analysis, were not possible
due to the degree of heterogeneity of the observed electrochemical signals. However, the
total signal accumulation for the reduction of Endolll as a function of time on both these
dsDNA film morphologies displayed the same trend; loosely versus closely packed dsDNA
films accumulated signal linearly and nonlinearly respectively, over time (Figure 5.8). This
further supports the finding that only the signal observed on the loosely packed dsDNA films

is limited by diffusion.

Multiplexed characterization of DNA CT proficiency

Since the electrochemical signal for the [4Fe-4S] cluster of Endolll is generated
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Figure 5.7. Kinetic analysis of the signal generated from Endolll on differing DNA film
morphologies is indicated. Cyclic voltammetry (scan rates ranging from 10 mV/s to

200 mV/s) of Endolll were obtained in phosphate buffer (20 mM sodium phosphate, 100 mM
NaCl, 0.5 mM EDTA, 20% glycerol, pH 7.4) for both closely (solid) and loosely (outlined)
packed DNA monolayers. The reductive peak height for both morphologies on the same
multiplexed device was quantified and plotted as a function of the square root of the scan
rate, v*. The non-linearity of the signal from closely packed DNA films indicates that the
signal is not diffusion rate limited.
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Figure 5.8. Signal accumulation of Endolll as a function of time at various concentrations

on both closely and loosely packed dsDNA monolayers formed in the presence and

absence of 100 mM MgCl, during assembly, respectively. The peak signal current was
quantified based on the reductive signal of Endolll in the cyclic voltammaogram (scan rate =
100 mV/s) acquired in phosphate buffer (20 mM sodium phosphate, 100 mM NacCl, 0.5 mM
EDTA, 20% glycerol, pH 7.4).
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primarily via DNA CT on closely packed dsDNA films, the DNA CT proficiency of a known
disease-related mutant, Y82A, was compared to that of wild type Endolll using this
morphology. The Y82A mutant of Endolll has previously been shown to be DNA CT
deficient compared to wild type Endolll using individual DNA-modified electrodes (21, 22).
The DNA CT deficiency has been attributed to disruptions in the electron transport pathway
from the DNA m—stack to the [4Fe-4S] cluster due to mutation of the aromatic tyrosine
residue, located in close proximity to the T—stack based on the crystal structure of the wild
type protein bound to DNA (36). The quantification of the extent of DNA CT proficiency for
[4Fe-4S] cluster proteins has proven to be challenging due to the variability between
individual DNA-modified electrodes.

Multiplexed characterization of the wild type (WT) and Y82A mutant Endolll allows
for a more quantitative comparison of the extent of coupling with the DNA-modified
electrode. Multiplexed chips were assembled with half well-matched and half TC-
mismatched closely packed dsDNA films. Orthogonally, WT and Y82A Endolll were added
to two quadrants each, such that each protein was incubated on both well-matched and TC-
mismatch DNA-modified electrodes (Figure 5.9). Samples of equal protein concentration
were prepared based on the absorption at 410 nm, reflecting the [4Fe-4S] cluster
concentration for each protein (~ 70 uM). Using this multiplexed configuration, the reduction
of the [4Fe-4S] cluster in both WT and Y82A mutant Endolll was confirmed to have been
generated via DNA CT, since both proteins displayed signal attenuation (23 £ 3 %) upon
introducing a TC mismatch. Furthermore, the signal from Y82A was 72 £ 5 % attenuated
compared to that of wild type Endolll. Taken together with the attenuation upon mismatch
incorporation, the observation of decreased DNA-mediated signal intensity verifies that the
Y82A mutation results in a deficiency in DNA CT. Circular dichroism (CD) thermal
denaturation confirmed that the stability of the protein fold was relatively unaltered upon

introducing the Y82A mutation (Figure 5.9). Upon fitting the thermal denaturation curves to
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Figure 5.9. Comparison of the electrochemical properties and stability of wild type Endolll
and a Y82A mutant. (A) Multiplexed electrode assembly schematic where electrodes are
assembled with 100 mM MgCl,, with either well-matched (blue) or TC mismatched (red)
duplexed DNA, and then incubated with either wild type (purple) or Y82A (orange) Endolll
(90 uM, based on absorbance at 410 nm). (B) Cyclic voltammetry (scan rate = 100 mV/s)
in phosphate buffer (20 mM sodium phosphate, 100 mM NaCl, 0.5 mM EDTA, 20% glycerol,
pH 7.4) are indicated for both wild type and Y82A Endolll on closely packed, well-matched
DNA monolayers. (C) The reductive signal upon introducing a TC mismatch (red) compared
to well-matched (blue) validates the mechanism of reduction to be DNA-mediated for both
proteins. (D) Circular dichroism thermal denaturation (5 uM protein) validates that the Y82A
mutation does not significantly alter the stability of the protein.

A Device Schematic B Electrochemical Proficiency
120
Wild Type Endolll —— WildType
90|
:' q g Y82A
60
Y| FL) a
=9 Gl =
N £ 30
(Y € £ o
£I!§! gt~ g' 6 1 asona 3 -30
7 et ek
=
WM dsDNA
-80
0.3 0.2 0.1 0 0.1 -0.2
D Stability of Endolll mutation Poteritial vs NHE (V)
Ty C DNA-mediated Reduction
10 — WT,Tm=485%03°C x\rr‘irrru
084 — Y82A,Tomy=49.1403°C o Wild Type Endolll o 0Y82A Endolll Mutant
4 f3
0.6 ff 60.0

15.0

45.0
10.0

=
P
|

30.0

Fractional Change in Ellipticity
T,

Peak Height (nA)
Peak Height (nA)

iF
0.0 2% '{'ﬁ‘:'!’_'z—'ﬁﬁ‘
I 1 I 1

20 30 40 50 60 0.0
Temperature (°C)

15.0 5.0

0.4 - ’V}/
£
I

0.0




127

a 2-state unfolding model (32), melting temperatures for Y82A and WT Endolll were found

to be 49.2 £ 0.3 °C and 48.5 + 0.3 °C respectively.

Direct comparison of electrostatic Endolll mutants

Finally, the multiplexed DNA-modified electrodes were harnessed for the
characterization of a new family of Endolll mutants relative to wild type protein. In designing
this new family of Endolll mutants, only residues that were unlikely to cause significant
changes in the DNA-binding affinity of Endolll were chosen (37). The glycosylase activity of
these mutants was verified to be within error of wild type protein (Figure 5.2), so that the
observed electrochemical differences could not be attributed to deficiencies in DNA binding.
The Y205H, K208E and E200K Endolll mutations investigated were originally designed to
explore a possible shift in the mid-point potential of the [4Fe-4S] cluster, since these
mutations alter the electrostatics surrounding the cluster. However, as can be seen in
Figure 5.10, when compared in parallel on a single multiplexed chip on a closely packed
dsDNA film, the mid-point potential of all the mutants is not found to be statistically different,
1+ 10 mV of the WT protein (Figure 5.10). Likely, the electrostatic effects of the DNA
polyanion, along with the associated counter ions, mitigate any effects of local electrostatic
changes of nearby peptides.

Interestingly, despite the lack of difference in mid-point potential, large differences in
signal intensity between the mutants relative to WT were observed when the
electrochemistry of the proteins was assayed at equivalent concentrations based on the
absorbance of the [4Fe-4S] cluster at 410 nm, which are statistically significant with 95%
confidence based on a two-tailed t-test. E200K yields a reductive current of 14.8 £ 0.3 nA in
the cyclic voltammaogram, and is seen to be CT-deficient relative to WT Endolll which

displays a current intensity of 24.4 £ 0.8 nA. In contrast, K208E and Y205H exhibit
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Figure 5.10. Electrochemical and stability comparison of a new family of electrostatic
Endolll mutations, Y205H (green), K208E (blue), and E200K (red), with wild type Endolll
(purple). (Left) Cyclic voltammetry (scan rate = 100 mV/s) in phosphate buffer (20 mM
sodium phosphate, 100 mM NaCl, 0.5 mM EDTA, 20% glycerol, pH 7.4) is displayed for all
four proteins on closely packed, (assembled with 100 mM Mg Cl,) well-matched DNA
monolayers. Protein samples have equivalent concentrations of [4Fe-4S] (70 uM based on
the 410 nm absorbance). (Right) Circular dichroism thermal denaturation (5 uM protein)
was performed to correlate the altered electronic coupling of these mutations in close
proximity of the [4Fe-4S] cluster with the altered stability of the protein.
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significantly larger signals, 56.5 £ 2 nA and 118 £ 6 nA, respectively, relative to the WT
protein.

To explore these significant differences, CD thermal denaturation experiments were
performed. The melting temperature for the Y205H, K208E and E200K Endolll, as well as
wild type protein (5 uM) are 45.0 £ 0.3 °C, 45.3 £ 0.3°C, 49.3 £ 0.3 °C, and 48.5 £ 0.3°C
respectively (Figure 5.10). The denaturation temperature of these Endolll mutants
correlates with the electrochemical signal size. Those that show a thermal stability that is
reduced relative to the wild type protein show a significantly higher signal size
electrochemically. Conversely, E200K is slightly stabilized relative to the wild type protein,
and displays an attenuated electrochemical signal. For all proteins, the signal initially grows
with time and subsequently diminishes over extended incubation times. This signal
decrease with time correlates with the thermal stability of the proteins; those proteins that
are thermal destabilized diminish faster, while the signal persists for more stable proteins
(Figure 5.11). Notably, the Y205H mutation, which is involved in hydrogen bonding to the
[4Fe-4S] cluster, is found to be the most proficient in DNA CT, with a 5-fold larger signal
than wild type, and the least stable mutant by both electrochemical measurements and CD

thermal denaturation.

DISCUSSION

Multiplexed electrochemical analysis of Endolll

In this study, the redox activity of the [4Fe-4S] cluster of Endolll upon DNA binding
was investigated using multiplexed DNA-modified electrodes. The utility of multiplexed
analysis has previously been illustrated in using DNA-modified electrodes for the detection
of biomarkers (3-11), as well as in performing sensitive measurements of DNA CT on long

DNA duplexes (14). As there is growing interest in understanding the redox properties of
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Figure 5.11. Electrochemical stability of Endolll mutants. (Left) Protein concentrations
were normalized for electrochemistry coupling to yield approximately equivalent signal sizes
at early time points (~ 4 hr). Cyclic voltammetry (scan rate =100 mV/s) acquired in
phosphate buffer (20 mM sodium phosphate, 100 mM NaCl, 0.5 mM EDTA, 20 % glycerol,
pH 7.4) for wild type (purple), Y205H (green), K208E (blue), and E200K (red) Endolll are
presented. (Right) After extended incubation (~20 hr) on the multiplexed chip, the
electrochemical signal from the electrostatic Endolll mutants and wild type protein
diminished based on their CVs. The degree of signal loss directly correlates with the
stability and DNA CT proficiency of the proteins, with the remaining signal size decreasing in
the following order: E200K (red), wild type (purple), K208E (blue), and finally Y205H (green),
which had no discernible signal remaining.
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proteins containing [4Fe-4S] clusters that are involved in genome maintenance, the
extension of multiplexed analysis has become essential to investigating these complex
proteins and their subtle differences in redox behavior.

The electrochemical signal of Endolll obtained using multiplexed DNA-modified
electrodes was shown to be comparable to that seen using individual DNA-modified
electrodes (20-22). Differences in peak potential and signal size are difficult to compare on
individual electrodes, given the variability in DNA-modified surfaces among experiments.
The complexity of protein samples further amplifies this variability. Multiplexing removes the
variability associated with protein preparation and surface modification. Specifically,
multiplexing allows, with confidence, for a given protein to be examined in parallel across
different DNA substrates or for many proteins to be compared on a given DNA-substrate.
Thus, by harnessing this ability to probe in parallel for subtle differences in the
electrochemical signal of Endolll, effects of DNA substrate and morphology can be

elucidated.

Mechanistic insights into Endolll electrochemistry

Multiplexed analysis of the 3'/2" redox couple of Endolll on differing DNA
morphologies show subtle differences in the DNA-bound electrochemical signals. These
differences in electrochemistry result from differences in electron transfer pathways between
the electrode and DNA-bound Endolll that vary as a function of DNA film morphology. DNA-
modified electrodes with single-stranded DNA are found to function as an ideal control.
Since Endolll does not bind single-stranded DNA with high affinity, the single-stranded DNA
does not serve as a means to increase the local concentration of Endolll at the electrode
surface. Moreover it appears that the negatively charged signal-stranded DNA serves as an

effective passivation layer, preventing protein denaturation on the gold surface, a common
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occurrence for protein electrochemistry (38). Instead Endolll appears to be
electrochemically silent on these electrodes modified with single stranded DNA.

Secondly, the duplex DNA film morphology, established during electrode assembly,
is demonstrated to be critical in dictating the predominant electron transfer pathway between
the electrode surface and the [4Fe-4S] cluster of DNA-bound Endolll. Differing electron
transfer pathways to a single DNA-bound redox active moiety were previously characterized
using DNA-modified electrodes with covalent redox active reporters (14, 35). In the case of
a DNA-bound redox-active reporter, such as DNA-tethered methylene blue, it has been
shown that the accessibility of the redox-active moiety to the electrode surface determines
whether the predominant reduction mechanism is DNA CT or direct reduction by the surface
of the electrode (35). In the case of DNA-mediated reduction, we have established that the
rate limiting step for the DNA-mediated reduction of distally bound redox active species is
not DNA CT itself, but the tunneling through the alkane thiol linkage to the electrode (39).
The lateral charge diffusion through these DNA-modified films has also been established to
be quite slow, negating the possibility of cross-talk throughout these films (40). The redox
activity of Endolll on DNA-modified electrodes assembled with closely packed DNA
monolayers, with limited surface accessibility, displays all the previously established
hallmarks of a DNA-mediated reduction pathway, including increased peak splitting, signal
broadening, sensitivity to perturbations, and non-diffusion rate limited kinetics. Conversely,
the DNA-bound electrochemical signal from Endolll on loosely packed DNA films, which
have enhanced surface accessibility, displays the opposite electrochemical behaviors that
are characteristic of an electron transfer pathway that is not DNA-mediated. As both these
signals involve reduction of DNA-bound Endolll, the signals display only subtle differences.
Only by using multiplexed analysis to investigate the electrochemistry of a single protein
solution in parallel across differing DNA-modified electrodes are these two different electron

transfer pathways cleanly distinguishable.
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Electron transfer in Endolll mutants

Multiplexed analysis was demonstrated to be useful not only in the characterization
of different electron transfer pathways from the electrode surface to the DNA-bound Endolll,
but also in comparing directly the electron transfer efficiencies of different Endolll mutants.
As proof-of-principle, the DNA CT proficiency of a known disease-related Endolll mutant,
Y82A, was electrochemically compared to wild type Endolll. It has previously been
established that introducing the Y82A mutation into Endolll yields a functionally active
protein that is DNA CT-deficient (21). Due to the proximity of this aromatic tyrosine residue
to the DNA 1r-stack, the deficiencies in the electrochemical signal have been attributed to
disrupting the electron transfer pathway between the DNA and [4Fe-4S] cluster (21). Our
multiplexed experiment allowed for the validation of this result along with a more quantitative
assessment of CT deficiency.

The mechanism of reduction for both wild type and Y82A Endolll was shown to be
DNA-mediated on the closely packed DNA films, since both proteins display the
characteristic sensitivity to single base pair perturbations. The inherent DNA CT-deficiency
of Y82A was characterized in parallel so that the difference in electrochemical efficiency of
Y82A bound to DNA compared to wild type can be conclusively attributed to decreased DNA
CT proficiency. The degree of DNA CT deficiency quantified for this mutant was found to be
twice as pronounced compared to previous measurements, given the overall decreased
variability of the DNA-modified electrodes and, importantly, the decreased contributions from
surface reduction of the [4Fe-4S] cluster due to the optimized DNA morphology.

Moreover, this multiplexed technology is sufficiently reliable to permit
characterization of the effects on the electron transfer pathway of a new family of Endolll
mutations. This family was found to show significant differences in DNA CT efficiency, while

displaying very similar DNA-bound reduction potentials for the 3*/2* redox couple of the
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[4Fe-4S]. Key to conclusively attributing differences, or lack thereof, observed in the mutant
electrochemistry to changes in the electron transfer pathway through Endolll was the ability
to perform this comparison on identical gold surfaces, allowing for the geometry of electron
transfer between the electrode and Endolll to be held constant.

Previous work by Burgess and co-workers that focused on changing the
electrostatics in Azotobacter vinelandii ferredoxin | resulted in large potential shifts; a single
phenylalanine to histidine mutation caused a shift of over 200 mV for the [4Fe-4S] cluster
while leaving overall protein structure unaffected (41). With the same aims, Endolll
mutations were prepared that invert the electrostatics of three residues within 4 A of the
[4Fe-4S] cluster that are oriented on the opposite face of the cluster relative to the DNA.
Multiplexed analysis of these three different Endolll mutants allowed for their simultaneous
comparison to wild type Endolll. The lack of distinguishable differences of the DNA-bound
midpoint potentials for these electrostatic Endolll mutants likely reflects the overwhelming
contribution of polyanionic DNA, as DNA binding already negatively shifts the reduction
potential of Endolll by approximately 200 mV (25). The strict consistency of the measured
DNA-bound midpoint potentials likely further derives from the screening effect of counter-
ions associated with the DNA, as well as from the broad, heterogeneous nature of the
observed DNA-mediated signals.

As mentioned above, we have proposed a model where DNA repair proteins
containing [4Fe-4S] clusters utilize DNA CT as a first step to localize to the vicinity of DNA
damage (21). All of the proteins that we have investigated thus far have similar DNA-bound
reduction potentials of approximately 80 mV vs. NHE (20). These results suggest that DNA-
binding could be a mechanism that standardizes the reduction potentials of iron-sulfur
cluster-containing DNA repair proteins once bound to DNA, allowing for efficient DNA-

mediated electron self-exchange between repair proteins.
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Unlike the Y82A mutation, these mutations were specifically designed to affect
residues in close proximity to the [4Fe-4S] cluster, but presumably without affecting the
pathway for DNA-mediated electron transfer (Figure 5.12). Nonetheless, as seen in Figure
5.10, these changes unambiguously result in significant changes in the DNA CT efficiency.
Multiplexed electrochemical characterization in conjunction with thermal denaturation
circular dichroism experiments indicates that the differences in DNA CT efficiencies of these
mutants are most likely caused by changes in the stability and solvent accessibility of the
[4Fe-4S] cluster. Those proteins with decreased thermal stability show increased DNA CT
yield compared to WT. Structured water molecules have been proposed to mediate efficient
biological electron transfer in several intra- (42, 43) and intermolecular protein systems (44-
46), generally by forming robust hydrogen-bonding pathways that increase electronic
coupling between the donor and acceptor (47). We hypothesize that the destabilization we
observed in Y205H and K208E Endolll may result in the formation of a water pocket in
Endolll that would facilitate ET, as we have suggested previously for other destabilizing
Endolll mutations (22). In the case of E200K, which is slightly stabilized relative to wild
type, substitution for a larger lysine residue along the face of the cluster may instead screen
the cluster from solvent and contribute to the observed CT deficiency. While the Y82A
mutant is marginally stabilized compared to WT Endolll, it is more significantly defective in
DNA CT proficiency compared to E200K. Therefore, the extent the DNA CT deficiency of
Y82A cannot be fully attributed to the change in stability and is thought to originate from
directly disrupting the electron transfer pathway. Overall, it appears that differences in DNA
CT proficiency can be caused both by altering the electron transfer pathway by removing
aromatics, and by more indirectly modulating the electronic coupling of the cluster by

changing protein stability and presumably solvent accessibility.
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Figure 5.12. Crystal structure of Endolll with the location of mutants shown relative to the
DNA (cyan) and [4Fe-4S] cluster: Y205 (green), K208 (blue), E200 (red), and Y82 (orange).
PDB: 2ABK with DNA from 1ORN.
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CONCLUSION

Multiplexed characterization of the DNA repair protein Endolll bound to DNA
provides new insights into the DNA-mediated reduction of this metalloprotein and the
resolution of subtle electrochemical variations associated with DNA substrate and surface
morphology. Multiplexed analysis leads to more reliable statistics as well as decreased
surface variability and background contribution. The reduction of Endolll is seen to be DNA-
dependent, yet once bound to duplex DNA, there are two different pathways through which
the electron transfer proceeds. The predominant mechanism for the reduction of the [4Fe-
48] cluster of Endolll is shown to correlate with the surface accessibility of the protein,
resulting in DNA-mediated reduction being observed only with closely packed DNA films. In
addition to the electron transfer pathway between the electrode surface and Endolll being
characterized, the use of multiplexed analysis also allowed for the direct comparison of
electron transfer pathways through the protein itself. The electrochemistry and stability of
various Endolll mutants was characterized, including a new family of mutations introducing
electrostatic changes in close proximity to the [4Fe-4S] cluster. The stability of a given
mutation was shown to correlate with the electrochemical yield, leading to the hypothesis
that mutations not directly on the electron transfer pathway through the protein can alter the
rate of electron transfer by affecting the solvation surrounding the [4Fe-4S] cluster. Most
interestingly, this side-by-side quantitative comparison of varying electrostatics in the protein
fold provides a demonstration of the dominance that DNA-binding elicits on the reduction
potential of DNA repair proteins.

These multiplexed chips provide the needed flexibility and robustness to characterize

the redox activity of emerging [4Fe-4S]-containing proteins that bind DNA. Multiplexed
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analysis will be integral in relating the function and redox activity of these DNA-binding

proteins in order to establish roles for these critical redox active co-factors in vivo.
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INTRODUCTION

The procedures here are modified (7, 2) and augmented (3) from previously
published work. See Figure A1.1 for overall synthesis strategy for butanoic acid-modified

Methylene Blue (MB’).

MATERIALS AND METHODS

Materials

All reagents and solvents were purchased from Sigma Aldrich and used without

further purification.

Synthetic procedure for 2-amino-5-dimethylaminophenylthiosulfonic acid (1, 3).

Table Al1.1. Reagents for the synthesis of 2-amino-5-dimethylaminophenylthiosulfonic acid.

Reagents Molecular Moles Mass (g) Dissolve in
Weight (g/mol) (mmol) H,O (mL)
1 | N,N-dimethylphenylene diamine 136.19 73 10 -
2 | Alx(SO,)s - 18H,0 666.42 65 43.6 100
3 | Na;S,03 - 5H,0 248.18 140 22.0 80
4 | ZnCl, 136.28 63 8.8 12
5 | KyCr,05 294.19 17 5.0 30

1. Add reagent 1 to a 500 mL round bottom flask.
2. Dissolve individually reagents 2 through 5 in indicated volumes of DI Water.
3. Add 2 to flask followed by 3 and then 4.

4. Cool reaction mixture down to O °C with an ice bath.



Figure Al1.1. Synthetic Scheme for butanoic acid modified MB
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5. Slow step-wise addition of 5 to chilled flask over the course of 15 min.
a. Maintain the reaction at O °C throughout addition of 5, slow down addition if
temperature rises.
6. Let reaction proceed for 3 hr.
a. Important: Reaction is exothermic therefore perform in fume hood and
monitor regularly.
7. Remove from ice bath and let the reaction warm to room temperature.
8. Isolate precipitate by vacuum filtration, using a large Buchner funnel and an aspirator.
a. Wash precipitate with water, acetone, ethanol:diethyl ether (1:1).
b. Note, excessive washing will cause loss of product.

9. Collect pink solid without further purification and place under vacuum to dry solid.

Characterization

Yield ~50%.

ESI-MS in ACN: 247.02 g/mol [M-H]".

Synthetic procedure for N-methyl-N-ethyl-4-butanoate aniline (2, 3).

Table A1.2. Reagents for the synthesis of N-methyl-N-ethyl-4-butanoate aniline.

Mole_cular _ N . Moles Mass/
Reagents Weight Density Boiling Point (mmols)
(g/mol) Volume
1 | N-methyl Aniline 107.15 0.989 | 15at 0.2 mm Hg 140 15.17 mL
2 | Ethyl 4-bromobutanoate 195.05 1.363 | 46 at 0.2 mm Hg 140 20.0 mL
3 | Sodium Acetate 82.03 140 119g
4 | lodine 253.81 0.4 0.12g

1. Combine equimolar amounts of 1 and 2 into a 100 mL round bottom flask.

2. Stir reaction and add 3 followed by a catalytic amount of 4.
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3. Reflux the reaction in an oil bath (~ 110 °C) for 16 hr.
4. Let reaction mixture cool to room temperature.
5. Check reaction by TLC and visualize under UV.
a. Runin 95 % Chloroform & 5 % Methanol.
6. Dissolve reaction in H,O (15 mL) and transfer to a separation funnel.
7. Make aqueous layer basic with 1 N NaOH, test by pH paper.
a. AtpH > 7 the product is deprotonated and is in the organic layer.
8. Extract organics with ether (15 mL x 3 times).
a. Reagents 1 & 2 and desired product will be in the organic layer.
9. Dry ether by adding MgS0O, (~30 g) to the ether collection flask.
10. Gravity filter ether, removing drying agent.
11. Purify by vacuum distillation: starting material should come off around 20 — 30 °C at
0.2 mm Hg while product is at 110 °C at 0.2 mm Hg.
a. Ensure adequate vacuum pressure.
b. Clean, grease, and assemble simple vacuum distillation glassware.
Fractionating distillation column is not necessary.
c. Place reaction vessel over a hot plate.
d. Heat reaction mixture to 50 °C and collect everything in first round bottom.
e. Heatto 120 °C, collect first 10 % in first round bottom and the rest into the
second round bottom, this will be your clean product (clear/yellowish).

Important: Do not leave oil bath unattended at these temperatures.

Characterization

Yield ~60%.
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"H NMR (500 MHz, CDCly): 5 7.34-7.08 (m, 2H), 6.87-6.54 (m, 3H), 4.17 (qt, J=7.1, 1.0Hz,

2H), 3.48-3.27 (m, 2H), 2.96 (s, 3H), 2.38 (t, J=7.2 Hz, 2H), 2.02-1.81 (m, 2H), 1.29 (i,

J=7.1, 1.0 Hz, 3H).

3C NMR (126 MHz, CDCl3): & 173.27, 149.27, 129.20, 116.24, 112.23, 60.41, 51.94, 38.30,

31.61, 22.20, 14.27.

ESI-MS in ACN:H,0:HAc: 221.3 g/mol [M]".

Synthetic procedure for N-methyl-N-(carboxypropyl)aniline (2, 3).

Table A1.3. Reagents for the synthesis of N-methyl-N-(carboxypropyl)aniline.

Reagents

Molecular Weight
(g/mol)

Moles (mmol)

Mass (g)

1 | Ethyl 4-(methyl(phenyl)amino)butanoate

221.30

45

10

1. Add reagent 1 to a 250 mL round bottom flask.

2. Dissolve in 150 mL 5 % by weigh KOH.

3. Reflux for 2 hr (~105 °C).

a. Carboxylic acid is soluble in aqueous solvent; therefore reaction can be

monitored by increased solubility.

4. Cool reaction and transfer to a separation funnel.

5. Wash with ether (2 x 70 mL).

a. Carboxylic acid product is deprotonated under these basic conditions and is

in the aqueous layer. Ether is top layer, so between each washing collect

both the aqueous and organic layer. Clean separation funnel and re-add the

aqueous layer for next washing.

6. Adjust pH of aqueous layer to pH = 5.5 with concentrated HCI (~ 13 mL).

7. Extract with ether (3 x 100 mL).
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a. Carboxylic acid product is protonated under acidic conditions and is in the

organic layer.

8. Dry organic layer over MgSO, and remove solvent.

Characterization

Yield ~ 80%.

"H NMR (500 MHz, CDCl5): & 7.34-7.12 (m, 2H), 6.90-6.53 (m, 3H), 3.51 (q, J=7.0Hz, 2H),

2.94 (s, 3H), 2.43 (t, J=7.2 Hz, 2H), 1.94 (p, J=7.3 Hz, 2H).

3C NMR (126 MHz, CDCl5): 5 179.07, 149.18, 129.22, 116.72, 112.64, 52.07, 38.52, 31.46,

21.90.

ESI-MS in ACN:H,0O:HAc: 193.3 g/mol [M]".

Synthetic procedure for N-(carboxypropyl)-Methlyene Blue (MB') (3).

Table Al.4. Reagents for the synthesis of N-(carboxypropyl)-Methlyene Blue (MB’).

Molecular Weight Moles
R t M
eagents (g/mol) (mmol) ass (g)
1 2-§m|no-§-(d@ethylammo)phenyl 247 31 9.7 240
thiosulfonic acid
2 | 4-methyl phenylamino butanoic acid 193.24 9.7 1.87
3 | 50% w Ag,CO; on Celite 275.79 (Ag2.CO3 ) 10

Important:

0 MPB’is soluble in DMSO, DMF, Methanol, ACN (from most to least).

0 Does not NMR well until COMPLETELY dry due to resonant structures.

0 MB’ has an exceptionally large extinction coefficient so solutions must be

exceptionally dark.

1. Combine equimolar amounts of 1 and 2 in equimolar in a 500 mL flask.
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2. Dissolve in Methanol:H,O 200 mL : 80 mL and mix solution.
3. Heat the solution just below refluxing (~60 °C).
4. Slow step-wise addition of 3 over 15-30 min.
5. Reflux reaction for 2 hr.
6. Let reaction return to room temperature.
7. Vacuum filter the reaction mixture through Celite and wash with methanol.
a. Pack a Buchner funnel with Celite prior to filtering reaction and wash with
methanol.
8. Remove solvent and dry load reaction mixture onto 0.4 Silica gel.
a. Re-suspend reaction mixture in minimal methanol and toluene.
b. Add silica, remove solvent and place under vacuum overnight to remove any
trace solvent.
9. Pack a dry column with high grade Silica (4).
a. Safety: Wear a mask the full time working with this silica to avoid inhalation.
b. Load silica roughly 3 to 4 fingers high and vortex to pack the silica.
c. Add dry loaded Silica on top of packed column.
d. Add an additional 6 inches of Celite, attach aspirator and a 500 mL flask.
10. Run column.
a. Start with 20 mL portions of CHCIl;:MeOH:HOAc (100:15:1.5) to elute
impurities.
b. Completely dry column between changing solvent and collection flask
otherwise column will crack.
c. Step-wise increase Methanol component until the blue band elutes.
11. Remove solvent, transfer to a vial, and use ether washes to remove as much water

as possible. Date and store in the freezer.



Characterization

Yield ~ 20%.

ESI-MS in MeOH:H,0:HAc (1:1:0.1%): 356.3 g/mol [M-H]".

Synthetic procedure for MB"-NHS ester (Figure A1.2) (3).

Table A1.5. Reagents for the synthesis of MB'-NHS ester.

Reagents Molecular Moles Mass
Weight (g/mol) (mmol) (mg)
1 | Methylene Blue * (MB') 357.47 0.022 8
2 | N,N'-Dicyclohexylcarbodiimid (DCC) 206.33 0.045 9.3
3 | N-Hydroxysuccinimide (NHS) 115.09 0.045 52

1. In a scintillation vial combine 1, 2, and 3.
2. Add a minimal amount of DMF (~0.5 mL) to solubilize MB'.
3. Cover with aluminum foil and let stir at room temperature overnight.

4. Remove DMF and re-dissolve in 20 yL of DMSO per 1 mg MB’.

Characterization

ESI-MS in MeOH:H,0:HAc (1:1:0.1%): 453.3 g/mol [M-H]".
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Important: The carboxylic acid (356 g/mol), methyl ester (370 g/mol), and NHS ester

(453 g/mol) will all be present in MS if activation was successful.
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Figure Al1.2. Synthetic Scheme for NHS-ester activation of MB'.
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INTRODUCTION

The procedures here are modified from those published previously (1, 2). See

Figure A2.1 for the schematic of DNA synthesis and purification.

MATERIALS AND METHODS

Materials

All phosphoramidite reagents were purchased from Glen Reagents, including
potassium carbonate solution. Ammonium hydroxide (NH,OH), dithiothreitol (DTT), Nile
Blue (NB), and all solvents were purchased from Sigma Aldrich and used without further
purification. NHS-ester modified Methylene Blue (MB') was synthesized based on protocols

presented in Appendix I.

Step 1: Oligonucleotide Synthesis

Standard Conditions (Natural, Thiol-, or Amino-modified DNA)

1. Check waste, all liquid reagents, and phosphoramidites. Ensure that there is enough
reagent for the # of columns x # of bases being synthesized.
2. Use Change Bottle command for changing liquid reagents.
3. Use Autodilution command for the dilution of solid reagents.
a. For expensive phosphoramidites (thiol, amino, or any other modifiers) dilute
the 100 pmoles into 1.2 ml to yield enough phosphoramidite for six columns.
Stop the autodilution within the last 3 sec of the pressurization. This stops
the priming of the lines.
4. Run set up.

a. Load your sequence.



Figure A2.1. Schematic of DNA synthesis and purification.

Schematic of DNA purification chemistry
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b. Load the cycle, either 1 uM-PO-fix (when the lines have been primed) or
1 UM-PO-fix-cpg (when the lines have not been primed - stopped during
pressurization).

c. Ensure that the cleavage and DMT removal options are turned off, and that

the trityl limits are set to 0% and 85%.

5. When finished check that the trityl yield was > 92% and place columns on lyophilizer.

Ultra-mild Conditions (Nile-Blue Modified DNA)

1.

2.

3.

Use ultramild protected A & G bases (Pac-dA-CE and iPr-Pac-dG-CE respectively).
Switch to ultramild Cap A (THF/Pyridine/Pac,0).
Use ultramild protected columns if your first base is A or G; otherwise standard

columns are sufficient.

Step 1A: Solid Support Coupling (Nile Blue)

1.

Vortex and sonicate 9 ml anhydrous DCM (dichloromethane), 1 mL DIEA (N,N-
Diisopropylethylamine), and 150 mg NB in a glass vial to thoroughly mix.
Fill a 1 mL syringe with NB coupling solution and connect to one side of column.
Plunger solution into column to dispel air inside column and attach a second empty
syringe to the other side of the column.
Mix coupling reaction by pushing the solution between the two syringes. This must
be done in a fume hood behind the shield.
Wrap in parafilm and tape and secure onto shaker and let reaction proceed for 24 hr
(Figure A2.2). After 2 hr re-mix the reaction solution using the syringes in a fume
hood.
Discard coupling syringes and use 5 mL syringes to wash off excess NB.

a. Dichloromethane (DCM) 5 times with 5 mL; until only a light blue color

persists.
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Figure A2.2. Nile Blue coupling reaction to NHS-Ester modified DNA.
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b. Methanol 2 times with 5 mL; wash as quickly as possible and be prepared to
immediately quench with Acetonitrile (Methanol cleaves DNA from the CPG).
c. Acetonitrile (ACN) 5 times with 5 mL.

6. Dry columns on the lyophilizer.

Step 2: Deprotection and cleavage from solid support

Standard Conditions: Natural, Thiol-, or Amino- Modified DNA

1. Transfer solid support to a 1.7 mL eppendorf.
2. Add 800 ul of NH4OH, vortex, and clamp lids.
a. Use fresh NH,OH, stored at 4°C.
3. Place on 60 °C hot plate for 8 hr.
4. Refrigerate solution for 15 min to cool NH,OH.
a. Important: NH,OH tubes are unsafe to be opened while hot and DNA
sample will be lost.
5. Once cooled: vortex, pipette supernatant into filter tubes, and centrifuge to filter.
6. Add an additional 400 ul NH4OH to the solid support.
7. Vortex, pipette supernatant into filter tubes, and centrifuge to filter again.

8. Dry NH,OH solution on the speed vacuum.

Ultramild Conditions: NB Modified DNA

1. Follow the same procedure as above but replace NH,OH with Potassium Carbonate

and allow the reaction to sit at room temperature for 12 hr.

Step 3: HPLC Puirification - DMTON

Standard Conditions: Natural, Thiol, and Amino DNA

1. Add 600 ul of 5.0 mM phosphate buffer to dried samples from speed vacuum.

2. Re-suspend DNA, and transfer to a filter tube.
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3. Centrifuge for roughly 10 min and transfer into HLPC vial.

Ultramild Conditions: Nile Blue modified DNA

1. Run a Nap5 size exclusion column on NB-modified DNA to remove small molecules
prior to HPLC.
a. See DMT removal of Thiol-modified DNA for procedure for Nap 5 column.

2. Elute samples directly from Nap5 column into HPLC vial.

Instrument preparation

If it's the first time purifying DNA by HPLC create the necessary methods and sequence

before turning on the pump:

Start Method (####START):

Time (min) ACN 50 mM NH,OAc Buffer Flow rate
0 100 % 0 % 2.0 mL/min
15 5% 95 % 2.0 mL/min
DMT ON Method (###DON):
Time (min) ACN 50 mM NH,OAc Buffer Flow rate
0 5% 95 % 2.0 mL/min
30 75 % 25 % 2.0 mL/min
35 5% 95 % 2.0 mL/min

Monitor DNA at 260 nm & 280 nm; NB and MB at 580 or 600 nm.

End Method (##END):

Time (min) ACN 50 mM NH4OAc Buffer Flow rate
0 5% 95 % 2.0 mL/min
15 100 % 0% 2.0 mL/min
20 100 % 0 % 2.0 mL/min




160

Sequence table

Vial 91 Wash ##START 10ul

Vial 91 Wash ###DON 10ul

_ 10ul for analytical
Vial # Sample name ###DON )
600ul for collection

Vial 91 Wash #HHEND 10ul

Always run an analytical first to determine sample purity and retention time.

1. Load the Start Method & update your sequence.

2. Detach last column used and replace caps. Join inlet and outlet with metal adaptor.

3. Fill all solutions (Line B: ACN and Line C: 50 mM Ammonium Acetate Buffer) &
update solvent volumes by right clicking solvent bottles on instrument diagram.

4. Turn on the pump. Pump 100% ACN for 5 min, until pressure stabilizes.

5. Replace metal adaptor with column and let the pressure stabilize — document column
pressure at 100% ACN, as column ages and ultimately fails this will be marked by an
increased initial column pressure.

6. Check sequence parameters.

a. Subdirectory = initials, Operator = initials, Prefix = date

7. Start Run.

a. When collecting samples, DO NOT collect either front or end shoulders.
Only collect the main peak.

b. Typical Retention times: Natural ~12 min, Thiol ~20 min, Amino ~ 15 min,
NB ~ 20 min.

8. Freeze in liquid nitrogen and place samples on the lyophilizer.
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Step 4: DMT removal

Standard Conditions: Natural, Amino, and NB modified DNA

1.

2.

7.

Prepare 80% acetic acid with 20% H,O.
Add 250 pL to each dried sample from lyophilizer.
Vortex and centrifuge for a few minutes to force liquid from the sides into solution.
Let reaction proceed for 25 min.
a. Might see slight orange color from DMT group.
Transfer solution to a 1.7 mL eppendorf.
Add 1 mL Ethanol to quench the reaction and vortex.
a. Keep Ethanol in refrigerator such that it is chilled to aid in DNA precipitation.

Puncture cap with a needle and place on speed vacuum to dry.

DNA modified with 5’ Thiol-modifier (perform directly before running HPLC)

1.

2.

Re-suspend dried samples in 50 yl pH ~8.4 50 mM Tris HCI buffer.
Add 30 mg DTT (so final [DTT] = 100mM), vortex & centrifuge.
Let reaction proceed for 45 min.
Prep a Nap5 size exclusion column.

a. Remove top and bottom caps and place over a collection beaker.

b. Prime column with 3.0 mL 5.0 mM Phosphate Buffer.

i. Buffer runs through column by gravity and filter should be dry before
proceeding to next step.

Load sample onto column knowing exact volume (~70 uL).
Add ~420 uL phosphate buffer to move the DNA to the base of the column but not
elute it. Volume determined based on column capacity of 500 uyL (500 yL — 70 pyL =
430 pL).

Place Nap5 over HPLC vial and add 600 pL of phosphate buffer to elute DNA.



Step 5: HPLC Purification — DMTOFF

Sample preparation

1. Add 600 pl of 5.0 mM Phosphate buffer to dried samples unless it is 5-Thiol

modified DNA which can be used directly from the Nap5 column.
2. Vortex samples, transfer to a filter tube, and centrifuge.

3. Transfer into HLPC vial.

Instrument preparation

1. Same procedure as DMTON except for the method and retention times.

a. DMT OFF Method (###DOFF):
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Time (min) ACN Buffer
0 5% 95 %
35 15 % 85 %
40 5 % 95 %

b. Retention times: Natural ~12 min, Thiol ~15 min, Amino ~ 15 min, NB ~

30 min.

c. If DNA peak elutes in the first 8 min of the method update your method to be

isocratic for the first 7 min, held at 5% ACN & 95% Buffer as the DNA is

eluting within the dead volume of the column and therefore not being purified.

d. Don’t bother running analyticals for DMTOFF of MB and NB modified DNA on

PLRPS columns as they don't typically work.

Step 6: Mass Spec

1. Matrix-assisted laser desorption/ionization time of flight (MALDI TOF) mass

spectrometry to verify the identity of the oligonucleotide.

2. Use IDT to predict the molecular weight (MW) of the desired DNA sequence.
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a. Correct MW of 5' thiol modfied strand by subtracting 133 g/mol to account for

disulfide cleavage in the spectrometer.

Step 7 & 9: Desalt DNA

1. Add 100 ul H,O to dry lyophilized samples, vortex & centrifuge.

2. Transfer to a 1.7 mL eppendorf.

3. Add 1000 pl of cold Ethanol to eppendorf.

a. Keep Ethanol refrigerated to aid with precipitation.

4. Add 50 ul of 3 M NaCl to the tube formerly containing the dried sample and transfer
to eppendorf.

5. Vortex, freeze in liquid nitrogen, and centrifuge in the cold room for 25 min.

6. Pipette off supernatant.

7. Wash pellet with 400 ul of 70% EtOH/H,O (chilled).

8. Vortex, centrifuge (1 min), and pipette off supernatant.

9. Wash pellet with 400 pl of 100% EtOH (chilled).

10. Vortex, centrifuge (1 min), and pipette off supernatant.

11. Place pellet of DNA on the speed vacuum to dry.

Step 8: In solution coupling of MB’ to Amino modified DNA

** Most important information:
o Use Amino-modified DNA with DMT group removed.
e Reaction is buffered to pH 8.3-8.5 by 0.1 M NaHCOQOg3 (Figure A2.3).
o MB’-NHS is freshly activated in DMF but the DMF must be completely removed for
the coupling reaction to proceed.

e Nap5 column to remove excess MB’ in order to protect the HPLC column.
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Figure A2.3. In-solution coupling of NHS-ester modified MB with amino-modified DNA.
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1. Re-suspend desalted DNA pellet in 200 pl of 0.1 M NaHCOs.

2. Add ~ 50 pL of MB’-NHS in DMSO (see Appendix I).

3. Place on shaker and cover with aluminum foil and let shake overnight.

4. Purify MB'-DNA prior to HPLC with a Nap5 size exclusion column.

a.

b.

d.

Load sample onto column knowing exact volume (~250 puL).

Add ~ 230 uL phosphate buffer.

Add 800 pL of phosphate buffer to elute DNA into an HPLC vial making sure
to collect the first blue band.

See DMT removal of 5’-Thiol-modifed DNA for further details.

5. Purify by HPLC using the same protocol as DMTOFF.

a.

b.

Collect the peak that has absorbance at 260 nm, 280 nm, and 600 nm
(Figure A2.4).

Freeze and dry samples on the lyophilizer.

Step 10: Quantify and Anneal DNA

Important: Re quantify ssDNA after every freeze thaw cycle.

1. If DNA is dry, re-suspend in ~200 uL 5.0 mM Phosphate buffer.

2. Quantify DNA by UV-Vis.

a.

b.

Turn on both lamps on the UV-Vis and let warm up.
Blank UV-Vis with 400 pL phosphate buffer.
Make diluted samples for each ssDNA stock.
i. Add 1 ul—5 pL of ssDNA in 400 pyL phosphate buffer and vortex.
ii. Absorbance at 260 nm must be between 0.1 and 1.
Use the same cuvette for all samples and place in the UV-Vis in the same
orientation each time. Wash cuvettes with methanol and water between each

sample and dry thoroughly.
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Figure A2.4. Analytical HPLC traces for MB’ modified DNA purified using the DMTOFF
method. MB’-modified DNA is identified by the presence of a peak at all three wavelength
monitored (260 nm, 280 nm, and 600 nm). As an inset the full spectrum of MB’-modified
DNA is provided.
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Calculate ssDNA stock concentrations.
a. Use IDT to determine the extinction coefficient of your DNA.
b. If NB or MB use the appropriate correction factors.
Prepare stocks of 50 mM double stranded (ds) DNA in 5.0 mM Phosphate Buffer.
Bubble Ar for 1 min into solution to thoroughly de-oxygenate the solution.
Place on Thermocycler (File #9) to anneal DNA.
a. Heats to 90 °C, holds for 5 min, and then slowly cools over 90 min.

b. After the cycle is complete, store in freezer.
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APPENDIX 1l

Multiplexed Chip Fabrication
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INTRODUCTION

The procedures here are modified (7) and augmented (2) from previously literature
precedence. See Figure A3.1 for images of various multiplexed chips patterns that have

been fabricated using the below procedures.

MATERIALS AND METHODS

Materials

Silicon (1-0-0) wafers with a thickness of 500-550 ym, single side polished, and any
dopant were purchased from Silicon Quest International. Photoresists (Shipley), SU-8
(Microchem), and all developers were provided by the Kavli Nanoscience Institute (KNI). All
deposition metals were purchased and maintained by the KNI at purities > 99.99%.

Transparency masks were purchased from CAD/Art Services.

General Fabrication Procedures and Troubleshooting

See Figure A3.2 for the step-wise patterning of deposited metal and SU8 coating.
The most common problem encountered during fabrication is undesired features in the
photoresist or SU8 coatings. If this occurs the most liable cause is that the wafers were
insufficiently dehydrated; alternatively it can also be caused by contaminated
photoresist/SU8. When troubleshooting the photoresist/SU-8 quality, it is critical to realize
that the bake, exposure, and development parameters are not independent of one another.
Baking cures the photoresist/SU-8, slowing the development. Exposure to UV either
solubilizes or stabilizes the resist, depending on the polarity, by speeding up or slowing
down the development, respectively. Finally, the development time should ideally be 30 —

60 sec for even development of feature. For example, if the features are over developed,



171

Figure A3.1. Images of devices fabricated using standard photolithography of various
patterns. Devices for use in two different infrastructure assemblies are presented. Chips
with Pt counter and reference electrodes integrated into the device were prepared for use in
both assemblies.
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Figure A3.2. Depiction of the step-wise procedure for the deposition of metal features and
coating of SU-8 on thermal insulated SiO, wafers.
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instead of shortening the development time, the pre-bake time can be extended or the
exposure time adjusted, which will result in the same overall affect.

In general the overall quality of the SUS8 layer is the most critical component to
ensure successful electrochemistry. Defects in the SU8 layer have been seen to result in
minimal or no signals generated from the immobilized DNA. If the devices are not yielding
signals and there are no defects in the SU8, other possible causes are the adhesion of the
metal and the cleanliness of the surfaces. Poor metal adhesion can be identified by the
ability to easily scratch off the deposited metal. This can be fixed by increasing the HMDS
incubation time and/or the thickness of the Ti adhesion layer. Finally, plasma cleaning chips
directly before assembly with DNA for 5 min with O, (100 W at 1 Torr) can rescue chips if
the problem is quality of the Au surface. Plasma cleaning chips directly before assembly

with DNA is also useful for generally increasing signal sizes by ~10 - 20%.

Patterning with Positive Photoresist

1. Dehydrate wafers; bake wafers (140 °C) in either oven or hot plate for 30 min or
10 min minimum respectively.
a. Dehydration temperature is dictated by needing to be at least 20 °C above
the highest temperature used during the process.
2. Let wafers cool and then place wafers in HMDS chamber for 5 min.
3. Spin coat wafers with 2 ym of positive photoresist (MicroPosit S1813).
a. Use Laurel 2 and program E (2500 rpm for 30 sec for 2 uym thickness).
b. Center/balance wafer in laurel and then turn on vacuum to immobilize.
c. Pipette photoresist S1813 from middle of the bottle onto center of the wafer,

ensuring there is enough photoresist to fully coat the features on the wafer.
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Close lid and spin; when spinning is done check that the wafer is coated, then
release from vacuum, check that the back of wafer is clean of photoresist,
and if there is photoresist use a swab to remove with solvent.

If after spinning the photoresist does not cover the necessary features do not
bake wafer. PG remover, Photoresist Developer, or Nanostrip will all work to

remove the photoresist and restart the process including the dehydration.

4. Soft bake wafers on a hot plate at 115°C for 1 min.

a.

Make sure to equilibrate hot plate prior to use because ideally temperature is

within £ 1 °C.

5. Undercut photoresist by soaking in chlorobenzene for 5-10 min.

a.

Safety: Chlorobenzene is highly carcinogenic, therefore always keep petri
dishes covered with lids and thoroughly dry with N, gun while under the fume
hood. If fumes start to persist throughout the solvent room, stop and find a

staff member in the KNI.

6. Expose photoresist to UV light using contact aligner (Karl Suss)

a.

b.

Load the 5” mask holder and 4” wafer holder
Turn on monitor and pump and check that the lamp is on channel 2 for the g-
line. Load mask and the soft contact program.
Edit program parameters: alignment gap of 20 um, exposure time of 30 sec,
and WEC type of contact.
i. Exposure time based on g-line intensity to deliver a dosage of
150 mJ/cm?, adjust as needed if lamp power is changed to keep
dosage constant.
Load wafer, align, and expose.
i. Rough alignment can be performed without microscope. Press F1

then enter to move microscope out of the way.
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ii. Return microscope using same commands to perform fine alignment.
Typical centered alignment positions arey = 12 and x = 5.
e. Follow commands to unload wafer.
Develop photoresist with MF-CD26 developer for ~ 30 sec.

a. Quench development by rinsing with water for 1 min.

8. Thoroughly dry with N, gun and ideally proceed to metal deposition within 24 hr.

Metal Patterning

1.

2.

De-scum wafers by plasma cleaning for 2 min by O, (100 W at 1 Torr).
Proceed to metal deposition using CHA (Ti = 30 A and Au = 1000 A).

a. Sign into CHA log file and record required fields, including: initial pressure,

base pressure (5x107 psi), and crystal life (needs to between 25-30).

Open recipe folder (Ti_Au deposition) in excel, load desired parameters, save, and
then close.

a. Pressure: 5x107 (no higher than 1x 10°®).

b. Material file: Ti= 2 and Au = 5.

c. Rate: Ti=0.5A/secand Auis 1.0 A/sec.

d. Thickness: Tiis 15 A and Au is 1000 A.

e. Crucible: Tiis2 and Auis 5
Load samples (up to 42 wafers with orbital sample holder) and start chamber pump
down. Wait for pressure to reach base pressure, turn on high voltage, and engage
the autostart.
Upon completion of process proceed directly to metal lift off using PG remover. Lift
off all wafers at once using a 4 L beaker of PG Remover heated to ~60°C.

a. Metal lift off takes ~ 1hr to fully developed all feature and remove any residual

photoresist.
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b. Once metal lift off is complete wash wafers in acetone followed by water and

dry with N, gun.

Patterning with SU-8 (Negative Photoresist)

1. Dehydrate wafers by baking at 180 °C for at least 10 min.
2. De-scum wafers by plasma cleaning for 2 min by O, (100 W at 1 Torr).
3. Spin coat wafers with 2 ym of negative photoresist SU-8.

a. Use Laurel 1 and program F (3000 rpm for 30 sec for 2 um thickness).

b. Center/balance wafer in laurel and then turn on vacuum to immobilize.

c. Pipette SU-8 2002 from middle of the bottle onto center of the wafer, ensuring
there is enough photoresist to fully coat the features on the wafer.

d. Close lid and spin; when spinning is down check that the wafer is coated,
then release from vacuum, checking that the back of wafer is clean of
photoresist, and if there is photoresist use a swab to remove with solvent.

4. Pre-exposure bake on hot plate at 95 °C for 1.5 min.

a. Important: Verify SU-8 coating prior to baking as once the SU-8 is baked it is
exceptionally challenging to remove. Nanostrip and plasma cleaning are the
best options for trying to remove cured SU-8.

5. Expose SU-8 to UV light using contact aligner (Karl Suss) by the aforementioned
procedure.

a. Differences: use channel 1 (i-line), alignment gap of 20 um, exposure time of
25 sec for a total dosage of 160 mJ/cm?, and WEC type of contact.

6. Post-exposure soft bake on hot plate at 95°C for 1.5 min

7. Develop excess SU-8 with SU-8 developer in solvent room.
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a. Soak each wafer for 60 sec in SU-8 developer, rinse in isopropanol, soak for
an additional 10-20 sec in SU-8 developer, and perform a final rinse
isopropanol rinse.

i. Check quality of SU-8 development under the microscope and if SU-8
is under developed soak wafer for an additional 10 sec in developer.

Hard bake wafers at 150 °C for 15 min to cure SU-8.
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