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Chapter 4

Multiplexed Electrochemistry of DNA-

Bound Metalloproteins™

*Adapted from Pheeney, C.G.; Arnold, A.R.; Grodick, M.A.; Barton, J.K. J. Am. Chem. Soc.
2013, 135, 11869-11878. C.G.P. performed electrochemical measurements; A.R.A.
performed mutagenesis and protein purification for mutant EndollI as well as circular

dichroism; M.A.G. performed protein purification of wild type EndolIl.
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4.1 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 (/-13). Multiplexed DNA-modified electrodes have been developed to sense an
extensive range of targets including small molecules (4,5,11), DNA (6,10-12), 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 (72-14). One
such case is the measurement of ground-state DNA-mediated charge transport (DNA CT)
through exceptionally long DNA distances up to 34 nm (7/4). DNA CT is the process
through which charge is conducted through the n-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 (74,15) of DNA CT have been characterized using DNA-

modified electrodes affixed with a redox-active moiety at the distal end of the duplex.
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Multiplexing these DNA-modified clectrodes onto a single device was crucial in establishing
that the electrochemical signal was generated via DNA CT over such long molecular
distances and that the n-stack of the DNA was well stacked and in a biologically relevant
conformation (7/4).

Here we utilize multiplexed technology to investigate the electrochemistry of DNA
repair proteins containing [4Fe-4S] clusters (Figure 1). DNA-modified electrodes have
become a necessary tool to investigate the electrochemistry of the iron-sulfur cofactor of
many DNA repair proteins, including endonuclease IIT (EndolIlII), MutY, UDG, SoxR, and
XPD, toward identifying the iz 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
approximately ~200 mV compared to freely diffusing protein, to approximately 80 mV
versus NHE (25). Thus, binding of the DNA polyanion brings the 37/2* redox potential of
the [4Fe-4S] cluster into a physiologically relevant range. Moreover, discase-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-
48] clusters is critical as a first step in the search mechanism used by DNA repair proteins to
redistribute to the vicinity of DNA damage (27,30). The proposed model hinges on the
ability of these [4Fe-4S] cluster proteins to electronically couple to the n-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
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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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Multiplexed [4Fe-4S] cluster protein electrochemistry

Figure 1. Schematic depicting the versatility of multiplexed analysis for the investigation of
metalloprotein electrochemistry. Our multiplexed devices are composed of 16 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.
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4.2 Experimental section
4.2.1 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 SNHS-C-rAGTACAGTCATCGCG-3Npr the
thiol strand and 3NJ CATGTCAGTAGCGC-5Npr the complement strand. Additional
complements were prepared that yield 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 (73). 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 minutes 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
resuspended 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
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thoroughly deoxygenated with argon and annecaled by heating to 90°C followed by a slow
cooling to ambient temperature over 90 min.
4.2.2 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 II-E site-directed mutagenesis kit (Stratagene). Y82A Endolll was prepared
previously (22). Primer sequences are shown in Table 1, with mutagenized codons
underlined. Primers were purchased from Integrated DNA Technologies. All mutagenized
plasmids were sequenced (Laragen) to confirm the desired sequences.
4.2.3 Protein overexpression and purification

Mutant and WT pET11 plasmids were transformed into BL21star(DE3)pLysS
Escherichia coli cells (Invitrogen) for overexpression. The Endolll proteins were
overexpressed and purified according to a protocol adapted from published procedures (22).
Specifically, a stock of BL21star-(DE3)pLysS containing a pET11-ubiquitin-Hise-n2/
construct was used to inoculate a 100 mL culture of LB containing 100 { g/mL of ampicillin
and 35 { g/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 1L cultures of LB
containing the same amount of ampicillin and chloramphenicol as the overnight culture.
The 1L cultures were shaken at 37°C until the ODgoo reached ~0.6-0.8. Enough isopropyl
[ -D-1-thiogalactopyranoside (IPT'G) was then added to bring the total concentration of

IPTG to 300 t M. The cultures were subsequently shaken at 150 rpm for ~3.5 hours at
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30°C. The cells were collected by centrifugation at 5,500 rpm for 15 minutes, 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 resuspended 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
resuspended cells were lysed via microfluidization. The cell lysate was clarified by
centrifugation at 17,000 g for 30 minutes. 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). 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 DT'T) 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 NaCl, 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 NaCl, 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
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concentrated to achieve a final concentration of - 100 { M as quantified using an Ruio 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). The glycosylase
activity of mutants was compared to that of wild-type EndollIl based on previously
established methods (22).
4.2.4 Multiplexed chip fabrication

Multiplexed chips consisting of 16 gold electrodes were prepared using standard
photolithography techniques as adapted from previously established protocols (13).
Photoresist was used to pattern nine 1 in. by 1 in. chips on 525 { m thick silicon wafers
(SiliconQuest) that had a thermal oxide layer grown to a thickness of roughly 4000 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 hour. The wafers were then dehydrated by baking
at 180 °C for at least 2 hours, and an insulating SUS layer (3 [ m) was coated on the wafer.
This SU8 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 minutes. The wafer
was then cleaved into individual chips (Dynatex Scriber/Braker) to prevent any scratching of

the CXpOSCd Working CICCtI‘OdC surfaces.
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4.2.5 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
clectrode experiments were performed with the 16 electrode chips divided into four
quadrants of four electrodes each (73). Multiplexed chips were cleaned in acetone and
isopropyl alcohol as well as ozone-cleaned for 5 minutes 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 is used to define the four quadrants and create a common central well. The rubber
Buna N gasket (0.020 in. thick, unless otherwise indicated) and clamp are manufactured by
SAS Industries and Xcentric, respectively. A fresh gasket and clamp are used for each
experiment to prevent any cross-contamination between experiments.

Duplex DNA (20 t L of 25 t M) was placed in each quadrant of a multiplexed chip
and left to self-assemble overnight (16-24 hours) in a humid environment. To ensure
efficient monolayer formation, thiol-modified DNA was used within 2 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 minutes 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
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(5 mM phosphate, 50 mM NaCl, pH 7.0) followed by a subsequent scan in spermidine
buffer (5 mM phosphate, 50 mM NaCl, 40 mM MgCl, 5 mM spermidine, pH 7.0).
4.2.6 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/AgCl 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/AgCl 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 { L total for the four quadrants), ranging in concentrations from 30
t0 90 { M quantified using the absorbance of the [4Fe-4S] cluster at 410 nm (R= 17,000
M'cm™) (30,31). Endolll was allowed to incubate on the multiplexed chip for up to 12
hours and monitored over time. The chip was stored in a humid environment between
subsequent scans to prevent solution evaporation and hold the concentration constant over
time.
4.2.7 Circular dichroism thermal denaturation

For protein samples (5 { M), the ellipticity at 223 nm (the largest difference between
native and denatured protein) was measured as a function of increasing temperature (20 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



145

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 nonlinear least-squares regression to a simple two-state unfolding model (32), shown

in Equation 1. Reported errors in 7, values are derived from this fitting.
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Table 1. Primer sequences used to create Y205H, E200K, and K208E EndollIl with

mutagenized codons underlined.

Mutation

Primer

Y205H

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

5-GTT AGCAGC CGGATC CTCAGATGT CAACTTTCT CTT TGT GTT
CAC A -3' (Reverse)

E200K

5-GCCCCGCTGTGG CTCTTG TAT TAT TAAAGATCT 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 CGGATC CTCAGATGT CAACTT CCT CTT TGT ATT
CAC -3' (Reverse)
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Equation 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 Yis the fractional
ellipticity, 7 is the temperature in Celsius, 3H,, is the enthalpy at the unfolding transition,
T, is the melting temperature (°C), R is the ideal gas constant, while 72, and y, describe the
pre-transition (native protein) slope and y-intercept and 24 and y, describe the equivalent
values post-transition (denatured protein). Reported errors in 75, values are derived from

this fitting.
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4.3 Results
4.3.1 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 EndolIl, with the ratio of the reduction and oxidation currents being near unity, at a
midpoint potential of 80 + 3 mV vs NHE was observed on both single electrode and
multiplexed assemblies (Figure 2). The signal size for the redox couple of EndollIl depended
on incubation time and concentration on both assemblies; this behavior as well as the
midpoint potential is consistent with previously established results for Endolll on DNA-
modified electrodes (22). The consistency across all 16 multiplexed electrodes was
comparable to that seen with previous multiplexed DNA-modified electrodes and showed at
most a 3.5% deviation in signal size (Figure 2) (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 in. 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 EndollI signal
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size (Figure 3). Overall, the most exposed electrodes produced a featureless background scan

resulting in a 0.020 in. thick Buna N gasket being utilized for all subsequent experiments.
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Figure 2. Consistency of DNA-modified electrodes. (Leff) Signals generated after incubation

of loosely packed DNA-modified electrodes with EndolIl (30 t M) in phosphate buffer (20

mM sodium phosphate, 100 mM NaCl, 0.5 mM EDTA, 20% glycerol, pH 7.4) were used

to directly compare 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)

Variability of the EndollI signal, under the same conditions, across all 16 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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Cyclic Voltammetry as a
Function of Gasket Thickness
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Figure 3. 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: 0.64Nj(green), 0.32Nj(red), and 0.20Nj(red). With decreasing gasket
thickness the signal generated from Endolll is shown to increase while the background
contributions decrease. Inser: Background signals acquired prior to the addition of EndollI
in spermidine buffer (5 mM phosphate, 50 mM NaCl, 40 mM MgCl, 5 mM spermidine,
pH 7.0).
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4.3.2 EndollI 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 EndoIIl on DNA-modified electrodes assembled with duplex DNA
(dsDNA) was found to produce a redox couple with the same midpoint 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 hours of protein incubation (Figure
4). As both the underlying gold surface and the protein solution were common 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 EndollI is not observed on these ssDNA-modified electrodes, these ssDNA-modified
electrodes provide a useful control against surface contaminants.

The DNA-bound signal of EndollIl was then compared on DNA-modified clectrodes
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
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midpoint potential remained unaltered. The consistency of the midpoint potentials 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 and 64 + 2 mV, respectively (Figure
4). 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
clectron transfer and the homogencity 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).
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Figure 4. Electrochemistry of EndolIl 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 hours either with or without 100 mM MgCl, 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 { M) redox
signal could be resolved. Cyclic voltammetry scans (scan rate = 100 mV/s) were compared in
phosphate buffer (20 mM sodium phosphate, 100 mM NaCl, 0.5 mM EDTA, 20%
glycerol, pH 7.4), and the peak splitting and signal size were both quantified. Single-

stranded DNA monolayers (gray) were prepared and shown to not produce a DNA-bound
EndollI signal.
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4.3.3 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
n-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 single thymine-cytosine mismatch (T'C) or an abasic site (Ab) was
incorporated into thiol-modified dsDNA near the electrode surface to prevent Endolll
binding to the n-stack below the perturbation site, as EndollIl binds nonspecifically 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). When
these DNA substrates were assembled in the presence of MgCl,, producing closely packed
DNA monolayers, the reduction signal of EndollI was attenuated upon introducing single
base pair lesions. The WM, TC, and Ab dsDNA monolayers gave signal sizes of 56 + 1,

42 £ 1, and 41 * 4 nA, respectively, after EndolIl incubation (60 { M for 8 hours), resulting

in an average signal attenuation of 24 + 1 and 26 + 2% upon incorporating a TC mismatch
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or an abasic site, respectively (Figure 5). This attenuation in the reduction signal due to the
incorporation of perturbations to the n-stack supports the assignment of the electrochemical
signal from EndollI 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 looscly packed DNA monolayers of WM, TC
mismatched, and Ab DNA produced signal sizes of 45 + 0.3, 42 1, and 44 + 1 nA,
respectively, which yield a p value >0.05 when compared using a one-tailed # test, do not
display statistically significant signal attenuation as compared to EndolIl bound to the
closely packed DNA monolayer. This lack of signal attenuation with the incorporation of
perturbation to the n-stack indicates that the DNA-bound signal of Endolll is not mediated

by electron transfer through the n-stack in loosely packed DNA monolayers.
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Figure 5. Degree of signal attenuation induced by a single perturbation to the n-stack for
both closely and loosely packed DNA monolayers was investigated. (Lef?) Schematic of
multiplexed devices prepared with well-matched (blue), TC-mismatched (red), and abasic
site (green) duplex DNA, and a single-stranded control (black). The sequences are indicated
above. (Right) 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 the absence (light) of 100
mM MgClL, 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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4.3.4 Kinetics of EndollI reduction

The kinetics of Endolll reduction was assessed on these two different dsDNA
morphologies to explore further the mechanistic differences in the electron transfer pathways.
In addition to the peak splitting, the EndollI 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
increases linearly as a function of the square root of the scan rate (34). The [4Fe-4S] cluster
signal of EndollI was measured over 10 different scan rates ranging from 10 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, & (Figure 6). In the case of loosely packed dsDNA films, the current was
found to be linear with respect to #', as previously established for the diffusion-rate-limited
reduction of DNA-bound [4Fe-48] 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
clectron 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 EndollI 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 7). This further
supports the finding that only the signal observed on the loosely packed dsDNA films is

limited by diffusion.
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Scan Rate Dependence of Endolll Reduction Signal
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Figure 6. Kinetic analysis of the signal generated from EndollI on differing DNA film
morphologies is indicated. Cyclic voltammetry scans (scan rates ranging from 10 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, 2. The nonlinearity of the signal from closely packed DNA films indicates that the

signal is not diffusion-rate-limited.
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Figure 7. Signal accumulation of EndollI 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 NaCl, 0.5 mM EDTA,
20% glycerol, pH 7.4).
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4.3.5 Multiplexed characterization of DNA CT proficiency

Since the electrochemical signal for the [4Fe-4S] cluster of Endolll is generated
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 EndollI using this
morphology. The Y82A mutant of Endolll has previously been shown to be DNA CT-
deficient compared to wild-type EndollII using individual DNA-modified electrodes (21,22).
The DNA CT deficiency has been attributed to disruptions in the electron transport
pathway from the DNA n-stack to the [4Fe-4S] cluster due to mutation of the aromatic
tyrosine residue, located in close proximity to the n-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 8). Samples of equal protein
concentration were prepared based on the absorption at 410 nm, reflecting the [4Fe-4S]

cluster concentration for each protein (D70 t M). Using this multiplexed configuration, the

reduction of the [4Fe-4S] cluster in both WT and Y82A mutant EndolIl was confirmed to
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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 EndollIl. 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 8). Upon fitting the thermal
denaturation curves to a two-state unfolding model (32), melting temperatures for Y82A and

WT Endolll were found to be 49.2 + 0.3 and 48.5 + 0.3 °C, respectively.
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Figure 8. Comparison of the electrochemical properties and stability of wild-type EndollI
and a Y82A mutant. (4) Multiplexed clectrode assembly schematic where electrodes are
assembled with 100 mM MgCl, with cither well-matched (blue) or TC-mismatched (red)
duplex DNA, and then incubated with either wild-type (purple) or Y82A (orange) Endolll
(70 t M, 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) 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 { M protein) validates

that the Y82A mutation does not significantly alter the stability of the protein.
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4.3.6 Direct comparison of electrostatic EndolIIl mutants

Finally, the multiplexed DNA-modified electrodes were harnessed for the
characterization of a new family of EndolIl mutants relative to wild-type protein. In
designing this new family of EndoIIl mutants, only residues that were unlikely to cause
significant changes in the DNA binding affinity of Endolll were chosen. Specifically, no
residues in the conserved DNA binding FCL motif (37), residues Thr186 to Cys194, were
mutated. The glycosylase activity of these mutants was verified to be equal to that of wild-
type protein (Figure 9), so that the observed electrochemical differences cannot be attributed
to deficiencies in DNA binding. The Y205H, K208E, and E200K EndolIl mutations
investigated were originally designed to explore a possible shift in the midpoint potential of
the [4Fe-4S] cluster since these mutations alter the electrostatics surrounding the cluster.
However, as can be seen in Figure 10, when compared in parallel on a single multiplexed
chip on a closely packed dsDNA film, the midpoint potential of all the mutants are not
found to be statistically different, 10 mV of the WT protein (Figure 10). Likely, the
electrostatic effects of the DNA polyanion along with the associated counterions mitigate any
cffects of local electrostatic changes of nearby peptides.

Interestingly, despite the lack of difference in midpoint potential, large differences in
signal intensity between the mutants relative to WT were observed when the
clectrochemistry 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 # test. E200K yields a reductive current of 14.8 +
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0.3 nA in the cyclic voltammogram 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
significantly larger signals, 56.5 + 2 and 118 + 6 nA, respectively, relative to the WT protein.
To explore these significant differences, CD thermal denaturation experiments were
performed. The melting temperatures for the Y205H, K208E, and E200K EndollI as well
as wildtype protein (5 { M) are 45.0 £ 0.3, 45.3 + 0.3, 49.3 £ 0.3, and 48.5 £ 0.3 °C,
respectively (Figure 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 thermally
destabilized diminish faster, while the signal persists for more stable proteins (Figure 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.
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Figure 9. 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 { M) were
incubated for 15 min at 37°C with 5NfP-radiolabeled 35-mer duplex DNA (100 nM)
modified with 5-hydroxy uracil, a substrate for EndolIL in 10 mM Tris HCl, 1 mM EDTA,
50 mM NaCl, pH 7.6. Reactions were then quenched by adding of 1 M NaOH to a final
concentration of 100 mM NaOH, dried, and electrophoresed through 20% denaturing
PAGE at 90 W for 1.5 hours. Glycosylase activity of EndollI 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.
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Figure 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 MgCl,), well-matched DNA
monolayers. Protein samples had equivalent concentrations of [4Fe-4S] (70 { M based on
the 410 nm absorbance). (Right) Circular dichroism thermal denaturation (5t M protein)
was performed to correlate the altered electronic coupling of these mutations in close

proximity of the [4Fe-4S] cluster with the differential stability of the proteins.
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Figure 11. Electrochemical stability of EndolIl mutants. (Leff) Protein concentrations were
normalized for electrochemistry coupling to yield approximately equivalent signal sizes at
early time points (D4 hours). 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)
EndollI are presented. (Right) After extended incubation (D20 hours) on the multiplexed
chip, the electrochemical signal from the electrostatic EndolIl 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,.



