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ABSTRACT

Cell-free bioelectrocatalysis has drawn significant research attention as the world
transitions towards sustainable bioenergy sources. This technology utilizes electrodes to drive
challenging enzymatic redox reactions, such as CO reduction and selective oxidation of lignin
biomass. At these bioelectrochemical interfaces, enzymes are rarely capable of direct exchange
of electrons with the electrode surface because many redox enzymes harbor cofactors that are
buried within protein matrices that act as an electrical insulator. In such cases, electrochemically
active small molecules, called redox mediators, have been proven effective in enabling efficient
electron transfer by acting as electron shuttles between the electrode and enzyme cofactor.
However, the task of selecting suitable redox mediators remains challenging due to lack of
comprehensive design criteria. Presently, their design relies on a trial-and-error approach that
emphasizes redox potential as the only parameter while overlooking the significance of other
structural features. It is crucial to acknowledge that while the redox potential of the mediator
serves as a thermodynamic descriptor, it falls short in fully describing the kinetic behavior of redox
mediators. This thesis describes efforts in developing strategies for designing and understanding
the behavior of redox species using quinone-mediated glucose oxidation by glucose oxidase as
a model system.

The work begins by showcasing the application of parameterized modeling — specifically,
supervised machine learning — to identify which structural components of quinone redox
mediators correlate to enhanced reactivity with a model enzyme, glucose oxidase (GOx). Through
this analysis, redox potential and mediator area (or molecular size) were identified as crucial
chemical parameters to optimize when designing mediators. The role of other steric parameters
(i.e. redox mediator projected area) when accessing GOx via its active site tunnel was
investigated further. Using two complementary computational techniques, steered molecular

dynamics and umbrella sampling, a rate-limiting step was identified from a series of elementary



steps. Specifically, it was determined that the transport of redox species in the protein tunnel
constitutes the rate-limiting step in the overall process.

Utilizing molecular docking and molecular dynamics simulations, a specific quinone-
functionalized polymer was examined with the goal of determining why it exhibits activity with
glucose dehydrogenase (FAD-GDH) but not with GOx, despite both structurally similar enzymes
exhibiting activity to the corresponding freely diffusing mediator. Docking simulations coupled with
MD refinement reveal that the active site of GOx is inaccessible to the polymer-bound redox
mediator due to the added steric bulk; this contrasts with FAD-GDH which has a wider molecular
tunnel to its active site.

This work serves as an exemplary demonstration of employing parameterized modeling
in the design and engineering of redox mediators. Although these strategies were developed
using GOx as a model system, a similar approach holds promise for designing bioelectrocatalytic
platforms involving redox mediators. Additionally, these computational simulations can effectively
address fundamental questions where experimental continuum models are inadequate. This
integrated effort brings us closer to design of next-generation effective bioelectrodes for mediated

bioelectrocatalysis.
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Chapter 1: Introduction.
1.1 Introduction to Bioelectrocatalysis

The growing demand for sustainable and environmentally friendly energy technologies
continues to drive research and innovation in renewable electrochemical systems, particularly
those that facilitate chemical transformations through biological processes, such as
bioelectrocatalysis." Bioelectrocatalysis harnesses the merits of electricity and biocatalysts to
accelerate valuable chemical transformations in biofuel cells,>"" biosensors'"® and
electrosynthesis.'®~'® Biocatalysts, including enzymes and microbes, excel at driving the oxidation
or reduction of chemical bonds in substrates under favorable conditions (mild operating
temperatures and pressures), unlike the requirements of their inorganic catalyst counterparts.®
These oxidoreductase enzymes operate at the electrode interface of the electrochemical system
either immobilized or freely diffusing in bulk electrolytes.’®2?! The success of bioelectrocatalysis
relies on rapid electron transfer between two key surfaces: the enzyme active site and the inert
electrode. As we address the major challenges in enzymatic electrochemical systems
development, a fundamental question consistently emerges: How can we design an efficient
enzyme-electrode interface capable of enabling high electron transfer rates in both immobilized
and freely diffusing systems?

Early research in this field demonstrated that the interface between the enzyme and
electrode can be achieved by directly integrating the enzyme onto the electrode interface,
enabling direct electron transfer.20-24 Alternatively, a redox active species can be introduced to
facilitate mediated electron transfer. In the case of direct enzyme-electrode interfacing,?22325
heterogeneous electron transfer involves the direct movement of electrons between the enzyme
cofactor and the electrode. While direct electron transfer has proven effective in many
bioelectrocatalytic systems, challenges arise in enzymes like glucose oxidase (GOx), often

referred to as the “Enzyme Ferrari”,?® where the active site is located deep within a protein shell,



further away from the electrode surface. In such cases, the use of an exogenous molecule, known
as a redox mediator, becomes the only means to enable transfer of electrons from the enzyme

cofactor to the electrode as depicted in Scheme 1.1.%7

red f‘, OH
B-D- glucose
GOx
Fﬂt\;I’D* 54
OH

gluconolactone

Scheme 1.1 Simplified schematic showing mediated electron transfer between electrode surface
via mediator (Medres and Medox), glucose oxidase (GOx) and substrate glucose. 22

One central research theme explored to date is the effective design of redox mediators to
enhance electron transfer rates at electrode interfaces when using workhorse enzymes like GOx.
To design redox mediators for these enzyme interfaces, several criteria must be met. Redox
mediators are required to be small enough to fit into the active site of the enzyme, possess an
appropriate redox potential (i.e., driving force of the reaction), and maintain electrochemical
stability.'®2° This criterion has been used to select various redox mediators, both organic and
inspired by biological electron chains, such as photosynthesis and respiration. These biologically
inspired cofactors include redox mediators like flavins, and quinones.®%-32 Another group of redox
mediators consist of synthesized artificial small molecules, such as organometallic compounds
like ferrocenes®® and osmium complexes.'®343% These redox mediators have demonstrated
success with a wide range of oxidoreductases, spanning nitrogenases,**-%® hydrogenases,**!
and cytochromes P450.3242

Nonetheless, despite the considerable progress in field, there is still a knowledge gap in
engineering these redox mediators for efficient electron transfer at the enzyme-electrodes

surface. A perspective shared by some scholars suggests that apart from understanding the



significance of redox potential, everything else remains in the realm of "black arts," implying a
lack of comprehensive knowledge in this domain.*® Crucially, employing a structure-function-
based understanding to select mediators could offer a promising solution. Thus, this robust
approach in selecting mediators could potentially advance next-generation mediated
bioelectrocatalysis.
1.2 Bioelectrocatalysis in Application

Electrochemical systems utilizing redox mediators have been constructed for various
applications including biosensors, biofuel cells and bioelectrochemical synthesis. The general
approach in selecting a redox mediator for these systems is to tailor the mediator's properties to
suit the specific application. In the context of enzymatic biofuel cells, where electrodes are
responsible for the oxidation or reduction of a substrate, the redox potential of the redox mediator
should not be too close to the thermodynamic potential of the enzyme.? For reductive reactions,
it should be lower, while for oxidative reactions, it should be higher, facilitating a
thermodynamically favorable electron transfer between the enzyme cofactor and redox mediator.
However, redox potential of the redox mediator should not be too high because that can decrease
the overall cell voltage.? The cell voltage is significantly influenced by the difference in redox
potential between the anodic and cathodic mediators. Therefore, an optimal catalytic rate and cell
voltage must be carefully chosen to maximize power output.>®

Following these requirements, enzymatic fuel cells* have been designed. As notable
examples, Heller and coworkers reduced water at a current density of 5 mA/cm? at 0.1 V (NHE)
using polymer linked osmium based redox mediators.** This study showcased the capability of
biofuel cells as high-power output devices. Palmore and Kim designed an enzymatic biofuel cell
using 2,2’-azinobis (3-ethylbenzothiazoline-6-sulfonate) (ABTS?* ) as a mediator and reduced
oxygen via a laccase enzyme at 0.5 V versus a saturated calomel electrode (SCE) at the current
density of 50 pAcm2.5"44 This demonstration is particularly novel because the redox potential of

02/H20 is 0.75 V vs. SCE, and this system is 0.25 V more negative than the onset reduction of



oxygen. This represents a significantly smaller overpotential compared to what has been reported
in other systems. ™

Apart from large scale applications, these biofuel cells have been studied as implantable
power devices.® These advancements have found applications in powering temperature sensor
systems, various medical devices, including implantable artificial organs, achieving power
densities of up to 38 nW/cm?2.2 The success of these biofuel cells can largely be attributed to the
strategic use of redox mediators. 4°

Building on the same principle, biosensors have been created to leverage the advantages
of mediated biocatalytic reactions. The evolution of glucose biosensors for accurate diabetes
mellitus detection is rooted in the core concept of bioelectrocatalysis. The earlier model of the
biosensors operated by measuring glucose concentration in the blood through the enzymatic
action of GOx, which converts glucose, producing hydrogen peroxide as a co-product.’?46
However, the electrochemical detection of hydrogen peroxide requires high redox potential
causing interference from the reaction of electro-active species in the blood.® To eliminate this
challenge, redox mediators were employed to replace the native mediator oxygen.*” The oxidation
of these redox mediators at the electrode surface provides a signal which is proportional to the
concentration of glucose in the blood. The use of exogenous redox mediators enabled the
success of glucose oxidase biosensors to precisely detect glucose in the blood at lower
overpotentials.
1.3 Background

The biointerface between enzymes and electrodes in electrochemical systems is
established through the immobilization of enzymes via crosslinking of polymer chains
functionalized with redox mediators.*®-°2 This interface facilitates the movement of substrates,
ions, and electrons into the matrix for enzymatic reactions. In mechanistic studies where rapid
electron transfer characterizes the mediator-electrode interaction, the rate-limiting step is typically

determined by the interaction between the redox mediator and the enzyme.%*-%" In that case, the



non-immobilized system is frequently employed for its ease of setup, particularly when conducting
fundamental studies of the system. This interaction is analyzed with the enzyme, redox mediator,
and substrate all dissolved in an electrolyte solution.

The performance of the interface is evaluated by a combination of factors, including the
rate of heterogeneous electron transfer at the electrode-mediator interface, homogeneous
electron transfer at the enzyme-mediator-electrode surface, and the rate of enzyme turnover. It is
crucial to assess the thermodynamics and kinetics of bioelectrocatalytic systems in this
arrangement due to the movement of species resulting from diffusion, concentration gradients,
convection (when stirring is introduced), and migration influenced by charge gradients.

1.3.1  Kinetics of Species — Substrate, Enzyme and Redox Mediator

When investigating electrochemical reactions, it is imperative to measure key parameters
such as the redox potential (E°) of redox species (mediators), and current densities. These
measurements are commonly performed using various voltammetry techniques, including cyclic
voltammetry,585° square wave voltammetry,5°%* chronoamperometry, and chronopotentiometry.
These techniques involve sweeping the potential while observing current response or maintaining
a constant potential (or current) while monitoring current (or potential response). Typically, data
from these measurements are collected using a three-electrode setup consisting of a working
electrode, a reference electrode, and a counter electrode connected to a potentiostat, which
perform all the operations. These experiments together with fundamental electron transfer
principles are integrated in studying the kinetic and thermodynamic parameters governing the
electrochemical reactions.

The kinetics of electron transfer can be explored using fundamental principles such as
Michaelis-Menten,®>¢ Fick's Law of diffusion, Faraday's Law,%” Marcus Theory®®-"° and Butler-
Volmer equations.®”-"" To illustrate, consider a reaction involving GOx, central to the work in this
thesis, and a redox mediator that reacts with GOx at the interface. This reaction can be

mathematically analyzed using these established principles.’?



The mediated reaction of GOx encompasses the oxidation of glucose to gluconolactone,
described by equations 1.1-1.3.%357:85 This mediated GOx reaction with glucose follows a ping-
pong bi-bi mechanism. In the initial reductive half-reaction, both proton and hydride transfers
occur stepwise, leading to the transformation of substrate glucose into the reduced GOx and
gluconolactone as shown in reaction 1.1.73

The subsequent step involves the reduction of the redox mediator, a process that
proceeds stepwise, depending on whether the mediator transfers two or a single electron, as
depicted in reaction 1.2. Finally, the reduced redox mediator participates in heterogeneous
electron transfer at the electrode, as exemplified in reaction 1.3.

(1.1) GOx-FAD + glucose (S) — GOx-FADH: + gluconolactone

(1.2) GOx-FADH; + Mediatorex (Mox) — GOx-FAD + Mediatorres (Mreq)

(13)  Mreg €253 ne + Moy
where k; and k.; are the rate constants of the forward and backward heterogenous electron
transfer processes.

At the electrode surface, the heterogeneous electron transfer process allows electrons to
flow through the electrode when the oxidation potential of the redox mediator is set. When
measured using a potentiostat, this results in a cyclic voltammetry waveform depicting a catalytic
current density, denoted as j. controlled by the independent applied redox potential. The current
density, jc, can be described through the Faradaic relationship, which relates the reaction rate to

the current produced and Fick's law of diffusion as expressed in equations 1.4 and 1.5.

Je _ _ d[Mox (x)]
(14 5= -ou (T,

0[Mox (x,8)] (aZ[Mox (G

(1.5) o = Du——— —vuxt)

where F, n, Dy, vum, X, and t are the Faraday constant, the number of electrons transferred, diffusion

coefficient of Moy, the enzymatic reaction rate of Moy reduction, distance from the electrode surface



and time, respectively. Assuming the electrode reaction of the mediator couple follows Nernstian

behavior, the following boundary conditions can be adopted.

_ o) = M
(16) Mp(x=0) =2~

where

(17) ny = (([Moxu)]))x:o — exp [RT(nF ]

[Mrea(x)] E-E)
and
(1.8)  [Mox(x = 0)] + [Myeq(x = 0)] = [M]"
where E°y is the formal potential of the M.a/Mox couple and E is the applied electrode potential.
When the mediator is fully reduced, no enzyme reaction occurs in the bulk phase and the
boundary conditions can be summarized as

(1-9) [Mox(oo, t)] =0

(1.10) (—"’[Mogf"t”)x:m =0

when the concentration of the substrate is in excess, i.e., % > 1, the reduction rate of Mo is

given by

(ns/nM)kcatC

(1.11) vy = o

ox]

where Kkear, Ku, Ks and [E] are the catalytic constant, Michaelis constants of the mediator and
substrates and the bulk concentration of the enzyme, respectively. Under these conditions, the

limiting steady state value of the catalytic current density, jmax, is given by:

(112) ez = muFeiy (2 (22) Ducier

This equation provides a solution that establishes a correlation between the measured
current density, and the homogeneous transfer rate constant between the enzyme cofactor and

the redox mediator, ker. This rate constant serves as a performance metric, indicating the



efficiency of a redox mediator. It offers a means to distinguish between redox mediators with
varying levels of activity in this work.
1.3.2 Butler-Volmer and Marcus Theory

After determining all these parameters as demonstrated in previous sections, the
theoretical frameworks come into play to elucidate the physical implications of the data. The
Butler-Volmer and Marcus approximations are among the prominent theories utilized for this
purpose. These theories, Butler-Volmer®”:’" and Marcus-Hush,®®-7%74"" provide fundamental
relationships crucial for understanding electron transfer kinetics especially in the context of donor-
acceptor interactions central to this thesis.
1.3.3 Butler-Volmer

According to Butler-Volmer kinetics, the electron transfer rate is exponentially dependent
on the applied overpotential, the standard rate constant, ko, and the transfer coefficient, o.”%7478
The overpotential represents the difference between the applied and the formal potential of the
redox species, while ky signifies the self-exchange electron transfer rate. The transfer coefficient
a is a parameter with values ranging from 0 to 1.7° A value of O corresponds to a reactant-like
transition state, whereas a value of 1 indicates a product-like transition state as shown in Figure
1.1, considering an electron transfer reaction shown below.”

O+e o R



o= 0.5 Transition state o < (0.5
‘early” TS (TS) 'late” TS

G° (q)

R

ose) 17[ .

g, reaction coordinate

Figure 1.1 The relationship between Gibbs energy and the reaction coordinate for electron
transfer reaction as described by Butler-Volmer.”®

From this model, the rate constant for the reductive and oxidative reaction are described

by equation 1.13 and 1.14 respectively.

(1.13) kBY, = kge=®

(1.14) kBY = kye(1=9

where 0 = F/RT(E — EO') and F R, T, E and E” are the Faraday’s constant, gas constant,
absolute temperature, applied potential and formal potential, respectively.

These mathematical functions are often applied when exploring the relationship between
the heterogenous rate constant of electron transfer (related to current density) and variations in
overpotential, namely polarization at the electrode. 78 However, the utilization of this framework
is somewhat limited due to the primary focus of the thesis which is investigating electron transfer

between mediators and enzymes.



1.3.4 Marcus-Hush-Chidsey

Similar to the Butler-Volmer (BV) model, the Marcus-Hush-Chidsey (MHC) theory is
employed to describe electron transfer between donor and acceptor. This work describes it in the
context of homogeneous transfer rates in biological systems.

The Marcus classical theory treats Gibbs free energy surfaces as parabolas, where the

transition state corresponds to the interaction of these parabolas as shown in Figure 1.2.

(B)

GY (q)

q, reaction coordinate

Figure 1.2 The relationship between Gibbs energy and the reaction coordinate for electron
transfer reaction as described by Marcus-Hush Theory. 7

The relatable parameters include the rate constant, ker, the transmission coefficient, «{(r),

and the free energy of activation, AG*. The simplified representation is shown in equation 1.15.

(1.15) kg = k(r)ve 7T

The transmission coefficient is associated with the electron coupling matrix which is
related to the distance between the orbitals of the reacting redox species, providing a description
of the degree of orbital coupling.®® The term «{(r) varies exponentially with distance, r. The collision
frequency, v, depends on the distance between reacting species in the transition state.?' The free

energy of activation which is a function of the free energy of reaction, AG° and the reorganization

10



energy, A, is represented by equation 1.16. This energy comprises contributions from changes in
intramolecular vibrations (inner sphere reorganization energy), and changes in solvent orientation

coordinates (outer sphere reorganization energy).

2

(1.16) AG* = %(1+AGO)

2

The free energy of reaction is calculated by the difference in redox potential between the
donor and acceptor. It can be calculated by using equation 1.17.

(1.17) AG® = —nFAE°
1.3.5 Marcus Theory and Butler-Volmer Comparison

These models have been instrumental in investigating interactions involving
electrochemical mediators and in designing mediators with enhanced electron transfer rates.
However, they each demonstrate strengths and weaknesses in their practical application.

In the BV model, it is assumed that the reduction rate constant exponentially increases
with overpotential, while the Marcus-Hush-Chidsey (MHC) model predicts that the rate constant
reaches a limiting value.®”-"" Notably, the MHC model provides a more comprehensive connection
between kinetic parameters and the physicochemical characteristics of systems. Both BV and
MHC will be used in explaining electron transfer behavior between the enzyme and redox
mediator.

1.4 Methods in Mediator Design
1.4.1 Review of Mediator Design

Redox mediators have been developed by various research groups through a range of
methods such as empirical iteration. This method is typically considered a traditional trial-and-
error approach. It begins with the selection of a core redox molecule, and then chemical
properties, such as functional groups, are systematically modified guided by chemical intuition.82
8 The resulting molecule is synthesized and tested for enhanced bioelectrocatalytic activity. If

improvements are not achieved, further fine-tuning of functional groups is performed followed by
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additional testing. This iterative process has yielded successful outcomes in numerous studies,
leading to the development of organic, inorganic coordination complexes, or organometallic
compounds with redox-active ligands.

Early research findings revealed that traditional mediators, including phenazine
methosulfate, 2,6-dichloroindophenol, and quinones,”?8¢ were among the first diffusible mediators
identified to enhance the performance of glucose oxidase (GOx), alongside the native oxygen-
based mediator. In a study conducted by Cenas and Kulys, a correlation was established between
the rate of electron transfer and the reduction potential of 14 quinone-based redox mediators.2°
The alignment of redox potential with the oxidation rate constant corresponds with Marcus’ theory
of electron transfer. However, it fails to offer a comprehensive explanation as to why 1,2-
naphthoquinone-6-sulfonate, despite having the highest redox potential, doesn't demonstrate a
proportionately higher electron transfer rate compared to mediators with lower redox potentials.
Such uncertainties hinder the dependable selection of mediators for all intended purposes, as
relying solely on one criterion—such as potential in this instance.

A more structured approach called Quantitative Structure-Activity Relationship
(QSAR)®"# modeling has been employed by other groups to design mediators. Minteer’s group
designed phenazine mediators for extracellular electron transfer in E. coli and concluded that
redox potential of these species correlates to the measured output — current density. 8°

The research studies have underscored the pivotal role of redox potential as a crucial
parameter in mediator design, while investigations from other groups have highlighted the
significance of size in minimizing steric hindrance within the active site of glucose.*3901
Nonetheless, these studies have inherent limitations as they have drawn conclusions from a
relatively small subset of mediators, constraining the range of correlations available for
determining bimolecular rate constants.

The selected design parameters, whether redox potential or steric hindrance, may not be

universally applied. While individual studies have examined the potential influence of redox
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potential, coulombic interactions, and steric hindrance as parameters controlling electron transfer
rates, they are interrelated and not individually sufficient as standalone design criteria.

1.4.2 Computational Methods

1.4.2.1 Historic Applications

Experimental analysis coupled with electrochemical models described earlier, has proven
instrumental in understanding the behavior of electrochemical systems. However, recent
advancements have introduced computational methods including first-principles simulations to
complement these methods. Computational tools play a crucial role in describing the behavior of
electrochemical species, especially when experimental methods are impractical or unfeasible.®?
94

These computational methods have found wide applications in various domains, including
drug design especially in the context of high-throughput screening of potential drug candidates.%-
100 Beyond pharmaceuticals, computational techniques have also been embraced in the design
of electrocatalysts, redox mediators and exploring their non-covalent interactions with
enzymes.®>'9" This understanding is fundamental for the development of efficient redox mediators
for next-generation mediated bioelectrocatalytic systems.

In the domain of molecular design, conventional computational modeling approaches
often rely on parameterized modeling techniques. These methods employ fundamental levels of
supervised machine learning algorithms, such as linear regression modeling to establish
structure-function relationships. These relationships are derived from electronic or structural
descriptors obtained from optimized molecular structures using first-principles calculations, such
as Density Functional Theory (DFT).

To comprehend the interaction between small molecules and their biocatalysts during
chemical reactions (i.e specific binding and unbinding events), computational methods such as
docking simulations are normally applied. Molecular docking simulations offer valuable insights

into the orientation of redox molecules and their binding within the active sites of enzymes.02-1%
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Additionally, classical molecular dynamics simulations can be employed to investigate the
movement and egress of redox mediators within the active site channels. This multifaceted
computational approach empowers researchers to gain a deeper understanding of the intricate
interplay between enzymes and redox mediators, ultimately facilitating the design of more efficient
redox mediators for advanced bioelectrocatalytic systems.

1.4.2.2 Parameterized Modeling

This approach focuses on identifying structural features that govern activity, traditionally
referred to as quantitative-structure activity (QSAR) modeling. The method follows a systematic
workflow, which typically comprises the following steps:88106.107

(1) Building a diverse library of molecules incorporating diversity in structural and electronic
features.

(2) Correlating the electronic and structural descriptors of a molecule under study with a
measured property, such as its activity (in this study) using only a define set called training
set. Some molecules are reserved for a validation set.

(3) Data preparation (i.e. normalization) and performing a multivariate linear regression model
on the training data set to identify parameters that exhibit strong correlations with the
measured experimental values. The goodness of fit is assessed through statistical metrics
like R? or leave-one-out analysis.

(4) Validating the model using the reserved validation set, ensuring that the established linear
trends hold.

1.4.2.3 Molecular Docking

Docking simulations are employed in exploring conformational spaces and predicting the
binding orientation of small molecules — ligands (or mediators in this work). The conformation and
orientation of ligands within the binding site (active site) are assessed using a scoring function,
which evaluates the fitness of various ligand poses. This function considers favorable interactions

such as hydrogen bonding, electrostatic interactions, and desolvation energies.%21931%8 \/arious
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search algorithms are utilized to efficiently explore the potential of ligand binding orientations
within the active site of the receptor. Gaining insights into how redox mediators bind within the
enzyme active site is crucial. Molecular docking techniques can offer precise information
regarding the orientation of redox mediators and elucidate their associated contacts.'®®

1.4.2.4 Molecular Dynamics

While molecular docking is valuable for predicting binding positions, conformations, and
binding affinities, molecular dynamics goes further by evaluating the dynamic nature of the
systems as they evolve towards equilibrium. Molecular dynamics (MD) is a time-dependent
simulation of atoms following Newtonian mechanisms. This technique relies on forcefields which
is a mathematical model or set of equations used to describe the interactions between atoms and
molecules in a system. It defines the potential energy of the system as a function of the positions
of all the particles (atoms or molecules) of bonded interactions and non-bonded
interactions. 051011

MD simulations then integrate Newton’s laws of motion to determine the configurations of
an evolving system with trajectories, positions, and velocities of particles over time. From MD
trajectories, properties such as free energy, kinetic behavior and other macroscopic quantities
can be obtained.%

The key idea of Molecular Dynamics is to study the time-dependent behavior of particles
using Newton’s second law of motion. From the second-order differential equation, represented

in equation 1.18, the force of the particles can be determined.

a
(1.18)  fi(®) = mya;(8) = — a(;i((tt)))

where f; (), m and t, are the net forces acting on the /" atom with mass m and an acceleration of
ai () time, t respectively. In a 3D cartesian space, all vectors for the system with N interacting
atoms have the x, y and z component for every atom. This approximation considers massive

nuclei, but electrons are averaged.
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A potential energy function V(x) arising from the force field (FF) is represented by Equation

1_19110,112

(1.19) Vv = Z?O"ds% (I = 1o ) + Z?ngles% (a; — ag;)” + torsions {Z%% [1+ cos (ny B —

. A\12 \6 ] .
soal} + 3157y | (22)” — 2 () |+ e

Tij Tij 4T €T
The first three terms represent intramolecular interactions of atoms which are described by
changes in potential energy as a function of bond stretching, bending, and torsions between
bonded atoms. These are represented by the summation of bond length (/), angles (a), and
dihedral angles (6) with their reference values (lp ) and (ap ) and force constants ks and kq,
respectively. The last two terms of the potential equation represent non-bonded van der Waals
and electrostatic forces between atoms, respectively. The van der Waals forces are represented
by the Lennard-Jones potential where ¢; defines the energy well depth, and rojiis the minimum
energy distance summing the van der Waals radii of interacting particles. The electrostatic
interaction energy is donated by coulombic potential of atoms with charges g;and gjand &yis the
permittivity of free space, &/is the relative permittivity. 12

A special type of MD is steered molecular dynamics which works by applying a time-
dependent external potential to induce the movement of a molecule along a reaction trajectory. '~
"4 This class of MD is useful when modeling the movement of small molecules in confined spaces.
The response of the system to the external force is recorded. The interaction of an enzyme active
site tunnel with the redox mediator produces information about structure-function relationships
involved in the transport of mediator from the bulk solution to the cofactor of the enzyme.

In SMD, the enzyme/redox mediator complex is restrained to a point is space by a
potential. The redox mediator restraining force is lifted and a pulling force is applied to the redox
mediator to induce the movement following a direction vector. The redox mediator is allowed to

explore new contacts along the active site tunnel until it reaches the bulk solution. Microscopic
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detail of the interaction of the mediator along the channel can be understood. Assuming a linear

reaction coordinate x, the external potential is given by
(1.20) U = Zk(x — x0)?

where K, xo, and x are spring constant, initial and time-dependent position, respectively. If the
redox mediator is pulled by a constant velocity, v, the external force exerted on the system is given
by:

(1.21) F = k(xo + vt — x)

The redox mediator is pulled by the force in (2) which is a harmonic spring with a constant k and
moving at a velocity.

Through the application of SMD, various system parameters can be explored,
encompassing the positions of molecules, their motion behaviors, as well as the forces and
potential energies involved. These techniques offer integration opportunities for studying crucial
molecular interactions, thereby facilitating the design of efficient mediator bioelectrocatalysis
processes.

1.5 Overview of Thesis

This thesis explores the design of redox mediators by investigating structure-function
relationships using a comprehensive methodology that combines experimental and computational
techniques. This first chapter has introduced some background theories, methods and
established concepts that will be employed in subsequent chapters.

In the second chapter, a structured investigation is conducted on a library of quinone-based
redox mediators to identify the critical parameters governing electron transfer rates at the
electrode interface, particularly with glucose oxidase. Docking simulations and spectrophotometry
is employed to understand the nature of electron transfer within GOx.

The third chapter presents an examination of redox mediator transport within the active

site tunnel with specific analysis of interactions within the active site of the enzyme (GOx) using
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classical MD. This chapter demonstrates efforts in identifying the limiting step in the electron
exchange between the model systems—quinone-mediated bioelectrocatalysis with GOx.

In the fourth chapter, the computational methods employed in Chapter 3 are applied in
investigating the different electrochemical behavior between quinone-based mediators in glucose
dehydrogenase (FAD-GDH) as compared to GOx, despite their similar phyisoelectrochemical
properties. These lessons from this comparative analysis are used to guide the design of a more
effective quinone modified polymer with GOx.

The fifth chapter offers key lessons and conclusions, summarizing the findings of the
thesis and offering insights into potential directions for future research and development in this
field. Lastly, an appendix containing raw data, derivations, supplemental work, and optimized

coordinates of the molecular species investigated are provided at the end of the thesis.
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Chapter 2: Rational Design of Quinone Redox Mediators for Bioelectrocatalysis with Glucose
Oxidase.?

2.1 Abstract

Successful application of emerging bioelectrocatalysis technologies depends upon an efficient
electrochemical interaction between redox enzymes as biocatalysts and conductive electrode
surfaces. One approach to establishing such enzyme-electrode interfaces utilizes small redox-
active molecules to act as electron mediators between an enzyme active site and electrode
surface. While redox mediators have been successfully used in bioelectrocatalysis applications
ranging from enzymatic electrosynthesis to enzymatic biofuel cells, they are often selected using
a guess-and-check approach. Herein, structure-function relationships in redox mediators that
describe the bimolecular rate constant for its reaction with a model enzyme, glucose oxidase
(GOx) are identified. Based on a library of quinone-based redox mediators, a quantitative
structure-activity relationship (QSAR) model is developed to describe the importance of mediator
redox potential and projected molecular area as two key parameters for predicting the activity of
quinone/GOx-based electroenzymatic systems. Additionally, rapid scan stopped-flow
spectrophotometry was used to provide fundamental insights into the kinetics and the
stoichiometry of reactions between different quinones and the flavin adenine dinucleotide
(FAD*/FADH) cofactor of GOx. This work provides a critical foundation for both designing new
enzyme-electrode interfaces and understanding the role that quinone structure plays in altering
electron flux in electroenzymatic reactions.
2.2 Introduction

Recent advances in bioelectrocatalysis have drawn considerable interest as an

environmentally friendly means of facilitating enzyme catalysed oxidation and reduction reactions

1 This work was published in collaboration with my PhD Advisor, Dr. David P. Hickey as: “Mtemeri, L.;
Hickey, D. P. Model-Driven Design of Redox Mediators: Quantifying the Impact of Quinone Structure on
Bioelectrocatalytic Activity with Glucose Oxidase. J Phys Chem B 2023.
https://doi.org/10.1021/acs.jpcb.3c03740.”
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that will be critical as the world transitions towards a green economy.! Enzymatic
bioelectrocatalysis employs an electrochemical interface to regenerate enzymatic redox
cofactors. While there are some notable examples of direct electrochemical cofactor regeneration,
electron transfer between electrode surfaces and many redox enzymes is not possible because
their cofactor is buried within an insulating protein matrix.'>"5-""7 For such oxidoreductases, an
efficient electrode-enzyme interface can be accomplished with the use of small redox-active
molecules, known as mediators, to act as electron shuttles as shown in Scheme 2.1.5981.118 |n
mediated enzymatic electrocatalysis, electrochemical regeneration of the biological cofactor
depends on the use of a compatible redox mediator which exhibits high homogenous electron
transfer rates. Currently, the design of mediators is a challenging process that is largely
accomplished by using a guess-and-check approach. This method considers only the redox
potential of the mediator as a selection criterion, while ignoring the role that its structural features
may have in altering enzyme-mediator kinetics."® Consequently, there is a need to develop a
comprehensive understanding of the relationship between mediator structure and homogeneous
electron transfer rates in order to effectively design compatible redox species.

Previous investigations into mediated bioelectrocatalysis have demonstrated practical
methods for fabricating efficient mediated enzyme systems, including the use of iterative rational
design."® However, existing attempts to elucidate relationships between mediator structure and
bioelectrocatalytic activity have relied on a small number of redox mediators to extrapolate
structure-activity trends. While many prior works have demonstrated the use of a variety of redox
active molecules (e.g., osmium complexes, quinones, methyl viologen, cobaltocene and
ferrocene derivatives) as enzymatic mediators, these studies often relied on only three to five
mediators to evaluate parameters that control electron transfer rates.'#'2%12" As a result, such
studies may be less reliable for identifying the design principles necessary to expedite preparation

of novel enzymatic redox mediators.
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Parameterized modelling of quantitative structure-activity relationships (QSARs) has been
employed as a powerful tool for accelerating molecular design in a variety of applications. This
approach uses multivariate linear regression analysis to simultaneously examine several
structural characteristics of a class of molecules (molecular descriptors) to differentiate ones that
correlate to a desired output.®” The output of parameterized modelling is commonly either catalyst
activity or selectivity, while the inputs (molecular descriptors) are comprised of both experimentally
measured and computationally determined properties. All inputs and outputs are normalized and
then analyzed by multivariate linear regression, which filters out extraneous descriptors while
resulting in linear combinations of descriptors that correlate to a desired output. This method has
been extensively used in drug design and modelling structure-activity relationships of
homogeneous catalysts; however, comparatively little work has been done using parameterized
modelling to design redox mediators.88:89.122-124

In this chapter, parameterized modelling is utilized to elucidate structure-activity
relationships of a class of redox mediators for enzymatic bioelectrocatalysis. Glucose oxidase
(GOx) in combination with a variety of quinone redox mediators as a model bioelectrocatalytic
system is employed to probe enzyme-mediator QSARs. The enzyme, GOx, contains a non-
dissociable flavin adenine dinucleotide (FAD*/FADH;) cofactor and catalyzes the oxidation of
glucose. As a model enzyme, GOx is ideal because its native electron acceptor (molecular
oxygen) can be readily supplanted by exogenous redox mediators such as quinones, and its
protein structure, mechanism, kinetics, and electrochemical performance are well-established in
the literature.21:125-127

Similarly, quinones are ubiquitous as both physiological and electrochemical redox
mediators, and their role in biological electron transport chains and fundamental electrochemistry
has been extensively studied.'?®-3" Furthermore, quinones have been reported to undergo
electron transfer with several flavoenzymes, including GOx, via an outer-sphere electron transfer

mechanism, thus making them ideal model mediators for studying effects of structural features
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on apparent electron transfer rates.'®'32-134 |n this chapter, the use of parameterized modelling
to identify QSARs of a library of 25 structurally diverse quinone-based redox mediators with GOx
is demonstrated. The activity of each mediator with GOx was measured using cyclic voltammetry
(CV), and structural descriptors were extracted from density functional theory (DFT)
computations. Furthermore, a combination of molecular docking simulations and stopped-flow
spectrophotometry were used to investigate the role of mediator structure in dictating the

mechanism of electron transfer with the FAD*/FADH, cofactor in GOx.
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Scheme 2.1 (A) Depiction of mediated bioelectrocatalytic oxidation of glucose by glucose oxidase
(GOx). (B) Workflow for the development of quantitative structure-activity relationships (QSARS)
of electrochemical redox mediators using parameterized modelling.
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2.3 Experimental
2.3.1 Materials

All mediators were obtained from Sigma-Aldrich, TCI Chemicals, and Alfa Aesar and were
used as received. Glucose oxidase from Aspergillus niger (E.C. 1.1.3.4, 147,000 U / g solid), D-
glucose, and phosphate buffer was purchased from Sigma Aldrich and used as received. In order
to ensure consistent enzyme activity, all experiments were performed with glucose oxidase from
the same commercial batch. Stock solutions of glucose were prepared 24 hours prior to use and
allowed to mutarotate at 4 °C.

2.3.2 Electrochemical characterization

Electrochemical experiments were performed on a Biologic VSP multichannel potentiostat
using a standard three-electrode cell with a 3 mm glassy carbon working electrode, a platinum
wire counter electrode and a saturated calomel reference electrode (SCE). All experiments were
performed with solutions containing 0.5 mM quinone with 0.5% dimethyl sulfoxide (DMSO) to
improve the solubility of quinones and 100 mM phosphate buffer at pH 7 and 25 °C. The activity
of GOx is not significantly altered in the presence of 0.5% DMSO (as determined by spectroscopic
activity assays). Electrochemical characterization of quinone mediators was accomplished using
square wave voltammetry (SWV) and cyclic voltammetry (CV). SWV experiments were performed
using pulse heights of 10 and 20 mV, pulse width of either 1, 5, 10 or 20 ms and step height of 5
mV. Mediator diffusivities were determined by cyclic voltammetry using 0.5 mM quinone in 100
mM phosphate buffer at 50, 100, 150, 200, 250, and 300 mV s™'. Bioelectrocatalytic current of
quinones with GOx was measured by performing cyclic voltammetry (CV) on solutions of 0.5 mM
quinone alone, with 10 mM glucose oxidase, and 100 mM glucose at 5 mV s™'. All stock solutions
were purged with N2 for 30 mins prior to use. Additionally, solutions of mediators and GOx/glucose

were degassed for further 10 mins prior CV experiments.
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2.3.3 Chemical Kinetics and Mediator-Enzyme Stoichiometry Measurements
Homogeneous reaction kinetics between the redox mediator and glucose oxidase, and

mediator stoichiometries were measured spectrophotometrically using an Olis Stopped Flow
Spectrophotometer. Stopped-flow experiments were performed by rapidly injecting two solutions,
one containing dissolved mediator and one containing a mixture of glucose and GOx at a 500:1
molar ratio. The ratio of glucose-GOx was kept constant throughout all stopped-flow experiments.
Changes in absorbance were monitored between 320 nm and 420 nm upon rapid mixing of 150
mL glucose/GOx solution (1 mM with respect to glucose) and 150 mL of 1,2-naphthoquinone (0.0,
0.5, 1.0, 1.5, 2.0, 2.5 or 5.0 mM) in the fully oxidized state. The same experiment was repeated
using a constant concentration of 1,2-naphthoquinone (1 mM) with varying concentrations of the
glucose/GOx solution (0.0, 0.5, 1.0, 1.5, 2.0, 2.5 and 5.0 mM with respect to glucose). For
mediator-enzyme stoichiometry, 150 mL of 1 mM oxidized mediator (either 1,2-naphthoquinone
or 2,6-dimethoxy-1,4-benzoquinone) was rapidly mixed with variable concentrations of the
glucose/GOx solution (0.10, 0.25, 0.30, 0.35, 0.40, 0.50, 0.60, 0.75 ,0.80, 0.90, 1.00, 1.50 and
2.0 mM with respect to glucose for 1,2-naphthoquinone, and 0, 0.25, 0.50, 0.75, 0.85, 1.00, 1.50,
2.00, 2.50, and 3.50 mM with respect to glucose for 2,6-dimethoxy-1,4-benzoquinone).
Absorbance spectra were taken every 0.1 s. Solutions were purged with N, gas for 10 mins before
mixing in the Stopped Flow chamber. All reactants were dissolved in 100 mM phosphate buffer at
pH 7 and 25 °C. Quinone solutions were prepared immediately prior to use and shielded from
light to minimize photodegradation.
2.3.4 Computational Calculations and Descriptors

All geometry optimization and DFT free energy calculations were performed in Gaussian 09
using the B3LYP level of theory, 6-31+G (d,p) basis set and CPCM (water) solvation model."3°
The free energy of all the charged states required in the calculation of the 2e/2H* reduction
potential was obtained, and the corresponding redox potentials were calculated as described

previously.'3® Descriptors for the multi-variate regression analysis were obtained from geometry-
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optimized structures for each mediator in the fully oxidized state from the graphical molecular
viewer software, UCSF ChimeraX and Chemcraft. Molecular docking experiments were
performed with AutoDock Vina using geometry-optimized mediator structures from DFT
computations and GOx (PDB 1CF3). Docking simulations were performed with energy range
cutoff, exhaustiveness, and number of modes of 5, 160 and 40, respectively.
24 Results and Discussion
2.4.1 Bioelectrocatalysis Characterization

To initiate the investigation, the catalytic current density of 1,2-naphthoquinone (1)
(Scheme 2.2) as a representative redox mediator for the oxidation of glucose by GOx was
measured using cyclic voltammetry. Representative voltammograms of 1 in the absence or
presence of GOx and glucose are shown in Figure 2.1A. The relative concentrations of
1:GOx:glucose were selected to ensure the quinone mediator was the limiting reactant for
oxidation of glucose by GOx in all cases. The concentration of the mediator was carefully
controlled to ensure it was the limiting factor using stoichiometric analysis detailed later in the
chapter. In the absence of GOx or glucose, the CV of 1 resulted in two overlapping reversible
proton-coupled redox waves (Figure 2.1A). The CV of 1 is unaltered upon addition of GOXx,
indicating that neither its fully oxidized nor reduced forms react with solvent-accessible residues
of GOx. However, upon the addition of glucose, the CV of 1/GOx results in a sigmoidal shape that
plateaus at a steady state current density of approximately 200 yA cm. This voltametric response
is evidence of a homogeneous electrocatalytic (EC’) mechanism and is consistent with previous
report of quinones behaving as redox mediators for the bioelectrocatalytic oxidation of glucose by

GOx 137,138
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Figure 2.1 CVs showing the catalytic current density of the glucose oxidase-1 mediated system.
The CV in (blue) is 0.5 mM 1, (red) with 10 uM glucose oxidase and (black) with 100 mM glucose
in 100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5 mM 1 showing
peak reduction (E7) and oxidation potential (E2). The pulse height, width, and step height of 10
mV, 1 ms and -5 mV, respectively. (c) describes the scan rate dependence study and (d) shows
the correlation between the square root of scan rate and the respective peak potentials.

The catalytic current density (jmax) of 1/GOx/glucose is an important metric in the context
of glucose biosensors and biofuel cells, but it can also be used to determine the rate constant for
the reaction between 1 and GOx. This second-order bimolecular rate constant (k) is related to the
overall energy barrier for a mediator to regenerate the FAD" cofactor of GOx, and it allows for
direct comparison between the relative activity of different mediators towards GOx. The

bimolecular rate constant of 1 with GOx was calculated using the steady-state analytical solution

derived in chapter 1 where jnax is given by equation 1.12.

(1.12) jimax = nuFciy /z(f—M) Dycik
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where k the bimolecular rate constant between the enzyme and 1, F is the Faraday constant, Dy
is the mediator diffusivity (assuming that diffusivity of the oxidized and reduced mediator are
approximately equivalent), ce* and cuy* are the bulk concentrations of GOx and mediator,
respectively, ns and ny represent the number of electrons from the substrate and mediator,
respectively (both ns and ny were assumed to be 2)."*° The diffusivity of 1 was calculated from
variable scan rate CV analysis of data in Figure 2.1C and D. Randles-Sevcik equation was
applied and the slope of the line in Figure 2.1D is proportional to the diffusivity. Dy was found to

be 5.7x10% cm? s from equation 2.1.

1/2 % 1)1/2

P 3/2p3/2 2P €
(2.1)1,,_0.446311/F/A“gRTT

Where n, A, Dy, R, T, and ¢* are number of electrons transferred, electrode area (cm?), diffusivity
(cm?s™), gas constant (8.3144 J mol'K™), temperature (K) and bulk concentration of the mediator
(mol cm®), respectively. Using equation 1.12, the bimolecular rate constant for 1 with GOx was
calculated to be k = 8x10* M" s,

2.4.2 Structurally Diverse Quinone Mediator Library

Upon establishing a procedure for experimentally determining the bimolecular rate
constant for a representative quinone, the same method was applied to a library of 24 additional
quinone-based mediators (Scheme 2.2). This library of quinones was selected to include a
structurally and electronically diverse set of redox mediators, including substituted
naphthoquinones (1-9), benzoquinones (10-17), and catechols (18-25). The calculated
bimolecular rate constants for all 25 quinone-based mediators varied significantly from k= (2.5 +
0.8)x10" M s for 2-methoxy-1,4-naphthoquinone (6) to k = (2.29 + 0.04)x10° M s for 4-
ethylcatechol (20) with naphthoquinones generally exhibiting lower rate constants than

benzoquinones, which in turn exhibited lower rate constants than catechols (knq < ksa < Kcatechols).
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Scheme 2.2 Chemical structures of quinone redox mediators investigated, comprised of
naphthoquinones (blue), benzoquinones (red) and catechols (black), with midpoint potentials
(E°aar2) vs SCE and bimolecular rate constants with GOx (k) reported beneath each structure.
Error associated with each rate constant is reported in the supporting information but does not
exceed 20% for any reported value with n =3.

Previous studies have suggested that unfavorable electrostatic repulsion between the
entrance of the GOx active site and negatively charged redox mediators leads to sluggish
homogeneous electron transfer kinetics.®* This can be seen in the direct comparison of 1 (k =
(4.0 £ 0.5)x10* M s) and 1,2-napthoquinone-4-sulfonate (9, k = (6 £ 1)x10° M s™) or the
comparison of 20 (k = (2.29 + 0.04)x10° M-" ™) with 1,2-catechol-4-acetic acid (24, k = (9 + 1)x10*
M- s™); however, this does not appear to be an absolute trend as the rate constant of 24 is greater
than that of 1 despite being anionic at pH 7. Furthermore, it should be noted that the amino acid
derivative (25) exhibits an exceptionally large rate constant (k = (2.3 + 0.3) x10° M s™") despite
containing a zwitterion at pH 7. These results suggest that repulsive coulombic interactions

between the protein surface of GOx near its active site and redox mediators may be partially

mitigated with complementary intramolecular ion pairs. Even with these qualitative correlations
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among small subsets of mediators, no obvious generalizable trends were found between steric
features of quinone mediators and bimolecular rate constants with GOx.

In addition to measuring bimolecular rate constants, the redox potentials were measured
for all 25 quinone mediators using square wave voltammetry as shown in Figure 2.1B. (full SWV
data included in the Appendix). All quinones studied here exhibited two reversible (or
quasireversible) proton-coupled redox events consistent with a square scheme shown in Figure
2.1A, in which the first reduction potential (E°qqn--) was always equal to or less than the second
reduction potential (E°qr-aH2). The midpoint potential (E°qqn2) for each quinone is shown under
each corresponding structure in Scheme 2.2. The thermodynamic driving force for mediated
bioelectrocatalysis comes from the difference in redox potential between the redox mediator and
the flavin cofactor of GOx. For electron transfer to be energetically favorable, the formal reduction
potential of the mediator must be greater than that of the FAD*/FADH; cofactor. Furthermore, both
Butler-Volmer (BV) and Marcus-Hush (MH) kinetic models predict a direct relationship (either
linear or approximately linear for BV and MH, respectively) between the log of the bimolecular
rate constant, log(k), and the difference in reduction potential of the mediator and FAD*/FADH,
cofactor (assuming that the reaction is not diffusion controlled).”*40-144 To test the adherence of
a broad set of quinones to these kinetic models, we plotted log(k) and E, for all quinones (shown
in Figure 2.2B). Although some linear trends may be found from isolated quinone derivatives, this
plot does not result in the expected correlation. The absence of a strong linear trend between
log(k) and E°qaH2, combined with the lack of an obvious qualitative relationship between mediator
sterics and k, compelled us to investigate combinations of molecular descriptors that may be

influencing electron transfer rates in the quinone/GOXx bioelectrocatalytic system.
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Figure 2.2 (A) Reaction scheme of the overall 2 e/2 H* electrochemical reduction of a
representative quinone to the corresponding hydroquinone. (B) A plot of experimental quinone
midpoint potential (E°aqr2) Vs SCE and the corresponding log of bimolecular rate constants
broken up into naphthoquinones (o), benzoquinones (e) and catechols (e).

30



2.4.3 Multivariate Linear Regression Model

In order to identify combinations of quantitative electronic and steric features correlating
to the bimolecular rate constant, k, a parameterized modelling that uses computationally derived
molecular descriptors (inputs) to predict an experimentally observable property (output) was
employed. The log of the bimolecular rate constants (i.e., log(k)) were used as the experimentally
measured property, and descriptors were extracted from geometry-optimized structures of
quinones computed using density functional theory (DFT). Computed quinone structures were
used to calculate the corresponding 2e/2H* reduction potentials using the following equations, '3
(22)  E§qe- = 5[E°/0- + E°g-jq>-]

RT
(23) Eg/QHz = ES/QZ— +E[pKaQH2 +pKaQH—]

The accuracy of computed quinone structures was confirmed by comparing the
experimental and computed midpoint potentials for all quinone mediators, as shown in Figure
2.3A (full computational analysis and calculation of redox potentials provided in the Appendix). It
should be noted that a constant correction factor was required for halogenated quinones to shift
their potential to match the scale of non-halogenated quinones. Similar benchmark adjustments
were described previously for computation of structurally diverse quinone derivatives.’® The
resulting plot of experimental and computation potential provides a good linear correlation with an
R? = 0.85, suggesting that the computed quinone structures accurately reflect those measured
under experimental conditions.

For parameterized modelling efforts, a subset of 19 quinones we pre-selected as a
representative training set for model development, and two mediators were selected from each
quinone subclass (i.e., naphthoquinones, benzoquinones, and catechols) for a total of six
quinones (6, 8, 13, 14, 21, 24) to validate potential models. Several commonly used electronic
and steric descriptors were investigated as possible input parameters, including the calculated

reduction potential, NBO charges, polarizability, molecular surface area and various Sterimol
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parameters (which quantify steric demands and dimensions along different principal axes). 24145
While several models were found to weakly predict log(k) (unused models included in the
Appendix), the most compelling and descriptive relationship, based on linearity of fit (R?) and
statistical significance (p-values), was comprised of reduction potential (E°qqH2) and the projected
molecular area of the quinones (A). The resulting model is summarized in equation 2.4 and plotted
in Figure 2.3C,

(24) logk = 0.38ES,op, — 0.674

The projected molecular area is defined as the maximum two-dimensional area of the
three-dimensional geometry-optimized quinone structure in the oxidized state (depicted in Figure
2.3B). This model easily explains the exceptionally high rate constants exhibited by halogenated
benzoquinones and catechols, which have the combination of high redox potential and small size
compared to naphthoquinones. These effects are exemplified in compounds with small electron
withdrawing substituents (i.e., partially halogenated quinones), such as 3-fluoro-1,2-catechol (22),
3-bromo-1,2-catechol (21), 2,6-dichloro-1,4-benzoquinone (11) and 2,5-dibromo-1,2-
benzoquinone (12) that all have among the fastest rate constants of the mediators studied. The
coefficients associated with each term correspond to their relative weight in the model.
Accordingly, the reduction potential coefficient magnitude (0.38) is small compared to that of
molecular size (0.67). This suggests that redox potential is less influential than area when
predicting biocatalytic activity; however, high redox potential is still significant as it provides the
driving force of the bioelectrocatalytic reaction. Furthermore, the A coefficient is negative while
the E°qqn2 coefficient is positive, indicating that small molecular footprint and high redox potential
of the mediator correlates to faster reaction rates with GOx.

To more easily interpret the physical significance of this model, the predicted and

experimental values of log(k) were plotted in two regions divided by the statistical
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Figure 2.3 (A) A plot comparing experimentally measured quinone reduction potentials (E°q/qn2)
and those computed by DFT. (B) Visualization of the projected molecular area of 1. (C) A plot of
experimental and predicted log of the bimolecular rate constants for the training (e) and validation
(e) set of quinone mediators based on the newly described QSAR model. Error bars represent
one standard deviation from the mean with n = 3.

average of experimental bioelectrocatalytic activity (shown in Figure 2.4 where pink and blue
regions denote high and low activity, respectively). The size and color of each point represents
the magnitude of either E°qqr2 Or A relative to the entire data set. From this visualization, it is
easy to identify mediators that deviate from their expected rate constant based on either E°q/qn2
or A alone. Furthermore, several mediators whose reaction rates with GOx fall outside of the
expected trend according to E°quque. Specifically, 1,4-benzoquinone (10), 2-methyl-1,4-
benzoquinone (13), and 2,6-dimethyl-1,4-benzoquinone (74) react slightly more quickly with GOx
than expected based on their mild redox potential, whereas 9 and 3,6-di-tert-butyl-1,2-
benzoquinone (17) react significantly slower than expected despite having a relatively high redox
potential. Using a similar data visualization for the projected molecular area, it is apparent that
the mild redox potentials of 10, 13, and 14 are compensated by their small molecular footprint,
while the large projected area of 9 and 17 hinders their ability to access the FAD*/FADH, active
site of GOx. It should be noted that 3,4,5-trihydroxybenzoic acid (23) exhibits a lower rate constant

than expected based on both its redox potential and molecular size. Voltametric analysis

(provided in the supporting information) suggests that it undergoes a deleterious chemical
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reaction upon electrochemical oxidation in the absence of GOx and/or glucose. If the rate of the
undesired reaction is greater than that with GOx, this may account for the lower observed

bimolecular rate constant than expected based on the QSAR model.
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Figure 2.4 Plots of experimental and predicted log of the bimolecular rate constants for all quinone
mediators studied, where the colour and size for each point describes the mediator redox
potential, E°qqH2, and the projected area of each corresponding mediator, A, respectively. Plots
are divided into high activity (red background) and low activity (blue background) relative to the
mean value of experimentally determined log(k) based on the newly described QSAR model.
Comparing the deviations from expected behaviour based on both E°qqH2 and A, the
model demonstrates that the size of a redox mediator plays an important role in describing the
ability of a mediator to access the FADH: cofactor in GOx, which is buried inside the protein shell.
This suggests that the overall mediator size may provide sufficient steric hinderance to slow down
apparent reaction rates with the GOx active site.'®'47 To further investigate the role that sterics
of a mediator play in binding to the active site of GOx, we employed molecular docking

simulations.

2.4.4 Understanding Mediator Interactions in GOx Active Site

Both 1,2- and 1,4-quinones occur naturally and are used as exogenous mediators. Given

the strong influence of quinone size on the bimolecular rate constant, we considered the
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possibility that molecular sterics may influence each of these quinone types differently in the active
site of GOx. Molecular docking experiments were performed using Autodock Vina with two
representative quinones, 1,2-napthoquinone (1) and 2,6-dimethoxy-1,4-benzoquinone (716) and
GOx with the reduced FADH; cofactor. Of the 400 docking simulations performed for 1 and 16,
each mediator was found to consistently favor one binding mode with at least one dione oxygen
atom in close proximity to the 5-nitrogen atom of FADH, (depicted in Figure 2.5). Previous
molecular docking experiments indicate that the reaction between 1,2-naphthoquinone-4-
sulfonate (9) and FADH: in GOx may occur through two oxidative half-reactions that requires a
large orientation of the mediator within the GOx active site to allow for subsequent proton
transfer.'3014¢ Qur docking simulation results suggest that, despite its large molecular footprint, 1
is capable of reorientation due to the proximity of both oxygen atoms to the FADH: center. In
contrast, the distal position of dione oxygen atoms on 16 prevent the large reorientation required
for protonation following the first redox half reaction. If this were the case, it is expected that 16
should only be capable of one single electron transfer prior to dissociating from the GOx active

site in the semi-quinone state. Given the similar bimolecular rate constants between 1 and 16, it's
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Figure 2.5 Representative results of molecular docking simulations of either (A) 1 or (B) 16 in the
oxidized state with GOx. Images depict the most stable binding configuration of 400 simulations
each. A crystal structure of GOx (PDB 1CF3) was used in which the FAD*/FADH. cofactor is in
the reduced state. The surface of GOx is colored by electrostatic charge of solvent-accessible is
unlikely that the semi-quinone residues, and the enzyme volume has been clipped to show the
entire binding pocket of the cofactor as well as the negatively charged entrance to the active site.
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form of 16 undergoes reorientation outside of the GOx active site followed by subsequent re-
binding, but rather behaves as a one-electron mediator (i.e., would exhibit 2:1 16-FADH>
stoichiometry).

To probe this hypothesis, stopped-flow spectrophotometry was used to measure the
kinetics and stoichiometry of reactions between either 1 or 16 and GOx for the oxidation of glucose
at pH = 7 and 25 °C. The reaction progress was monitored from the change in absorbance of
mediator as a function of time as shown in Figure 2.6. In all cases, the reaction was allowed to go
to completion where all glucose was consumed, and reactions were studied with varying

concentrations of either mediator or glucose.
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Figure 2.6 Representative spectra of 1 mM 1 with 1 mM reduced GOx dissolved in 100 mM
phosphate buffer at pH 7 and room temperature showing normalized absorbance values as a
function of wavelength and time.

The spectra for different concentrations were analyzed at 370 nm wavelengths to obtain
absorbance and time values for each concentration of enzyme and quinone used respectively as
shown in Figure 2.7.

To ensure that glucose was not limiting, a constant ratio of 500:1 glucose-GOx was

maintained for all experiments. Initial rate kinetics were studied to confirm the reaction order with

respect to both quinone mediator and GOx. These spectrophotometry experiments confirmed that
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the reaction is first order with respect to both mediator (1 and 16) and GOx, which suggests that

only one mediator is involved in the rate limiting step regardless of the quinone used (See

Appendix).
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Figure 2.7 Plots of the normalized absorbance at 370 nm as a function of time (A) 100:1
glucose/GOx (1 mM with respect to glucose) with increasing concentration of 1, and (B) 1 mM of
1 reacted with different concentrations of glucose/GOx (concentrations are of glucose in a 100:1

glucose/GOx mixture).

The stoichiometric quantities of 1 and 16 required to oxidize glucose via GOx were
determined by stopped-flow spectrophotometry. A solution containing a fixed concentration of
either 1 or 16 was rapidly mixed with solutions containing variable concentrations of a 500:1
glucose/GOx mixture and the absorbance was monitored to the reaction completion (45 s or 500 s
for 1 and 16, respectively). To identify saturated and non-saturated conditions with respect to each
quinone, the relative equivalents of each quinone for various glucose/GOx concentrations were
plotted against the final remaining oxidized quinone concentration (shown in Figure 2.8). From

this plot, the intersection point between saturated and non-saturated
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Figure 2.8 (A) Schematic of the reaction used in kinetic and stoichiometry studies. Plots of the
percent of oxidized quinone remaining once the reaction had gone to completion as a function of
the equivalents of quinone used with respect to glucose when using (B) 1 or (C) 16 as the oxidant.
Reactions were performed using 100 mM phosphate buffer at pH 7 and 25 °C.
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regions indicate the stoichiometric equivalents of quinone required to fully oxidize FADH> in GOx.
This data indicates that one equivalent of 1, or two equivalents of 16 are required, respectively,
for a complete two-electron oxidation of FADH, to FAD*. Furthermore, 1 and 16 both exhibit a
midpoint potential of -0.09 V vs SCE; which suggests that the mediator structure alone can
significantly influence the stoichiometry of reactions between quinone mediators and GOx. The
observed 2:1 stoichiometry required for reaction of 16 with glucose/GOx would result in formation
of the high-energy semiquinone intermediate form of the mediator (QH* in Figure 2.2A). These
energetic species are known to play an important role in biological electron transport
pathways,"14% and this result illustrates that quinone structure can promote the formation of QH*
intermediates by limiting the kinetics of a second electron transfer in the GOx active site.

The observed difference in stoichiometry for representative 1,2- and 1,4-quinones
suggests that these exogenous redox species may behave as either one- or two-electron
mediators. It should be noted that, as two-electron mediators with GOx, 1,2-quinones may react
either via two single electron transfer (SET) steps with intervening protonation, or via a single
hydride transfer/protonation.”™® The data presented here does not provide evidence that 1
operates via the SET pathway; however, it is clear that 16 does proceed through SET and both 1
and 16 exhibit similar first and second redox potentials. Finally, it should be emphasized that,
despite the different stoichiometries for 1 and 16, they are both accurately described by the model
presented above. This suggests that electron transfer between quinone mediators and FADH: is
not rate-limiting to the overall reaction but instead indicates that transport of the mediator from
the bulk solution to the active site of GOx may provide a kinetic bottleneck to mediated
bioelectrocatalysis.

2.5 Conclusion

This fundamental study explored the role that the structure of a quinone redox mediator

plays in regulating electron transfer to glucose oxidase during the bioelectrocatalytic oxidation of

glucose. Parameterized modelling was used with a library of 25 structurally diverse quinone-
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based mediators to construct a QSAR model that implicates redox potential and the projected
molecular area of a mediator as two critical parameters in describing homogeneous bimolecular
rate constants for the reaction between a quinone mediator and the FADH, cofactor of GOx.
Specifically, it was found that neither redox potential nor mediator size independently provides a
strong correlation with the bimolecular rate constant, but a combination of the two parameters
accurately predicts k. Furthermore, the QSAR model indicates that a quinone mediator with a
combination of high redox potential and small projected molecular area will result in the fastest
reaction rate with GOx. Finally, a combination of molecular docking simulations and stopped-flow
spectrophotometry experiments reveal 1 reacts as a 2 e mediator, while 16 reacts as a 1 e
mediator for GOx during the oxidation of glucose. These results demonstrate that the structure of
a quinone mediator (even independent of the corresponding redox potential) can dictate the
overall reaction stoichiometry, and, by extension, the types of reaction intermediates formed

during mediated bioelectrocatalysis.
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Chapter 3: Role of Redox Mediator Size in Controlling Electron Transfer Rates.
3.1 Abstract

Electrochemical redox mediators have enabled the successful application of
oxidoreductase enzymes like glucose oxidase (GOXx) in catalyzing bioelectrochemical reactions
in biofuel cells and biosensors. Previous research has primarily focused on elucidating the
structural features redox mediators must possess to effectively interact with GOx in the electron
transfer processes. In the previous chapter, parameters such as redox potential and redox
mediator size were identified as crucial factors controlling electron transfer in quinone-GOXx
systems. While the role of redox potential in driving electron transfer has been extensively studied,
the influence of mediator size remains less understood or is often generalized as steric hindrance
effects. However, it is unclear whether these effects impact mediator transport or binding to
enzyme cofactors. To address this gap, computational simulations were conducted to elucidate
the specific role of size in mediator transport and binding kinetics. First, the molecular tunnel of
GOx was characterized in MoleOnline to gain detailed insights into its structure-function features.
Subsequently, a combination of molecular docking simulations was performed to determine the
most stable positions of redox mediators within the GOx active site tunnel. This was followed by
employing Steered Molecular Dynamics (SMD) and Umbrella Sampling (US) techniques to
simulate mediator transport through the tunnel and calculate the Potential of Mean Force (PMF)
profiles describing their binding free energies. The results show that the surface area of redox
mediators influences molecular transport rates within the active site tunnel. Smaller mediators
exhibit higher diffusivities inside the tunnel compared to larger ones suggesting that transport into
the active site constitutes the rate-determining step in the overall electron transfer. This insight
offers crucial guidance for designing more efficient redox mediator systems for mediated
enzymatic catalysis. Understanding the interplay between redox mediator size, transport kinetics,
and binding affinity is imperative for optimizing electron transfer rates and enhancing the efficiency

of enzymatic catalytic reactions. This study not only addresses longstanding questions in the field
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but also provides an example where computational tools are employed to answer fundamental
questions that are challenging to address through experimental means.
3.2 Introduction

Electrochemical redox mediators play a pivotal role as diffusible small molecules that
facilitate transfer of redox equivalents between cofactors and electrode surfaces in enzymatic
electrocatalysis. Enzymes like glucose oxidase (GOx) which harbor a cofactor inside protein
shells, depend on these redox species to minimize the distance which electrons must travel during
catalysis.%6657386.104.150-152 However, effective electron exchange requires redox mediators to
overcome kinetic and thermodynamic barriers along the ingress path from bulk solution to the
GOx cofactor. These barriers include migrating to the GOx active site surface, diffusing within the
active site tunnel, and binding by assuming specific interactions with catalytic residues near the
cofactor. The interplay between the structure and function of both GOx active site tunnel and
redox mediators leads to recognition which allows transport and formation of enzyme-mediator
complexes at binding sites.6792193-1% Nonetheless, a significant challenge remains in
understanding how these structure-function relationships affect transport and binding processes
which ultimately determine electron transfer kinetics in mediated electron transfer. Insights into
the rate-determining aspects of these processes can inform the design of next-generation
mediators for enzymatic electrocatalysis.

Over the years, extensive research has aimed to precisely identify essential parameters
redox mediators must exhibit to interact effectively with GOx in a redox process.8314143.50.82.86,155
While previous studies have emphasized the significance of redox potential in controlling mediator
activity, recent investigations have shed light on the complementary role of surface area or size.?®
Our Quantitative Structure-Activity Relationship (QSAR) model revealed a correlation between
surface area and electron transfer rates, surpassing the influence of redox potential alone.?® In
the model log ker = 0.38E1, — 0.67A, where ker, E12, and A represents the bimolecular rate

constant between redox mediators and the GOx cofactor, the formal potential of mediator and
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surface area of the redox mediator, respectively, the coefficient of surface area (0.67) was found
to have a greater influence than the redox potential. This underscored the predominant role of
mediator size in predicting electron transfer rates, yet its significance was not fully explored.

Although the role of redox potential is associated with the driving force of electron transfer
between donor and acceptor in terms of Marcus theory®®'% a crucial question remains
unanswered: Does surface area or size control mediator transport to the cofactor via the active
site channel, or does it predominantly impact binding to the cofactor site during enzyme-mediator
complex formation? Size of ligands has been linked to affecting one or the other depending on
the enzyme — ligand interaction."s”-'% Addressing this question is imperative in the mediator
design space. Probing this issue can potentially settle a longstanding inquiry in designing
mediators for GOx: whether the bimolecular rate constant is primarily controlled by molecular
transport, favorable binding, or electron transfer kinetics.

To investigate this question, we hypothesized that the surface area of quinone redox
mediators plays a greater role in facilitating their transport in GOx tunnel than binding. Contrary
to previous arguments by several scholars in this field, it has been rationalized that transport of
redox mediator in fact predicts proximity of binding to the enzyme cofactor.'® In exploring this
question, a comprehensive examination of the active site tunnel of our model enzyme, GOx, was
explored which mediators must transverse through. Molecular transport and binding kinetics
parameters were acquired and compared to determine the rate-limiting step. Subsequently, this
rate-limiting step was correlated with structural features of both redox mediators and GOx.

Specifically, computational simulations were performed to calculate the thermodynamics
and kinetic parameters of redox mediators during their ingress through the protein channel to the
cofactor. Molecular dynamics simulations were employed to mimic the motion of mediators.
Initially, Steered Molecular Dynamics (SMD) was utilized to define the ingress path through
applying an external pulling force to the atoms the redox mediator through its center of mass

(COM).105:111-114,159,160 Syhsequently, Umbrella Sampling (US) technique was employed in each
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independent sampling window created by dividing the ingress path.'®'These sampling windows
connect to form a continuous path between the final and initial states. The results of the sampling
were analyzed using Weighted Histogram Analysis (WHAM) providing a comprehensive
thermodynamic evaluation along the reaction coordinate represented by a Potential of Mean
Force (PMF).160.162-164 The PMF profile describes the chemical potential of redox mediators along
the diffusion pathway and captures the non-covalent association and dissociation of redox
mediators with catalytic residues surrounding the FAD cofactor.'64.165
3.3 Computational Methods
3.3.1 Molecular Docking

Autodock Vina'® was employed for docking simulations with an energy range,
exhaustiveness, and number of modes set to 5, 160, and 60, respectively. The search box
dimensions were set at 126 A, 122 A, and 126 A for GOx. The center coordinates for GOx were
50.323 A, 40.369 A, and 47.802 A. A total of 300 simulations were performed for each enzyme-
mediator system. After simulation, the configuration with the lowest binding affinity was selected
for further analysis.

3.3.2 Steered Molecular Dynamics (SMD)

Molecular dynamics simulations were conducted using the Gromacs Package, following
the instructions provided in previous research.'®® The initial protein structure files of Glucose
Oxidase (GOx) were obtained from the Protein Data Bank (PDB code: 1CF3), while the structure
of the redox mediator was optimized using Density Functional Theory (DFT) calculations from
chapter 1. To prepare the system for simulation, crystallographic agents were removed from the
GOx structure. The redox mediator was positioned at the entrance of the enzyme tunnel by
adjusting its coordinates relative to those of GOx. The resulting complex was then placed in a
simulation box 10 nm by 10 by 10 nm in dimension and solvated with water of SPC type
molecules. The simulations were conducted under both NPT (constant number of particles,

pressure, and temperature) and NVT (constant number of particles, volume, and temperature)
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ensembles to maintain the desired conditions. The force constant used for the simulations was
optimized to be 3300 kJ/mol/nm, ensuring adequate pulling force during the simulations.
Additionally, the simulation speed was adjusted to be approximately 0.0024 nm per picosecond
to achieve an appropriate timescale for the simulations. SMD simulations were performed to exert
a force on the center of mass (COM) of the redox mediator, pulling it towards the N5 atom of the
FAD cofactor within GOx. This pulling process was carried out for a duration of 1000 ps. to allow
the mediator to ingress into the active site and interact with the enzyme.

3.3.3 Umbrella Sampling (US)
Sampling windows were obtained by dividing the path defined by SMD into 25 windows,

each spaced by increments of 0.1 nm to connect the final predicted distance from the initial
position. Umbrella samplings were conducted in each window for 1 ns until equilibrium was
attained.

3.3.4 Diffusivity Calculation and Diffusion Rate Constant

The diffusion constant was calculated by least squares fitting a straight line (D*t + c)
through fitting MSD(t) from initial and end point. This diffusion is calculated based on equation 3.1
(3.1) D = 16t((r(t) — r(0))°)
were r (0) is the distance at time zero and r(?) is distance at time t. This diffusivity analysis is built
into a Gromacs module.

3.3.5 Binding Free Energy Calculation

The binding process of redox mediators can be considered to be a two-state transition

involving the unbound state (state A) and the bound state (state B). The transition state equation

(equation 3.2) can be expressed as:

(3.2) kony = %Bexp (— i—i)
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where kon, ks, h, AG, T and R are rate constant associated with binding of redox mediators at
their respective distance, Boltzmann constant, Planck’s constant, free energy of activation,
temperature and gas constant, respectively.

3.4 Results and Discussion

3.4.1 Characterization of GOx Active Site Tunnel

To initiate the investigation, it was noteworthy to present a comprehensive picture of the
GOx tunnel which mediators must travel through to reach the FAD cofactor. While previous
research in this field merely described it as an active site without going much into details of its
architecture, newer scholars in this area may not know whether it resembles just a depression on
the protein surface or indeed a hollow tunnel. Therefore, a detailed characterization of the GOx
active site tunnel using MoleOnline was performed. First, a 2 ns molecular dynamics simulation
on the structure of GOx, was conducted to ensure that the protein structure was thoroughly
solvated with water and had reached equilibrium in a solution-like environment. MoleOnline was
used to search for channels, tunnels, or cavities within the protein structure. From all possible
tunnels identified in Figure 3.1A, the one extending from the FAD cofactor (Figure 3.1B) was
selected as the most prevalent used by mediators during catalysis. As far as my knowledge
extends, this represents the first attempt to report the architecture of GOx active site tunnel.

The GOx tunnel showcases intricate structure-function relationships which are primarily
influenced by the presence of charged amino acid residues such as Arg, GIn, His and Tyr. These
residues provide various roles ranging from defining the chemical environment within the tunnel
to acting as catalytic residues.’™® Specifically, these residues contribute to the creation of
hydrophobic and polar regions within the tunnel which positively or negatively affect mediator
transport and binding as depicted in Figure 1C to F.

In terms of geometry, it was observed that the tunnel is 2.27 nm long, more specific than
reports from crystallography data on GOx from decades ago.'®” There is presence of bottleneck

region approximately 1.5 nm from the entrance and towards the FAD cofactor. In comparison of
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this bottleneck diameter of the tunnel (~0.24 nm) to the most favorable dimension of approach of
most quinone mediators (0.40 - 0.56 nm), these mediators are initially unable to fit within these
bottleneck regions. However, molecular motion of residues allows mediators to pass through.

Consequently, their transport distance is primarily governed by micro changes in tunnel diameter.
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Figure 3.1 (A) illustrates the most prevalent tunnels and cavities identified within the dimeric
structure of GOx following 2 ns of molecular dynamics simulation. (B) highlights the selected
tunnel depicting the architectural features of the active site, extending from the entrance to the
N5 atom of FAD. The distances and radii of the GOx tunnel for both dimeric units are shown in
(C), with the origin set at the N5 of the cofactor FAD (0 nm) and the tunnel exit at 2.5 nm. (D) to
(F) showcase examples of chemical features (charge state, polarity, and hydrophobicity) created
by amino acid residues lining the GOx tunnel.
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3.4.2 Redox Mediator Selection

A small library of quinone redox mediators was selected for computational simulations as
depicted in Figure 3.2. Experimental data of these redox mediators was acquired in Chapter 2.
The selection of these candidates was guided by their variations in surface area while still falling
within a similar redox potential range (formal potential standard deviation is 0.11V). Moreover, we
aimed to minimize the effects of potential difference in the overall electron exchange within the
library. As shown in Figure 3.2 there is a trend between mediator surface area and corresponding
bimolecular rate constants. Generally, an increase in area correlates to a decrease in bimolecular

rate constant.
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Figure 3.2 Arepresentation of quinone redox mediators selected in exploring the impact of surface
area in controlling electron transfer rates. The abbreviated names are 1,2-naphthoquinone (NQ),
4-methyl-1,2-naphthoquinone (NQMe), 2-bromo-1,4-naphthoquinone (NQBr), 1,2-
naphthoquinone-6-sulfonate  (NQSA-), 4-ammonio-1,2-naphthoquinone  (NQNA®*), 1,4-
benzoquinone (BQ) and 2-methyl-1,4-benzoquinone (BQMe). These redox mediators represent
a range of surface area relative to their rate constants.

3.4.3 Molecular Docking Simulations, Steered Molecular Dynamics, and Umbrella Sampling
(SMD-US) for Potential of Mean Force (PMF)

3.4.3.1 Docking Simulations.
Docking simulations were conducted for all the mediators to determine their most stable

positions within the active site of GOx tunnel. These positions were considered the destinations
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which the mediators must diffuse through the active site tunnel to reach as demonstrated in
Scheme 3.1. The distances of all mediators are summarized in Table. 3. These distances obtained

were subsequently used in SMD simulations.

N5 of FAD

redox mediator

Scheme 3.1 illustrates a representative distance predicted by molecular docking showing the
placement of NQ within the active site tunnel of GOx. This distance is measured from the center
of mass (COM) of the active benzene ring (the one attached to oxygen) to N5 of FAD.

Table 3.1 A summary of distances predicted by molecular docking of all redox mediators used.
Mediator Distance /nm

BQ 0.384
BQMe 0.415
NQ 0.362
NQNA* 0.620
NQMe 0.634
NQSA' 0.878
NQBr 0.761

Benzoquinones diffuse closer to the binding position compared to naphthoquinones. The
negatively charged quinone (NQSA") appears to have the longest distance from the cofactor,
followed by NQBr. Relative to their sizes, as illustrated in Figure 3.3, this trend is anticipated. This
observation suggests that the negatively charged quinone may experience strong interactions

with positively charged arginine residues early in the transport process, hindering its progression
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towards the cofactor due to both electrostatic forces and steric hindrance from the bulky -SO3
group.88:1% Similarly, NQBr face similar challenges, particularly due to the presence of two bulky
bromine groups. Conversely, there appears to be no significant effect observed on positively
charged quinones and neutrally charged ones, as their interactions and steric hindrance may

facilitate their diffusion closer to the cofactor.
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Figure 3.3 Arepresentation of surface area and the final distances predicted by molecular docking
from COM of quinones to N5 of GOx.

3.4.3.2 Steered Molecular Dynamics (SMD) and Umbrella Sampling (US) for PMF profile

SMD simulations were performed using the final distances obtained from molecular
docking as the endpoint for the redox mediator path from the bulk solution. In these simulations,
a force was applied to COM of each redox mediator using a carefully calibrated force constant,
as illustrated in Figure 3.4A. Additionally, the travel speed was optimized to make sure the
mediator can reach all possible positions along the path. A representative distance-time profile for
NQ mediator is depicted in Figure 3.4B. These profiles exhibit similarities due to controlled
movement at a constant speed. The total distance was divided into 24 to 30 sampling windows

for each mediator. Within each window, three independent 3 ns long equilibrium simulations were
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conducted. These simulations were followed by a thermodynamic analysis in each window using
the Weighted Histogram Analysis Method (WHAM) to capture the probability distribution of free
energies and histograms covering the sampling distance. A successful umbrella sampling is
indicated by histograms that overlap as shown in Figure 3.4C.

A resulting PMF profile describing the binding and unbinding dynamics of the redox
mediators as they traverse the active site channel is depicted in Figure 3.4D. The PMF profiles
exhibit a flat region between 1.0 and 2.5 nm which is the bulk of the transport channel followed
by a sharp increase in free energy towards the respective binding positions. This profile can be

conceptualized in two distinct steps - the transport phase spanning 1.0 to 2.5 nm and the
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Figure 3.4 Arepresentation of steered molecular dynamics set up where a mediator is pulled from
the bulky solution into GOx active site tunnel and dragged along until they reach their predicted
distances as shown in (A). (B) shows the distance-time profile of mediators translocating from the
bulk solution to their predicted distances. The velocity varied between 0.0023 to 0.0024 ps/nm
depending on the distance that had to be traveled. The force constant was set to 3300
kcal/nm/mol for all simulations. In (C), the PMF profiles show the free energies for all 7 redox
mediators with their respective error bars.
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transition to binding between xm and 0.1 nm where xu denotes the predicted binding
position of the mediator.

To assess transport rates inside the tunnel, the diffusion coefficients in this transport phase
were estimated using the Gromacs module (msd) and equation 3.1. The coefficient was computed
at various positions, averaged, and then compared to experimental diffusivities as illustrated in
Figure 3.6A. The coefficients generally fall within the same range, however, there are differences.
There is a significant decrease in the estimated diffusivities of naphthoquinones compared to
experimental values, suggesting a reduction in molecular speed within constricted tunnels.
Conversely, the diffusion coefficients for benzoquinones are lower than the experimental values.
These diffusion coefficients were then converted into diffusion rate constants by dividing by the

transport distance (2.5 - xu) as shown in Table 3.2.
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Figure 3.5 Potential of Mean Force (PMF) profiles of all redox mediators showing tunnel length
as a function of free energy. The difference between the unbound and bound state energies were
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used as free energies in the calculation of the binding rate constant.

The free energies at the binding positions were estimated by the difference between the
energy of initial unbound state and the peak bound state. This free energy was used to calculate

the rate constant of binding. The transition state approximation (equation 3.2) was applied on the
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free binding energies as shown in Figure 3.5 to obtain the binding constants illustrated in Table
3.2.

Table 3.2 Diffusion rate constant of redox mediators and respective binding constants at xw.

Diffusion Rate Constant Binding Rate Constant
Mediator Kairr (cms™) kon (s1)
BQ 3.6x102 3.2x10t
BQMe 1.2x10%2 1.6x10?
NQ 1.1x102 5.5x101
NQNA* 4.4x10°% 6.3x10°
NQMe 1.2x10%2 2.1x10t
NQSA 6.9x103 1.4x108
NQBr 2.2x10°3 1.5x10°

A preliminary analysis of the binding rate constants indicates that they are of larger
magnitude than the diffusion constants. This suggests that the transport of redox mediators into
the active site is the rate-determining step in the overall process. This analysis was recently used
in comparing values of these two independent processes .

The diffusion rate constants were compared with the bimolecular rate constant of the
mediator-GOx electron transfer process, ket (determined in Chapter 2). As illustrated in Figure
3.6B, the log of bimolecular rate constants exhibit a relatively stronger correlation with the diffusion
constants (R?=0.76) than with log of binding constants (R?= 0.16). This observation suggests that
the electron transfer kinetics are strongly influenced by diffusion rates than the binding kinetics.
Consequently, transport of redox mediators emerges as the overall rate-limiting step in electron
transport, irrespective of the driving force of redox mediators (redox potential). This result also
aligns with studies that concluded the possibility of enzyme-ligand interactions being transport-
limited.®® Ultimately, this study addresses a longstanding question posed by the Saveant group'®?

decades ago regarding the rate-limiting step of similar processes.
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Figure 3.6 A comparison of rate constants with various parameters. (A) illustrates a relationship
of experimental and computationally estimated diffusivities, indicating generally higher
experimental diffusivities for naphthoquinones compared to computationally determined values.
(B) the diffusivity coefficients are compared with the bimolecular rate constant. (C) showcases the
comparison between the binding rate constant and the bimolecular rate constant. (D) shows the
comparison between the surface area of mediators and the diffusivity rate constants.

Comparing the surface area with diffusion constants reveals that benzoquinones exhibit
higher diffusivities because of their smaller areas as depicted in Figure 3.6D. These compounds
represent ideal mediators for use as they can achieve high transport rates and consequently high
electron transfer rates. Moreover, these mediators are unique, as their redox potential is relatively

low, making them promising candidates for biofuel and biosensor applications due to their low

overpotential.
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3.4.4 Rate Constant Analysis

We calculated the rate constant of electron transfer based on the predicted distances by
molecular docking. This rate constant was estimated following an approximation made by the
Kano group.'”®

The rate of electron transfer in mediators can be broadly classified into two regimes: a free
energy-dependent regime known as the Linear Free Energy Relationship (LFER) and a non-linear
free energy relationship (non-LFER), as expressed in equation 3.3.
1 1 1

(3.3) +

ko  KLFER  Knon-LFER

where K rer represents the rate constant governed by the standard Gibbs energy change (4G9

of the reaction as expressed in equation 3.4.

(34)  kpper = kLFEROexp( - aﬁfo)
and a (0 < a < 1) is a proportionality constant in LFER, k9 reris the rate constant at AG°= 0 and
k° non-Lreris independent of E? or (4G 9).

Assuming that k<9rer, which is dependent on AG° is the same for all quinone redox
mediators in the library due to approximately similar redox potentials, the limiting constant in the
overall electron transfer process is k °non-Lrer. This constantis proportional to the closest distance
between the mediator electron center and the active site FAD. This constant also depends on the
diffusion rate constant, kg The diffusion dependent rate constant can be expressed by equation
3.5.

(3.9) kgiff = 4nNpgpe(Dg + Dy) (1 + 1)

where N, p, r and D are Avogadro’s number, ratio of the active domain area against the total
surface of reactants, radius and diffusivities of the enzyme and redox mediators, respectively. In
a diffusion-controlled reaction, the mediator is assumed to be able to access the redox center of
the enzyme. However, in this case were the mediators access the redox center of the enzyme,

there is direct overlap of orbital or hopping of electron at those short distances. The logarithmic
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value of the electron transfer rate is proportional to the closest distance between redox mediator
and the active site of the enzyme with a proportionality constant, g, approximated to 12 nm-* for
organic mediators.2"'7% The k° ,on..rer becomes identical to kqir. With these assumptions, k© non-
Lrer for both systems can be expressed in equation 3.5 as follows:

(3.9)  knon-LrEr = kdiffoexp( —Bd)

where d is the distance of redox mediator binding. Using a theoretical kqix between 10° ~ 10" M-
s for all redox mediators, the knon-irer Was calculated using equation 3.5. These values are

presented in Figure 3.7 for all redox mediators.
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Figure 3.7 illustrates a comparison between the rate constants calculated using predicted binding
distances and experimental data. The correlation coefficient R? is 0.53 indicating a weak
correlation between the two sets of data.

The absence of a linear correlation between the two rate constants indicates that the
overall bimolecular rate constant is not influenced by electron transfer but most by molecular
transport rates. Comparing the magnitudes, the calculated electron transfer rates are higher than
the experimental values suggesting that they are not a limiting factor. These findings support the

conclusion that transport rates are the limiting factors in the overall electron transfer process.
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3.5 Conclusion

The objective of this study was to examine the pivotal role of redox mediator size in
controlling electron transfer rates in mediated enzymatic electrocatalysis, particularly within the
context of glucose oxidase (GOx). A detailed analysis of GOx active site tunnel was performed to
guide computational experiments. A combination of computational simulations, including
molecular docking, steered molecular dynamics (SMD), and umbrella sampling (US), transport
and binding kinetics of various quinone redox mediators within the GOx active site tunnel was
investigated.

The findings indicated that the surface area of redox mediators significantly influences
their transport rates within the active site tunnel, not necessarily the binding kinetics. Smaller
mediators such as benzoquinones exhibited higher diffusiviies compared to larger
naphthoquinones obviously because of their few favorable interactions inside the GOx tunnel.
Furthermore, the binding rate constants obtained from our simulations suggest that the transport
of redox mediators into the active site is the rate-determining step in the overall electron transfer
process. These insights provide valuable guidance for the design of more efficient redox mediator
systems for mediated enzymatic catalysis. By understanding the interplay between redox
mediator size, transport kinetics, and binding affinity, researchers can tailor the properties of redox
mediators to optimize electron transfer rates and enhance the efficiency of enzymatic catalytic
reactions. Additionally, our study contributes to addressing longstanding questions in the field
regarding the rate-limiting steps of electron transport processes, providing clarity on the factors

that govern these complex phenomena.
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Chapter 4: Influence of Active Site Tunnel Radius on Quinone-Modified Redox Mediator
Interaction with Glucose Oxidase and Glucose Dehydrogenase cofactors.

41 Abstract

Mediated bioelectrocatalysis has enabled biological energy production and biosensing
systems with enzymatic biofuel Cells (EFCs) and biosensors emerging as pioneering
technologies. Glucose oxidase (GOx) is pivotal in glucose-oxidizing EFCs while glucose
dehydrogenase (FAD-GDH) has been employed to a lesser extent. While direct electron transfer
has not been demonstrated in FAD-GDH and GOx, redox mediators such as quinone-based redox
polymer have been utilized to enable electron transfer with these oxidoreductases. Although GOx
has demonstrated successful mediated electron transfer with various redox mediators, limitations
are still reported with quinone-based polymers. Quinone-functionalized compounds integrated
into linear polyethyleneimine (LPEI) offer promising mediators for FAD-GDH and GOx as they
exhibit ideal redox mediator physicoelectrochemical properties (i.e. low redox potential, easy to
tune structures, and less toxic) unlike their counterparts. However, studies have shown that FAD-
GDH exhibits bioelectrocatalytic activity with quinone-modified redox polymers, but GOx
unexpectedly does not despite similar chemical properties of both systems. To uncover insights
into the difference in electrochemical activity between quinone modified LPEI (NQ-LPEI) and GOx
as compared to with FAD-GDH, we show our computational efforts from a combined molecular
docking and dynamics studies, and MoleOnline analysis. Docking simulations predicted that a
representative quinone modified redox polymer, NQ-A binds closer to the cofactor of FAD-GDH
(3.06 A away) than GOx (10.9 A away). This distance predicts an exponential dependence of
biomolecular rate constants between redox mediator and enzyme cofactor. Molecular Dynamics
confirmed stable binding positions of the NQ-A/FAD-GDH and NQ-A/GOx complexes where
residues interacting with NQ-A were identified to be ASN 93 and ARG 501 in NQ-A/GOx, and THR
333 and HIS 510 in NQ-A/FAD-GDH system. The larger active site tunnel radius in FAD-GDH

enables NQ-A to approach the FAD-GDH cofactor for efficient electron transfer, while the tunnel
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of GOx smaller radius hinders mediator passage to access the cofactor. Residues acting as
"molecular gates" were found to govern the size of the active site opening in both systems with
TYR 53 and ARG 501 identified in NQ-A/FAD-GDH and TYR 68 and ARG 512 in NQ-A/GOx
system. Biomolecular rate constant (ker) approximations revealed NQ-A/FAD-GDH complex has
a rate constant 12,100 times that of NQ-A/GOx which makes the ker for NQ-A/GOx to be
practically zero. This underscores the inability of GOx to effectively transfer electrons with
quinone-modified redox mediators. This study provided quantitative insights into why FAD-GDH
interacts effectively with quinone-modified redox polymers compared to GOx. These findings
guide the rational design of redox species tailored to enhance quinone-mediated GOx-mediated
bioelectrocatalysis.
4.2 Introduction

Mediated bioelectrocatalysis has enabled a dramatic increase in use of enzyme based-
bioelectrochemical technologies spanning enzymatic biofuel cells (EFCs),2*645171-174
implantable enzymatic power devices®?®7:12-1547.172175 gnd biosensors."'-1447.175-177 Recently, these
technologies have been attracting significant research attention due to their promising prospects
on both the bioenergy and sensing markets.®™178 |n most of these biotechnologies,
bioelectrodes are assembled by direct or indirect interface of glucose oxidase (GOx) which serves
as the biocatalyst which facilitates the oxidation of glucose. GOx is often referred to as the enzyme
“Ferrari" of these modern bioelectrochemical systems due to its favorable catalytic properties
including high selectivity and turnover rates.?® By contrast, glucose dehydrogenase (FAD-GDH)
is also utilized in supporting the enzymatic oxidation of glucose. Studies have established that
due to the deep active site pockets of these oxidoreductases (approximately 20 ~ 23 A),'®" direct
electron transfer with electrode surfaces during bioelectrocatalysis is unattainable and that
necessitates the use of redox mediators to facilitate mediated electron exchange.'®' Despite the
concerted efforts in rational mediator design for these oxidoreductases shown in the past

decades, GOx has been found inactive when immobilized with quinone-based polymers, a redox
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mediator which exhibits ideal electrochemical properties especially for biofuel and biosensor
electrode development. The inactivity of this functionalized redox mediator significantly hinders
the full utilization of GOx potential. This challenge underscores the need to understand why GOXx
functions effectively with free diffusion mediators, particularly quinones, but remains inactive when
coupled with a polymer-backbone. Addressing this knowledge gap is imperative for guiding the
development of functional redox mediator polymers specifically tailored to enhance GOx-
mediated bioelectrocatalysis.

Among the families of redox mediators tailored for FAD-GDH and GOx such as osmium
complexes'’®18 ferrocenes334349.152181 " gnd ruthenium® functionalized derivatives, quinone-
functionalized compounds have been experimentally studied as promising alternatives due to
their low redox potential and the ability to fine tune their structure to achieve desired
electrochemical properties.®®5"82 These mediators are integrated into a polymer backbone
commonly linear polyethyleneimine (LPEI), forming wired immobilized systems connected by
spacer linkers*® made from carbon chains which afford segmental mobility of mediators as shown
in Scheme 4.1. These quinone-based mediators have garnered attention for their suitability to
both enzymatic systems. Notably, their key electrochemical properties such as low onset potential
and high catalytic current densities are qualities typically considered mutually exclusive in such
applications.®'”® Moreover, the tunability of quinone moieties allows for precise adjustments to

achieve optimal current densities in diverse bioelectrocatalytic platforms.
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Scheme 4.1 Commonly studied redox polymers including ferrocenes derivatives, pyridiniums,
quinones, TEMPO with their corresponding redox potential vs SCE. Quinones are considered
ideal redox mediators with GOx (~0.3 V vs. SCE) because of their low potential (~0.18 vs. SCE)
which results in high current densities in bioelectrocatalysis applications.*®

In efforts to advance the application of quinone-modified redox polymers, the Minteer
group synthesized a rationally designed quinone derivative. The redox polymer, namely 1,2-
naphthoquinone-modified linear polyethyleneimine (NQ-LPEI) redox hydrogel, labeled (c) in
Scheme 4.1, was covalently immobilized at the EFC bioanode. Electrochemical measurements
of mediated bioelectrocatalytic rates with both FAD-GDH and GOx were conducted at the carbon
electrode.'®® The FAD-dependent FAD-GDH mediated by the quinone functionalized LPEI
exhibited an open circuit potential (OCP) of 0.864 V and delivered a maximum power density of
2.3 mW-2at 0.55 V."8 These findings demonstrated a notable possibility of utilizing these mediated
systems, signaling a step closer to fully leveraging quinone-modified glucose-oxidizing
bioanodes.

Both these oxidoreductases have been extensively studied revealing that they possess
similar physicoelectrochemical properties including the presence of the same FAD cofactor and

comparable molecular weights (~160kD)."848 |n addition, both enzymes have shown effective

mediated electron transfers with quinone free redox mediators during glucose oxidation. Despite
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these similarities in properties, the same quinone redox polymer exhibited no bioelectrocatalytic
activity with GOx as shown in Figure 4.1. Nonetheless, it is worth noting that FAD-GDH is
insensitive to Oz, but GOx has recognized it as its native exogenous mediator. This phenomenon
promoted a further investigation to uncover unexplored structural and mechanistic insights into

the behavior of GOx in relation to polymeric functionalized redox mediators.

1.0y —— 100 mM glucose
05{ """ Blank

0.01
-0.51
-1.01
-1.51
-2.01
-2.51
-3.01
-3.51

4.0 v . . ' . .
01 0.0 -0.1 0.2 -0.3 -04 -05

E/V (vs. SCE)

J/mA cm™

01 00 -0.1 02 03 04 05

Figure 4.1 Bioelectrocatalysis experiments of FAD-GDH and GOx mediated by NQ-LPEI in the
presence and absence of 100 mM glucose. The small CV to the right shows GOx exhibiting no
activity upon addition of 100 mM glucose. The bioelectrochemical experiments were performed
at pH 6.5 (citrate/phosphate buffer, 0.2 M) and at a scan rate of 10 mV s1.183

Previous research in electron transfer of biological systems similar to oxidoreductase-
mediator system highlighted the importance of establishing optimal distances (<14 A) between
the donor and acceptor for efficient electron transfer to occur.'®:8” Thus, investigating how the
dynamic architecture of the active sites in FAD-GDH and GOx influences these binding distances
between quinone-modified redox mediators and the FAD cofactors is imperative for understanding
and optimizing electron transfer processes. Specifically, we hypothesize that the dynamic

behavior and size of the active site tunnel radius in GOx hinders the passage of NQ-modified

polymer relative to FAD-GDH. This hypothesis is proposed aiming to quantitatively explore the
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differences in the active site tunnel architectures and rationalize their impact on bioelectrocatalytic
activity between the two enzymes as reported by the Minteer group.'83

Investigating these types of questions is complex when relying solely on experimental
methods. This work aims to advance the understanding of these redox polymers by employing
computational methods introduced in Chapter 3. We adopt a comprehensive approach involving
molecular docking, molecular dynamics, and MoleOnline analysis on a system comprising of
carefully designed NQ-modified species and oxidoreductases (FAD-GDH and GOx). A quinone
redox mediator functionalized with a polymer backbone model is employed as representative NQ-
LPEI in GOx mediated electrodes. Using an integrated computational approach, we aim to explore
the behavior of this redox polymer when interacting with both oxidoreductases.

Molecular docking is a valuable technique for predicting binding sites between receptors
and ligands. In our study, the receptors are the oxidoreductase enzymes, and the ligands are the
redox mediators. Previous studies have successfully utilized this method to identify binding sites
for redox mediators, polymer chains, and substrates. For example, Holtmann’s group screened
redox mediators for P450 monooxygenases and calculated associated electron transfers based
on predicted positions.'® Additionally, molecular docking has been employed to investigate
complex structures of GOXx, revealing structures positioned between catalytic residues. '89-192

Molecular dynamics is utilized to relax the oxidoreductases and simulate the free energies
of the oxidoreductase complexes as the system evolves towards equilibrium.3* Additionally, the
time-dependent changes in the active site tunnels of the oxidoreductases as they approach
equilibrium is also analyzed. MoleOnline'®® is a useful tool in characterizing the radii along the
tunnel length and computing associated parameters. Finally, to relate computational experiments
to physical experiments, rate constant comparisons are conducted using data from both methods

for each system.
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4.3 Methods
4.3.1 DFT Optimization of Redox Polymer

All geometry optimization and DFT free energy calculations were conducted using
Gaussian 09, utilizing the B3LYP level of theory, 6-31+G (d,p) basis set, and CPCM (water)
solvation model. The quinone redox polymer underwent optimization, and the resulting structure
was converted into PDB format for use in subsequent simulations.

4.3.2 Molecular Dynamics

Two molecular dynamics (MD) experiments were performed using the Gromacs package,
version 4.0.2. The structures of each protein were obtained from the Protein Data Bank (PDB),
with 4YNT used for FAD-GDH and 1CF3 for GOx. The first MD experiment involved relaxing the
structure for 10 ns, followed by a second experiment to confirm the docking positions of the
oxidoreductase-redox mediator complexes for another 10 ns. In both simulations, the protein
structures were placed into a cubic box side length 10.26 nm totaling to a volume of 1080.33 nm.
The simulation box was solvated with simple point charge (SPC) water molecules and 100 mM
NaCl was added to neutralize counterions. The system underwent preparatory steps which
includes the steepest descents energy minimization and equilibration. Two equilibration steps
were performed - first, a 50 ps simulation under the constant volume (NVT) ensemble, followed
by a constant pressure (NPT) ensemble simulation for 50 ps at 1.0 bar, maintaining a temperature
of 310 K using the Berendsen weak coupling method. Subsequently, MD production was
performed for 10 ns. During this data collection period, the Nosé-Hoover thermostat was
employed to control temperature, while the Parrinello-Rahman barostat regulated pressure
isotropically at 1.0 bar."®® Replicates were performed for each type of simulation. Trajectories were
extracted from the enzyme-only simulation for molecular docking and from the enzyme-complex
for distance analysis. The trajectories were converted into PDB files for analysis using MoleOnline

and ChimeraX.
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4.3.3 Docking Simulations

Autodock Vina'* was employed for docking simulations with an energy range,
exhaustiveness, and number of modes set to 5, 160, and 60, respectively. The search box
dimensions were set at 126 A, 90 A, and 114 A for FAD-GDH, and 126 A, 122 A, and 126 A for
GOx. The center coordinates for FAD-GDH were 50.584 A, 48.413 A, and 48.176 A, while for
GOx, they were 50.323 A, 40.369 A, and 47.802 A. A total of 300 simulations were performed for
each enzyme-mediator system.

4.3.4 Radii Determination

The PDB structures requiring analysis were obtained and uploaded to the MoleOnline
server.'® Initial search coordinates were determined, mainly those of the N5 atom of the FAD
cofactor. The jobs of each oxidoreductase structure under analysis were independently
submitted, and the results were downloaded in various forms of information.

4.4 Results and Discussion
4.4.1 Redox Mediator Selection

Directly using the quinone modified LPEI redox polymer in simulations poses challenges,
particularly regarding convergence. These challenges stem from factors such as the chain length
of repeated polymeric units with varied conformational freedom, and extended simulation times.
To simplify simulations and approximate the behavior of the quinone-modified LPEI chain units
(with an average molecular weight of 91 g/mol per unit), a representative modified 1,2-
naphthoquinone with an adamantane bulky group substituted at position 4 (molecular weight of
601.87 g/mol) was selected for the study. This species approximates to 6 quinone-modified LPEI
chain units and can mimic controlled behavior of a real LPEI redox polymer. These adamantane
groups add LPEI-like bulkiness and flexibility. We reasoned that while this group may not fit into
the active site of both oxidoreductases, it could serve to anchor the attached redox quinone,

similar to the role observed in experiments with LPEI as illustrated in Scheme 4.2.
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Scheme 4.2 A representative of the polymeric structure of 1,2-naphthoquinone modified redox
species. In (A) a LPEI — quinone modified employed in bioelectrocatalysis experiments while (B)
shows the 1,2-naphthoquinone — adamantane (NQ-A) modified mediators used in computational
simulations.

4.4.2 Molecular docking and Molecular Dynamics

Several initial preparatory steps were performed on the oxidoreductases and NQ-A
structures for docking simulations. First, the NQ-A redox species was optimized through Density
Functional Theory calculations (DFT) to obtain the ground state electron configuration as
described above. Subsequently, the PDB structures of the oxidoreductases (4YNT: FAD-GDH and
1CF3: GOx) were subjected to a 10 ns molecular dynamics simulation for relaxation. This involved
solvating with water and neutralizing charges. This step is crucial to ensure that the proteins
adopted the most favorable conformation in a solution-like environment.

To verify that the oxidoreductases had reached equilibrium in the simulated environment,
the Root Mean Square Deviation (RMSD) was computed. RMSD values indicate the deviation of
atomic positions in a molecular structure until adiabatic equilibrium is achieved (lowest energy
complex), providing insights into structural stability over time.'® As depicted in Figure 4.2, the
RMSD values for FAD-GDH and GOx were observed to converge at 0.13 and 0.10 nm,
respectively. This convergence suggests that both proteins had reached equilibrium at the
specified simulation timescale, indicating that they were suitable for subsequent docking

simulations.
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Figure 4.2 The RMSD of oxidoreductases FAD-GDH and GOx shown their stability after 4 ns of
MD. The equilibrium ensures proteins have assume a solution like behavior.

Following these steps, Autodock Vina'®* was employed to predict the binding positions
and affinities of NQ-A to both oxidoreductases active sites. The most favorable binding sites
located close to the FAD cofactor for both enzymes were determined and are shown in Scheme
4.3. A preliminary assessment of the docking results indicates that the redox species NQ-A binds
more closely to FAD-GDH (3.06 A or 0.306 nm) than to FAD-GOx (10.9 A or 1.09 nm). Both the
NQ-A/FAD-GDH and NQ-A/GOx complexes exhibit relatively similar affinities, with binding
energies of -8.0 kcal/mol and -8.1 kcal/mol, respectively. Binding is primarily dictated by a
spectrum of molecular interaction forces, spanning hydrogen bonding to Van der Waals forces.
The most favorable interactions typically occur within the active site, facilitated by catalytic
residues. However, in cases where the redox mediator cannot be accommodated within the active
site, in the GOx case, favorable interactions may also be established at the protein surface.

Given that the primary objective of this study was to elucidate why quinone functionalized
redox polymers do not function with GOx, these initial docking findings suggest that the observed

inactivity may be attributed to a difference in these distances. The difference in distances is crucial
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for predicting the likelihood of successful orbital wavefunction overlap and efficient electron
transfer.%87* This assessment aligns with a previous study where cobalt sepulchrate and
methylviolgen were computationally screened against P450 monooxygenases to identify suitable
mediators for electrochemically driven P450 catalyzed reactions. It was found that redox
mediators with predicted binding distances higher than 8 A between the redox mediator electron
center and the active site resulted in no measurable mediated catalysis, emphasizing the
importance of the distance between cofactors for electron transfer with redox mediators.'®®
Quinones are known to favor inner sphere electron transfer mechanisms, and their ability
to transfer electrons diminishes over longer distances (electron hopping).'721% Therefore, based
on this widely accepted theory of quinone electron transfer, it can be inferred that NQ-A is situated

more favorably for efficient electron transfer in FAD-GDH than in GOx.
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Scheme 4.3 Molecular docking simulations predictions of NQ-A on FAD-GDH and GOx
oxidoreductases. NQ-A electron centers are predicted to be 3.06 A away from the FAD cofactor
as shown in (A) while 10.9 A away from FAD cofactor in (B). This difference in NQ-A/GOx
distances may be attributed to absence of mediated bioelectrocatalytic activity.

We examined the specific residues located at entrance of these oxidoreductase tunnel
from the molecular docking results. For FAD-GDH, we identified residues TYR 53 and ARG 501
located at the tunnel entrance working as “molecular gates” that govern the passage of redox

mediators as illustrated in Scheme 4.4. These residues are separated by 5.1 A providing a width

possible for the redox mediator to enter.
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However, in the case of GOx, the residues situated at the entrance are TRY 68 and ARG
512 which work as "molecular gates." They are only 3.6 A apart, approximately 30% smaller than
in FAD-GDH. It seems that ARG 501 in FAD-GDH possesses much more flexibility than ARG 512
in GOXx, allowing the entrance of the redox mediators during mediated bioelectrocatalysis. This
difference in “molecular gate” size offers another explanation for why the redox polymer fits into
the FAD-GDH tunnel but not into GOx, thereby enabling an appropriate distance for electron

exchange between redox centers.

TYR 68
FAD FAD cofactor
cofactor
ARG 512
ARG 501

Scheme 4.4 illustrates the residues serving as entrances in both oxidoreductases. In (A) residues
TYR 53 and ARG 501 are shown separated by 5.1 A. In (B) residues TYR 68 and ARG 512 are
shown to be 3.7 A apart indicating a 30% difference in "molecular gate" size.
4.4.3 Molecular Dynamics of Enzyme-Complexes

To confirm that the NQ-A binding position remains stable and predominant in solution for
both oxidoreductases, a separate molecular dynamics simulation of the enzyme-complex was
conducted. In this experiment, it was hypothesized that the distance between the FAD cofactor

and the redox mediator should be roughly maintained as the complex approaches equilibrium

over a 10 ns period of molecular dynamics. This same approach was used in confirming the
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binding stability of the GOx-glucose complex.'”® Figure 4.3 illustrates the distance dependence
over the simulation timescale.

Figure 4.3 illustrates that the docking simulations and molecular dynamics distances of
both complexes converge, suggesting that the binding positions are stable and likely even under
a solution-like environment. The initial distances of the redox polymer do not exactly align with
the starting distances in Scheme 4.3 due to pre-molecular dynamics steps applied to the
complexes such as minimization, NVT, and NPT equilibration, which shifted their positions.
However, the NQ-A/FAD-GDH complex distances between electron centers are maintained
around 6 A (1 to 3 A higher than predicted by docking simulations), occasionally drifting to 4 A. In
contrast, the NQ-A/GOx complex drifts away (approximately 5 A) from the predicted docking
position. These variations throughout the simulation period are expected, as the NQ-A in GOx
possesses the freedom to move because it's bound at the active site entrance unlike in FAD-GDH
where the redox polymer is bound within the tunnel. This experiment confirms the close binding
of the redox species to the FAD cofactor in FAD-GDH enables electron transfer, while in GOx, the

distance is farther, reducing the likelihood of electron transfer occurring.
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Figure 4.3 Results of a 10 ns MD simulation of the oxidoreductases-NQ-A complexes, depicting
the distances between the center of mass (COM) of N5 and O3 of 1,2-naphthoquinone-A. In the
graph, red represents distance variations of the NQ-A/GOx complex, while green represents the
NQ-A/FAD-GDH complex. The NQ-A/FAD-GDH complex maintains distances around 6 A
between electron centers (1 to 3 A higher than predicted by docking simulations). The NQ-A/GOx
complex exhibits distances fluctuating around 16 A.

Upon examining the binding sites, we observed that NQ-A primarily engages in hydrogen
bonding with residues ASN 93 and ARG 501 as depicted in Scheme 4.5. These residues anchor
the redox polymer at approximately 3.9 A enabling orbital overlap between electron centers and
subsequent electron transfer. However, in GOx hydrogen bonding contacts occur between
residues THR 333 and His 510, although at a greater distance of 10.9 A from the cofactor. It is
noteworthy that these contacts in GOx do not impede the mediator from entering the active site;

rather, they represent stable binding interactions after the mediator has been sterically hindered

from entering the active site tunnel.
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Scheme 4.5 illustrates enzyme contacts. In A, NQ-A/FAD-GDH binds within the active site tunnel,
positioned 3.9 A away from the N5 of the FAD cofactor. Hydrogen bonds form between residues
ASN 93 and ARG 501. In B, NQ-A/GOx contacts occur between THR 333 and HIS 510, located
at 10.9 A from the cofactor.

4.4.4 Characterization of Oxidoreductases Molecular Tunnels

To facilitate electron transfer from quinones to the cofactors of oxidoreductases, the active
sites of these enzymes need to be sufficiently open. If these active sites are closed or too narrow,
the diffusion of the redox mediator can be sterically hindered. We further investigated the role of
these dynamics in allowing the passage of redox mediators and subsequently controlling the
observed differences in distances between the NQ-A/FAD-GDH and NQ-A/GOx complexes. We
hypothesized that this disparity in distance might be correlated with the size of the active site
tunnels in both enzymes. To test this hypothesis, we analyzed 20 trajectories for each
oxidoreductase, ranging from 0 to 10 ns of molecular dynamics simulations using MoleOnline.
Additionally, we sought to determine whether there are any instances where the radius may be
sufficiently large to allow the passage of redox mediators for GOx.

MoleOnline searched the active site tunnel starting with coordinates of N5 of both
enzymes — GDH and GOx. The radii of the tunnel of the crystal structure of both enzymes and
the average radii obtained from of 20 trajectories are plotted in Figure 4.4 for FAD-GDH and GOx,

respectively.
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Figure 4.4 Variation in tunnel radii among oxidoreductases. The tunnels of both (FAD-GDH) and
(GOx) are examined before (crystal structure) and through the 10 ns of MD. The radius of the
GOx tunnel is markedly smaller than that of GDH, and NQ-A encounters steric hindrance in
accessing the FAD cofactor, remaining at 10.9 A. Panel B illustrates the minimum approach
dimension of NQ-A in comparison to the tunnel radii in both A and B. The fluctuations shown by
the shaded are depict the time-dependent changes in tunnel radii across all enzymes during 10

ns of MD. Both enzymes exhibit changes in radii, potentially regulating mediator movement into
the active site.

From the tunnel visualization, it is apparent that FAD-GDH has a significantly larger radius
than GOx both before and after equilibrium at 10 ns of MD. The electron transfer process in redox
mediators is governed by a combination of driving force and mediator size?8, which dictates the
ability to diffuse into the active site. With an approach width of ~ 3.1 A, NQ-A has a higher
probability to accessing the tunnel in GDH than in GOx. This phenomenon explains why NQ-A

redox species is predicted to bind to the cofactor in FAD-GDH while being unable to bind closer
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to the cofactor in GOx. This further illustrates why NQ-LPEI cannot access the active site of GOx
in solution but can in that of FAD-GDH resulting in no bioelectrocatalysis activity.

Moreover, the active site entrances fluctuate as demonstrated by variation in radii opening
for both enzymes in Figure 4.4. The fluctuation in FAD-GDH is more pronounced above the
threshold line than those for GOx. This reinforces the idea that the radius of GOx may not open
enough to allow the redox polymer to approach the FAD cofactor closely, leaving the distance
relatively large and insufficient for short-range electron transfer suitable for quinone redox
mediators.

445 A Comparison Computationally of Approximated Rate constants

The rate constants were approximated based on the distances obtained from MD-
molecular docking studies. This approximation follows a similar approach to that used by the Kano
group'”® from chapter 3.

A similar derivation is used where the rate of electron transfer in mediators is broadly
classified into two regimes: a free energy-dependent regime known as the Linear Free Energy
Relationship (LFER) and a non-linear free energy relationship (non-LFER), as expressed in
equation 3.3.

1 1 1

(33) —

k;  KLFER  Knon-LFER

where k.rer represents the rate constant governed by the standard Gibbs energy change (4G <)

of the reaction as expressed in equation 3.4.

(3.4)  kiper = kLFERoexp( - OﬁTGO)
and a (0 < a < 1) is a proportionality constant in LFER, k% rzris the rate constant at AG°= 0 and
k° non-Lreris independent of E< or (4G 9).

Assuming that k% rer , which is dependent on AG°is the same for both NQ-A/FAD-GDH
and NQ-A/GOx due to their similar redox potential, the limiting constant in the overall electron

transfer process is k°non-Lrer Which is proportional to the closest distance between the mediator
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electron center and the active site FAD. This constant also depends on the diffusion rate constant,
kqirr. The diffusion dependent rate constant can be expressed by equation 3.5.

(3.9) kgiff = 4nNpgpe(Dg + Dy) (1 + 1)

where N, p, r and D are Avogadro’s number, ratio of the active domain area against the total
surface of reactants, radius and diffusivities of the enzyme and redox mediators, respectively. In
a diffusion-controlled reaction, the mediator is assumed to be able to access the redox center of
the enzyme. However, in this case were one of the mediators loosely access the redox center
of the enzyme, there is absence of direct overlap of orbital, but hopping of electron at those short
distance assumed by NQ-A/FAD-GDH can be possible. In that case, the logarithmic value of the
electron transfer rate is proportional to the closest distance between redox mediator and the active
site of the enzyme with a proportionality constant, 3, approximated to 12 nm™ for organic
mediators.8"'7% The k° ,on..rer becomes identical to kqir. With these assumptions, k© non-.rer  Can
be expressed for both NQ-A/FAD-GDH (1) and NQ-A/GOx (2) in equation 4.1 and 4.2.

(4.1)  knpon-LrER(1) = Kairr®exp( —Bd(1))

(4.2)  Knon-LrER(2) = Kaitr"exp( —Bd(2))

Dividing (4.1) by (4.2) gives the ratio of k° non-.rer  Of NQ-A/FAD-GDH (1) to NQ-A/GOx (2) and
3.06 and 10.9 A is substituted for center-to-center distances of NQ-A/FAD-GDH and NQ-A/GOx

(4 3) Knon-LFER(1) — exp (—0.306%12) — 12100
' Knon—LFER(z)  €Xp (—1.09x12)

A comparison of these two systems reveals that NQ-A/FAD-GDH has a rate constant
approximately 12,100 times that of NQ-A/GOx at the predicted center to center distances of 3.06
and 10.9 A. Evaluating these ratios at various distances sampled by NQ-A in NQ-A/GOx bound
complexes as depicted in Figure 4.5, it becomes apparent that the ratio basically approaches
infinity for any incremental increase in the center-to-center separation. This emphasizes the rate
constant dependence on distance. Moreover, this indicates that the activity of NQ-LPEI/GOx is

practically zero at the computationally predicted distances. Given the considerable fluctuations of
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this in real solution, the activity of NQ-LPEI/GOx is impossible to observe as reported by the

Minteer group.'8?
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Figure 4.5 The center-to-center distance dependence in NQ-A/GOx complexes as compared to
the rate constant ratios calculated by dividing equations (4) and (5) at a constant center-to-center
distance in NQ-A/GDH-FAD complexes but varying that of NQ-A/GOx complexes.
4.5 Conclusion

This study aimed to quantitatively investigate why glucose dehydrogenase (FAD-GDH)
interacts effectively with a rationally designed modified 1,2-naphthoquinone-LPEI, while glucose
oxidase (GOx) remains inactive with the same mediator during bioelectrocatalysis despite their
comparable physicoelectrochemical properties. A multilevel computational simulation approach
was employed spanning molecular docking, and molecular dynamics to explore this phenomenon.
Molecular dynamics served two purposes: simulating the systems to achieve a solution-like
environment and ensuring the binding conformation of the oxidoreductase complexes is
maintained as the system evolves to equilibrium. MoleOnline was utilized for tunnel radius
measurements and visualization.

In this study, molecular docking predicted the binding sites of a representative quinone-

modified polymer, NQ-A, to be 3.06 A and 10.9 A for GDH and GOx, respectively, from the FAD

cofactor. Molecular dynamics confirmed that these binding positions are the most favorable, even
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when the system is at equilibrium in a solution-like environment. Furthermore, residues interacting
with NQ-A via hydrogen bonding were identified including ASN 93 and ARG 501 in NQ-A/GOx,
and THR 333 and HIS 510 in NQ-A/FAD-GDH system. The tunnel radius of the two enzymes was
compared, revealing that FAD-GDH has a relatively larger radius than GOx.

Comparative analysis of the tunnel radius of the two enzymes revealed that FAD-GDH
has a relatively larger radius than GOx. Residues acting as "molecular gates" were found to
govern the size of the active site opening in both systems with TYR 53 and ARG 501 identified in
NQ-A/FAD-GDH and TYR 68 and ARG 512 in NQ-A/GOx system. This larger radius in GDH
allows for the entrance of the redox polymer, minimizing the distance for electron transfer,
whereas in GOx, it prevents the passage of redox mediators, hindering their entrance. The
difference in donor-acceptor distances results in FAD-GDH exhibiting rapid electron transfer rates
with the quinone-modified redox polymer, while GOx remains inactive.

Utilizing the predicted distances, the electron transfer rate constants for both systems
were estimated. The approximations indicated that NQ-A/FAD-GDH system has a rate constant
approximately 12,100 times higher than that of NQ-A/GOx which goes to infinity at any further
distance. This renders NQ-A/GOx essentially inactive aligning with previous reports. Molecular
dynamics simulations elucidated the time-dependent dynamics of the active site tunnel, revealing
significant changes in enzyme radius over time, which are crucial for redox mediator diffusion into
the active site. Overall, this study highlights the potential of computational investigation in
exploring gaps and identifying bottlenecks in electron transfer within mediated systems. Such

insights are invaluable for refining mediator design strategies.
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Chapter 5: Conclusion and Future Directions.
51 Summary

This thesis has showcased efforts to advance the design of redox mediators for
enzymatically catalyzed reactions. A structured approach has been demonstrated wherein
structure-function relationships are elucidated to comprehend the influence of molecular structure
on controlling the activity of redox mediators. Utilizing a model involving glucose oxidase (GOx)
and quinone mediators, this thesis has illustrated that the design of mediators for such mediated
biological systems can be approached from a molecular engineering perspective. In addition to
focusing on the structural features of redox mediators, this study has investigated specific
interactions within the active site of GOx. It is acknowledged that mediators undergo processes
such as approaching the active site, transport inside the active site, and binding at specific
positions. The GOx active site was characterized using computational tools, shedding light on its
structure-function relationship within the tunnel to comprehend specific mediator interactions with
the catalysts. Leveraging this platform, the analysis was extended to a system involving glucose
dehydrogenase (FAD-GDH) and GOx to understand why a quinone-modified mediator function
with FAD-GDH but not with GOx. While this work has showcased some achievements in this
subject, further research is necessary to deepen our understanding of these mediated —
bioelectrocatalytic systems.
5.2 Future Directions

5.2.1 Proposed Polymer Modified Redox Mediator

A separate molecular dynamics study was conducted on a systematically substituted 1,2-
naphthoquinone with a sulfonate group at all positions. These simulations were performed for all
the mediators shown in Figure 5.1A, wherein an imaginary spring with a constant force was
employed to pull the molecule through the active site channel of glucose oxidase. The distance-

time profiles of each mediator were recorded and compared, as depicted in Figure 5.1B. It was
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observed that the orientation of redox mediators is crucial, and substitution at positions 5 or 6

provides the most ideal geometry for approaching the active site of GOx redox mediators.
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Figure 5.1 The results of the Steered Molecular Dynamics (SMD) study showing distance-time
profiles of systematically substituted quinones. The quinone substituted at position 6
demonstrates the furthest distance reached to the FAD cofactor within the specified period.

With this knowledge, we developed a novel compound named 6-NQ-A, which is a 1,2-
naphthoquinone substituted at position 6 by adamantane group. The redox mediator was
optimized and subjected to molecular docking against GOx as shown in Scheme 5.1. Simulation

results indicated that 6-NQ-A binds approximately 3.2 A away from N5 of FAD of GOx, suggesting

a favorable distance conducive to rapid electron transfer, potentially comparable to or even
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surpassing that observed in FAD-GDH. With a high degree of confidence, it can be inferred that
if 1,2-naphthoquinone substituted at position 6 modified with LPEI proves effective, it could
facilitate high electron transfer rates, thereby rendering GOx-quinone-mediated bioanodes

practically viable.

. .
R
3

-

Scheme 5.1 Molecular docking simulations predicting the position of 6-NQ-A on GOx, with the
electron centers of 6-NQ-A anticipated to be approximately 3.2 A away from the FAD cofactor, as
depicted. This optimal distance suggests a conducive environment for facilitating mediated
bioelectrocatalytic activity.
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The findings of this preliminary investigation indicate that substituting at position 6 notably
enhances the ability of 6-NQ-A to diffuse through the active site, surpassing quinone substitutions
at other positions (as depicted in Scheme 5.1). This observation suggests that attaching the linker
chain at position 6 could effectively orient the redox mediator within the active site, potentially
facilitating electron transfer with GOx.

This presents an opportunity to advance these research areas further through additional
experiments, involving the synthesis of the 6-NQ-LPEI redox polymer and subsequent physical
testing. Itis highly probable that this system will demonstrate bioelectrocatalytic activity for biofuel
electrodes.

5.2.2 Mediator Design for Other Oxidoreductases

This thesis demonstrated an effective approach for designing mediators for GOx using
parameterized modeling. This methodology can also be applied to design mediators for other
systems, such as Nitrogenase or Hydrogenases. These enzymes hold significant potential as
environmentally friendly alternatives for nitrogen reduction to value-added products like ammonia.
Currently, the mediators for these systems remain unknown. Employing a similar approach can
aid in identifying the structural features that mediators must possess to efficiently exchange
electrons with the cofactors.

As demonstrated in Chapter 3, employing computational approaches to investigate rate-
limiting steps can inform mediator design as well, allowing researchers to assess the feasibility of
a mediator of interest before investing time in its synthesis and application.

Overall, there is still more work needed to develop fully effective mediated enzymatic

systems that meet the output requirements of next generation biosensors and biofuels.
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APPENDIX

6.1 Diffusivities

Table 6.1 Catalytic current density (jmax), diffusivity, Dv, bimolecular rate constant, k, and the
natural log of k for all quinone mediators. Values of jmax, k and log of k are reported as averages
with standard deviations, where n = 3.

Quinone . jmax % log
. Jmax 2 Dmx10 k Iog Ael

medato pacmy WA fr(‘:/_)) €mzs?) (M) (Kave (Ms)) g‘raréer('(\f'klj )
1 207 12 5.7 4.0x10* 461 0.03
2 33 4 6.1 9.5%x10? 2.98 0.11
3 4.4 0.4 1.8 5.9x10?! 1.77 0.08
4 11 1 2.2 2.9x10? 2.46 0.06
5 2.8 0.4 0.4 1.1x102 2.03 0.13
6 35 0.6 2.6 2.5x10! 1.41 0.05
7 2.6 0.3 0.2 2.2x10? 2.35 0.09
8 15 2 4.8 2.7x10? 2.43 0.04
9 36 3 1.1 6.1x10° 3.79 0.03
10 615 53 2.6 8.0x10° 5.90 0.03
11 568 62 53 3.3x10° 5.52 0.04
12 191 31 1.1 1.9x10° 5.27 0.11
13 257 22 1.7 2.1x10° 531 0.03
14 67 4 1.7 1.4x10% 4,15 0.02
15 25 3 2.2 1.5x108 3.18 0.04
16 34 4 0.6 1.1x10% 4.04 0.10
17 7 0 0.9 3.0%x10? 2.48 0.05
18 711 12 1.6 1.7x108 6.23 0.01
19 651 44 1.3 1.8x10° 6.25 0.06
20 754 6 1.3 2.3x10° 6.36 0.00
21 699 54 3.4 7.7x10° 5.89 0.02
22 640 26 1.3 1.7x108 6.23 0.02
23 12 1 0.2 4.6x10° 3.66 0.02
24 82 6 0.4 9.2x104 4,96 0.04
25 78 6 0.1 2.3x10° 5.35 0.02
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6.2 Optimization and Energy Calculation

All geometry optimization and DFT free energy calculations were performed in Gaussian
09 using the B3LYP level of theory, 6-31+G (d,p) basis set and CPCM (water) solvation model.
The free energy of all the charged states required in the calculation of the 2e”/2H* reduction
potential was obtained, and the respective redox potential were calculated as described
previously. An example input file is show below:
opt=tight freq=noraman ub3lyp/3-21+g geom=connectivity

6.3 Calculated Redox Potential Determination

A previously reported analysis method was adopted for calculating the redox potential of
all compounds.'®” First, a reference reaction was selected from the redox reactions of model
compound 1. Then, the reaction of interest, for example, of compound 2 which undergo the first
electron reduction from [2]° to [2] via a step with associated free energy, AG,, is used to
demonstrate the calculations as given below.

[2]° + e - (2]~ —FE’
[1];ef - [1](r)ef + e FE:‘ef
[Urer + [2]° - [11%  + 21- | aG

The reduction potential for compound 2 can then be calculated using equation 6.1

0
(6.1) E°=—"T4EY
where E2,; is the reduction potential of the reference compound 1 experimentally determined.
The reference reaction was used to calculate pK, values using the analysis below

[2H]* - [2]° + H* In(10) RTpK,
1% + H* - [1H]} ¢ —In(10) RTpK, ¢
[1Per  + [2H]* - [1Hlfer + [21° | AG?

where pKa of the oxidation event of the compound 2 is expressed as

AG?
(6-2) pKa([ZH]+) = In(10)RT + pKa,ref
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Table 6.2 The experimental and calculated potentials of quinones vs SCE.

Quinone Exp. Calc.
mediator E°cian2  E°qian2
1 -0.09 -0.06
2 -0.16 -0.11
3 -0.18 -0.24
4 -0.19 -0.10
5 -0.19 -0.10
6 -0.27 -0.40
7 -0.32 -0.25
8 -0.22 -0.24
9 0.02 0.1
10 0.08 0.03
11 0.08 0.14
12 0.1 0.15
13 0.01 -0.06
14 -0.05 -0.20
15 -0.04 -0.09
16 -0.09 -0.11
17 0.05 0.05
18 0.15 0.13
19 0.1 0.1
20 0.11 0.11
21 0.09 0.09
22 0.18 0.18
23 0.12 0.12
24 0.08 0.08
25 0.17 0.17
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6.3 Multivariate Linear Regression

Multivariate linear regression analysis was performed using MATLAB. Without restricting
the number of parameters, one model was identified to correlate strongly to the training set of
quinones,
(6.3) logk = 0.068E°y,qu, + 0.15V + 0.13u — 1.10A + 0.67D. — 0.51B; + 0.08AB; + 0.16AB;
R? = 0.99 and p-value of 4.75 x 10712
Where E°qiar2 is the redox potential, A is the molecular area, m is dipole moment, D¢ is collision
diameter, and B4, B2 and Bs are Sterimol parameters. Despite the strong correlation, this model
was disregarded because the large number of parameters required represent an overfit relative
to the size of the dataset used. When the number of parameters was limited, several models were
found that include the redox potential and a descriptor of the overall molecular size, specifically
projected molecular area (included in the primary text), and molecular volume, V (based on the
van der Waals radii). The model representing the volume correlation is shown below.
(6.4) logk = 0.71E°q/qu, — 0.53V
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Figure 6.1 Log plot of experimental versus predicted bimolecular rate constants for the reaction
of all quinone mediators studied with GOx (R? = 0.89).

It should be noted that CV analysis of mediators 17 and 25 (Figure 6.23 and Figure 6.31
below) reveals deviation from electrochemically reversible behavior on the timescale of
bioelectrocatalytic measurements (i.e., 5 mV s'). This is likely due to reactivity of the
corresponding electrochemically reduced species with either solvent or various forms of 17 or 25
present in solution, and both are consistent with EC type mechanisms in the absence of GOx or
glucose. Upon addition of GOx and glucose, CV analysis of both mediators reveals a shift in the
reactivity of both mediators from an EC to a catalytic EC’ reaction. This suggests that the rates of
the ambient chemical reactions are slower than the reaction between each mediator and GOx. To
ensure that error in the rate constants of 17 and 25 were sufficiently small to include in modelling
efforts, the QSAR model described in equation 18 was recalculated excluding 17 and 25. The
resulting correlation, shown in Figure 6.2, retains the same parameter coefficients and exhibits a
similar R? (R? = 0.91).
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Figure 6.2 Log plot of experimental versus predicted bimolecular rate constants for the reaction
of all quinone mediators studied (excluding 17 and 25) with GOx (R? = 0.91).
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6.4 Stopped Flow Spectrophotometry Analysis
6.4.1 Initial Rate Analysis

The order of reaction with respect to the amount of mediator and GOx was determined
from the Stopped — Flow Spectrophotometry data from initial rate analysis. A representative UV-
Vis of 1mM reduced GOx with 1 mM 1 is shown in Figure 6.3 for increasing time intervals.
The spectra for different concentrations were analyzed at 370 nm wavelengths to obtain
absorbance and time values for each concentration of enzyme and quinone used respectively as

shown in Figure 6.4.

o
EN

1.2 -

' ' ' ' time /s

— 0.1

1.0 4= 35

— 5.0

3 — 75,

< 0.8 1 19.0

~ — 12,0

v s 150

< 0.6 . 20.0

3 —— 25.0

P — 275
S
0
Q
®

o
N
T

1

0950340 360 380 400 420
wavelength / nm

Figure 6.3 Representative spectra of 1 mM 1 with 1 mM reduced GOx dissolved in 100 mM
phosphate buffer at pH 7 and room temperature showing normalized absorbance values as a
function of wavelength and time.
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Figure 6.4 Plots of the normalized absorbance at 370 nm as a function of time (A) 100:1
glucose/GOx (1 mM with respect to glucose) with increasing concentration of 1, and (B) 1 mM of
1 reacted with different concentrations of glucose/GOx (concentrations are of glucose in a 100:1
glucose/GOx mixture).

Initial rate analysis was performed using the absorbance from the first 1000 ms after
injection. The reaction rate order was determined from the linear relationship between
concentration and reaction rate, shown in Figure 6.5.
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Figure 6.5 The plots represent the initial rate analysis of a constant concentration of GOx reacted
with increasing concentration of the 1 (A) and vice versa in (B). 3.2 Stoichiometry Ratios.

For mediator-enzyme stoichiometry, the full reaction was analyzed by stopped-flow
spectrophotometry. Data for the reaction with 1 and glucose/GOx is shown above and of 16 with
glucose/GOx is shown in Figure 6.6. The remaining quinone concentration was analyzed against
the quinone equivalents to determine the stoichiometric ratios.
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Figure 6.6 Plot of the normalized absorbance at 370 nm as a function of time for the reaction of 1
mM 16 with increasing concentrations of glucose/GOx mixture.
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6.5. Electrochemical Experiments: Cyclic, Square-Wave Voltammetry and Scan Rate Study
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Figure 6.7 (a) CVs showing the catalytic current density of the glucose oxidase-1 mediated
system. The CV in (blue) is 0.5 mM 1, (red) with 10 uM glucose oxidase and (black) with 100 mM
glucose in 100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5 mM
1 showing peak reduction (E+1) and oxidation potential (E2). The pulse height, width, and step
height of 10 mV, 1 ms and -5 mV, respectively. (c) describes the scan rate dependence study and
(d) shows the correlation between the square root of scan rate and the respective peak potentials.
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1,4-Naphthoquinone (2)
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Figure 6.8 (a) A CV showing the catalytic current density of the glucose oxidase-2 mediated
system. The CV in (blue) is 0.5 mM 2, (red) with 10uM glucose oxidase and (black) with 100 mM
glucose in 100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5 mM
2 showing peak reduction (E1) and oxidation potential (Ez2). The pulse height, width, and step
height of 10 mV, 1 ms and -5 mV, respectively. (c) describes the scan rate dependence study and
(d) shows the correlation between the square root of scan rate and the respective peak potentials.
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2-Methyl-1,4-naphthoquinone (3)
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Figure 6.9 a. A CV showing the catalytic current density of the glucose oxidase-3 mediated
system. The CV in (blue) is 0.5 mM 3, (red) with 10uM glucose oxidase and (black) with 100 mM
glucose in 100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5 mM
3 showing peak reduction (E1) and oxidation potential (E2). The pulse height, width, and step
height of 10 mV, 5 ms and -5 mV, respectively. (c) describes the scan rate dependence study and
(d) shows the correlation between the square root of scan rate and the respective peak potentials.
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2,3-Dichloro-1,4-naphthoquinone (4)
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Figure 6.10 (a) A CV showing the catalytic current density of the glucose oxidase-4 mediated
system. The CV in (blue) is 0.5 mM 4, (red) with 10uM glucose oxidase and (black) with 100 mM
glucose in 100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5 mM
4 showing peak reduction (E1) and oxidation potential (E2). The pulse height, width, and step
height of 20 mV, 20 ms and 5 mV, respectively. (c) describes the scan rate dependence study and
(d) shows the correlation between the square root of scan rate and the respective peak potentials.
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2,3-Dibromo-1,4-naphthoquinone (5)
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Figure 6.11 (a) A CV showing the catalytic current density of the glucose oxidase-5 mediated
system. The CV in (blue) is 0.5 mM 5, (red) with 10uM glucose oxidase and (black) with 100 mM
glucose in 100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5 mM
5 showing peak reduction (E1) and oxidation potential (Ez). The pulse height, width, and step
height of 10 mV, 20 ms and 5 mV, respectively. (c) describes the scan rate dependence study and
(d) shows the correlation between the square root of scan rate and the respective peak potentials.
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2-Methoxy-1,4-naphthoquinone (6)

O
O l OMe
O
(a) (b)
20 FT
40
iy
5 o} 20f
< |
=2
=~ < of
=~ 3
> —20 F -~ L
G ' £ 20
c / o
© Z
€ —40 h —40F
[ - v/ -
o C/f——_/—:/:( -60}
—-60 | \ /
L L 1 L L L 1 1 780 -, 2 2 1 =
-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 -0.6 -0.4 -0.2 0.0 0.2
Potential, E / V vs SCE E step / V vs SCE
(c) (d) ?
:_l_._._._‘__.lr L T L) L LIS M M N ' .l
20 ™% i 2| ip=0.043v12-0.0012
= A R*=09813 .
10 200 7 N— 1 g-zo
250 -
:.*_’1_ 0 300 ﬁ ] =18F .
= a5
= = @ 16
@ -10 | LZ 4 £
= F ——\ " S} .
o y \ | — ™
-20 b 8
\/ a 12}
30 F
10 b
=40 By 1 1 1 1 1 1 8 * ) N ) ) ) ) y . -

-06 -05 -04 -03 -02 -01 0.0 020 025 030 035 040 045 050 0.55

Potential, £ / V vs SCE Scan rate, V2 / (V/s)'?

Figure 6.12 (a) A CV showing the catalytic current density of the glucose oxidase-6 mediated
system. The CV in (blue) is 0.5 mM 6, (red) with 10uM glucose oxidase and (black) with 100 mM
glucose in 100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5 mM
6 showing peak reduction (E1) and oxidation potential (E2). The pulse height, width, and step
height of 10 mV, 20 ms and 5 mV, respectively. (c) describes the scan rate dependence study and
(d) shows the correlation between the square root of scan rate and the respective peak potentials.
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5,8-Hydroxy-1,4-naphthoquinone (7)
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Figure 6.13 (a) A CV showing the catalytic current density of the glucose oxidase-7 mediated
system. The CV in (blue) is 0.5 mM 7, (red) with 10uM glucose oxidase and (black) with 100 mM
glucose in 100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5 mM
7 showing peak reduction (E1) and oxidation potential (E2). The pulse height, width, and step
height of 10 mV, 5 ms and - 5 mV, respectively. (c) describes the scan rate dependence study and
(d) shows the correlation between the square root of scan rate and the respective peak potentials.
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5-Hydroxy-1,4-naphthoquinone (8)
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Figure 6.14 (a). A CV showing the catalytic current density of the glucose oxidase-8 system. The
CVin (blue) is 0.5 mM 8, (red) with 10uM glucose oxidase and (black) with 100 mM glucose in
100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5 mM 8 showing
peak reduction (E4) and oxidation potential (E2). The pulse height, width, and step height of 10
mV, 5 ms and - 5 mV, respectively. (c) describes the scan rate dependence study and (d) shows
the correlation between the square root of scan rate and the respective peak potentials.
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1,2-Naphthoquinone-4-sulfonate (9)
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Figure 6.15 (a) A CV showing the catalytic current density of the glucose oxidase-9 mediated
system. The CV in (blue) is 0.5 mM 9, (red) with 10uM glucose oxidase and (black) with 100 mM
glucose in 100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5 mM
9 showing peak reduction (E1) and oxidation potential (Ez). The pulse height, width, and step
height of 10 mV, 5 ms and - 5 mV, respectively. (c) describes the scan rate dependence study and
(d) shows the correlation between the square root of scan rate and the respective peak potentials.
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1,4-Benzoquinone (10)
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Figure 6.16 (a) A CV showing the catalytic current density of the glucose oxidase-10 mediated
system. The CV in (blue) is 0.5 mM 10, (red) with 10 uM glucose oxidase and (black) with 100
mM glucose in 100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5
mM 10 showing peak reduction (E+) and oxidation potential (E2). The pulse height, width, and step
height of 10 mV, 5 ms and - 5 mV, respectively. (c) describes the scan rate dependence study and
(d) shows the correlation between the square root of scan rate and the respective peak potentials.
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2,6-Dichloro-1,4-benzoquinone (11)
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Figure 6.17 (a) A CV showing the catalytic current density of the glucose oxidase-11 mediated
system. The CV in (blue) is 0.5 mM 11, (red) with 10uM glucose oxidase and (black) with 100 mM
glucose in 100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5 mM
11 showing peak reduction (E1) and oxidation potential (E2). The pulse height, width, and step
height of 10 mV, 5 ms and - 5 mV, respectively. (c) describes the scan rate dependence study and
(d) shows the correlation between the square root of scan rate and the respective peak potentials.
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2,5-Dibromo-1,4-benzoquinone (12)
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Figure 6.18 (a) A CV showing the catalytic current density of the glucose oxidase-12 mediated
system. The CV in (blue) is 0.5 mM 12, (red) with 10uM glucose oxidase and (black) with 100 mM
glucose in 100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5 mM
12 showing peak reduction (E1) and oxidation potential (E2). The pulse height, width, and step
height of 10 mV, 20 ms and 5 mV, respectively. (c) describes the scan rate dependence study and
(d) shows the correlation between the square root of scan rate and the respective peak potentials.
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2-Methyl-1,4-benzoquinone (13)
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Figure 6.19 (a) A CV showing the catalytic current density of the glucose oxidase-2-methyl-13
mediated system. The CV in (blue) is 0.5 mM 13, (red) with 10uM glucose oxidase and (black)
with 100 mM glucose in 100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the
SWV of 0.5 mM 13 showing peak reduction (E1) and oxidation potential (Ez). The pulse height,
width, and step height of 10 mV, 20 ms and 5 mV, respectively. (c) describes the scan rate
dependence study and (d) shows the correlation between the square root of scan rate and the
respective peak potentials.
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2,6-Dimethyl-1,4-benzoquinone (14)
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Figure 6.20 (a) A CV showing the catalytic current density of the glucose oxidase-14 mediated
system. The CV in (blue) is 0.5 mM 14, (red) with 10uM glucose oxidase and (black) with 100 mM
glucose in 100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5 mM
14 showing peak reduction (E1) and oxidation potential (E2). The pulse height, width, and step
height of 10 mV, 10 ms and -5 mV, respectively. (c) describes the scan rate dependence study
and (d) shows the correlation between the square root of scan rate and the respective peak

potentials.
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2,3-Dimethoxy-5-methyl-1,4-benzoquinone (15)
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Figure 6.21 (a) A CV showing the catalytic current density of the glucose oxidase-15 mediated
system. The CV in (blue) is 0.5 mM 15, (red) with 10uM glucose oxidase and (black) with 100 mM
glucose in 100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5 mM
15 showing peak reduction (E1) and oxidation potential (E2). The pulse height, width, and step
height of 10 mV, 10 ms and -5 mV, respectively. (c) describes the scan rate dependence study
and (d) shows the correlation between the square root of scan rate and the respective peak
potentials.
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2,6-Dimethoxy-1,4-benzoquinone (16)
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Figure 6.22 (a) A CV showing the catalytic current density of the glucose oxidase-16 mediated
system. The CV in (blue) is 0.5 mM 16, (red) with 10uM glucose oxidase and (black) with 100 mM
glucose in 100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5 mM
2,6-dimethoxy-16 showing peak reduction (E1) and oxidation potential (E2). The pulse height,
width, and step height of 10 mV, 1 ms and -5 mV, respectively. (c) describes the scan rate
dependence study and (d) shows the correlation between the square root of scan rate and the
respective peak potentials.
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3,5-Di-tertbutyl-1,2-benzoquinone (17)
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Figure 6.23 (a) A CV showing the catalytic current density of the glucose oxidase-17 system. The
CVin (blue) is 0.5 mM 17, (red) with 10uM glucose oxidase and (black) with 100 mM glucose in
100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5 mM 17 showing
peak reduction (E1) and oxidation potential (E2). The pulse height, width, and step height of 10
mV, 20 ms and 5 mV, respectively. (c) describes the scan rate dependence study and (d) shows
the correlation between the square root of scan rate and the respective peak potentials.
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Catechol (18)
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Figure 6.24 (a) A CV showing the catalytic current density of the glucose oxidase-18 system. The
CVin (blue) is 0.5 mM 18, (red) with 10uM glucose oxidase and (black) with 100 mM glucose in
100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5 mM 18 showing
peak reduction (E1) and oxidation potential (E2). The pulse height, width, and step height of 10
mV, 20 ms and 5 mV, respectively. (¢) describes the scan rate dependence study and (d) shows
the correlation between the square root of scan rate and the respective peak potentials.
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4-Methylcatechol (19)
OH

QOH

(a) (b)
T T T T T ] T T T T T
600
5 ]
1o0f g
é 500 ]
<
a3
~ 400 <
) = S E
2:‘ ~ i .
G 300 8 I 1
§ 3 | |
o = -10F p
2 200 10
c
g
5 100
o =20} ;.
0F
i IR | 1 1 TR BT | 1 L N _
-0.2 0.0 0.2 0.4 0.6 -0.2 0.0 0.2 0.4 0.6
Potential, E / V vs SCE E step / V vs SCE
(c) (d)
_ -
16 F .
i,=0.0303v172 - 0.0005 e
S b
<14} R'=0.9964
3 B
3 = | .
= S 12 F
i [
= a £
5 £ .
é Ciof
Y -~
3 .
& )
8 =
- L B ."'
el 6 1 1 1 1 L [ .

L
-0.2

0.0 0.2
Potential, E / V vs SCE

020 025 030 035 040 045 050 055

Scan rate, v¥/2 / (v/s5)?2

Figure 6.25 (a) A CV showing the catalytic current density of the glucose oxidase-19 mediated
system. The CV in (blue) is 0.5 mM 19, (red) with 10uM glucose oxidase and (black) with 100 mM
glucose in 100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5 mM
19 showing peak reduction (E1) and oxidation potential (Ez). The pulse height, width, and step
height of 10 mV, 5 ms and 5 mV, respectively. (c) describes the scan rate dependence study and
(d) shows the correlation between the square root of scan rate and the respective peak potentials.
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4-Ethylcatechol (20)
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Figure 6.26 (a) A CV showing the catalytic current density of the glucose oxidase-20 mediated
system. The CV in (blue) is 0.5 mM 20, (red) with 10uM glucose oxidase and (black) with 100 mM
glucose in 100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5 mM
20 showing peak reduction (E4) and oxidation potential (Ez2). The pulse height, width, and step
height of 10 mV, 1 ms and -5 mV, respectively. (c) describes the scan rate dependence study and
(d) shows the correlation between the square root of scan rate and the respective peak potentials.
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3-Bromocatechol (21)
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Figure 6.27 (a) A CV showing the catalytic current density of the glucose oxidase-21 mediated
system. The CV in (blue) is 0.5 mM 21, (red) with 10uM glucose oxidase and (black) with 100 mM
glucose in 100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5 mM
21 showing peak reduction (E1) and oxidation potential (Ez). The pulse height, width, and step
height of 10 mV, 1 ms and -5 mV, respectively. (c) describes the scan rate dependence study and
(d) shows the correlation between the square root of scan rate and the respective peak potentials.
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3-Fluorocatechol (22)
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Figure 6.28 (a) A CV showing the catalytic current density of the glucose oxidase-22 mediated
system. The CV in (blue) is 0.5 mM 22, (red) with 10uM glucose oxidase and (black) with 100 mM
glucose in 100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5 mM
22 showing peak reduction (E+1) and oxidation potential (Ez). The pulse height, width, and step
height of 10 mV, 20 ms and 5 mV, respectively. (c) describes the scan rate dependence study and
(d) shows the correlation between the square root of scan rate and the respective peak potentials.
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3,4,5-Trihydroxybenzoic acid (23)
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Figure 6.29 (a) A CV showing the catalytic current density of the glucose oxidase-23 mediated
system. The CV in (blue) is 0.5 mM 23, (red) with 10uM glucose oxidase and (black) with 100 mM
glucose in 100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5 mM
23 showing peak reduction (E1) and oxidation potential (Ez2). The pulse height, width, and step
height of 10 mV, 20 ms and 5 mV, respectively. (c) describes the scan rate dependence study and

(d) shows the correlation between the square root of scan rate and the respective peak potentials.
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3,4-Dihydroxyphenylacetic acid (24)
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Figure 6.30 (a) A CV showing the catalytic current density of the glucose oxidase-24 mediated
system. The CV in (blue) is 0.5 mM 24, (red) with 10uM glucose oxidase and (black) with 100 mM
glucose in 100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5 mM
24 showing peak reduction (E1) and oxidation potential (Ez). The pulse height, width, and step
height of 10 mV, 5 ms and -5 mV, respectively. (c) describes the scan rate dependence study and
(d) shows the correlation between the square root of scan rate and the respective peak potentials.
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3,4-Dihydroxy-DL-phenylalanine (25)
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Figure 6.31 (a) A CV showing the catalytic current density of the glucose oxidase-25 mediated
system. The CV in (blue) is 0.5 mM 25, (red) with 10uM glucose oxidase and (black) with 100 mM
glucose in 100mM phosphate buffer at pH 7 and 5mV/s scan rate. (b) shows the SWV of 0.5 mM
25 showing peak reduction (E+1) and oxidation potential (Ez). The pulse height, width, and step
height of 10 mV, 20 ms and 5 mV, respectively. (c) describes the scan rate dependence study and
(d) shows the correlation between the square root of scan rate and the respective peak potentials.
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6.6 Multivariate Regression Analysis Input Data
Table 6.3 Input parameters used in training the QSAR model.

: 1e- E°qiqrz Dipole
aélgig?oer Ilc)Jg(k/ Ms \Y e vs. HOMO LUMO Mgment Electroneg.
SCE (Debye)
1 4.61 -0.06 -0.255 -0.154 9.491 0.205
2 2.98 -0.11 -0.279 -0.148 2.065 0.213
3 1.77 -0.24 -0.279 -0.125 1.608 0.202
4 2.46 -0.10 -0.283 -0.141 4.891 0.212
5 2.03 -0.10 -0.278 -0.140 4.415 0.209
6 1.41 -0.40 -0.267 -0.125 0.089 0.196
7 2.35 -0.25 -0.255 -0.168 7.309 0.211
8 2.43 -0.24 -0.260 -0.144 4.530 0.202
9 3.79 0.11 -0.253 -0.154 12.539 0.203
10 5.90 0.03 -0.292 -0.163 0.000 0.228
11 5.52 0.15 -0.295 -0.155 1.190 0.225
12 5.27 0.15 -0.286 -0.154 0.000 0.220
13 531 -0.06 -0.283 -0.160 1.056 0.221
14 4.15 -0.20 -0.208 -0.151 1.698 0.179
15 3.18 -0.09 -0.258 -0.135 4.188 0.197
16 4.04 -0.11 -0.260 -0.130 0.164 0.195
17 2.48 0.05 -0.258 -0.137 9.149 0.197
18 6.23 0.13 -0.257 -0.167 8.046 0.222
19 6.25 0.11 -0.269 -0.195 9.156 0.232
20 6.36 0.11 -0.258 -0.166 9.412 0.212
21 5.89 0.09 -0.260 -0.179 7.858 0.219
22 6.23 0.18 -0.274 -0.207 7.930 0.241
23 3.66 0.12 -0.262 -0.187 9.318 0.225
24 4.96 0.08 -0.266 -0.173 3.583 0.219
25 5.35 0.17 -0.254 -0.163 10.920 0.209
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Table 6.3 (cont'd).

Quinone Electrophilicity Polarizability Electron | Collision Diameter (A)
Mediator (a) Energy A B C

1 0.41 178.09 -535.15 3.37 7.93 9.78
2 0.35 170.77 -535.16 9.50 3.37 8.17
3 0.26 189.12 -574.48 3.37 7.93 9.78
4 0.32 211.45 -1454.33 | 3.49 8.18 10.45
5 0.32 237.33 -5677.41 | 8.18 10.74 3.85
6 0.27 197.53 -649.69 7.91 4.39 1.60
7 0.51 194.72 -685.60 3.37 9.51 8.81
8 0.35 181.88 -610.38 3.37 8.16 9.71
9 0.42 229.68 -1158.53 | 9.35 9.25 5.15
10 0.40 104.40 -381.49 3.37 7.21 7.70
11 0.43 141.49 -1300.67 | 3.49 8.67 8.06
12 0.37 167.51 -5523.73 | 3.85 9.25 7.69
13 0.40 121.86 -710.00 8.57 4.32 6.93
14 0.56 139.05 -460.14 4.43 8.54 8.17
15 0.32 169.80 -649.86 4.70 8.72 9.83
16 0.29 153.57 -610.56 10.82 4.63 7.97
17 0.32 236.82 -696.02 10.74 7.83 7.83
18 0.49 99.94 -600.79 3.46 7.34 7.90
19 0.72 119.32 -420.80 4.33 8.75 7.01
20 0.48 135.22 -460.12 10.08 7.29 4.44
21 0.59 133.05 -2952.60 | 3.85 7.85 8.21
22 0.87 100.05 -480.71 3.37 7.94 7.21
23 0.67 137.14 -645.29 3.37 9.02 8.08
24 0.52 143.12 -609.38 5.90 6.17 10.09
25 0.48 171.71 -704.06 571 12.10 6.81
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Table 6.3 (cont'd).

Quinone Molecular Distance Volume Surface | Sterimol Parameters for C2
. Area 3 Area

mediator 4, A A A2 B1 B2 B3 B4 B5 L

1 57.9 2.8 135.1 151.0 152 152 152 152 152 3.04
2 57.9 3.7 134.7 150.3 110 1.10 110 1.10 1.10 2.20
3 63.2 4.8 151.3 166.0 1.70 193 2.02 212 213 340
4 66.2 5.1 181.4 190.0 1.75 1.75 175 1.75 1.75 3.50
5 69.5 7.3 222.8 216.0 183 1.83 183 183 1.83 3.66
6 66.2 2.8 159.9 175.4 152 152 247 311 3.14 4.37
7 63.8 3.3 151.2 164.9 110 1.10 110 1.10 1.10 2.20
8 60.8 3.7 143.2 157.6 110 1.10 110 1.10 1.10 2.20
9 65.9 59 179.1 179.1 152 152 152 152 152 3.04
10 40.2 34 91.3 111.2 110 110 110 1.10 1.10 2.20
11 48.7 3.8 139.2 154.8 1.75 1.75 175 1.75 1.75 3.50
12 52.2 3.5 183.1 186.7 1.83 1.83 183 183 1.83 3.66
13 45.6 34 107.2 126.9 1.70 1.94 201 212 2.13 340
14 50.9 3.7 123.5 142.3 110 1.10 110 1.10 1.10 2.20
15 61.6 4.6 160.1 175.6 152 152 262 314 3.17 4.35
16 56.8 49 141.5 161.4 152 152 262 314 3.17 4.35
17 70.5 7.9 224 .9 223.2 152 152 152 152 152 3.04
18 40.3 49.3 183.6 167.4 152 152 152 152 3.04 1.52
19 45.6 2.8 107.4 127.5 152 152 152 152 152 3.04
20 50.8 3.7 123.2 143.0 152 152 152 152 152 3.04
21 46.2 5.1 137.9 149.2 152 152 152 152 152 3.04
22 40.7 2.9 95.3 115.3 152 152 152 152 152 3.04
23 53.3 5.0 128.6 148.5 152 152 152 152 152 3.04
24 50.4 3.7 138.0 156.2 152 152 152 152 152 3.04
25 49.3 3.5 167 .4 183.6 152 152 152 152 152 3.04
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Table 6.3 (cont'd).

Sterimol Parameters

Quinone C3 C4

mediator B1 B2 B3 B4 B5 L BT B2 B3 B4 BS5 L

1 1.10 110 110 110 110 220|110 1.10 1.10 1.10 1.10 2.20
2 1.10 110 110 110 110 220|152 152 152 152 152 3.04
3 1.10 110 110 110 110 220|152 152 152 152 152 3.04
4 1.75 175 175 175 175 350|152 152 152 152 152 3.04
5 183 1.83 183 183 183 366|152 152 152 152 152 3.04
6 1.10 110 110 110 110 220|152 152 152 152 152 3.04
7 1.10 1.10 110 110 110 220|152 152 152 152 152 3.04
8 1.10 110 110 110 110 220|152 152 152 152 152 3.04
9 110 1.10 110 110 110 220|224 276 277 296 296 3.72
10 1.10 1.10 110 110 110 220|152 152 152 152 152 3.04
11 1.10 1.10 110 110 110 220|152 152 152 152 152 3.04
12 1.10 1.10 110 110 110 220152 152 152 152 152 3.04
13 1.10 1.10 110 110 110 220|152 152 152 152 152 3.04
14 1.70 1.95 202 212 212 340|152 152 152 152 152 3.04
15 152 1.52 256 315 317 436|152 152 152 152 152 3.04
16 152 152 256 315 317 436|152 152 152 152 152 3.04
17 286 3.13 328 328 329 446(110 110 1.10 110 1.10 2.20
18 1.47 147 147 147 147 1471110 110 110 110 1.10 220
19 1.10 1.10 110 110 110 220|110 1.10 110 1.10 1.10 220
20 1.10 110 110 110 110 220|170 198 199 3.06 3.24 4.58
21 183 183 183 183 183 366|110 1.10 110 1.10 1.10 220
22 1.47 147 147 147 147 2941110 1.10 110 1.10 1.10 220
23 152 152 152 193 201 304|110 1.10 110 1.10 1.10 220
24 1.10 110 110 110 110 220|170 226 227 3.89 3.98 4.86
25 1.10 110 110 110 110 220|170 279 323 4.17 444 6.56
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Table 6.3 (cont’'d).

Sterimol parameters

Quinone ©C5 Cé

mediator B1 B2 B3 B4 B5 L B1 B2 B3 B4 B5 L

1 1.70 189 3.04 391 447 459|170 189 3.04 391 447 459
2 1.70 194 2.04 445 447 459 (170 200 246 4.30 4.47 4.59
3 1.70 189 3.04 391 447 459|170 189 3.04 391 447 459
4 1.70 197 204 444 446 458170 188 3.09 3.86 4.46 4.58
5 1.70 192 292 401 446 458|170 1.73 205 446 446 458
6 1.70 191 296 398 447 459 (170 199 255 425 446 4.58
7 1.70 172 269 547 547 458|170 206 267 542 547 458
8 1.70 180 2.05 544 544 458 (170 1.88 2.69 448 449 459
9 1.70 177 204 449 449 460|170 1.78 205 447 447 459
10 1.10 110 1.10 110 110 220(1.10 110 1.10 1.10 1.10 2.20
11 110 110 110 110 110 220|175 1.75 175 175 1.75 350
12 183 183 183 183 183 366|110 110 1.10 1.10 1.10 2.20
13 110 110 110 110 110 220|110 1.10 1.10 1.10 1.10 2.20
14 1.70 195 202 212 212 340(1.10 110 1.10 110 1.10 2.20
15 110 110 110 110 110 220|170 198 200 212 213 340
16 1.10 110 1.10 110 110 220(1.70 198 2.00 212 213 3.40
17 287 317 327 330 331 448|110 110 110 110 1.10 2.20
18 1.10 110 1.10 110 110 220(220 110 1.10 110 1.10 2.20
19 1.70 195 202 212 213 340|110 1.10 1.10 1.10 1.10 220
20 1.10 110 110 110 110 220|110 110 1.10 1.10 1.10 220
21 1.10 110 1.10 110 110 220(1.10 110 1.10 110 1.10 2.20
22 1.10 110 110 110 110 220|110 110 1.10 1.10 1.10 220
23 1.70 170 253 275 276 429(110 110 1.10 110 1.10 2.20
24 110 110 110 110 110 220|110 110 1.10 1.10 1.10 220
25 1.10 110 1.10 110 110 220(1.10 110 1.10 110 1.10 2.20
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6.7 Geometry Optimized Coordinates
Table 6.4 Geometry Optimized Coordinates of the library of quinones: 1,2-NQ (1).

Q Q-
Atom X Y Z Atom X Y Z
C -3.0352 0.3621 0.0000 C 3.0465 0.3256 0.0000
C -2.0051 1.3092 0.0000 C 2.0464 1.2886 0.0000
C -0.6652 0.9011 0.0000 C 0.6801 0.9231 0.0000
C -0.3685 -0.4849 0.0000 C 0.3313 -0.4624 0.0000
C -1.4047 -1.4247 0.0000 C 1.3676 -1.4236  0.0000
C -2.7374 -1.0036 0.0000 C 2.7027 -1.0426  0.0000
H -4.0690 0.6929 0.0000 H 4.0907 0.6250 0.0000
H -2.2415 2.3690 0.0000 H 2.3066 2.3446 0.0000
C 0.4109 1.8893 0.0000 C -0.3652 1.9105 0.0000
C 1.0434 -0.9289 0.0000 C -1.0751 -0.8900 0.0000
H -3.5375 -1.7367 0.0000 H 3.4840 -1.7978 0.0000
C 2.1532 0.1715 0.0000 C -2.1228 0.1664 0.0000
C 1.7254 1.5651 0.0000 C -1.6854 1.5458 0.0000
H 2.5006 2.3247 0.0000 H -2.4666 2.3030 0.0000
@) 1.3806 -2.1046 0.0000 0] -1.3876 -2.1179  0.0000
H -1.1576 -2.4811 0.0000 H 1.0929 -2.4735 0.0000
@) 3.3303 -0.1758 0.0000 @] -3.3599 -0.1335 0.0000
H 0.1170 2.9359 0.0000 H -0.0853 2.9615 0.0000
QZ- Q -
C 3.0610 0.2978 0.0000 C -3.0900 0.2184 0.0000
C 2.0818 1.2719 0.0000 C -2.1440 1.2256 0.0000
C 0.6928 0.9475 0.0000 C -0.7517 0.9385 0.0000
C 0.2984 -0.4513 0.0000 C -0.3285 -0.4444 0.0000
C 1.3447 -1.4254 0.0000 C -1.3313 -1.4650 0.0000
C 2.6815 -1.0766 0.0000 C -2.6720 -1.1411  0.0000
H 4.1126 0.5749 0.0000 H -4.1491 0.4601 0.0000
H 2.3627 2.3249 0.0000 H -2.4565 2.2681 0.0000
C -0.3199 1.9292 0.0000 C 0.2414 1.9548 0.0000
C -1.0882 -0.8684 0.0000 C 1.0504 -0.7185 0.0000
H 3.4481 -1.8487 0.0000 H -3.4185 -1.9314 0.0000
C -2.1081 0.1783 0.0000 C 2.0515 0.2839 0.0000
C -1.6581 1.5348 0.0000 C 1.5893 1.6415 0.0000
H -2.4371 2.2991 0.0000 H 2.3362 2.4330 0.0000
@) -1.4082 -2.1370 0.0000 @] 1.5195 -2.0175 0.0000
H 1.0529 -2.4718 0.0000 H -1.0192 -2.5051 0.0000
@) -3.3920 -0.0993 0.0000 @] 3.3051 -0.0834 0.0000
H -0.0523 2.9850 0.0000 H -0.0750 2.9960 0.0000
H 2.4939 -1.8761 0.0000

140



Table 6.4 (cont’d).

QH:

TIITOIOIOOIOOIIOOOOOO

-3. 1111
-2.1653
-0.7750
-0.3636
-1.3619
-2.7023
-4.1688
-2.4715
0.2145
1.0297
-3.4501
1.9667
1.5558
2.3169
1.5414
-1.0746
3.3070
-0.1013
1.0207
3.4158

0.2361
1.2404
0.9420
-0.4357
-1.4506
-1.1208
0.4810
2.2831
1.9642
-0.7209
-1.9079
0.2985
1.6512
2.4250
-2.0055
-2.4968
0.0225
3.0033
-2.6078
-0.9419

-0.0117
-0.0211
-0.0082
0.0063
0.0298
0.0186
-0.0216
-0.0361
0.0000
-0.0027
0.0395
0.0064
0.0125
0.0159
0.0366
0.0713
0.0028
-0.0047
-0.5136
-0.0446
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Table 6.5 Geometry Optimized Coordinates of the library of quinones:1,4-NQ (2).

Q Q-
Atom X Y Z Atom X Y Z
C 0.0000 0.6998 2.6829 C 0.0000 2.6686 -0.7049
C 0.0000 1.4004 1.4753 C 0.0000 1.4653 -1.3969
C 0.0000 0.7062 0.2603 C 0.0000 0.2304 -0.7128
C 0.0000 -0.7062 0.2603 C 0.0000 0.2304 0.7128
C 0.0000 -1.4004 1.4753 C 0.0000 1.4653 1.3969
C 0.0000 -0.6998 2.6829 C 0.0000 2.6686 0.7049
H 0.0000 1.2431 3.6225 H 0.0000 3.6096 -1.2483
H 0.0000 2.4849 1.4621 H 0.0000 1.4493 -2.4821
C 0.0000 1.4578 -1.0261 C 0.0000 -1.0353 -1.4703
C 0.0000 -1.4578 -1.0261 C 0.0000 -1.0353 1.4703
H 0.0000 -2.4849 1.4621 H 0.0000 1.4493 2.4821
H 0.0000 -1.2431 3.6225 H 0.0000 3.6096 1.2483
C 0.0000 -0.6723 -2.2832 C 0.0000 -2.2411 0.6912
C 0.0000 0.6723 -2.2832 C 0.0000 -2.2411 -0.6912
H 0.0000 -1.2467 -3.2048 H 0.0000 -3.1811 1.2387
H 0.0000 1.2467 -3.2048 H 0.0000 -3.1811 -1.2387
(0] 0.0000 -2.6894 -1.0669 @] 0.0000 -1.0506 2.7448
O 0.0000 2.6894 -1.0669 0] 0.0000 -1.0506 -2.7448
Q> QH-
C 0.0000 2.6591 -0.7094 C -2.7417 0.4345 0.0000
C 0.0000 1.4555 -1.3938 C -1.6240 1.2517 0.0000
C 0.0000 0.2019 -0.7242 C -0.3102 0.7235 0.0000
C 0.0000 0.2019 0.7242 C -0.1501 -0.7076 0.0000
C 0.0000 1.4555 1.3938 C -1.3156 -1.5284 0.0000
C 0.0000 2.6591 0.7094 C -2.5810 -0.9727 0.0000
H 0.0000 3.6004 -1.2547 H -3.7385 0.8676 0.0000
H 0.0000 1.4390 -2.4803 H -1.7266 2.3326 0.0000
C 0.0000 -1.0374 -1.4918 C 0.8467 1.6297 0.0000
C 0.0000 -1.0374 1.4918 C 1.1623 -1.2536 0.0000
H 0.0000 1.4390 2.4803 H -1.1938 -2.6069 0.0000
H 0.0000 3.6004 1.2547 H -3.4557 -1.6182 0.0000
C 0.0000 -2.2083 0.7096 C 2.2568 -0.4114 0.0000
C 0.0000 -2.2083 -0.7096 C 2.1107 0.9943 0.0000
H 0.0000 -3.1658 1.2328 H 3.2592 -0.8390 0.0000
H 0.0000 -3.1658 -1.2328 H 3.0011 1.6193 0.0000
0] 0.0000 -1.0373 2.8099 @] 1.2735 -2.6448 0.0000
0] 0.0000 -1.0373 -2.8099 0] 0.6915 2.9159 0.0000
H 2.2100 -2.8844 0.0000

QH:
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Table 6.5 (cont’d).

TTOOIITOOIITOOIITOOOOOO

0.0000
-0.0001
0.0000
0.0000
0.0001

0.0000
-0.0001
-0.0001
0.0000
0.0000
0.0001

0.0001

0.0000
0.0000
0.0000
0.0000
0.0001

-0.0001
0.0001

-0.0001

-0.7082
-1.4044
-0.7173
0.7173
1.4044
0.7082
-1.2476
-2.4887
-1.4097
1.4097
2.4887
1.2476
0.7087
-0.7087
1.2387
-1.2387
2.7842
-2.7842
3.1522
-3.1522

2.6838
1.4917
0.2475
0.2475
1.4917
2.6838
3.6264
1.4897
-1.0020
-1.0020
1.4897
3.6264
-2.1881
-2.1881
-3.1366
-3.1366
-0.9424
-0.9424
-1.8373
-1.8373
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Table 6.6 Geometry Optimized Coordinates of the library of quinones: 2-methyl-1,4-NQ (3).

Q Q

Atom X Y Z Atom X Y Z

C -3.1330 0.0029 0.0000 C -3.1204 -0.0328 0.0000
C -2.1581 1.0024 0.0000 C -2.1613 0.9704 0.0000
C -0.8021  0.6590 0.0000 C -0.7838 0.6618 0.0000
C -0.4208 -0.6988 0.0000 C -0.3783 -0.7039 0.0000
C -1.4043 -1.6948 0.0000 C -1.3710 -1.7092 0.0000
C -2.7559 -1.3451 0.0000 C -2.7206 -1.3855 0.0000
H -4.1843 0.2730 0.0000 H -4.1767 0.2220 0.0000
H -2.4359 2.0509 0.0000 H -2.4519 2.0162 0.0000
C 0.2422 1.7206 0.0000 C 0.2219 1.7365 0.0000
C 1.0198 -1.0813 0.0000 C 1.0464 -1.0768 0.0000
H -1.1000 -2.7358 0.0000 H -1.0492 -2.7457 0.0000
H -3.5145 -2.1214 0.0000 H -3.4694 -2.1730 0.0000
C 2.0500 0.0068 0.0000 C 2.0114 0.0010 0.0000
C 1.6557 1.2991 0.0000 C 1.5950 1.3231 0.0000
H 2.3828 2.1068 0.0000 H 2.3380 2.1190 0.0000
O 1.3716 -2.2611  0.0000 O 1.4077 -2.2994 0.0000
0] -0.0481  2.9204 0.0000 O -0.1153 2.9671 0.0000
C 3.4888 -0.4125 0.0000 C 3.4761 -0.3535 0.0000
H 3.7105 -1.0283 -0.8783 H 3.7401 -0.9564 -0.8774
H 3.7105 -1.0283 0.8783 H 3.7401 -0.9564 0.8774
H 4.1484 0.4574 0.0000 H 4.0979 0.5463 0.0000
Q% QH

C -3.1123 -0.0780 0.0000 C 3.1136 -0.0954 0.0000
C -2.1672 0.9337 0.0000 C 2.1755 0.9186 0.0000
C -0.7709 0.6676 0.0000 C 0.7787 0.6304 0.0000
C -0.3352 -0.7138 0.0000 C 0.3509 -0.7454 0.0000
C -1.3344 -1.7266 0.0000 C 1.3470 -1.7539 0.0000
C -2.6870 -1.4325 0.0000 C 2.6974 -1.4508 0.0000
H -4.1735 0.1613 0.0000 H 4.1734 0.1465 0.0000
H -24765 1.9753 0.0000 H 2.4941 1.9563 0.0000
C 0.1894 1.7594 0.0000 C -0.2109 1.6450 0.0000
C 1.0716 -1.0793 0.0000 C -1.0662 -1.1154 0.0000
H -0.9949 -2.7586 0.0000 H 1.0104 -2.7862 0.0000
H -3.4223 -2.2345 0.0000 H 3.4384 -2.2460 0.0000
C 1.9834 0.0031 0.0000 C -1.9974 -0.0407 0.0000
C 1.5384 1.3531 0.0000 C -1.5501 1.3014 0.0000
H 2.2937 2.1421 0.0000 H -2.2961 2.0971 0.0000
0] 1.4554 -2.3419 0.0000 O -1.4339 -2.3596 0.0000
0] -0.1900 3.0226 0.0000 O 0.2276 2.9710 0.0000
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Table 6.6 (cont’d).

C

i

I
N

TOIOIIIOIOOIITIOOIITIOOOOOOWD

3.4667
3.7710
3.7710
4.0525

-3.1205
-2.2027
-0.8062
-0.3473
-1.3264
-2.6757
-4.1843
-2.5354
0.1605
1.0579
-1.0287
-3.3992
1.9806
1.5075
2.2337
3.4613
3.7524
3.7543
4.0395
-0.3227
0.4147
1.5676
0.8598

-0.2886
-0.8784
-0.8785
0.6376

-0.1349
0.8947
0.6293
-0.7331
-1.7674
-1.4793
0.0827
1.9266
1.6751
-0.9890
-2.8126
-2.2889
0.0451
1.3824
2.1919
-0.2450
-0.8348
-0.8259
0.6823
2.9636
3.5900
-2.2702
-2.9266

0.0000
-0.8764
0.8764
0.0000

-0.0011
-0.0019
-0.0007
0.0004
0.0030
0.0019
-0.0021
-0.0033
0.0002
-0.0009
0.0078
0.0041
0.0005
0.0015
0.0025
0.0005
-0.8762
0.8826
-0.0045
-0.0002
-0.0002
-0.0006
-0.0251

I TITITO

-3.4749
-3.7689
-3.7689
-4.0702
-0.5426

-0.3458
-0.9385
-0.9385
0.5736
3.5554

0.0000
0.8770
-0.8769
0.0000
0.0000
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Table 6.7 Geometry Optimized Coordinates of the library of quinones: 2,3-dichloro-1,4-NQ (4).
Q-

X Y Z

-3.7392 0.6995 0.0000
-2.5319 1.4004 0.0000
-1.3182 0.7042 0.0000
-1.3182 -0.7042 0.0000
-2.5319 -1.4004 0.0000
-3.7392 -0.6995 0.0000
-4.6782 1.2435 0.0000
-2.5184 2.4844 0.0000
-0.0448 1.4677 0.0000

P
o
3
P

Y Z

-3.7234 0.7043  0.0000
-2.5208 1.3972  0.0000
-1.2889 0.7094  0.0000
-1.2889 -0.7094 0.0000
-2.5208 -1.3972 0.0000
-3.7234  -0.7043  0.0000
-4.6637 1.2480  0.0000
-2.5037 24817  0.0000
-0.0329 14797  0.0000

-0.0448 -1.4677 0.0000 -1.4797  0.0000
-2.5184 -2.4844 0.0000 -2.5037 -2.4817  0.0000
-4.6782 -1.2435 0.0000 -4.6638 -1.2480 0.0000
1.2323 -0.6769 0.0000 11816  -0.6950 0.0000

1.2323 0.6769 0.0000
-0.0129 -2.6917 0.0000
-0.0129 2.6917 -0.0001
2.6889 -1.6060 0.0000
2.6889 1.6060 0.0000

1.1816  0.6950  0.0000
-0.0280 -2.7427 0.0000
-0.0280 2.7427  0.0000
-1.5952  0.0000
1.5952  0.0000

DOO0OO0OO0OO0OITIOOIIOOONOOOO
S =
o) o
2 R
©

£ =
N
o))
®
o
—

-3.7129 0.7079 0.0000
-2.5100 1.3935 0.0000
-1.2612 0.7183 0.0000
-1.2612 -0.7183 0.0000
-2.5100 -1.3935 0.0000
-3.7129 -0.7079 0.0000
-4.6535 1.2535 0.0000
-2.4907 2.4790 0.0000
-0.0282 1.5029 0.0000

-3.7075  -0.7543  0.0101
-2.5012 -1.4330 0.0296
-1.2640 -0.7470 0.0158
-1.2696 0.6855  -0.0120
-2.5235 1.3614  -0.0448
-3.7138 0.6589  -0.0327
-4.6454 -1.3023 0.0216
-2.4728 -2.5173 0.0536
-1.5227 0.0144

-0.0282 -1.5029 0.0000 -0.0334 1.3949  0.0005
-2.4907 -2.4790 0.0000 -2.5457 24456  -0.0947
-4.6535 -1.2535 0.0000 -4.6572 11972  -0.0613
1.1404 -0.7147 0.0000 1.1519 0.6796  0.0023

1.1404 0.7147 0.0000
-0.0462 -2.8046 0.0000
-0.0462 2.8046 0.0000

1.1697  -0.7370 -0.0043
-0.0244 -2.8014 0.0243
1.5841 0.0142

OOOOIIOOIIOOOOOOQQQOOOOIIOOIIOOOOOOZO
- 5)
3
N
o))
»
[3)]
o

TIO0QO0O0O0OIIOOIIOOOOOOD
S
<
(o]
w

Cl 2.6909 -1.5915 0.0000 I 27076  -1.6035 -0.0274

Cl 2.6909 1.5915 0.0000 -0.0019 2.7816  -0.0511
-0.5654 3.1479  0.6458

QH:2

C 3.70609 0.70757  0.00000
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Table 6.7 (cont’d).

TOTIO0OO0OO0OO0OOITOOIITIOOOOON

2.5148
1.2739
1.2739
2.5148
3.7061
4.6482
2.5115
0.0308
0.0308
2.5115
4.6482
-1.1562
-1.1562
-2.6648
-2.6648
0.0912
-0.8052
0.0912
-0.8052

1.4051
0.7146
-0.7146
-1.4051
-0.7076
1.2471
2.4889
1.4186
-1.4186
-2.4889
-1.2471
-0.7117
0.7117
-1.6047
1.6047
-2.7795
-3.1518
2.7795
3.1518

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
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Table 6.8 Geometry Optimized Coordinates of the library of quinones: 2,3 -dibromo-1,4-NQ (5).
Q Q-
Atom X Y Z
-4.4386  0.6995 -0.0001
-3.2310 1.3994 0.0001
-2.0172  0.7037 0.0000
-2.0172  -0.7037 -0.0002
-3.2310  -1.3994 -0.0004
-4.4386  -0.6995 -0.0003
-5.3772 1.2440 0.0000
-3.2168  2.4834 0.0003
1.4671 0.0002
-0.7450  -1.4671 -0.0003
-3.2168  -2.4834 -0.0006
-5.3772  -1.2440 -0.0005
0.5299 -0.6756 -0.0001
0.5299 0.6756 0.0002
-0.7185  -2.6915 -0.0005
-0.7185  2.6915 0.0005

=
S
3
P

Y Z
-4.4213 0.7042  -0.0001
-3.2184 1.3962  0.0001
-1.9867 0.7088  0.0000
-1.9867 -0.7088 -0.0002
-3.2184  -1.3962 -0.0004
-4.4213 -0.7042 -0.0004
-5.3614 1.2485  0.0000
-3.2005 2.4807  0.0003
1.4790  0.0002
-0.7316  -1.4790 -0.0003
-3.2005 -2.4807 -0.0006
-5.3614 -1.2485 -0.0005
0.4815 -0.6936 -0.0001
0.4815 0.6936  0.0002
-0.7310 -2.7414  -0.0005
-0.7310  2.7414  0.0005

WWOOOO0OIIOOOIITIOOOOOO
o)
N
D
(&)}
o
O0OO0OO0OIITIOOIITIOOOOOO
S
\'
«
»

r 2.1072 -1.6968 -0.0002 Br 2.1048 -1.6887 -0.0002
r 2.1072 1.6968 0.0004 Br 21048 1.6887  0.0004
-4.4386  0.6995 -0.0001 C -4.4213 0.7042  -0.0001

Q* QH-
C -44106  -0.7077 0.0001 C 44035 -0.7430 0.0000
C -3.2073  -1.3924 -0.0001 C 3.2005 -1.4273 0.0000
C -1.9591 -0.7175 0.0000 C 1.9595 -0.7478 0.0000
C -1.9591 0.7175 0.0002 C 1.9653 0.6832  0.0000
C -3.2073  1.3924 0.0004 C 3.2126  1.3684  0.0000
C -44106  0.7077 0.0003 C 44059 0.6713  0.0000
H -5.3508  -1.2539 0.0001 H 5.3433  -1.2882 0.0000
H -3.1870  -2.4778 -0.0003 H 3.1771 -2.5120  0.0000
C -0.7267  -1.5036 -0.0002 C 0.7153  -1.5289 0.0000
C -0.7267  1.5036 0.0003 C 0.7307 1.3926  0.0000
H -3.1870 24778 0.0006 H 3.2132 24529  0.0000
H -5.3508  1.2539 0.0005 H 5.3479 1.2130  0.0000
C 0.4399 0.7136 0.0001 C -0.4478 0.6718  0.0000
C 0.4399 -0.7136 -0.0002 C -0.4679 -0.7445 0.0000
@) -0.7498  -2.8038 -0.0005 O 0.7318  -2.8093 0.0000
Br 2.1062 1.6820 0.0002 Br -2.0782 1.6815  0.0000
Br 2.1062 -1.6820 -0.0004 Br -2.1287 -1.6889  0.0000
0] -0.7498  2.8038 0.0006 O 0.7936  2.7709  0.0000
H -0.1104  3.1255  0.0000
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Table 6.8 (cont’d).

=

IOIOFTOOIIOOIIOOOOOO

4.3917
3.2000
1.9593
1.9593
3.2000
4.3917
5.3335
3.1966
0.7167
0.7167
3.1966
5.3335
-0.4687
-0.4687
-2.0992
-2.0992
0.7828
-0.1157
0.7828
-0.1157

-0.7074
-1.4041
-0.7141
0.7141
1.4041
0.7074
-1.2475
-2.4878
-1.4188
1.4188
2.4878
1.2475
0.7105
-0.7105
1.6878
-1.6878
2.7791
3.1503
-2.7791
-3.1503

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
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Table 6.9 Geometry Optimized Coordinates of the library of quinones: 2-methoxy-1,4-NQ (6).
Q Q-
Atom X Y Z
3.4666 0.2133  0.0003
2.4143 1.1322  0.0003
1.0905 0.6843 0.0002
0.8225 -0.7001 0.0000
1.8816  -1.6164 0.0000
3.2006 -1.1606 0.0001
44926 0.5678 0.0003
26075 2.1993  0.0001
-0.0342 1.6691 -0.0001
-0.5753 -1.2019 -0.0001
-2.6781 -0.0002
4.0189 -1.8736 0.0000
-1.6775 -0.1715 -0.0001
-1.4036 1.1597  -0.0001
-2.1856 1.9094  -0.0001
-0.8482 -2.3972 -0.0003
0.1844  2.8869 -0.0004
-2.8898 -0.7298 0.0000
-4.0444 0.1295 0.0004
-4.0540 0.7546  0.8981
-4.0543 0.7550 -0.8970
-4.9033 -0.5392 0.0005

Pe
o
3
P

Y Z

-3.3995 -0.4981 0.0000
-2.6241 0.6541  0.0000
-1.2161 0.5848  0.0000
-0.5799 -0.6889 0.0000
-1.3875 -1.8496 0.0000
-2.7726  -1.7609  0.0000
-4.4837 -0.4277 0.0000
-3.0857 1.6365  0.0000
-0.4085 1.8183  0.0000
0.8853  -0.8343 0.0000
-0.8950 -2.8166 0.0000
-3.3743 -2.6659 0.0000
1.6375 0.4062  0.0000
1.0065 1.6450  0.0000
1.6265 2.5377  0.0000
14321 -1.9860 0.0000
-0.9560 29702  0.0000
3.0050 0.4794 0.0000
3.8675 -0.6692 0.0000
-0.2503  0.0000
3.7174  -1.2831 -0.8898
3.7174  -1.2831 0.8898

TIITOOOOIOOIITIOOIITOOOOOO
(o]
(o2]
o
=

N
'

-3.3947 -0.5205 0.0000
-2.6240 0.6310  0.0000
-1.2063 0.5941  0.0000
-0.5442 -0.6942 0.0000
-1.3686 -1.8568 0.0000
-2.7511  -1.7852  0.0000
-4.4805 -0.4576 0.0000
1.6103  0.0000
-0.4349 1.8280  0.0000
0.9028 -0.8529 0.0000
-0.8695 -2.8215 0.0000
-3.3441 -2.6976  0.0000
1.6039 0.3761  0.0000
0.9586 1.6404  0.0000
1.6001  2.5210  0.0000
1.4591  -2.0501 0.0000
-1.0084 3.0118  0.0000

-3.4706 0.1375  0.0000
-2.4530 1.0776  0.0000
-1.0888 0.7043  0.0000
-0.7592 -0.6995 0.0000
-1.8250 -1.6500 0.0000
-3.1449  -1.2419 0.0000
-4.5108 0.4515 0.0000
-2.6794 21398  0.0000
-0.0396 1.7293  0.0000
0.5967 -1.0931 0.0000
-1.5812 -2.7078 0.0000
-3.9386 -1.9851 0.0000
1.5945 -0.1258 0.0000
1.2964 1.2506  0.0000
2.0953 1.9838  0.0000
-0.3290 2.9893  0.0000
28772 -0.6436 0.0000

OO0OIOOOIIOOIITIOOOO0OO00OOD IITIITIOOOO0OIOOIIOOIIOOOOOONO
N
o}
\'
[}
w

OOIO0OOIIOOIIOOOONOOODN
w
o
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Table 6.9 (cont’d).

O
C
H
H
H

H>

TOIOIIITIOOIOOIITOOIITOOOOOOO

2.9984
3.8884
4.8910
3.7626
3.7625

-3.3959
-2.5665
-1.1591
-0.5947
-1.4837
-2.8466
-4.4694
-2.9791
-0.2870
0.8200
-1.1044
-3.4999
1.6305
1.0743
1.7504
2.9948
3.7265
4.7770
3.5911
3.4075
1.4340
0.7888
-0.8752
-0.1975

0.5201

-0.5953
-0.1549
-1.2211
-1.2210

-0.3623
0.7385
0.5885
-0.7322
-1.8430
-1.6652
-0.2319
1.7399
1.7152
-0.8835
-2.8603
-2.5311
0.2397
1.5391
2.3879
0.1316
-0.3144
-0.3347
0.3885
-1.3157
-2.1092
-2.8238
2.9545
3.6439

0.0000
0.0001
0.0000
-0.8869
0.8870

-0.1829
-0.1263
-0.0015
0.0661
0.0061
-0.1157
-0.2788
-0.1764
0.0617
0.1968
0.0540
-0.1606
0.2421
0.1797
0.2284
0.4156
-0.7424
-0.4482
-1.5723
-1.0450
0.2936
0.2187
-0.0037
0.0336

C 3.9869
H 4.8784
H 3.9845
H 3.9845
O 0.9170
H 1.8845
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0.2546
-0.3734
0.8869
0.8868
-2.4498
-2.5119

0.0000
0.0000
0.8948
-0.8948
0.0000
0.0000



Table 6.10 Geometry Optimized Coordinates of the library of quinones: 5,8-hydroxy-1,4-NQ (7).

Q Q-

Atom X Y Z Atom X Y Z

C -0.68792 -2.45251 0.00000 C 0.69937  -2.44127 0.00000
C -1.41068 -1.23134 0.00000 C 141099 -1.23792 0.00000
C -0.71383 -0.01100 0.00000 C 0.71448 -0.00126 0.00000
C 0.71383 -0.01100 0.00000 C -0.71448 -0.00126  0.00000
C 141068 -1.23134 0.00000 C -1.41099 -1.23792 0.00000
C 0.68792  -2.45251 0.00000 C -0.69937 -2.44127 0.00000
H -1.24489 -3.38345 0.00000 H 1.24971 -3.37730 0.00000
C -1.44722 1.25027  0.00000 C 1.45125 1.25559  0.00000
C 1.44722 1.25027  0.00000 C -1.45125 1.25559  0.00000
H 1.24489  -3.38345 0.00000 H -1.24971 -3.37730 0.00000
C 0.67402 2.50407  0.00000 C -0.69109 2.46673  0.00000
C -0.67402 2.50407  0.00000 C 0.69108 2.46673  0.00000
H 1.24728 3.42590 0.00000 H -1.24395 3.40240  0.00000
H -1.24728 3.42590 0.00000 H 1.24394  3.40240  0.00000
@] 2.70073 1.28512  0.00000 @] -2.74490 1.26235 0.00001
@) -2.70073 1.28512  0.00000 0] 2.74490 1.26235  0.00000
O 2.75154  -1.29120 0.00000 O -2.77025 -1.26128 -0.00001
H 3.07937  -0.35074 0.00000 H -3.04049 -0.28490 -0.00002
O -2.75154  -1.29120 0.00000 O 277025 -1.26128 0.00000
H -3.07937 -0.35074 0.00000 H 3.04049 -0.28490 0.00001
Q> QH

C 0.7107 -2.4334 0.0000 C -0.7804 -2.4337 0.0000
C 1.4164 -1.2418 0.0000 C -1.4541 -1.2242 0.0000
C 0.7171 0.0123 0.0000 C -0.7231 0.0123 0.0000
C -0.7171 0.0123 0.0000 C 0.7237 -0.0023 0.0000
C -1.4164 -1.2418 0.0000 C 1.3707 -1.2827 0.0000
C -0.7107 -2.4334 0.0000 C 0.6302 -2.4490 0.0000
H 1.2559 -3.3741 0.0000 H -1.3419 -3.3629 0.0000
C 1.4578 1.2552 0.0000 C -1.4708 1.2589 0.0000
C -1.4578 1.2552 0.0000 C 1.3962 1.2607 0.0000
H -1.2559 -3.3741 0.0000 H 1.1510 -3.4046 0.0000
C -0.7095 2.4365 0.0000 C 0.6690 2.4370 0.0000
C 0.7095 2.4365 0.0000 C -0.7389 2.4509 0.0000
H -1.2441 3.3855 0.0000 H 1.2070 3.3841 0.0000
H 1.2441 3.3855 0.0000 H -1.2737 3.3967 0.0000
@) -2.7989 1.2281 0.0000 @] -2.7953 1.2381 0.0000
0] 2.7989 1.2281 0.0000 0] 2.7555 -1.3378 0.0000
@) -2.7853 -1.2271 0.0000 H 3.0200 -2.2683 0.0001
H -3.0059 -0.1929 0.0000 0] -2.8123 -1.1949 0.0000
O 2.7853 -1.2271 0.0000 H -3.0304 -0.1613 0.0000
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Table 6.10 (cont'd).

H

TOIOIOIOIITOOIOOITIOOOOOOLDO

H>

3.0059

-0.7068
-1.3934
-0.7254
0.7254
1.3934
0.7068
-1.2451
-1.4177
1.4176
1.2451
0.6994
-0.6995
1.2523
-1.2524
2.7805
3.1308
-2.7804
-3.1308
2.7799
3.1863
-2.7799
-3.1863

-0.1930

2.4359
1.2479
-0.0195
-0.0195
1.2479
2.4359
3.3803
-1.2703
-1.2703
3.3803
-2.4539
-2.4539
-3.3873
-3.3873
1.2296
2.1293
1.2296
2.1293
-1.3868
-0.5056
-1.3868
-0.5056

0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0001
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

)
H

2.7863
3.0590

1.2975
2.2255

0.0000
0.0000
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Table 6.11 Geometry Optimized Coordinates of the library of quinones: 5-hydroxy-1,4-NQ (8).

Q Q
Atom X Y Z Atom X Y Z
C -1.4099 -2.3266 0.0000 C -1.1942 -2.4362 0.0000
C -0.0184 -2.1287 0.0000 C 0.1626 -2.1262 0.0000
C 0.4936 -0.8364 0.0000 C 0.5847 -0.7829 0.0000
C -0.3804 0.2829 0.0000 C -0.3872 0.2601 0.0000
C -1.7787 0.0658 0.0000 C -1.7707 -0.0851 0.0000
C -2.2834 -1.2489 0.0000 C -2.1655 -1.4237 0.0000
H -1.8082 -3.3362 0.0000 H -1.5117 -3.4755 0.0000
H 0.6629 -2.9717 0.0000 H 0.9147 -2.9073 0.0000
C 1.9692 -0.6205 0.0000 C 2.0235 -0.4528 0.0000
C 0.1541 1.6450 0.0000 C 0.0139 1.6625 0.0000
H -3.3586 -1.3931 0.0000 H -3.2251 -1.6610 0.0000
C 1.6192 1.8270 0.0000 C 1.4133 1.9470 0.0000
C 2.4605 0.7777 0.0000 C 2.3637 0.9443 0.0000
H 1.9752 2.8527 0.0000 H 1.7102 2.9928 0.0000
H 3.5384 0.9067 0.0000 H 3.4223 1.1924 0.0000
@] -2.6569 1.0842 0.0000 O -2.7121 0.8901 0.0000
H -2.1286 1.9244 0.0000 H -2.1822 1.7578 0.0000
@] -0.5932 2.6468 0.0000 O -0.8756 2.6039 0.0000
@) 2.7705 -1.5568 0.0000 O 2.9137 -1.3616 0.0000
Q> QH
C 2.0421 1.5967 0.0000 C 0.9011 2.5814 0.0076
C 1.7980 0.2109 0.0000 C -0.4007 2.1162 0.0092
C 0.4094 -0.2343 0.0000 C -0.6832 0.7279 0.0064
C -0.6609 0.7248 0.0000 C 0.4058 -0.2159 0.0079
C -0.3422 2.1117 0.0000 C 1.7441 0.3069 -0.0058
C 0.9799 2.5274 0.0000 C 1.9802 1.6700 -0.0024
H 3.0754 1.9378 0.0000 H 1.1054 3.6488 0.0104
C 0.1046 -1.6327 0.0000 H -1.2429 2.7996 0.0106
C -2.0623 0.2944 0.0000 C -2.0851 0.2807 -0.0066
H -1.1601 2.8246 0.0000 C 0.0974 -1.6064 0.0151
H 1.2118 3.5919 0.0000 H 3.0084 2.0203 -0.0114
C -2.2749 -1.1006 0.0000 C -1.2139 -2.0345 0.0139
C -1.2160 -2.0429 0.0000 C -2.2851 -1.1210 -0.0110
H -3.3032 -1.4598 0.0000 H -1.4188 -3.1036 0.0318
H -1.4370 -3.1092 0.0000 H -3.3061 -1.4949 -0.0224
0] -3.0357 1.1682 0.0000 O 2.8377 -0.5246 -0.0260
0] 1.1327 -2.5583 0.0000 H 2.5111 -1.4489 -0.0319
®) 2.7751 -0.6788 0.0000 O 1.1647 -2.5325 0.0824
H 1.9708 -1.9667 0.0000 (0] -3.0548 1.1342 -0.0151
H 0.9990 -3.2694 -0.5217
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Table 6.11 (cont’d).

TOIOIOIITOOIOOITITOOOOOOO

H>

0.8362
-0.4501
-0.6680
0.4522
1.7705
1.9474
1.0014
-1.3047
-1.9912
0.1874
2.9595
-1.1000
-2.1997
-1.2783
-3.2096
2.9006
2.6528
1.2852
1.0176
-3.0204
-3.8698

-2.5958
-2.0947
-0.6922
0.2115
-0.3562
-1.7297
-3.6692
-2.7600
-0.1497
1.6166
-2.1217
2.1013
1.2112
3.1730
1.6119
0.4117
1.35562
2.4601
3.3898
-1.0611
-0.5977

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
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Table 6.12 Geometry Optimized Coordinates of the library of quinones: 1,2-NQ-4-sulfonate (9).
Q Q-
Atom X Y Z
0.3319 -1.7232 0.0000
0.6466 -0.4069 0.0000
-0.3679 0.6647 0.0000
-1.7460 0.3152 0.0000
-2.1669 -1.1030 0.0000
-1.0511 -2.1826 0.0000
1.0095 2.3234 0.0000
1.1106 -2.4774 0.0000
-0.0304 2.0263 0.0000
-2.7304 1.3107 0.0000
2.6598 0.0000
-1.0239 3.0109 0.0000
-3.7728 1.0108 0.0000
-3.1430 3.4264 0.0000
-0.7335  4.0568 0.0000
-3.3368 -1.4613 0.0000
-1.3618 -3.3694 0.0000
2.4310 0.0157 0.0000
3.1500 -1.2888 0.0000
2.6312 0.8084 1.2495
2.6312 0.8084 -1.2495

P
o
3
P

Y Z

0.2708 1.7034 -0.0155
0.6453 0.3850 -0.0065
-0.3416 -0.6763 -0.0059
-1.7245 -0.3073 0.0066
-2.1569 1.0999 0.0174
-1.1043 2.1430 -0.0188
1.0282 -2.3490 -0.0290
1.0335 2.4751 -0.0205
-0.0135 -2.0539 -0.0186
-2.7071 -1.3224 0.0053
-2.3603 -2.6649 -0.0097
-1.0005 -3.0301 -0.0216
-3.7487 -1.0184 0.0145
-3.1320 -3.4296 -0.0134
-0.7181 -4.0791 -0.0341
-3.3815 1.4100 0.0520
-1.3976 3.3811 -0.0462
2.4220 0.0125 0.0086
3.1234 1.3348 0.0143
2.6989 -0.7801 -1.2354
2.6745 -0.7780 1.2590

OOO0OWOOIIIOOOOIIOOOOOON
S
W
\'
2

N
v

0.2158 1.6996 -0.0238
0.6455 0.3659 -0.0170
-0.3090  -0.6845 -0.0122
-1.7112  -0.3042 0.0083
-2.1619  1.0765 0.0212
-1.1432  2.1201 -0.0239
1.0537 -2.3696 -0.0458
0.9692 2.4824 -0.0325
-2.0769 -0.0275
-2.6848  -1.3474 0.0100
-2.3405  -2.6840 -0.0077
-0.9677  -3.0526 -0.0268
-3.7285  -1.0476 0.0244
-3.1118 -3.4510 -0.0098
-0.6846  -4.1026 -0.0430
-3.4285  1.3634 0.0598
-1.4549  3.3946 -0.0516
2.4125 0.0414 0.0110

-0.1990 -1.7015 0.0000
-0.6520 -0.3924 0.0000
0.2562 0.7121 0.0000
1.6730 0.4108 0.0000
2.0878 -0.9333 0.0000
1.1935 -2.0275 0.0000
-1.1891 2.3234 0.0000
-0.9184 -2.5134 0.0000
-0.1332 2.0816 0.0000
2.6107 1.4903 0.0000
2.1865 2.8009 0.0000
0.7990 3.101 0.0000
3.6704 1.2553 0.0000
2.9147 3.6078 0.0000
0.4686 4.1361 0.0000
3.4236 -1.2665 0.0000
1.6794 -3.2383 0.0000
-2.4475 -0.1308 0.0000

WOOITITTITOOOOITOOOOOOLD OO0OO0OMWOOITITITOOOOIITOOOOO0O
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o
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Table 6.12 (cont'd).

O
O
O

TITOO0OO0OWOOITITITOOOOIITOOOOOOLO

H>

3.0990
2.7607
2.7218

-0.1982
-0.6665
0.2413
1.6529
2.0978
1.1846
-1.2244
-0.9077
-0.1666
2.5836
2.1464
0.7586
3.6440
2.8656
0.4197
3.4419
1.7167
-2.4670
-3.0504
-2.7871
-2.7871
3.5807
1.0202

1.3801
-0.7640
-0.7303

-1.6661
-0.3674
0.7384
0.4595
-0.8910
-1.9302
2.3338
-2.4875
2.1035
1.5358
2.8428
3.1266
1.3090
3.6565
4.1584
-1.1388
-3.1993
-0.1313
-1.5089
0.6353
0.6352
-2.0994
-3.8703

0.0043
-1.2171
1.2708

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
-1.2468
1.2468
0.0000
0.0000

-3.0705
-2.7728
-2.7728
3.3842

-1.4943
0.6421
0.6422
-2.2508

0.0000
-1.2467
1.2467
0.0000
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Table 6.13 Geometry Optimized Coordinates of the library of quinones:1,4-BQ (10).

Q Q-

Atom X Y Z Atom X Y Z

C 0.0000 1.2713 0.6723 C 0.0000 1.2277 0.6869

C 0.0000 0.0000 1.4381 C 0.0000 0.0000 1.4560

C 0.0000 -1.2713 0.6723 C 0.0000 -1.2277 0.6869

C 0.0000 -1.2713 -0.6723 C 0.0000 -1.2277 -0.6869

C 0.0000 0.0000 -1.4381 C 0.0000 0.0000 -1.4560

C 0.0000 1.2713 -0.6723 C 0.0000 1.2277 -0.6869

H 0.0000 2.1881 1.2538 H 0.0000 2.1635 1.2417

o) 0.0000 0.0000 -2.6698 O 0.0000 0.0000 -2.7347

0 0.0000 0.0000 2.6698 O 0.0000 0.0000 2.7347

H 0.0000 2.1881 -1.2538 H 0.0000 2.1635 -1.2417

H 0.0000 -2.1881 -1.2538 H 0.0000 -2.1635 -1.2417

H 0.0000 -2.1881 1.2538 H 0.0000 -2.1635 1.2417

Q> QH

C 0.0000 1.1945 0.7023 C -0.6337 1.2178 0.0000

C 0.0000 0.0000 1.4818 C -1.3558 0.0212 0.0000

C 0.0000 -1.1945 0.7023 C -0.6594  -1.1905 0.0000

C 0.0000 -1.1945 -0.7023 C 0.7401 -1.2070 0.0000

C 0.0000 0.0000 -1.4818 C 1.5268 -0.0101 0.0000

C 0.0000 1.1945 -0.7023 C 0.7637 1.2038 0.0000

H 0.0000 2.1487 1.2324 H -1.1726  2.1630 0.0000

o) 0.0000 0.0000 -2.8068 O 2.8306 -0.0226 0.0000

0 0.0000 0.0000 2.8068 H 1.3058 2.1478 0.0000

H 0.0000 2.1487 -1.2324 H 1.2608 -2.1628 0.0000

H 0.0000 -2.1487 -1.2324 H -1.2091 -2.1313 0.0000

H 0.0000 -2.1487 1.2324 O -2.7504  0.0942 0.0000
H -3.1168  -0.8005 0.0000

QH:

C 0.0000 0.6974 1.2206

C 0.0000 1.4008 0.0106

C 0.0000 0.6997 -1.1980

C 0.0000 -0.6997 -1.1980

C 0.0000 -1.4008 0.0106

C 0.0000 -0.6974 1.2206

H 0.0000 1.2466 2.1569

H 0.0000 -1.2466 2.1569

H 0.0000 -1.2360 -2.1432

H 0.0000 1.2360 -2.1432

0] 0.0000 2.7770 0.0754

H 0.0000 3.1528 -0.8162

O 0.0000 -2.7770 0.0754
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Table 6.13 (cont'd).
H 0.0000 -3.1528 -0.8162
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Table 6.14 Geometry Optimized Coordinates of the library of quinones:2,6-dichloro-1,4-BQ (11).

Q Q-

Atom X Y Z Atom X Y Z

C 1.2725 1.2633 0.0000 C 1.2306 1.2671 0.0000

C 0.0000 2.0191 0.0000 C 0.0000 2.0297 0.0000

C -1.2725 1.2633 0.0000 C -1.2306 1.2671 0.0000

C -1.2713 -0.0801 0.0000 C -1.2145 -0.1014 0.0000

C 0.0000 -0.8794 0.0000 C 0.0000 -0.9085 0.0000

C 1.2713 -0.0801 0.0000 C 1.2145 -0.1014 0.0000

H 2.1881 1.8439 0.0000 H 2.1671 1.8152 0.0000

H -2.1881 1.8439 0.0000 H -2.1671 1.8152 0.0000

0] 0.0000 3.2488 0.0000 0] 0.0000 3.3015 0.0000

0] 0.0000 -2.0968 0.0000 @] 0.0000 -2.1694 0.0000

Cl -2.7418 -0.9982 0.0000 Cl -2.7428 -0.9824 0.0000

Cl 2.7418 -0.9982 0.0000 Cl 2.7428 -0.9824 0.0000
1.2725 1.2633 0.0000 C 1.2306 1.2671 0.0000

Q% QH-

C 1.1981 1.2747 0.0000 C 1.2136 1.3083 0.0021

C 0.0000 2.0502 0.0000 C 0.0000 2.0785 0.0041

C -1.1981 1.2747 0.0000 C -1.2136 1.3083 0.0021

C -1.1696 -0.1214 0.0000 C -1.1876 -0.0789 -0.0038

C 0.0000 -0.9450 0.0000 C 0.0000 -0.8288 -0.0018

C 1.1696 -0.1214 0.0000 C 1.1876 -0.0789 -0.0038

H 2.1542 1.7918 0.0000 H 2.1633 1.8334 0.0043

H -2.1542 1.7918 0.0000 H -2.1633 1.8334 0.0043

o) 0.0000 3.3633 0.0000 @] 0.0000 3.3663 0.0084

0 0.0000 -2.2456 0.0000 Cl -2.7283 -0.9577 -0.0043

Cl -2.7496 -0.9705 0.0000 Cl 2.7283 -0.9577 -0.0043

Cl 2.7496 -0.9705 0.0000 0] 0.0000 -2.2104 -0.0900

H 0.0000 -2.6039 0.7952

QH:

C 1.2705 1.2062 -0.0001

C 0.0959 1.9638 -0.0001

C -1.1485 1.3285 0.0000

C -1.1972 -0.0617 0.0000

C -0.0410 -0.8582 0.0001

C 1.1887 -0.1855 -0.0001

H 2.2429 1.6867 -0.0001

H -2.0600 1.9143 -0.0001

Cl -2.7584 -0.8738 -0.0001

Cl 2.6682 -1.1273 0.0000

e) -0.0586 -2.2179 0.0001

H -0.9769 -2.5334 0.0005
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Table 6.14 (cont'd).
o 0.0979 3.3330 0.0002
H 1.0043 3.6726 0.0002
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Table 6.15 Geometry Optimized Coordinates of the library of quinones: 2,5-dibromo-1,4-BQ (12).

Q Q-

Atom X Y Z Atom X Y Z

C -1.24436 0.71890 0.00000 C 0.08571 1.40131 0.00000

C -1.23053 -0.76011 0.00000 C -1.23186 0.79788 0.00000

C 0.10794 -1.43425 0.00000 C -1.23186 -0.65571 -0.00001

C 1.24436 -0.71890 0.00000 C -0.08571 -1.40131 0.00000

C 1.23053 0.76011 0.00000 C 1.23186 -0.79788 0.00000

C -0.10794 143425 0.00000 C 1.23186 0.65571 -0.00001

H -2.22575 1.17960 0.00000 H 0.12108 2.48564 0.00000

H 2.22575 -1.17960 0.00000 H -0.12108 -2.48564 0.00000

O 2.27783 1.39439 0.00000 O 2.28533 -1.50016 0.00000

O -2.27783 -1.39439 0.00000 O -2.28533 1.50016 0.00000

Br -0.10794 3.31290 0.00000 Br 2.92891 1.52821 0.00000

Br 0.10794 -3.31290 0.00000 Br -2.92891 -1.52821 0.00000

Q* QH

C 1.1854 0.7100 0.0002 C 0.6188 1.2199 0.0000

C -0.0061 1.4995 0.0000 C -0.7754 1.1435 0.0000

C -1.1766 0.6847 0.0001 C -1.3500 -0.1314 0.0000

C -1.1854 -0.7100 0.0002 C -0.5853 -1.2909 0.0000

C 0.0061 -1.4995 0.0000 C 0.8500 -1.2691 0.0000

C 1.1766 -0.6847 0.0001 C 1.3898 0.0622 0.0000

H 2.1322 1.2429 0.0002 H 1.0876 2.1983 0.0000

H -2.1322 -1.2429 0.0002 H -1.0706 -2.2615 0.0000

o) -0.0061 -2.8046 -0.0001 O 1.5582 -2.3425 0.0000

0 0.0061 2.8046 -0.0001 Br 3.2975 0.2504 0.0000

Br 2.8898 -1.5872 0.0000 Br -3.2678 -0.2587 0.0000

Br -2.8898 1.5872 0.0000 (0] -1.4959 2.3222 0.0000
H -2.4434 2.1106 0.0000

QH:

C 0.5895 1.2668 0.0000

C -0.8028 1.1591 0.0000

C -1.3766 -0.1202 0.0000

C -0.5895 -1.2668 0.0000

C 0.8028 -1.1591 0.0000

C 1.3766 0.1202 0.0000

H 1.0412 2.2519 0.0000

H -1.0412 -2.2519 0.0000

Br 3.2732 0.2730 0.0000

Br -3.2732 -0.2730 0.0000

0] -1.5276 2.3149 0.0000

H -2.4769 2.1059 0.0000
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Table 6.15 (cont'd).
O 1.52759 -2.31490 0.00000
H 2.47686 -2.10589  0.00000
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Table 6.16 Geometry Optimized Coordinates of the library of quinones: 2-methyl-1,4-BQ (13).

Q Q-
Atom X Y Z Atom X Y Z
C 0.7987 -0.7135 -0.0001 C -0.7728 0.6938 -0.0001
C 1.0249 0.7692 0.0001 C -1.0718 -0.7357 0.0002
C -0.1540 1.6704 0.0000 C 0.0585 -1.6380 -0.0004
C -1.4055 1.1833 -0.0004 C 1.3575 -1.1913 -0.0005
C -1.6439 -0.2813 0.0000 C 1.6692  0.2211 0.0003
C -0.4700 -1.1772 -0.0007 C 0.5361 1.1218  -0.0001
0] -2.7921 -0.7332 0.0007 O 2.8749  0.6507 0.0004
0] 2.1642 1.2351 0.0002 O -2.2747 -1.1687 0.0006
H -0.6855 -2.2422 -0.0012 H 0.7590 2.1877  -0.0002
H 0.0576 2.7353 0.0002 H -0.1627 -2.7033 -0.0007
H -2.2827 1.8230 -0.0007 H 21899 -1.8919 -0.0009
C 2.0081 -1.5979 0.0002 C -1.9248 1.6644  -0.0003
H 1.7205 -2.6510 -0.0012 H -1.5680 2.6984  -0.0009
H 2.6321 -1.3983 -0.8776 H -2.5665 15183 -0.8774
H 2.6303 -1.4001 0.8797 H -2.5662 1.5192 0.8772
Q% QH-
C -0.7569 0.6790 0.0000 C -0.7892 0.6914  -0.0001
C -1.1215 -0.7087 0.0000 C -1.1746  -0.6977 0.0000
C -0.0230 -1.6130 0.0000 C -0.0965 -1.6362 -0.0001
C 1.3210 -1.2007 0.0000 C 1.2492 -1.2525 0.0000
C 1.6977 0.1716 0.0000 C 1.5851 0.1007 0.0000
C 0.5927 1.0748 0.0000 C 0.5637 1.0568 0.0000
o) 2.9599 0.5795 0.0000 @) -2.4262 -1.0681 0.0001
0 -2.3851 -1.1119 0.0000 H 0.8251 2.1157 -0.0001
H 0.8195 2.1436 -0.0001 H -0.3479 -2.6954 -0.0002
H -0.2492 -2.6811 -0.0001 H 2.0381 -2.0018 -0.0001
H 2.1123 -1.9529 0.0000 C -1.8649 1.7481 -0.0001
C -1.8495 1.7229 0.0000 H -1.4347 2.7552 -0.0010
H -1.4307 2.7357 -0.0006 H -2.5206 1.6564 -0.8760
H -2.5066 1.6287 -0.8757 H -2.5194 1.6577 0.8769
H -2.5059 1.6295 0.8764 O 2.9390 0.4479 0.0000
H 3.02051 1.41115 0.00033
QH:
C -0.7298 0.7407 -0.0001
C -1.0818 -0.6204 0.0000
C -0.0976 -1.6119 -0.0001
C 1.2565 -1.2668 -0.0001
C 1.6210 0.0802 -0.0001
C 0.6320 1.0699 -0.0001
H 0.9197 2.1190 0.0000
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Table 6.16 (cont'd).

IOTOITITITOITIT

-0.3846
2.0229

-1.7954
-1.3480
-2.4443
-2.4437
2.9674

3.0958

-2.4290
-2.5540

-2.6605
-2.0352
1.8081
2.8052
1.7225
1.7230
0.3787
1.3376
-0.9201
-1.8793

-0.0001
0.0000
0.0000
-0.0004
-0.8790
0.8796
0.0001
0.0003
-0.0001
0.0014
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Table 6.17 Geometry Optimized Coordinates of the library of quinones: 2,6-dimethyl-1,4-BQ (14).

Q Q-
Atom X Y Z Atom X Y Z
C 0.0000 -1.0264 -1.2678 C 1.0331 -1.2262 0.0000
C 0.0000 -1.7831 0.0000 C 1.7973 0.0000 0.0000
C 0.0000 -1.0264 1.2678 C 1.0331 1.2262 0.0000
C 0.0000 0.3223 1.2962 C -0.3437 1.2478 0.0000
C 0.0000 1.0772  0.0000 C -1.0991 0.0000 0.0000
C 0.0000 0.3223 -1.2962 C -0.3437 -1.2478 0.0000
H 0.0000 -1.6176 -2.1794 H 1.5946 -2.1592 0.0000
H 0.0000 -16176 2.1794 H 1.5946 2.1592 0.0000
0] -0.0001 2.3071 0.0000 0] -2.3776 0.0000 0.0000
o) 0.0000 -3.0191 0.0000 @] 3.0787 0.0000 0.0000
C 0.0000 1.1281 -2.5600 C -1.1114 -2.5445 0.0000
C 0.0000 1.1281 2.5600 C -1.1114 2.5445 0.0000
H -0.8785 1.7810 -2.6020 H -1.7648 -2.6206 0.8773
H 0.0000 04769 -3.4362 H -0.4323 -3.4021 0.0000
H 0.8785 1.7809 -26020 H -1.7649 -2.6206 -0.8773
H -0.8785 1.7810 2.6020 H -1.7648 2.6206 0.8773
H 0.0000 04769  3.4362 H -0.4323 3.4021 0.0000
H 0.8785 1.7809  2.6020 H -1.7649 2.6206 -0.8773
Q> QH"
C 0.0000 -1.0435 1.1945 C 0.9933 -1.2051 -0.0151
C 0.0000 -1.8187 0.0000 C 1.6986 0.0000 -0.0127
C 0.0000 -1.0435 -1.1945 C 0.9933 1.2051 -0.0151
C 0.0000 0.3640 -1.2122 C -0.4066 1.2269 -0.0019
C 0.0000 1.1245  0.0000 C -1.1615 0.0000 0.0065
C 0.0000 0.3640 1.2122 C -0.4066 -1.2268 -0.0019
H 0.0000 -1.5791 2.1468 H 1.5493 -2.1417 -0.0255
H 0.0000 -1.5791 -2.1468 H 1.5493 2.1417 -0.0255
0] 0.0000 24510 0.0000 @] -2.4637 0.0000 0.0185
o) 0.0000 -3.1467 0.0000 C -1.1530 -2.5380 -0.0006
C 0.0000 1.1010 2.5319 C -1.1530 2.5380 -0.0006
C 0.0000 1.1010 -2.5319 H -1.8049 -2.6328 0.8777
H 0.8756 1.7568  2.6367 H -0.4615 -3.3874 -0.0035
H 0.0000 0.4021 3.3764 H -1.8107 -2.6321 -0.8749
H -0.8756 1.7568 2.6367 H -1.8049 2.6328 0.8777
H 0.8756 1.7568 -2.6367 H -0.4615 3.3874 -0.0035
H 0.0000 0.4021 -3.3764 H -1.8107 2.6321 -0.8749
H -0.8756 1.7568 -2.6367 O 3.1083 0.0000 -0.0823
H 3.4729 0.0001 0.8132
QH:

C 0.9744  -1.2594 0.0000
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Table 6.17 (cont'd).

TOIQOIITIITIITIITOOIITOOOOO

1.7319
1.0957
-0.3026
-1.0476
-0.4255
1.4805
1.6862
-1.2482
-1.0016
-1.8937
-0.6011
-1.8937
-1.6463
-0.2769
-1.6463
3.1057
3.5202
-2.4233
-2.8470

-0.0878
1.1559
1.2445
0.0545
-1.2060
-2.2204
2.0695
-2.4738
2.5816
-2.5443
-3.3538
-2.5443
2.6941
3.3996
2.6941
-0.2181
0.6560
0.1897
-0.6791

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.8853
0.0000
-0.8853
0.8792
0.0000
-0.8792
0.0000
0.0000
0.0000
0.0000
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Table 6.18 Geometry Optimized Coordinates of the library of quinones: 2,3-dimethoxy-5-methyl-
1,4-BQ (15).

Q Q-

Atom X Y Z Atom X Y Z

C -0.9309 -1.8665 0.1263 -0.9492 -1.8236 0.1154

C 0.5088 -1.6313 -0.1025 0.4698 -1.6646 -0.0942
C 0.9885 -0.2204 -0.2358 0.9420 -0.2979 -0.2790
C 0.0891 0.8003 -0.2620 0.0593 0.7649 -0.3000
C -1.3766  0.5285 -0.1500 -1.3791 0.5793 -0.1410
C -1.8412 -0.8739 0.1108 -1.8452 -0.7792 0.0972

H -1.2151 -2.9026 0.2854 -1.2994 -2.8416 0.2751

@) -2.1883 1.4431 -0.2734 -2.1842 1.5653 -0.2105
0] 1.2961 -2.5748 -0.1882 1.2681 -2.6606 -0.1194
C -3.3110 -1.0826 0.3117 -3.3225 -0.9968 0.2972

H -3.8730 -0.7341 -0.5612 -3.8979 -0.6355 -0.5634
H -3.6697 -0.5027 1.1690 -3.6930 -0.4443 1.1692

H -3.5331 -2.1381 0.4796 -3.5451 -2.0578 0.4420

0] 0.4912 2.0695 -0.5184 0.5367 2.0316 -0.5635
C 0.2836 3.0514 0.5255 0.4782 2.9475 0.5422

H 0.6507 3.9928 0.1172 0.8455 3.9052 0.1675

H 0.8667 2.7778 1.4104 1.1266 2.6034 1.3576

H -0.7748 3.1392 0.7758 -0.5482 3.0588 0.9018

C 3.2388 -0.3597 0.5781 3.1540 -0.3029 0.5942

H 4.2229 -0.1020 0.1875 -0.1177  0.2337

H 3.1858 -1.4283 0.7895 3.0684 -1.3329 0.9499

H 3.0337 0.2230 1.4815 2.9244 0.3961 1.4081

0] 2.3024 0.0123 -0.4633 2.2803 -0.0731 -0.5233

N
v

-0.8779 -1.8290 0.1148
0.5201 -1.6704 -0.0950
0.9237 -0.3132 -0.2937
0.0001 0.7517  -0.3143
-1.4095 0.5709 -0.1432
-1.8134 -0.7795 0.0950
-2.8466  0.2829
-2.2655 1.5757  -0.2035
1.3709 -2.6829 -0.1068
-3.2816  -1.0715 0.3037
-3.8898 -0.7603 -0.5570
-3.6913 -0.5328 1.1697
-3.4509 -2.1423 0.4649
0.4906 2.0359 -0.5787
04701 29040 0.5552

-0.8343 -1.8622 0.1185
0.5636 -1.6675 -0.0923
0.9554  -0.2966 -0.2880
0.0145 0.7438 -0.3136
13538 0.4803 -0.1315
17865 -0.8329  0.0954
11721 -2.8844 0.2817
14213  -2.6465 -0.1099
32571 -1.1317  0.2998
-3.8656 -0.8406 -0.5674
-3.6707 -0.6133 1.1760
34122 22022 0.4574
04272 2.0412  -0.5849
0.5428 2.8808 0.5717
0.85685 3.8639 0.2136

TOOIIITIOOIOOOOO0OOOD  OIIIOIIIOOIIIOOOIOOOOOONO
IN
>
®
o

OO0OIITITOOOITOOOOOOLO
N
w
o))
@

168



Table 6.18 (cont'd).

OTXTTTOIITT

T
N

TITOITOOIIITOIITIITIOOIIITIOIZIOOOOOOL

0.8148
1.1498
-0.5448
3.1154
4.1405
3.0416
2.8503
2.2708

-0.7633
0.5805
0.9657
-0.0189
-1.3734
-1.7587
-1.0501
-3.2125
-3.8252
-3.6449
-3.3231
0.3480
0.3111
0.6157
1.0143
-0.6981
3.1608
4.1456
3.2048
2.8363
2.2765
-2.2772
-3.1737
1.5729
1.1888

3.8853
2.5386
2.9896
-0.1837
0.0109
-1.2028
0.5377
-0.0230

-1.8785
-1.5658
-0.2287
0.7741
0.4384
-0.8917
-2.9154
-1.2527
-0.9868
-0.7505
-2.3280
2.0711
2.9749
3.9488
2.6527
3.0416
0.0384
0.3323
-0.9765
0.7370
0.1023
1.4751
1.1467
-2.5183
-3.3932

0.2145
1.3382
0.9577
0.5989
0.2685
0.9925
1.3852
-0.5416

0.1116
-0.0885
-0.2857
-0.3048
-0.1262
0.0958
0.2691
0.2950
-0.5762
1.1701
0.4516
-0.5797
0.5409
0.1543
1.3170
0.9571
0.5956
0.2287
1.0010
1.3749
-0.5392
-0.1903
-0.0379
-0.1102
0.0431

TOoOO0OITITITOIIT

1.2978
-0.4183
3.1636
41719
3.1181
2.9043
2.2839
-2.2245
-3.1233

2.4876
2.9704
-0.1840
0.0496
-1.2223
0.4925
0.0198
1.5672
1.2665

1.2633
1.0896
0.5742
0.2226
0.9150
1.3997
-0.5392
-0.1969
-0.0103

169



Table 6.19 Geometry Optimized Coordinates of the library of quinones: 2,6-dimethoxy-1,4-BQ
(16).

Q Q-
Atom X Y Z Atom X Y Z
C 0.7987 -0.7135 -0.0001 C -0.7728 0.6938 -0.0001
C 1.0249 0.7692 0.0001 C -1.0718 -0.7357 0.0002
C -0.1540 1.6704 0.0000 C 0.0585 -1.6380 -0.0004
C -1.4055 1.1833 -0.0004 C 1.3575 -1.1913 -0.0005
C -1.6439 -0.2813 0.0000 C 1.6692 0.2211 0.0003
C -0.4700 -1.1772 -0.0007 C 0.5361 1.1218 -0.0001
0] -2.7921 -0.7332 0.0007 0] 2.8749 0.6507 0.0004
O 2.1642 1.2351 0.0002 O -2.2747 -1.1687 0.0006
H -0.6855 -2.2422 -0.0012 H 0.7590 2.1877 -0.0002
H 0.0577 2.7353 0.0002 H -0.1627 -2.7033 -0.0007
H -2.2827 1.8230 -0.0007 H 2.1899 -1.8919 -0.0009
C 2.0081 -1.5979 0.0002 C -1.9248 1.6644 -0.0003
H 1.7205 -2.6510 -0.0012 H -1.5680 2.6984 -0.0009
H 2.6321 -1.3983 -0.8776 H -2.5665 1.5183 -0.8774
H 2.6303 -1.4001 0.8797 H -2.5662 1.5192 0.8772
Q? QH
C -0.7569 0.6790 0.0000 C -0.7892 0.6914 -0.0001
C -1.1215 -0.7087 0.0000 C -1.1746 -0.6977 0.0000
C -0.0230 -1.6130 0.0000 C -0.0965 -1.6362 -0.0001
C 1.3210 -1.2007 0.0000 C 1.2492 -1.2525 0.0000
C 1.6977 0.1716 0.0000 C 1.5851 0.1007 0.0000
C 0.5927 1.0748 0.0000 C 0.5637 1.0568 0.0000
0] 2.9599 0.5795 0.0000 0] -2.4262 -1.0681 0.0001
0] -2.3851  -1.1119 0.0000 H 0.8251 2.1157 -0.0001
H 0.8195 2.1436 -0.0001 H -0.3479 -2.6954 -0.0002
H -0.2492 -2.6811 -0.0001 H 2.0381 -2.0018 -0.0001
H 2.1123 -1.9529 0.0000 C -1.8649 1.7481 -0.0001
C -1.8495 1.7229 0.0000 H -1.4347 2.7552 -0.0010
H -1.4307 2.7357 -0.0006 H -2.5206 1.6564 -0.8760
H -2.5066 1.6287 -0.8757 H -2.5194 1.6577 0.8769
H -2.5059 1.6295 0.8764 0] 2.9390 0.4479 0.00003
H 3.0205 1.4112 0.00033
QH:
C -0.7298 0.7407 -0.0001
C -1.0818 -0.6204 0.0000
C -0.0976 -1.6119 -0.0001
C 1.25645 -1.2668 -0.0001
C 1.62104 0.0802 -0.0001
C 0.6320 1.0699 -0.0001
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Table 6.19 (cont'd).

I OITOITITITOIITIT

0.9197
-0.3846
2.0229
-1.7954
-1.3480
-2.4443
-2.4437
2.9674
3.0958
-2.4290
-2.5540

2.1190
-2.6605
-2.0352
1.8081
2.8052
1.7225
1.7230
0.3787
1.3376
-0.9201
-1.8793

0.0000
-0.0001
0.0000
0.0000
-0.0004
-0.8790
0.8796
0.0001
0.0003
-0.0001
0.0014
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Table 6.20 Geometry Optimized Coordinates of the library of quinones: 3,5-di-tert-butyl-1,2-BQ
(17).

Q Q-
Atom X Y Z Atom X Y Z
1.10425 -0.12371 0.00000 C 1.08973 -0.11289 0.00000
1.23894 1.35503 0.00000 C 1.25116  1.33953 -0.00001
-0.06952 2.21570 0.00000 C 0.01207 2.18119 0.00000
-1.34867 1.52989 -0.00001 C -1.26471 1.52220 0.00000
-1.40856 0.17313 0.00000 C -1.38939 0.14810 0.00000
-0.16056 -0.61711 0.00000 C -0.18965 -0.63957 0.00000
2.30716 1.95182 0.00000 O 2.38632 1.91231 -0.00001
0.03925 3.43954 0.00001 O 0.10044 3.45287 0.00001
-0.28929 -1.69125 0.00000 H -0.30638 -1.71614 0.00000
2.35987 -1.00877 0.00000 C 2.33558 -1.02375 0.00000
3.20342 -0.72111 -1.26895 C 3.18712 -0.75521 -1.26673
3.20341 -0.72112 1.2689% C 3.18712 -0.75520 1.26673
2.00089 -2.50797 -0.00001 C 1.97413 -2.52401 0.00001
2.62649 -0.93303 -2.17602 H 2.61535 -0.99146 -2.17234
3.53950 0.31663 -1.30499 H 3.49803 0.28967 -1.31485
4.08724 -1.36860 -1.27296 H 4.08250 -1.38949 -1.26097
2.62648 -0.93305 2.17603 H 2.61536 -0.99144 2.17234
4.08724 -1.36860 1.27297 H 4.08250 -1.38947 1.26096
3.53950 0.31662 1.30500 H 3.49803 0.28968 1.31485
2.92487 -3.09459 -0.00001 H 2.89672 -3.11518 0.00001
H
H
C
C
C
C
H
H
H
H
H
H
H
H
H
H
QH-
C
C

1.42892 -2.79473 0.88912 1.39942 -2.81055 0.88783
1.42892 -2.79472 -0.88914 1.39942 -2.81056 -0.88781
-2.72639 -0.60631 0.00000 -2.74982 -0.57352 0.00000
-2.78820 -1.49824 1.26778 -2.86743 -1.46444 1.26223
-3.95467 0.32250 -0.00001 -3.93695 0.40924 0.00000
-2.78820 -1.49824 -1.26778 -2.86743 -1.46444 -1.26223
-1.97157 -2.22447 1.31139 -2.07830 -2.22133 1.30422
-2.75245 -0.88880 2.17678 -2.80353 -0.85905 2.17344
-3.72895 -2.05873 1.26971 -3.83159 -1.98672 1.26847
-3.98248 0.96166 -0.88854 -3.93351 1.05170 -0.88704
-4.86505 -0.28465 -0.00001 -4.87732 -0.15266 0.00000
-3.98249 0.96166 0.88853 -3.93351 1.05170 0.88704
-3.72895 -2.05873 -1.26971 -3.83159 -1.98673 -1.26847
-2.75243 -0.88882 -2.17678 -2.80353 -0.85905 -2.17344
-1.97157 -2.22448 -1.31137 -2.07831 -2.22134 -1.30422
-2.23129 2.15772 -0.00001 -2.13305 2.17354 0.00000

I T I ITIIIIIITOOOOIIIIIIIIITIOOOOIIOO0COOOOOO

2-

1.10376 -0.10979 0.00000
1.25447 1.31567 0.00000

1.07848 -0.18558 0.00000
1.17959 1.20498 0.00000

000
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Table 6.20 (cont'd).
0.02170
-1.22306
-1.36642
-0.19166
2.42257
0.08974
-0.26605
2.36095
3.21525
3.21525
2.03215
2.65993
3.46911
414177
2.65992
414177
3.46910
2.96735
1.46198
1.46197
-2.77608
-3.56317
-3.56318
-2.74375
-3.05488
-3.65789
-4.57510
-3.05488
-4.57510
-3.65790
-3.76741
-2.23528
-2.23529
-2.10894

I I ITIITITIITITIOOOOIIIIIIIIIOOOOIIOOOOOO

I
I

1.05444
1.18410
0.05150
-1.23314
-1.40893
-0.25726

OO0O0000Q0

2.13344

1.46319

0.05574

-0.69996
1.91672

3.44826

-1.77944
-1.01653
-0.74377
-0.74377
-2.52580
-1.02256
0.31666

-1.33523
-1.02256
-1.33523
0.31666

-3.09973
-2.82578
-2.82577
-0.57258
-0.12196
-0.12195
-2.11447
-0.45071
0.96762

-0.54859
-0.45070
-0.54859
0.96763

-2.50783
-2.51033
-2.51033
2.10016

-0.18478
1.21837
2.04321
1.50414
0.11633
-0.69053

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
-1.26351
1.26351
0.00000
-2.16851
-1.32094
-1.24534
2.16851
1.24535
1.32095
0.00000
0.88679
-0.88679
0.00000
1.25691
-1.25690
0.00000
217127
1.30036
1.25955
-2.17126
-1.25954
-1.30035
-0.00001
-0.88619
0.88618
0.00000

0.00459
0.00521
-0.00342
-0.00889
0.00104
0.01147

IOIIIITIIIIITIITOOOOIIIIIIIITIITOOOOCIOOOOO
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0.03862
-1.23299
-1.38582
-0.23434
0.28170
-0.34143
2.33249
3.18229
3.18229
1.98297
2.61217
3.48906
4.08391
2.61217
4.08390
3.48907
2.90940
1.40927
1.40926
-2.80828
-3.57776
-3.57776
-2.80382
-3.06904
-3.66188
-4.59301
-3.06904
-4.59301
-3.66188
-3.83539
-2.30599
-2.30599
-2.10137
2.37654
2.03831

2.07769
1.47129
0.06962
-0.72898
3.36935
-1.80375
-1.08788
-0.80875
-0.80876
-2.59057
-1.04405
0.23818
-1.43419
-1.04406
-1.43420
0.23818
-3.17604
-2.87949
-2.87948
-0.53404
-0.06449
-0.06450
-2.07600
-0.39562
1.02589
-0.48030
-0.39562
-0.48030
1.02589
-2.44587
-2.48276
-2.48277
2.12626
1.89694
2.82958

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
-1.26488
1.26488
0.00000
-2.17149
-1.31511
-1.26310
2.17149
1.26310
1.31511
-0.00001
0.88733
-0.88733
0.00000
1.25962
-1.25962
0.00000
2.17243
1.29875
1.26736
-2.17242
-1.26735
-1.29876
0.00000
-0.88697
0.88698
0.00000
0.00000
0.00000



Table 6.20 (cont'd).

IOIOIIIIIIIIIIOOOOIIIIIIIIITIOOOO™ZI

-0.38898
2.28268
3.15310
3.12034
1.87333
2.57912
3.51388
4.02613
2.51047
3.96329
3.55207
277732
1.29402
1.28927
-2.80470
-2.96739
-3.94008
-2.96118
-2.21774
-2.87098
-3.95698
-3.90413
-4.90707
-3.90834
-3.95051
-2.86080
-2.21096
-2.06967
2.37603
3.08341
0.20189
1.15295

-1.76383
-1.12517
-0.85690
-0.94200
-2.61323
-1.06066
0.17250
-1.51897
-1.14100
-1.64134
0.05789
-3.23027
-2.91075
-2.84779
-0.53953
-1.41390
0.50298
-1.43052
-2.20979
-0.80754
-1.88549
1.13800
-0.01101
1.14950
-1.90270
-0.83602
-2.22652
2.19251
1.92898
1.45947
3.40765
3.59987

0.01757
-0.00621
-1.26141
1.28666
-0.05377
-2.17178
-1.32142
-1.25702
2.17366
1.28682
1.41084
-0.07765
0.82616
-0.94928
0.00189
1.26952
-0.00763
-1.25490
1.31438
2.17709
1.27941
-0.89947
-0.00658
0.87608
-1.26322
-2.16986
-1.28582
-0.01322
-0.03584
0.42395
-0.00449
0.04714
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Table 6.21 Geometry Optimized Coordinates of the library of quinones: catechol (18).

Q Q-

Atom X Y Z Atom X Y Z

C 0 -0.7326  1.7771 C 0.0000 -0.7129 1.8104

C 0 -1.4588 0.6362 C 0.0000 -1.4123 0.6218

C 0 -0.7838 -0.6649 C 0.0000 -0.7514 -0.6600

C 0 0.7838 -0.6649 C 0.0000 0.7514  -0.6600

C 0 1.4588 0.6362 C 0.0000 14123 0.6218

C 0 0.7326 1.7771 C 0.0000 0.7129 1.8104

H 0 -1.2343  2.7401 H 0.0000 -1.2469 2.7574

H 0 -2.5440 0.6385 H 0.0000 -2.5002 0.6153

H 0 25440 0.6385 H 0.0000 2.5002 0.6153

H 0 1.2343  2.7401 H 0.0000 1.2469  2.7574

0] 0 1.3813 -1.7336 O 0.0000 1.4037 -1.7508

0] 0 -1.3813 -1.7336 O 0.0000 -1.4037 -1.7508

Q> QH-

C 0.0000 -0.6969 1.8468 C 1.8863 0.6618  0.0000

C 0.0000 -1.3847 0.6112 C 0.6906 1.4027  0.0000

C 0.0000 -0.7408 -0.6538 C -0.5717 0.7610  0.0000

C 0.0000 0.7408 -0.6538 C -0.5461 -0.6765 0.0000

C 0.0000 1.3847 0.6112 C 0.6280 -1.4108 0.0000

C 0.0000 0.6969 1.8468 C 1.8682 -0.7355 0.0000

H 0.0000 -1.2564 2.7816 H 2.8380 1.1893  0.0000

H 0.0000 -2.4765 0.6053 H 0.7199 24909 0.0000

H 0.0000 24765 0.6053 H 0.5844  -2.4979 0.0000

H 0.0000 1.2564 2.7816 H 2.7946  -1.3030 0.0000

0] 0.0000 14198 -1.7765 O -1.7909 -1.2673 0.0000

O 0.0000 -14198 -1.7765 O -1.7450 1.3399 0.0000
H -2.3815 -0.4759 0.0000

QH:

C 1.8831 0.7349  0.0000

C 0.6538 1.4069  0.0000

C -0.5342 0.6780 0.0000

C -0.5021 -0.7276 0.0000

C 0.7223  -1.3933 0.0000

C 1.9162 -0.6619 0.0000

H 2.8051 1.3075 0.0000

H 0.6181 2.4932  0.0000

H 0.7282 -2.4790 0.0000

H 2.8660 -1.1873 0.0000

O -1.6678 -1.4494 0.0000

0] -1.7931 1.2340 0.0000

H -24173 -0.8332 0.0000
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Table 6.21 (cont'd).
H -1.7477  2.2003  0.0000
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Table 6.22 Geometry Optimized Coordinates of the library of quinones: 4-methylcatechol (19).

Q Q-
Atom X Y Z Atom X Y Z
C -0.9830 -1.3089 0.0000 C -1.0178 -1.3068 0.0000
C -1.4858 0.0790 0.0000 C -1.5049 0.0401 0.0000
C -0.6184 1.1245 0.0000 C -0.5918 1.0771 0.0000
C 0.8239 0.9144  0.0000 C 0.8352 0.8754  0.0000
C 1.3405 -0.5620 0.0000 C 1.3303 -0.5396 0.0000
C 0.3299 -1.6235 0.0000 C 0.3328 -1.5796 0.0000
H -1.7257 -2.1022 -0.0001 H -1.7351 -2.1250 0.0000
H -0.9673 2.1529  0.0000 H -0.9374 2.1096  0.0000
H 0.6787 -2.6513 0.0000 H 0.6903 -2.6074 0.0000
0] 1.6419 1.8296  0.0000 0] 1.6499 1.8526  0.0000
0] 2.5454  -0.7807 0.0001 0] 2.5761 -0.8011  0.0000
C -2.9736 0.2643  0.0000 C -2.9939 0.2926  0.0000
H -3.4168 -0.2191 -0.8793 H -3.4733 -0.1540 -0.8803
H -3.2515 1.3197  0.0000 H -3.2177 1.3630 0.0000
H -3.4168 -0.2191 0.8794 H -3.4733 -0.1540 0.8803
Q> QH-
C -1.0548 -1.3074 0.0000 C -1.0985 -1.3036 0.0000
C -1.5291 0.0029 0.0000 C -1.5543 0.0185  0.0000
C -0.5729 1.0481 0.0000 C -0.5703 1.0303 0.0000
C 0.8336 0.8584  0.0000 C 0.7887 0.7369  0.0000
C 1.3250 -0.5397 0.0000 C 1.2935 -0.6138 0.0000
C 0.3402 -1.5565 0.0000 C 0.2717 -1.6073 0.0000
H -1.7536 -2.1445 0.0000 H -1.8216 -2.1184 0.0000
H -0.9246 2.0828 0.0000 H -0.8801 2.0769  0.0000
H 0.6952 -2.5894 0.0000 H 0.5919 -2.6482 0.0000
(0] 1.6679 1.8717  0.0000 0] 1.7419 1.7487  0.0000
@) 2.6117 -0.8093 0.0000 0] 2.5659 -0.8823 0.0000
C -3.0115 0.3179  0.0000 C -3.0268 0.3679  0.0000
H -3.6109 -0.5999 0.0000 H -3.6434 -0.5370 0.0000
H -3.3126 0.9048 -0.8798 H -3.3112  0.9590 -0.8808
H -3.3126  0.9048 0.8798 H -3.3112 0.9590 0.8808
H 1.2897 2.6037 0.0000
QH:
C -1.1098 -1.3152 0.0000
C -1.5847 0.0002 0.0000
C -0.6416 1.0424  0.0000
C 0.7290 0.7865  0.0000
C 1.1924  -0.5426 0.0000
C 0.2658 -1.5830 0.0000
H -1.8107 -2.1450 0.0000
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Table 6.22 (cont'd).

TOIOIITIITIOIT

-0.9796
0.6198
-3.0648
-3.6589
-3.3511
-3.3511
2.5531
2.7452
1.6755
1.2394

2.0770
-2.6112
0.3097
-0.6083
0.8952
0.8952
-0.7377
-1.6860
1.7814
2.6454

0.0000
0.0000
0.0000
0.0000
-0.8815
0.8816
0.0000
0.0000
0.0000
0.0000
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Table 6.23 Geometry Optimized Coordinates of the library of quinones: 4-ethylcatechol (19).

Q Q-
Atom X Y Z Atom X Y Z
C -1.0283 0.3648 0.0000 C -1.0412 0.4108 0.0003
C -0.4244 -0.8521 0.0002 C -0.3908 -0.8079 0.0002
C 1.0278 -0.9783 0.0001 C 1.0460 -0.9376 0.0003
C 1.8728 0.3371 0.0000 C 1.8555 0.3220 -0.0002
C 1.1348 1.6023 -0.0001 C 1.1248 1.5635  0.0001
C -0.2149 15976 0.0001 C -0.2514 1.6074  0.0004
H -0.9905 -1.7773 0.0001 H -0.9510 -1.7391 0.0001
H 1.7103 25226 -0.0001 H 1.7080 24822 0.0002
H -0.7542 2.5414  0.0003 H -0.7605 2.5695 0.0006
0] 3.0957 0.2704  0.0000 0] 3.1283 0.2874  -0.0010
0] 1.6123 -2.0580 -0.0001 O 1.6133 -2.0768 0.0006
C -2.5211 05655 -0.0001 C -2.5528 0.5573 0.0003
C -3.3873 -0.6931 0.0000 C -3.3709 -0.7364 -0.0008
H -2.7667 1.1918 -0.8705 H -2.8393 1.1634 -0.8714
H -3.2048 -1.3090 -0.8868 H -3.1625 -1.3463 -0.8867
H -3.2047 -1.3087 0.8870 H -3.1625 -1.3478 0.8840
H -4.4447 -0.4141 0.0000 H -4.4408 -0.5044 -0.0007
H -2.7667 1.1921 0.8701 H -2.8395 1.1621 0.8728
Q? QH
C -1.0773 0.2061 -0.3295 C 1.1072 -0.1872 -0.3388
C -0.2330 -0.9306 -0.2691 C 0.2310 0.9170 -0.2683
C 1.1709 -0.8858 -0.0650 C -1.1349 0.7627 -0.0563
C 1.7846 0.4512 0.1061 C -1.7546 -0.5282 0.1046
C 0.9106 1.5637 0.0354 C -0.8399 -1.6196 0.0258
C -0.4848 1.4597 -0.1781 C 0.5359 -14563 -0.1879
H -0.6772 -1.9220 -0.3903 H 0.6319 1.9254  -0.3860
H 1.3589 25527 0.1506 H -1.2542 -2.6209 0.1348
H -1.0934 23636 -0.2255 H 1.1730 -2.3387 -0.2403
0] 3.0771 0.5887 0.3045 0] -3.0325 -0.6700 0.2970
0] 1.9012 -1.9768 -0.0307 C 25978 0.0099 -0.5280
C -2.5749 0.0501 -0.5180 C 3.3543 0.3618 0.7679
C -3.3372 -0.3731 0.7537 H 2.7781 0.8058 -1.2637
H -2.7801 -0.6929 -1.3031 H 2.9708 1.2899 1.2070
H -2.9703 -1.3347 1.1304 H 3.2416  -0.4323 1.5149
H -3.2081 0.3680 1.5515 H 44257 04973 0.5762
H -4.4126 -0.4762 0.5594 H 3.0314  -0.9049 -0.9521
H -2.9953 09995 -0.8767 O -1.9826 1.8637 0.0044
H -1.4583 2.6674 -0.1170

o)
2

C 1.1414  -0.1506 -0.3454
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Table 6.23 (cont’d).

TOIOIIIIITOOIITIIOOOOO

0.2798
-1.0911
-1.6351
-0.7891
0.5849
0.6813
-1.2098
1.2218
2.6324
3.3848
2.8088
3.0113
3.2616
4.4565
3.0523
-1.9607
-1.4736
-2.9915
-3.2415

0.9559
0.8006
-0.4894
-1.5949
-1.4285
1.9624
-2.5931
-2.3065
0.0461
0.2777
0.9004
1.1702
-0.5758
0.4150
-0.8338
1.8608
2.6897
-0.5873
-1.5189

-0.2646
-0.0561
0.0774
-0.0043
-0.2142
-0.3691
0.0920
-0.2780
-0.5311
0.7930
-1.1959
1.3069
1.4686
0.6114
-1.0324
0.0224
-0.0886
0.2779
0.3549
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Table 6.24 Geometry Optimized Coordinates of the library of quinones:3-bromo-1,2-benzenediol
(21).

Q Q
Atom X Y Z Atom X Y Z
C -1.6331 1.9159 0.0000 C -1.5874 1.9520 0.0000
C -0.2026 1.6154 0.0000 C -0.1964 1.6513 0.0000
C 0.2659 0.3480 0.0000 C 0.2177 0.3385 0.0000
C -0.6706 -0.7939 0.0000 C -0.6901 -0.7848 0.0000
C -2.2054 -0.4478 0.0000 C -2.1594  -0.4398 0.0000
C -2.5906 0.9618 0.0000 C -2.5325 0.9510 0.0000
H -1.9097 2.9656 0.0000 H -1.8922 2.9949 0.0000
H 0.4867 2.4528 0.0000 H 0.5290 2.4578 0.0000
H -3.6491 1.1980 0.0000 H -3.5946 1.1817 0.0000
o) -0.3256 -1.9615 0.0000 O -0.3099 -1.9875 0.0000
0 -3.0047 -1.3727 0.0000 O -3.0214 -1.3677 0.0000
Br 2.1124 -0.0440 0.0000 Br 2.0942 -0.0515 0.0000
Q% QH
C -1.5455  1.9902 0.0000 C 1.4818 2.0514 0.0000
C -0.1873  1.6903 0.0000 C 0.1306 1.7072 0.0000
C 0.1807 0.3291 0.0000 C -0.2434  0.3557 0.0000
C -0.6995 -0.7792 0.0000 C 0.6885 -0.7085 0.0000
C -2.1488 -0.4247 0.0000 C 2.0656 -0.2836  0.0000
C -2.4976  0.9491 0.0000 C 2.4647 1.0405 0.0000
H -1.8713  3.0289 0.0000 H 1.7741 3.0971 0.0000
H 0.5691 2.4686 0.0000 H -0.6332 24783 0.0000
H -3.5607 1.1908 0.0000 H 3.5233 1.2867 0.0000
0] -0.3098 -2.0170 0.0000 O 0.4466 -1.9826  0.0000
e) -3.0488 -1.3699 0.0000 O 2.9687 -1.3202 0.0000
Br 2.0891 -0.0606 0.0000 Br -2. 111 -0.0945 0.0000
H 2.3760 -2.1084 0.0000

H2

-1.50533 2.04582 0.00000
-0.14302 1.74317 0.00000
0.25104 0.40377 0.00001
-0.68766 -0.62890 0.00000
-2.05633 -0.30262 0.00000
-2.46480 1.02855 0.00000
-1.82136 3.08385 0.00000
0.60254 2.52965 0.00000
-3.52605 1.25374 0.00000
2.09850 -0.06496 0.00000
-2.99490 -1.29748 0.00000
-2.54730 -2.15861 0.00000

IOQIIIOOOOOOO
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Table 6.24 (cont'd).
O -0.39137 -1.96246 0.00000
H 0.57149 -2.09416 0.00000
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Table 6.25 Geometry Optimized Coordinates of the library of quinones: 3-fluoro-1,2-benzenediol
(22).

Q Q

Atom X Y Z Atom X Y Z

C 0.3623 1.9772 0.0000 C 0.2363 2.0142 0.0000

C -0.9995 1.4426 -0.0000 C -1.0631  1.4262 0.0000

C -1.2142  0.1147 -0.0000 C -1.1650 0.0611 0.0000

C -0.1123 -0.8620 0.0000 C -0.0492 -0.8507 0.0000

C 1.3376 -0.2608 -0.0000 C 1.3087 -0.2091  0.0000

C 1.4671 1.1961 0.0000 C 1.3704 1.2331 0.0000

H 0.4629 3.0577 0.0000 H 0.3179 3.0973 0.0000

H -1.8394 2.1290 -0.0000 H -1.9581 2.0400 0.0000

H 2.4686 1.6121 0.0000 H 2.3585 1.6861 0.0000

O 2.2838 -1.0353 -0.0000 O 2.3520 -0.9302 -0.0000

O -0.2848 -2.0681  0.0000 @] -0.2029 -2.1077 0.0000

F -2.4589 -0.4020 -0.0000 F -2.4155 -0.5076 -0.0000

Q> QH

C 0.1067 2.0481 0.0000 C 0.3052 2.0520 0.0000

C -1.1325 1.4051 0.0000 C -1.0010 1.5453 0.0000

C -1.1267 0.0041 0.0000 C -1.1187 0.1569 0.0000

C -0.0023 -0.8474 0.0000 C -0.0505 -0.7246  0.0000

C 1.3016 -0.1449 0.0000 C 1.3033 -0.2280 0.0000

C 1.2865 1.2781 0.0000 C 1.4133 1.2003 0.0000

H 0.1613 3.1349 0.0000 H 0.4571 3.1287 0.0000

H -2.0749  1.9461 0.0000 H -1.8825 2.1762 0.0000

H 2.2551 1.7793 0.0000 H 2.4182 1.6168 0.0000

0 2.4216 -0.8212 0.0000 @] 2.3195 -1.0261  0.0000

0] -0.1019 -2.1534 0.0000 0] -0.2489 -2.0927 0.0000

F -2.3888 -0.6136  0.0000 F -2.3850 -0.4132 0.0000
H -1.2022 -2.2639 0.0000

QH:

C -0.1045 2.0921 0.0000

C -1.2899  1.3491 0.0000

C -1.1862 -0.0343 0.0000

C 0.0336 -0.7036  0.0000

C 1.2112 0.0604 0.0000

C 1.1400 1.4547 0.0000

H -0.1521  3.1758 0.0000

H -2.2670 1.8186 0.0000

H 2.06243 2.0259 0.0000

O 2.43060 -0.5575 0.0000

O 0.16250 -2.0661  0.0000

F -2.3120 -0.8147 0.0000
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Table 6.25 (cont'd).
H -0.7092 -2.4893 0.0000
H 23042  -1.5196  0.0000
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Table 6.26 Geometry Optimized Coordinates of the library of quinones: 3,4,5-trihydroxybenzoic
acid (23).

Q Q-
Atom X Y Z Atom X Y Z
C -1.0323 -0.0672 0.0354 C 0.9924 -0.0760 0.0000
C -0.2683 1.1773 0.0921 C 0.2775 1.1657 0.0000
C 1.0863 1.1962 0.0840 C -1.0943 1.1754 0.0000
C 1.8429 -0.0766 -0.0091 C -1.8827 -0.0525 0.0000
C 1.0081 -1.4016 -0.0766 C -1.1198 -1.3460 0.0000
C -0.4342 -1.2886 -0.0442 C 0.3125 -1.2832 0.0000
H -0.8370 2.1006 0.1380 H 0.8303 2.0993 0.0000
H -1.0220 -2.1992 -0.0752 H 0.8624 -2.2185 0.0000
(o) 3.0616 -0.1205 -0.0356 O -3.1408 -0.0293 0.0000
o) 1.6245 -24638 -0.1453 O -1.7455 -2.4510 0.0000
(o) 1.8700 2.2992 0.1511 0] -1.8317 2.3335 0.0000
H 1.3246 3.0991 0.2057 H -1.2360 3.0967 0.0000
C -2.5608 0.0554 -0.0020 C 2.4674 -0.0977 0.0000
O -2.9938 1.0741 -0.6097 O 3.0307 1.1394 0.0000
0] -3.2268 -0.8603 0.5461 H 3.9956 1.0198 0.0000
0] 3.1661 -1.1065 0.0000
Q% QH-
C -1.0633 -0.0187 0.0000 C 1.0887 -0.0368 0.0000
C -0.3231 1.1750 0.0000 C 0.3961 1.1849 0.0000
C 1.0760 1.1331 0.0000 C -1.0077 1.1962 0.0000
C 1.8457 -0.0639 0.0000 C -1.7103 -0.0009 0.0000
C 1.0762 -1.3199 0.0000 C -1.0444 -1.2682 0.0000
C -0.3401 -1.2343 0.0000 C 0.3713 -1.2469 0.0000
H -0.8424 21312 0.0000 H 0.9517 2.1175 0.0000
H -0.8945 -2.1704 0.0000 H 0.9147 -2.1866  0.0000
0] 3.1559 -0.0494  0.0000 0] -1.8091 -2.3332 0.0000
o) 1.6984 -2.4800 0.0000 0] -1.7374 23779 0.0000
(o) 1.8008 2.3424 0.0000 H -1.1214  3.1236 0.0000
H 1.1611 3.0669 0.0000 C 2.6162 -0.0391  0.0000
C -2.5720 0.0106 0.0000 0] 3.2062 1.0870 0.0000
o) -3.1563 1.1485 0.0000 0] 3.2045 -1.1650 0.0000
(o) -3.2014 -1.1014 0.0000 @] -3.0865 -0.0605 0.0000
H -3.2273 -1.0389 0.0000
QH:
C 1.1104 -0.0116  0.0000
C 0.4152 1.2048 0.0000
C -0.9812 1.2304 0.0000
C -1.7050 0.0311 0.0000
C -1.0047 -1.1830 0.0000
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Table 6.26 (cont'd).

IOITO0OO0OO0OOITOITITO

0.38777
0.9773
0.92231
-1.7111
-1.1084
2.6402
3.2285
3.2018
-3.0755
-3.3994
-1.8061
-1.2679

-1.2129
2.1332
-2.1572
2.39500
3.1520
-0.0290
1.0927
-1.1645
0.0633
-0.8513
-2.3048
-3.1086

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
-0.0000
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Table 6.27 Geometry Optimized Coordinates of the library of quinones: 3,4-dihydroxyphenylactic
acid (24).

Q Q-
Atom X Y Z Atom X Y Z
C 0.4174 -0.2103 -0.5265 C 0.4128 0.0088 -0.5386
C -0.4565 -1.2045 -0.2100 C -0.4581 -1.0495 -0.3568
C -1.8475 -0.9237 0.1047 C -1.8491 -0.8846 -0.0238
C -2.3138 0.5682 0.0534 C -2.3626 0.5178 0.1124
C -1.3094 1.5683 -0.3068 C -1.4135 1.5821 -0.0940
C -0.0373  1.1929 -0.5658 C -0.0929 1.3420 -0.4047
H -0.1444 -2.2447 -0.1818 H -0.1012 -2.0733 -0.4608
H -1.6258 2.6057 -0.3526 H -1.7843 2.6009 -0.0002
H 0.7031 1.9411 -0.8290 H 0.5877 21779 -0.5539
0] -3.4815 0.8448 0.3070 0] -3.5834 0.7480 0.3927
@) -2.6671 -1.7922 0.3992 O -2.6225 -1.8821 0.1448
C 1.8561 -0.4822 -0.8327 C 1.8649 -0.2080 -0.8784
C 2.8402 0.0349 0.2723 C 2.9000 -0.0632 0.2819
H 2.1424 0.0273 -1.7626 H 2.1784 0.4871 -1.6666
H 2.0293 -1.5505 -0.9834 H 2.0068 -1.2163 -1.2871
0] 4.0183 -0.4012 01911 0] 41122 -0.0280 -0.0868
@) 2.3803 0.8436 1.1249 O 2.4817 -0.0190 1.4719
Q> QH
C 0.4279 0.3632 -0.5583 C -0.4621 -0.0826 -0.5361
C -0.2938 -0.8456 -0.3954 C 0.4208 1.0028 -0.4339
C -1.6641 -0.9269 -0.0343 C 1.8050 0.8864 -0.0988
C -2.3840 0.3497 0.1730 C 2.2522 -0.4643 0.1196
C -1.6306 1.5365 0.0028 C 1.3901 -1.5499 0.0158
C -0.2607 1.5585 -0.3544 C 0.0338 -1.3758 -0.3136
H 0.2244 -1.7930 -0.5568 H 0.0488 2.0118 -0.6119
H -2.1571 2.4818 0.1511 H 1.7792 -2.5542 0.1868
H 0.2528 2.5134 -0.4693 H -0.6188 -2.2419 -0.3941
@) -3.6612 0.3701 0.4878 0] 2.6022 1.9081 -0.0033
0] -2.2768 -2.0807 0.1029 C -1.9193 0.1262 -0.8918
C 1.9033 0.3438 -09310 C -2.9538 0.1046 0.2722
C 2.8460 -0.0982 0.2183 H -2.2426 -0.6231 -1.6227
H 2.2038 1.3533 -1.2379 H -2.0421 1.1030 -1.3802
H 2.0719 -0.3288 -1.7815 O -4.1245 -0.2738 -0.0412
0] 3.0690 0.7399 1.1456 0] -2.5894 0.4967 1.4176
0] 3.3366 -1.2684 0.1599 0] 3.5994 -0.6315 0.4351
H 3.7743 -1.5751 0.5543
QH:
C -0.5059 -0.2512 -0.5385
C 0.3030 0.8944 -0.4663
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Table 6.27 (cont'd).

TOITOOOITITOOIITITOOOO

1.6531
2.2276
1.4421
0.0848
-0.1143
1.8896
-0.5151
-1.9706
-2.9646
-2.3123
-2.1264
-4.1851
-2.5103
3.5718
3.8972
2.4162
3.3247

0.8016
-0.4531
-1.6004
-1.4966
1.8782
-2.5724
-2.4007
-0.1379
0.1331
-1.0550
0.6700
0.1629
0.3051
-0.4376
-1.3334
1.9419
1.6947

-0.1373
0.1212
0.0464
-0.2829
-0.6642
0.2387
-0.3415
-0.8820
0.2906
-1.3753
-1.6074
-0.0496
1.4552
0.4304
0.5957
-0.0749
0.1591
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Table 6.28 Geometry Optimized Coordinates of the library of quinones: 3,4-dihydroxy-DL-
phenylalamine (25).

Q Q-

Atom X Y Z Atom X Y Z

C -0.4088 -0.1698 -0.5275 -0.3590 0.0092 -0.6059
C -1.0178 0.9704 -0.1101 -1.1321  1.0709 -0.1710
C -2.4448 1.0021 0.1968 -2.5277 0.9416 0.1581
C -3.2517 -0.3255 0.0248 -3.1472 -0.4216 0.0173
C -2.5094 -1.4996 -0.4409 -2.2931 -1.4845 -0.4463
C -1.1852 -1.4114 -0.6929 -0.9622 -1.2810 -0.7457
H -0.4756 1.9049 0.0046 -0.6955 2.0626 -0.0641
H -3.0603 -2.4254 -0.5720 -2.7421 -2.4682 -0.5616
H -0.6489 -2.2897 -1.0412 -0.3620 -2.1092 -1.1184
@] -3.0287 2.0122 0.5744 -3.2191  1.9303 0.5513
@) -4.4495 -0.3421 0.2766 -4.3712 -0.6132 0.2909
C 1.0713 -0.2011  -0.8577 1.1192 0.1806 -0.8928
C 2.0104 0.1056 0.3147 1.9988 0.2253 0.3750
C 3.5008 0.3454 -0.1236 3.5168 0.2743 0.0158
H 1.6825 1.0045 0.8417 1.7275 1.0838 0.9906
H 1.2895 0.5625 -1.6105 1.3066 1.1202 -1.4201
H 1.3412 -1.1644 -1.3028 1.4723 -0.6283 -1.5432
N 2.0622 -0.9978 1.3456 1.8039 -1.0210 1.2083
H 3.0903 -1.0354 1.5631 2.6593 -1.5830 1.0011
H

0] 4.3576 -0.2551  0.5907 4.1558 -0.7979 0.2360
0] 3.6783 1.1168 -1.0870 3.9330 1.3475 -0.4730
H 1.7857 -1.9088 0.9739 0.9457 -1.5322 0.9802

2-

-0.3273 0.0195  -0.6741
-1.1565 1.0753  -0.2232
-2.5223 0.9243  0.1311

-3.1010 -0.4420 0.0315
-2.2378 -1.4697 -0.4206
-0.8803 -1.2624 -0.7631
2.0799 -0.1418

-2.6621 -2.4709 -0.5089
-0.2851 -2.0942 -1.1418

-3.2508 1.9335  0.5259
-4.3509 -0.6675 0.3409
1.1441 0.2475  -0.9385
1.99365 0.27541 0.36218

3.51729 0.23261 0.06779
1.7397 1.1549  0.9551

-0.2950 -0.0625 -0.6362
-1.1013  1.0244  -0.2162
-2.4346  0.82064 0.08533
-3.0738 -0.4682 0.00119
-2.2475 -1.5341  -0.4215
-0.8898 -1.3279 -0.7295
-0.6808 2.0251 -0.1344

-2.6812 -2.5276 -0.5130
-0.2951 -2.1731 -1.0738

-4.3402 -0.5284 0.3107
1.1780 0.1348 -0.9188
2.0414 0.2715 0.3591
3.56214 0.28970 0.02809

1.75922 1.16727 0.91365

C
C
C
C
C
C
H
H
H
O
)
C
C
C
H
H
H
N
H
1.5099 -0.8137 21844 H 1.7923  -0.8202 2.2095
O
O
H
Q
C
C
C
C
C
C
H
H
H
O
C
C
C
H
H 1.3576  1.0423  -1.5040

TOO0OO0OO0OIIIOOOOOOD
S
N
w
o))
o
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Table 6.28 (cont'd).

TOOITITZITTTXT

T
N

IOIOIOCOOIITZIITIITOOOIITIITOOOOOOOO

1.3276
1.5379
1.6615
2.4358
1.6440
4.0800
4.0279
0.7407

-0.2706
-1.0406
-2.3913
-3.0006
-2.2508
-0.8898
-0.5980
-2.7231
-0.3217
1.2077
2.0754
3.5934
1.7740
1.3889
1.5720
1.9190
2.7955
1.8935
4.2686
3.9714
1.0808
-3.1214
-4.0388
-4.3373
-4.7021

1.2013

-0.5437
-0.9459
-1.6088
-0.7595
-0.8877
1.2946

-1.3229

-0.0979
1.0021
0.8522
-0.4120
-1.5078
-1.3495
1.9901
-2.4818
-2.2102
0.0666
0.2292
0.3087
1.1158
0.9573
-0.7927
-0.9675
-1.5102
-0.7058
-0.7216
1.3605
-1.5216
1.9390
1.6619
-0.4460
-1.3342

-1.4438
-1.5895
1.1803
0.9868
2.1834
0.2580
-0.3613
0.8918

-0.6158
-0.1994
0.0960
-0.0184
-0.4308
-0.7287
-0.1075
-0.5248
-1.0708
-0.9043
0.3607
0.0031
0.9198
-1.5125
-1.4791
1.2697
1.1018
2.2565
0.2994
-0.5569
1.0712
0.4933
0.6470
0.2964
0.1776

IorTooITITzZzT

1.5603
1.8071
2.6210
1.8190
4.1818
4.0052
0.9118
-3.2640
-4.1192

-0.7069
-0.9205
-1.5406
-0.6761
-0.7886
1.3482
-1.3809
1.8393
1.3607

-1.5094
1.2540
1.0664
2.2451
0.2721
-0.4733
1.0470
0.4864
0.6101

190



	Chapter 1: Introduction.
	1.1  Introduction to Bioelectrocatalysis
	1.2  Bioelectrocatalysis in Application
	1.3 Background
	1.4 Methods in Mediator Design
	1.5 Overview of Thesis
	Chapter 1
	Chapter 2: Rational Design of Quinone Redox Mediators for Bioelectrocatalysis with Glucose Oxidase.
	2.1 Abstract
	2.2 Introduction
	2.3 Experimental
	2.4 Results and Discussion
	2.5 Conclusion
	Chapter 3: Role of Redox Mediator Size in Controlling Electron Transfer Rates.
	3.1 Abstract
	3.2 Introduction
	3.3 Computational Methods
	3.4 Results and Discussion
	3.5 Conclusion
	Chapter 4: Influence of Active Site Tunnel Radius on Quinone-Modified Redox Mediator Interaction with Glucose Oxidase and Glucose Dehydrogenase cofactors.
	4.1 Abstract
	4.2 Introduction
	4.3 Methods
	4.4 Results and Discussion
	4.5 Conclusion
	Chapter 5: Conclusion and Future Directions.
	5.1 Summary
	5.2 Future Directions
	REFERENCES
	APPENDIX

