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ABSTRACT

DOES ORIENTATION MATTER?

CONTROLLING LACCASE ORIENTATION ON PLANAR GOLD ELECTRODES.

Enzyme electronics are becoming more common in modern life. Even though these
technologies have been integrated into everyday life, the fundamental understanding of how
an enzymes’ orientation at the electrode surfaces affects the enzymes catalysis is still
unknown. To understand this more we designed a library of laccase mutants, all with a single
solvent exposed cysteine. These cysteine residues are used to bind to a gold electrode
modified with a monolayer of sulfhydryl molecules capped with a maleimide binding group.
Each mutants’ single cysteine will bind to the maleimide group orienting each mutant
differently at the electrode surface. The wild type enzyme (WT) and all the mutants, D113C,
N264C, H470C all show activity toward a common substrate 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS). Although each mutant does show catalytic
activity in solution, we were unable to obtain an electrochemical response from the laccase
library using the maleimide capped electrodes for either ABTS or oxygen. Modification of the
electrodes via the deposition gold clusters makes the electrode surface more
topographically complex. The cluster modified electrodes bound with WT laccase displayed
an electrochemicalresponse forthe reduction of oxygen to water. The increased topography

from using gold clusters allows for electron transfer with laccase enzymes, while the planar



electrodes modified with the laccase enzymes in which we achieved an electrochemical

response.
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Chapter 1: Introduction

Electron transfer is inescapable within biochemical systems. Electron transfer
events can occur between different substrates, proteins, and enzymes in which the
electrons are moved heterogeneously or internally within a single protein homogenously.’
Enzymes are naturally occurring cellular workhorses, catalyzing reactions and shuttling
electrons between molecules to aid in maintaining homeostasis. In order to utilize these
natural functions of life for use in molecular synthesis, catalysis, and biosensing more must

be done to understand these electron transfer events in vivo and in vitro. 22

Enzymes catalyzing useful reactions for synthesis, sensing, remediation, and energy
production are potentially powerful scientific endeavors. Nitrogenases, for example,
catalyze the formation of ammonia by reducing elemental nitrogen from the atmosphere
using electrons provided by Adenine triphosphate (ATP). Performing this reaction abiotically
via the Haber-Bosch process utilizes up to 2% of the world’s total energy. To clean up the
production of ammonia, nitrogenases have been studied to either inspire new catalysts to
perform this reaction or to utilize them more directly to produce ammonia with lower energy

needs. 4

Background

Inducing and tracking enzymatic processes can become quite complex, often
requiring either coenzyme(s) and/or redox active molecules, like FAD, NADPH, or ATP. In Fig.
1, this is represented by the redox active enzyme, hydrogenase, reacting with its electron

donor NADPH, and its namesake substrate hydrogen, incoming as solvated protons. For this



reaction to occur the hydrogenase enzyme must react with NADPH, obtain its two electrons,
transport them to a ligated proton, bound at a separate active site. Finally, this hydride
reacts with another proton in solution to form hydrogen. The reaction within hydrogenase
happens very fast, but at low concentrations this reaction is limited by the rate in which the
three reactants collide together in solution.® This reliance on redox active biochemical
substrates makes in vivo experiments with redox active enzymes to be quite demanding in
terms of capital and time. These biological reagents are expensive to make and difficult to
store, since they are very sensitive towards oxidation. One way to avoid the use of expensive
reagents and coenzymes is by utilizing electrodes to provide the electromotive forces and
electrons required for redox chemistries to take place. For this reason, enzymes have been
studied in coordination with electrochemistry for well over half a century.*® The body of

literature surrounding enzyme electronics is quite vast and well established. Now, enzyme

NADP* + H*

NADPH

Electrode

Figure 1 Hydrogenase enzyme reacting with its native substrates NADPH and hydrogen(Left) and using and electrode for
electron transfer processes



modified electrodes are already commercially available products totaling billions in sales
every year in the form of diabetes test kits alone, monitoring a patient’s blood sugar levels. ’

However, with all this commercial success with bioelectronics there are still many

questions surrounding these technologies that must be answered for enzymatic electrodes
to continue to evolve as increasingly useful technologies. 28° The most interesting questions
are those surrounding the three-dimensional (3D) structure of proteins with respect to on
electrode for better control of catalysis. An enzyme’s 3D structure is very important to its
biochemical function and many diseases and ailments can be linked to misfolded or
mutated proteins. Known 3D crystal structures of proteins with angstrom(A) resolution have
grown exponentially for the past three decades thanks to the advances in computing power
and electron microscopy.’ While there has been great success attaching enzymes to
electrode surfaces to probe or control its catalytic function,? their orientations on the
electrode surface have not been fully studied.® By immobilizing enzymes onto electrode
surfaces one can control where reactions take place and monitor them precisely with the
aid of sensitive electronics. There are three main questions in enzyme electronics and
biosensors that must be answered for these technologies to evolve that we are most
intrigued by.

1. For Oxidoreductase enzymes which take part in both reduction and oxidation
reactions: Does one active site respond more favorably to electron transfer with
an electrode surface over the other?

2. Which orientation of an enzyme’s allows for the greatest packing density of

enzymes on the electrode surface?



3. How much does packing density and orientation affect flux of substrates, limiting

the reaction rate and currents achievable?

Probing these questions further requires choosing a model system enzyme. The ideal
enzyme for answering these questions would belong to the oxidoreductase class of
enzymes. The enzyme should have substrate promiscuity to probe different levels of steric
hinderance that could occur at the electrode surface. This is a possible consequence of
overpacking enzymes in a non-ideal orientation onto and around the electrode surface.
Thus, commonly studied enzymes like nitrogenases and hydrogenases are not the ideal
candidates for this study since diatomic nitrogen and hydrogen would not experience much
steric hinderance and they have very specific electron sources in the form of ATP or NADPH.
It’s also important to note that hydrogenase enzymes are very oxygen sensitive and are
inactivated by even small levels of oxygen.'"'? Laccase enzymes, however, react with oxygen
as a substrate and appear to meet the criteria required to answer these questions.’®
Laccases are oxidoreductases that contain two catalytically active sites; one catalyzes the
reduction of diatomic oxygen to water, while the other active site oxidizes a myriad of amino
and phenol containing substrates. Laccase substrate promiscuity allows for the study of
steric effects on molecules as small as hydroquinone ranging up to large dyes and soluble
lignin-based materials. Therefore, laccase has been chosen for use as our model enzyme to

study the effects of orientation on enzyme modified electrodes.

Laccase enzymes belong to the multi-copper oxidase family of oxidoreductase

enzymes. They have been found in nearly every branch of life so there are many well-known



sequences and structures. The two active sites within laccases are denoted the T1 site for
the phenol oxidizing active site and the trinuclear cluster site used to reduce oxygen.
Natively they are separated by a 13A cysteine-histidine bridge allowing for the two active
sites to be isolated electronically. Fig 2 shows the structure of laccase enzymes with the
two copper active sites. Chapter 2 is devoted entirely to the experimentation involving

laccase enzymes. More onits structure, mechanism, and its engineering can be found there.

T1 Active site

\ ‘ Fa
@ Tri-nuclear

Copper (TNC)

Active site

Figure 2 Laccase crystal structure from Bacillus Subtillis. T1 phenol oxidizing copper active site (circle) and the
Tri-nuclear copper (TNC) oxygen reducing active site (Triangle)

Choosing an immobilization strategy for attaching our model enzyme laccase onto
the surface of electrodes will be very important. There are many ways to engineer an enzyme

onto an electrode surface. Typical methods for protein immobilization are via adsorption,



entrapment, or covalent-bond based attachments.' Adsorption and covalent attachment
strategies can be seen in figure 3. Adsorption often involves weak electrostatic interactions
between the electrode surface, sometimes modified by a molecular monolayer, and the
solvent exposed regions of a protein. Entrapment utilizes hanomaterials, salts, or gels to
immobilize proteins within a matrix or precipitate from which proteins have trouble
dissociating through. Sometimes entrapped enzymes are stabilized by certain electrostatic
or hydrogen bonds, but encapsulation of the enzyme is the largest factor holding the protein
in place. Covalent attachmentuses atleast one covalent bond between the protein, another
protein, a molecular monolayer, or the electrode surface. These can be non-specific
binding, where a bifunctional molecule is able to bind to certain common moieties (e.g.
carbonyl or amino groups) abundant in all proteins and will thus bind together in a matrix
similar to a polymer on an electrode surface. Specific interactions can also be isolated and
promoted with a peptide tag (e.g. His or strep tag) or by using unique, low-occurring amino
acids (e.g. cysteine or methionine). Each of these techniques has their benefits and

shortfalls and all of which must be considered in making an immobilization strategy.

Enzyme Immobilization Techniques

Of the main enzyme immobilization techniques (adsorption, covalent, and
entrapment) only adsorption and covalent attachments offer any control over the protein
orientation at the electrode surface. Electrodes using entrapment have been shown to be
good biosensors with great detection limits and for tracking electrochemically active
enzymes, but they have little control over the enzymes interactions with the electrode

surface.’®®



Chemical
Adsorption

Physical
Adsorption

[ |
Cross- Covalent
Linking Attachment

Figure 3 Two different immobilization techniques physical adsorption(left) and covalent
attachments (right)

Adsorption- Orientation Control

Adsorption of enzymes onto electrodes has been a common practice for studying
their electrochemical properties.® Adsorption does not involve the introduction of a formal
chemical bond, but instead relies on the weaker intermolecular interactions between the
electrode surface and the solvent exposed regions of a protein or enzyme. These
interactions can be governed by hydrogen bonding, pi-pi interactions, attractive forces from
opposing charges, or even metallophilic interactions between specific amino acids moieties
and different conductive architectures. The goal is to have areas of the protein with charge
to be attracted to opposing charges provided by a self-assembled monolayer (SAM) of
molecules on the electrode surface. Adsorption of enzymes can make very useful
electrodes: they can be quickly produced and provide meaningful information about an
attached enzyme or substrate; however, they are limited by their stability. Since there is no
permanent bond between the electrode and the adsorbed substrate the risk of losing the
enzyme of interest is high.'® First, the pH at the electrode surface is not static. In the case of

a linear sweep electrochemical experiment, the charge building up at the electrode surface



will alter the solvent and electrolyte structure at the interface of the electrode surface.?° The
electrolyte rearranges into a charged double-layer which greatly changes the pH near the
electrode surface, this can disrupt any weak interactions between the enzyme and the
electrode. If stirring or agitation is involved in these experiments the loss of enzyme is even
greater. The act of adsorption is typically non-specific in its binding, but many clever

techniques have been developed for a myriad of enzymes with different electrode materials.

Taniguchi et al> adsorbed commercially available bilirubin oxidase, an enzyme very
close to laccases in both structure and function, onto Au(111) and Au(100) single crystal
gold electrodes functionalized with self-assembled monolayers of short chain hydrocarbon
thiol SAMs capped with sulfate, ammonia, alcohol and carboxylic acids. With control of the
pH these moieties can provide different charged surfaces at the electrode solventinterface.
The goal is to have areas of the protein with charge to be attracted opposing charges
provided by the respective SAM’s. It was found that bilirubin oxidase adsorbed onto -NH2, -
OH, and -CH3 capped SAM’s did not show much if any electrocatalytic current. This showed
that positive, electronegative, and nonpolar surfaces either do not orient BOD in a way that
facilitates electron transfer or do not attract BOD strongly at all. Sulfate and carboxylic acid
capped SAM’s did show electrocatalytic currents towards the reduction of oxygen to water.
They estimated the distance between the electrode and the enzyme at 17A. This distance is
approaching the limits of electron tunnelling established by Marcus theory for electron
transfer at 20A. These experiments successfully showed that the surface conditions of an

electrode can dictate the orientation and binding of certain enzymes.



Blanford et al. engineered a pyrolytic graphite electrode(PGE) functionalized with a
monolayer of anthracene with the goal of orienting laccase enzymes with its T1 active site
nearest the electrode surface.?? Anthracene shares a similar structure to many of laccase
substrates and can bind to the T1 active site through hydrophobic interactions. Comparing
just PGE+laccase versus the anthracene modified PGE+laccase electrode the modified
electrode showed a 6x increase in current density, 650puA/cm?, with a rotating disc
electrode. Anthracene modified electrodes maintained 80% of its activity after 60 days while
the unmodified electrode lost all its catalytic activity after 20 days. Suggesting the T1 active
site anthracene binding is strong and favored interaction with the electrode overcoming

repeated uses.

Giroud and Minteer® designed a way to adsorb commercially available laccase from
trametes versicolor onto modified multi-walled carbon nanotubes (MWCNT) with its T1
active site oriented towards the electrode surface. The modified MWCNT electrode had
pyrene derivatives adsorbed onto the MWCNT via pi-pi stacking. Bound to the pyrene
moleculesis an anthracene moiety which has a similar backbone structure as manylaccase
phenolic substrates. The T1 active site was predicted to be binding to the anthracene
backbone through hydrophobic interactions, without a formal bond being made. They
discovered that the oriented laccase enzyme using anthracene was obtaining steady-state
current densities of 180pA/cm2. These were more than double that of the laccase enzymes
adsorbed onto MWCNT with just pyrene molecules to help aid in electron transfer. This
experiment suggests that oriented attachment of laccase is still very important even when

the electrode is not uniform due to the nature of how MWCNT lay on the electrode.

9



Controlling the stacking of MWCNT is very complicated and most MWCNT arrays have
cluttered and random 3-dimensional structure and act similarly to entrapment methods.
Using small molecules to help orient the laccase enzyme in a preferred direction.
Coincidentally, Bourourou et al.?* the same month published a very similar experimental
design. Here, instead of an anthracene functional group bound to the pyrene they instead
used an anthraquinone moiety. This moiety induces interactions with the T1 active site but
instead using an anthraquinone to take partin the hydrophobic interactions with the active
site. They achieved current densities of 800pA/cm? with a doubly functionalized pyrene with
two anthraquinone moieties. This was almost double that of the singly functionalized
electrode, which in turn had double the current densities of randomly oriented laccase
molecules on MWCNT. They also found that these electrodes lost 50% of their activity over
a 10 day period. This is much less stable than the electrodes produced by Blanford et al.
These together show that short linkers like anthracene and anthraquinones at around 1hm
away from the electrode surface are interacting with the T1 active site. This with closer
packing interactions caused by bifunctional linker moieties will allow for higher current

densities.?®

Most recently, Rizzo et al. engineered a laccase enzyme, using directed evolution,
originally from the aquifex aeolicus with an amino acid loop rich in methionine residues that
naturally adsorb onto gold surfaces.?®?” The sulfur on methionine already has both of its
bonds in the form of C-S bonds. Even with this the methionine amino acids will still adsorb
preferentially to gold surface metallophilically. This methionine rich loop is located very

close to the T1 active site of the laccase enzyme and will orient this T1 site closer to the

10



electrode surface. The addition of the laccase enzymes on this gold electrode showed 40%
higher oxygen reduction currents when compared to the wild type and 3-times greater than
that of the looped mutant attached to a glassy carbon electrode. The electrochemical
activity of laccase was tested at different pH’s, pH 4-7, and even at a higher pH the looped
laccase still had profound activity towards oxygen reduction, although requiring more
negative potentials to achieve reduction. The long-term stability of these electrodes was not

discussed in this paper.

Clearly, adsorption is a valid technique to immobilize enzymes, and in particular
laccases, onto different electrode support systems. Even with weaker intermolecular
interaction lacking a chemical bond, researchers have been able to optimize activities by
orienting the T1 active site closest to the electrode surface. However, we have seen these
electrodes suffer from stability over a few days and up to a few weeks. Covalent attachment
allows for greater control over interactions with atomic precision and with chemical bonds
holding things in place.

Covalent Attachment

Covalently attaching enzymes onto electrodes involves forming at least one
chemical bond between the electrode surface and the enzyme. There are a myriad of
techniques, reagents, and moieties engineered to interact with common amino acid
features that make up proteins.' Primary amines, thiols, and amino acid tags (His and Strep
tags) have been used to attach enzymes to electrode surfaces. This can often be specific or
non-specific binding depending on the solvent exposed residues on the enzyme. If an
enzyme possesses multiple binding sites, then the atomic precision wanted in an enzyme’s

11



orientation goes away. Depending on the linker this can also result in the crosslinking of
enzymes to each other as well as the electrode. Crosslinked electrodes have shown great
promise in making functional devices.' However, the random orientation of enzymes makes
this technique not applicable to the scope of this research. Crosslinking can also occur after

immobilization. This has been shown to be beneficial to electrode stability.

Mena et al.?® attached commercially available laccase enzymes to gold electrode
using mercaptopropionic acid (MPA) and N-succinimidyl propionate (NTSP) SAM modified
using the now common biological reagents 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
(EDC) and N-hydroxysulfosuccinimide (NHS) to bind primary amines to the electrode
surface. Both techniques resulted in the same interfaces of a propane-thiol separating the
gold electrode from the binding amino acid residue. Glutaraldehyde was used to compare
just SAM bound enzymes to ones also cross-linked together. Results show that between the
two SAM techniques, the MPA SAM was more insulating towards electron transfer than the
technique using NTSP monolayers. This is attributed to denser packing on MPA possibly
caused by its smaller size while forming the SAM. Thus, NTSP SAMs were used to compare
the electrochemical activities of laccase just bound to the electrode versus those linked
together by the polymerization of glutaraldehyde. The cross-linked electrode showed a 3-
fold increase in stability of 9 days compared to the non-linked electrode. This was attributed
to the increase of bonds formed between the enzymes so that even if the SAM degrades
laccase enzymes will be stuck in place rather than drifting into solution. This experiment

showed that more densely packed SAM could be a hinderance to proper electron transfer in

12



covalently bound enzymes. This method does not allow for site specific binding since both

lysine and the N-terminus have primary amines that can bind via this technique.

Li et al®® attached laccase to gold using a cysteine modified at the end of a His-tag
allowing it to bind to a bare gold electrode. They genetically designed two variants one with
Cys-His-tag at the C and N terminus, respectively. The C-terminus of this laccase would
orient the enzymes T1 active site closer to the electrode while the N-terminus location is
closer to the TNC active site. Oxygen reduction was obtained by both methods, however,
the C-terminus Cys-His-tag presented with a lower overpotential and a higher current
density. This suggests the T1 site allows for better electron transfer between the enzyme and
the electrode. The two termini of most enzymes tend to allow for more degrees of freedom
than amino acids held tightly within secondary structures, but with a 50mV difference in
onset potentials for oxygen reduction and double the current densities, clearly there is a

preferential orientation demonstrated here within.

Later, Ran et al®® covalently immobilized the redox active horseradish peroxidase
(HRP) to gold electrodes using a 1,4 dialkynylbenzene SAM to bind to an azido modified
lysine residues on the enzyme. Unfortunately, this cannot be seen as site-specific since any
reactions that can bind to the primary amine on lysine can also bind to the N-terminus of the
protein.®" A copper catalyzed azide-alkyne cycloaddition (CuAAC) reaction was performed
to link the HRP to the gold surface and was successful in obtaining direct electron transfer
between the electrode surface and the HRP. This experiment was significant because this

was the first time CuAAC was used on gold electrodes for DET and catalysis with redox

13



enzymes. This powerful reaction has been used quite frequently in biosensors and enzyme

electrochemistry over the past decade. 3233

In 2020 Gentil et al.** announced they successfully covalently attached laccase to
MWCNT using a SAM capped with an azido group that was able to bind to single alkyne
functionalized amino acid residue. To make the library of laccases with a single lysine
residue they needed to first remove the original two lysine residues expressed in trametes
versicolor naturally. After this they focused on expressing 4 mutants, the original two
location K71 and K40 near the T2/T3 active site and then two near the T1 active site at
location 157 and 161, respectively. After the library was expressed, the enzymes were
attached to the MWCNT functionalized with 4-azidobenzene using 4-ethynylbenzaldehyde
as a bridge connecting the lysine to the 4-azidobenzene functionalized MWCNT via the
copper catalyzed alkyne-azide cycloaddition reaction. They found that the coordinating
laccase through its K71 lysine near the TNC reduced diatomic oxygen with the highest
current densities than the other mutations nearthe T1 active site. Even using the WT laccase
from trametes versicolor, with two lysine residues, possessed higher current densities than
the K161 location at the T1 active site. This is unique since much of the work in orienting
laccase enzymes to the electrode surface focuses on orienting the T1 active site closest to
the electrode surface for the fastest and most stable electron transfer. Clearly, direct

electron transfer can occur at the TNC with great efficiency.

Finally, Elizabeth Schneider in her dissertation®® attempted to orient a library of

cytochrome p450 redox active proteins to a planar gold electrode with a SAM of

14



Dithiobismalaimidoethane (DTME) and propyl amines, respectively. This DTME SAM s
capped with a maleimide group attached to an ethane thiol making it a short linker between
the electrode and the enzyme cytochrome p450. The maleimide group binds preferentially
to the thiols bound to cysteine amino acid residues. After many attempts at achieving an
electrochemical response, it appears as if this combination of protein, electrode, and linker
molecules ended with never achieving any meaningful currents from the cytochrome p450
enzymes. There have been reports of specific SAMs, gold surfaces, and certain enzymes of
different species having problems with showing electrochemical catalysis showing how
many unknowns and pitfalls in this site-specific immobilization on gold electrodes.®* These
must be considered, and flexibility is required within experimental designs to help overcome

these.

Planar Electrode Materials

Planar electrodes and those approaching atomically flat will give the clearest look
into enzyme orientation.® The materials for planar electrode production have diversified
greatly over the past decades.® With the inventions of large crystalline semiconductors and
new nanomaterials the landscape for electrode architectures is broad. Yet to date there are
only a few electrode materials that could be truly considered planar or even atomically flat
over longer distances(microns). Basal plane graphite electrodes considered planar in small
electrodes, leave a plane of graphite on the electrode surface. Unfortunately, the carbon
electrode makes other analytical techniques complicated.® IR-ATR, AFM, and other surface
characterization techniques are more challenging or not an option with graphite-based

electrodes since they do not form plasmon like metal based electrodes. Silicon has been
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made so successfully that you can purchase commercially available atomically flat silicon
wafer of a variety of surface orientations (e.g. (111) and (101)).%-*® It does allow for many
surface characterization techniques owing to more confidence in the SAM structure.
However, semiconductor electrodes are much more nuanced than a typical metal or
carbon-based electrode. Band bending, and control over the lighting in the laboratory make
some data deconvoluting more complicated.*® Aside from that, the cleaning and working
with pure silicon surfaces requires hydrofluoric acid (HF). HF is quite dangerous to have and
store in the lab and the silicon surfaces themselves are prone to oxidation. Truly dangerous
chemicals and such sensitive surfaces like silicon should be avoided, if at all possible,

unless proper lab conditions can be maintained.

The use of gold as an electrode support could prove to be ideal for protein
immobilization and obtaining electrochemical measurements.® Gold, as a noble metal, is
inert toward oxidation by many chemistries in biological conditions and the conditions
required to modify gold are well established.***? Gold can form stable bonds with thiols,
alkynes, and phosphine groups which can be modified with proteins or as bifunctional
SAM’s with multiple reactive groups, allowing for further functionalization.*® Gold is very
conductive and can be modified to control topology and therefore the surface area. Much of
the research conducted with gold electrodes utilize bulk gold, gold nanoparticles, or
nanoporous gold electrodes.*** Bulk gold features many surface defects that can
contribute to an increased surface area which provides better interactions with proteins
and enzymes. Pits, stair steps, terraces, valleys, and a non-uniform surface have been

shown to promote molecular binding and electron transfer.*® The use of single crystalline
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gold is ideal for use as a planar electrode. Single crystal gold can be purchased or
engineered to have a known crystalline structure, typically in the 111 or 100 crystal planes.
These crystalline features can be consistent over microns of space. Yet with larger
electrodes (millimeter or greater) there is no consistent atomically flat surface. Because of
this we will explore using thin film gold electrodes with 10nm thick gold. With such a thin

film of gold, we hope to limit large surface features to below 3 nm in size.

Synopsis

Given the established literature it is clear that more work needs to be done anchoring
laccase enzymes onto planar gold electrodes with more atomic precision than the current
literature. For site specific control over the orientation of the laccase enzyme the amino acid
cysteine gives better control than amine-based techniques that bind to lysine and the N
terminus. Aside from the enzyme’s cysteine forming stable bonds directly with gold, which
would place the laccase enzyme closest to the electrode surface, the cysteines native
sulfhydryl would also bind to maleimide groups capping SAMs. Using SAM’s to attach
enzymes to electrodes allows for control over the distance between the electrode and the

laccase active sites.

To study the orientation of laccase enzymes on planar gold electrodes a library of
laccase enzymes from Bacillus subtilis will be engineered genetically to have a single
solvent exposed cysteine residue. This library will comprise of 4 different laccase enzymes
all mutated to have only one solvent exposed cysteine residue in a different location on the

laccase enzymes surface. The cysteine residues will offer a variety of binding locations so
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thatthe T1 and TNC can be isolated for DET. This way the catalysis of oxygen at the TNC and
ABTS/phenols at the T1 site can be probed individually and more can be determined about
the steric hinderance at the individual active sites. Laccase library design and experiments

can be found in chapter 2.

Self-assembled monolayers formed using modified alkane thiols containing tail
group moieties that allow for the laccase’s cysteine to bind will be used. This is done using
maleimide binding groups that preferentially bind strongly to sulfhydryl groups (thiols). The
bifunctional molecule used will be dithiobismaleimidoethane(DTME) where a disulfide,
each of which is bound to an ethyl group which is bound to the nitrogen of the maleimide
group. The sulfhydryl side group on the cysteine can bind to either of the sp? carbons on the
maleimide structure. In order to control the distance between the electrode and the laccase
enzyme further a second SAM immobilization technique is engineered. The second
bifunctional SAM consists of azido propyl thioacetate. The thioacetate of the molecule is
deprotected in-situ during SAM formation and leaves a thiol functionalized gold surface with
a propyl group attached to an azido moiety, which can further be functionalized by an alkynyl
group. Using the CUAAC reaction, propargyl maleimide can be attached to this azido capped
SAM and leave a terminally bound maleimide exposed into the solvent. The Azido-alkyl-
thioacetate class of molecules comes with various alkyl lengths from propane to octane.
Controlling the hydrocarbon linker length will position the laccase enzyme further away from
the electrode surface. The aim is to increase the tunnelling distance for electrons, which
would generally lower the currents achieved in most electrochemical processes. However,

with large carbon-based catalysts like enzymes reacting with large molecular substrate,
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there could be a preference for having more degrees of freedom to accommodate catalysis
with minimal steric hinderance. These electrodes will be studied by cyclic voltammetry in
order to find the onset potentials and currents achieved by these systems with different
substrates. Mainly oxygen and ABTS will be studied as laccase preferred substrates for
catalysis. The overall scheme for electrode functionalization and enzyme immobilization are
shown below in figure 4. More on the electrode design and the subsequent electrochemical

experiments will be covered in chapter 3.

- - U e Gl ot

Dithiobismaleimidoethane g S % g 2 § o
+ mm). : - . s
\ \ \ X
Planar Gold Electrode Self-Assembled Monolayer (SAM) Laccase Immobilization

Figure 4 The immobilization scheme for the attachment of laccase onto gold electrodes using dithiobismaleimidoethane
(DTME) as a self-assembled monolayer.

Conclusion

Protein and enzyme voltammetry is nearly a century old.*” Even with the large body of
knowledge, we still have much to learn about the interactions between enzymes and the
electrodes. Since there are enzymes that carry out every biosynthesis within cells the
applications for sensing, catalysis, and synthesis seem endless. Recent advances in
chemical biology and proteomics allow for the engineering of proteins with relative ease.

This engineering gives rise to the capabilities of adding or removing parts of a protein that
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can help bind to electrode surfaces in different ways. Modifying electrodes to bind to
proteins through various means allows for meticulous control over and careful measuring
of the catalytic rates of reactions. Out of all the commonly studied enzymes in the literature
(nitrogenase, hydrogenase, and laccases), laccases are readily expressed, operable under
normal atmospheric conditions and display oxidation toward a number of substrates with
various sizes. Like hydrogenases and nitrogenases, laccase, and other multicopper
oxidases, possess multiple different metal sites within their structure that facilitate
catalysis and electron transfer. This makes laccases analogs for studying electron transfer
with metalloenzymes, even if they do not react with the same substrates. More electrode
architectures need to be engineered to study electron transfer processes with greater
atomic precision and more laccase enzymes should be modified and studied on electrode
surfaces to understand the nuances surrounding enzyme orientation and how it affects the
enzymes catalysis. For this reason, we pursued a series of experiments immobilizing
laccase enzymes onto planar gold electrodes to allow for a greater clarity surrounding the
enzymes orientation with respect to the electrode surface. Using electrochemical
experimentations, our aim is to find orientations that promote enzyme stability and overall

catalysis.
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Figure 5 Some known laccase substrates and their general structure. Lignin has no unique structure.
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Chapter Two- Laccase Library and Activity

Laccase Structure and mechanism

Laccases belong to the multi-copper oxidases family of the oxidoreductase family of
enzymes. They have been discovered to be expressed naturally in nearly every form of life
but were first identified in the sap of Japanese Lacquer trees in the late 19" century.' They
contain a single coordinated copper ion (T1) active site oxidizing a variety of aromatic
substrates and a tri-nuclear copper(TNC) cluster active site reducing molecular oxygen to
water through 4 electron exchange events. With hundreds of oxidases identified, still only a
small minority can catalyze the Oxygen Reduction Reaction (ORR) effectively.? This reaction
is coveted for use as the cathode in biofuel cells or in self-powered biosensors.®The laccase
T1 active sites substrate promiscuity has led towards its investigation for uses in water

remediation, pulp degradation, and use within organic synthesis.*®

The non-specific T1 active site is based around a single copper ion coordinated to
four amino acids, 2 histidine, a methionine, and a cysteine residue.” For some species this
methionine residue is substituted for another residue, typically phenylalanine or histidine.??®
Due to the copper’s coordination with cysteine and resting charge (2+) this active site has a
strong blue color and maintains a maximum absorption (ABSn.x) at~600nm. This site directly
oxidizes polyphenols including both para and ortho polyphenols, aminophenols, poly and
aryl amines in a single electron exchange event among others.' This single electron

oxidation reaction generally forms radical species that must continue to react and rearrange
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to accommodate this unstable change. This electron is passed through the T1 coordinated
cysteine to a histidine bound to the enzyme’s second catalytic site where oxygenis reduced.
This cysteine-histidine bridge is found in most multi-copper oxidase and separates the two

active sites by approximately 13A on average between species."

The TNC catalytic active site reduces atmospheric oxygen to water via three copper
atoms arranged in a triangular cluster stabilized by eight coordinated histidine residues, one
of which is part of the cysteine-histidine bridge mentioned above.” This tri-nuclear copper
cluster can be further differentiated as a single T2-type copper atom and two T3-type copper
atoms. The two T3 copper atoms are coordinated by 3 histidine residues each and a
hydroxide ion shared betweenthem. The T2 copperatomis coordinated by only two histidine
residues and a single water molecule that it does not have to share. The active sites and

some of the binding amino acids can be seen in figure 6.

Figure 6 Laccase enzyme from Bacillus Subtillis and its active site(left) with some of the binding amino
acids, including the Cys-Hys bridge connecting the active sites.
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The overall (ORR) chemical reaction, using a phenol as the sample substrate, can be written

as

4ArOH+ 0, = 4ArO’ +2H20

There is some nuance to this balanced chemical equation. The protons added to the oxygen
are notfromthe T1 substrate. The distance between the two active sites does not permit this

at the same rate as electron transfer.

The reduction potential of the T1 copper active site is not uniform between species.
Subsequently, high and low potential laccases have been identified and engineered. The
potentials range from 800mV to 300mV vs NHE.'>"* The T1 active site can only be reduced
by substrates with lower reduction potential than the active site, sometimes this limits the
laccase signature substrate promiscuity for low redox species. Since the redox potential of
oxygenin pH5is 0.95V vs NHE, the high redox potential laccases are operating at very close

to the formal reduction potential of O..

The mechanism for substrate oxidation at the T1 active site is described
mathematically by a semi-classical Marcus theory for electron transfer (ET), often used for

metalloenzymes. The electron transfer rate kgt (s™') is described by '®

kET = kAS :

473 —(AG?° + 2)?
— 2 <—( ) ) Eq. 1

42kyT
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In this case k, is the equilibrium constant for the electron donor-acceptor complex, S is the
steric term to account for asymmetry in the complex formation allowing for electron
transfer. A, appearing twice, is the reorganization energy of the protein, this involves the
energy required for ligand and solvent rearrangements between initial and final states during
electron transfer. Hp 4 is the electronic coupling between the donor and acceptor, and 4G°

is the Gibbs free energy difference for electron transfer.

Structural data show only minimal differences between the oxidized and reduced
structures of T1 sites in most copper oxidases.’® The only changes observed involve a slight
shortening of the ligand-Cu bonds. The coppers coordination allows the T1 active site to be
studied via electron paramagnetic resonance (EPR). Substrates initially bind to the solvent
exposed histidine residue nearthe T1 active site, before interacting with the T1 site and being
oxidized. This reduces the T1 copper from 2+ to a 1+ oxidation state and the electron is
passed to the TNC reducing each copper to the 1+ charge. To fully be reduced to +1, 4

substrates must be oxidized before any oxygen binding takes place at the TNC.

The full catalytic cycle can be seenin figure 7. During ORR catalysis, starting in a fully
reduced state (all red), all four copper metals comprising both active sites are resting under
a (1+) oxidation state. Upon binding with molecular oxygen at the tri nuclear copper site, a
two-electron transfer event forms a peroxide intermediate. The first two electrons are
transferred from the T2 and one of the T3 copper ions. Next, a second two electron transfer
event reduces the peroxide into two hydroxide ions with an electron from the remaining T3

copper and the electron held by the T1 copper active site. Protons are shuttled at least
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partially by neighboring aspartic acid residues near the TNC. Hydroxide ions sit in the native
intermediate state until the next four electron transfer events take place, and the fully
reduced state is reformed. If there is no further reduction of a substrate at the T1 site, the
enzyme will transition into its resting oxidized state until substrate oxidation occurs.
Entering the fully reduced state from the resting state has been shown to take longer than
from the native intermediate state. The rates of electron transfer can change between

species and are very susceptible to nearby amino acids.
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Figure 7 Laccase catalytic reduction of oxygen cycle. reduced Cu(1+) in red and Cu(2+) are in black

The specific laccase chosen to base the library off is from the organism Bacillus

Subtillis. This mutant is a low redox laccase, having been shown to have a redox potential of
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450mV vs NHE at the T1 copper site.” This species of laccase possesses very few native
cysteine residues compared to laccase from other species. It only has one unbonded, and
solvent exposed cysteine at the C35 position in its wild type (WT) form; this will be mutated
away to design the rest of the library. Three other cysteines are expressed within the native
enzyme, however, two are occupied with a disulfide bridge and the other is held deep within
the active site, comprising part of the Cys-His bridge. Therefore, less mutations are needed
to be done to design the single cysteine library compared to other laccase species. Laccase
from bacillus subtilis overexpression in e. coli has already been established and was used

as a guide for expression."’

Protein Library Design

The design of the cysteine modified laccase library started with the crystal structure
and sequence of the wild type (WT) CotA laccase enzyme from Bacillus Subtillis for which is
identified in PDB 1gsk. The WT laccase naturally carries 4 cysteine residues; three of which
must be conserved and are required for proper folding. The native cysteine at the C35
position is not necessary for laccase activity and will later be removed to design the rest of
the library. This position is ~31A from the T1 cluster and 25A from the TNC active site using
the B-carbon on the C35 residue. The WT enzyme will be used within experiments as a part
of the immobilized library. WT’s cysteine location nearest to the TNC makes it more likely to
interact with this moiety. However, it is quite far from either and the bridging hydrophobic
amino acids could be quite insulating towards electron transfer. To design the rest of the

library from a single cysteine lacking enzymes this residue was replaced with a serine amino
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acid to form the mutant C35S. The sequence, plasmid, and design of C35S was used to

design the three other laccase mutants.

Figure 8 Laccase regions of interest for mutatons. The red alpha helix is where D113C is located, the purple Beta
sheetis where the H470C is chosen and the blue loop in the back where N264C is located.

To design these mutants, attention was given to avoid cysteine interactions with the
active sites or forming a disulfide bond with the T1 bound cysteine. Avoiding the disulfide
region was also done to not confuse the disulfide bonds being formed. Multiple secondary
structures from the laccase crystallographic data were identified as regions of interest (ROI)
and can be seenin figure 8. These ROI’s differed in locations nearthe T1 or tri nuclear copper
active sites and by their secondary structures. They were mainly chosen due to their
locations near either active sites or substrate pathways. The regions were tabulated and
compared on these metrics. Potential mutations were also assisted by previous literature

surrounding mutating laccases near the active site. A solvent exposure calculation was
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performed on the beta carbon on every amino acid in these chosen regions to keep things
uniform, even if the chosen amino acid has longer side-branches. The solvent exposure

comparisons can be seen at the end of the chapter in fig 13 and full laccase library in fig 12.

Assessing the mutations individually, mutant D133C is located most closely to the
TNC active site out of all the mutated locations. Being roughly 15A from the TNC active site
and 25A away from the T1 active site it is predicted to be a potential site for DET with the
TNC. The alpha helix that the D113 residue is within participates in the protonation of oxygen
and the removal of water from the active site after reduction. Its neighboring aspartic acid
residue D116 has been shown to take part directly in the proton shuttling for the formation
of water at the T2 copper. D113 is the last aspartic acid residue in the loop and is separated
by a serine as well from the D116 residue. The hypothesis is that this particular residue
(D113) does not participate in proton shuttling in an essential way so that the enzyme
becomes deactivated. Coupling to this region could be helpful for DET with the other
charged aspartic acid residues within the loop participating in proton transfer with how
closelythis loop participatesin the catalytic process with the TNC. DET in this location could
be helpful in the ORR, being able to bypass the T1 site entirely. Conversely, wiring in this
location could be beneficial in oxidizing a variety of reagents at the T1 site in an anaerobic,

or semi-anaerobic environment lacking oxygen.

The H470C mutant is located at the end of a series of parallel B sheets. Its
neighboring anti-parallel B sheet contains several histidine residues that take part in the

bonding of the T1 active site. This H470 locations is the closest engineered site in proximity
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to the T1 active site and its location would orient this active site very close to the electrode
surface. Much of the literature involving laccase orientation focus on orienting the T1 site to
the electrode surface and have found success doing so. Being around 10A from the T1 site
there is a risk this mutant could become inactivated by the cysteine either interacting with
the active site or the cysteine- as part of the cys-his bridge between the active sites. There is
also a methionine residue nearby that takes part in bonding with the T1 site and its
substrates that could be perturbed by interacting sulfurs. It is also fear that this active site
could be possess significant steric hinderance being placed so close to an electrode surface
or SAM. This binding orientation could be ideal for shuttling electron for the ORR at the TNC
using the T1 site as a bridge for electron transfer. Orienting by this site would also leave the
alpha helix possessing the aspartic acid D116 which helps provide protons for oxygen
reduction most into the bulk solvent, allowing for expulsion of water into the bulk instead

near the electrode surface.

The final mutant, N264C, is not located near either active site, almost equally. Its
location is at the end of a globular regime of the laccase structure. It is 18A away from the
T1 active site and 21A from the TNC. This location was chosen to be ambiguous with its
preferred site for electron transfer. There should also be no expected steric hinderance from
this site since the T1 cluster will be directed away from the electrode surface. The packing
density of the mutants should also be slightly different and directing the most globular
region of the protein to the electrode surface could aid in packing density. Figure 9 shows
the three D113C, N264C, and H470C with their cysteine residues oriented towards the flat

plane in order to show their expected orientations.
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Plasmid Design

The sequence for the laccase WT protein was obtained from the PDB 1gsk.

Figure 9 The laccase mutants with their mutated locations oriented toward the electrode surface with active sites T1
(circle) and the TNC (Triangle)

Amino acids codons were optimized for e. coli expression and the terminal His and Strep

tags were added to the C and N terminus, respectively. Next the WT cysteine was mutated

outin orderto produce the mutant. From this DNA sequence the D113C, H470C, and N264C
sequences were designed. Gene blocks were edited into Pet20B(+) plasmids using the
Bamh1 restriction sites. The Pet20B(+) plasmid has been shown to be good plasmid
structures for protein overexpression. The Pet20B(+) plasmid also comes with a T7 promoter
region for using T7 RNA Polymerase optimized e. coli cell lines and encodes for ampicillin

antibiotic resistance. The sequence for each mutant can be found at the end of the chapter.
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Materials and Methods

Materials

5mL His columns and 1mL Strep Column were purchased from cytiva. Luria Broth,
Agar, copper sulfate, and sonicating probes were purchased from Fisher Scientific. Tryptone
was obtained from IBI scientific and Yeast extract from Acros organics BCA quantifying
reagents from bio-vision, and IPTG was obtained by goldbio. PBS was made using premade
packets, Glycerol, Bovine serum Albumin, .22micron filters are from VWR. Millipore water
(MP H20) made by in-house Nanopure water purifying system. ABTS and propargyl
maleimide were purchased by Chem-Impex. Imidazole, ampicillin, bugbuster, methanol,
and acetic acid were purchased from sigma Aldrich. T7 and DH5A cells were purchased
from NEB. Plasmids were made by Addgene. NaOH was purchased from oakwood
chemical, cysteine HClwas purchased from thermo-scientific, Measure-IT from invitrogen,
Ellmans reagent from Biosciences, Page gels were purchased from BioRad, and ethanol

from pharmco.

Instruments

Uv-Vis spectrophotometer used for measuring the absorption at~610nm from the T1
active site was the Varian CARY 500scan UV-VIS-NIR spectrophotometer. Plate reader for
UV-Vis analysis of the ABTS activity was an Accuris Smartreader 96. Fluorescence
experiments were performed on the BioTek SynergyMX. Potentiostat used for
electrochemical measurements was a CHI 630D. PAGE gels were run on a Invitrogen

PowerEase Touch 350W.
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Laccase Library Expression and Purification

Laccase expression was primarily based on previously established methods."
Plasmids containing the laccase library were separately transformed into DH5a strain of e.
coli cells for expression of individual plasmids. Three individual colonies were placed into
5mL of LB respectively and grown over night with the ampicillin at 50 pg/ml. Using a
commercially available midi prep kit the plasmid was extracted, and portion was sent out
for sequencing for plasmid confirmation. After sequencing, individual plasmids were
transformed into T7 strain of e. coli cells and streaked onto agar plates. Three colonies were
isolated and added to 5mL of LB for overnight expression. The Lac-T7 frozen stocks were
made by mixing 500uL of overnight LB with 50% glycerol solution with MP H20 and placed
into a -80C° freezer for long term storage. The remaining 4.5mL of the overnight culture was
centrifuged to separate cells from the rest of supernatant and this pellet was then used with
a midi prep kit to isolate the Laccase plasmid DNA. These plasmids were sent out for
sequencing to confirm the identity of —-80 stock of cells. These frozen stocks were used to
inoculate starter cultures for expression for the individual mutants of laccase WT, D113C,

N264C, and H470C respectively.

Laccase expressing cultures were made by inoculating a stab of the frozen stocks
into 7mL of LB with ampicillin antibiotics at ug/mL and were grown overnight with an
incubating temperature of 37C° at 250RPM. The next morning 1L of terrific broth within a 5L
shaking flask containing ampicillin at a concentration of 50 pyg/mL was inoculated with the
full 7mL the Lac-T7 overnight culture. The 5L flask was incubating with a shaking speed of

250RPM at 37C until OD reached 0.8 or higher, at which point expression was induced using
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an inoculation to a final working concentration of 0.1mM IPTG and 1mM CuSO4. During
induction, Lac-T7 cells were shaking at 180RPM at 25C for 5 hrs, followed by a resting period
at 28C for 24 hrs. During induction and expression, a microaerobic environment is produced
in-situ while expressed laccase reacts with naturally occurring polyphenols and dissolved
oxygen. Cells were harvested by centrifugation at 14,000 RPM for 20 min at 4C°, and Lac-T7
cell pellet was further lysed with Bugbuster® protein Extraction Reagent and cold probe
sonication for 10 minutes in 3 sec on/ 7 sec off cycles. Cell lysate was diluted with 200mL of
PBS and vigorously agitated to allow for laccase enzymes to dissolve into the PBS. The cell
lysate and PBS mixture was centrifuged at 14,000 for 20 minutes and the PBS-Lysate and TB
supernatant were combined and then vacuum filtered through a .22-micron filter. The cell

supernatant was chilled and imidazole was added to a final concentration of 25mM.

Laccase purification was done using a 5mL Ni Sepharose His-column. To remove
20% ethanol storage solution millipore water was flushed through the column at a rate of
3mL/min for 5 min totaling 3 bed volumes. Next a running buffer comprised of 25mM
imidazole in PBS at pH 7 was passed through the column for a total of 5 bed volumes at
3mL/min. The combined Lac-PBS and Lac-TB supernatant solution with 25mM imidazole
was passed through the His-column at a rate of 3mL/min until. Once completed the column
was rinsed with a 25mM Imidazole solution PBS at pH 7 for 3 bed volumes. Bound laccase
protein was eluted out of the column using 250mM imidazole solution in PBS at pH 7 for 2
bed volumes. Imidazole was immediately removed via membrane dialysis with PBS to a
concentration below .1TmM and then concentrated using 30kDa spin columns. The

concentration of enzyme was determined via BSA methods since laccase has been shown
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to have activity towards Coomassie used in the more conventional bradford assay. The
concentrated laccase enzyme was distributed into 500ul aliquots then flash frozen over LN2
and then lyophilized over night until properly freeze-dried and stored in the freezer in airtight
storage until further use. To reconstitute laccase enzymes 500ul of mp water was added to
the lyophilized powder and a small amount ~5ul was added to 1mM abts solution to

superficially check for laccase activity.

Library ABTS Activity Testing

(2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) is a common substrate and
redox shuttle used with many oxidoreductases. Using Michaelis-Menten methodologies the
activity of each laccase mutant was tested using the Accuris Smartreader 96 using a 96-well
plate. The activities were tested using citrate buffer at pH 5 with a range of ABTS
concentrations including 0.01mM, 0.03mM, 0.05mM, 0.09mM, 0.12mM, 0.15mM, 0.2mM,
0.25mM, 0.3mM and 0.4mM ABTS. Wells were loaded with their respective concentration of
ABTS, followed by the addition 10uL of .1mg/mL of each respective laccase. Laccase

concentrations were confirmed using copper BSA protein assay.

PAGE

20pL of each of the laccase mutants was mixed with 5pL of 4x loading buffer. This
mixture was heated to 95 to fully unfold laccases. All 25 uL were loaded into a Bio-Rad TGX
PAGE gel with 7 yL of the Bio-Rad protein ladder. MOPS was used as the running buffer and
the electrophoresis ran at 180V for 60 minutes. The gels were stained with Coomassie dye

and subsequently destained with destain solution (MeOH, Acetic Acid, H20) 1:1:2 ratios.
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Cysteine-Thiol Determination

The determination and quantification of free cysteine residues was tested via
multiple methods. Since the monitoring of cysteine residues can carry significant noise the
use of multiple tools was used to find an average between them. Measure-IT was used as a
fluorescent tag using reduced glutathione as a standard. Unfortunately, the laccase sample
could made in a concentration to be within the working range for using Ellmans reagent. All
laccases expressed in this experiment began crashing out of solution beyond a

concentration of .5mg/mL.

Measure-IT kit was prepared first by making glutathione stock and working solutions
at 110mM and 110uM respectively. A standard assay was prepared ranging from OpM-55uM
free thiol from the glutathione working solution. Laccase enzymes were prepared at a
0.5mg/mL concentrations, corresponding to a 8uM solution. Low on the end of the standard,
but still within working range. Excitation for the Measure-IT reagent was set to 494 and

emission was set for 517nm.

Proteomics LC-MS-MS

Proteomics was performed in conjunction with the CSU Analytical Resource Center,
Research Resource ID (SCR_021758). Before samples were sent off for proteomics and
sequencing, TmL of .350mg/mL of laccase N264C was placed in 100uL of TCEP gel and
vortex 15 times over 10 min. TCEP gel was pelleted out by centrifugation of at 10,000RPM.
Supernatant was removed and added to a 1.5mL Eppendorf. Reduced N264C reacted with

25uM propargyl maleimide at 4° C for 4 hours. The resulting solution was moved to a 30kDa
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spin column, diluted by 5mL of PBS, and then centrifuged at 3,000 RPM in 10-min
increments until 1mL solution remained. 5mL of PBS was added followed by further
centrifugation at 3,000 RPM. This step was followed 3 more times. At the final centrifugation
step the solution was reduced to a final volume of 100uL. This solution was frozen at -20 and

submitted to proteomics along with N264C enzymes not modified by propargyl maleimide.

For proteomics preparation samples were digested using the EasyPep Mini MS
Sample Prep Kit following the manufacturer’s instructions. Briefly, 90uL was aliquoted from
the sample and raised to 100ul with lysis buffer. Reduction and alkylation solutions were
sequentially added followed by incubation at 95°C for 10 min. After cooling to room
temperature, 50ug of a 0.2ug/uL Trypsin/LysC mixture was added and samples were
digested with shaking at 37°C for 2 hours. The enzymes were then deactivated with the
Digestion Stop Solution and contaminants removed using mixed mode peptide clean up
columns. Peptide eluate was dried in a vacuum evaporator and resuspended in 3%

acetonitrile/0.1% formic acid.

Reverse phase chromatography was performed using water with 0.1% formic acid
and 80% acetonitrile with 0.1% formic acid . A total of 1ug of peptides was purified and
concentrated using an on-line enrichment column (Thermo Scientific PepMap Neo C18).
Subsequent chromatographic separation was performed on a Vanquish Neo (Thermo
Scientific) on a reverse phase nanospray column with integrated silica emitter (ionopticks
Aurora Ultimate Gen 3 C18 45°C) using a 90 minute method at a flow rate of 300

nanoliters/min: 1-6%B over 3 minutes followed by 6-35%B over 70 minutes, 35-45%B over 5
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minutes ending in 12 minutes of washing at 500 nanoliters/minute, 99%B. Peptides were
eluted directly into the mass spectrometer (Orbitrap Eclipse, Thermo Scientific) equipped
with a Nanospray Flex ion source (Thermo Scientific) and spectra were collected over a m/z
range of 375-2000 under positive mode ionization. lons with charge state +2 or higher were
accepted for MS/MS using a dynamic exclusion limit of 1 MS/MS spectra of a given m/zvalue
with an exclusion duration of 60 s. The instrument was operated in FT mode for MS detection
(profile; resolution of 6 240,000) and ion trap mode for MS/MS detection with a normalized
HCD collision energy set to 30% and data centroided. Proteome Discoverer 3.0 was used for

data processing (Thermo Scientific).

Laccase MWCNT Electrodes

Inspired by many MWCNT laccase electrode experiments,’®'® glassy carbon
electrodes were cleaned and polished with alumina from sizes 3-1 pym, and rinsed
thoroughly with DI water. 5mg of MWCNT are dissolved in 500 pL DMF and sonicated for 15
minutes until fully dispersed. 20uL of the DMF-MWCNT mixture was dropped onto the GC
electrode and allowed to dry. A second layer of MWCNT was formed by adding another 20pL
of MWCNT working solution and was left to dry. Lyophilized laccase was dissolved to a
concentration of 300pg/mL and distributed into 150ulL increments into 1.5mL Eppendorf
tubes. The MWCNT functionalized GC electrodes were placed MWCNT side down into the

Eppendorf tube and left there overnight in the fridge at 4C.

Electrochemical measurements were performed in pH 4 citrate buffer saturated with

oxygen by vigorous bubbling. Cyclic voltammetry measurements were taken from 0.7V to
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0.1V vs Ag/AgClwith a scan rate of 5mV/s. The reference electrode was a Ag/AgCl electrode

paired with a platinum wire electrode as a counter electrode.

Results and Discussion

T1 active site and Library ABTS Activity

Using UV-Vis to observe the T1 active site the WT laccase shows its ubiquitous peak
absorbance at 607nm. Comparing the mutants to the WT enzyme they seem to share this

feature with few differences. Seen in Figure 10 D113C and H470C show a very slight red shift
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Figure 10 Laccase library's T1 active sites absorption in UV-Vis : WT (red diamond, D113C(blue x), N264C(green
pentagon), and H470C( purple circle).

in their peaks absorbances to 610nm and 611nm respectively. With the location of the
H470C mutant so close to the T1 active site, at nearly 10A away, this could be explained by

the alteration of the secondary solvation sphere surrounding the active site. Strangely this
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change in Absn. is also observed in the D113C mutant which holds its cysteine closest to
the TNC being over 25A away from the T1 site. Being only 1 5A away from the TNC it could be
interacting with that active site, which in turn could extend into the Cys-His bridge affecting
the T1 site, but without EPR or crystallographic information little can be said about the true
cause and electronic effects of this shift. N264C being so far away from both active sites it

makes sense this mutant has little effect on the T1 active site.

The chemical activity appeared to be maintained in some capacity by the entire
engineered library. The individual reaction rates for the library can be seen at the end of the
chapter in figure 14 with their Lineweaver-Burke plots in figure 15. The WT laccase
maintained the highest activity toward ABTS at 1510uM/min. There was a drop in activity for
the rest of the mutants, but ABTS activity was retained. D113C and H470 had nearly identical
activities at 952 yM/min and 918 uM/min respectively. The lowest activity for ABTS was the
N264C mutant, which had maintained an activity of 253 yM/min. This is not the trend that
was predicted for these mutants. N264C is the furthest cysteine from both active sites, and
it was predicted that this mutation would have the least effect on the activity of the enzyme.
Conversely the D113C is very close to the arginine at D116C which participates in the
evacuation of water from its TNC active site. The Arginine it replaced must be far enough
away from the active site to not participate in a truly essential manner. Even H470C, which
had the greatest chances for affecting binding at the T1 site kept similar activity for ABTS.
Thisis promising for further mutations that could be explored in the future. When comparing
electrochemical activities of these mutants it will be interesting to see if any of these trends

change with the aid of the electrode for electron exchange. Being able to study oxidation and
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reduction separately it will be interesting to see if the lowering of activity in H470C or D113C
could be explained by their interactions with their neighboring active sites, T1 and TNC

respectively.

Using any thiol determination technique led to no clear understanding or even
direction of an agreed upon free cysteine on the laccase library. For this reason, proteomics
was explored to confirm the location and identity of the cysteines in the mutants. N264C
was chosen for the proteomics experiment since its mutation is furthest from either of the
active site. Through proteomics the identity and structure of the N264C was confirmed, but
unfortunately the binding of the N264 cysteine by the propargyl maleimide was not found.
During the proteomics all the cysteines were identified by being carbamidomethylated
during the digestion process of the sample preparation rather than binding to propargyl
maleimide. The proteomics experiments show the mutated cysteine could not be as solvent
accessible as we might hope. It is not believed to interact with the Cys-His bridge or even
replacing one of the cysteines taking part in the disulfide bonds. Any Cys-His interactions
would be very unlikely given its distance from the T1 active site and in proteomics analysis
neither cysteine participating in the disulfide bond could be identified, this suggests this
bond survived digestion remained as larger, hard to identify fragments. Not being able to
bind to any of the proposed cysteine locations appears troublesome moving forward with

protein immobilization using maleimide.

MWCNT Electrochemistry

The MWCNT experiments were essential in knowing whether the library would be
useful for moving forward. Despite the rudimentary nature of the experimental design a
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small yet distinct electrochemical response for the reduction of oxygen was found for each
mutant. In Figure 11 each mutant is compared to the blank that was prepared alongside it.
The WT and N264C laccases show a clear sigmoidal shape indicative of a catalytic response
with dissolved oxygen. Since this species of laccase has an expected T1 reduction potential
at450mV and both the WT and its mutant seem to have an onset potential around 350mV vs
Ag/AgCLl. This shows we are operating at around a 100mV overpotential from expected

catalysis, which is promising given the unstable immobilization techniques. The mutants
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Figure 11Electrocatalytic reduction of oxygen on MWCNT modified graphene electrodes in citrate buffer pH
4. WT (top left), D113C(top right), H470C(bottom left), N264C(bottom left). Scan rate 5mV/s
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D113C and H470C on the other hand do not show the same sigmoidal shape expected for
electrochemical catalysis. Neither show “duck” shaped curves expected for a reversible

redox process either. Instead, they are both thicker linear curves, still displaying catalysis.

Strangely the onset potential for the reduction of oxygen appears sooner for the
H470C and D113C mutants compared to the WT laccase. The H470C mutant appears to
begin reduction at 460mV Ag/AgCl while the D113C begins reduction near 500mV vs
Ag/AgCl. The cause of this is unclear, it could be caused by changes to the reduction
potentials of the T1 active caused by the mutation, or by the orientations of the enzymes
around and within the MWCNT’s. Since the H470C mutation site is so close to the T1 active
site it is expected that this mutation would influence the active site. A higher potential for
the reduction of the T1 active site is certainly possible from this mutation. The D113C
mutation is closest to the TNC and could also influence catalysis at this site. Sincethe D116
aspartic acid is known to help provide the protons to the TNC active site, the removal of the
D113 aspartic acid might affect the overall proton channel. If this were the case one would
expect a greater shift toward lower reduction potential, meaning it is necessary to apply
more work than predicted to force the catalysisto happen. The change in reduction potential
of the T1 active can further be investigated via EPR to probe this moiety individually.
Unfortunately, there is no similar experimentation to know any changes of the active site for

the TNC without a crystal structure.

Pairing the UV-Vis data of the T1 active site with electrochemical measurements

using MWCNT, it appears that there could be a link between the red-shifting of the T1
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absorbance with the electrochemical catalysis. Both the D113C and H470C mutants show
this red shiftin the t1 active site as well as a change in onset potentials in the same direction
as well as appearing to have a non-sigmoidal shape to its CV. Again, this change is easily
explainable for the H470C mutant given how close it is to the T1 active site, but the D113C

changes are more peculiar.

Future Directions

More must be known about the structure of the mutants and the location of the single
cysteine. Further proteomics determinations would aid in this for the rest of the library aside
from the ones currently tested. Attaching propargyl maleimide to the cysteine and getting it
identified by proteomics would be a good check to see the proper attachments is being
made with the gold electrodes. Since this library has been shown to require higher heat for
denaturing, warming laccase to partially break hydrogen bonds and see if any of the reagents
can react with the cysteine's thiol without much harm to the protein. EPR measurements
would also help elucidate the redox potential of the T1 copper active site. Growing crystals
of each mutant would also elucidate the location of the free thiols for the entire library.
However, crystallization of the laccase library have been fruitless only leading to

precipitation of the enzymes.

The innovations surrounding predicting enzyme structures and simulating enzyme
interactions have grown tremendously over the past decade and all future enzyme/protein
work should be done alongside these technologies. Using in-silica experimentation can

save researchers time and resources on protein expression and further testing.2%?
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Computational protein design using community accessible tools like Rosetta,
ProteinMPNN, RFdiffusion, and AlphaFold2 are now capable of predicting cascading effects
regarding single site mutations on a protein or enzyme. Predicting mutation sites and
choosing the best substituting amino acids are now common endeavors.?? Having in silica
coordinating data suggesting a mutation with reactive amino acids like cysteine,
selenocysteine, and methionine will not interact in such a way so that it negatively affects
the activity or becomes solvent/reagent inaccessible. Having misfolded or inactive proteins
through computation design is still a regular occurrence, but the guiding hand of folding
predictive software is a profoundly helpful tool. Giacobelli et al.?> used computational
methods to simulate the binding of the substrate to the laccase POXA1b. After simulations
identified binding regimes, they next did Monte Carlos simulation on this entire moiety to
substitute every native amino acid with every possible mutation by natural amino acids and
identified laccase mutants. Four were chosen to express in the lab and only half of the
expressed mutants held activity for the substrate 2,4 diamino benzenesulfonic acids. Future
research should include computational designs of the laccase enzyme interacting with
different surfaces and topographies to choose sites that would properly orient themselves

near these surfaces with solvent accessible mutations.

Conclusions

Laccase from Bacillis subtillis was chosen as a model system to study enzyme
orientation on planar gold electrodes. The design of the library of mutants was done visually,
based on the solvent exposure, calculated from crystallographic data of the native amino

acids before mutation. Literature was investigated to search for previously expressed amino
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acid mutations. The single cysteine mutants N264C, D113C, and H470C were expressed
and isolated from commercially available e. coli cells. The expression of the laccase library
successfully produced a library of 4 catalytically active enzymes with a single cysteine motif
designed to bind to gold electrode architectures. The wild type Laccase remained the most
active towards oxidation of the common oxidoreductase substrate ABTS while the mutants
D113C and H470C maintained 65% of this activity and N264C maintained only 18% of this
activity while in solution. Out of the library the most notable mutationis D113C nearthe TNC
active site. Mutations near this site have been known to completely inactivate laccase

enzymes and only losing a small 20% of its activity was surprising.

While trying to quantify the free cysteine to make sure the thiols are solvent
accessible with finding all commercially available products to be unsuccessful, proteomics
was used to confirm the total sequence of the laccase with no information on its secondary
and tertiary structures. Proteomic analysis suggests cysteine sulfur atom remained as a
thiolrather than oxidizing to a sulfenic or sulfinic acids. Proteomics also suggests the N264C

mutation is not interacting with the other cysteines in the laccase native structure.

Confirming the electrocatalytic activity of the laccase library was done using
randomly oriented multi walled carbon nanotubes onto a glassy carbon electrode. The
laccase enzymes were allowed to intercalate into MWCNT matrix in a pseudo-entrapment
and adsorption mechanism. These electrodes showed profound differences between the
MWCNT functionalized electrodes in terms of onset potentials and current densities with

different laccase enzymes embedded within. Due to the nature of these electrodes’
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engineering, no further experimentation or data analysis was performed on these electrodes
to investigate these differences since itis notin the scope of this thesis. The onset potential
for these reactions occurs at the expected potential of the T1 active site for WT and N264C
laccases. While the D113C and H470C both show a higher onset potential, this could be
corresponding to a similar red shift of the T1 active site UV-Vis absorbance for the D113C

and H470C mutants.
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Figure 12 Laccase enzyme with all four cysteines highlighted. WT (orange), N264C (blue), H470C(pink), and
D113C(orange)

Figure 13 Tables of the solvent exposure (SE) and distance in angstroms from the T1 and TNC
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Laccase Library Sequences- Mutation sites are highlighted

Wild Type Laccase Insert Sequence
atgaccctggagaaatttgtggatgcgcetgecgattccagacacactgaagcecggticagcagagcaaagaaaagacatattacgaagtg
accatggaggaatgcacgcatcagctgcaccgegatctgecgeccaaccecgectetggggcetataatggtetgttcccgggeccgacaatceg
aagtcaaacgcaacgagaatgtgtacgttaagtggatgaacaacctgcctagcacacattttctgecgattgaccacaccatccatcattct
gattcccagcacgaagaaccggaggtgaaaaccgiggttcatctgcacggtggegtcacaccagatgacagegatggttatccggaagec
tggttcagcaaagactttgaacagacgggcccgtacticaaacgtgaggtgtatcactacccaaaccagcagegtggtgcaattetgtggt
atcatgatcacgccatggcgttaacacgcctgaacgtttacgetggectggtgggtgegtatatcaticacgatccgaaagaaaaacgectg
aagctgccgtctgacgaatacgatgtgcecactgttaattactgatcgtaccatcaatgaggacggctecctgttttatccgagegeaccgga
aaacccgtccccaagectgecgaacccatctattgttceggegttttgeggtgaaacaatectggtgaacggcaaagtetggecatacctgg
aagtggaaccgcgcaaatatcgtttccgtgtgatcaacgeccagcaacacccgtacctacaacctgtectiggataatggtggegaatttatt
caaatcggtagcgatggeggtctgetgectcgtagegtgaaactgaactctttcagectggecaccggecgagegctatgacattattatega
ttttactgcgtacgaaggcgaaagceattattctggccaattccgegggttgeggeggtgacgttaacccggagaccgatgcaaatatcatge
agttccgtgtgaccaaaccgctggcgcaaaaagatgaaagecgcaaaccaaaatatctggectcttacccgagegtccageacgaacgce
attcaaaacattcgtaccttgaaactggcgggcactcaggacgagtatggecgeccggtgetgetgetgaataacaaacgtiggeatgatc
cagttaccgaagcgccgaaggtgggtactaccgaaatctggagcattatcaacccgacgegeggceacccatccgattcacctgeatetggt
gtectttegegttetggatcgecgeccattcgacatcgeccgctaccaagagageggtgaactgagcetatacgggeceggeggtgecgeca
ccgecgagegaaaaaggttggaaggataccattcaageccatgegggegaggtectgegtatcgecgegacatttggtecgtacteegge
cgctatgtgtggcactgeccacattctggaacatgaagactatgatatgatgegtccaatggatattaccgatccgcacaaa

C35S
atgaccctggagaaatttgtggatgcgetgecgattccagacacactgaagecggttcagcagagcaaagaaaagacatattacgaagtg
accatggaggaaagcacgcatcagctgcaccgegatctgecgecaaccegectctggggcetataatggtetgticccgggeccgacaate
gaagtcaaacgcaacgagaatgtgtacgttaagtggatgaacaacctgcectagcacacattttctgecgattgaccacaccatccatcattc
tgattcccagcacgaagaaccggaggtgaaaaccgtggttcatctgcacggtggegtcacaccagatgacagegatggttatccggaage
ctggttcagcaaagactttgaacagacgggcccgtacttcaaacgtgaggtgtatcactacccaaaccagcagegtggtgeaattetgtgg
tatcatgatcacgccatggcgttaacacgectgaacgtttacgctggectggtgggtgcgtatatcattcacgatccgaaagaaaaacgect
gaagctgccgtctgacgaatacgatgtgccactgttaattactgatcgtaccatcaatgaggacggcetccctgttttatccgagegeaccgg
aaaacccgtccccaagcectgecgaacccatctattgttccggegttttgeggtgaaacaatcctggtgaacggcaaagtctggecatacctg
gaagtggaaccgcgcaaatatcgtttccgtgtgatcaacgccagcaacacccgtacctacaacctgtecttggataatggtggegaatttat
tcaaatcggtagcgatggcggtctgetgectcgtagegtgaaactgaactctttcagectggecaccggecgagegetatgacattattateg
attttactgcgtacgaaggcgaaagcattattctggecaattccgegggttgeggeggtgacgttaacccggagaccgatgceaaatateatg
cagttccgtgtgaccaaaccgctggegcaaaaagatgaaagecgcaaaccaaaatatcetggectcttacccgagegtccageacgaacg
cattcaaaacattcgtaccttgaaactggcgggcactcaggacgagtatggecgeccggtgetgetgetgaataacaaacgttggeatgat
ccagttaccgaagcgccgaaggtgggtactaccgaaatctggageattatcaacccgacgegeggeacccatccgattcacctgeatetgg
tgtcctttcgegttctggatcgecgeccattcgacatcgeccgetaccaagagageggtgaactgagetatacgggeccggeggtgecgeca
ccgccgagcegaaaaaggttggaaggataccattcaageccatgegggegaggtectgegtategecgegacatttggtecgtacteegge
cgctatgtgtggcactgccacattctggaacatgaagactatgatatgatgegtccaatggatattaccgatccgcacaaa
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D113C
atgaccctggagaaattigtggatgcgctgecgattccagacacactgaagecggticagcagagcaaagaaaagacatattacgaagtg
accatggaggaaagcacgcatcagcetgcaccgegatctgecgecaaccegectctggggcetataatggtetgttcccgggeccgacaate
gaagtcaaacgcaacgagaatgtgtacgttaagtggatgaacaacctgectagcacacattttctgecgattgaccacaccatccatcattc
tgattcccagcacgaagaaccggaggtgaaaaccgtggttcatctgecacggtggegtcacaccatgegacagegatggttatccggaagce
ctggttcagcaaagactttgaacagacgggcccgtacttcaaacgtgaggtgtatcactacccaaaccagcagegtggtgeaattctgtgg
tatcatgatcacgccatggcgttaacacgcctgaacgtttacgetggectggtgggtgcgtatatcaticacgatccgaaagaaaaacgect
gaagctgccgtctgacgaatacgatgtgecactgttaattactgatcgtaccatcaatgaggacggcetccctgttttatccgagegceaccgg
aaaacccgtccccaagectgecgaacccatctattgttccggegtittgeggtgaaacaatcctggtgaacggcaaagtetggecatacctg
gaagtggaaccgcgcaaatatcgtttccgtgtgatcaacgccagcaacacccgtacctacaacctgtectiggataatggtggcegaatttat
tcaaatcggtagcgatggeggtctgetgectegtagegtgaaactgaactctttcagectggeaccggecgagegetatgacattattateg
attttactgcgtacgaaggcgaaagcattattctggccaattccgegggttgeggeggtgacgttaacccggagaccgatgcaaatatcatg
cagttccgtgtgaccaaaccgctggecgcaaaaagatgaaagecgcaaaccaaaatatetggectcttacccgagegtccagecacgaacg
cattcaaaacattcgtaccttgaaactggcgggcactcaggacgagtatggecgeccggtgetgetgetgaataacaaacgttggeatgat
ccagttaccgaagcgccgaaggtgggtactaccgaaatctggagcattatcaacccgacgegeggcacccatccgattcacctgeatetgg
tgtcctttcgegtictggatcgecgeccattcgacatcgeccgetaccaagagageggtgaactgagcetatacgggeccggeggtgecgeca
ccgecgagcgaaaaaggttggaaggataccattcaageccatgegggegaggtectgegtatcgecgegacatttggtecgtacteeggce
cgctatgtgtggcactgccacattctggaacatgaagactatgatatgatgegtccaatggatattaccgatccgcacaaa

H470C
atgaccctggagaaatttgtggatgcgctgecgattccagacacactgaagecggticagcagagcaaagaaaagacatattacgaagtg
accatggaggaaagcacgcatcagctgcaccgcgatctgecgecaacccgectetggggctataatggtetgttccecgggeccgacaate
gaagtcaaacgcaacgagaatgtgtacgttaagtggatgaacaacctgecctagcacacattttctgecgattgaccacaccatccatcattc
tgattcccagcacgaagaaccggaggtgaaaaccgtggttcatctgcacggtggegtcacaccagatgacagegatggttatccggaage
ctggttcagcaaagactttgaacagacgggcccgtacttcaaacgtgaggtgtatcactacccaaaccagcagegtggtgcaattctgtgg
tatcatgatcacgccatggcgttaacacgcctgaacgtttacgctggectggtgggtgcgtatatcaticacgatccgaaagaaaaacgect
gaagctgccgtctgacgaatacgatgtgccactgttaattactgatcgtaccatcaatgaggacggctecctgttttatccgagegcaccgg
aaaacccgtccccaagcectgecgaacccatctattgttccggegttttgeggtgaaacaatectggtgaacggcaaagtetggecatacctg
gaagtggaaccgcgcaaatatcgtttccgtgtgatcaacgccagcaacacccgtacctacaacctgtectiggataatggtggcegaatttat
tcaaatcggtagcgatggeggtctgetgectegtagegtgaaactgaactcetttcagectggecaccggecgagegetatgacattattateg
attttactgcgtacgaaggcgaaagcattattctggeccaattccgegggttgeggeggtgacgttaacccggagaccgatgcaaatatcatg
cagttccgtgtgaccaaaccgctggecgcaaaaagatgaaagecgcaaaccaaaatatetggectcttacccgagegtccagecacgaacg
cattcaaaacattcgtaccttgaaactggcgggcactcaggacgagtatggecgeccggtgcetgetgetgaataacaaacgtiggeatgat
ccagttaccgaagcgccgaaggtgggtactaccgaaatctggagcattatcaacccgacgegeggcacccatccgattcacctgeatetgg
tgtectttcgegttctggatcgecgeccattcgacatcgeccgetaccaagagageggtgaactgagcetatacgggeccggeggtgecgeca
ccgecgagegaaaaaggttggaaggataccattcaagectgegegggegaggtectgegtatcgecgegacatttggtecgtacteegge
cgctatgtgtggcactgccacattctggaacatgaagactatgatatgatgcgtccaatggatattaccgatccgcacaaa

N264C
atgaccctggagaaatttgtggatgcgctgecgattccagacacactgaagecggttcagcagagcaaagaaaagacatattacgaagtg
accatggaggaaagcacgcatcagctgcaccgegatctgecgecaacccgectctggggctataatggtetgttccegggeccgacaate
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gaagtcaaacgcaacgagaatgtgtacgttaagtggatgaacaacctgectagcacacattttctgecgattgaccacaccatccatcatte
tgattcccagcacgaagaaccggaggtgaaaaccgtggttcatctgcacggtggegtcacaccagatgacagegatggttatccggaage
ctggttcagcaaagactttgaacagacgggceccgtacttcaaacgtgaggtgtatcactacccaaaccageagegtggtgceaattetgtgg
tatcatgatcacgccatggcgttaacacgcctgaacgtttacgctggectggtgggtgcgtatatcattcacgatccgaaagaaaaacgect
gaagctgecgtctgacgaatacgatgtgecactgttaattactgatcgtaccatcaatgaggacggctecctgttttatccgagegeaccgg
aaaacccgtccccaagectgecgaacccatctattgttccggegttttgeggtgaaacaatectggtgaacggcaaagtctggecatacctg
gaagtggaaccgcgcaaatatcgtttccgtgtgatcaacgccagcaacaccegtacctactgectgtecttggataatggtggegaatttatt
caaatcggtagcgatggcggtctgctgectegtagegtgaaactgaactctttcagectggeaccggecgagegctatgacattattatega
ttttactgcgtacgaaggcgaaagcattattctggecaattccgegggttgeggeggtgacgttaacccggagaccgatgcaaatatcatge
agttccgtgtgaccaaaccgctggegcaaaaagatgaaagecgcaaaccaaaatatetggectcttacccgagegtccageacgaacge
attcaaaacattcgtaccttgaaactggcgggcactcaggacgagtatggecgeccggtgetgetgetgaataacaaacgttggeatgatc
cagttaccgaagcgccgaaggtgggtactaccgaaatctggagceattatcaacccgacgegeggeacccatecgattcacctgeatetggt
gtcctttegegttetggatcegecgeccattegacategeecgetaccaagagageggtgaactgagcetatacgggeccggeggtgecgeca
ccgecgagegaaaaaggttggaaggataccattcaageccatgegggegaggtectgegtategecgegacatttggtecgtacteegge
cgctatgtgtggcactgccacattctggaacatgaagactatgatatgatgegtccaatggatattaccgatccgcacaaa
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Chapter 3: Gold Electrode Design and Electrochemical
Measurements

Introduction

The use of planar electrodes is important in being able to make meaningful
statements about the orientation of the laccase library of enzymes with respect to the
electrode surface. This can be done by using single crystal gold electrodes, commercially
available or made in the lab. The use of single crystal gold can confidently obtain atomically
flat regions of the electrode with high precision.! However, over large areas, millimeters are
larger, these electrodes are anything but atomically flat; terraces and stair steps are
common for crystalline electrodes, and since these single crystal electrodes are made from
a bulk material these features can be on the scale of tens of nanometers.?3 In many aspects
of electron transfer it has been shown that defect sites like these promote electron transfer
more than the bulk material and this could affect the activity of enzymes near these domains
and would complicate data analysis. # For this reason planar and atomically flat electrodes
are preferred to study enzyme orientation without the cluttered electrochemical response

from large surface defects.

Since single crystalline gold in any phase is very costly to purchase or prepare in the
lab. To limit the cost of experiments an alternative electrode architecture was considered.
The primary option considered was using gold thin films with well-defined and uniform

surfaces with defects smaller than 2nm in size. Gold thin film microscope slides are
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commonly used in microscopy to help with staining and spectroscopy, particularly usefulin
surface enhanced Raman spectroscopy (SERS).> While searching for proof of concept with
a reasonable budget short 10nm thick film microscope slides were chosen to be valid
candidates for these experiments. There are several suppliers making 10nm gold
microscope slides, however deposition research laboratories incorporated (DRLI) seemed
to have the best product after atomic force microscope was used to analyze surface

roughness.

On this 10nm gold surface self-assembled monolayers (SAM) were grown to help
bind the laccase mutants. The growth of SAM’s onto gold electrodes has been well studied
for the functionalization and protection of gold surfaces. 8 The engineering of two different
SAMs will be investigated for the controlled binding of the laccase mutants. First a SAM of
dithiobismaleimidoethane (DTME) will be grown onto the 10nm gold surface. This monolayer
will bind to the gold surface with its sulfhydryl group which in turn is bound to a maleimide
moiety. This maleimide moiety will be pointed out into the solvent to bind to the individual
laccase mutant’s single cysteine.®'® The maleimide-thiol bond is very strong and hold the

enzyme in place during electrochemical processes.

The second SAM will be designed using Azido-propyl thioacetate. The acetate group
protecting the sulfur can be removed via reaction with potassium hydroxide.''3 This leaves
a gold surface modified by Gold-sulfur monolayer capped with an azido group that can
further be modified easily. Propargyl maleimide will then be used to react with the terminal

azido group using the Copper () catalyzed azide-alkyne cycloaddition (CuAAC) click
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reaction.*! This click reaction combines azide and alkynes into a very stable triazole ring.
After the CuAAC reaction the surface is then capped with a maleimide moiety similar to that

made by the DTME SAM.

The two SAMs both bring the enzyme very close to the electrode surface. The DTME
SAM will bind the laccase’s cysteine group less than 1nm from the electrode surface. The
Azido modified SAM after CUAAC functionalization will bind to the laccases’ cysteine a little
over a 1Tnm from the electrode surface, based on standard bond distances. The azido-
thioacetate comes in a variety of alkyl lengths, ranging up to octyl varieties, allowing for
future studies on bond distances in the future. Figure 17 below shows the predicted
scheme forthe SAM’s from DTME and Azido-propyl thioacetate. DTME can be bound directly
to the laccase enzyme while the azido group must react with propargyl maleimide before

laccase enzymes can be bound to them.
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Figure 17 Scheme to functionalize the gold electrode with the SAM's DTME and azido propyl thioacetate
followed by their binding with the laccase enzyme
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There has been a myriad of publications pointing to the complications involved in
doing electrochemistry with enzymes bound to planar or atomically flat surfaces.'®'’ One
way to increase the topography of the electrode is by roughening the surface or by using
nanoporous gold electrodes.'®'8%° Nanoporous gold electrodes have become very popular
in electrochemistry due to its increased surface area over unmodified bulk gold electrodes.
These nanoporous electrodes are expensive to purchase mainly due to their destructive
approach to produce them.?° They are made generally by alloying gold with other metals like
zinc or copper and then etching away all the added metals using strong acids. To produce
an electrode with higher surface area and rougher topography to test the effects of surface
conditions on enzyme catalysis a novel technique was produced using our 10nm gold

microscope slides and gold 144 (Au144) water soluble gold clusters synthesized in the lab.

Au144 clusters are stable, atomically precise nanomaterials with a known geometric
structure. Gold materials have been shown to be aurophilic and has a proclivity to bind to
other gold materials. This ended up providing a novel bottom-up approach to produce a gold
electrode with higher topography similar to nanoporous gold electrodes, we are referring to
as a 3D SAM. These electrodes were tested electrochemically like the two SAMs and laccase
modified 10nm gold electrodes as well as by atomic force microscopy(AFM). Figure 18
displays the scheme and AFM data from this electrode architecture. Without the use of large

amounts of strong acids or any halogenated organic solvents in the production of the gold
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clusters this can also be seen as a “green” technique in order to add topography to thin films

compared to the production of nanoporous gold.

Au144 Cluster
&5

Gold Surface

Height Sensor 100.0 nm

Figure 18 Scheme and topographical results for the gold cluster Au144 3D SAM

Materials and Methods

Materials

10nm Gold electrodes were purchased from Deposition Research Labs inc. Ethanol
was purchased from Pharmco. Azido propyl, gold chloride, p-Mercaptobenzoic acid, NaBH.,,
azido butyl acetate and sodium ascorbate were purchased from Sigma Aldrich. Propargyl
maleimide was purchased from kerafast. Oxygen was purchased from Airgas. 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and Dithiobismaleimidoethane (DTME)
were purchased from chem impex intl. MP H,O was made using Millipore sigma water
purifier to 18MQ. Copper sulfate, Methanol, DMSO, ammonium acetate, and sodium citrate
were purchased from fisher chemical. PBS was prepared using pre-mixed packets from
VWR. TCEP dithiol reducing gel was purchased from Thermo scientific. NaOH was

purchased from oakwood chemicals.
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Instruments

Electrochemical measurements were taken on a CHI 630D potentiostat. The
electrochemical cell used for gold electrode analysis was a BM EC 15mL- Bottom Mount
electrochemical cell from redox.me. The cellis top mounted and keeps a nominal exposure
area of 1cm?. Making post processing and current densities easy to normalize between
samples. This electrochemical cell also comes with a pre-engineered gas bubbling inlet and
outlet system to control aerobic or anaerobic atmospheres during catalysis. Saturated
Ag/AgCl electrodes were used as a reference electrode and a platinum wire counter

electrode were used for all electrochemical measurements.

For surface characterization the ATR-IR data was obtained with aid from the Krummel
Lab’s Bruker Hyperion 3000 with a germanium anvil tip #793129809/EC0OO0O. 256 scans were
averaged at 2 wavenumber resolution and baseline correction was performed using Bruker
analysis software. The water droplet analyzeris a Kruss DSA10 drop shape analyzer contact
angle goniometer using 18MQ water was used for the water droplet measurements. Finally,
the AFM was a Bruker Bioscope Resolve AFM System. Brukers Sharp Nitride Lever (SNL)
SNL-10 probe was chosen for these experiments and tip “A” was used exclusively. The
Nanoscope’sin house ScanAsyst was used to collect topographic data only. A scan area of

500nm x 500nm area was taken.

Methods

Electrode Preparations and Modifications

10nm Gold microscope slides were turned into electrodes and functionalized with

the native cysteine, DTME, azido propyl thioacetate, and azido butyl thioacetate SAM’s. No
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matter the SAM applied every gold slide was cleaned the same way. A full 3x1 inch gold
coated microscope slide was cleaned using piranha solution, a 5:1 solution of Sulfuric acid
and 40% peroxide. This mixture is very reactive and dangerous, take extra care to use
appropriate PPE and by having a work area clean of carbon-carbon bonds. Gold microscope
slides were left in piranha solution for 20 min or until bubbles stopped being produced.
Containers with gold microscope slides and piranha solution were agitated (carefully) every
5 min to remove accumulating bubbles on the electrode surface. After piranha cleaning the
gold microscope slides were cleaned in DI H,O until the pH of the rinsing solution stabilized.
The microscope slides were then rinsed with 200 proof ethanol and dried by nitrogen gas.
The cleaned microscope slides were cut into 1Tcmx1cm squares and used for further

functionalization within one hour of cleaning.

For the formation of propyl and butyl thioacetate SAM’s previously described
methods were used.'> 2mM thioacetate solutions reacted with 2.5mM KOH in 200 proof
ethanol for 30min to deprotected the thioacetate and promote thiol formation. Over these
30 min the smell of thiols became more pronounced, so take care that these reactions are
performed in an appropriate ventilated space, preferably a fume hood. After 30 min, gold
electrodes were placed directly into the ethanolic solution used to convert thioacetates into
thiols and left for 24 h. The next day the thiol containing ethanol solution was removed and
the gold microscope slides were rinsed with 200 proof ethanol three times followed by 10

min in a sonicating bath until no lingering smell remained.
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The CuAAC reaction was adapted by previously described methods.?! The azido
functionalized electrodes were added to a small microscope staining container for
functionalization. An aqueous solution containing 100uM copper sulfate, 150uM sodium
ascorbate and 2mM Propargyl maleimide was added to the azide functionalized electrodes.
The reaction was left to react for 24 h to fully functionalize the electrodes. The solution was
agitated periodically over 24 h at 4°C. To clean up post CuAAC, the electrodes were rinsed
with 200 proof ethanol moved to a large microscope staining flask and sonicated in ethanol

for 10 min.

DTME functionalized gold electrodes were synthesized by previously established
methods.?? After cleaning, gold slides were placed into a slide staining flask containing 2mM
DTME within DMSO or ethanol. Ethanol became preferred for this functionalization since
DMSO can leave unwanted residues on the containers and electrodes. Microscope slides
were left to react with DTME for 24 hrs followed by rinsing with three times with 200 proof
ethanol followed by 10 min sonicating bath within ethanol. Electrodes were used within 24

hrs of formation.

Laccase Modified Electrodes

To modify electrodes with Laccase, freeze-dried enzymes were rehydrated with MP
H,O and agitated until fully dissolved. Before immobilization to the electrode the laccase
library was assured to be reduced using commercially available TCEP gel. 100uL of TCEP gel
was added to the 500ul laccase and spun for 15 min. Gel was separated from laccase using
centrifuge at 10000 RPM for 3 min. Laccase was removed and depending on the addition
method different attempts were made. For Bare gold electrodes, reduced laccase was
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added to the gold electrode and placed into the fridge at 4°C overnight. For maleimide
capped electrodes formed by DTME and post CUAAC reaction, reduced laccase samples
were combined to make 1mg laccase and were added to 7mL PBS to react with multiple
electrodes within a small microscope slide staining container. The container was stored at
4°C and left for 12 h, shaking and agitating solution frequently. To remove unbound laccase
from the surface the electrodes were sonicated in PBS for 15 min at 4°C three times,

replacing the PBS each time.

Synthesis and Cleanup of Au144(pMBA)60
A 95.2 mM solution of p-MBA was prepared in a solution 0f 0.3 M NaOH in MP H,O

and was left to vortex overnight. The next day, a 28 mM solution of HAuCl,H,O was prepared
in MP H,0O. To prepare the Au-pMBA oligomer solution, 4.5 mL of the pMBA solutionand 5.14
mL of the HAuClsH.O solution was added to a 50 mL conical tube. MP H,O and methanol
were added so the total volume reached 48 mL. At this point the solution was 53% aqueous
and 47% methanol. The Au-pMBA solution was leftto vortex overnight. Prior to vertexing, the
Au-pMBA solution was a transparent, golden yellow color. After the overnight mixing, the
solution was a translucent, pale yellow color. The next day, a 150 mM solution of NaBH, was
prepared. 480 pL of the NaBH, solution was added to the Au-pMBA solution to reduce the
Au* ions into zero-valent Au and promote cluster formation. This solution was left to vortex
fora maximum of two hours. Within the two hours, the solution transitioned from an opaque

gray color to an opaque dark brown color.

The crude product was split evenly into eight 15 mL conical tubes. To assist in
precipitation, 500 pyL of 5 M ammonium acetate was added to each conical tube. Each tube
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was filled to a final volume of 14 mL with methanol. The crude product was cleaned up via
centrifugation at 4,000 rpm for 10 min at 4°C. The clear supernatant was decanted, and the
remaining black pellet was redissolved in minimal MP H,O. Fractional precipitation was then
used to further purify the cluster sample. A 40% cluster, 60% methanol solution was
prepared in a 15mL conical tube with the addition of 500 pL of 5M ammonium acetate. The
solution was centrifuged at 4,000 rpm for 10 min at 4°C. The black pellet was separated from
the translucent, gray supernatant. More methanol was added to the supernatant until the
total volume was roughly 14mL. 500pL of 5M ammonium acetate was also added again. The
same centrifugation step was repeated. The black pellet was separated from the
translucent, gray supernatant again and additional methanol and 5M ammonium acetate
was added. The centrifugation step was repeated for a final time to produce a black pellet
and a transparent, colorless supernatant. The supernatant was discarded, and the black

pellet was redissolved in MP H,0.

3D Self Assemble Monolayers

To see the effects of ions on the gold clusters collapsing onto the gold electrode and
forming a 3D SAM, deposition was tested with and without salts and buffers. For this 20mg
of Auis(pMBA)so was dissolved into 20mL of MP H20 with 20% glycerol to limit self-
aggregation of clusters. This solution was added to a microscope staining flask with a freshly
cleaned 10nm gold microscope slide. The solution was left stirring at 4°C for 12 h. For the
formation of gold electrodes in the presence of salts, buffers and with the laccase enzyme
20mg of Auiu(pMBA)ee was dissolved into 20mL PBS with 20% glycerol to prevent

aggregations and precipitation of clusters. For laccase functionalized 3D SAM’s 0.8mg of
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lyophilized protein was added to the Au144(pMBA)60 solution. 1cm x 1cm microscope
slides were placed into solution and left to stir at room temperature for 2 hours followed by
12 hours of stirring at 4°C. Functionalized electrodes were rinsed in PBS and placed into a
sonicating bath in PBS at 4°C and sonicated for 3 cycles of 15 min each, replacing PBS each

time.

Results and Discussion

IR-ATR Thiol SAM

The use of attenuated total reflection was necessary to study the SAMs on the gold
electrode due to their low concentration at the electrode surface. DTME and azido propyl
thioacetate functionalized gold electrodes were directly studied with a germanium anvil.
There are no unique spectroscopic features to the DTME SAM, since the carbonyl bonds in
maleimide are not as unique as for the azido SAM’s. DTME IR spectra can be seen at the end
of the chapter in figure 23. The azido propyl thioacetate SAM did show a distinctive peak at

2100 wavenumbers typical for azide moieties. After CUAAC reaction combining propargyl
5x107° i
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Figure 19 IR-ATR of the Azido thioacetate SAM before and after CUAAC reaction with propargyl maleimide. Signs
of the Azide peak at 2100 cm™" appears to disappear.

70



maleimide with azide-capped SAM the peak at 2100 disappears and other signals typical for
other carbonyl compounds appear in the absorption region. The before and after CUAAC
reaction can be seen in figure 19. Although the regions do not absorb in the same way the
absorbance units are within the same realm and with the CUAAC no sign of lingering azides

can be seen.

DTME and Azido SAM Electrochemistry

The electrochemical measurements were taken in pH 5 citrate buffer, common
conditions for laccase electrochemistry. Looking into the working window of the SAM’s,
cyclic voltammetry was applied with a wide voltage range. In Figure 25, reduction of the SAM
can be seen to take place after -500mV followed by the rapid reduction of water and
subsequent destruction of the 10nm gold base layer. Oxidation of the SAM occurs at higher
potentials beyond 800mV vs Ag/AgClL. This correlates well with established working window
of thiol based SAM’s.?3 This gives a working window of these electrodes to be 0.7V to -0.3V
vs Ag/AgCLl. This window accommodates the redox potential of ABTS as well as what we
achieved for the laccase library on MWCNT where the whole library began reduction at

potentials lower than 0.4V vs Ag/AgClL.

For the reduction of oxygen to water using the laccase library on the SAM modified
gold electrodes the furthest negative any experiment went was to -200mV vs Ag/AgClL. With
the oxygen catalysis with MWCNT occurring just beyond 400mV vs Ag/AgCl a 600mV
overpotential between electrodes was maintained during experimentation. Especially since
the graphite modified electrodes react with ABTS within 200mV as the gold modified
electrodes. Unfortunately, no conditions were found that showed any of the laccase library
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through any binding motif whether it be directly bound to gold, by DTME, or by the clicked

SAMs. No combination of laccase mutant or electrode architecture was able to show any

electrochemical response indicating a catalytic reaction was taking place. Many attempts

were made including changing acidic buffers from PBS at PKA1 (pH 3), acetate buffers, and

citrate buffers and no reduction of oxygen was seen. Since enzyme stability needs to be

considered during direct electron transfer, slow sweep rates were maintained never

exceeding 10mV/s during experimentations in concordance with much of the active

literature.'®?* We experimented with oxygen reduction in the presence of TmM ABTS in

solution as well. This also resulted in no sign of electron transfer with the laccase enzyme.
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Figure 20 Electrochemical experiments with WT laccase in different cyclic voltammetry conditions. (A) shows the
redox CV of ABTS by the bare gold electrode and the DTME monolayer. (B) Is he gold electrode and WT modified
electrode through a direct bond to the gold combining the redox chemistry of ABTS with the reduction of oxygen in
more negative potentials. (C) WT laccase on the Azide modified electrodes during the redox of ABTS with and without
oxygen present. (D) WT laccase on DTME with a CV in the presence of oxygen. No catalysis was ever observe using
these architectures.
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Some of these electrochemical measurements can be seen in figure 20. All of this is very
unexpected since once these electrodes are placed into a solution with ABTS the solution

will slowly change color indicating there are laccase enzymes on the electrode surface.

For the oxidation of ABTS unfortunately the story is the same as for the catalytic
reduction of oxygen by the laccase library. Many conditions and environments were tested
and yet there was no catalytic response in any of them. Strangely the bare gold electrode
surface and electrodes show similar currentresponses for the redox of ABTS. This continues
after laccase enzymes are thought to be immobilized onto the electrode surface where
minimum changes to the “duck shape” of ABTS occurs. Given the complications involving
quantifying the free thiol concentration there was whether the laccase library was not
binding to the maleimide tail groups. This is a possibility, yet the color change that occurs
when laccase exposed electrodes are placed into solutions containing ABTS is unexpected.
And even happens after taping the glass side of the microscope slide so that the any

adsorbed enzymes on the glass are not contributing to any color change.

3D SAM Oxygen Reduction

When using the 3D SAM with Au144 to create topographic features in the presence of
laccase there is a clear difference in currents between electrodes with and with laccase WT
attached seenin Figure 21. In oxygen saturated citrate buffer, the WT laccase enzyme began
reduction of at -100mV vs Ag/AgCl a full 100mV before a bare gold electrode began its

reduction of water. The Au144 modified gold microscope slides without laccase followed
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Figure 21 Cyclic voltammograms of the Au144 functionalized electrodes and their reduction of oxygen. (A) all the
electrodes combined and (B) just the laccase modified electrodes compared to the blank bare gold electrode
electrode.

with an onset potential of -300mV vs Ag/AgCl. With the Au144 clusters possessing a
propanoic acid SAM before attaching to the gold electrode it appears this SAM remains and
is having an insulating effect on the electrodes ability to reduce diatomic oxygen.
Unfortunately, there has only been enough time to make small samples of these electrodes
due to how labor intensive it is to prepare the Au144 modified 3D SAM’s. The surface
roughness of gold electrodes has been shown to have a great effect on the onset potential
for the laccase reduction of oxygen. After roughening up their gold electrode found a 200mV
difference in their onset potential.'®* Comparing this information with the known working
window of the DTME and thioacetate SAM there is a chance that any oxygen reduction
reactions performed by the laccase library could have occurred after the reduction of the
gold sulfur bond begins using a 10nm gold base layer. The gold sulfur bond has been shown

to be very prone to reduction and oxidation, having a small electrochemical window.?3 For
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this reason we did not extend the reduction window further for the catalytic reduction of

oxygen by this electrode reduction trial.

Atomic Force Microscopy of Au144(PMBA)60 3D SAM’s

The atomic force microscopy of the gold surface showed a stark difference in the
electrodes topography after being exposed to the Au144 clusters and can be seen in Figure
22. The bare gold with no modifications showed that the 10nm gold microscope slide from
deposition research laboratory shows a flat surface with no major features over 2nm
throughout the 500nm x 500nm search area. A maximum change of +3nm was observed, yet
overall, the surface appears nearly flat. The addition of the Au144 clusters without any salts
used to help stabilize any charges or help chelate clusters into place showed only a slight
addition of randomly placed pillars rising upwards of 7nm from the surface. These pillars are
thin as well only ranging 50nm in width at the thickest. Once PBS is used to help buffer the
pH and provide some charge stabilization with the addition of salts within the PBS showed
a stark difference in topography obtained. The electrodes modified in the presence of PBS
showed motifs more similar to mountain ranges rather than the pillars obtained without the
use of salts. Long connections of steeply rising pillars act like walls. Forming motifs similar
to mountains and valleys, this greatly increased the surface area of the electrodes with
peaks of 7nm from the surface average. The mixture of WT laccase with Au144 clusters
provided electrodes with even greater change in topography where these mountain-like
morphologies now rise 30nm above the surface. This makes sense as the laccase enzymes
are bnmin diameter at places and this would greatly increase the size of the building blocks

of these topologies. There are no obvious shapes that make appear to be enzymes alone so
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there is no way of knowing whether the laccase enzymes are embedded in the added
topography or sitting on top. Chances are the laccase enzymes are held within these

structures in a combination of entrapment and covalent methods.

No salt ’ PBS "% vl Laccase+Au144

30.9.nm

Figure 22 Atomic Force Microscope of the Au144 modifed electrodes. A-C use the initial scale bar while D has its own
scale bar for clarity. (A) bare gold electrode (B) Au144 modification without salts (C) Au144 modification in the presence
of PBS (D) Au144 modified electrodes in the presence of WT laccase

Future Directions

Not obtaining the any electrochemical catalysis with any of the laccase library on the
10nm gold electrodes was challenging, yet there are a few more things worth trying with this
novel electrode setup. With such a low onset potential for the 3D SAM compared to the
oxygen reduction using MWCNT there appears to be some significant resistance towards
electron transfer with these electrodes. This could be caused by the thin 10nm gold film
being resistant towards electron transfer with bound catalysts. Gold films of different
thickness should be tested to see if the thickness influences the gold-enzyme interactions.
Thin film gold microscope slides come in 50nm, 100nm, and 500nm variants are

commercially available products. Atomic Force microscopy is not sensitive enough to
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distinguish a protein on an electrode surface. Typically the carbon based structures do no
give the same repulsion as hard metallic surfaces. Scanning tunnelling microscope(STM) on

the other hand is sensitive to distinguish these features.

Scanning tunnelling microscope is very similar to AFM in their design and analytical
setup. The main difference between the two is that STM measures the currents achieved by
a surface with sub nanometer resolution is some cases.!! STM has already been used on
many laccase surfaces successfully.?*#?%2” This would be a beneficial analytical tool for both
the planar gold electrodes and the 3D SAM electrodes. For the planar electrodes it would be
interesting to see if there are 5nm sized features with poor electron conductance compared
to the surrounding gold electrode, if the laccase library continues to be poorly conducting
toward electron transfer. For the 3D SAM it would be interesting to see where laccase
enzymes are held within the collapsed gold cluster architectures, if there are any on the

surface, or if we can find any held within the large topographic features.

Binding alkynes and carbonyls to gold surfaces has recently become an
intriguing topic in surface chemistry for modifying gold for both nanoscale and bulk
materials.?” These bonds have been demonstrated to be more stable than Au-S bonds,
which are prone to disorder, oxidation, and reduction, while Au-C seem to have wider
working windows before degradation occurs.?® Forming SAM of propargyl maleimide, 1,4
diethynyl Benzene, or any other short chain di-alkyne would be interesting to test for

improved electron transfer between the laccase library.
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The spontaneous collapsing of gold nanoclusters onto bulk gold material is very
interesting and a novel way to add topography to thin films. This area requires much more
experimentation to understand the underlying mechanism and establish different control
conditions. Few conditions were established for the functionalization of these electrodes
and more conditions (pH, salt concentrations, applied potentials, and Buffers) should be
explored in order to optimize these conditions. PBS was chosen as the buffer as a default
due to its compatibility with biological substrates and other biological buffers could result
in different topologies and features due to differences in pH and chelating strengths.
Sulfonated and aminated buffers interact with gold nanostructures differently than
phosphate groups, which have been shown to be strongly chelating to gold.?® Different
topologies leading to a myriad of pore sizes, pillar heights, and topological features could

interact with different proteins with more favorable interactions over other topologies.

Since there are so few water-soluble clusters available, exploring these
functionalizing techniques with organo-soluble clusters would introduce different sized
building blocks to explore new topological features. This would not longer be considered as
“green” chemistry, but would allow for more options for electrode modification. Organo-
soluble clusters range in sizes from sub nanometer to ~ 2.0nm clusters and can be
functionalized with a myriad of different SAM’s.3%3! Sulfides, phosphines, and alkynes are
functional groups that have been shown to form stable SAM’s with gold clusters. Since there
are no reported alkyne functionalized water-soluble clusters, this would be the only way to
form alkynyl bonds to this style of electrode formation. Since we have evidence of SAM

retention on the 3D SAM’s after electrode formation this would allow for more
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immobilization strategies outside of entrapment and adsorption. Using propargyl maleimide
or DTME as SAM’s for gold clusters would allow for a cysteines thiol to bind to the terminal
maleimide groups after electrode formations. This would be requires since the laccase
enzyme would certainly denature in organic solvents. Introducing the enzyme at different

times of 3D SAM formation would aid in this endeavor.

Conclusions

Multiple electrode architectures were designed to grow on to 10nm gold microscope
slides. These architectures were intended to bind to the library of Laccase enzymes
designed to orient themselves in different ways on the electrode surface with the intention
understanding the effect enzyme orientation has on the electrochemical properties. Alkyl
thiols were used to form self-assembled monolayers (SAMs) on the gold surface. Two
different SAM’s were used: one using dithiobismaleimidoethane (DTME) and the other using
azido propyl thioacetate. Both SAM designs have a maleimide group tail group exposed to
the electrolyte solvent. Laccase enzymes were immobilized onto these electrodes using the
laccase’ single cysteine residue. Cyclic voltammograms were taken with two of laccases
substrates 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and gaseous
oxygen. Many attempts were made to obtain an electrochemical response from these
electrodes, yet nothing was achieved. Buffers, pH, scan rate, and scan windows were all
tested with every enzyme in the library to no avail. This was always peculiar because
electrodes which showed no electrochemical response, once placed in solutions
containing ABTS, the cause a colorchange indicative of ABTS oxidation by laccase enzymes.

Strangely this suggests that there are at least laccase enzymes adsorbed to the electrode

79



surface. Using the laccase library adsorbed onto multi-walled carbon nanotubes (MWCNT)
we obtained a clear catalytic response by every enzyme tested. This library has shown even
through adsorption they are able to demonstrate direct electron transfer with the electrode
without any mediators. The complex 3D structure of the MWCNT could aid in this electron
transfer. The 10nm planar electrode intentionally does not have many 3D on the order of the

size of the enzyme or larger.

There is a growing body of literature pointing to the complex nature of obtaining
electron transfer with planar electrodes®?532 |n attempts to understand whether the planar
nature of the electrode was having an effect on the electron transfer, we engineered a
topographically complex surface using water soluble gold clusters. The spontaneous
adsorption of the gold clusters onto the gold electrode and subsequent collapsing into them
seems to be a feature of the aurophilic nature of gold and a novel technique to functionalize
gold electrodes.3¥3* The resulting surface is being referred to as a 3D SAM, since the gold
electrode seem to be maintaining some the clusters’ original mercaptobenzoic acid
protecting monolayer. The intercalation of laccase into this 3D structure during its formation
led to a clear catalytic response towards the reduction of oxygen for the wild type laccase.
The reduction of oxygen while imbedded in the 3D SAM occurs at an overpotential nearly
400mV past the onset potential achieved using the MWCNT. This suggests the gold
electrode is operating under higher resistance than expected for electron transfer to the
laccase catalysts. This is most likely caused by the capacitive nature of the electrolyte
double layer formed during electrode polarization. Knowing that increasing the topography

in planar electrodes can have an effect of hundreds of millivolts on the onset potential of
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similarly designed electrodes, there is a chance that the potential for electron transfer given
the electrode design could be occurring beyond the reduction of the thiol SAM. These are
still preliminary results and more needs to be done to study the 3D SAM formation, the
working window of the electrode, as well as introduce the rest of the library to the new

electrode design.
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Figure 23IR-ATR of the DTME SAM electrode

Figure 24 Electrodes not electrochemically active still exhibit signs that laccase enzymes
are present on the electrode.Whether they were directly bound versus adsorbed is
unknown
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Chapter 4 Auxiliary Projects and Final Conclusions

Amorphous materials stability and toxicity

Introduction

The exploration of rigid, amorphous metal-rich (RAMETRIC) materials in the Ackerson
lab has led to the discovery of a class of materials unique for their combination of metallic
and polymer-like properties.” Coinage metals are well known for their binding properties
with thiols to form covalently bound molecules?® and metallopolymer hydrogels with 1D**
and 2D extended structures®. 2D sheets can stack in the third dimension forming fibers that
entangle and trap solvent to form “metallophillic” hydrogels.” These materials have
demonstrated interesting antibiotic properties; however, their physical properties limit their
applications.® An extended 3D system is novel in this space and exhibits unique properties
from this large, interconnected network, displaying greater strength and structural rigidity

over 1D and 2D materials.

We have reported a soft material with high metal content and polymer-like rigidity.
The material is comprised of interconnected Ag and cysteine amino acids in a unique mixed
phase material. With the introduction of an antisolvent immediately after mixing reagents
together forms a colloidal solution of ~50nm silver nanoparticles.® Upon desolvation the
nanoparticles colloids coalesce to form a rigid amorphous metal-rich (RAMTERIC) phase.
This coalescence of colloidal solutions is similar to how sol-gels transition. Figure 27

displays a model of the RAMETRIC structure and interactions that give it such unique
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properties. This shows the interactions within the silver colloids and intermolecular forces

holding the materials together through different states of hydration.

Figure 27 scheme for the predicted structures of the silver-cysteine RAMETRIC materials. (a) silver and cysteine
interactions (b) silver and cysteine forming chains, (c & f)fomation of colloids and solvation at higher water content,
and (d & e) solvation at lower

The RAMETRIC materials share properties with both gel phases and glass materials
yet cannot be classified as either. Gels tend to have hydration content upwards of 95% by
mass, while RAMETRIC only has around 5% hydration by mass and forms a rigid amorphous
material. This makes it seem more like a glass material; however, glasses are characterized
by defined phase transitions. The RAMETRIC material phase has no such temperature-
based transitions; rather, it is a near-amorphous solid at lower temperatures and

decomposes at higher temperatures. Rheology experiments suggest RAMETRIC belongs to
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a unique class of materials. Figure 28 shows the Ashby chart of Youngs modulus vs density
compared to many engineered materials pulled from our original work on the material.® Not
overlapping with any other material on how it reacts to stimuli. RAMETRIC has similar
densities to polymers and elastomers, while having the young modulus of natural materials
and foams. This means the RAMETRIC material has similar elasticities, or response to axial

compression, as materials like rubber, polystyrene foam, and cells. °

Silver based antimicrobial and disinfecting compounds have been explored for

centuries.” Colloidal silver and other silver compounds are more commonly being used as

10”! 1
§ Ceramics

lolli .

lolol Metals {
: Natural
t Materials 1
107 !

! Polymers :

'
! Foams
}

103! < 1

|| RAMETRIC |

Young's Modulus (Pa)

10’

10°

Elastomers |

SL PSS OO | PSSP PO |
10 10¢ 10° 10*

Density (kg/m?)
Figure 28 Ashby chart of the physical properties of RAMETRIC compared to many other materials.

topicals and coatings. Silver nanoparticles are also of pharmaceutical interest for drug
delivery and disinfections.'? Most of the silver antimicrobial materials are water and skin

soluble.™ After their application to surface the dried material can also aerosolize and be
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inhaled. And through cross contamination with food and hands silver antimicrobial
materials can be ingested. Luckily the LD50 for silver is very high even through inhalation at
5.15mg/L."”* As a new class of material, RAMETRIC needs to be studied in order to

understand its antibiotic properties as well as its toxicity towards mammalian life.

In a yet to be published manuscript we tested the antibacterial properties of AgCys
RAMETRIC material. In figure 29 We compared the zones of inhibition of the RAMETRIC
material with silver ions on e. coli cells using agar plates as a substrate. This experiment
suggests that AgCys RAMETRIC produces a larger zone of inhibition than that produced by
similar concentrations of AgNOs. This is particularly due to silver ions binding to chloride
ions within the media thatthe e. coli was grown upon. RAMETRIC appears to be less affected
by the presence of chloride ions in the media. This is hypothesized to be caused by the
strong binding between the silver ions and the cysteines sulfur and amino groups while

chloride ions stay outside the colloids within the regime where water and sodium bridges

Silver lons Silver Metallogel
Figure 29 Zone of inhibition study using AGNO3 and AgCys RAMETRIC. The concentration of material starting at the top,

moving clockwise are 10, 20, 30, and 40 mg/mL.

between colloids.

Here we extend this experiment to study the toxicity of AgCys RAMETRIC on

mammalian cells. For this experiment HeLa and U937 lymphatic cells were used to test the
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cell viability in the presence of AgCys. HelLa cells are well established human mimics while
U937 is a newer cell line. FlouroBlue was used with a 96 well plate fluorimeter to track the

cellviability at different RAMETRIC concentrations.

Methods

Materials
RPMI 1640 medium, Dulbecco’s Modified Eagle Medium (DMEM), Trypsin-EDTA,

penicillin and streptavidin solution, PBS sterile solution and fetal bovine serum were
obtained by Gibco. Cell Counter is a Bio-Rad Tc20 automated cell counter, using BIORAD
dual chamber cell counting slides. Trypan blue stain 0.4% from Bio-Rad was the stain used
tocountthe cells. HeLacellsand U937 cell lines were purchased from atcc. HelLa cells were
originally taken from Henrietta Lacks in 1951without her consent. AgNO;, DL-Cysteine, and
1,2 dimethoxyethane (Diglyme) were purchased from Sigma Aldrich. CO, was purchased
from Airgas. FlouroBlue was purchased from Thermos Scientific. The fluorimeter was a

BioTek Synergy mx microplate reader.

RAMETRIC synthesis
The synthesis of RAMETRIC requires the preparation of 5 mL 100mM AgNO; solution

in MP H,O, 10mL of a 100mM cysteine solution in 0.3M NaOH, and 15mL of 1,2-
dimethoxyethane (diglyme). In a 50 mL falcon tube with a stir bar the 2.5 mL AgNO; solution
and 7.5mL cysteine solution were combined followed by the immediate addition of the
diglyme. The AgNO; and alkaline cysteine start forming a blue/black color that quickly goes
away and becomes a clear, colorless solution. This solution is stirred vigorously for 20 min

before stir bar was removed and the solution was centrifuged at 5000 rpm for 15 min. The
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result is a yellow precipitation of the gel phase with a single phased clear, colorless
supernatant which is gently decanted away. The precipitate is pipetted away using small
transfer pipettes and collected in a 1.5mL Eppendorf tube. The resulting materials is
subjected to LN until completely frozen and placed in a lyophilizer at .420mbar until
completely freeze-dried, 24h later. Lyophilized materials were placed in an airtight
container, wrapped in foil, and stored in the freezer. The silver in the RAMETRIC is light

sensitive while liquid and as a powder.

Mammalian Cell Growth

All Cell work was done in sterile biological safety cabinets. Proper sterilizing
procedures must be taken to avoid contamination. All materials must be sterile, and
containers are cleaned with 70% ethanol. Hela Cells were first started from frozen -80
stocks glycerol stocks. Once warmed up cells were pelleted using a centrifuge at 400rpm
for 5 minutes. The supernatant was removed and replaced with 500uL of DMEM media. The
pellet and media were aspirated gently with a pipette. TmL of cells were added to the added
to 7 mL of DMEM media supplemented with 10% Fetal Bovine Serum (FBS), penicillin
(2ug/mL), and streptavidin (0.5pug/mL). Cells were left to incubate in 5% CO, solutions at
37°C. After 3 days cell lines were subcultured by removal of the DMEM followed by a wash
with10 mL of PBS to remove trace serum. 3.0mL of Trypsin-EDTA solution to the flask and let
sit for 5 min. 8mL of media was added and cells were aspirated by gentle pipetting. Cells
were transferred to 50mL falcon tubes and centrifuged at 500 rpm for 5 min to form a loose
pellet. Supernatant was removed and Eagle media was added to cells followed by a gentle

aspiration to loosen pellet. Cells were counted and roughly one million cells were added to
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a 75cm? flask with 7mL of DMEM with 10% FBS and antibiotics and left to grow at 37°C with

5% COs..

U937 cells were thawed from-80°C frozen stocks. Once Thawed the cells were
centrifuged at 400rpm for 5 min. The supernatant was removed and replaced with RPMI-
1640 media supplemented with 2mM L-glutamine, 5% FBS, penicillin (2ug/mL), and
streptavidin (0.5pug/mL). TmL of cells were added to a 75cm flask with 9mL of growth media.
Cells were grown at 37°C with 5% CO,in the atmosphere. Subculturing of U937 cellsis done
by transferring U937 cells from the grown flask to a 50mL sterile falcon tube. Cells were
gently pelleted by centrifugation at 500 RPM for 5 minutes. After centrifugation, supernatant
was removed and replaced by supplemented RPMI-1640. Cells were counted and roughly 1
million cells were added a new 75cm? flask containing 7mL of supplemented RPMI-1640

media.

Toxicity study

Hela cells were removed from growth flask by removing DMEM media followed by a
wash with PBS. 3mL of Trypsin was added to the flask and left to sit for 5 min. Trypsin was
neutralized with DMEM media and cells were transferred to a sterile 50mL falcon tube. Cells
were centrifuged for 5 min at 500RPM to form a loose pellet. Supernatant was removed and
cellswere dispersed in DMEM media. Cells were counted and 2000 cells were added to each
well in the 96 well plate. Each well was made to a final volume of 100 uL each using
supplemented DMEM media. For U937 cells, the RPMI-1640 media was removed, and the
cells were gently centrifuged for 5 min at 500RPM to form a loose pellet. After centrifugation
the supernatant was removed, and the cells were resuspended in fresh supplemented

93



RPMI-1640. Cells were counted and 40,000 cells were added to each well in a 96-well plate.
Larger quantities of U937 were used to try to maximize the signal obtained. Each well volume
was filled to be 100uL using supplemented RPMI-1640. Plates were left to incubate at 37°C

at 5% CO, for 24 h.

Lyophilized RAMETRIC was ground in a mortar and pestle and the powder was
weighed to make working solutions of the AgCys material. A serial dilution of RAMETRIC was
made making solution ranging from .1-5mg/mL in MP water. Using these working solutions
cells were introduced to AgCys RAMETRIC ranging from .01 to .5 mg/mL of Ag/Cys in solution

runin triplicate. Cells were again incubated at 37°C at 5% CO, for 24 h.

Plate Reader

To study cell viability cells incubated with AgCys RAMETRIC were removed from the
incubator and 20uL of FlouroBlue was added to each well. This mixture was left to incubate
at 37°C at 5% CO, for one hour. Plates to added to the BioTek fluorimeter and each well was
measured using 410nm as the excitation wavelength and 455nm as the emission

wavelength.

Results and Discussion

Hela and U937 celllines were grown up to confluency in their respective media. 2000
cells of each were added to wells in a 96-well plate. After 24 h they were exposed to
RAMETRIC AgCys in concentrations ranging from 0.01mg/mL to .5mg/mL. During
experimental setup it became abundantly clear that the silver within the RAMETRIC

materials was not compatible with the chloride ions required for cell homeostasis. Notably
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chloride interacting with silver ions happened more aggressively at lower concentrations of
AgCys, once added to the DMEM or RPMI 1640 media, the silver ions separated from the
material matrix and began crashing out as a white precipitate of insoluble AgCl. The
precipitate made data collection difficult and the results quite noisy. However, we did obtain
enough data to get an idea of the toxicity for the RAMETRIC AgCys material. In figure 30 the
fluorescence count vs RAMETRIC material added to HeLa and U937 cells. The increase of
cells did resultin alarger background of counts for the fluorescence measurements, but the

difference between maximum and minimum still only varied by 15000 counts by the

detector.
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Figure 30 Fluorescence study for the cell viability of HeLa cells and U937 cells exposed to AgCys Rametric.
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We do seem to lose most of the counts in cells by 0.5mg/mL for the U937 cells and
0.1Tmg/mL for the HelLa cells. Still the error bars are significant for these measurements.
Unfortunately, chloride is unavoidable in biology, and this makes the measurements of its
toxicity complicated. Compared to silver nanoparticles the AgCys RAMETRIC seems to be
more susceptible to chloride ion. Silver nanoparticles are more densely bound, consisting
of mostly silver, and protected by monolayer of organic molecules. The monolayer seemsto
keep the silver nanoparticles from reacting with nearby molecules.’ ' The colloidal silver
cysteine seems to be less protected by the ligated cysteines and therefore more prone to
react with its environment. Having the more dilute RAMETRIC solutions crash out of solution
faster than the more concentrated solutions is a sign of this. Once diluted the colloids are
either so smallthe surface tension cannot hold them together or begin acting as small silver-
cysteine molecules or clusters rather than the protected colloids. Operating in single cells
environments with RAMETRIC materials appears to be unfeasible so we will attempt to test

for AgCys toxicity in larger organisms.

Conclusion

The Ackerson Lab has discovered a novel class of materials rigid, amorphous metal
rich material (RAMETRIC). RAMETRIC materials have unique physical properties unlike any
material to date, of this metal rich composition. AgCys RAMETRIC is an interesting delivery
tool of silver ions, beneficial for their antimicrobial properties. We sought to test the AgCys

RAMETRIC safety by finding its toxicity with the single celled mammalian cell lines helLa and
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U937. The presence of AgCys RAMETRIC clearly has an effect of mammalian cell viability.
This can be see by the rapid decay of the fluorescence signal with higher RAMETRIC
concentrations. Chloride ions were a major hinderance in experimental setup.
Unfortunately, chloride ions are necessary for cellular function. Moving forward we hope to
study the effects of AgCys RAMETRIC on larger organisms not requires to live in aqueous

halide heavy environments.
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Final Conclusions

Based on the results from the electrochemical measurements there appears to be
more nuance required for the use of planar electrodes for use in direct electron
transfer(DET) with enzymes. Planar electrodes directly bound to proteins or linked via DTME
or azide-alkyne coupling never showed signs of catalysis from the laccase library. The
electron transfer with the glassy carbon shows there are some interactions with the laccase
library that will allow for DET. Although there was no sign of electron transfer with the
electrode surface there were signs that the laccase enzymes were on the electrode surface.
When electrodes cleaned by sonication and placed in solutions containing ABTS the
solution slowly changes color suggesting ABTS oxidation. Since the gold surface on the
electrodes were only 10nm on average roughening of the surface needed to be done by
constructive means rather than destructive means to preserve full electrode conductivity.
For this purpose, the water soluble Au144 cluster was used to add topography to the
electrode surface. Utilizing the aurophilic nature of gold materials Au144 spontaneously
adsorbed onto the clean gold electrode surface. Electrochemical measurements suggest
the self-assembled monolayer on originally on the cluster was retained after addition onto

the electrode surface.

Mixing the laccase WT enzyme with the Au144 clusters in the presence of freshly
cleaned gold electrodes produced a catalytically active electrode for oxygen reduction. The

onset potential for this reduction was far more negative than that obtained by MWCNT with
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the same laccase enzyme —100mV vs Ag/AgCl and 400mV vs Ag/AgCl respectively. This
suggests there is still significant resistance towards electron transfer even with these new
3D interfaces. The 400mV or more difference in onset potentials demonstrates how favored
3D interfaces are for electron transfer with enzymes. With such a negative onset potential it
is now clear there is a chance that the reduction of oxygen by the planar gold electrodes
functionalized with the conventional SAM (DTME and Azido-propyl thioacetate) could be

occurring beyond the potential in which we begin getting electrode degradation.

There is a consensus in the literature than flat electrodes are less active more
studying to understand the preferred environments to study DET'®'® This is believed to be
caused partly by the capacitive nature of the Hemholtz double layer being formed upon
electrode polarization. There is also work showing how the roughness of the surface has a
profound effect on surfaces ability to provide rapid electron transfer. To explore this more,
the 3D SAM’s obtained by here need to be investigated further to optimize the surfaces they
form when they collapse onto the planar gold electrode. This no longer allows for control of
the enzyme orientation in the same ways as a planar electrode but was the only gold
interface studied here that obtained an electrochemical response. As a novel electrode

functionalization technique itis not yet clear the full advantages of this style of architecture.
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