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Abstract

Austin Keith Clark
FUNDAMENTAL STUDY OF IONIC LIQUID PHYSICOCHEMICAL EFFECTS ON
THERMAL STABILITY OF MODEL BIOLOGICAL MACROMOLECULES
2021-2023
Timothy D. Vaden, Ph.D.
Master of Science in Pharmaceutical Sciences
Ionic Liquids (ILs) are substances with a unique physical attribute compared to

that of solid ionic salts. At room temperature, ILs are molten salts that have a variety of
physical effects that can play a role in their impact on other molecules, as solvents or
solutes. They can play the role of the solvent in a variety of applications, from biofuels to
organic catalysis or as excipients in pharmaceutical formulations. These ILs have a
desirable use as solvents due to their ability to be tunable substances. Changing the cation
or anion of the IL causes a change in its physical effects on other molecules that interact
with it. The understanding that intermolecular forces play a large role in the IL’s physical
properties is well understood. But there are a plethora of cation and anion combinations
to form molten ILs and these interactions are rarely one size fits all regarding their impact
on biological substances. The focus of this thesis is on the physicochemical effect of
biologically compatible, or environmentally friendly, ILs’ impact on a set of model
biological macromolecules. The understandings gleamed from the results lead to a subset

of ILs and their impact on a subset of model biological structures to be applied to future

study and therapeutic applications.
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Chapter 1
Introduction
Section 1 Introduction and Literature Review
Section 1.1 Proteins

Proteins are specific macromolecules with highly evolved structures and
functions; they cannot easily be mimicked by small-molecule drugs or other chemicals.
Proteins require a large amount of energy to be synthesized by the cell from the DNA that
encodes them. Based on the Human Proteome project, there are more than 20,000
different genes that code for proteins in human cells.! Consequently, there are 20,000
different protein structures in human cells, for example, those involving structural cell
support and signaling for cell functionality. Further protein structures arise from post
translational modification, folding or cleavage errors, or amino acid mutations improperly
coded in the DNA. With so many different steps for error in the protein synthesis
pathways, there are possibilities for too much, too little, or misshapen proteins that lead
to disease. For example, the CFTR protein misfolding leads to cystic fibrosis, as well as
some cancers which some therapeutics have involved protein therapeutic intervention.
For the reason of protein specific disease, there are many different types of protein

therapeutics,” 3, biomarkers,* and interventions.> ¢ 7

According to Leader et. al, proteins are naturally synthesized in the body and will
have a low possibility of eliciting an immune response and causing stress or harm to the
recipient because of their specificity.? This makes proteins perfect therapeutic targets.

While successful protein therapies do not typically elicit an immune response, it is still
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possible that some proteins may be seen as foreign substances and elicit an immune
response from studied proteins that fail as therapies. Also, some proteins, due to their
hydrophilic or hydrophobic residues can lead to an issue entering the cell or through
therapeutic delivery. This knowledge leads to the understanding that solvents and
excipients play a large role in protein therapeutic delivery and utilizing other substances

to aid in delivery would be useful research.

Use of protein therapeutics is necessary for disease intervention and research has
been done on protein therapeutics for decades.? For example, insulin was discovered to
be the protein that is necessary for signaling to the body that it needs to start sugar
metabolism processes. For many people with diabetes, insulin is a necessary therapeutic
because their body is missing this protein.? With the large increase in protein
technologies and therapies, it is more important now than ever to understand the
fundamental interactions of excipient, solvent, or delivery molecules that could interact
with these proteins to keep them in a stable state for study, increase shelf life, or improve
therapeutic delivery. One option to lead to an improved impact of these technologies

would be the use of ionic liquids (ILs) for their tunable physicochemical effects. 8 ° 10

This thesis focuses on understanding how ILs affect model proteins. There are
various choices of model proteins available. Protein structure, ease of
availability/purification, or cost can affect these choices. A good model protein is one
that has a structure that might be shared by many proteins to apply the learned knowledge
fundamentally for better understanding. The model proteins of choice for these studies
were azurin and mCherry. Azurin is a good model protein as it has a mixed structure and

is easily available. Another good option for study is mCherry, as it has a large B-barrel
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structure which is a great model for understanding interactions with strong tertiary

structures. Methods for synthesis and purification are well known.!!

Azurin and mCherry are also easy to study and understand from a spectroscopic
standpoint. Azurin is a copper redox protein involved in the denitrification process of P.
aeruginosa and has a mixed structure, containing both B-sheets and a-helices.!? This
structure can be seen in Figure 1.1, from the protein database (pdb), showing the B-sheets
and a-helices, with the oxidized Cu®" as a blue ball in the core of the protein.!* The single
tryptophan residue is present in the structure and represented by the red ball. Trp is a
naturally occurring amino acid with an environmentally sensitive fluorescence. When
excited at 285 nm, the Trp in azurin gives rise to fluorescence emission at 308 nm,
indicative of a properly folded structure. Alternatively, if the protein is denatured, the Trp
is exposed to the solution and the solvation effects of water red shifts the emission to 355
nm. Example of these folded (308 nm) and unfolded (355 nm) spectra can be seen in

Figure 1.2.13

The protein mCherry was also chosen as a model protein for studying IL effects
because it has a different tertiary structure than azurin. The mCherry protein has a large
B-barrel structure which is structurally stable. The mCherry protein also has a
chromophore which can be seen in the center of the mCherry structure in Figure 1.3 and
has an absorbance at 579 nm. The protein structure is easily identified with its CD
spectrum, seen in Figure 1.4. The identifiable characteristics of the mCherry CD
spectrum are the two positive peaks at 265 nm and 345 nm. These wavelengths are a
result of the secondary structure of the mCherry, so when these peaks go to zero, it can be

thought of as unfolded mCherry protein. There is also a negative peak at 579 nm on the

3



CD spectrum and this is a result of the chromophore absorbing light. Using the technique
of CD spectroscopy, which is outlined in section 3, to identify the mCherry protein is
useful as it can help us identify if the chromophore is being affected by IL independently

from the rest of the secondary structure.



Figure 1.1. Azurin protein structure from the protein database (pdb) showing both a-
helices and B-sheets. The Cu?" ligand is a blue ball, and the red ball is the single
tryptophan residue in the protein.

85°C

25°C

Normallzed Fluorescence Intensity

Wavelength (nm)
Figure 1.2. The fluorescence spectra of both folded and unfolded azurin after excitation
at 285 nm; folded protein is indicated by the peak at 308 nm and 25 °C while unfolded
protein is indicated when the fluorescence red shifts to 355 nm at higher temperatures.



Figure 1.3. The VMD structure of the mCherry protein being studied, the chromophore
can be seen in the center of the structure (red) as well as the B-barrel structure (blue).
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Figure 1.4. CD spectra of mCherry in the presence of 0.5 M ChPhe and 1 mg/mL
mCherry in PBS pH 7; the peak at 579 nm comes from the chromophore of mCherry, the
positive and negative peaks being present indicate folded protein, and flat CD signal

indicate unfolded protein.



Section 1.2 Ionic Liquids (ILs)

ILs are molten salts at room temperature that are known to have various
physicochemical effects in a variety of applications.” 14 1% 16 171819 One such application
is their usefulness as an excipient, solvent or delivery material for protein or DNA
therapeutics.” '® !° Before they are used with therapeutics, the IL physicochemical effects

should be further understood.

ILs were reported as far back as 1912, and knowledge on their interactions and
usage has been growing since.?’ As stated before, ILs are ionic substances that are liquid
at room temperature and typically have a viscous consistency. This arises from the fact
that the ionic interactions between the cation and anion are not strong enough to form a
solid crystal lattice at room temperature so instead they remain and exist together in
liquid form.?! 22 23 Jonic interactions prevent them from being a liquid that flows very
easily, which gives rise to the increased viscosity. This has allowed ILs to be substances
coined as “designer solvents” because the cation and anion can be changed to tune the
desired properties.'® The applications that arise from ILs depend on the ions used for
cation and anion. Aprotic ionic liquids (AILs) are ILs that have low solubility in water
and range from pyridinium to imidazolium cations and typically are paired with a halide
group, like tetrafluoroborate or chloride for example. '° Protic ionic liquids (PILs) are ILs
that consist of Brensted acids or bases and typically have a proton transfer occur to form
the strong ionic interaction.'? PILs have seen application in the field of fuel cell

technologies as solvents and proton transfer interactions.'°



There are various subcategories of ILs in these previously mentioned categories
(PILs, AlILs, etc.) ILs have many different physicochemical interactions with a broad
distribution of molecules, polymers, or other substances, the focus in this thesis will be

more biologically centered.
1.3 G-Quadruplex DNA and RNA

It is known that DNA/RNA structures are comprised of the building blocks of five
polar nucleic bases. The bases consist of pyrimidines: cytosine, thymine, and uracil; as
well as purines: guanine and adenine. These nucleobases are bound to a
deoxyribose/ribose sugar which is connected to a phosphate group. These nucleotides are
connected via negatively charged phosphodiester backbone to form the DNA/RNA
strand. It is well known that these DNA/RNA sequences commonly form a helical
secondary structure (known as a topology). While this is the most common form of
DNA/RNA, the knowledge of other secondary structures that DNA/RNA can take has
been understood for over 50 years.?* 2 One such structure is the G-quadruplex (G4)
formation of DNA/RNA. A G4 tetrad is comprised of 4 guanine base pairs from the same
DNA/RNA strand on the same tetrahedral plane. These base pairs can form 2 Hoogsteen
hydrogen bonds with another guanine nucleotide as well as form n-r stacking interactions
to help stabilize the tetrad. Each guanine can be both an acceptor and donator for a
Hoogsteen hydrogen bond with an adjacent guanine nucleotide.?’ ¢ 27 The 6™ oxygen
atom in the guanine base pairs is responsible for coordinating with the metal cation (K",
Na", or Li") present in the core of the G4 DNA, allowing further stabilization of the
molecule. The metal coordinating cation pulls these oxygens away from the base pairs

allowing for stabilization of the Hoogsteen H-bonds. The conformation of the G4 tetrad
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can vary based on 5’ and 3’ directionality upon folding. This is what leads to parallel,

antiparallel, or hybrid structures.?® %°

There are various biological roles that G4 DNA/RNA take on, dependent on their
location in the sequence.’® 3! G-quadruplex DNA typically occurs at the telomeres of
chromosomes and in some cancer cell lines.>? 3> Without these structures, it is possible
for the DNA to unravel or even express at a time when it is not necessary for expression
to occur. These structures are typically stable on their own and can be denatured by
enzymes such as telomerases.?* 2° 3 When cells are healthy and maintain these
telomerases at a normal level for replication, there are typically no problems, and the
telomeres are released to allow normal gene expression.?* 26 When cells are unhealthy
and over express these telomerases, it is possible for them to destabilize the G-quadruplex

structures leading to cancerous cell lines.

For these reasons, stabilizing the G-quadruplex structure is a useful technique for
containing and preventing cancerous cell lines from forming. There are many kinds of
drugs used to stabilize the G-quadruplex structures to reduce the formation of different
cancers. One of the most relevant and recent drugs that have been found to easily bind to
and stabilize the G-quadruplex structures are porphyrin-based drugs.*> These porphyrin
rings are cationic and have a high affinity for the guanine tetrads. They can bind at the
top, bottom, or sides of the G-quadruplex.®> One such porphyrin drug was TMPyP4 or
a,B,y,0-Tetrakis(1-methylpyridinium-4-yl)porphyrin p-toluenesulfonate. This drug is well
known to bind to G-quadruplex structures and stabilize it to reduce the possibility of
cancerous cells forming. Previous work has shown that imidazolium chloride ILs can

reduce the binding of TMPyP4 to G-quadruplex DNA %

9



The amount of cancerous cell lines is wide and growing. Some examples include
the c-MYC, B16s, and others which form different types of cancers.?® The c-MYC cell
line is a popular target for G4 study as the G-quadruplex structures are commonly found
in these cell lines. In the c-MYC oncogene, there is a section of the strand upstream of
the c-MYC promoter region known as the nuclease-hypersensitive element I11; (NHE)
that is known to account for 75-85% of the total transcripted c-MYC oncogene.>®
Regulating and preventing the expression of this MY C transcription factor is useful for
reducing cancer formation. This can be done with the use of small molecule drugs like
the porphyrin drug, TMPyP4, to stabilize the G-quadruplex structure found in the
telomeres of MYC cell lines.?® There are many studies to support the study for this

topic.32 34 35

The structure of G-quadruplex DNA can be seen in Figure 1.5A where the
guanine base pairs are labeled with a “G”, the tetrads are represented in purple, and the
direction of the DNA strand is signified by the arrows. Another VMD representation of
the G-quadruplex DNA structure can be seen with K* represented by the yellow balls
(Figure 1.5B) and without K" (Figure 1.5C). The selected G-quadruplex DNA strand for
this thesis was the c-MY C oncogene Pu22, which was commercially purchased from
GenScript and can be seen in Figure 1.6. This DNA sequence is what forms the structure
in Figure 1.5A. The different topologies that are possible with G-quadruplex DNA can be
seen in Figure 1.7 where the parallel, anti-parallel, and hybrid topologies are shown
respectively at the bottom of Figure 1.7.2% The sequence from the Pu22 oncogene utilized
was found to form the parallel topology based on the CD spectrum related to other

sources.®’ 8 There would be value to have knowledge of the physicochemical effects of
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various ILs interacting with the G-quadruplex DNA. The ILs used in this DNA study can

be seen in Figure 1.8 below.

G-quadruplex RNA is a very similar structure to G-quadruplex DNA. The few
differences are that RNA contains an extra oxygen atom on the 2’ carbon on the ribose
backbone of the nucleotide, as well as the replacement of thymine to uracil in RNA
sequences. G-Quadruplex RNA structures are another useful model molecule for testing
ILs. This is because of the wide array of applications ranging from genetic regulation to
RNA vaccine technologies.*® 4° There has been some study of ILs with RNA structures
and there is promise in the use of ILs to stabilize RNA in forms that are less stable.*! 42 It
1s known that RN Ases cause an increase in destabilization of RNA structures, but not
DNA structures.*® This is an important understanding for handling of RNA during
research as well as storage and delivery issues. Use of G-quadruplex RNA is another

model molecule like G-quadruplex DNA useful for gaining further understanding how

ILs interact with the structure.
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Figure 1.5. This figure shows a (A) cartoon representation of the Pu22 DNA folded into
the G-quadruplex form and a (B) simulated VMD G-quadruplex DNA with K" and C)

without K™.
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5'-TGAG'G'G'TG’G*G’TAG’G’G’TG"G'G'TAA-3'
Figure 1.6. The Pu22 DNA sequence that was purchased commercially by GenScript and

used in these studies. It is the same sequence that forms the structure seen in Figure 1.5.

(€

Trends in Chemistry

Figure 1.7. This is an example of all 3 topological types of G-quadruplex DNA. (A), (B),

and (C) show the tetrad of the G-quadruplex; (D) is showing the parallel topology, (E) is

showing the antiparallel topology and (F) is the hybrid topology.®
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Figure 1.8. A ChemDraw figure, representing the structures of the various imidazolium
chloride (ImCl) ILs. The two longest chain ImCI ILs [OMIM]CI and [DMIM]CI form

micelles in aqueous solution.
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Section 1.4 Biomolecules and ILs

There are many studies that involve protein interactions with ILs. One notable
study, published in 2017 by Singh et al,* focused on imidazolium chloride ILs with
increasing hydrophobicity. It was observed in this study that the mechanism by which the
IL interacted with Cytochrome-c (Cyt-c) was with hydrophobic side chains with
increasing hydrophobicity. The increasing hydrophobicity of these ILs arises from the
increasing alkyl side chain length. This study was done at room temperature over a 6-
month period to measure structural stability using CD spectroscopy. Structural stability
was observed due to the mechanism of supporting the a-helices from hydrophobic

interactions.**

In a separate source discussing IL interactions with Cyt-c, amino acid ionic
liquids (AAILs) were used to observe stability and activity of the enzyme in the presence
of AAILs.* This 2019 study discussed the use of both spectroscopic techniques and
molecular dynamics (MD) simulations were used to identify and strengthen their
understanding of AAIL interactions with Cyt-c showing structural stability and enzymatic
activity in the presence of AAILs.*> According to Sahoo et al, the CD spectra measured
showed both secondary and tertiary structure. At the far-UV spectra (200-250 nm) it was
observed that the secondary structure of the protein was identified through the backbone
of the amino acid residues. Any changes to these spectra would indicate a change in the
stability of the protein. Sahoo observed that in the far-UV range, spectra beyond 10 mM
IL could not be measured as there was enhanced high tension voltage, so, IL
concentrations below this value were measured. The results showed a change in the

secondary structure of Cyt-c which was quantified by the CD signal at 222 nm. This
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signal gave rise to a-helical content which was a result of the bond angle changing. This
is an in-depth quantification of the stability of the protein based on CD signal intensity.
This study concluded that AAILs where amino acids are the anion show structural

stability on the protein, but not when amino acids are the cation.

There are a wide variety of studies that refer to ILs interacting with proteins.** 4°

46 47 48 49 These studies are done on protein stability with ILs. There are various studies
that have an explanation of how the IL cation or anion may play a role in the impact it
has on the stabilizing of protein structures. Some studies show that ILs can stabilize

protein structures.** 43 Other studies have shown that ILs have the opposite effect.® 12 13 48

50

These protein-IL studies show that ILs clearly have a strong effect on proteins and
more studies need to be done to determine the extent of their effects. Later in this work,
proteins are used for further understanding the effects of ILs on protein tertiary structures.
As mentioned before, utilizing ILs as a part of protein therapeutics and storage stability is
useful in all kinds of applications.? 3 > ® With this in mind, the next step is to decide which
ILs to study for further understanding. There is a large implication for the use of PILs,

one of which being AAIL-protein interactions.

This thesis will later show results of AAILs with proteins where the amino acid
(AA) is the anion. According to literature, the AAILs in which the AA is the anion should
increase stability of protein structures.® *° 48 Because AAs are the monomers of proteins
in biological species, AAILs are understood to be biodegradable and less toxic than other

ILs, especially choline-amino acid ILs (ChAAILSs).?! 3! 32 AAILs are also cost effective
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as the AAs can be purchased, cheaply and in large amounts. The opposite ion to the AA
in AAILs can be any other positive or negative ion, which means that AAILs can exist
where the amino acid is the anion or the cation.>? This means that AAILs can be versatile,
tunable materials, and further study would be useful for a variety of applications.? 3 > °

Because we want to find AAILs that stabilize proteins, we chose to make AAs the anion

in this study.

To understand how ILs interact with proteins, one must understand the
Hofmeister effects on proteins and enzymes. The Hofmeister effects, as according to
Yang, on a molecular level is far from complete even after a century of study both
experimentally and computationally.>® But the overall understanding is that “...at low salt
concentrations (0-0.01 M) ions affect enzymes and proteins mainly through electrostatic
forces.”>* At higher concentrations, ions have an effect with water that causes a
disruption between the water molecules and the protein, causing a water-protein
interaction from the ions to be a specific type of interaction. Namely, the ion starts to act
like a substrate, cofactor, or inhibitor of the enzyme or protein. This could cause a slew of
physical effects, like affecting the enzyme/protein activity, the stability of the molecule or

protein aggregation.>* >*

Ions can be kosmotropic or chaotropic depending on their ability to interact with
water. Hofmeister effects are overall based on the understanding that changes to the bulk
water structure can be affected by ions and their strength.>®> An ion can be kosmotropic
when it “makes” hydrogen bonds in the water structure and an ion is chaotropic when it
“breaks” hydrogen bonds in the bulk water structure.® >3 Kosmotropic ions are typically

small ions, the surface charge density is high, and the hydration is strong. Chaotropes
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have a completely opposite effect to kosmotropes referring to protein-water interactions.
These effects are the currently understood Hofmeister effects of kosmotropes and

chaotropes on protein-water interactions.

Hofmeister kosmotropes have a very strong stabilizing effect on protein-water
interactions. This means that kosmotropes can have an increase in affecting protein
stability and chaotropes have the opposite effect. In the Hofmeister series, cations are
observed to have a less impactful effect on protein water interactions in comparison to
anions of the same charge density.>* According to Yang, the protein-water effect that ions
have in aqueous salt solutions with decreasing effects from each other are: kosmotrope-
kosmotrope>kosmotrope-water>water-water>chaotrope-water>chaotrope-chaotrope.>
For example, a kosmotropic cation and kosmotropic anion are more likely to associate (or
make an ion-pair) when in water as compared to kosmotrope-water interaction because
they have such high affinity for each rather than interact with water. This same
interaction goes for two chaotropic ions.>* These effects can pull away interactions of the
protein surface with the water solvent that it sits in, affecting the physical effects it
experiences and therefore causing an increase or decrease in stability dependent on

Hofmeister effects.

ILs have been shown to sometimes follow Hofmeister series effects and
sometimes not follow these effects.>* >° % 37 38 This indicates that while the Hofmeister
series is a good model to follow for understanding some IL effects on proteins, it cannot
completely explain protein-IL interactions. From the understanding of Hofmeister effects,
it can be understood that an IL made up of a chaotropic cation and a kosmotropic anion

would be the ideal IL composition for protein-IL stabilization effects and to maintain
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activity.” Even knowing this, there are still other effects like hydrophobicity and

polarizability that can explain IL-protein interactions.

Kosmotropic and chaotropic effects are also known to be related to viscosity of
ILs. This can be seen in the Jones Dole equation.>® The B value in the Jones Dole
equation is used to quantify viscosity and can indicate whether a cation or anion is
kosmotropic or chaotropic. With the understanding that IL cations and anions could be
either kosmotropic or chaotropic, can tell us about the kind of ions to use to tune ideal

ILs.>?

It is understood that the D-form of amino acids are typically more kosmotropic
ions, but that understanding is very broadly understood when it comes to amino acids.>?
Overall, this knowledge is necessary for understanding how AAILSs fit into the narrative

of protein structure stabilization.

To round out our discussion of ILs with biological macromolecules, there is
insight to lead to further study of ILs with protein and G-quadruplex DNA/RNA. There is
indication that ILs have an effect on the structure and in turn, thermal stability of the G-
quadruplex.® > There are many kinds of ILs that have differing effects on proteins and
DNA/RNA structures. ILs, as mentioned before, are molten liquid salts at room
temperature. Unlike other salts, they rarely form a completely solid form and instead
supercool when falling below the freezing point and undergo a glass transition.*
Depending on the cation or anion present there can be a completely different observed
effect. For example, imidazolium based ILs can be tuned by increasing the length of the

alkyl chain and therefore increase hydrophobicity. This attribute of ILs allows them to be
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useful tunable substances for a collection of physical interactions. ILs are a suitable
candidate for our study on both proteins and DNA as described later in this work. ILs
have a broad potential for the future in pharmaceuticals, catalysis, or biofuels.'8 5! 61 62
With this in mind, understanding fundamental physicochemical properties of ILs on

different biological molecules is important for understanding their usefulness in

therapeutics in the future.
Section 1.5 Amino Acid Ionic Liquids (AAILs)

Recently, amino acid ionic liquids (AAILs) have been used in pharmaceuticals
and other “green chemistry” as they are biodegradable.>! 3 % Amino acids (AAs) are the
building blocks for proteins and therefore have a large implication to be used as safe
excipients in formulations of pharmaceuticals. They also have many implications for
interactions with proteins, so studies on protein therapies or industrial applications of

proteins in environmental applications show promise for new studies.* 1 44 45 61 62

AAILSs are biocompatible as amino acids are monomers of proteins in the human
body. These AAILs have shown effects on biological systems.'> >! 52 With this in mind,
this means that AAILSs are a perfect target for study and useful, tunable material for
testing biological molecules. As mentioned previously, there are many studies in which
AAILSs have shown promise for development as solvents or use in stabilization of
biological molecules.” !° ¢  For this reason, we have chosen AAILs for the study
involving protein interactions. Imidazolium chloride ILs were also utilized to test

hydrophobic interactions on G-quadruplex DNA/RNA structures.
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Section 1.6 Choline Based AAILs

AAILSs have been synthesized and studied as far back as 2005 by Fukumoto and
his group.®® The amino acids used were of the 20 essential amino acids and the cation in
this study was 1-ethyl-3-methylimidazolium (EMIM).¢ Imidazolium based ILs have
been around for decades as well and an alternative with less toxicity would be a
wonderful target of study.>? Using a molecule that is already present in biological systems
may lead to a decrease toxicity.?* It was discovered that choline is a biocompatible IL
component as it is a molecule that is present in biological systems.?? ® The structures of
choline and some of the utilized amino acids in this study can be seen in Figure 1.9.
There are various studies indicative of the physicochemical properties of some choline-
amino acid ILs (ChAAILs) which have identified properties like decomposition
temperature and viscosity.?! ®® The effect of these ILs on biological systems has some
gaps left to be filled.?* ° % 7% Some understanding of the toxicity of AAILSs has been
researched and outlined.'> % ® The studies available for understanding how AAILSs are
affecting biological systems have gaps, and this study can help improve the knowledge

and understanding of ILs to help fill in that gap.
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Figure 1.9. ChemDraw choline AAIL structures. This figure shows the choline cation on
the left side of the figure, and some of the amino acid anions that were paired with the

choline cations.
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Section 1.7 TMG Based AAILs

The next kind of AAIL utilized in these studies is that with a different cation base.
The cation in this case is 1,1,3,3-tetramethylguanidine (TMG) which is a molecule with a
guanidine base and 4 methyl groups attached at the 1% and 3™ carbons around the
guanidine base. This molecule allows for in-house synthesis of ILs as it is a commercially
available substance. It has many nitrogen atoms in the structure which provides the
potential of being a cation with amino acid anions as an AAIL. TMG is a molecule that is
environmentally friendly and easy to use for synthesis.!” The TMG molecule has promise
for future biotechnology and little study has been done on TMGAAILSs. This study is
hoping to provide more information of TMGAAIL physicochemical effects. Some of the
studies with TMG based ILs are mentioned here.!! 13 1759 71 72 Because it is more
environmentally friendly, this allows for more use in agriculture or other biotechnology
as study has been done to show that TMG cation based ILs are biodegradable compared
to other ILs.”® The structure of TMG and some of the 20 essential amino acids can be

seen below in Figure 1.10.
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Figure 1.10. The figure shows a ChemDraw of TMG (left side) and some of the many

amino acids (right side) tested in the studies below.
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Section 2 Experimental Techniques
Section 2.1 Synthesis of ILs

Section 2.1.1 Synthesis of ChAAILSs. The technique for synthesizing the
ChAAILs was adapted from a paper on cholinium-amino acid based ILs by De Santis et
al.>® Amino acid was obtained commercially in its L chiral isomer form. This amino acid
is weighed out for a 1:1 mole ratio of amino acid to choline respectively. Then an extra
~10% excess is added and the solid is dissolved in DI water and stirred for about 20-30
minutes. Then, the volume of choline hydroxide was added dropwise until it is all stirred
in completely. During this time, the solution is kept in an ice bath around 0-5°C
overnight. This solution was then evaporated under vacuum until all water was removed.
The sample was mixed with 20 mL of a 9:1 ratio of acetonitrile and methanol and
allowed to stir for 20-30 minutes to precipitate the excess amino acid that did not react.
This sample was then subjected to vacuum filtration to separate the precipitated amino
acid from the IL and the solvent. This separated solution was then poured into another
clean and dry round bottom flask and the solvent was evaporated under vacuum until all
solvent was removed. After the solvent is removed, we then added a step of using
charcoal to completely decolorize every AAIL that was used in these studies. This was to
make sure that no color was present to absorb the light in the region that we detect the
biological sample.”® 10 mL of DI water, and about 1.5 g of activated charcoal were added
to the AAIL sample and mixed for about 45 minutes. After stirring, the charcoal and
AAIL solution was poured through a vacuum filter once again and from this point, all

charcoal was removed, and we were left with our AAIL dissolved in water. The water
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was removed by evaporation under vacuum. These AAILs were then analyzed using FT-

IR and compared to known IR spectra of ChAAILs.

Section 2.1.2 Synthesis of TMGAAILs. TMGAAIL synthesis and purification
was adapted from previous works.!! 3 7 TMG and amino acid were mixed in a 1:1 mole
ratio in water under nitrogen purging during stirring. After sufficient stirring, water was
evaporated under vacuum. Then, 10 mL of DI water was added to the IL along with 1.5 g
of activated charcoal and allowed to stir for 45 minutes. Next, the sample was put
through vacuum filtration and the water from the sample evaporated under vacuum as

well.
Section 2.2 Preparing Proteins for Study

Both azurin and mCherry have a very specific synthesis and purification
procedure that has a unique way of isolating the desired protein. While both proteins have
specific techniques for isolating the desired protein, some steps are similar. Azurin was
purchased through Genscript (Piscataway, NJ) utilizing the plasmid (PDB ID “1AZU”)
from Pseudomonas aeruginosa and incorporated into kanamycin resistant E. coli for easy
growth and expression. For mCherry (PDB ID “2H5Q”), the plasmid pet28b was
purchased from GenScript (Piscataway, NJ) and incorporated similarly to azurin and the

E. coli was utilized for overexpression.

The procedure for purifying azurin has been well studied and was adapted from
past sources.'? 13 The kanamycin-resistant E. coli was streaked on an LB Agar plate
containing 10 pg/mL of kanamycin and allowed to grow overnight in an incubator kept at

37°C. From this plate, a single colony was chosen, assuming that this colony was
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replicated from a singular bacterium. This colony was added into a 3 mL solution of LB
broth with 80 pg/mL MgSQO4, 1 ug/mL CuSOs, and 10 pg/mL kanamycin and grew
overnight at 37°C. This culture was poured into a large 1 L broth of the same nutrients
kept at 37°C and shaking at 170 rpm. This broth of E. coli was allowed to reach
exponential growth phase when the ODgsoo more than doubled from the previous
measurement. At this point, a 0.1 M solution of Isopropyl B-D-1-thiogalactopyranoside
(IPTG, Alfa Aesar) was mixed with DI water and added to the 1 L broth to reach a final

concentration of 0.1 mM IPTG.

The next step occurs at least six hours after adding the IPTG to induce expression.
The 1 L broth was then poured into centrifuge bottles and placed in a Beckman Coulter
JLA-16.250 rotor which was then placed into a Beckman Coulter Avanti JXN-26
centrifuge and spun at 11,000 rpm for 20 minutes. After the centrifugation, the
supernatant was decanted, and the pellet was saved. This would then be centrifuged on a
different benchtop centrifuge, a Beckman Coulter Allegra X-14R centrifuge, and the
pellet was saved and kept in a -80°C freezer. Up until this point, the same procedure was

used for mCherry.!?

Section 2.3 Azurin Protein Purification

The next day, the saved pellet of E. coli cells was taken out of the freezer and a
lysis buffer (pH 8.1, Tris base 0.01 M, 20% sucrose and 1 mM EDTA) was added to the
pellet and vortexed. Once ready to start lysis, 12 mg of refrigerated lysozyme was added
to the solution to aid in the breakdown of the cell membrane. After vortexing, the

solution was placed in an ice bath and sonicated. This sonication occurred for 2 minutes,
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15 seconds on and 15 seconds off at 40% amplification. The tip used has around 46
amplitudes at 40% amplification. Next, this solution is centrifuged in a Sorvall SS-34
rotor which was then secured in a Sorvall RC5B Plus centrifuge and centrifuged at
12,000 rpm for 20 minutes. Afterwards, the supernatant was kept, and the pellet was

discarded.

Next, this solution was mixed with a buffer containing 0.5 M ammonium acetate
and pH adjusted to 4.1. After letting this mixture sit for 30 minutes, while stirring
occasionally, the solution was centrifuged once again at 10,000 rpm for 20 minutes. After
the centrifugation process, the pellet was discarded, and the supernatant was kept. This
solution contained the azurin protein and needed to be further purified through column

chromatography.

The separation technique used in the purification of azurin was ion exchange
chromatography, specifically cation exchange. The cation exchange separation utilized
pH change to separate the protein from the stationary phase. This column utilized CM-
sephadex fast flow resin (GE Healthcare) as the matrix for the stationary phase. This
stationary phase is a weak cation exchange resin. The mobile phase used to equilibrate
the column was a 0.05 M ammonium acetate buffer at pH 4.1. After column
equilibration, the centrifuged supernatant from the previous step was added to the top of
the column. The mobile phase was changed to a second buffer to elute the protein, 0.05
M Ammonium acetate buffer with pH 5.1. In the fractions collected from this first run,
there was 10 uL of 0.5 M CuCl; then each fraction was tested for the presence of azurin
protein by saving fractions with the greatest absorbance at 680 nm. After column re-

equilibration, the saved protein fractions were added to the column and a pH gradient
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elution procedure was used. The first buffer used was 0.05 M ammonium acetate pH 4.1,
and the final buffer was, 0.05 M ammonium acetate pH 9.1, to elute in a gradient from

pH 4.1 to 9.1. The bluest fractions were then saved, dialyzed, and lyophilized.
Section 2.4 mCherry Protein Purification

A similar protein purification technique came from a previous study in our
group.!! After E. coli cell growth and extraction, 15 mL of a lysis buffer (5 mM PBS
(phosphate buffer saline) with 10 mM NaCl and 5 mM EDTA) was added to the cell
pellet. This solution was resuspended by vortexing until homogenous. After letting the
sample sit for 5-10 minutes, the sample was placed in an ice bath and sonicated. The
mCherry sonication was 2 minutes time, 30 seconds on, 30 seconds off at 40%
amplification repeated 10 times. Following this step, the sample was centrifuged at
17,000 rpm for 15 minutes, the pellet in the centrifuged sample was discarded and the

supernatant was saved.

The first utilized separation technique was ammonium sulfate precipitation. The
sample needed to be brought up to a concentration of 50% ammonium sulfate, and to do
this, the concentration needed to be calculated using the EnCor Biotechnology website.
The value of mass needed was then weighed out and added slowly to the sample while
stirring over the course of an hour at room temperature. After stirring, the sample was
centrifuged in the same Sorvall RC5B Plus centrifuge at 17,000 rpm for 20 minutes. The
pellet was then discarded, and the supernatant was saved. To precipitate out mCherry
protein, the sample was brought to 65% ammonium sulfate concentration over the course

of another hour while stirring to ensure complete precipitation. This sample then needed
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to be centrifuged as well in the same centrifuge at 17,000 rpm for 20 minutes. The pellet
was saved from the sample, and the supernatant was tossed out as waste. The pellet was
resuspended using a 10 mM PBS buffer. The sample was transferred to dialysis snakeskin
tubing with a MWCO of 10,000 (ThermoFisher). The tubing with the sample was placed
into a large 4 L bucket of dialysis buffer, containing 5 mM PBS at pH 7 with 10 mL of
Tween 20 (Amresco) added to reduce the protein from sticking to the snakeskin tubing.

This dialysis was allowed to stir slowly overnight for a maximum of 12 hours.

The dialysis bag was taken out of the 4 L bucket of dialysis buffer and then
transferred into a centrifuge tube and centrifuged for about 10 mins at 4,200 rpm in the
Beckman Coulter Allegra X-14R centrifuge. The pellet was tossed in the waste and the
supernatant is saved and added to an ion exchange chromatography column. The
stationary phase utilized in this procedure is a Q-sephadex matrix (GE Healthcare). The
mobile phase that was used to equilibrate this column was a low NaCl PBS buffer with
20 mM phosphate pH 7 and 10 mM NacCl. The resin is washed with this buffer for 3
column volumes. The mCherry was eluted using a mobile phase gradient hopper and a
pump. The first buffer was a low salt buffer (10 mM phosphate, pH 7 and 10 mM NaCl)
previously used to equilibrate the resin. The second buffer of high salt (10 mM
phosphate, pH 7 and 100 mM NaCl) was added to fill the same volume of low salt buffer
added. This technique was to elute the mCherry over a salt concentration gradient.

Throughout this run, 2 mL fractions were collected sequentially.

The 10 most purple samples were saved and tested utilizing SDS-PAGE. The
SDS sample buffer contained 66 mM Tris-HCI, pH 6.8, 26% (w/v) glycerol, 2% SDS,

0.01% bromophenol blue and 10% B-mercaptoethanol which needs to be added just
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before starting the experiment. The tank buffer for running the gel was 0.025 M Tris,
0.192 Glycine, 0.1% SDS and pH 8.3 for running the SDS-PAGE at 190 V for about 90
minutes. The gel was then removed from its casing and placed into a holder from a
GenScript eStain L1 Protein Staining System. This staining system comes prepped ready
to run Coomassie staining solution and de-staining solution through the gel in a matter of
10 minutes. The fraction samples with the most mCherry protein were saved. These
samples were placed into snakeskin dialysis tubing with MWCO of 10,000 Da
(Thermofisher). The same 4 L dialysis buffer was made again and allowed to stir
overnight slowly for the maximum 12 hours to dialyze. The final step is to freeze the
sample in liquid N> and place it on a LabConco FreeZone 25 Plus lyophilizer to obtain

solid mCherry protein for thermal stability studies.

Section 2.5 G-quadruplex DNA/RNA Preparation

The ILs used in these experiments were 1-decyl-3-methylimidazolium chloride
([DMIM]CI, Tokyo Chemical Industry, 96%), 1-methyl-3-n-octylimidazolium chloride
([OMIM]CI, Alfa Aesar, 97%), 1-n-hexyl-3-methylimidazolium chloride ((HMIM]CI,
Alfa Aesar, 98%), 1-butyl-3-methylimidazolium chloride ((BMIM]CI, Tokyo Chemical
Industry, 98%), and 1-ethyl-3-methylimidazolium chloride ((EMIM]CI, Aldrich, 98%).
These IL structures can be seen in Figure 1.8. The buffer used for all experiments was 10
mM Tris buffer pH 7.5 with 0.1 mM ethylenediaminetetraacetic acid (EDTA). This
buffer, and most solutions used throughout DNA/RNA experiments, was kept free of K™
and Na" unless stated otherwise. The correct pH was achieved by optimizing amounts of
Tris and TrisHCI. In some tests, KCl was added to the buffer at a concentration of 100

mM.
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Lyophilized G-quadruplex DNA (sequence 5°-
TGAG'G'G'TG*G’G*TAG’G*G’TG*G*G*TAA-3") was obtained from GenScript
(Piscataway, NJ). A 50 mM stock solution was prepared in the K *-free buffer and
subjected to an annealing procedure’ in which the solution was heated to 95°C for 5
minutes then allowed to cool to room temperature on the bench and stored overnight at
4°C. The DNA concentration in all final solutions was 5 mM. All solutions, except the G-
quadruplex DNA stock, were prepared fresh at room temperature about 1 hour prior to
measurement. These same techniques are applicable to G-quadruplex RNA prepared for
thermal unfolding experiments. Some samples were made with K* by adding 100 mM

KClI to the buffer used.

Section 3 Spectroscopy

In this work, there are many techniques utilized to analyze the effects of ILs on
biological systems outlined herein. Proteins are typically concentrated enough for
techniques like CD spectroscopy and fluorescence spectroscopy for thermal stability
studies. DNA/RNA thermal stability studies can be analyzed with CD spectroscopy as

well.

Circular dichroism (CD) spectroscopy was performed with a J4ASCO J-1500 CD
Spectrometer that utilizes a Peltier-based heating device and a Koolance EXOS Liquid
Cooling System for temperature control. Samples were placed in a 1 mM pathlength

quartz cuvette and capped to prevent water evaporation.

Fluorescence spectroscopy was utilized for collecting thermal unfolding assays of

azurin protein. The spectrofluorometer used is a Horiba FluoroMax with thermal control
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unit Quantum NorthWest TC 1 Temperature Controller and a Koolance EXT-440 Liquid
Cooling System to cool or heat the cuvette holder. Samples were then placed into a 3 mm

path length fluorescence quartz cuvette and capped to prevent water evaporation.

CD spectroscopy is a useful technique for a deeper understanding of chiral
molecules. It is understood that amino acids are chiral molecules which make proteins the
perfect target of study with CD spectroscopy techniques.”® CD spectroscopy helps us to
analyze chiral molecules by sending polarized light through the sample. If the chiral
molecule in the sample is more right-handed than left-handed, then the spectrum will
exhibit a negative peak in the peptide bond absorbance region.’® If the signal is more left-
handed than right-handed, then the CD signal will exhibit a more positive than negative
peak.”® This comes from the circular polarized light being made into an elliptical pattern
which is specific only to chiral molecules bending the light.”® This bending of light in one
direction more than another is known as dichroism. CD Spectroscopy, in our case, is
measured in units of mdeg. This technique is useful for chiral molecules like proteins and
G-quadruplex DNA. This will be helpful for identifying the molecule and give rise to

interpretation of the secondary and tertiary structures being interrupted in any way.

The next spectroscopic method utilized was fluorescence, which is a particularly
sensitive technique. While fluorescence is not always used for protein stability studies, it
is very useful for the study of the protein azurin which will be discussed in greater detail
in this study. Azurin has a single tryptophan residue buried in the center of the protein
and, when excited at 285 nm, the tryptophan residue has an emission at 308 nm. This can
be seen in Figure 1.2 where the peak is in the region of 308 nm when folded. When the

protein is unfolded and excited at 285 nm, the tryptophan residue is exposed to the
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surrounding water and solvation effects give rise to emission energy at 355 nm. This
altered fluorescence from the single tryptophan residue can help us identify folded versus

unfolded azurin protein so that thermal stability can be quantified.

Fluorescence works through sending a wave of energy in the form of a photon to
the sample at a very specific wavelength. The wavelength chosen is based on the
excitation of the highest occupied molecular orbital (HOMO) of the fluorophore. When
the photon of the excitation wavelength hits the sample, it excites the electron in the
HOMO and then sits in the lowest unoccupied molecular orbital (LUMO) briefly and the
energy released as the electron moves back to the HOMO is the emission fluorescence
signal.”’ 7 This emission signal is very sensitive and gives rise to the shape of the graph
of fluorescence from the fluorophore. For example, in Figure 1.2, the emission from 295

nm to 450 nm of azurin in aqueous solution is shown at 25 °C and 85 °C.
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Chapter 2

Fundamental Thermal Destabilization Studies on the Protein Azurin With Both

Choline and TMG Amino Acid Ionic Liquids (AAILS)
Section 1 Introduction

It is well known in the scientific community that proteins are an important
therapeutic and a model substance for improving disease treatment and novel drug
development.? ? Specifically, there are a wide variety of protein secondary and tertiary
structures that play roles in both its function and stability. Azurin is an optimal choice of
model protein because of ease of availability and the mixed tertiary structure. The azurin
protein contains both a-helices and -sheets which makes the protein an ideal model for
fundamental IL studies.'? As mentioned previously, AAILs have seen some study on
proteins.!! 4 49 30 And there are vastly more protein-IL studies that involve different IL
cation-anion structures that show varying conclusions.** 46 7 7 80 81 Thjg thesis seeks to
further improve the knowledge on AAILs and provide an organizational, or fundamental
difference between different AA structures and relate them to protein-IL thermal stability
effects. The simplest way this can be done is organizing by AA side chain structure and
analyzing for an observable pattern. It is known that there are a variety of interactions
that proteins experience to cause thermal unfolding. AA residues have stronger or weaker
effects on stabilizing the protein, internally or externally, depending on the temperature of
the environment. Therefore, the effect that external AAILs have on protein thermal
stability has little understanding, and much of what can provide insight in this study will
be based on Hoffmeister effects and intermolecular forces from AAILs on protein-water

surface interactions.> %2 83
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Section 2 Experimental Data

The thermal stability studies outlined herein were completed by using
fluorescence to observe structural changes in the azurin as a function of temperature.
Solutions were made with 1 mg/mL of azurin and 0.5 M AAIL in DI water. These
samples were placed in a small 125 pL cuvette and placed into a Horiba Fluoromax for
obtaining the fluorescence spectra. The procedure is as follows:the excitations
wavelength was set to 285 nm, and the emission spectra measured 295-450 nm. The
temperature was set to 25 °C to start, then the temperature is increased by ~5 °C until
unfolding is reached. Embedded between the -sheet structures in azurin, there is exactly
one tryptophan residue in the azurin protein. This can be seen in Figure 1.1 as the red
ball. When the azurin protein is folded in its natural state, the tryptophan residue will emit
at a wavelength of 308 nm once excited at 285 nm. This intense peak at 308 nm will shift
to the red at 355 nm when unfolded, or denatured, and exposed to the solvation effects of
water. An example of folded and unfolded azurin protein can be seen in the previous
chapter in Figure 1.2. Because fluorescence is a very sensitive technique, there is an
obvious shift or change to the spectra, even with as little as 1 mg/mL of azurin protein

present in solution.
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Figure 2.1. This is a Sample of the Fluorescence Spectra of 1 mg/mL of Azurin with 0.5
M TMGSer. This shows spectra measured across increments of 5 °C until the azurin
unfolds. Each spectrum is excited at 285 nm and measured 295-450 nm.
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Figure 2.2. This is the equation used for calculating a ratio of the intensity at 355 nm
divided by the intensity at 308 nm to get an unfolding fitting curve based on the folded
and unfolded state approximation.
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Figure 2.3. A sample unfolding curve for 0.5 M TMGSer. Each temperature measurement
can be seen outlined on the x-axis and the y-axis shows normalized fluorescence intensity
from the previous analysis outlined in Figure 2.2.
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Figure 2.4. The equation used to fit a line to the unfolding curve shown in Figure 2.3.
This equation relates temperature to unfolded fraction of protein, which can provide us
Wlth AHunf and ASunf.
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An example of a full experiment with all spectra can be seen in Figure 2.1. This
experiment was done with 0.5 M TMGSer and 1 mg/mL azurin and it was conducted with
increasing temperature in ~5 °C increments past protein unfolding. With these spectra we
can utilize the equation in Figure 2.2 to provide a ratio of folded protein indicated by 308
nm, and the unfolded azurin protein at 355 nm. As the 308 nm intensity decreases, the
355 nm intensity peak increases simultaneously in most cases, and this will provide an
unfolding curve data set of the ratio of fluorescence intensities as a function of increasing
temperature. These data points can be plotted and normalized as seen in Figure 2.3 with a
line fitted to the data points as well. This fitting function can be seen as the equation in
Figure 2.4 relating temperature (x-value) to fraction unfolded protein (y-value). This
fitting equation can provide information such as AHunfolding (AHunf) and ASunfolding (ASunt)
which is useful for identifying how the ILs affect the thermodynamics of the protein’s
thermal stability. In Figure 2.5, one can see the unfolding curves of the 0.5 M
TMGAAILSs in the presence of azurin. The y-axis is normalized unfolded fraction, which
translates to 1 being the unfolded protein and 0 being the folded protein as can be
interpreted by our analysis forming an unfolding curve, derived from the equation in
Figure 2.2. The inflection point, where the unfolding curve is halfway on the y axis,
indicates the melting temperature (Tm) of the protein in the presence of the AAIL. For
example, the inflection point of 0.5 M TMGVal is around 42°C. A similar figure was
generated from the 0.5 M ChAAILs with azurin which can be seen in Figure 2.6. This
figure can be analyzed in a similar way, observing the inflection point of each unfolding
curve as the Ti, of each AAIL. The next data set to observe is the graph of melting

temperatures. Here, in Figure 2.7, you can see the T of all 0.5 M TMGAAILSs on azurin
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organized by decreasing destabilization. Similar in fashion to the previous figure, one can

see another summary figure of all T values for 0.5 M ChAAILs with azurin in Figure

2.8.
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Figure 2.5. A summary figure of 0.5 M TMGAAILs with 1 mg/mL azurin thermal
unfolding curves. On the y-axis, 0 indicates folded protein and closer to 1 indicates

unfolded protein.
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Figure 2.6. This is a summary figure of all 0.5 M ChAAILs tested with 1 mg/mL azurin
thermal unfolding curves. Any shift to the right, from the control sample, indicating an
increase of melting temperature (at half max) would mean stabilizing the protein.
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Figure 2.7. This is a figure showing the T, values for each 0.5 M TMGAAIL on azurin.
These values are organized by decreasing destabilization.
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Figure 2.8. This shows the T values of all 0.5 M ChAAILs tested on azurin organized
by decreasing destabilization.
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Figure 2.9. These are the 20 essential amino acid (AA) structures organized by similar
side chain properties. Basic lead to positively charged side chains, acidic lead to

negatively charged side chains.
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Section 3 Discussion

The data provided can be analyzed and interpreted in many ways. But the main
objective interpretation comes from Figures 2.5 and 2.6. In these figures, any unfolding
curve with a shifted inflection point with respect to the control sample (DI water) can
indicate thermal stabilization or destabilization. Any shift of the inflection point to the left
(lower temperature) of the initial control sample of azurin would indicate a thermal
destabilization of the azurin. In both Figures 2.5 and 2.6, all TMGAAILs and ChAAILs
have an inflection point shifted to the left. This shift to the left indicates a decrease in the
Tm and therefore a thermal destabilization of the azurin protein in the presence of 0.5 M
TMGAAILs or 0.5 M ChAAILs. One can try to identify a pattern in the destabilization
effect of the AAILs based on the structure of the side chain of the AA in AAILs and their
properties. These properties can be seen in Figure 2.9 with the common side chain
structures and properties of the 20 essential AAs. It is well known that hydrophobic
effects are the strongest and most impactful for causing protein folding.®? But when it
comes to protein stability and protein unfolding, the strongest effects that scientists come
to agree affect protein unfolding are H-bond interactions and other intermolecular

forces 45, 54,83 84 85

As mentioned previously by Sahoo et al, AAILs have been seen to show
increasing protein stability when AAs are the anion, not the cation.*’ Regarding the data
provided above, both the TMGAAIL and ChAAILs, where the AA is the anion, indicate
that there is a decrease in the thermal stabilization of the azurin protein. The AAs being
the anion can indicate that these AAILs should further stabilize the azurin protein in

reference to Sahoo, Miller and Patel’s works.® 4> *® But, as seen in this study, there is an
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opposite indication, specifically with the mixed structure protein azurin. This is another
indication, as mentioned by Pucci, that there are somewhat confusing and contradictory
results on physicochemical effects that impact protein unfolding the most.>® 7 82 3¢ One
can see in Figure 2.10 the organization of the T values by AA side chain property. In
Figure 2.10A, the Ty, values come from the 0.5 M TMGAAILs and in Figure 2.10B, the
Tm values come from the 0.5 M ChAAILs. For further understanding, choline is more
biocompatible than TMG, and there is some small difference of AAILs with choline vs
TMG. Choline is a commonly found molecule in human biology. It is in many foods and
very easily consumed so its usefulness as a cation in AAILs has biocompatibility.®” In a
review about the essentiality of choline, there is discussion of choline being used for
synthesis of essential biomolecules like phosphatidylcholine (phospholipid for membrane
synthesis) and a precursor for acetylcholine (common neurotransmitter).®’” Choline has
yet to be identified as an essential nutrient as it can be synthesized in the human body

through the sequential methylation of phosphatidylethanolamine.®’
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Figure 2.13. Control unfolding experiments with azurin in ILs with small Ac™ anions.
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In reference to AAILSs used, there are some essential AAs that were not used.
They either did not dissolve well at the proper concentration, or they were not easily
available. The AAs used all encompassed a select few of the specific side chain
properties, enough to interpret which properties affected the protein the most or the least.
It appears the nonpolar and the positively charged side chains have the most effect on the
azurin protein. It also seems that with choline as the cation, the positively charged AA
side chain had the strongest destabilization effect. And a median destabilizing effect came
from the hydrophobic effect of the valine (Val) AA side chain. It appears the opposite
effect is true for the TMG cation where Val had the strongest destabilization effect and
lysine (Lys) had a median destabilization effect. It is possible that the structure of TMG
has a very specific interaction to induce Val to be the strongest destabilizing AA side
chain. TMG as its cation form has 2 protons connected to the positively charged nitrogen
in the structure and may affect the azurin structure by interfering with the H-bonds in the
azurin-water interaction, allowing hydrophobic AA side chains to have a stronger effect.
While choline is a tertiary amine in its cation form, which may not form as many H-
bonds to interfere with the azurin-water H-bonds and alluding to a weaker interaction on
the azurin protein as ChVal. However, Lys, a positive side chain AA, had a stronger effect
when present as a ChAAIL specifically, which may indicate that the positive Lys with

choline, caused an increase in the destabilization effect.

The data from Figure 2.12 contains unfolding curve control experiments directly
comparing TMG and choline cation. In Figure 2.12, there is no curve fit to the ChCl
unfolding data because the azurin did not completely unfold, so there was some slight

stabilization from ChCIl. There was very little destabilization from the AAILs in Figure
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2.12, but there was a small amount of destabilization more from TMGCI than ChCl. It is
less prevalent but still present in Figure 2.13 with TMGAc and ChAc. Showing more
destabilization from TMGAc than ChAc. It is possible that the TMG cation with the extra
hydrogen, leading to its cation form, causes enough interaction with the residues on the

azurin protein to cause differing effects from the ChAAILSs, but this is simply speculation.

These ions could be impacting the tertiary structure of the azurin protein through
an impact by ionic strength, but past studies have shown that this is not always the case.®’
Scholtz and coworkers have shown that ionic strength can have either an increase in
stability or decrease in stability of a-helical domains depending on concentration which is
consistent with the understanding that the effect of ions on tertiary structure is not one
size fits all from protein to protein.®” Even the Hofmeister effects can only fit a subset of
ionic effects on proteins and explains the interaction between protein-water from the ion
perspective. This is partially the understanding gleamed from this study, but the trends
show another likely story. For example, studies on myoglobin show that ILs that have an
increase in ionic strength do not have a larger effect on myoglobin unfolding than NaCl.>’
Another study, completed by Dominy et al, shows that bacteria that are acclimated to
lower temperatures (mesophiles) and their proteins that were subjected to various salt
concentrations for testing ionic strength effects on protein stability, showed that their
proteins were stabilized with increasing ionic strength.®® Azurin is found in P. aeruginosa
naturally which is also a mesophile, so according to this study, the protein should be
stabilized with increasing ionic strength (above 200 mM) but this is not the case in this
study.'? 3 So, clearly other effects have a larger impact on the protein thermal stability

and cause destabilization. One can think of Hofmeister effects as a template to build an
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understanding of the observed trend, and then utilize knowledge on basic intermolecular

forces (IMFs) from a structural standpoint to explain the trend herein.

In reference to the destabilization effect, proline clearly has a strong effect
whether in the presence of TMG or choline. Valine has a stronger destabilization effect as
an anion pair with TMG as opposed to choline. This is possibly because of the previously
mentioned effect with TMG as opposed to choline, but that is only speculation and would
need to be confirmed through repeated tests with choline and TMG cation on the thermal
unfolding of the azurin protein. The opposite effect occurs with Lys as anion pairs with
TMG having a much weaker destabilization effect, but with choline, it has a very strong
destabilization. This could occur depending on the pH of the solution of ChLys or
TMGLys at the time of synthesis. This may affect the number of Lys molecules that form
the AAIL with either TMG or choline and, depending on pH of the final solution, could
cause a completely different thermal effect. Choline is in its basic form when first added
to the amino acid when dissolved in water, which may mean that many Lys molecules
shift to their anionic form and easily form ChLys. But, with TMG, the Lys added was in
its protonated state (LysHCIl) which means it would reduce the pH of the solution it is in.
As seen in Figure 2.11, there was a set of control data measured utilizing different pH 20
mM ammonium acetate buffers to test pH changes and how they affected the thermal
unfolding of the azurin protein. When the solution that azurin dissolves in is both too
basic (<10 pH) or too acidic (>4 pH) the azurin is slightly thermally destabilized. This
means that depending on acidity or basicity of the synthesized AAIL, there could be an
impact on the thermal destabilization of azurin. The final pH of the 1 M stock AAIL

solutions were not tested, and for future study, observing the pH of the 1 M stock AAIL
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would help to infer the pH effect on the protein unfolding. It is possible that in the case of
TMGLysHCI the effect was more intensely based on pH and therefore not as strong an
effect as ChLys. This helps explain the extreme difference in the destabilization trend of
the lysine AA side chain from TMGLysHCI to ChLys, which could lead to further

understanding of other AAIL effects.

In comparing Figure 2.5 and Figure 2.6, there is a clear similarity to TMGGly and
ChAla. ChAla has a T value of 55°C and TMGGly has a slightly lower T, of ~50°C.
Glycine (Gly) contains only an extra proton as its side chain, while alanine (Ala) has an
extra methyl group for its side chain. Because they are similar and separated only by 1
carbon and 2 extra hydrogen atoms, this may be what is causing the increased
stabilization, but the increased thermal destabilization may also arise from the TMG

cation decreasing thermal stability, but further investigation needs to occur to confirm.

Observing the trend of the serine (Ser) and threonine (Thr) AA side chains makes
sense as the only difference between the Ser and Thr side chains is a single extra methyl
group in Thr. Both TMGSer and TMGThr had a strong thermal destabilization effect on
the azurin protein, reducing the T to ~52°C. While both ChSer and ChThr had a slightly
stronger thermal destabilization than TMGSer and TMGThr, the T, was reduced to
~47°C. This reveals a similar pattern of reducing the thermal destabilization by ~5°C in
relating TMGAAILSs to ChAAILs. A similar pattern can be seen when comparing
TMGAsp/TMGGlu to ChAsp/ChGlu. Though ChAsp more strongly destabilizes the
protein as compared to ChGlu, but AA side chains are so similar that they are only
different in structure by one extra methyl group present in glutamic acid.

TMGAsp/TMGGlIu had a very similar effect that their T was at ~65 °C, but the
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ChAsp/ChGlu were slightly less destabilizing azurin. The T of ChAsp was ~65 °C and
ChGlu was ~70 °C. This does not exactly follow the trend seen comparing ChAAIL to
TMGAAIL, but there is a clear difference in ChGlu which follows the trend. In relation
to ChVal vs TMGVal, both cause a strong destabilization in the azurin molecule, but they
have a margin of ~20 °C difference in Trm. Of course, ChVal destabilizes the azurin much
less than TMGVal, which is consistent with the conclusion that choline is likely to cause
less destabilization. H-bonds likely have a strong impact on stability. It is possible that
the presence of more H-bonds in the cation and anion would lead to a decrease in the
available water H-bonds that can be made with the protein therefore reducing stability of
the protein. Choline clearly destabilizes the azurin protein much less than the TMG
cation. This is consistent with the fact that choline is a biologically compatible molecule

and should, in theory, cause less thermal destabilization effects on biological proteins.

In comparing AAILs by AA side chain, there is a trend that shows that the AA
side chain with a pyrrolidine has a very strong effect on the azurin mixed structure
protein. And some of the hydrophobic side chains are causing a median amount of
thermal destabilization with the protein structure. While polar side chains cause slightly
more destabilization when choline is the cation, but less so when TMG is the cation
paired with polar AA. The carboxylic acid AAs tested showed little destabilization with

both TMG and choline.
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Section 3.1 Enthalpy and Entropy of Unfolding

Of the AAILs tested, the AAILs that fully unfolded the protein were able to be
analyzed using the equation found in Figure 2.4. This provided a way to quantify
thermodynamic values from the thermal unfolding studies completed on the azurin
protein. When using this technique to analyze and fit the unfolding curve to the data
points collected, there is a wide margin for error because of the time stipulations for
collecting a thermal unfolding experiment. Using the current technique of collecting
every ~5 °C or ~3 °C provides enough data to fit a line to the curve, but it can only be so
accurate. Producing just one thermal unfolding experiment for one AAIL would take
hours, and that isn’t counting AAIL synthesis and solution prep. For this reason, the
thermodynamic values provided are likely not completely accurate. The purpose of these
values is to show us a trend of how the ASunr and AHunf provide a platform for which the
study to be strengthened when understanding how these AAILs will affect this mixed

structure protein.
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Table 2.1
A Table Showing Thermodynamics Data of 0.5 M TMGAAILs.

DI water 747 2114
TMGPro 480 11539
TMGVal 432 1366
TMGGly 403 1239
TMGThr 417 1276
TMGSer 392 1189
TMGLysHCI 398 1194
TMGGlu 362 1065
TMGAsp 362 1065
TMGAc 383 1106
TMGHCI 484 1381

Note. This thermodynamics data table is organized by decreasing destabilization of 0.5 M
TMGAAILs from Figure 2.5 but starting with DI water as our control.
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Table 2.2

This Data Table Shows Thermodynamic Values of 0.5 M ChAAIL Unfolding Experiments
From Figure 2.6.

W oo lesjcmo)

DI Water 747 2114
ChLys 337 1058
ChPro 689 2121
ChThr 580 1807
ChSer 493 31527
ChPhe 474 1455
ChAla 476 1443
ChVval 434 1305
ChAsp 500 1465
ChGlu 472 1359
ChAc 625 1769

Note. This data set is organized by decreasing destabilization but starting with control of
DI water.
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As interpreted previously through T values, there will be a similar technique for
analyzing the ASunr and AHunr data provided in data tables 2.1 and 2.2 respectively. Data
table 2.1 includes all ASunrand AHuat for 0.5 M TMGAAILSs utilized from the thermal
unfolding experiments that were provided in unfolding curve format in Figure 2.5. In
table 2.2, one can see the ASunr and AHunr data for 0.5 M ChAAILs that came from
thermal unfolding data provided in Figure 2.6. These ASunr and AHunr values are not
easily interpretable because of the wide margin of error, but a trend can be observed. Data
tables 2.1 and 2.2 are both organized in the same fashion, starting with the control of DI
water, and then going down by decreasing thermal destabilization. So, the AAIL at the
bottom of the table destabilized azurin the least and the AAIL second from the top of the

table destabilized azurin the most.

The ASunr values in data table 2.1 show a decrease in the ASunr as there is less
thermal destabilization from the TMGAAILs. There is not a large or obvious change in
the AHunr in the TMGAAIL values for each AAIL. The decrease in ASunr as thermal
destabilization decreased could be indicative of the H-bonds from the TMG cation
interacting with the azurin-water interactions, which allowed for the AA anion to have a
strong interaction with a decrease in ASunr. H-bond interaction carries a large impact on
the energy through ASunr because they can impact the organization of energies between
AA residues and the water organizational state, leading to a change in unfolding energies.
The AA side chain changes the structural effect of the AAIL on the azurin protein. This is
consistent with the fact that these AAILs are tunable molecules, impacting the structural

order of the protein depending on the AA side chain property that is present in the AAIL.
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From data Table 2.2, the ASur value of ChPro very clearly jumps out as an outlier
not fitting the trend with data Table 2.1. There is a very clear decrease in ASunr with
decreasing thermal destabilization on the azurin structure consistent with ChAAILSs, aside
from ChPro. But something worthy of note is that ChAAILs ASunf values do not decrease
as remarkably as TMGAAIL ASunr values did. This could be because choline is a more
biologically compatible cation as compared to TMG. Or this could be because choline is
a tertiary amine and does not have as strong of an interaction to the AA residues on the
azurin protein like TMG will with its ability to form 2 H-bonds per TMG cation. Overall,
the majority of the TMGAAILs and ChAAILs have a strong thermal destabilization

effect on the mixed structure of azurin.
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Chapter 3

Fundamental Thermal Destabilization Studies on the Protein mCherry With Both

Choline and TMG Amino Acid Ionic Liquids (AAILS)
Section 1 Introduction

This chapter is a discussion regarding all AAILSs tested on the protein mCherry. As
mentioned previously, the mCherry protein is a biologically engineered protein,
originating from the protein dsRed found in specific coral species.”® The purpose of using
another protein to study the effects of these AAILs is to obtain further understanding on
AAIL physicochemical effects on a different protein structure. Not all proteins share the
same structure or properties. The azurin protein was a mixed structure protein which
means it has multiple common protein structures. The mCherry protein specifically
contains only the B-barrel structure, as can be seen in Figure 1.3, which is a unique
protein structure.!! To gain further understanding on how AAILs influence the thermal
stability of the B-barrel structure will lead to a broader understanding of these tunable
AAILs on proteins for therapeutics or other protein-AAIL applications in industry.? 3 8 7
This plans to be analyzed through an organizational analysis by AA side chain property
and directly relate to protein-IL and protein-water interactions that lead to destabilization.
Some of the industry applications contain those of pharmaceuticals, cosmetics, or
therapeutics.® > 8 ° RFP (or mCherry) is also a very useful and easy to access protein
because the synthesis and purification procedure is very simple and accessible. The

mCherry protein is a model protein for identifying how AAILs impact more unique and

specific protein structures. Involving data that includes thermodynamics and
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understanding thermal stability effects, helps us to identify the trend of AA structure

effects in the AAILSs tested on this unique p-barrel structure.
Section 2 Experimental Data

As the structure of mCherry, shown in Figure 1.3, the protein itself unfolds at
72°C in a buffered environment. The experiments completed in this thesis utilized CD
spectroscopy to identify the specific tertiary structure, as well as the chromophore (579
nm) of mCherry, and this can be seen in Figure 1.4. The two positive peaks, identified at
265 nm and 345 nm respectively, are the tertiary structure specific to mCherry. The
absence of these peaks is how we differentiate unfolded mCherry protein from folded
protein in the studied sample. The absence of the negative chromophore trough gave rise
to understanding that the chromophore was no longer absorbing light when the peak went
to zero. It has been observed that some AAILs can reduce the chromophore, it can easily
be reduced by reducing agents as has been seen before.”! It was recognized that some
AAILs would have an effect on only the chromophore of the mCherry solution. This is
because the color of the solution would change and when testing the solution in the CD
spectrometer, the chromophore peak at 579 nm would be absent while the other two
positive peaks were still present. This proved that the mCherry protein was still folded
but was being reduced by the AAIL. This was the main reason that the group decided to
start utilizing activated charcoal, to both decolorize the AAIL solution and prevent the

AAIL from reducing the mCherry chromophore.

To understand its physicochemical effects, each AAIL sample tested on mCherry
was put through a thermal unfolding experiment outlined in the introduction section.

Typical thermal unfolding experiments would involve 1 mg/mL mCherry solutions with
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0.5 M AAIL present and allowed to unfold from 25 °C — 95 °C. The data collected after
every CD thermal unfolding experiment was analyzed by integrating the area under each
positive peak at 265 nm and 345 nm. After integrating the area under each peak for each
temperature value, the thermal unfolding curve was generated like Figure 2.3. A control
experiment was performed involving mCherry in PBS (20 mM phosphate buffer saline)
and various ammonium acetate buffers at pH values ranging from a pH of 4 to a pH of
10. This can be seen in Figure 3.1. Figure 3.2 is another control figure, showing a
comparison of mCherry unfolding in the absence of AAILs, with choline or with TMG
cation. Figure 3.2 is meant for comparing cation to cation and seeing the change in effect
on mCherry protein without AA side chains present. A summary of all 0.5 M TMGAAILs
tested with mCherry can be seen in Figure 3.3 where these curves were fit to the
integrated and normalized data points for each temperature value. This summary shows
an easy comparison of the TMGAAILs that destabilized the mCherry B-barrel structure
and those that did not. A similar summary can be seen in Figure 3.4, showing a summary
of all 0.5 M ChAAILs tested on mCherry and the AAILs that destabilize the protein

strongly or not at all.

Next, these data from Figures 3.3 and 3.4 were analyzed and scaled to 500, to
have all unfolding curves start on the same value and show the intensities of the area
under the positive 265 and 345 nm peaks. The T values for the 0.5 M TMGAAILSs tested
on mCherry were all collected and organized into two separate scatter plots. Figure 3.5 is
a scatter plot of all 0.5 M TMGAAILs T values organized by decreasing destabilization
but starting with the control buffer. A similar pattern is used for Figure 3.6, showing all

0.5 M ChAAILs T values tested on mCherry and organized by decreasing
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destabilization. This data set shows the phosphate buffer control T, first. The next set of
Tm scatter plots are the same data from Figures 3.5 and 3.6 but organized in a different
fashion. The AAs used in TMGAAILSs are not the exact same as the AAs used for
ChAAILSs, but the AAs with similar side chain properties were put in the same order. For
example, Figure 3.7A is organized like the way the AAs are organized from Figure 2.9,
from the top left of Figure 2.9 to the bottom right of the figure. In Figure 3.5, the T
values are 0.5 M TMGAALILSs tested on mCherry organized by decreasing destabilization.
In Figure 3.7B the Ty, scatter plot is organized the same way as Figure 3.7A, but instead
utilizing the values from the 0.5 M ChAAILs tested on mCherry. The figures mentioned
thus far in this chapter are necessary to outline how the study was performed and

organized to observe the trends in the AAILs.

The final data sets in data Tables 3.1 and 3.2 are data derived from the fitting
functions from each normalized unfolding curve. These values are thermodynamic values
that are meant to provide a trend and not obtained for accuracy, but to identify AAILs that
have a strong or weak effect on the B-barrel mCherry protein structure. AA side chain
properties and common patterns can be easily observed from unfolding thermodynamic

values of each AAIL tested.
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Figure 3.3. This is a summary data set showing all unfolding curves of 0.5 M
TMGAAILs of 1 mg/mL RFP, scaled to an intensity of 500, the inflection points still
show the Tm values like normalized unfolding curve summaries.

600 4
400 4
2004

04

1 -@-05MChPhe
2004  —g=0.5M Chser

{1 =@-05MChThr

4004  —g-05M ChTrp
{ -p—osmchval

6004  =dr=05M Chiys
{ -m-05mchala

8004 =@=0.5M ChPro
| Mo IL

1000 =0.5M Chel "\.

1200 +—epror—a—or——————a—
10 20 30 40 50 60 70 80 90 100 110

Integrated Unfolding Curve

Temperature (°C)
Figure 3.4. This is a summary data set of 0.5 M ChAAILs of 1 mg/mL RFP thermal
unfolding curves. These data have been scaled to an intensity of 500.

62



75 |

-~
o
L

J Weakly Destabilizing
| ]

[-2]
L]

Temperature(°C)
2

o
L]

® o N O g @
g (%) R "y
FTEIEE EFEEEESE

0.5M TMGAAILs on RFP

Figure 3.5. A figure showing melting temperatures (Tm) of 0.5 M TMGAAILSs in the
presence of 1 mg/mL of RFP from Figure 3.2 organized by decreasing destabilization.

63



754 [ ]

~
<
N

Weakly Destabilizing
|

o
w
1

@)
o'-‘
[7]
e
=]
=1
L
860
5
'_

0.5M ChAAILs on RFP
Figure 3.6. A figure showing T values of 0.5 M ChAAILs in the presence of 1 mg/mL

of RFP from Figure 3.3 organized by decreasing destabilization.

Weakly Destabilizing

=2
(4]

Weakly Destabilizirlg

[=2)
(5]

(4]

5

Temperature(°C)
Temperature(OC)

(4]

(=]
(5]
o

/:* & @‘3;(};&2 %1«”‘@ ST TE S
0.5M TMGAAILS on RFP 0.5M ChAAILs on RFP

Figure 3.7. A figure showing T, values of (A) 0.5 M TMGAAILs organized by AA side

chain property to match with (B) T, values of 0.5 M ChAAILs organized by AA side
chain.

64



Section 3 Discussion

The next step to take involves discussing the trends and observed effects of the
AAILs on the mCherry protein based on the results of the study. After reviewing Figures
3.3 and 3.4, we can easily compare TMGHCI directly to ChCl. These ILs are essentially
control experiments to observe the effect of only the cation as the anions in these cases
provide little effect on the protein compared to TMG or choline. A similar experiment
was run with TMGAc and ChAc to further understand the effect of TMG and choline
cation. Comparing both data sets, the Cl" in this case would act similarly to NaCl in salt
solution, and Ac” would be acting in a similar fashion to Ac™ in the 20 mM ammonium
acetate pH 10 experiment which showed a small amount of destabilization. In this
comparison, the TMGHCI clearly caused a small destabilization compared to ChCI and
“No IL” which did negligible destabilization. This could be due to the structure of TMG
in its cation form, which has two protons with possibilities of forming H-bonds with any
AA residue on the B-barrel protein structure or, pulling away water molecules from the
protein surface causing slight destabilization. While the structure of choline is a tertiary
amine which is not particularly a structure that will have a strong effect on amide bonds,
most amino acid residues or on protein-water interactions. For these reasons, TMG could
have a stronger destabilization compared to choline, which may change the strength of
the effects that AAs may have on the mCherry B-barrel structure. Any slight difference in
cation structure can have an impact on the anion’s physicochemical effect on the mCherry
structure and vice versa. This is in congruence with knowledge on Hofmeister
kosmotrope and chaotrope cation/anion. This is a known possibility and the knowledge of

choline and TMG being kosmotrope or chaotrope is not yet fully understood.** >* An
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overall observation of both Figures 3.3 and 3.4 provides a glimpse into the understanding
that the ChAAILs tested do not have as strong as a destabilizing effect as TMGAAILSs of
the same concentration. This agrees with the idea that because choline is more
biodegradable and biocompatible that ChAAILs will least likely thermally destabilize

protein tertiary structures compared to the TMG structure. ! 225!

Although choline has a weaker destabilization effect on mCherry than TMG, the
AA side chain effects do not match with TMG vs choline. For example, when reviewing
Figures 3.3 and 3.4, there are 3 ChAAILs that had a strong destabilization effect on
mCherry in comparison to TMGAAILs which were only two that strongly destabilize the
mCherry B-barrel structure. By T value alone, it can be said that proline clearly affects
the mCherry protein structure, either as a TMGAAIL or a ChAAIL, but more strongly in
the presence of choline. Simply comparing TMGLys to ChLys, both had a strong thermal
destabilization of the mCherry protein, but it seems as their effect flipped in the presence
of TMG to choline, this may be due to the fact of TMG containing H-bonds and choline
not containing as many H-bonds, influencing the effect of the H-bonds contained in the
Lys side chain depending on the cation present. Overall, TMGLys has a stronger effect
than ChLys, and TMG has more H-bonds which may indicate mCherry thermal stability
being affected by the H-bonds in both the structure of TMG and the Lys AA side chain.®*
85 This explanation may be consistent with the Pro AA side chain effect from TMG vs
choline. The H-bonds in proline are interacting with the carbonyl side chain that is
negative which means that it may not have as much of an interaction with other H-bonds,
which can explain the reduced effect in TMGPro. But the opposite occurs with ChPro

having a very strong destabilizing effect on RFP. Proline is a unique AA side chain in
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which the H-bonds on the nitrogen in the pyrrolidine can form H-bonds with any H—N,
H—F, and H—O structure that is present. In TMG, there are lots of N—H bonds present
and may reduce the H-bonds ability to interact with the protein-water interaction that
stabilizes most proteins.”> When Pro is in ChAAIL form, the H-bonds are more freely
allowed to interact with the environment, in which RFP is present and ChPro strongly
destabilizes the RFP. This is reinforced with research done by Krishna et al, stating, “The
majority of H-bond forming proline residues occurred in the loop region.”®? This could
mean that the ChPro AAILs interact with the loop region of the mCherry protein, pulling
H-bonds from the protein-water interaction, causing a strong destabilization effect.
Another AA similar in structure to proline is tryptophan (Trp) which had a strong effect
as ChTrp but a very weak effect as TMGTrp. This could be for a similar reason as ChPro
vs TMG Pro, where the H-bonds available in Trp are one less than in Pro. This leads to
Trp having an overall weaker thermal destabilization as compared to Pro which has one
more H-bond. This change in destabilization effect can be seen in Figure 3.7A and B.
This means that TMGPro and ChPro are more strongly thermally destabilizing the
mCherry protein over TMGTrp and ChTrp. But again, TMGTrp would induce a weaker
destabilization because the TMG H-bonds are interacting with the AAIL AA reducing
their ability to interact with the mCherry protein-water interaction and cause
destabilization. Furthermore, ChTrp has a stronger effect because the tertiary amine is not
interacting with the H-bonds on the side chain of Trp and therefore allowing them to
interact with the mCherry protein-water H-bonds and have a stronger destabilization
effect. This pattern can be easily observed from Figure 3.7A and B. This may have a

strong indication that H-bonds play a strong role in thermal destabilization of proteins.
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This makes logical sense as properties of side chains, like amount of H-bonds, influence
the stability of a tertiary structure in a protein and how it interacts with water around it,

maintaining its 3-dimensional structure.

To further describe trends that have been observed in Figures 3.7A and B, one can
see in Figure 2.9 that alanine (Ala) and glycine (Gly) have very similar structures and
therefore similar hydrophobic effects. As mentioned previously, hydrophobic effects are
important for protein folding but not as impactful for protein unfolding.®* % This is
consistent with the results found in this thesis, as TMGGly and ChAla did not have a very
strong destabilizing effect on the mCherry tertiary structure leading to unfolding. ChAla
and TMGGly are similar enough in AA side chain structure to show the general
hydrophobic effect was present to cause some destabilization, but not enough to cause as
strong destabilization that H-bonds had caused. ChAla has a T value ~65 °C and
TMGGly has a Ty ~63 °C which can be seen in Figure 3.7A and B. Side chains with a

weak hydrophobic effect caused a weak destabilization effect.

Another similar AA side chain is phenylalanine (Phe) which contains a phenyl
functional group which leads to n-bond interactions along with some weak hydrophobic
interactions. As observed through Figure 3.7A and B, there is little to no thermal
destabilization from the aromatic AA side chain in TMGPhe and ChPhe form. This is
consistent with findings thus far that H-bonds have the strongest impact and hydrophobic

effects do not have a very strong impact on mCherry thermal stability.

While Ala only has one methyl group, valine (Val), another AA side chain like
Ala, has another 2 methyl groups attached to the side chain of the AA as compared to Ala.

This means an increase in hydrophobicity. After observing the T values of both ChVal
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and ChAla from Figure 3.7A and B, an increase in hydrophobicity indicated a decrease in
thermal destabilization. This means that ChAAILs with hydrophobicity have a thermal
destabilization effect larger than hydrophilic ChAAILs but increasing hydrophobicity
does not necessarily mean more thermal destabilization from ChAAILs. TMGVal had a
much stronger effect on the mCherry B-barrel structure. In alignment with how H-bonds
in TMG allow interactions of the AA anion to occur with differing effects, the TMGVal
caused a much stronger thermal destabilization of ~15 °C on the mCherry tertiary
structure. This means that as TMG interacts with mCherry’s protein-water interaction
with its H-bonds, the hydrophobic side chain of Val was able to cause a destabilizing
effect, but choline did not cause as strong an effect because the mCherry B-barrel and

water interaction was not being disrupted by the H-bonds from TMG.

Serine (Ser) and threonine (Thr) both have a similar side chain structure, with
only the difference of one extra methyl group on the Thr side chain. There are very
similar effects of ChSer vs ChThr and this is indicated by the T, values of ChSer and
ChThr not differing significantly. This is consistent with the understanding that AA side
chains with very similar properties/structures will lead to a similar thermal destabilization
effect.*® %3 As compared to results from chapter 2 on azurin, there is a difference in the
strength of AAIL effect, which is clearly coming from the strength of the effect of AA

side chains on azurin’s mixed structure vs mCherry’s strong B-barrel structure.
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Section 3.1 Enthalpy and Entropy of Unfolding

The data collected in Tables 3.1 and 3.2 are ASunr and AHunf values that come
from the equation found in Figure 2.4. These data sets are only to provide a glimpse into
what may be affecting the interaction between the AAIL and the protein the most,
enthalpy or entropy and any trends that can be observed. The data in Tables 3.1 and 3.2
are organized by decreasing thermal destabilization. This means that the last set of ASunr
and AHur in table 3.1 and 3.2 are the AAILSs that destabilized the mCherry protein the
least. The first set with no AAIL is not present in these data tables because the mCherry
protein unfolded but there was not enough data past its unfolding point to fit a line to the
unfolding curve found in Figures 3.8 and 3.9. Data Table 3.1 includes all 0.5 M
TMGAAIL ASunf and AHuns values from the unfolding assays in Figure 3.8. While data
Table 3.2 are all 0.5 M ChAAIL ASunr and AHunt values from the unfolding assays in

Figure 3.9.

In data Tables 3.1 and 3.2, we can try to follow the trend in ASunr and AHunr values
like the analysis technique used in chapter 2. The TMGAAILS ASunr and AHunt values
were slightly larger than the ASunr and AHunr values of ChAAILs found in data table 3.2.
When comparing ASunr and AHunr values of TMGAAILs vs ChAAILSs, one can see that
TMGGly does not follow the trend, but all other TMGAAILSs have a decreasing trend of
ASunf by decreasing destabilization. ChAAILs do not follow the same trend as
TMGAAILs, instead there is a clear outlier, that ChPhe caused the largest ASunr and AHunr
values, but aside from this, most ChAAILs cause very similar ASynr and AHunr values.
This may be from the consistency of choline not having a strong effect on the mCherry [3-

barrel structure due to choline tertiary amine structure. The overall understanding for why
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ASunt decreases with decreasing destabilization may elucidate the interaction between the

protein, the solvent, and the AAIL.

If ASunr values decrease with decreasing thermal destabilization by AAILS, this
would mean that the entropy to unfold the protein gets smaller as destabilization
decreases. This indicates that the largest entropy in a data set comes from the AAIL that
causes the most destabilization because the protein is unfolding at a lower temperature
and requires less enthalpy, so entropy must be larger to allow AGuar values to become
negative and be spontaneous. Not only this, but the amount of disorder must be larger at a
lower T value, to allow this thermal destabilization of the mCherry protein. The
generally accepted understanding of thermal unfolding occurring with proteins as
temperature increases comes from less water molecules tied down in regions of ordered
water molecules around nonpolar side chains.”® This may elucidate the idea that side
chains in AAILs with more H-bonds pull away more water molecules and could cause a
further thermal destabilization in the presence of TMG. because choline is a tertiary
amine, and the nitrogen on choline does not have as many H-bonds to interact with the H-
bonds on the AA side chains therefore the overall the ASuqr values are smaller for
ChAAILSs. Unlike with TMG, that has more H-bonds to interact with the AA side chains
in the TMGAALIL form, and therefore elucidates more disorder and further destabilization

overall.
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Table 3.1

Thermodynamic Values (ASunr and AHunp) of 0.5 M TMGAAILs Unfolding Experiments
With mCherry Protein.

pa

None = =

TMGLys 527 1632
TMGVal 499 1500
TMGGly 302 900
TMGPro 524 1555
TMGSer 572 1660
TMGPhe 443 1289
TMGTrp 378 1089
TMGHCI 456 1313

Note. These values were derived from the thermal unfolding summary above in Figure
3.8 and organized by decreasing destabilization.

Table 3.2

Thermodynamic Values (ASunr and AHunp) of 0.5 M ChAAIL Unfolding Experiments With
mCherry Protein.

o

None -- -
ChPro 357 1097
ChLys 439 1306
ChTrp 380 1130
ChAla 446 1317
ChVal 379 1110
ChPhe 526 1520
ChSer 356 1026
ChThr 350 1014
ChAc 150 434

Note. These values were derived from the thermal unfolding summary in Figure 3.9 and
organized by decreasing destabilization.
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Chapter 4

G-quadruplex DNA With Imidazolium Chloride (ImCl) ILs
Section 1 Experimental Data

As can be seen in the introduction of this work, one can observe the many
structures utilized in the work for this chapter. In Figure 1.8 you can see the chemical
structures of the imidazolium ILs used organized by length of alkyl chain. In Figure 1.5,
one can see various representations of G-quadruplex DNA. In the top of Figure 1.5, one
can see a cartoon representation of the G-quadruplex DNA molecule with the tetrads in
purple. In the bottom of Figure 1.5 one can see the structure of the G-quadruplex DNA
with K' represented as yellow balls, and the bottom right one can observe the G-
quadruplex DNA without the K ions to stabilize the structure.

Many of these results are coming from a soon to be published paper from the
Vaden research group. CD spectroscopy is a very useful technique for observing any
changes in the 3-dimensional structure of the G-quadruplex DNA molecule. This also
makes it very useful for identifying stability of the molecular structure. This can be seen
in Figure 4.1A where the CD spectra of G-quadruplex DNA at 5 uM with and without K*
is shown. Both spectra exhibit a positive peak at ~260 nm and a negative peak at ~240
nm. As has been reported previously, this spectral signature indicates parallel G-
quadruplex structure.®® *® The CD signal intensity is significantly lower without K* which
strongly suggests that the population of structured DNA is much lower without the K.
This is consistent with literature reports detailing how alkali metal ions stabilize the

quadruplex structure.** > %
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Figure 4.1B shows the results of a thermal unfolding experiment for G-
quadruplex DNA in the presence of 0.5 M [OMIM]CI (with K" as an example). At
temperatures above ~55 °C the CD signal decreases in intensity and disappears by 80 °C,
indicating that the DNA structure is denatured at high temperature. These spectra can be
used to quantitatively measure thermal stability by analyzing the integrated CD signal
between 220 and 300 nm as a function of temperature as shown in Figure 4.1C. In this
figure, it is noted that the CD signal at 25 °C is significantly lower and the G-quadruplex
unfolds at a much lower temperature without K* present. This figure clearly and
quantitatively shows that the G-quadruplex DNA structure loses thermal stability without
K*, as is consistent with the literature.”> %

Figure 4.2 shows the results of a CD-based thermal unfolding experiment for G-
quadruplex DNA without K* in the presence of 5 different imidazolium chloride ILs.
Figure 4.2A demonstrates that the ILs do not hinder the CD spectroscopic measurements
as this data is 5 uM QDNA with 0.5 M [OMIM]CI. Figure 4.2B clearly shows that some
ILs increase the G-quadruplex thermal stability while others have negligible effects. Any
shift of the normalized unfolding curves to the right indicates thermal stabilization.
Notably, the shorter-chain ILs ([EMIM]CI, [BMIM]CI, and [HMIM]CI) do not stabilize
the structure while the longer-chain ILs ((OMIM]CI and [DMIM]CI) stabilize the
structure. The two longer-chain ILs are also notably the only ILs that form micelles in

aqueous solution.”” It is reasonable to assume that the micelle-forming ability of the ILs

is related to their stabilizing effects on the G-quadruplex structure.
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of [OMIM]CI and B) normalized unfolding curves of all ImCl ILs tested on G4 DNA

without KCI.
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Figure 4.3. CD spectra of 5 mM G-quadruplex DNA with increasing concentrations of
ILs. The data measured at IL concentrations equal to the CMC value is shown in red. (A)
[OMIM]CI; (B) [DMIM]CI.
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Figure 4.5. Unfolding curves integrated and scaled to 100 without fits for 5 uM G4 RNA
without KClI present, for no IL, 0.5 M [OMIM]CI, and 0.5 M [DMIM]CI.
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Figure 4.3 shows the CD spectra (at 25 °C) for G-quadruplex DNA with
increasing concentrations of [OMIM]CI (Figure 4.3A) and [DMIM]CI (Figure 4.3B). The
critical micellar concentration (CMC) values are 0.2 M and 0.02 M for [OMIM]CI and
[DMIM]CI, respectively.”® Figure 4.3 shows that at IL concentrations below their
respective CMC values, the G-quadruplex structures are present although at low intensity,
and at IL concentrations above their CMC values, they are retained, and present at higher
intensity. However, at IL concentrations equal to their CMC values, the G-quadruplex
DNA structure is almost completely lost.

One can see in Figure 4.4 analyzed unfolding experiments of 5 uM G-quadruplex
RNA without IL, [HMIM]CI, [OMIM]CI, and [DMIM]CI at 0.5 M in the presence of 0.1
M KCI. The control was completely unfolded by ~85 °C and the experiments run with
[HMIM]CI, [OMIM]CI, and [DMIM]CI at 0.5 M showed no destabilization on G4 RNA
in the presence of K™ and therefore the ILs had the opposite effect on G4 DNA with K.
This is interesting as it is followed by a summary experiment with G4 RNA without K" in
the presence of ImCl ILs in Figure 4.5. This figure shows another summary of 5 uM G4
RNA without KCI present, in the presence of no IL, 0.5 M [OMIM]CI, and [DMIM]CI.
This again is the opposite effect that 0.5 M [OMIM]CI and [DMIM]CI had on G4 DNA
without KCI. This can be interpreted that the presence of the extra oxygen atom in the
RNA over DNA may have an impact on the stability mechanism that plays a role on G4
RNA with K" leading to stabilization, while the opposite effect is observed with G4 DNA

to not be stabilized in the presence of K' in the G4 core.
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The experimental results clearly illustrate that the micelle-forming ILs increase
the thermal stability of G-quadruplex DNA in the absence of K'. At IL concentrations
exactly equal to the CMC values the G-quadruplex is unstable but at higher IL
concentrations the stability is recovered and increased. This may be indicative of DNA
encapsulation by IL micelles. At the CMC values, the ILs do not completely encapsulate
the G-quadruplex structure and destabilize it, but at higher IL concentrations the micelles
can fully solvate the DNA which increases thermal stability.

Our research group collaborated with another research group at Rowan University
to help further strengthen our claim from the experimental results we obtained on the G-
quadruplex DNA with ILs. In this collaboration, simulations of the ILs we studied with
G4 DNA with and without K™ to relate experimental results to simulated molecular
interactions. Our collaborators, in Chun Wu Research group, were able to simulate the
ILs that had the longest alkyl chains and had the most effect experimentally. As noted
from Figure 4.3A and 4.3B, we observed some micellar effects and our collaborators had
simulated OMIMCI and DMIMCI forming micelles and the results showed consistency
with the experimental results. The G-quadruplex DNA was stabilized in the absence of
K" with OMIMCI and DMIMCI ILs, showing the ILs that form micelles are stabilizing
the G-quadruplex DNA.

Section 2 Discussion

In our previous study,*> we demonstrated the increased thermostability of Pu22
containing core K*in [OMIM]CI (Tm ~ 90 °C) as well as [EMIM]CI, [BMIM]CI, and
[HMIM]CI (T not calculated), likely due to the increased hydrophobic effect by longer-

alkyl chain ILs. However, the detailed effects of removing the cation coordination within
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the G4 core have not been well characterized. While it is well-known that electrostatic
screening within the G4 core by small cations is a crucial contributor to G4 stability,
hydrophobic interactions in nucleic acid moieties (e.g., nonpolar nitrogenous bases, -1
stacking interactions) keep the G4 core “dehydrated” from intrusive water molecules,
sequestering them to the phosphate backbone. This is also true for other nucleic acid
motifs (e.g., double-stranded DNA/RNA), where the space occupied by the VDW
interactions does not permit water to enter the hydrophobic core. Occupying K* cations

also prevent water invasion into the G4 core.

In the absence of core K" and zero salt conditions, water can enter the G4 core and
contribute negatively to G4 stability; the partial negative charges carried by the water
molecules likely confer additional electrostatic repulsion with O6 guanines, hastening G4
collapse. To the best of our knowledge, the potential of hydrophobic media (e.g., long-
alkyl chain ILs) in stabilizing cation-deficient G4s hasn’t been sufficiently investigated.
In this study, the Pu22 G4 without core K" had collapsed in zero salt conditions (i.e.,
buffer, Pu22-No KCI) and in shorter-alkyl chain ILs ((EMIM]CI, [BMIM]CI,
[HMIM]CI), but was relatively stable in longer-alkyl chain ILs ((OMIM]CI, [DMIM]CI).
[OMIM]CI and [DMIM]CI are the only two ILs in this study reported to form micelles;
from our direct observations, it is strongly suggested that the hydrophobic effect and

micellization increased the thermostability of the Pu22 G4 structure.

The exact mechanism of how micelles affect the G4 DNA structure is not
completely understood. It is obvious that G4 stability is increased above and below the
CMC values of [OMIM]CI and [DMIM]CI, but at their exact CMC values, the G4

structure is completely destabilized. This observed destabilization could possibly be due
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to the micelles being just the right size to cause destabilization of the G4 DNA structure.
The simulations from our collaborator showed aggregating micelles around the G4
structure when at 0.5 M but did not elucidate any exact mechanism and the experimental
results cannot provide this alone. Instead, further research for understanding the exact
mechanism of micellar formation interacting with G-quadruplex DNA structure would be
important for optimizing ILs for stabilizing G4 DNA in nucleic acid therapies and

technologies.

It is currently understood that substances like lipid nanoparticles and nucleosomes
can play a role in DNA/RNA therapeutics/technologies.”® 1% 1°! Like micelles, lipophilic
vesicles repurposed as drug carriers (i.e., lipid nanoparticles (LNPs), liposomes, etc.) also
utilize the hydrophobic effect to enhance drug stability and deliverability® '°!. For
example, the SARS-CoV-2 mRNA vaccines patented by BioNTech (Comirnaty) and
Morderna (SpikeVax) are LNP formulations to mediate mRNA delivery to the host
cells.'®? In an aqueous environment, the LNP architecture comprises ionizable and neutral
phospholipids which form a spherical bilayer, and PEG-lipids and cholesterol to stabilize
the LNP structure and mediate endosomal internalization. The nonpolar phospholipid
tails orient to the LNP interior to induce the hydrophobic effect. Simultaneously, the head
groups of the ionizable phospholipids (positively charged) engage in charge-charge
interactions with the negatively charged nucleic acid backbone.!?! This encapsulates
individual nucleic acids while screening their charge, lowering the interior net charge of
the LNP, and making the hydrophobic effect more prominent. In comparison, IL micelle
architecture is simpler, as the components comprise just a small amphipathic cation

([OMIM]" or [DMIM]") and a small halogenic anion (CI-). Sufficient IL cation
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concentrations could neutralize the charge of nucleic acid molecules. Hereon, the neutral

IL-Cl salt can promote cation-to-micelle formation via the hydrophobic effect.

The understanding provided from G4 DNA could lead to further development
with RNA technologies, but with the results provided in Figure 4.4, one can see that the
mechanism that caused G4 DNA to be stabilized in the absence of K* is not active in
impacting the ImCl ILs stabilization effect on G4 RNA in the same environment. Rather,
the G4 RNA experienced a stabilization effect by [OMIM]CI and [DMIM]CI in the
presence of K* which was not the case for G4 DNA in the presence of K. This could
mean that the micelle effect on DNA and RNA could have very opposing interactions,
just from the shift of DNA to RNA. The data in Figure 4.5 proves that in the absence of
K, there is a lack of stabilization on G4 RNA by the ImCl ILs that had stabilized G4
DNA, [OMIM]CI and [DMIM]CI. These ILs that form micelle structures clearly have
impact on G4 DNA but not on G4 RNA in the same environments from these results.
This could mean further study and understanding of the mechanism of micelles on G4
DNA vs G4 RNA should be thoroughly investigated with experimental and simulated

results to identify the underlying cause for these opposing results.
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Chapter 5

Conclusion and Future Outlook

Section 1 Conclusions and Closing Remarks

In this work, studies were completed involving various ILs that had many
physicochemical impacts on biological molecular structures. In this breath, the
spectroscopic techniques used helped us to identify the state of the biological molecule
(folded vs unfolded), the presence of a tertiary structure (CD spectroscopy), and the
thermodynamic values of each IL on the biological molecules to observe a trend. This
knowledge provides further insight on ILs, specifically their ability to impact an increase
or decrease of thermal stability of a biological macromolecule. This is useful knowledge
as the biological molecules studied are optimal molecular models to apply the
understanding of IL physicochemical effects on specific structures. This learning provides
a way of further understanding the physicochemical effects that ILs can have on
biological molecules and their impact on a wide variety of applications, including
therapeutics, pharmaceutics, or cosmetics. Some ILs are more biologically compatible
than others and the trends learned in this study show the impact some of those ILs have
on thermal stability. The patterns that could be observed were backed up by the
understanding of the essential amino acids and their side chain properties, as well as

through known ImCl IL hydrophobic effects.

In chapter 2, one can see that the effects of AAILs on azurin were organized by
AA side chain property and its effect as a TMGAAIL or a ChAAIL. It was concluded that

overall, the strongest thermal destabilization effects came from positive side chains and
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hydrophobic side chains, with both TMG and choline. Some thought was given on the
effect that TMG or choline cation had on the mixed structure of azurin, but the best
conclusion to be drawn is that TMG cation has more H-bonds to interact with protein
residues that have H-bond interactions with surrounding water molecules, while choline
cation has less. This may play a role in the impact that the AA in the AAIL has on the
protein and therefore causes such differing effects from TMGAAILs to ChAAILs of the
same AA. This is simply speculation, but studies have been done to further understand
the exact mechanism of IL interaction with proteins to disrupt protein-water interactions
and cause thermal destabilization.!*® There was another understanding gained from
Figure 2.11 which proved that there is a small effect of pH on the azurin protein when
thermally unfolding. Both low and high pH cause a small destabilization effect.
Depending on the pH of the AAIL, as well as the cation TMG or choline, could all play a
role on the impact of the thermal destabilization, which is reflected clearly in TMGLys

and ChLys.

In comparing AAILs by amino acid side chain, there is a trend that shows that
proline’s pyrrolidine structure has a very strong effect on the azurin mixed structure
protein. This could come from its interaction with rigid loop structures that often also
contain proline side chains. Some of the hydrophobic side chains are causing a median
amount of thermal destabilization with the protein structure. While polar AA side chains
cause slightly more destabilization when choline is the cation, but less so when TMG is
the cation. The carboxylic acid side chain AAs tested showed little destabilization with

both TMG and choline.
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A further understanding can be gained from data tables 2.1 and 2.2. The
overarching conclusion is that ASunr values decreased with decreasing thermal
destabilization effect of AAIL. This applies to both TMGAAILs and ChAAILSs but is
more obvious with TMGAAILSs. There is an outlier, ChPro, but this can come from a bad
fitting curve, or from the fact that ASunr and AHuxr in this study are only for observing a
trend and not for providing accurate thermodynamic values. Overall, the ASunr and AHunt
values did help provide further strengthening to understanding how AAILSs led to
observing a pattern in the impact of TMGAAILs and ChAAILs with respect to AA side

chain property.

In chapter 3, ChAAILs show that positive AA side chains and hydrophobic side
chains have a moderate or strong thermal destabilization effect on the mCherry structure.
Regarding TMGAAILS, specifically positively charged side chains, and H-bond forming
side chains had a stronger effect with TMGAAILs over ChAAILs. The conclusive results
from the ASunr and AHunr values tell us that the TMGAAILSs cause overall higher ASya¢
and AHunr values as compared to ChAAILs. This could be from the impact of the H-
bonds in TMG in the protein-water interaction causing a larger change in energies as
opposed to choline. But overall, both tables 3.1 and 3.1 show that with decreasing

thermal destabilization, there is a decrease in ASunr values, like chapter 2.

Regarding chapter 4, G-quadruplex DNA has a very specific interaction with
ImCI ILs that was unexpected and should be further investigated. The ImCl ILs with the
longest alkyl chains [OMIM]CI and [DMIM]CI have the strongest stabilization effect on
G4 DNA without a metal ion to form the core of the G4 DNA (i.e. no K or Na"). It was

discovered through a concentration dependent assay and through collaboration with a
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MD simulations group, that [OMIM]CI and [DMIM]CI caused the stabilization of the G4
DNA likely through micelle encapsulation. It is known that these ILs form micelles in
aqueous solution. The exact mechanism is not yet known, but it was determined that at
the CMC values of [OMIM]CI and [DMIM]CI the G4 DNA structure is not present
through CD absorbance. This can be seen in Figure 4.3. The current understanding is that
above and below the CMC value, the micelles present allow QDNA solvation, but at the
CMC value, this does not occur. The G-quadruplex RNA was also researched with
[HMIM]CI, [OMIM]CI, and [DMIM]CI in Figure 4.4. It was concluded that [OMIM]CI
and [DMIM]CI had a stabilization effect on G4 RNA in the presence of K™ but these

ImClI ILs did not have any stabilization effect on G4 RNA in the absence of K.

In conclusion, G-quadruplex DNA and G-quadruplex RNA were impacted by
micelle forming ImCl ILs. Specifically, G4 DNA was thermally stabilized by micelle
forming ImCl ILs in the absence of K, but G4 RNA was stabilized in the absence of K*
This insight will lead to further study of the impact of micelle forming ILs on G-
quadruplex nucleic acid structures and how the mechanism of the micelle formation
impacts these structures specifically. Regarding chapter 2 and 3, less AAILs had a
thermal stability effect on the mCherry B-barrel structure as opposed to the azurin mixed
structure. This could be from the strength of the mCherry B-barrel to resist a change in
entropy and therefore maintain thermal stability, as opposed to azurin with only a mixture
of 1 a-helix and a set of B-sheets. Or this could come from the number of hydrophobic
residues on the B-barrel structure, leading to an increase in its ability to resist an impact

from the AAILs on the protein-water interaction that keeps the protein thermally stable.
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This understanding provides insight on AAILs as useful tunable biomaterials in the

various applications of pharmaceutics, cosmetics, therapeutics, and green solvents.

Section 2 Future Outlook

Further study may involve more testing of AAILSs on different protein tertiary
structures. Involving MD simulations to find the mechanism of action that the AAILs
impact to cause thermal destabilization. Different biological monomers to use for ILs,
like fatty acids ionic liquids (FAILSs) to observe if there are any stabilization effects from
micelle forming ILs. Testing AAILs for molecular stability by using MD simulations and
then utilizing CD spectroscopy to test stabilization of proteins over time in the presence
of AAILs. Further understanding of azurin thermal unfolding being affected by the pH of
the IL used when in DI water alone would be another interesting study to gleam the
pattern of pH affects. To test ionic strength of AAILs on both proteins, low concentration
IL studies would be useful and lead to deeper understanding on more physicochemical
effects of these AAILs. Experiments testing AAILs with QDNA and QRNA would be
useful to further explore the applications of these novel materials. All of this will help to
provide further insight on the knowledge herein expanded upon that needs filling in and

can be useful for future therapeutic applications.

AAILSs have a massive potential to be useful in applications for stabilizing
therapeutics and use as alternative solvents. Their biocompatibility and biodegradability
provide a foundation for use in biological therapeutics and possible alternatives to present
organic solvents that are highly volatile which lead to environmental hazards like air
pollution. The world needs to shift to focus more resources on utilizing new scientific

knowledge for future innovations to improve human impact on the environment. Finding

88



new scientific technology, materials, and techniques are the ways of the future to improve
the world around us and leave it better than we found it. Finding the inspiration to focus
and get excited for learning and innovation is the path to understanding ourselves and our
place in the universe. ILs are just one of the many topics of study that will lead us to an

improved perception on medicine, infrastructure, and our environment.
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