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ABSTRACT

THE MECHANISMS OF ATP-BIOMACROMOLECULE INTERACTIONS

Cansin Ayvaz
M.S. in Chemistry
Advisor: Dr. Halil Ibrahim Okur

December 2023

Adenosine triphosphate (ATP), one of the most important biomolecules of life, plays a vital role
as the primary energy source within cells for essential biological functions. It has recently been
discovered that ATP can also serve as a biological hydrotrope to destabilize protein aggregates
and fibers. This thesis aims to investigate the recently discovered hydrotropic behavior of ATP
and its interaction mechanisms with  biomacromolecules, particularly  poly(N-
isopropylacrylamide) (PNIPAM), using a multi-experimental approach combined with
molecular dynamics (MD) simulations. Adapting the bottom-up approach, the phase behavior of
macromolecules is examined through phase transition and ATR-FTIR measurements.
Additionally, site-specific interactions are identified with quantitative *H-NMR spectroscopic
studies, and the hydration shell structure and cluster morphologies of ATP molecules are
explored through Multivariate Curve Resolution (MCR) Raman experiments. It is demonstrated
that adenine and adenosine subgroups show negligible effect on the solubility of
macromolecules, whereas ATP, AMP, and triphosphate exhibited purely salting-out behavior,
and induced the aggregation of macromolecules. In stark contrast to the recently discovered
hydrotropic behavior of ATP, no specific interactions between the macromolecule and ATP were
observed in spectroscopic ATR-FTIR and *H-NMR measurements, as well as MD simulations.

Surprisingly, at elevated concentrations, self-association of ATP was observed leading to partial



destabilization of larger PNIPAM aggregates to smaller ones. In the absence of ATP binding
sites, interactions with random-coil-like structured macromolecules do not lead to effective
hydrotropic action of ATP. Instead, they function more as stabilizers rather than solubilizing the

macromolecules.

Keywords: Adenosine triphosphate, adenosine monophosphate, tripolyphosphate, adenine,

adenosine, hydrotropes, thermoresponsive polymers, PNIPAM, PDEA



OZET

ATP-BIYOMAKROMOLEKUL ETKILESIMLERININ MEKANIZMALARI
Cansin Ayvaz
Kimya | Yiiksek Lisans
Danigman: Dr. Halil Ibrahim Okur

Aralik 2023

Yasamin en dnemli biyomolekiillerinden biri olan adenozin trifosfat (ATP), temel biyolojik
islevler icin hiicrelerde birincil enerji kaynagi olarak hayati bir rol oynar. Son zamanlarda
ATPnin protein agregatlarini ve liflerini dengesizlestirmek icin biyolojik bir hidrotrop gorevi
gorebilecegi kesfedildi. Bu tez, ATP'nin yakin zamanda kesfedilen hidrotropik davranigini ve
bunun biyomakromolekiillerle, 6zellikle de poli (N-izopropilakrilamid) (PNIPAM) ile etkilesim
mekanizmalarini, molekiiler dinamik (MD) simiilasyonlariyla birlestirilmis ¢oklu deneysel bir
yaklagim kullanarak arastirmayi amaglamaktadir. Asagidan yukariya yaklagim benimsenerek
makromolekiillerin faz davranisi, faz gecisi ve ATR-FTIR 6l¢limleri yoluyla incelenir. Ek olarak,
sahaya 0zgili etkilesimler niceliksel 1H-NMR spektroskopik c¢aligmalarla tanimlanir ve ATP
molekiillerinin hidrasyon kabuk yapis1 ve kiime morfolojileri Cok Degiskenli Egri Coziimleme
(MCR) Raman deneyleri aracilifiyla arastirilir. Adenin ve adenozin alt gruplarimin
makromolekiillerin ¢6ziiniirliigli iizerinde ihmal edilebilir bir etkisi oldugu gosterilmistir, 6te
yandan ATP, AMP ve trifosfat ise tamamen tuzlanma davranisi sergilemis ve makromolekiillerin
agregasyonuna neden olmustur. ATP'nin yakin zamanda kesfedilen hidrotropik davraniginin tam
tersine, spektroskopik ATR-FTIR ve 1H-NMR ol¢timlerinin yani sira MD simiilasyonlarinda

makromolekiil ile ATP arasinda hicbir spesifik etkilesim gozlenmemistir. Sasirtic1 bir sekilde,



yliksek konsantrasyonlarda, ATP molekiillerinin kendi kendine birlesmesinin, daha biiytlik
PNIPAM agregatlarinin daha kii¢iik olanlara dogru kismen dengesizlesmesine yol agtigi
gozlemlenmistir. ATP baglanma bolgelerinin yoklugunda, rastgele halka benzeri yapili
makromolekiillerle etkilesimler, ATP'nin hidrotropik etkisine yol agmaz. Bunun yerine, ATP

molekiilleri makromolekiilleri ¢ozmekten ziyade stabilizator olarak islev goriirler.

Anahtar Kelimeler: Adenozin trifosfat, adenozin monofosfat, tripolifosfat, adenin, adenosin,

hidrotroplar, 1stya duyarl polimerler, PNIPAM, PDEA
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Chapter 1 - Introduction

1.1 Aqueous Phase Behavior of Biomacromolecules

The solution phase behavior of biomacromolecules leads to life. Biomacromolecules,
including proteins, nucleic acids (DNA and RNA), carbohydrates, and lipids are large
molecules found in living organisms. When these biomacromolecules are in a solution (usually
in an aqueous medium, as it's the primary solvent in biological systems), they exhibit various
behaviors. Common behaviors include solubility, conformational changes, hydration,
aggregation, ionization, enzymatic activity, and denaturation. The behavior of
biomacromolecules in solution depends on the specific characteristics of the molecule and the
environmental conditions. Understanding these behaviors helps elucidate how
biomacromolecules function in living organisms and various laboratory applications. This
chapter focuses on biomacromolecules and explores the factors influencing their behavior in
the solution phase. It then delves into the current molecular-level understanding of specific
ion and osmolyte effects on macromolecules in aqueous solutions, contextualizing the
relevance and motivation of this present thesis study, as detailed in the following sections.

Biomacromolecules have varying solubilities in water. Protein solubility, for instance,
can be impacted by a variety of factors. Temperature'2, ionic strength® pH*, and the existence
of different solvent additives are examples of extrinsic variables that affect protein solubility.
% These variables can be adjusted to get a high solubility>®, but changing the solution
conditions isn't always sufficient to raise the necessary level of protein solubility. For example,
the solubility of PNIPAM, poly (N-isopropyl acrylamide), was studied in aqueous solutions

with a series of nine different cation chloride salts. The study® revealed that all cations were

16



generally depleted from the macromolecule/water interface, but strongly hydrated cations
could accumulate around the amide oxygen. The dominating salting-out effect decreased to a
greater extent with increasing salt concentrations because of these weak but favorable
interactions. Moreover, the amino acids consisting of the protein, especially the ones located
at the surface of the 3D structure determine the intrinsic features that affect solubility. 1°-12
Yet, there remains a lack of comprehensive knowledge regarding how to modify the inherent
properties of a protein to enhance its solubility.>813

The inter and intra-molecular interactions between biomacromolecules are generally
facilitated via Coulomb (ionic) interactions; hydrogen bonds'4, ionic interactions, van der
Waals forces, and hydrophobic interactions®®. These interactions are essential to various
biological functions, such as enzymatic catalysis'®, cell signaling, protein folding®’, membrane
transport'®, immune responses, and metabolic pathways'®. Some biomacromolecules also
participate in chemical reactions in solution. For instance, enzymes catalyze biochemical
reactions by binding to substrate molecules and facilitating their conversion into products.
They require specific metal ions (cofactors) to function. The identity and concentration of
these metal ions in the solution became critical for the activity of such biomacromolecules.

Water is a fundamental building block of life, and most biological processes take place
in an aqueous environment. %° In this context, the water environment can have a significant
impact on the structure and functionality of biomolecules immersed within it. 2122
Biomacromolecules surrounded by water molecules in solution create a hydration shell. This
hydration shell reduces the interactions between hydrophobic regions and water, providing
stability to the macromolecule. The hydration shell concept has been employed to uncover the

distinctive properties of water next to biomolecules and molecular assemblies such as
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membranes.?*?* The hydration shell in a qualitative perspective is made up of the first (or the
first few) water layer that surrounds the biomolecule and interacts with it. > However, the
agueous environment "sufficiently” away from the biomolecular surface ought to exhibit
characteristics of bulk water. % The separation of the hydration shell from bulk water presents
significant hurdles from the perspectives of both structure and dynamics. While there is
comprehensive knowledge regarding the structure and dynamics of bulk water, the
understanding of water behavior within hydration shells is notably limited. There are different
ideas about how water behaves near a biomolecule and the extent to which the water structure
around it differs from bulk water. 2 The main issues are outlined below:

First, a biomolecule's surface, being nonplanar and corrugated, sets steric conditions
for the nearby hydration shell. This results in a distinct spatial arrangement of water molecules
from bulk water in the initial hydration layer, impacting their vibrational and rotational
properties. 25-2° Gradually, the hydration shell absorbs the bulk water structure as it moves
from the initial water layer to farther distances from the biomolecular surface. The scale of
this structural adaptation is debated, with estimates ranging between 2 and more than 10 water
layers.

Secondly, polar and charged groups on biomolecule surfaces interact with the initial
water layer through electric forces and local hydrogen bonds, influencing the structural
diversity of hydration layers. 26%° The strength and spatial extent of these electric fields, as
well as the occurrence and strength of hydrogen bonds between hydrating water and the
biomolecule, remain poorly characterized. Diverse interactions, including strong hydrogen
bonds and clathrate water structures, contribute to temporal variations in hydration shell

dynamics, exhibiting behavior distinct from bulk water and awaiting precise quantification.
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Moreover, debates arise about the behavior of water molecules inside a hydration shell.
One viewpoint proposes a more rigid water structure with reduced fluctuations and increased
hydrogen bond lifetimes, termed "biological water." 332 However, recent molecular-level
simulations and experimental studies contradicted this concept, suggesting only a moderate
slowdown in water dynamics, typically by factors of 2 to 3 compared to bulk water,33-3

Finally, the detailed examination of hydration shell dynamics is often justified by their
presumed influence on biomolecular conformational dynamics. While water is commonly
seen as a lubricant of biomolecular motions 223, recent studies present conflicting
perspectives. Beyond affecting biomolecular flexibility, hydration shell dynamics are
suggested to be crucial for biomolecular function, influencing activities like protein anti-freeze
capabilities and enzyme catalysis. Despite the belief in @ minimum hydration level for protein
functionality (approximately 0.3 g of water per gram of protein), experimental evidence
challenges this notion, raising questions about the strict necessity of a dynamic hydration shell
for biomolecular function. The findings have demonstrated that enzyme proteins can maintain
their flexibility and functionality at low humidity levels (below 0.03 g of water per gram of
protein) and when water is substituted with an organic solvent.

Biomacromolecules, such as proteins and nucleic acids, contain ionizable functional
groups (e.g., amino acids in proteins with acidic and basic side chains). The pH of the solution
can influence the ionization state of these groups. For example, at low pH, basic groups tend
to be protonated, while at high pH, acidic groups tend to be deprotonated. Changes in pH can
also induce conformational changes in biomacromolecules.?’ For instance, proteins may fold
or unfold in response to changes in pH. Shang et al. investigated the effect of pH on the

conformational changes of Bovine Serum Albumin (BSA) in the bioconjugates, and the
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outcomes revealed that the pH dependency might stem from the intrinsic conformational state
adopted by albumin at various pH levels. *

Lastly, temperature and salt (ion) concentration are two additional factors that can
impact the conformational changes *** and the behavior of biomacromolecules. Different
ions have distinct abilities to precipitate proteins from a solution, as indicated in the
Hofmeister series of cations and anions. *° For example, certain ions can stabilize the structure
of proteins (e.g. SO4%), while others can disrupt it (e.g., chaotropic ions like guanidinium
chloride). Before diving into the details, it’s important to introduce the historical studies on
ion-specific effects on proteins, which originated in Prague in the 1880s and were led by Franz

Hofmeister.

1.2 Effect of lons on Biomacromolecules: The Hofmeister Series

The ion-specific effects on macromolecules have been a major focus in understanding
the solution phase behavior of macromolecules and attaining a molecular-level understanding
of the Hofmeister series. >"6-% Concerning ion-specific effects on proteins will be elaborated,
guiding the reader through the developments, that eventually led to today’s molecular-level
understanding of the Hofmeister series. Hofmeister and his collogues compiled their studies
on ion-specific effects in a series of seven articles published in German literature from 1887
to 1898. His comprehensive investigations into the salting-out of proteins were remarkable in
several aspects. He pioneered the systematic quantification of salting-out effects across a
complete set of salts, a compilation later recognized as the Hofmeister series, which was
initially reported in 1888. *° The relative influence of ions on the physical behavior of a wide

range of aqueous processes, from protein folding to colloidal assembly, is ranked using this
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Hofmeister series. Furthermore, his work with the various sets of salts that share a common

cation or anion enabled the construction of a separate Hofmeister series for cations and anions.

cations
NH4+ K" Naf" Lit Mg2+ Ca2* guadinium+
- ' 1 Solubility of proteins

MEISTER  Ssalting in (solubilize)

3 T Protein denaturation
N ERIES | Protein stability
S04“” HPO4“" acetate™ citrate” CI' NO;” Cl10;” I' Cl04~ SCN
anions

Figure 1.1: The Hofmeister series for cations and anions. (Inspired from ref 44)

Hofmeister’s first study appeared a few years after Arrhenius’ discovery that salts
dissociate into ions in water.%® Following this, he published his second paper titled “About
regularities in the protein precipitating effects of salts and the relation of these effects with the

physiological behavior of salts” %

and his third paper titled “About the water withdrawing
effect of the salts” ®°, which are among his most significant works. Hofmeister’s objective was
to classify the salts and the species that are salted out and included a range of proteins as well
as other substances such as sodium oleate, gelatin, and colloidal ferric oxide. * In the original
work, Franz Hofmeister investigated the solubility of egg-white proteins in various aqueous
salt solutions at different salt identities and concentrations. Based on these studies, he
proposed a diverse “water-withdrawing effect” of different salts, attempting to establish a

direct link to their salting-out abilities. 4

The typical ion ordering of the anionic series is shown below:
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CO3% > S04 > S,03% >H.PO* >F >Cl" > Br > NOz > I' > ClO4 >

SCN-

The ionic species located to the left of Cl™ are termed kosmotropes, or historically
considered as 'water structure makers'. They are highly hydrated and exert stabilizing effects,
leading to the salting-out phenomenon in macromolecules. Proponents of the concept of
“kosmotropes” and “chaotropes” later embraced Hofmeister’s idealistic objective of
explaining particular ion effects on general solutes in terms of the interactions of salt ions with
water. This theory states that the former group of ions, such as SO4> or F", are successful at
salting out because they provide order (kosmos) to the solution and may arrange several layers
of water molecules around themselves. On the other hand, the species to the right of ClI” such
as SCN, ClIOq4, or I, cannot organize water molecules around them and are hence ineffective
as salting out agents. They are termed chaotropes and traditionally identified as ‘water structure
breakers'. Known for their ability to destabilize folded proteins, they consequently exhibit
salting-in behavior.® While the interpretation of the Hofmeister phenomenon may appear to
offer a simple, broad overview, the structure-maker vs. structure-breaker paradigm for
explaining Hofmeister's effects began to change in the late 20th century. The suggested
characteristic of the various ions in the series, leading to the terms kosmotrope and chaotrope,
faced challenges in being supported by experimental evidence. As spectroscopic and
thermodynamic tools improved, studies started to reveal that ions did not seem to alter the
structural order of water beyond their immediate solvation shells. It was recognized that the
impact of ions in the bulk did not provide a strong enough explanation for the origin of the

Hofmeister series. 4446
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Bakker and coworkers conducted a series of studies in this regard.®*%® They utilized
femtosecond pump-probe spectroscopy to measure the orientational time of water molecules
in a salt solution containing CI, Br-, ClO4, or SO4>. Ultrafast infrared irradiation excited O-
H stretching modes, followed by a weaker IR pulse to monitor relaxation behavior with high
time resolution. The presence of both kosmotropic and chaotropic ions increased correlation
times for water molecules in the first hydration shell, especially for anions. Nevertheless,
neither class of ions influenced bulk water dynamics indicating unaffected bulk water
structure. Pielak and coworkers investigated the impact of stabilizers and denaturants, such as
sugars, guanidinium salts, and urea, on proteins using pressure perturbation calorimetry.®’
They converted their experimental data to the pressure dependence of the partial heat capacity
to investigate the effect of stabilizers and denaturants on water structure by utilizing the
classical two-state mixture model for water. In contrast to commonly held assumptions, their
study revealed no connection between the type of solute and its role as a water structure maker
or breaker in bulk water. ¢ Finally, Cremer and coworkers utilized surface-selective
vibrational sum frequency spectroscopy (VSFS)% "0 to demonstrate the Hofmeister effect in
an octadecyl amine monolayer spread on salt solutions. The findings showed that the
disruption of the alkyl chain region by an anion aligns with the Hofmeister series, indicating
that dispersion forces play a crucial role in this effect. In contrast, the impact of ions on
hydrogen bonding and the structure of interfacial water was less straightforward.®’
Consequently, it was understood that the concepts of “kosmotropes" and "chaotropes" do not
work for making or breaking water structures. Furthermore, extensive evidence from nature
itself showed that salting out behavior cannot be properly explained by only considering ions

and water; rather, the protein solute must be explicitly taken into consideration. Lysozyme,
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for example, salts out of solution according to the Hofmeister series exclusively at high pH
levels and ionic strength. However, under neutral and acidic conditions, it follows a reversed
Hofmeister series. '+

Overall, to enhance our understanding of the Hofmeister series, it is crucial not only
to understand the hydration properties of salt ions but also to delve into their interactions with
protein surfaces. Following this realization in the 1960s, the so-called Renaissance period of
the Hofmeister series began. The studies’® from this period probed various thermodynamic
and spectroscopic techniques, which mainly examined the protein backbone, and showed that
the amide group interacts preferentially with strongly hydrated cations (such as Li*, Mg?*, or
Ca2*) and weakly hydrated anions (such as Br, I, ClO4, or SCN"). Simple thermodynamic
considerations imply that salting in and instability of the protein are caused by attractive ion-
backbone interactions. This suggests that ions that are firmly partitioned to the protein surface
have a reduced capacity for salting out (and stabilizing), which aligns the aforementioned
findings with the Hofmeister series.

While the intricate molecular mechanisms of ion-macromolecule interactions have
been demonstrated for Hofmeister ions!®’78! the specific molecular-level intricacies
concerning how small molecules and osmolytes impact the macromolecules within the
aqueous environment remain incompletely understood. In the following section, the effects of

small molecules including osmolytes on biomacromolecules will be detailed.
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1.3 Small Molecules: Effect of Osmolytes on Biomacromolecules

Small molecules refer to organic compounds with a relatively low molecular weight
(<1000 daltons). 8 These compounds are typically around 1 nm in size and have the
remarkable capacity to regulate biological processes. They can act as inhibitors or activators,
modulating the activity of biomacromolecules. For instance, competitive inhibitors compete
with natural substrates for binding sites on enzymes, while activators enhance enzymatic
activity. Additionally, they play a critical role in regulating macromolecular interactions,
modifying the affinity between molecules, and disrupting non-covalent bonds. Ligands, for
instance, can bind to biomacromolecules, which can then cause conformational changes and
control biomacromolecules’ activity. 1° This is particularly important in the context of
enzymes, receptors, and transport proteins. Small molecules like metabolites (e.g., ATP,
NADH) serve as substrates, cofactors, and regulators in various biochemical pathways,
influencing the behavior of biomacromolecules involved in these pathways. Another
important aspect of small molecules is their involvement in the regulation of gene
expression®# affecting processes such as transcription 888, translation®, and the stability
of RNA and proteins involved in gene regulation *°. Their diverse effects on macromolecules
are crucial for maintaining cellular homeostasis and are essential for signal transduction,
metabolism, and the immune response. Investigating and understanding these molecular
interactions not only advances our knowledge of biomolecular systems but also offers
potential avenues for therapeutic interventions.%1°?

Osmolytes (organic osmotic solutes) are small organic molecules observed in bacteria,
plants, and animals. The osmolyte systems commonly found in water-stressed organisms

include polyhydric alcohols, free amino acids along with their derivatives, and combinations
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of urea and methylamines.®® These types of osmolytes are present in nearly all organisms
under water stress %94, The use of organic osmolyte systems has two primary advantages:
their compatibility with macromolecular structure and function at high osmolyte
concentrations, and the reduced necessity for protein modification to function effectively
within concentrated intracellular solutions. ®® In aqueous environments, osmolytes have been
categorized as "stabilizers" due to their capacity to enhance the stability of proteins and other
large biomolecules. They favor the folded (or native) state over the unfolded state of the
concerned protein in the equilibrium between Unfolded = Folded. Another category of
osmolytes is referred to as "denaturants”, and they have the opposite effect on
biomacromolecules. These osmolytes induce the denaturation of proteins and/or large
biomolecules in aqueous solutions, favoring the unfolded state over the native state of the
target proteins®*, It's important to note that stabilizer osmolytes and stabilizing (salting-out)
ions exhibit comparable effects on proteins. Such similarities are also seen between
destabilizing (salting-in) ions and denaturant osmolytes.

Urea and guanidinium ion (Gnd*) are among the most well-known osmolytes capable
of denaturing various proteins. They have been studied in the literature for more than 60 years,
exploring both direct interactions with the protein backbone and side chains, as well as direct
effects resulting from the interaction with water molecules. °-°° Guanidium was demonstrated
to exhibit a preference for charged residues, and its charge delocalization leads it to stack with
aromatic side chains such as tryptophan, phenylalanine, tyrosine, and histidine within
proteins’ interior, thereby playing a substantial role in the unfolding of the protein. %1% Urea,

aside from binding with charged and polar residues, has a notable impact on polar interactions
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within the protein backbone by binding to carbonyl oxygen, leading to the destabilization of
secondary structure elements, 101103

Several attempts were made to elucidate the denaturant effect of guanidium on
proteins. %% However, these investigations did not suffice to offer a molecular-level
explanation. As research tools have advanced in the last few decades, numerous studies have
delved into a detailed exploration of the denaturant effect of guanidinium. These investigations
include MD simulations 1419 thermodynamic measurements 1%, and spectroscopic analyses.
104,106 Heyda et. al utilized a combination of experimental techniques (circular dichroism (DS),
differential scanning calorimetry (DSC), and NMR) along with MD simulations to investigate
the denaturation of the Trp-cage mini protein by guanidinium and urea.'®® The destabilizing
effect of both urea and guanidinium on Trp-cage was remarkably similar, despite their distinct
interactions with proteins.1% Okur et al. performed a combination of phase transition and FTIR
measurements together with MD simulations to elucidate how guanidium (Gnd+) salts impact
the stability of the collapsed and uncollapsed states of an elastin-like polypeptide (ELP), a
thermoresponsive polymer. 1% The research revealed that guanidium’s action was influenced
by the specific counter anion it was paired with. When paired with well-hydrated anions like
S04, guanidium was depleted from the ELP/water interface, stabilizing the collapsed state
through an excluded volume effect. At low salt concentrations, guanidium also stabilized the
collapsed state when paired with SCN-, a strong binder for the ELP. In this scenario, both the
cation and anion were concentrated in the collapsed state of the polymer. This effect was
attributed to guanidium’s capacity to facilitate cross-linking of polymer chains. However, at
high salt concentrations, guanidium began to stabilize the uncollapsed state. This shift

occurred because, at this concentration (>1.5M), both the anion and the cation were present in
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sufficient amounts to partition to the polymer surface, preventing the formation of cross-links.
Moreover, the salts having an intermediate interaction with the ELP, such as GndCl, exhibited
a preference for the uncollapsed conformation at all salt concentrations. The findings offer a
comprehensive molecular-level understanding of how Gnd* impacts the stability of
polypeptides, shedding light on the conditions in which guanidium salts can serve as potent
and versatile protein denaturants.

Achieving molecular level detailed mechanisms of osmolytes affecting the stability of
proteins and (bio)macromolecules in aqueous medium concerning several factors (e.g.,
temperature, pH, humidity, concentration, osmotic pressure, etc.) is quite important. This is
simply due to the natural presence of osmolytes in the cytosol and extracellular fluid of
numerous organisms; fungi, protozoa, multicellular algae, vascular plants, insects,
cartilaginous fishes, amphibians, and even mammalians including humans %% As a
consequence, it is vital to investigate osmolytes and their behavior in full-scale, since a variety
of protein-related disorders are shown to cause by protein misfolding, protein aggregation
(e.g., Alzheimer, and Parkinson) or conformational abnormalities, which can play an
important role in the pathogenesis of amyloid-related diseases and pose a significant barrier

to the production and development of protein therapies 9107112

1.4 Hydrotropes

In 1916, the German chemist Carl Neuberg authored a publication discussing what he
referred to as “hydrotropic appearances”.!'® He was describing the strange effects that small
organic salts had on the solubility of compounds that would otherwise be insoluble. Since

then, the term “hydrotropy” has gained widespread recognition in the field and continues to
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be used today. To provide a contemporary definition, a hydrotrope is a compound that doesn’t
form aggregates on its own (unlike surfactant). Instead, they are small molecules that increase
the solubility of poorly soluble compounds in aqueous solutions.!***'° They possess both
hydrophilic and hydrophobic components, similar to surfactants. However, they differ from
surfactants in that they typically have shorter alkyl tails or aromatic rings, which prevent
spontaneous self-aggregation. *° The hydrophilic part generally has a relatively less impact
on hydrotropic behavior, while the hydrophobic portion typically results in increased
hydrotropic efficiency 2. In Neuberg’s initial publication on this matter, he addressed various
aspects that later became significant in hydrotrope science. Specifically, he mentioned that
pentyl and benzyl sulfate do have hydrotropic characteristics, while ethyl sulfate does not. He
pointed out that 5 to 6 carbon atoms appear to be the optimum. This observation emphasizes
a fine balance between the ionicity of the headgroup and structural hydrophobicity, a topic
also the subject of a recent publication. 2° Neuberg also observed the effects of hydrotropes
on inhibiting the formation of liquid crystals. This aspect was extensively examined by Friberg
et al. after around 70 years. *2* While certain observations made by Neuberg have only recently
become well-established (such as the “pre-ouzo” effect), his visionary endeavor to utilize
hydrotropes for pharmaceutical solubilization endures, and his concept continues to be applied
in the pharmaceutical industry to this day. Additionally, he also documented the solubilization
of proteins with hydrotropic salts, which aligns thematically with Franz Hofmeister’s prior
work on protein solubility. However, while Hofmeister concentrated on the salting-in and
salting-out effects of inorganic salts, Neuberg conducted experiments on the solubilization of
proteins.*® He examined their behavior, particularly during heating, and discriminated the

apparent “salting-in” effect of his recently discovered hydrotropes from the effects observed
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for typical salting-in ions such as thiocyanate (later referred to as “chaotropes”). He recognizes
the similarities in protein solubilization but highlights distinctions in the solubilization of
aliphatic/hydrophobic compounds. This correlation has recently reemerged in publications
discussing a suggested hydrotropism for ATP. For example, according to a recent study by
Patel et al.1?2, ATP can operate as a biological hydrotrope to maintain protein solubility and
suppress macromolecule aggregation. While this concept has been supported by a large body
of research, there are just as many that argue that ATP does not act as a hydrotrope. Conflicting
theories on ATP's hydrotropic nature are proof that the concept of hydrotrope is not yet wholly
grasped. Consequently, gaining a comprehensive understanding of the hydrotropic mechanism

has proven to be a challenging task.

1.4.1 Adenosine Triphosphate (ATP) as a Biological Hydrotrope

The human body is an intricate and complex organism that requires energy to maintain
its proper functioning. At the cellular level, adenosine triphosphate (ATP) serves as the
primary energy source, driving biochemical reactions within cells, and functioning as a
signaling molecule in both extracellular and intracellular signaling cascades. It also facilitates
both immediate utilization and storage, details of which have been extensively described
elsewhere.?312 Referred to as the "energy currency” of the cell, ATP possesses easily
releasable energy within the bond connecting the second and third phosphate groups. Apart
from supplying energy, the hydrolysis of ATP plays a crucial role in numerous cellular
functions, such as signaling and DNA/RNA synthesis. The synthesis of ATP relies on the
energy derived from various catabolic processes, including cellular respiration, beta-

oxidation, and ketosis.13°

30



ATP has a structure known as a nucleoside triphosphate, consisting of a nitrogenous
base (adenine), a ribose sugar, and a series of three phosphate groups linked together. Having
both the hydrophilic (through the triphosphate moiety) and relatively hydrophobic (via the
adenine base) groups together, ATP has an amphiphilic nature. Due to its amphiphilic
property, it has the general characteristics of a hydrotrope but does not assemble into structures

such as micelles. The structure of the ATP molecule can be seen in Figure 1.2.
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Figure 1.2: The structure of the Adenosine triphosphate (ATP) molecule includes its

components: adenine, adenosine, triphosphate (TP), and adenosine monophosphate (AMP).

In general, cells maintain an ATP concentration of 1-10 mM, far greater than what is
needed to sustain metabolic activity. Its concentration might reach relatively high levels in

specific regions, e.g., 0.1 mM within the chromaffin granules of the adrenal medulla. 122131
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133 1t has recently been proposed that ATP is not only involved in the formation of
membranelles organelles through liquid—liquid phase separation (LLPS) which permits
temporal and spatial control over intricate metabolic processes *41%, but also influences the
development of some illnesses, such as cancer, neurological disorders, and even viral
infections %137 by modifying the activity of LLPS or preventing the fibrillation of the
proteins that cause these conditions. 1¥-140 More importantly, it has been reported that ATP
functions as a biological hydrotrope, as was already indicated in section 1.4. This surprising
finding suggests an additional role of ATP in preserving protein solubility, preventing protein
aggregation, and dissolving liquid-liquid phase separation (LLPS) of intrinsically disordered
proteins, including FUS, TAF15, hnRNPA3, and PGL-3, within biological systems. 122 In a
similar spirit, it was discovered that a high concentration of ATP is upheld in the metabolically
quiescent organ, the eye lens, to avoid the crowding of yS-Crystallin. 1! There is also evidence
supporting the ATP-driven solubilization of aggregates in Xenopus oocyte nucleoli.’*?
Additionally, a comprehensive proteome profiling analysis proposed that ATP plays a role in
regulating the solubility of a considerable number of proteins.**® The majority of these recent
studies have led to the introduction of a novel role for ATP as a "biological hydrotrope.” In
contrast, a subsequent study ** presented an argument that although ATP reduces protein
aggregation, this mechanism cannot be ascribed to classical hydrotropic effects. Instead, the
inhibition of fibrillation in disordered proteins was attributed to specific interactions between
adenosine and aromatic amino acid side chains. 1** Therefore, with a wealth of experimental
evidence reinforcing ATP's hydrotropic effect, several studies propose refraining from
classifying ATP as a conventional hydrotrope. This intensifies the debate on this matter and

underscores the importance of scientific scrutiny in this regard.

32



Examining prior research in this field reveals that a significant majority has
concentrated on ATP’s effect on intrinsically disordered proteins or natively folded proteins.
ATP is recognized for its binding affinity to RNA recognition motifs within RNA binding
proteins and RGG low-complexity domains (LCDs) present in intrinsically disordered
proteins. 14149 However, ATP interactions extend beyond the binding sites for nucleic acids
on proteins. A proteome-wide study revealed that roughly a quarter of the insoluble proteome
in human Jurkat cells is solubilized by ATP. 43 Notably, only a small fraction of the
solubilized proteins are known to bind ATP, while the majority consists of proteins containing
intrinsically disordered regions abundant in basic amino acids. The HSQC-NMR analysis has
identified the binding to an arginine-enriched IDR region of TDP-43, yet no direct binding has
been observed for the arginine-rich globular eye lens protein yS-crystallin!, which suggests
that flexibility or disorder is a key factor in determining the binding propensity. However, this
doesn't imply that binding doesn't take place in proteins that are natively folded. Nishizawa et
al.**® identified multiple ATP binding sites using NMR on ubiquitin and ubiquitin domain-
associated receptor p62 (UBA) within flexible protein regions enriched in basic and
hydrophobic residues. According to IH—15N HSQC experiments, changes in amide chemical
shifts were observed in resonances associated with the main hydrophobic surface of Ub (T9,
144, H68, and V70). ATP associates with Ub by forming noncovalent weak interactions
primarily involving hydrophobic and basic amino acids, particularly those around the 144
hydrophobic patch, including V70*°. Specifically, binding occurs with the C-terminal tails
for both proteins and the loop region of ubiquitin. In the case of positively charged proteins
such as lysozyme and the IDP histatin-5, low concentrations of triphosphate have the opposite

effect of inducing protein precipitation'®1%2, Likewise, ATP has been demonstrated to
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enhance fibril formation in various basic IDPs 3, along with an insulin fragment conjugated
to octalysine®. In each of these cases, the ion-specific effects were attributed to

polyphosphate, which creates ionic bridges between the basic groups of proteins.

salting-in

Intrinsically
Disordered
Proteins (IDPs)

Protein/Solute

Macromolecules
(PNIPAM and PDEA)

Figure 1.3: Salting-in and salting-out behavior of Adenosine triphosphate (ATP) on natively

folded and intrinsically disordered proteins, respectively.

Overall, ATP primarily stabilizes natively folded proteins through a salting-out effect,
while preventing the fibrillation of intrinsically disordered proteins (IDPs) by exhibiting a
salting-in behavior, as illustrated in Figure 1.3. Given that ATP binds to valine (\V70) which
is the main hydrophobic surface of ubiquitin, we anticipated a similar interaction between ATP
and a model macromolecule having a chemical structure resembling proteins and a random-
coil structure similar to intrinsically disordered proteins (IDPs). The question was: How does
ATP interact with a model macromolecule possessing characteristics bridging the gap between
these two types of proteins?

In this context, Poly (N-isopropyl acrylamide) (PNIPAM) proves to be a suitable

macromolecule for our research purposes due to the isopropyl group in its structure,
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resembling that of Valine. Moreover, PNIPAM lacks a well-defined three-dimensional
structure, and in a random coil, the polymer chain does not adopt a specific repeating pattern
or secondary structure, such as an alpha helix or beta sheet observed in proteins. Therefore,
PNIPAM exhibits physical characteristics akin to IDPs. Overall, it possesses traits between
natively folded proteins and IDPs. The subsequent section will provide detailed information

on the model macromolecules employed in the forthcoming experiments.
1.5 Model Systems

Poly (N-isopropyl acrylamide) (PNIPAM) is a well-established temperature-
responsive polymer that was initially synthesized in the 1950s and remains one of the most
extensively investigated and widely used smart polymers to this day.>!*15¢ PNIPAM
undergoes a sharp coil-to-globule transition at temperatures above its lower critical solution
temperature (LCST), which is approximately 305 K in water. 8 This behavior is analogous to

the phenomenon of cold denaturation observed in proteins.t>’
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Figure 1.4: The possible interaction mechanism between ATP and macromolecules (indicated
with gray beads) involving two pathways: (left) interaction with the tripolyphosphate group,

or (right) electrostatic interactions between adenine/adenosine and the macromolecule.



Furthermore, the structure of PNIPAM (Figure 1.5, left) includes various hydrophobic
elements such as backbone groups and the isopropyl group on the sidechain, as well as
hydrophilic components like the amide group on the sidechain. This arrangement mimics the
hydrophilic peptide groups and the hydrophobic side-chain groups of natural proteins. The
coexistence of groups with diverse chemical environments and hydrophobicity levels makes
PNIPAM-type polymers perfect for studying how the polarity of the polymer groups affects
preferred interactions with ions. The temperature-dependent characteristics of PNIPAM can
be attributed to the combination of hydrophilic amide groups, a hydrophobic backbone, and
isopropyl moiety. Below the LCST, the dominant hydrogen-bonding interactions between the
hydrophilic groups of PNIPAM and water enforce a coil-like conformation in the polymer. 158
Above the LCST, the solvation entropy of the hydrophobic groups in both the backbone and
side chain becomes dominant. Consequently, PNIPAM undergoes a transition from a coil-like

conformation to a compact globule-like structure in aqueous solution. *%°
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Figure 1.5: (left) The structure of Poly(N-isopropyl acrylamide) (PNIPAM), (right) the
structure of poly(N, N- diethyl acrylamide) (PDEA) polymers.

To ensure the experimental rigor, another macromolecule poly (N, N- diethyl
acrylamide) (PDEA) was utilized. This macromolecule shares a similar structure to PNIPAM,

thereby strengthening the robustness of the investigation (Figure 1.5, right).
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Chapter 2 — Materials and Methods

2.1 Materials

The chemicals used in this study are listed below with the percent purity listed in parentheses.
Poly (N-isopropy! acrylamide) (PNIPAM) (Polymer Source, Inc., 118.500 g/mol), poly(N-
isopropyl acrylamide) (PNIPAM) (Sigma Aldrich., 85.000 g/mol), poly(N, N- diethyl
acrylamide) (PDEA) (Polymer Source, Inc., 55.000 g/mol), adenosine (Sigma Aldrich, 99%
purity), adenine (Sigma Aldrich, 99% purity) sodium triphosphate pentabasic (Sigma Aldrich,
98% purity), adenosine 5’-triphosphate disodium (ATP) (Sigma Aldrich, 99% purity),
adenosine 5’- monophosphate sodium salt (Sigma Aldrich, 99% purity), sodium
xylenesulfonate (NaXS) (Sigma Aldrich, mixture of isomers, 40 wt. % in H20), H20
(Millipore Nanopure system, 18.2 M cm), deuterium oxide (D20) (Eurisotop, 99.90% D) were

used without any further purification.

2.2 Sample Preparation

Lyophilization, also known as freeze-drying, is a process of removing solvent, i.e.
water, from a substance by freezing the polymer solution at low temperature and subsequently
subjecting it to a vacuum. To perform lower critical solution temperature (LCST), ATR-FTIR,
and NMR measurements with precision, it is crucial to have polymer samples of the utmost
purity. This method plays a crucial role in achieving this goal by removing the residual solvent

or moisture present in the sample, resulting in a dry and stable polymer sample. ¢
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Figure 2.1: The setup for the vacuum-drying process. The desiccator (on the right), and the

vacuum pump (on the left).

To begin with, an accurate mass (with four significant figures) of the solid polymer
(PNIPAM or PDEA) was measured and dissolved in deionized water within 10 mL volumetric
flasks, resulting in a final concentration of 20 mg/mL and 5mg/ml stock solutions. The
preparation of samples involved transferring desired volume aliquots of the stock solution into
Eppendorf tubes using a micropipette. Specifically, for the LCST measurements, the
Eppendorf tubes were filled with 100 uL of the 5mg/ml stock solution, and 100 uL of the
20mg/ml for ATR-FTIR measurements. Special care was taken during the transfer of the
aliquot to the bottom of the Eppendorf tubes to ensure that no solution droplets remained on
the Eppendorf tube walls. This was crucial as any residual solution on the walls could lead to
the formation of solid residue during the subsequent vacuum drying process. The Eppendorf

tubes were sealed using punctured lids to allow for the effective removal of moisture from the
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samples and facilitate the drying process induced by the vacuum during lyophilization.
Separate lids were used for each set of polymer samples to avoid any cross-contamination.
The prepared samples were immersed in liquid nitrogen for at least 10 minutes for a complete
freezing process. Subsequently, the tubes were carefully removed from the liquid nitrogen and
promptly placed in an upright position inside an Eppendorf storage box to prevent any melting
of the samples at room temperature. Lastly, the Eppendorf storage box was placed inside a
desiccator, and the samples were subjected to vacuum drying overnight. Once the vacuum
drying was complete, the samples were taken out of the desiccator and stored in a refrigerator
to later utilize for LCST and ATR-FTIR measurements. The vacuum drying setup for the
polymer samples can be seen in Figure 2.1.

To prepare stock solutions of hydrotropes and derivatives (ATP, TP, AMP, adenine,
and adenosine), each compound was precisely weighed and added to 10 mL volumetric flasks.
For the preparation of ATP and AMP solutions, a 2 mL volumetric flask was used instead of
a 10 mL one due to the limited weight of the compound. These compounds were then dissolved
in deionized water (or D20 for NMR measurements) to achieve specific concentrations for the
stock solutions. The desired lower concentrations were obtained through a serial dilution of
the stock solutions with deionized water / D20. Once the stock solutions of ATP and its
derivatives were prepared and diluted to the desired concentrations, the appropriate volumes
of these diluted stock solutions were added to the previously lyophilized polymer samples
(PNIPAM or PDEA). Specifically, for the LCST and ATR-FTIR measurements, 100 uL of
ATP/subgroup samples were added to lyophilized polymer samples. This amount was 500 pL
for the NMR measurements. Finally, the mixture of polymer and ATP samples was stored in

the refrigerator overnight to ensure complete mixing.
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2.3 Methods

2.3.1 Lower Critical Solution Temperature (LCST) Measurements

The phase transition measurements of 5 mg/mL PNIPAM and PDEA were performed
with an OptiMelt MPA 100 instrument (Stanford Research Systems, USA), equipped with a
microprocessor-controlled temperature range of 10 - 400°C. It also has a built-in camera,
allowing real-time visualization of the sample during heating for observing phase transitions.
The capillary tubes had 1.2-1.5 x 80 mm dimensions and were purchased from Paul Marienfeld
GmbH & Co KG. The temperature was increased at a rate of 1 °C/min. In general, three, but

at least 2 trials were completed for all solutions.

Figure 2.2: The Optimelt instrument, placed inside a refrigerator or freezer during the

measurement.
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The image of the Optimelt instrument can be seen in Figure 2.2. The temperature at
which the polymer sample undergoes a phase change can be observed, and the point where
there is a sudden change in both the phase of the sample and, consequently, the intensity of

scattered light, is taken as the phase transition temperature point.
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Figure 2.3: The Meltview window displays a plot of scattering intensity against temperature

and a camera view.

For the LCST measurements, 100 uL of ATP / subgroup and polymer mixtures were
carefully injected into three capillary tubes using disposable syringes (from Iso-Lab, 2 mL).
For this process, ensuring an equal amount of solution in each capillary tube is crucial for
accurate and precise measurements. First, the capillary tubes are filled with 10 pL of the

desired solution for measurement, the Optimelt instrument is powered on, and the temperature
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range is adjusted through the Optimelt software. The temperature ramp should start below the
LCST of the polymers (PNIPAM and PDEA), so it is adjusted accordingly. Once the
instrument is prepared, three capillary tubes are inserted into their designated positions, and
the measurement begins. It is advisable to place the samples in an ice bath to prevent any
turbidity formation in the sample before the measurement, especially if the phase transition of

the sample mixture is close to room temperature.
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Figure 2.4: The graph displays the normalized scattering light intensity (a.u.) plotted against
temperature (°C) for PNIPAM in 0.1M AMP. The image on the left corresponds to the
unfolded (or uncollapsed) state of PNIPAM below the LCST, while the image on the right
represents the folded (or collapsed) state of PNIPAM above the LCST. Dashed lines are placed
on both axes of the graph to indicate the starting point of the light intensity change over the

temperature range.
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2.3.2 ATR-FTIR Spectroscopy Measurements

Attenuated Total Reflectance — Fourier Transform Infrared Spectroscopy (ATR —
FTIR) measurements were utilized to probe the collapsed state of macromolecules in the
presence and absence of ATP / derivative molecules. Two Bruker ALPHA Il compact FT-IR
spectrometers were employed that are equipped with a platinum attenuated total reflection
(ATR) setup consisting of a monolithic diamond crystal tightly soldered into tungsten carbide.
One of these spectrometers was equipped with an internal heating system. The other
instrument lacks an internal heating system, and thus two different external heating equipment
were utilized. While one of them heats the ATR crystal from the sides, the other setup helps
in heating the crystal from above. After turning on the heating equipment and properly
positioning it on top of the ATR crystal to achieve the desired temperature on the ATR crystal,
at least a 30-minute waiting period is required for both temperature control setups. The
temperature of the external heating setup was set to at least 10 °C higher than the highest
LCST of samples to ensure that it adequately heats the ATR crystal to reach the desired
temperature. The second spectrometer did not require any external heating device as it already
could set and control the temperature within the desired range. The temperature was adjusted
to 50 °C for this spectrometer.

The data acquisition for all the ATR-FTIR measurements followed specific setup
parameters. The measurements were performed with 2 cm™ resolution, and both the sample
and background scans consisted of 32 scans each. The recorded data spanned the range of
4000 cm™ to 400 cm™. Background spectra were initially recorded and followed by the

acquisition of sample spectra following the experimental procedure. The samples were
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analyzed in the following sequence: pure water (H20), polymer (PNIPAM or PDEA) in water
(H20), ATP / derivatives in water (H20) at concentrations ranging from 0.01 to 0.5 M, and a
mixture of polymer (PNIPAM and PDEA) with ATP/subgroup in water (H20). For each
sample of interest, 50 pL of a 20 mg/ml macromolecule solution was transferred on top of the
ATR crystal. Spectra were then captured at four specific time points: immediately after placing
on top of the ATR crystal, at 3 minutes, 5 minutes, and 10 minutes. These time variation
measurements were performed to ensure to capture of any time-dependent change within the
collapse process. As it is discussed later in the results section the time-dependent intensity
changes are minimal.

2.3.3 Nuclear Magnetic Resonance (NMR) Measurements

H-NMR measurements were utilized using a Bruker AVANCE IIl 400 MHz
spectrometer. All NMR samples were measured at ambient temperature in a temperature-
controlled room (T < 21°C), which is kept below the phase transition temperature of PNIPAM
in all studied cases. The spectra were calibrated with an external referencing with sodium 2,2-
dimethyl-2-silapentane-5-sulfonate (DSS) in a D20 solution. The PNIPAM samples were
placed in the outer part of the NMR tube, while the DSS solution was kept in the inner tube.
Therefore, the DSS reference sample never gets in contact with the PNIPAM solutions. Data
processing was carried out using the TopSpin software from Bruker and the Mestrenova

software, from Spain.
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2.3.4 Raman Spectroscopy

The continuous laser light interacts with the aqueous solution of the samples in various
ways. The majority of monochromatic light that interacts with molecules scatters elastically
at a frequency equal to that of the incident laser light (Rayleigh scattering). About one in 108
photons are inelastically scattered, that are dispersed at a frequency that is either higher (anti-
Stokes, less likely) or lower (Stokes) compared to the incident light. Raman scattering is an
example of this inelastic scattering phenomenon, where the vibrational and rotational modes
of the molecule are represented by the frequency differences between the incoming and
scattered light. Using a Low Noise Continuous Wave (CW) Diode-Pumped Solid-State
(DPSS) Laser (Ventus 532) at 532 nm at 50 mW with 10 % attenuation as the excitation laser
source, the samples Raman spectra were measured with a Jobin Yvon Horiba Raman System
with an Andor charge-coupled device (CCD) camera. It was employed by a < 0.01
electron/pixel/second dark current response by thermo-electrically cooling the detector to -69
°C. The laser light is directed to the sample and collected with a 10x objective. The collected
light was directed to 600 g/mm grating and finally measured by a 1024 x 256 pixel CCD
camera. Unless specified otherwise, spectra were obtained using a 5-minute integration
period. All the measurements were performed at ambient temperatures.

In the Raman signal of aqueous solutions, intrinsically chemical information regarding
the solvent, solute, and the hydration shell of the solvent around the solute molecule is present.
MCR- details: backscattered Raman light from the middle of the aqueous solution contained
in a spectroscopic 1 cm glass cuvette within a thermoelectric, temperature-controlled,

translating cell holder (Quantum Northwest Inc.)
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Figure 2.5: The setup for the Raman (MCR) process. Illumination of the Sample Cuvette by

the green laser beam (left figure), and the instrument compartment (right figure).

2.3.5 Molecular Dynamic (MD) Simulations

The molecular dynamics (MD) simulations were carried out with GROMACS
simulation package version 2021.5. The simulations of fully atomistic models of uncharged
PNIPAM chains consisting of 35 monomers were performed in a cubic simulation cell which
was filled with desired ATP and water molecules. The dimensions of the cubic box were 15.38
nm in each axis direction. The water model used was SPCE-E and the water molecules are
models of the charmm-TIP3P interaction potential. A total of four different simulations were
performed, each involving the same PNIPAM chain but varying in the ATP concentration.
The concentrations of ATP investigated were 0.1M, 0.2M, 0.3 M, and ATP-free solutions.
The charge of ATP is neutralized by the addition of Na* ions, which is parametrized using the
Charmma36 force field. The system underwent energy minimization using the steepest-descent
algorithm before the actual Molecular Dynamics (MD) simulation. This MD simulation lasted

for 250 ns and was conducted in an NPT ensemble at a temperature of 310 K, which is above
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the Lower Critical Solution Temperature (LCST) of PNIPAM in pure water. In the
simulations, the temperature was controlled using a velocity-rescaling thermostat with a time
constant of 0.1 ps, while the pressure was maintained at an equilibrium value of 1 bar using a
Parrinello-Rahman barostat with a time constant of 2.0 ps. To enhance statistical robustness,
each simulation was replicated 2 times. Periodic boundary conditions are applied in all three
dimensions. Time propagation is accomplished using a leapfrog integrator with a time step of
2 fs. For van der Waals and Coulomb interactions, a cutoff of 1.2 nm is utilized. Long-range
electrostatic interactions are treated using the particle-mesh Ewald (PME) method with a grid
spacing of 0.16 nm. The LINCS32 algorithm is used to constrain the bonds involving hydrogen
atoms and the bonds and angles of the water molecules. For energy and pressure, long-range
dispersion corrections have been used. The trajectories obtained for all systems were analyzed

using Visual Molecular Dynamics (VMD).
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Chapter 3 — Results and Discussion

3.1 Phase Transition Temperatures of Macromolecules as a

Function of ATP (or subgroups) Concentration

The presence of hydrotropes influences the phase transition temperature of
biomacromolecules. With the characteristic nature of destabilizing the formation of
macromolecular aggregates in aqueous solution, one would expect an increase in the phase

transition temperature of thermoresponsive macromolecules.
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Figure 3.1: a) The structure of Poly (N — isopropyl acrylamide) (PNIPAM). b) The structure
of ATP molecule. ¢) The LCST of 5 mg/mL PNIPAM as a function of ATP, TP, AMP,
Adenine, and Adenosine concentrations(M). Error bars indicate the standard deviation of data.

The solid lines are a guide to the eye.

Figure 3.1 shows the LCST measurements of 5 mg/ml PNIPAM solutions as a

function of ATP, TP, AMP, adenine, and adenosine concentrations. First, the LCST of

48



PNIPAM in the absence of any hydrotrope is at 34.22 °C. The LCST values of PNIPAM in
the presence of both adenine and adenosine (green rhombus and orange triangles) remained
nearly unchanged, indicating that these relatively hydrophobic groups of ATP do not have a
significant effect on the aggregation temperature of PNIPAM. The measurements for adenine
and adenosine were restricted up to 0.1 M due to the limited solubility. Note that, these
concentrations still substantially exceed the typical physiological levels.

In contrast, the LCST values of PNIPAM solutions exhibited a decreasing trend as a
function of ATP concentration (black squares). This trend indicates a strong "salting-out"
behavior. Such salting-out behavior of ATP contrasts with its anticipated hydrotropic
behavior, which typically involves enhancing or not influencing the solubility of
macromolecules. Similarly, the presence of the triphosphate (TP) and adenosine
monophosphate (AMP) groups also induced a comparable salting-out behavior in the phase
transition temperature of PNIPAM. However, while both ATP and TP resulted in a substantial
monotonic decrease in the LCST of PNIPAM, a shallower decrease was observed in the
presence of AMP. It indicates that the triphosphate group should mainly cause the salting-out
behavior. To further explore the role of ATP as a hydrotrope, the same procedure was executed
using another model macromolecule Poly (N, N- diethyl acrylamide), referred to as PDEA,
which possesses a similar structure to PNIPAM. The structure of PDEA is depicted in the inset
of Figure 3.2. The LCST behavior of PDEA as a function of the tested hydrotropes was similar
to the PNIPAM ones (Figure 3.2). Namely, the LCST of PNIPAM was influenced marginally
in the presence of adenine and adenosine, whereas monotonically decreased with increasing
ATP and TP concentrations. The subsequent section will provide detailed information on the

LCST measurements of PDEA.
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Figure 3.2: The LCST of 5 mg/mL PDEA as a function of ATP, TP, Adenine, and Adenosine
concentrations(M). Error bars indicate the standard deviation of data for many data points, it
is within the data points drawn. The solid lines are a guide to the eye. Inset shows the structure
of poly (N, N- diethyl acrylamide) (PDEA).

3.1.1 Investigation of Charge on the Phase Temperature of

Macromolecules

The phase transition temperature of macromolecules can be influenced by the pH of
the solution. Moreover, the phosphate ATP can also change its charge state as the pH of the
solution alters. In order to make sure the protonation and deprotonation are not influencing the
trends in the phase transition of macromolecules, a different PDEA macromolecule was also
employed. The charged PDEA has only 2 deprotonated carboxylate groups at the C and N
termini of the polymer. The LCST in the absence and presence of buffer shows around 3 °C.

In the presence of 0.1 M tris buffer at pH 7.74, and an uncontrolled pH solution, the LCST
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trends as a function of ATP and TP, were found to be quite similar to one another. Moreover,

the LCST trends are similar to those of neutral PDEA (see Figure 3.3).
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Figure 3.3: The lower critical solution temperature (LCST) of 5 mg/mL charged PDEA is

plotted as a function of ATP (black) and TP (red) concentrations (M). The solid lines represent
the LCST of charged PDEA without any buffer, while the dashed lines represent the LCST of
the same charged PDEA in the presence of 0.1M Tris Buffer. Both the solid and dashed lines

serve as a guide to the eye.

When the charged PDEA was employed in the LCST measurements of adenine and

adenosine, some relative changes were observed. Figure 3.4 illustrates the LCST results for

both charged and neutral PDEA in the presence of adenine (orange) and adenosine (green).

LCST measurements with neutral PDEA revealed minimal alteration in the lower critical

solution temperature of PDEA. In contrast, using charged PDEA resulted in some measurable
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LCST°C

decrease in the relative LCST values with the LCST in water. To explore potential charge and
pH-related factors in this scenario, the solutions were prepared in 0.1 M tris buffer at pH 7.74,
When the buffer was present in the solutions, there was a reduced change in the LCST (Figure
3.4b). Consequently, under these conditions, the obtained results closely mirrored those

observed with neutral PDEA.

38 40
Charged PDEA with Adenine ] , ; ;
a) Charged PDEA with Adenosine |~ 384 D) IS/ anIe PNy
Sy Neutral PDEA with Adenine ! Pl EnCRINEWIT Buer
- Neutral PDEA with Adenosine 36 = Adenine
] | ; o Adenosine
34 ”
SR
32- b 324
(_IJ ]
30
30 N )
281
28 '
261
26 I L 1 % T N T K T 24 | Y | Y I J | Y |
000 004 008 012  0.16 000 004 008 012 016
Concentration(M) Concentration(M)

Figure 3.4: The lower critical solution temperature (LCST) of 5 mg/mL charged PDEA is
plotted as a function of adenine (orange) and adenosine (green) concentrations (M). a) The
solid lines depict the LCST of charged PDEA without any buffer, while the transparent lines
represent the LCST of neutral PDEA without any buffer. b) The solid lines continue to
represent the LCST of charged PDEA without any buffer (as in part a), while the dashed lines
indicate the LCST of the same charged PDEA in the presence of 0.1M Tris Buffer. Both the

solid and dashed lines are provided as a guide to the eye.
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3.1.2 The Effects of Cations on the Phase Temperature of

Macromolecules

In the next set of experiments, the impact of the presence of physiologically relevant
cations on the phase transition of macromolecules was investigated. The presence of Mg?*
ions was proposed to be a key ingredient for its hydrotropic action. 122 To test the influence of
Mg?* cations, 10 mM of MgCl. and 10 mM of NaCl salts were added to different ATP
solutions, and the LCST values of PNIPAM were measured as a function of ATP
concentration. As can be seen from Figure 3.5, the phase transition temperature of PNIPAM
Is not influenced by the presence of additional chloride salts of the cations. This indicates that
the observed unexpected salting-out behavior of ATP on the phase behavior of PNIPAM is in

fact real.
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Figure 3.5: The LCST of 5 mg/mL PNIPAM in the presence of ATP in MgClz, ATP in NacCl,
and ATP in aqueous solutions, as a function of ATP concentrations (M). Error bars indicate
the standard deviation of data. The solid lines are a guide to the eye.
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3.1.3 Phase Transition Temperatures of a Classical Hydrotrope

The substances commonly linked with the term "hydrotrope™ are primarily the sodium
salts of short alkylbenzene sulfonates. 1*° In these compounds, the anion is amphiphilic and
bulky, with amphiphilicity that is not as pronounced as in typical surfactants, although they
may foam considerably. **® Another category includes water-soluble mono ethers of ethylene
glycols or higher polyols. Depending on the length of the alkyl chain, they can function as
"simple" co-solvents, hydrotropes, or genuine surfactants. ** Among these, sodium xylene
sulfonate (NaXs) is the most commonly utilized hydrotrope molecule. In the literature, the
hydrotropic behavior of ATP is mostly compared to NaXS$ to highlight its efficiency being a
hydrotrope. For example, Patel et. al 2 demonstrated that adenosine triphosphate (ATP) can
prevent protein aggregation approximately an order of magnitude more effectively than
sodium xylene sulfonate in a classic hydrotrope assay. Moreover, Mondal et al. 6!
demonstrated the superior effectiveness of ATP compared to the NaXS and proposed that the

crucial factor lies in ATP’s inherent capacity for self-assembly.
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Figure 3.6: The LCST of 5 mg/mL PNIPAM as a function of ATP, TP, AMP, adenine,
adenosine, and NaXS concentrations (M). Error bars indicate the standard deviation of data.
The solid lines are a guide to the eye. The inset shows the structure of sodium xylene sulfonate
(NaXxs).

Here, LCST measurements of PNIPAM were conducted in the presence of a well-
known chemical hydrotrope, NaXs, the structure of which can be seen in the inset of Figure
3.6. For a comprehensive comparison of the effects on the LCST of PNIPAM, all the results
of LCST measurements in ATP, TP, and AMP solutions were plotted together with the NaXs,
and both sets of data are illustrated in a unified Figure 3.6. As depicted in Figure 3.6, ATP,
TP, and AMP exhibit salting-out behavior on the LCST of PNIPAM, while the chemical
hydrotrope NaXS follows a linear trend similar to adenine and adenosine and does not

demonstrate any salting-out behavior on PNIPAM. Such results along with the literature data
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demonstrate the influence of ATP on macromolecules is beyond the general behavior of
hydrotropes. In order to explore the molecular mechanisms of the influence of ATP on neutral
macromolecules with random-coil-like structures, spectroscopic measurements were

performed.

3.2 ATR-FTIR Measurements: Investigation of the Collapsed
States of Macromolecules as a Function of ATP (or subgroups)

Concentration

Diamond 1amond

—
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2= ATP | 2 Sample
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Figure 3.7: The illustration of the PNIPAM in ATP solution droplet below and above the
LCST.
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ATP molecule and its subgroups, in sharp contrast to general hydrotropic behavior,
demonstrate an apparent salting-out influence on the PNIPAM macromolecule. To gain a
molecular-level understanding of this effect in aqueous environments, the macromolecule
above its phase transition temperature is investigated via ATR-FTIR spectroscopy.
Specifically, we investigated the collapsed state of the PNIPAM macromolecule with and
without the presence of ATP and its derivative in the macromolecule solutions. Figure 3.7
depicts the ATR-FTIR working principle illustrating the macromolecule solution droplet, with
the upper left box showing the measurements below the LCST and the right box showing
measurements above the LCST. As can be seen, if the temperature is low (below LCST), no
PNIPAM phase separation is formed on the ATR diamond. However, at high temperatures
(above LCST), PNIPAM molecules are collapsed onto the crystal, allowing us to observe and
investigate the collapse state of PNIPAM, and the salt ions via absorbances of vibrational

bands of the molecules, which can be exemplified in Figure 3.9.
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Figure 3.8: a) The ATR — FTIR spectra of the 50 pL. of PNIPAM in H20, measured after 0, 3
, 5, and 10 min., at 50 °C. b) The same spectrum as in part a, focusing on the 1310 — 1750 cm’

! region. The arrows represent the inclines and declines in PNIPAM's aggregation.
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The phase separation of macromolecules is a kinetic process. To make sure the phase
separation process is over, the ATR-FTIR spectra are measured at different times, Thus, in the
first set of ATR-FTIR measurements, the aim was to investigate the kinetics of the phase
change of PNIPAM macromolecules in aqueous conditions. To investigate this parameter,
ATR-FTIR spectra of PNIPAM in sole water at 50 °C were recorded at four different time
intervals after the macromolecule solution was introduced on top of ATR equipment. The
overall spectra for PNIPAM are shown in Figure 3.8 at 0 min., 3 min., 5 min., and 10 min.,
respectively. In Figure 3.8, a slight variation in PNIPAM’s aggregation (1500-1600 cm™) is
evident. Despite this, the increase in PNIPAM aggregation being only 5% over 10 minutes
suggests that the time duration exerts minimal influence on the overcome. This conclusion is
reinforced by the results shown in this subsection, where the average standard deviation in the
ratio of PNIPAM in the ATP/derivative solution to PNIPAM in water is approximately = 30%.
To ensure data compatibility and maintain consistent parameters, all further spectra shown in
the thesis were the ones recorded at 3 minutes. Note that, the conclusions drawn in this
subsection do not change even other sets of data recorded at different times were utilized
instead. Figure 3.9 shows the ATR-FTIR measurements of PNIPAM in the presence of 0 M,

0.05 M, and 0.2 M of aqueous ATP at 50°C (above the LCST).
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Figure 3.9: ATR-FTIR spectrum of 20 mg/mL PNIPAM in the presence of water (black),

0.05M ATP (red), and 0.2M ATP (blue).

The observation of characteristic absorption bands (Amide 1 (1625 cm™), Amide Il
(1545 cm™®), Amide 111 (1470 cm™), and CH bands (1355-1409 cm™) indicates the collapsed
aggregates are present on the ATR crystal. In Figure 3.9, there is a notable increase in the
intensity of PNIPAM peaks in the presence of 0.05M ATP in contrast to sole water (0 M ATP),
particularly in the Amide Il (1545 cm™) region. The increment of PNIPAM-related bands in
the presence of ATP supports the salting-out effect exhibited by ATP in the LCST
measurements. However, as the concentration of ATP further increased to 0.2 M a less
effective salting-out effect is observed. While this surprising observation of PNIPAM
aggregation persists beyond the concentration range of approximately 0.15 M, still signifying

a salting-out effect, it is clear that there is an underlying phenomenon at play here.
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Figure 3.10: The ratio of PNIPAM in ATP, TP, and AMP solutions to PNIPAM in water as a

function of ATP/derivative concentration.

Figure 3.10 illustrates the ratio of amide Il bands (at 1545 cm™) of PNIPAM
aggregation in ATP solutions to its aggregation in aqueous solution as a function of ATP
concentrations. The ratio equals one when PNIPAM aggregation in ATP solution is the same
as in H20, as depicted with the gray dashed line. As can be seen, once the ratio peaks at 0.05
M of ATP, corresponding to the highest level of PNIPAM aggregation, it subsequently begins
to decrease, indicating that at higher ATP concentration, there are lesser amounts of PNIPAM
aggregates compared to the solution of PNIPAM in sole H20. At high enough concentrations

of PNIPAM, the value gets below unity. A similar trend can be observed in the PNIPAM ratio
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for TP solution to sole water. Yet the ratio gets down to approximately unity around 0.1 M
ATP concentration. In contrast to the intensity ratio of PNIPAM in both ATP and TP, the
aggregation ratio of PNIPAM monotonically increased without any subsequent decrease in
the presence of AMP. This observation suggests although the salting-out is formed for all 3

molecules (ATP, TP, and AMP) the underlying phenomenon can be quite different.
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Figure 3.11: (left y-axis, black) The ratio of PNIPAM in ATP with respect to PNIPAM in

water as a function of ATP/derivative concentration. (right y-axis, red) The ratio of ATP

peaks in the PNIPAM solution to the one in sole water.

In addition to exploring the collapsed state of the macromolecule, the role of ATP on
the macromolecule aggregation was also explored. To examine the behavior of ATP in

collapsed PNIPAM, the peak ratio at ~1071 cm? (P-O stretching band) of different
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concentrations of ATP solutions in PNIPAM to pure water was monitored. The ratio of ATP
is shown in Figure 3.11 (red empty circles) together with the ratio of PNIPAM in ATP/H20
solutions (black squares) as a function of ATP concentrations. This methodology was
previously employed to elucidate the role of guanidium salts on the collapsed state of ELPs.162
As previously discussed, in Figure 3.11 the ratio of PNIPAM in the presence of ATP compared
to the one in sole H20 (depicted as black squares) starts to decrease after reaching a maximum
at an ATP concentration of 0.05M. In contrast, the ATP ratio decreases up to 0.1 - 0.15 M,
after which it begins to increase again. This data suggests a mechanistic view of the
macromolecular collapse, ATP remains mainly excluded from the macromolecular
aggregation. The small illustrations in Figure 3.11 show the aggregation levels of PNIPAM
and ATP molecules at different ATP concentrations. This phenomenon can be described as
similar to the excluded volume effect which was introduced by Werner Kuhn in 1934. Paul
Flory soon applied this concept to the polymer molecules. This phenomenon of excluded
volume leads to the emergence of depletion forces. In the realm of polymer science, excluded
volume refers to the notion that a segment of an elongated chain molecule cannot occupy a
space already taken up by another segment of the same molecule. 13 Overall, both the LCST
and ATR-FTIR measurements indicate the presence of salting-out mechanisms exclusively,
without any indication of interaction between the macromolecule and ATP. In the next section
to offer site-specific information about any interaction between the macromolecules and ATP
and its derivatives by observing the H-base residual, *H-NMR titrations of PNIPAM were
conducted in heavy water solutions of ATP, TP, and AMP. The details are discussed in the

following section.
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3.3 'H-NMR Measurements: Investigation of Site-Specific

Evidence of ATP-Macromolecule Interactions

'H- NMR has recently been employed to decipher any binding interactions between
small molecules/ions and macromolecules.'® Figure 3.12 illustrates the *H-NMR spectrum
of 5 mg/ml PNIPAM in neat D20, externally referenced to DSS in D20. The measurement
procedure was described in section 2.3.3. First, note that the DSS reference molecule is
responsible for four of the resonances that are visible in the spectrum. The structure of the
DSS molecule is shown in Figure 3.12, located above the PNIPAM structure.

The set of nine terminal -CHs hydrogens on the Si atom is represented by the sharp
and singlet reference peak at 0 ppm. DSS produces three extra multiplet signals which are
marked on the spectrum as 1,2, and 3, aligning with the three methylene positions in the
backbone. The multiplet with the highest chemical shift, marked with 3 at ~2.90 ppm, is
associated with the methylene nearest to the sulfonate end-group. The peak's elevated
chemical shift is a result of its electron-withdrawing attributes, leading to an inductive
deshielding effect. The multiplet number 2 is positioned at a lower chemical shift (~1.75 ppm)
owing to its greater distance from the sulfonate group. Meanwhile, the multiplet number 1
exhibits an even lower chemical shift (~0.620 ppm) as it is situated farthest from the sulfonate
and closest to the Si atom, introducing a slight shielding effect attributable to its lower

electronegativity.
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Figure 3.12: A representative 1H-NMR spectrum for PNIPAM in pure D20 with external

referencing to DSS. The top section displays the structure of DSS, with numbered sets of H's
corresponding to the four resonances labeled in the spectrum. The bottom section includes the
structure of PNIPAM with color-coded annotations representing its four signals. The two
water peaks (HDO in the sample and HDO in the reference solution) are also marked on the

spectrum.

Apart from the DSS peaks, there are two relatively large, broad singlet-like peaks
appearing at ~4.8 ppm. These peaks result from the slight presence of exchangeable hydrogen
(protium, 1H) contamination in the deuterated solution environment. This contamination is
commonly found at a minimal level in all deuterated protic solvents or is gradually acquired
from the air or surface contacts during the process of sample preparation. In this measurement,

the polymer itself emerges as a notable source of *H contamination, attributed to the presence

64



of the protic amide -NH moiety. Upon dissolving in D20, these exchangeable hydrogen atoms
swiftly disperse within the solution.

The pure D20 water (HDO) peak is visible at 4.8 ppm. However, the presence of
solutes alters the chemical and magnetic environment of the solvent molecules, resulting in
observable shifts in the water peak. In the PNIPAM/neat D20 spectrum shown in Figure 3.12,
the HDO peak for the sample is around ~4.78 ppm. Notably, in samples containing salt, the
water peak is generally shifted further (towards lower chemical shifts), as will be demonstrated
later. The HDO peak in the reference solution remains constant (unless the solution
concentration is altered) and is consistently observed at approximately ~4.75 ppm.

The four major chemical shifts (color-coded) on the spectrum (Figure 3.12) correspond
to distinct protons of the PNIPAM macromolecule, identified with red circle, yellow square,
green star, and blue triangle. The lowest chemical shift signal, denoted with a green start is
positioned at ~1.15 ppm, corresponding to the six i-Pr terminal methyl hydrogens. The
following chemical shift, indicated by a yellow square at approximately 1.58 ppm,
corresponds to the backbone methylene (-CHz) group, which is positioned relatively far from
the electronegative groups. The -CH backbone proton, alpha to the amide carbonyl (indicated
with a red circle), is positioned at around 2.02 ppm because it is relatively closer to the
electron-withdrawing carbonyl group. Lastly, the highest chemical shift signal of PNIPAM
belongs to the CH group bonded to the amide N-atom (blue triangle) and appears at
approximately 3.90 ppm.

The chemical shifts of PNIPAM were monitored as a function of ATP, TP, and AMP
concentration. The overall results from *H- NMR measurements are shown in Figure 3.13,

where the change in chemical shift (3A ppm) for each proton signal is plotted as a function of
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ATP, AMP, and TP concentration. The positions of the protons are labeled using the same

color coding as in Figure 3.12. All the chemical shift changes at specific sites of PNIPAM in

the presence of ATP, AMP, and TP exhibit completely linear and monotonic decreasing

trends. This outcome indicates that there is no direct binding interaction between the

macromolecule and any of the tested hydrotropes i.e. ATP, AMP, and TP. These results are

also in line with the results shown in previous parts.
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Figure 3.13: a-d) The four panels below illustrate the changes in the chemical shifts of each

specific site as a function of the concentration of ATP, AMP, and TP. a) (blue) the N-CH

group b) (yellow) the backbone CH group (alpha position to carbonyl group) c) (red) the

backbone CHz2 group d) (green) i-Pr terminal CHs groups.
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3.4 Molecular Dynamic (MD) Simulations

All the experimental results up to this point draw a unified mechanism. Namely, the
LCST measurements indicated the salting-out effect of ATP, TP, and AMP on neutral random
coil-like structured macromolecules, i.e. PNIPAM. This observation is further supported by
ATR-FTIR measurements at the low (physiologically relevant) concentrations of ATP and TP
molecules. Intriguingly, at elevated concentrations of ATP and its derivatives, the salting-out
effect diminishes without a clear underlying cause. Notably, these measurements also reveal
the exclusion of ATP molecules from the collapsed macromolecule. Additionally, proton
signals' chemical shift differences in NMR measurements suggest the absence of direct
binding interactions between ATP/derivatives and any chemical sites on the model
macromolecules. The collective findings from these experiments suggest that ATP does not
function as a hydrotrope; instead, it serves as a stabilizer for neutral amide-based
macromolecules with random-coil-like structures.

To provide additional insight beyond the experimental findings discussed thus far, we
conducted molecular dynamics (MD) simulations at four distinct ATP concentrations. This
computational approach aims to further investigate and visualize ATP - macromolecule
interactions and elucidate the underlying reasons for the observed partial reduction in
PNIPAM solubility at elevated ATP concentrations during ATR-FTIR measurements. Figure
3.14 shows the first simulation of the PNIPAM polymer in the absence of ATP in an aqueous

simulation medium.
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Figure 3.14: The radius of gyration values of the PNIPAM polymer, taken from the
250 ns simulation in free-ATP solution.

The simulations of fully atomistic models of uncharged isotactic PNIPAM chains
consisting of 35 monomers were performed in a cubic simulation cell, 15.38 nm in each
direction. The PNIPAM chain was initially positioned at the center of the simulation box and
was unrestrained. The simulation ran for 250 ns and was conducted in an NPT ensemble at a
temperature of 310 K, which is above the phase transition temperature (LCST) of PNIPAM in
pure water. The simulation box was filled with water molecules, and the SPCE-E water model
was used. Figure 3.14 illustrates the radius of gyration change of PNIPAM as a function of
simulation time. The box inside the figure is a snapshot from the simulation, captured at 150
ns. As evident in the figure, it took approximately 100 ns to converge the system to the collapse
of the macromolecule. The average radius of gyration of PNIPAM between 100-250 ns was
1.25 nm. In subsequent simulations, ATP molecules were added to the simulation boxes at

concentrations matching the experimental studies of ATP.
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Figure 3.15: Radius of gyration values of PNIPAM as a function of time (ns). The inset figures

were taken from the 200 ns.

A total of four different simulations were performed, each involving a PNIPAM chain

with varying ATP concentrations. The concentrations of ATP investigated were 0 M, 0.1 M,

0.2 M, and 0.3 M. The charge of ATP is neutralized by the addition of Na* ions, which is

parametrized using the Charmm36 force field. The radius of gyration plots of PNIPAM as a

function of time for all simulations are illustrated in Figure 3.15, while Figure 3.16 depicts the

variation in the radius of gyration of PNIPAM as a function of ATP concentration. Note that,
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all three simulations at ATP concentrations of 0 M, 0.2 M, and 0.3 M converged around 100
ns, while the simulation at 0.1M of ATP converged much faster, at around 30 ns. In fact, at
around a similar concentration of ATP, the ATR-FTIR measurements also demonstrated an

enhanced salting-out mechanism.
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Figure 3.16: The ratio of the radius of gyration of PNIPAM in ATP concentration to that in
the absence of ATP (0 M), as a function of ATP concentrations: 0 M, 0.1 M, 0.2 M, and 0,3M.

Interestingly, as evident from Figure 3.16, as the ATP concentration further increases,
the radius of gyration of the collapsed PNIPAM macromolecule also increases with respect to

sole water conditions. At 0.3 M ATP, the variation in the radius of gyration as well as the
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average value substantially increases to a value of 1.78 nm. Such simulation results for
PNIPAM especially at higher concentrations of ATP can be related to the partial less salting-

out seen at higher concentrations of PNIPAM.

3.4.1 ATP Clusters

The second major result of the MD simulations is the formation of ATP clustering. In
Figure 3.17, snapshots of all four simulations are depicted at Ons, 125ns, and 250ns,
respectively. The start of the simulations for all the ATP concentrations is the same, except
for the number of ATP molecules included in the simulation box. The ATP molecule counts
in the simulation boxes are as follows: 0 for 0 M ATP, 61 for 0.1 M ATP, 122 for 0.2 M ATP,
and 183 for 0.3 M ATP. The snapshots at 125 ns (the half-time of the whole simulation)
indicate significant differences in ATP behavior and subtle changes in the shape of the
PNIPAM polymer. Inthe 0.1M ATP simulation, ATP molecules are excluded from the surface
of the PNIPAM macromolecule; in other words, they do not make any significant interaction
with the polymer. At the 0.2 M ATP concentration, ATP molecules aggregate, forming small
clusters that come into contact with the polymer. The aggregation of ATP is much more
pronounced in the 0.3 M ATP simulation. Specifically, all the ATP molecules cluster into a
few clusters, and they act independently from each other. Moreover, they do not exhibit
significant interaction with the PNIPAM polymer. Upon extending the time scale to 250 ns,
we observe the formation of ATP clusters even at 0.1 M ATP, further consolidation of ATP
clusters at 0.2 M ATP, and the development of large aggregates at 0.3 M ATP concentration.
Note that, previous experiments didn’t show any hints on the ATP clustering in the aqueous

solutions. Yet, the ATP cluster formation that has a non-interacting nature with the
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macromolecule in an aqueous solution is quite possible. In fact, the simulation results can
provide a potential explanation for the observed decrease in the salting-out behavior of ATP
at elevated concentrations, as revealed by the ATR-FTIR experiments. Such significant ATP
clustering at higher concentrations could disrupt the larger compartments of the collapse phase
of PNIPAM by encroaching upon the spatial arrangement of PNIPAM and compelling it to
fragment into smaller aggregates. This can serve as a potential mechanism for why the ratio
of PNIPAM aggregation at high concentrations falls below the reference point in Figure 3.10

for the ATR-FTIR measurements.
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Figure 3.17: The screenshots from the four simulations of PNIPAM in ATP solutions: 0.1M,
0.2M, 0.3M ATP, and free-ATP at Ons, 125ns, and 250ns. The ATP molecule counts in the
simulation boxes are as follows: 0 for OM ATP, 61 for 0.1M ATP, 122 for 0.2M ATP, and
183 for 0.3M ATP.
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3.5 Multivariate Curve Resolution Raman Spectroscopy

Spectroscopic evidence to demonstrate the clustering of molecules in aqueous solution
Is quite challenging. In this thesis, by focusing on the hydration shell Raman spectroscopy of
ATP molecules, a new method is introduced to report on the clusters of the molecules in
aqueous solution. The significance of the hydration shell structure on the stability and
functionality of aqueous polymers and biomolecules, including proteins and DNA, has been
explored extensively in the literature. 361641 This aspect is noteworthy from both
fundamental and practical perspectives. 17917 The approach integrates high signal-to-noise
Raman spectra with multivariate curve resolution, (MCR-Raman), and is applied to dissect
two-component solution spectra into a linear combination of pure solvent and solute-
correlated (SC) components. The resulting SC spectrum, characterized by a non-negative
minimum area, incorporates features originating from both the intramolecular vibrational
modes of solute molecules (e.g. C-H vibrational modes) and the perturbations induced by the
solute on water OH stretch vibrations. 172274 The SC spectra offer clear evidence of changes
in water hydration structure. This allows for the detection of distinctive characteristics that
were not previously visible in the liquid phase of water, such as individual dangling (or "free™)

OH bonds at the molecular level.

74



3.5.1 Self-Modeling Curve Resolution

The technique employed in this study to extract SC spectra, known as Raman-MCR,
utilizes the self-modeling curve resolution (SMCR)!"31" implemented in IGOR Pro
(WaveMetrics). SMCR, as explained earlier, is an analytical approach for decomposing the
spectrum of a two-component mixture. Figure 3.18 provides a visual representation of the
SMCR decomposition applied to a 0.4 M solution of ATP. Specifically, Figure 3.18a displays
the Raman spectra of pure water and a 0.4 M aqueous ATP solution, and the resulting SC

spectrum is depicted in Figure 3.18 b.
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Figure 3.18: a) Raman spectra of pure water (dashed black) and 0.4M aqueous ATP solution
(red). b) SC spectrum of 0.4M ATP (solid red) and Raman spectrum of pure water (black).
The features in the SC spectrum arise from the vibrational modes of ATP and water molecules

influenced by ATP, displaying differences compared to bulk water.
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3.5.2 MCR-Raman Measurements: Experimental Investigation of
ATP Clustering

To confirm the MD simulation findings of the aggregation behavior of ATP in aqueous
solutions experimentally, we conducted Raman-SMCR measurements of aqueous ATP
solutions at different concentrations (0.05, 0.1, 0.15,0.2, 0.3, and 0.4 M). The SC spectrum
(red curve in Figure 3.18b) originates from intramolecular vibrations of the ATP, including
the C-H stretch (at ~2850-3050 cm™?), and aromatic C-H (~ 3080 cm™). Additionally, it
includes the hydration-shell O-H stretching vibrational features (at ~3170-3800 cm™) resulting

from water molecules whose vibrational structure is influenced by the presence of ATP

molecules.
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Figure 3.19: a) Normalized Raman solute-correlated (SC) spectra of ATP solutions at the
concentration range of 0.05 - 0.4M by using Raman multivariate curve resolution analysis. b)

OH/CH peak ratios as a function of ATP concentration (M).
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Figure 3.19a displays the normalized Raman solute-correlated (SC) spectra of ATP
solutions within the concentration range of 0.05 to 0.4M, attained through Raman multivariate
curve resolution analysis. The spectra vary with the increase of the ATP concentration in the
range of ~3170—3690 cm™!, corresponding to the OH stretching bands of hydration water. The
spectral feature is centered around 3430 cm™!, and the intensity of the water band decreases as
the concentration of ATP increases. In contrast, the spectra display nearly identical spectral
features in the C-H stretching region (~2870-3130 cm™'), indicating no shift in the CH
vibration of the ATP molecule as its concentration alters. When normalized to the intensity of
the C-H stretching band (at 2950 cm™) The resulting SC spectra are clearly distinguished based
on the ATP concentration. The intensity of hydrating water bands shows a decreasing trend as
the ATP concertation increases. By taking the ratio of the Raman peak intensities of the OH
vibration peaks (~3430 cm™!) and the CH stretch vibration (~2950 cm™) in the SC spectra,
The decrease in the amount of hydration water molecules as a function of ATP is demonstrated
in Figure 3.19b. Such a behavior spectral change occurs in the presence of some cluster
(aggregation) format, between the molecules. As schematically illustrated in Figure 3.20, a
smaller number of water molecules are required to hydrate when molecules cluster in an
aqueous solution. In other words, clustering can serve as a dehydration of ATP molecules from
their hydration shells. Finally, such clustering should also cause some potential alterations in

the SC spectral features.
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Hydration
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Figure 3.20: Schematic illustration of the hydration structure of ATP Molecules: Reduction

in Water Quantity per ATP Molecule with Increasing ATP Concentration.

In Figure 3.21, the normalized intensities of the SC hydration spectrum of the O-H
vibrational band region are shown. The spectral shape of the O-H region is quite similar as a
function of ATP concentration. As the ATP concentration increases the spectral region
corresponding to the least coordinated water molecules in the hydration shell gradually
diminishes. These water molecules tend to hydrate the more hydrophobic regions of the
molecule. As a consequence, the decrease in the hydration of these types of water molecules
indicates another type of interaction occurs between these groups on the ATP molecule.
Thus, this is the second experimental evidence that ATP molecules form clusters as the
concentration increases. The results align with the MD simulation findings, indicating the

formation of clusters by ATP molecules.
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Figure 3.21: Raman solute-correlated (SC) spectra of ATP solutions at the concentration

range of 0.05-0.4M after performing counterion subtraction by using Raman multivariate
curve resolution analysis. The arrow shows the decreasing less-tetrahedrally coordinated water
molecules in the hydration shells with increasing ATP concentration.

Overall, all experimental findings consistently point to a unified mechanism.
Specifically, phase temperature measurements indicate the salting-out effect of ATP, TP, and
AMP on neutral macromolecules with a random coil-like structure, such as PNIPAM. This
observation is corroborated by ATR-FTIR measurements at low concentrations of ATP and
TP, which are physiologically relevant. Interestingly, at higher concentrations of ATP and its
derivatives, the salting-out effect diminishes without a clear underlying cause. Notably, these
measurements also demonstrate the exclusion of ATP molecules from the collapsed
macromolecule. Furthermore, chemical shift differences in proton signals in NMR
measurements suggest the absence of direct binding interactions between ATP / derivatives

and any chemical sites on the model macromolecules. The cumulative results from these
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experiments suggest that ATP does not function as a hydrotrope; instead, it acts as a stabilizer
for neutral amide-based macromolecules with random coil-like structures. The MD
simulations at varying ATP concentrations revealed convergence around 30 ns for 0.1 M ATP
and approximately 100 ns for 0 M, 0.2 M, and 0.3 M ATP. Concurrent ATR-FTIR
measurements demonstrated an augmented salting-out mechanism at a similar ATP
concentration, while increasing ATP concentrations correlated with an elevated radius of
gyration in the collapsed PNIPAM macromolecule, suggesting a connection to the observed
partial salting-out effect at higher PNIPAM concentrations. The MD simulations also revealed
a notable result: the formation of ATP clustering. Snapshots at different time points showed
increasing aggregation with higher ATP concentrations, leading to significant clusters that
acted independently of the PNIPAM polymer. This ATP clustering, not observed in previous
experiments in aqueous solutions, provides a potential explanation for the observed decrease
in ATP's salting-out behavior at elevated concentrations, as it may disrupt the larger
compartments of PNIPAM collapse, leading to smaller aggregates. Finally, to experimentally
confirm the aggregation behavior of ATP in aqueous solutions as observed in MD simulations,
Raman-SMCR measurements were conducted at various ATP concentrations (0.05 M to 0.4
M). The Raman solute-correlated (SC) spectra revealed changes in the OH stretching bands
of hydration water, centered around 3430 cm™!, with decreasing intensity as ATP
concentration increased. The decrease in hydration water molecules, demonstrated by the ratio
of OH vibration peaks to CH stretch vibration, suggests ATP clustering, supported by the
consistent spectral changes. This experimental evidence aligns with MD simulation findings,

providing further validation for the formation of ATP clusters with increasing concentration.
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Chapter 4 — Conclusion

ATP has been found to act as a biological hydrotrope.!?? A subsequent study 44
highlighted ATP’s stabilizing effect on natively folded proteins and salting-in ability on
intrinsically disordered proteins. However, the study clarified that neither the salting-out nor
salting-in behavior stems from ATP’s hydrotropic behavior. Instead, the salting-out effect is
attributed to the typical Hofmeister effect, while the salting-in behavior is linked to the specific
interaction of adenosine with proteins. In order to shed light on the studied salting-in and
salting-out behavior of ATP, we utilized model macromolecules, PNIPAM, and PDEA, that
have characteristics of both natively folded proteins and intrinsically folded proteins. These
macromolecules contain an amide group along their side chain, and particularly PNIPAM
macromolecule contains a valine-like structure with its isopropyl group in its structure. In
terms of their chemical structure, they resemble natively folded proteins and are commonly
used as a macromolecule model for proteins. However, these macromolecules don’t have a
defined 3D structure and they have random coil structures like intrinsically disordered proteins
do. Hence, PNIPAM and PDEA macromolecules are suitable for the investigation of the
salting-in and salting-out behavior of ATP. With this aim, we performed a multi-experimental
study and molecular dynamic simulations to elucidate ATP - Biomacromolecule interactions
utilizing PNIPAM and PDEA macromolecules. LCST measurements only indicated the
salting-out behavior of ATP, TP, and AMP on macromolecules, whereas adenine and
adenosine groups didn’t significantly influence the phase transition of the macromolecules.
ATR-FTIR measurements supported the salting-out behavior of ATP, TP, and AMP
molecules, and revealed a surprising decreasing trend in the salting-out behavior of ATP, and

TP at high concentrations. AMP, on the other hand, showed a normal salting-out behavior
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with a monotonic increase in its salting-out influence. ATR-FTIR measurements also revealed
that ATP molecules tend to be excluded from the collapsed form of macromolecules.
Additionally, the NMR measurements didn’t reveal any site-specific saturable binding
between ATP and macromolecules. The snapshots from MD simulations confirmed that there
Is no significant contact between PNIPAM and ATP molecules. The radius of gyration
converged much faster at 0.1 M of ATP in contrast to high concentrations. This kinetic
difference is not the scope of this thesis but can potentially be studied in the future. Besides,
the 0 - 0.1 M ATP range in the simulations can also be investigated in the later works. The
simulations also revealed the ATP clustering, specifically at high concentrations. To confirm
the MD simulation results of ATP clustering with experimental data, we conducted MCR-
Raman spectroscopy. The solute correlated spectra revealed a decreasing trend in hydration
water bands of ATP, which indicates a dehydration occurring between ATP molecules. In
other words, there is less water per ATP molecule. This result confirms the ATP clustering
and supports the MD simulation results. The formation of ATP clusters at high concentrations
might create an additional effect, forcing PNIPAM macromolecules to form smaller
aggregates. Our data supports such an explanation for the diminishing salting-out effect of
ATP and TP and the increasing errors in the radius of gyration results of PNIPAM at high
concentrations. In conclusion, there was no experimental evidence of the salting-in behavior
of ATP on macromolecules and site-specific interaction between ATP / derivatives, and the
macromolecules. All of these findings concluded that ATP acts as a stabilizer on neutral

macromolecules, contradicting its proposed hydrotropic behavior.
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