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Abstract

Protein plays a vital role in human activities. However, environmental
factors often lead to protein aggregation, which has a serious impact on
human health. In addition, certain protein drugs, such as insulin, also lose
their efficacy due to degenerative aggregation and can even be life-
threatening. Therefore, the inhibition of protein aggregation has become an
important problem to be solved.

In this study, developed a polyampholytes electrolyte composed of &-
polylysine and succinic anhydride, and comprehensively evaluated its
protein protective effect. The experimental results show that this polymer
can effectively protect a variety of proteins from thermal stress damage, and
its effect is significantly better than that of previously reported zwitterionic
polymers. In addition, I have synthesized derivatives with different
hydrophobicity, further improving their protection efficiency. In particular,
the polymer concentration required to achieve protein protection is
extremely low. By promoting the retention of protein enzyme activity and
stabilizing higher-order structures, these polymers allow proteins to remain
in their natural state even after being subjected to extreme thermal stress.

Therefore, this polyampholytes electrolyte performs well in protecting
proteins from extreme stress and has a wide range of applications, especially
in protein biopharmaceutical and drug delivery systems. In addition, the
synthesis process of the polymer is simple, low cost, and can play a good
protective role at very low concentration, which lays a solid foundation for
its large-scale application.

[Keyword] Polyampholytes; hydrophobicity; protein protection; surface charge;
low concentration.
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Chapter 1

Introduction

1.1 Protein and protein aggregation

The chemical structure of proteins is similar to that of polymers, which are
composed of polypeptide chains with specific amino acid sequences. These
polypeptide chains are arranged and folded in precise ways to form more
complex protein structures. The basic components of proteins include carbon,
hydrogen, oxygen and nitrogen, which ensure the structural stability and
functional diversity of proteins through the interaction of chemical bonds
such as covalent bonds and hydrogen bonds. In some proteins, the addition
of other elements such as sulfur and phosphorus further enrich the function
and properties of proteins.

As the material basis of life, protein is not only a kind of organic
macromolecule, but also the basic organic matter constituting the cell. They
play a variety of key roles in the cell, such as enzyme catalysis, antibody
immune defense, hormone signaling and so on. The diversity and complexity
of proteins make them the main performers of life, from metabolic processes
within cells to signal communication between cells. It can be said that
without protein, life would be impossible. The processes of protein synthesis,
folding, modification and degradation are all necessary for life to maintain
normal physiological functions. The misfolding or abnormal function of
proteins often leads to the occurrence of various diseases, such as
Alzheimer's disease and Parkinson's disease. Therefore, the in-depth study
of protein structure and function is of great significance for understanding
life phenomena, developing new drugs and treating diseases.

With the vigorous development of science and technology, the application
fields of protein are increasingly extensive, and its importance is becoming
more and more prominent. In many cutting-edge fields such as
bioengineering, modern biochemistry, and pharmaceuticals, proteins not



only play a key role, but also become the core force driving technological
innovation.! The continuous expansion of these fields not only highlights the
diversity and functionality of proteins, but also indicates that proteins will
play a more important role in the development of science and technology in
the future.

In recent years, as a new therapeutic method, protein drugs have gradually
emerged in various fields and attracted much attention. Its significant
advantages are mainly reflected in the following aspects: First, the basic
materials of protein drugs are easy to obtain, providing a solid foundation for
large-scale production. Secondly, such drugs are not only effective, but also
have very low side effects, avoiding the accumulation of poisoning problems
that may be caused by traditional drugs. In addition, the application range of
protein drugs is extremely wide, there are many varieties, and the
development of new drugs is endless, which provides a rich choice for
clinical treatment. Finally, the research and development process of protein
drugs has a clear goal and specificity and can accurately solve specific
disease problems. In summary, with its unique advantages, protein drugs are
gradually becoming an important pillar in the field of modern medicine.

In addition, it is worth noting that certain protein drugs show significant
therapeutic potential when used in combination with antibody therapies.
Remarkable results have been achieved in the treatment and control of many
diseases such as cancer, allergy and autoimmune diseases.’

One well-known protein drug is insulin (Figure 1.1). Since the 1980s, the
global prevalence of diabetes has nearly doubled from 4.7% to 8.5% in just
over 30 years. At the same time, the number of people with diabetes also rose
sharply, from 108 million to 422 million.? Insulin, a key protein hormone, is
precisely regulated by the beta cells of the human pancreas. In response to
specific substances such as glucose, lactose, and glucagon, beta cells secrete
insulin. Insulin in the body with its unique ability to lower blood sugar levels,
while promoting fat, protein and glycogen synthesis, maintaining the body's
metabolic balance plays a vital role. The accumulation of insulin
degeneration leads to the loss of biological activity. This phenomenon is



particularly common in people with diabetes, especially at the site of
frequent insulin injections, where the incidence of insulin amyloidosis is
significantly increased.” The aggregation of insulin not only affects the
therapeutic effect, but also leads to the aggregation of proteins. This
aggregation may not only trigger the body's immune response, but even in
severe cases, may endanger our lives. Another important protein drug,
Herceptin® (Figure 1.1), has been widely used to treat metastatic breast
cancer. As a targeted therapy, Herceptin has significantly improved the
survival rate of cancer patients and brought hope to countless patients.
However, the stability of Herceptin cannot be ignored. Studies have shown
that Herceptin is prone to aggregation under conditions such as high pH and
temperature. Once the antibodies accumulate, their efficacy will be greatly
reduced, or even completely ineffective, so that they can no longer provide

effective treatment for patients.®

Herceptin' 150 mg -
B S R 4

Trastuzumab ( Y
' Lisomg |
i Hae 15
Injection — — I m:‘:p:f o

recoratituton and dluton ‘szl
120 introeandd *

p—i Ot o ot
(] (Roze) *
sod Cmmon’
(@) (b)
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As mentioned earlier, proteins are prone to irreversible aggregation and
degeneration, which not only significantly impair their biological activity,
but can also lead to a range of serious diseases, such as Alzheimer's disease,
Parkinson's disease, and Huntington's disease.”!? Protein aggregation has a
significant effect on the potency of protein drugs. Therefore, how to
effectively inhibit protein aggregation has become a key problem to be
solved.

Protein aggregation refers to the process by which misfolded proteins
gradually converge into aggregates and organized fibril through specific
conformations (Figure 1.2). This phenomenon can be induced by a variety
of factors, such as high temperature, high pH, and mechanical shaking.

' a Misfolded
< proteins
—

Figure 1.2 The picture of the protein aggregation.!!



1.2 Mechanism and factors of protein aggregation

To effectively address the side effects of protein aggregation, we first need
to deeply understand its formation mechanism and induction factors. Many
studies have revealed that the main driving factors of protein aggregation
include its own mutation, external environment stimulation, and the
imbalance of protein homeostasis in the cell. These factors play a crucial role
in the process of protein aggregation, so it is of great significance to fully
analyze the mechanism of action of these factors for formulating effective
intervention strategies.'?

Mutations in the protein itself are often caused by changes in the gene
sequence, leading to abnormalities in the structure and function of the protein.
This mutation may make the protein more prone to misfolding, which in turn
promotes the formation of aggregates.!> External environmental stimuli,
such as oxidative stress, temperature changes, pH abnormalities, etc., can
also significantly affect the stability and folding state of proteins, thereby
inducing aggregation. In addition, an unbalanced response to intracellular
protein homeostasis, such as dysfunction of the protein degradation system
or an abnormal increase in the rate of protein synthesis, can lead to the
accumulation of unfolded or misfolded proteins, eventually triggering
aggregation.'*

Further research shows that these driving factors do not exist in isolation
but interact and influence each other. For example, protein mutations may
make cells more susceptible to external environmental stimuli, which in turn
may exacerbate imbalances in protein homeostasis within cells.!?
Understanding the interrelationships between these factors is therefore
essential to fully uncover the complex mechanisms of protein aggregation.

Because proteins are made up of more than 20 different amino acids in a
specific order, the human body may contain thousands of different types of
proteins. Each protein has a specific function, controlling various chemical
reactions in our body to maintain normal life activities. In vivo, protein
synthesis is a complex and delicate process. Normally, newborn proteins
need to go through a series of precise folding steps to form their
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characteristic three-dimensional structure, so that they can properly perform
their biological functions. However, when proteins encounter adverse factors
such as aging, mutation, or environmental upheaval, the folding process
tends to go awry. This misfolding not only results in a loss of protein function
but can also trigger protein aggregation or the formation of amyloid, which
can cause serious damage to cells and even entire organisms. Therefore,
maintaining the correct folding state of proteins is essential for maintaining

the normal operation of life activities. 617151
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Figure 1.3 The picture of the protein aggregation.?’

In vivo, protein aggregation can be induced by a variety of factors,
including pathogenic mutations, protein overexpression, defects in synthesis,
protein autophagy induced by environmental stress, proteasome damage, and
natural protein aging.!® In addition, mutations in human proteins not only
lead to misfolding and aggregation of related proteins, but also can lead to a
range of protein misfolding diseases, such as Huntington's disease, type 2
diabetes, familial Parkinson's disease, and Alzheimer's disease.?'?> The
occurrence of these diseases reveals the key role of protein aggregation in
the pathological process, and further highlights the importance of in-depth
research on the mechanism of protein homeostasis maintenance.
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In vitro, a variety of environmental factors can induce protein
aggregation. These factors include, but are not limited to, pH, temperature
and salt concentration, which contribute to the aggregation of proteins by
affecting their structural stability.

The eftect of pH on proteins 1s mainly reflected in two aspects. Studies
have shown that proteins exhibit dipole-like properties near their isoelectric
points due to the balanced distribution of positive and negative charges. This
property not only enhances the mutual attraction between protein molecules,
but also provides favorable conditions for the formation of aggregates.?
Inside the protein, changes in pH can trigger a series of adverse effects. The
specific function of proteins depends on their unique spatial folding structure,
which is maintained by intermolecular forces within the protein molecule.
Therefore, when the pH value in the environment changes significantly, the
electrostatic force inside the protein molecule is affected, which in turn leads
to changes in the molecular structure, and ultimately the loss of its unique
function.

Temperature is also a key factor that cannot be ignored. The right
temperature helps maintain the natural conformation of the protein, while too
high or too low a temperature may lead to protein denaturation or
conformational instability, which promotes aggregation. At high temperature,
protein molecular movement intensifies, hydrophobic groups are exposed,
and intermolecular collision frequency increases, all of which are conducive
to the formation of aggregates. In contrast, low temperatures can slow down
the denaturation process of proteins, but in some cases may also indirectly
promote aggregation by reducing the solubility of proteins.

In addition, inside the protein, due to the existence of intermolecular
interactions between amino acid residues of different molecules, attraction is
sometimes triggered, which leads to the aggregation of proteins. These
interactions include hydrophobic interaction, hydrogen bond interaction and
electrostatic interaction. These interactions not only interfere with the normal
arrangement of amino acid residues, but also encourage undesired binding
to occur, ultimately leading to protein misfolding.
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Hydrophobic interactions are caused by the tendency of non-polar amino
acid residues to cluster together in a water environment to reduce contact
with water molecules, thereby reducing the free energy of the system.?* This
aggregation trend is particularly pronounced in protein molecules, especially
in the interior of proteins, where the aggregation of non-polar residues
contributes to the formation of a stable protein core. However, when this
hydrophobic interaction occurs at the wrong place on the protein surface, it
can lead to misfolding of protein molecules and even trigger aggregation.

Hydrogen bond interaction is another important stabilizing factor in
protein structure. Hydrogen bonds are caused by the uneven distribution of
charge between hydrogen atoms and electronegative atoms such as oxygen
or nitrogen. In proteins, hydrogen bonds exist mainly between polar amino
acid residues, such as asparagine, glutamine, serine, and threonine. These
hydrogen bonds play a key role in maintaining the secondary and tertiary
structures of proteins.?® However, when the location or direction of hydrogen
bond formation is wrong, the normal folding process of the protein can be
disrupted, resulting in the loss of functional proteins.

Electrostatic interactions are caused by charge interactions between
charged amino acid residues such as lysine, arginine, aspartate, and

26 Under physiological conditions, electrostatic interactions

glutamate.
between these charged residues can significantly affect the structure and
stability of proteins. For example, attraction between positively and
negatively charged residues can stabilize the structure of a protein, but when
these interactions occur in the wrong place, they can lead to misfolding and
aggregation of proteins.

In summary, the aggregation of proteins is mainly due to the improper
occurrence of hydrophobic interaction, hydrogen bond interaction and
electrostatic interaction. These interactions not only interfere with the normal
arrangement of amino acid residues, but also encourage undesired binding
to occur, ultimately leading to protein misfolding. Understanding the
mechanisms of these interactions has important implications for the

prevention and treatment of diseases associated with protein misfolding,
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such as Alzheimer's and Parkinson's diseases. By regulating these
intermolecular interactions, I expected to develop new strategies to maintain
the normal function of proteins, thereby promoting human health.
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1.3 The ways of Inhibit the protein aggregation

1.3.1 Polyphenol

So far, scientists have found a lot of ways to suppress the aggregation of
proteins and have made great progress. Polyphenols, a compound that is
widely found in plants, have received much attention due to their unique
chemical structure and potential health benefits.?” The core feature of
polyphenols is that their molecules contain multiple phenolic groups, which
give them significant antioxidant properties.?® Antioxidant effects are one of
the most touted health benefits of polyphenols, which can neutralize free
radicals in the body and reduce oxidative stress, thus helping to prevent a
variety of chronic diseases, such as cardiovascular disease, cancer and
neurodegenerative diseases.

More importantly, research in recent years has further revealed the
remarkable efficacy of polyphenols in inhibiting protein aggregation. 2
Protein aggregation, especially abnormal aggregation, is a common
pathological feature of many neurodegenerative and aging-related diseases.
These aggregated proteins not only lose their normal biological function but
may also form toxic substances that further aggravate the disease process.

Turmeric, a perennial plant of the ginger family, whose roots are dried and
ground to transform it into a valuable spice, is used in many Indian dishes
and curries. Not only that, turmeric also with its natural yellow pigment
properties, has been cleverly used in the field of food processing, becoming
a unique edible yellow dye.*® In South Asia, turmeric has been widely used
since ancient times to treat a variety of human diseases, and it is not only a
central ingredient in many Ayurvedic and Unani pharmaceutical preparations,
but also occupies an integral position in traditional medicine. *°

15



Curcumin, a low molecular weight polyphenolic compound, is derived
from turmeric and is known for its unique yellow pigment. (Figure 1.4)

Figure 1.4 The chemical structure of the curcumin.

Curcumin, due to its unique chemical structure, exhibits a high degree of
plasticity, which allows its molecules to flexibly adapt to appropriate
conformations based on hydrophobic interactions. This property plays a key
role in inhibiting protein aggregation. Specifically, curcumin binds tightly to
the protein through these hydrophobic interactions, thereby stabilizing the
three-dimensional folded structure of the protein and effectively preventing
the denaturation of the protein.!

The mechanism of action of curcumin is based on this principle.
Hydrophobic groups in its molecular structure can interact with hydrophobic
regions on the protein surface to form stable complexes. This binding not
only prevents the misfolding of the protein, but also promotes the correct
folding of the protein, thus maintaining the natural conformation of the
protein.

In recent years, scientists have conducted in-depth research on the
potential role of Curcumin in inhibiting A3 aggregation. Ono et al. were the
first to demonstrate that curcumin exhibits a dose-dependent inhibition of A
B42 and AB40 fibril formation.*?
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Figure 1.5 Effects of Cur (A,B) on the kinetics of formation of fAB(1-40) (A) and fA
B(1-42) (B) from fresh AB(1-40) and AB(1-42), respectively.*

It can be seen from the figure 1.5 that the fluorescence intensity of proteins
AB40 and AB42 without curcumin was significantly increased after heating,
indicating that protein aggregation began. However, the fluorescence
intensity of the protein supplemented with curcumin was significantly
reduced after heating, indicating its unique potential in inhibiting protein
aggregation.

In another study, Steven S.-S. Wang showed the great potential of
curcumin in inhibiting lysozyme aggregation. * (Figure 1.6)
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Figure 1.6 ThT (A) and ANS (B) detection of curcumin inhibiting lysozyme
aggregation.’
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As can be seen from the figure, both ThT and ANS of lysozyme without
curcumin showed high fluorescence intensity after incubation for a few days,
indicating that the structure of the protein had changed and was bound to the
fluorescent reagent. However, the fluorescence intensity of lysozyme added
with curcumin decreased significantly after heating. It showed that curcumin
had a unique advantage in inhibiting protein aggregation.

Over the years, many experiments have fully proved the excellent
performance of curcumin as a protein inhibitor, and its identity as a natural
pigment gives it safe and non-toxic characteristics and will not cause any
additional burden on the human body. However, curcumin has also exposed
some significant limitations in its practical application, such as low solubility,
poor stability, fast metabolic rate and short half-life. These deficiencies
directly affect its bioavailability, thus limiting its wide application in the
medical field to a certain extent.

For example, Fei-Ping Chen, Bian-Sheng Li et al. tried to improve the
stability of curcumin by using nano-complexation between curcumin and soy
protein isolate (SPI) and made some progress.>* Figure 1.7
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Figure 1.7 Degradation Kinetics of free curcumin and curcumin in the nanocomplexes
with unheated and heated (95 °C) SPIs in water at pH 7.0 upon storage for up to 4 h
at 25 °C (A). >*
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1.3.2 Molecular chaperones

Inside our bodies, there are special proteins called Chaperone proteins,
which play a crucial role in maintaining Protein homeostasis and function.
The main function of chaperone proteins is to protect other proteins from
degradation and assist them in folding properly, thus obtaining functional
conformation.> This process is essential for maintaining the proper
functioning of cells, as the correct folding of proteins directly affects the
performance of their biological functions.

Through a complex set of molecular mechanisms, chaperone proteins
recognize and bind to proteins that are not yet folded correctly or are in the
wrong conformation.*® They help these proteins gradually reach their correct
three-dimensional structure by providing a controlled environment. Notably,
although chaperone proteins play a key auxiliary role in this process, they do
not themselves become part of the functional structure of the target protein.’’
In other words, the chaperone protein is temporary, and once the target
protein has completed the correct folding, the chaperone protein detaches
from it and continues its task of protecting and assisting other proteins.

This pattern of non-related cooperation is widespread within the cell,
ensuring the correct folding of proteins and the acquisition of functional
conformations. The presence and role of chaperone proteins not only prevent
the misfolding and aggregation of proteins, but also reduce the risk of
diseases caused by protein misfolding, such as Alzheimer's disease and
Parkinson's disease.® Therefore, chaperone proteins have irreplaceable
importance in cell life activities.

In addition, molecular chaperones not only function under normal
physiological conditions, but also show higher activity under stressful
conditions, such as high temperature, oxidative stress, etc.® This indicates
that the molecular chaperone system is highly adaptable and responsive and
can guarantee the correct folding of proteins in different environments,
thereby protecting cells from damage.

According to relevant studies, some chaperone proteins do have the ability
to help misfolded proteins refold correctly, a process that is essential for
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maintaining the normal function of proteins in cells. In addition, other
chaperone proteins can exert their dissolved role under certain conditions,
such as when protein aggregates are formed, thereby preventing the
accumulation of these harmful aggregates.®® The expression of these
functions often depends on specific stress environments, such as heat shock,
oxidative stress, etc., which can induce the expression and activity of
chaperone proteins.*!

This dual role of chaperone proteins, which play a prominent role under
stress while maintaining basic functions under normal physiological
conditions, highlights their importance in all organisms. Whether responding
to sudden environmental changes or maintaining daily cell operations,
chaperone proteins ensure the correct folding and functional execution of
proteins in their unique way, thus providing a solid guarantee for the survival
and reproduction of organisms.

For example, Philip E. MorganTeresa M. Treweek reported on a molecular
chaperone, casein.*? Studies have shown that this molecular chaperone has
great potential to inhibit insulin and Reduced o-Lactalbumin aggregation. In
the experiment, dithiothreitol (DTT) was used to induce protein aggregation.
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Figure 1.8 Absorbance (aggregation induced by DTT) of insulin with (different
concentrations) and without casein at different temperatures.
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As can be seen from the figure 1.8, the absorbance of insulin without
casein was significantly increased under DTT induction, indicating the
aggregation of proteins. With the addition of chaperone, the absorbance of
the protein solution decreased with the increase of its concentration,
indicating that the presence of casein could inhibit the aggregation of insulin.

In addition, the secondary structure of another protein, Reduced o-
Lactalbumin, after DTT-induced aggregation was detected by 'H NMR
spectroscopy.
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Figure 1.9 Real-time '"H NMR spectroscopy of o-lactalbumin reduction by DTT at
37°C in the absence of casein.

It can be seen from the figure 1.9 that after the addition of DTT, the
chemical shift peaks of some amino acid residues of the secondary structure
of the protein gradually disappeared with the passage of time, indicating that
the secondary structure of the protein was destroyed, and the protein
underwent denaturation.
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Figure 1.10 Real-time 'H NMR spectroscopy of a-lactalbumin reduction by DTT at
37°C in the presence of casein.

As can be seen from the figure 1.10, the chemical shift of proteins did not
change significantly with the addition of molecular chaperone, indicating
that the secondary structure of a-lactalbumin hardly changed significantly in
the presence of casein, indicating that the secondary structure of proteins was
almost intact in the presence of casein. Thus inhibiting the aggregation of
proteins.

Although chaperones have shown remarkable results in inhibiting protein
aggregation, there are still many challenges to their widespread application.
The first problem is the specificity of chaperones, that is, a chaperone usually
only works against a specific protein or group of proteins. Given the wide
variety of proteins, this specificity undoubtedly limits the potential for
molecular chaperones to be used in a wider variety of proteins.

In addition, the process of synthetic molecular chaperones is often
complex, involving multi-step chemical synthesis and rigorous purification

processes. This complexity not only increases research and development
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costs but can also lead to stability issues and potential side effects in practical
applications of molecular chaperones. Therefore, although molecular
chaperones have significant advantages in specific fields, their scope of

application is still significantly limited.
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1.3.3 The zwitterionic polymers

In recent years, zwitterionic polymers have become the focus of scientific
research because of their unique structures and properties. As an overall
electrically neutral polymer compound, zwitterionic polymers contain both
positive and negative ionic groups in the same monomer side chain within
their molecules. ** This unique molecular design gives it a series of excellent
physical and chemical properties, the most notable of which is its strong
hydrophilicity.

The hydrophilicity of zwitterionic polymers is mainly due to the
synergistic interaction of positive and negative ionic groups in their
molecular structure.* This synergy not only enhances the interaction
between the polymer and the water molecules, but also makes it exhibit
excellent solubility and stability in solutions. In addition, zwitterionic
polymers also have good biocompatibility and anti-protein adsorption ability,
which makes them show a wide range of application potential in the
biomedical field.

In the biomedical field, zwitterionic polymers have been widely used in
drug delivery systems, biomaterials surface modification and tissue
engineering. For example, by combining drug molecules with zwitterionic
polymers, targeted delivery and controlled release of drugs can be achieved,
thereby improving therapeutic effectiveness and reducing side effects.* In
addition, zwitterionic polymers can also be used to prepare biomaterials with
antimicrobial properties, effectively reducing the risk of infection by
inhibiting bacterial adhesion and biofilm formation.*

In addition, zwitterionic polymers show significant research prospects in
inhibiting protein aggregation. Traditionally, scientists have used
polyethylene glycol (PEG) to modify proteins to improve their solubility,
hydration size, and reduce kidney clearance, thereby extending their
circulation time in the body.*® However, recent research has revealed that it
can sometimes trigger allergic reactions and immune responses that can be
life-threatening.*’

However, using zwitterionic polymer can significantly optimize these
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problems. By carefully regulating the chemical structure of zwitterionic
polymers, we can tailor polymer compounds to meet specific needs, thus
achieving more precise protection of proteins.

It has been reported that a zwitterionic polymer has been successfully
synthesized, which can inhibit the aggregation of lysozyme and maintain
certain enzyme activity under heating conditions. This novel zwitterionic
polymer, polysulfobetaine (poly-SPB), shows significant potential in
inhibiting lysozyme aggregation.*$#
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Figure 1.11 (a) Protein aggregation of lysozyme (0.5 mg mL 1) when heated to 90 °C for
30 minutes in the presence of poly-SPB at various polymer detected by ThT. 8

As can be seen from Figure 1.11(a), with the increase of the polymer
concentration, the efficiency of the polymer to inhibit protein aggregation is
getting better and better. At the concentration of 10% (100mg/mL), almost
all proteins do not aggregate even if heated for 30 minutes.

In addition, by comparing other kinds of reagents at the same
concentration (50mg/mL), it was found that this new polymer has better
efficiency. Figure 1.11(b)
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Figure 1.11 (b) In the presence of various reagents (5% w/v) detected by ThT. 48

More importantly, through the detection of the remaining enzyme activity,
it was found that at a higher concentration (150mg/mL) of Poly-SPB, the

protein can almost maintain about 90% activity.
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Figure 1.12 Enzymatic activity of lysozyme after treatment at 90 °C in the
presence of poly-SPB.
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During the experiment, special attention was paid to the behavior of poly
(SPB) under extreme conditions. The results show that poly-SPB can
effectively prevent the aggregation of lysozyme, even in harsh environments
with extremely high temperatures and prolonged heating. As far as we know,
this 1s the first time that zwitterionic polymers have been applied to inhibit
protein aggregation. This breakthrough not only broadens the application
range of polymer materials, but also provides new ideas and methods for
solving the problem of protein aggregation.

But at the same time, I also found that a shortcoming of this polymer is
that a relatively high concentration is required to achieve a relatively ideal
efficiency of inhibiting protein aggregation.
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1.4 Objective of study

In my research, I plan to synthesize a kind of polyampholyte, which is a
polymer whose structure is highly like that of a zwitterionic polymer. This
polyampholyte electrolyte was designed to explore its potential applications
in regulating protein behavior. Especially tried to increase the efficacy at
lower concentration by the specific polyampholytes.

In the experimental phase, I plan to mix this polyampholyte with a protein
solution. By precisely controlling the polymer to protein ratio, I expect to be
able to observe the interaction between the two. Subsequently, I will use heat
to induce protein aggregation. The key to this step is to study how proteins
behave under physiological or pathological conditions by using temperature
changes to simulate the environmental changes they may experience.

After the heat treatment, I will carefully examine the protein sample,
paying special attention to whether it has undergone denaturation. Protein
denaturation is a complex process involving the destruction of its three-
dimensional structure and loss of function. Therefore, the detection of
protein denaturation is not only the verification of experimental results, but
also a direct evaluation of the effect of polyampholyte.

My research hypothesis is that the aggregation process of proteins can be
effectively inhibited in the presence of polyampholyte. This inhibitory effect
may result from electrostatic interactions between the polymer and the
protein, steric effects, or other yet unspecified mechanisms. Through
systematic experimental design and data analysis, I hope to reveal the nature
of this inhibition and provide theoretical basis and experimental support for
the development of more effective protein stabilizers in the future.
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Chapter 2

Protein protection by hydrophobic
modified PLL-SA

2.1 Introduction

Polyampholytes polymer, as a kind of unique zwitterionic polymer, its
structure and properties show remarkable uniqueness in the field of materials
science. These polymers consist of a mixture of charged monomer subunits,
whose chemical structure units are cleverly integrated with ionizing groups,
giving them excellent ionic conductivity. Compared with traditional
zwitterionic polymers, polyampholytes polymers show a more complex
structure, and this difference in structure directly affects their physical and
chemical properties.

In conventional zwitterionic polymers, the anion and cationic groups
usually coexist in the same monomer unit, forming an internal charge
balance structure.’®>! Although this design ensures the stability and
functionality of the polymer under certain conditions, its performance may
be limited in some application scenarios. In contrast, polyampholytes
polymers disrupt this internal charge balance by distributing anion and
cationic groups across different monomer units, thereby unlocking the

potential properties of the polymer to a greater extent (Figure 2.1). >

Figure 2.1 The models of polyampholyte (left) and zwitterionic polymers
(right).*?
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This structural innovation brings many advantages. Firstly,
polyampholytes are more prominent in ionic conductivity. Because the anion
and cationic groups are distributed on different monomer units, a more
complex charge network is formed inside the polymer. This network
structure can conduct ions more efficiently under the action of electric field,
thus improving the conductive property of the polymer. Secondly, this
structural design also enhances the mechanical properties and thermal
stability of the polyampholytes polymer.>* By dispersing the charge groups,
the interaction forces between the polymer molecules are optimized, making
the polymer exhibit better stability under mechanical stress and high
temperature environments. >3

In addition, the application prospect of polyampholytes polymers is also
broader because of its unique structure. In energy storage, sensors,
biomedicine and other fields, polyampholytes polymers show great
application potential due to their excellent 1onic conductivity and versatility.
For example, in batteries and supercapacitors, polyampholytes polymers can
be used as efficient electrolyte materials to improve the energy density and
cycle life of devices **; In biosensors, its excellent ionic conductivity is
helpful to improve the sensitivity and response speed of the sensor. > In drug
delivery systems, the biocompatibility and controlled release properties of
polyampholytes polymers provide new solutions for precise drug delivery.*

Zwitterionic polymers and polyampholytes polymers, with their unique
double charge properties, show significant advantages in the simulation of
protein properties.’” These polymers not only accurately reproduce the
charged state of the protein, but also interact more closely with biological
systems at the molecular level. This high similarity lays a solid foundation
for their wide application in the biomedical field.

What is more striking is that the modifiable properties of amphoteric
polymers provide unlimited possibilities for the expansion of their
application range. By introducing environmentally responsive groups or
structural units, polymers can be given properties similar to those of the
current popular environmentally responsive polymers. For example, changes
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in temperature, pH, or ionic strength can trigger morphological or functional
transformations in polymers that enable advanced functions such as smart
drug delivery or biosensing. This flexibility not only enhances the
adaptability of polymers for specific applications, but also provides new
ideas for developing a new generation of biomaterials and medical devices.

As mentioned earlier, the key to proteins' diverse functions lies in their
unique spatial folding structure. Whether in vivo or in vitro, the root cause
of protein denaturation and aggregation lies in the destruction of its three-
dimensional structure. This destruction makes the original hidden in the
protein molecules inside the group exposed, the mutual attraction between
the group and then triggered the protein aggregation phenomenon.

As a natural compound, a-amino acid not only plays a vital role in living
organisms, but also its unique zwitterionic structure gives it a unique
advantage in polymer synthesis. As the building blocks of proteins, amino
acids can not only act as side chains of zwitterionic polymers, but also
undergo a variety of chemical modifications through their rich functional
groups. The synthesis of polyampholytes polymers using amino acid
polymers as the backbone has many advantages. First, there are a wide range
of natural sources of amino acids, which provide a solid foundation for mass
production. Secondly, due to the excellent biocompatibility of amino acids
themselves, polyampholytes polymers based on their synthesis can
effectively avoid immune reactions, which is particularly important for their
applications in the biomedical field. In addition, amino acid polymers are
easy to carry out subsequent modifications, which provides the possibility to
customize the design of polymer materials with specific functions.

e-Polylysine (Figure 2.2) is a homopolymer formed from L-lysine via an
isopeptide bond between its e-amino and y-carboxyl groups. This polymer
presents a linear arrangement in structure and is composed of 25-30 lysine
monomers, giving it unique physical and chemical properties.’® It is
important to note that although PLL can be obtained by chemical synthesis,
biogenic PLL is naturally produced by the fermentation of Streptomyces
albulus.'%
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The preparation process of bioderived PLL involves complex microbial
metabolic pathways that ensure a high purity and specific molecular weight
distribution of the polymer. Compared to chemical synthesis, biosynthesized
PLL is more homogeneous in structure and does not contain any possible by-
products or impurities, which makes it a significant advantage in applications
in food, medicine and biomaterials.

H
%N
H OH
n

NH»
e-Polylysine
Figure 2.2 The chemical structure of the PLL.

e-polylysine, not only performs well in safety, but also shows significant
advantages in the field of food preservation and antibacterial. First, its safety
1s based on extensive ADMET studies, which confirm that e-polylysine is
non-toxic and harmless during absorption, distribution, metabolism, and
excretion in the human body, and does not trigger any immune response.>
This safety has led to e-polylysine being approved as a natural food
preservative in countries such as the United States and Japan with GRAS
number No. 000135, further demonstrating its value in the food industry.®
In terms of technical properties, e-polylysine has outstanding modification
potential. It can be combined with other monomers, chemical modification,
at the same time, this substance also has good thermal stability. This thermal
stability allows e-polylysine to be processed at more severe temperature
conditions, which is an important advantage for the food industry as it can
be adapted to a variety of complex production environments. In addition, the
antimicrobial spectrum of e-polylysine is extremely broad, which makes it
significantly effective in inhibiting the growth of a variety of bacteria.
Whether it is gram-negative bacteria or Gram-positive bacteria, e-polylysine
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can show strong inhibition ability, which provides a more comprehensive
protection for food preservation.®!

The strategy of reacting Succinic Anhydride (SA) with e-Poly-L-lysine (¢
-PLL) not only successfully synthesized polyamphotic electrolyte (PLL-SA),
but also provided a new way to precisely regulate its surface charge
characteristics. As shown in Figure 2.3, the modification with succinic
anhydride involves the reaction of the amino group of e-PLL with SA to form
the succinylated e-PLL, PLL-SA (Figure 2.4). This chemical modification
not only changes the charge distribution of ¢-PLL, but also significantly
enhances its solubility and biocompatibility.

O
O O

Succinic anhydride

Figure 2.3 The chemical structure of the SA.

0 (0]
H H
N N
H OH
X y
NH

NH,
| 0

PLL-SA
Figure 2.4 The chemical structure of the PLL-SA.

The surface charge characteristics of PLL-SA can be precisely regulated
by adjusting the amount of SA added. Specifically, with the increase of the
molar ratio of SA, the negative charge density of PLL-SA gradually
increases, while the positive charge density correspondingly decreases.
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This change in charge characteristics makes PLL-SA exhibit different
charge behaviors in different pH environments, thus broadening its
application potential in biomedicine, materials science and other fields. For
example, in drug delivery systems, by regulating the charge properties of
PLL-SA, it is possible to optimize its interaction with target cells and
improve the targeting and efficacy of drugs.

Previous studies have concluded that the introduction of hydrophobic
monomers into polymer systems can significantly improve their ability to
inhibit protein aggregation.®? The effectiveness of this strategy is mainly
due to the specific interaction formed between the hydrophobic monomer
and the protein, which can interfere with the aggregation tendency of the
protein molecules, thereby maintaining the dispersed state of the protein.

Furthermore, there is a close relationship between surface charge
distribution and hydrophobicity.®* Increased hydrophobicity usually results
in a redistribution of the surface charge of the polymer, a change that has
profound implications for the stability of the particles.®® Specifically, the
addition of hydrophobic monomers may change the charge density and
distribution on the polymer surface, thus affecting the electrostatic
repulsion between particles. This change in electrostatic repulsion is
essential to prevent the agglomeration of protein particles. In addition,
hydrophobic monomers may also regulate the interaction between proteins
and polymers by changing the hydrophilic and hydrophobic equilibrium of
polymers.%* This adjustment of balance allows the polymer to more
effectively enclose and disperse proteins, further enhancing its ability to
inhibit protein aggregation.

During the experiment, to further improve the hydrophobic
performance of e-Poly-L-lysine-Succinic Anhydride (PLL-SA), I carefully
introduced dodecyl succinic anhydride (DDSA), the specific structure of
which is shown in Figure 2.5. Compared with traditional succinic
anhydride (SA), DDSA shows significant advantages in chemical structure.
Its carbon chain length is more extended than that of SA, which gives
DDSA more excellent hydrophobic properties. Moreover, and more
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importantly, I found that not only did it perform well in enhancing
hydrophobicity, but the addition of DDSA did not introduce new
compounds. This strategy effectively avoids the potential factors that may
interfere with the experimental results and ensures the purity and reliability
of the experimental data.

Therefore, I decided to incorporate DDSA as a key monomer in the
synthesis of PLL-SA. With this innovative material design, I expect to be
able to take advantage of DDSA's unique structural properties to
significantly improve PLL-SA's hydrophobic properties.

Dodecyl succinic anhydride

Figure 2.5 The chemical structure of the DDSA.
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2.2 Materials

25% (w/w) e-Polylysine (PLL) (molecular weight 4000) aqueous solution
was purchased from JNC CORPORATION (Tokyo, Japan). SA (Succinic
Anhydride) was purchased from NACALAI TESQUE, INC (Kyoto, Japan).
DDSA (Dodecylsuccinic Anhydride) was purchased from TOKYO
CHEMICAL INDUSTRY (Tokyo, Japan). Dulbecco PBS (-) powder was
purchased from NISSUI PHARMACEUTICAL CO.,LTD (Tokyo, Japan).
Lysozyme from chicken egg white, Micrococcus lysodeikticus and LDH
(Lactate Dehydrogenase) from rabbit muscle were purchased from Sigma-
Aldrich (St. Louis, MO)

2.3 Synthesis of Polymer

2.3.1 Synthesis of PLL-SA

At a temperature of 50°C, I mixed 10 mL of polylactic acid (PLL) with
1.2675g of succinic anhydride (SA) and heated it for 2 hours. Through this
process, I successfully neutralized 65% of the amino group in PLL, thus
preparing PLL-SA (65), as shown in Figure 2.6 a.

(0] (0] y
OH 50°C: NH, NH
X — |
+< 2h ozc\/\

T
o ; C—OH
Succinic anhydride

NH,

¢-Polylysine
PLL-SA

Figure 2.6 a Synthesis of e-Polylysine with SA.
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2.3.2 Synthesis of PLL-DDSA-SA

As mentioned earlier, the introduction of hydrophobic monomers into the
polymer significantly improves its efficiency in inhibiting protein
aggregation. The surface charge distribution is regulated by hydrophobicity,
which affects the stability of the particles. The main difference between
DDSA and SA is that DDSA contains a long chain of 12 alkyl groups. And
no new impurities will be introduced, so I chose DDSA as the monomer in
the experiment. During the experiment, PLL-SA (65%) was first synthesized,
and then different proportions of DDSA were gradually added (2%, 5%, 8%,
10%, respectively, according to the quality of DDSA). Specifically, the mass
of DDSA is 0.10452g (corresponding 2%), 0.2617g (corresponding 5%),
0.42g (corresponding 8%) and 0.5234g (corresponding 10%), respectively.
These experiments are shown in Figure 2.6 b.
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Succinic anhydride

¢-Polylysine
o} PLL-SA
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Dodecyl succinic anhydride
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PLL-DDSA-SA

Figure 2.6 b Synthesis of ¢-Polylysine with DDSA
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2.4 Characterization of the polymers and protein

All polymers were thoroughly characterized by 'H nuclear magnetic
resonance spectroscopy (NMR) for in-depth analysis of their chemical
structure and composition to ensure that the resulting polymer met the
expected requirements. After the sample was dried, 100mg of polymer was
dissolved in 700uL D,0O. The chemical structure changes of lysozyme before
and after heating were detected by nuclear magnetic resonance technology.

The chemical structure of all polymers was analyzed in detail using a 400
MHz Bruker AVANCE III spectrometer, and the NMR data was precisely
processed and analyzed using Topspin 3.5 software.

2.5 Inhibition of the protein aggregation

In the experimental design, I selected lysozyme as a model protein to
explore the potential of polylysine-succinic acid (PLL-SA) and polylysine-
dissuccinic acid-succinic acid (PLL-DDSA-SA) to inhibit protein
aggregation. Lysozyme, due to its detailed analysis of primary and tertiary
structures, has been widely recognized and is often used as a template protein
to evaluate the effect of compounds on inhibiting protein aggregation. By
using lysozyme, I was able to more accurately evaluate the inhibitory effects
of PLL-SA and PLL-DDSA-SA under different conditions, providing strong
support for understanding the mechanism of action of these compounds.

During the experiment, I will evaluate the inhibition effect of PLL-SA and
PLL-DDSA-SA on lysozyme aggregation through a series of rigorous
experimental steps. These experimental methods will provide us with
quantitative and qualitative data on the inhibition effect of the compounds,
and thus reveal the specific mechanisms of their inhibition of protein
aggregation
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2.5.1 Dynamic Light Scattering

I learned that protein aggregation leads to a significant increase in particle
size. Therefore, through Dynamic Light Scattering (DLS) technology, I can
not only accurately measure the size of protein particles, but also analyze
whether the polymer could inhibit protein aggregation from a physical level.

I used the Zetasizer 300 system (manufactured by Malvern Instruments in
Worcestershire, UK) to determine the hydrodynamic diameters of proteins
and polymers. The system measures at a scattering Angle of 173°, ensuring
the accuracy and reliability of the data.

2.5.2 Residual enzyme activity

During the study, I used a PBS buffer with pH 7.4 to dissolve lysozyme
and polymer. The concentration of lysozyme is set at 0.2 mg/ml, while the
concentration of polymer is 10 mg/ml. Equal parts of lysozyme solution and
polymer solution (0.5 ml each) were mixed and heated in a water bath at 90 °
C for 30 minutes. | then thoroughly mixed 2 ml of Micrococcus lysophilus
solution at 0.25 mg/ml (also prepared using PBS buffer) with 100 uL of
lysozyme-polymer mixture in a quartz test tube.

To evaluate lysozyme activity, I used the Jasco V-770 spectrophotometer
(from Tokyo, Japan) to monitor the absorbance of the above solution at room
temperature in real time at 600 nm wavelength, from 0 minutes to 5 minutes.
By recording the change in absorbance over time, I can infer the change in
lysozyme activity. The slope of the curve directly reflects the residual degree
of lysozyme activity.
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2.6 Results and discussion

2.6.1 Characterization of the PLL-SA and PLL-DDSA-SA

In this experiment, I successfully prepared a series of polyampholytes
electrolytes by using PLL and specific amounts of SA and DDSA.
Specifically, II synthesized PL-SA (65%) and PL-DDSA (2%, 5%, 8%, 10%)
-SA (65%). In order to verify the chemical structure and composition of these
polymers, I performed in-depth analysis using hydrogen NMR spectroscopy.
The analysis results are shown in Figure 2.7 (a-e).

It can be clearly observed from the figure that the chemical shift of
hydrogen atoms in each different environment is clearly reflected. This
finding strongly supports the inference that I have initially synthesized the
target compound.

Specifically, Figure 2.7 (a) shows the spectrum of PLL-SA (65%), while
Figure 2.7 (b), (c), (d), and (e) correspond to the spectrum of PLL-DDSA
(2%, 5%, 8%, 10%) -SA (65%), respectively. These spectral data not only
provide us with key information about the structure of the compound, but
also further confirm the wvalidity of the experimental design.
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Figure 2.7 (a) The 'H-NMR spectrum of the PLL-SA (65%) in D,0O.
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Figure 2.7 (b) The 'H-NMR spectrum of the PLL-DDSA (2%)-SA (65%) in D20.
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Figure 2.7 (¢c) The '"H-NMR spectrum of the PLL-DDSA (5%)-SA (65%) in D20.
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Figure 2.7 (d) The 'H-NMR spectrum of the PLL-DDSA (8%)-SA (65%) in D20.
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Figure 2.7 (¢) The "TH-NMR spectrum of the PLL-DDSA (10%)-SA (65%) in D20.
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2.6.2 The appearances of the lysozyme solution in comparison

before and after heating.

From the figures below (Fig. 2.8 a, b), it can be clearly observed that the
heated protein solution (90°C, 30 minutes) presents a significant white
precipitation, while the unheated natural protein solution remains clear and
transparent in the PBS buffer (pH 7.4).

(a) (b)

Figure 2.8 Only lysozyme before (a) and after (b) heating 30 mins.

Next, PLL-SA (65%) (20 mg/ml) and PL-DDSA (2%, 5%, 8%, 10%) -
SA (65%) (20 mg/ml) were mixed with protein (0.4 mg/ml) at different
concentrations, respectively, and observed after heating for 30 minutes. It
can be clearly seen from Figure 2.9 (a, b, c, d, e) that after 30 minutes of
heating treatment, no white precipitate appeared in all mixtures. This
phenomenon indicates that the polymer can effectively inhibit the
aggregation of proteins to a certain extent. Therefore, I tentatively conclude
that this polymer has the potential to inhibit protein aggregation.
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(€) PLL-SA (65%) (d) PLL-DDSA (2%)-SA (65%)

(c) PLL-DDSA (5%)-SA (65%) (b) PLL-DDSA (8%)-SA (65%) (a) PLL-DDSA (10%)-SA (65%)

Figure 2.9 The pictures of the PLL-SA and PLL-DDSA-SA mixed with lysozyme after heating 30 mins.
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However, I observed that when the protein was mixed with PL-DDSA -
SA and heated, the solution became somewhat cloudy compared to the
solution without DDSA added. Notably, this phenomenon is not caused by
protein aggregation, but by the introduction of DDSA that enhances the
hydrophobicity of the polymer, which may lead to the formation of
polymer micelles.

To take a deeper look at the protein aggregation in each solution, I used
microscopy techniques for detailed analysis. During the experiment, |
selected a high-performance BZ-X800 microscope (Keyence Co., Ltd.,
Osaka, Japan) to ensure the best possible results for each solution. All
experimental results have been organized and shown in Figures 2.10 and
2.11.

() (b)

Figure 2.10 Only lysozyme before (a) and after (b) heating 30 mins. Scale bar = 100 pm.
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(e) PLL-SA (65%) (d) PLL-DDSA (2%)-SA (65%)
(c) PLL-DDSA (5%)-SA (65%) (b) PLL-DDSA (8%)-SA (65%)

(3) PLL-DDSA (10%)-SA (65%)

Figure 2.11 a, b, ¢, d, e The pictures of the PLL-SA and PLL-DDSA-SA mixed with
lysozyme after heating 30 mins. Scale bar = 100 um.
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Under the microscope, | was able to reveal the effect of heating on
protein behavior. As shown in Figure 2.10(b), the heat-treated proteins
showed aggregation of different sizes, while the unheated proteins
maintained their original state and did not show aggregation (Figure
2.10(a)). More interestingly, when the heated proteins were mixed with the
polymer, no aggregation was observed. This result strongly suggests that
the polymer plays a significant role in inhibiting protein aggregation

(Figure 2.11(a), (b), (¢), (d), (e)).

2.6.3 Dynamic Light Scattering

Subsequently, I tested the particle size of the protein under heating and
without heating ( natural state), and the results were shown in Figure 2.12.
In the experiment, the protein concentration was set at 0.4 mg/ml, the

heating process lasted for 30 minutes, and the temperature was maintained
at 90 ° C.
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Figure 2.12 The size of the protein, heating (red) and not heating (green).
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It can be clearly observed from the figure that the particle size of the
protein increases significantly after heating, which indicates that the protein
aggregation occurs during the heating process. In contrast, unheated
proteins appear as extremely tiny particles.

Further, a mixture of protein (0.5ml at a concentration of 0.4mg/ml) and
polymer (0.5ml at a concentration of 20mg/ml) was heated for 30 minutes.
Figure 2.13 shows the particle size change of PLL-SA and protein mixture
after heating.
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Figure 2.13 The size of the mixture, after heating 30 mins.

When the protein was mixed with PLL-SA, its behavior was highly
consistent with that of the unheated protein. In particular, the mixture does
not exhibit any significant aggregation, which is fully reflected in the
maintenance of particle size. The experimental data showed that the
particle size of the mixed protein remained in a very small range, which
was consistent with the particle size distribution of the unheated protein.
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Next, Figure 2.14 shows the size change of PLL-DDSA-SA mixture after
heating with protein for 30 minutes.
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Figure 2.14 The size of the mixture, after heating 30 mins.

It can be clearly observed from the figure that the particle size of the

mixture shows an increasing trend with the gradual increase of DDSA

percentage. However, it is worth noting that even at the highest DDSA

content, the particle size of the mixture remained below the heated protein

particle size. This phenomenon indicates that although DDSA has a certain

effect on particle size, its effect is not beyond the significant change of

protein particle size after heating treatment. (Figure 2.14)

To verify whether large particles are protein aggregates, I conducted the

following comparative tests. First, I measured the particle size of the

protein and PLL-DDSA-SA mixture respectively before heating. The

measurement results are shown in Figure 2.15.
In addition, for further proof, I also tested the particle size of the PL-
DDSA-SA polymer with unmixed proteins only in the unheated state. The

result is shown in Figure 2.16.
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Figure 2.15 The particles’ size of the mixtures of the protein and the PLL-
DDSA-SA before heating
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Figure 2.16 The particles’ size of the PLL-DDSA-SA before heating
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It can be clearly observed from the figure that even in the unheated state,
the particle size of the mixture shows a tendency to gradually increase with
the increase of DDSA percentage. | have measured the particle size of
unheated proteins, and the results show that the particle size is very small
without heating. Therefore, Ican infer that the large size of the mixture is
mainly due to the hydrophobicity of DDSA. With the increase of DDSA
content, the hydrophobicity of the polymer gradually increases, which
makes the polymer more prone to aggregation in solution and may form a
micellar structure. In addition, by comparing the data in the figure, I can
also find that the change rule of material particle size before and after
mixing protein has hardly changed. This further confirms our hypothesis
that the change in particle size is mainly caused by the micelles formed by
the polymer, rather than the proteins themselves.
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2.6.4 Residual enzymatic activity

Next, I conducted an experiment aimed at exploring whether the lysozyme
in the mixed polymer was denatured after heating. As far as we know, when
lysozyme is mixed with micrococcus lysoclysticus, the turbidity of the
solution is significantly reduced. Micrococcus lysosus is a yellow bacterium
that presents a cloudy state after being dissolved in PBS solution. Lysozyme
can break down the cell wall of the micrococcus, causing the bacteria to
dissolve, thus making the solution clear. In this process, the absorbance of
the sample will be significantly reduced. However, if the lysozyme loses its
enzymatic activity, it cannot destroy the cell wall of the lysococcus, and the
absorbance of the solution will remain unchanged.

First, I examined the enzyme activity in the unheated state to see if the
intervention of the polymer influenced the lysozyme itself. The result is
shown in the figure 2.17.

g 100 r 94.1 96 9=8 9=3,
Z 80
E 60
<
g 40
20
S
= 0
u PLL-SA65 = PLL-DDSA2-SA65

PLL-DDSAS-SA65 " PLL-DDSAS8-SA65
= PLL-DDSA10-SA65

Figure 2.17 The unheated lysozyme activity changes in the presence of the

polymer.
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It can be seen from the figure that the presence of polymer hardly has a
great impact on the activity of lysozyme

Next, I tested the residual enzyme activity of lysozyme (0.2 mg/ml) before
and after heating for 30 minutes without adding polymer. The test results are
shown in Figure. 2.18 a, which clearly shows the changes of enzyme activity
before and after heating.
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Figure 2.18 a Change in absorbance of Micrococcus lysodeikticus
suspension at 600 nm in the presence lysozyme before and after heating.

In the absence of heat, just by examining the proteins, I obtained a curve
of continuous decline. The slope of this curve accurately reflects the level
of residual lysozyme activity. However, when the lysozyme underwent
heating treatment, the absorbance did not change, which clearly indicates
that the lysozyme has lost its biological activity.
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Next, the residual enzyme activity of lysozyme after mixing the polymer
was detected. After 30 minutes of heating treatment, the experimental

results are shown in Figure 2.18 b
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Figure 2.18 b Change in absorbance of Micrococcus lysodeikticus
suspension at 600 nm in the presence lysozyme and PLL-SA (65%), PLL-
DDSA (2%)-SA (65%), PLL-DDSA (5%)-SA (65%), PLL-DDSA (8%)-SA
(65%) and PLL-DDSA (10%)-SA (65%).
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It can be clearly observed from the above data that after mixing with the
polymer and heating for 30 minutes, the absorbance of lysozyme showed a
consistent decreasing trend with that of the natural protein. This
phenomenon strongly suggests that lysozyme can maintain its biological
activity without being significantly affected even in the presence of
polymers. In addition, the linear slope increased with the increase of
DDSA, which further revealed an important rule: the higher the DDSA
content, the more significant the inhibition effect of the polymer on protein
aggregation.

For a more intuitive comparison of the results, I used a bar chart to show
the efficiency of this polymer in inhibiting proteins, as shown in Figure
2.19. To ensure the accuracy of the data in the experiment, each sample was
measured three times, and its average value was taken.
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Figure 2.19 Contrast diagram of enzymatic activities of different polymers.
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In the experiment, the activity of the protein without the added polymer
was almost completely lost after high temperature treatment, however,
when the polymer was introduced, especially the polymer containing
hydrophobic groups, the lysozyme showed high activity after heating at 90
degrees Celsius for 30 minutes.

The experimental results not only confirmed the protective effect of the
polymer on the protein at high temperature, but also revealed that the
hydrophobic groups also played a key role in enhancing the stability of the
protein. By interacting with the hydrophobic region on the protein surface,
the hydrophobic groups form a protective barrier that effectively prevents
the denaturation and aggregation of the protein at high temperatures. This
interaction not only maintains the three-dimensional structure of the
protein, but also maintains its catalytic activity, thus ensuring the
functionality of lysozyme under extreme conditions.
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2.7 Conclusion

In this part of the study, I synthesized a polyampholytes polymer (PLL-
SA and PLL-DDSA-SA) and investigated its inhibitory effect on protein
aggregation. First, I synthesized polyampholytes electrolyte (PLL-SA) and
enhanced its hydrophobicity by gradually increasing the proportion of DDSA
(2%, 5%, 8% and 10%, respectively) to form a series of PLL-DDSA-SA
polymers (in which the SA content was fixed at 65%). Subsequently, |
characterized these polymers by "H-NMR, and the results confirmed that the
required amounts of SA and DDSA were successfully embedded into the
PLL structure.

To evaluate the ability of these polymers to inhibit protein aggregation, I
employed dynamic light scattering (DLS) techniques. The results show that
lysozyme forms large aggregates when heated alone, and the pre-addition of
polymers can completely inhibit this aggregation. In further experiments, I
examined the residual enzyme activity of Micrococcus lysosomes before and
after heating and after adding the polymer. The results showed that the
presence of polymer significantly retained enzyme activity, and with the
increase of DDSA content, the enzyme activity also showed a significant
increase. PLL-DDSAS8-SA65 polymers retain more than 80% of the enzyme
activity, fully demonstrating the great potential of these polymers. In addition,
further studies have explored the protective effect of these polymers against
other proteins (lactate dehydrogenase), and the results likewise show that the
polymers can provide good protection even at low concentrations.

In summary, I have successfully prepared a series of polyampholytes
electrolytes (PLL-DDSA-SA) with high protein protection efficiency. These
polymers can still maintain more than 80% enzyme activity under high
temperature heating conditions, and the introduction of hydrophobicity
significantly improves their protective effect. These findings show that such
polymers have significant advantages in protecting proteins from extreme
environmental impacts and are expected to be widely used in protein
biopharmaceuticals and drug delivery systems.

57



Chapter 3

Protein protection by various type of
PLL based polyampholytes

3.1 Introduction

In the second part of the study, I successfully combined polylysine (PLL)
with succinic anhydride (SA) to prepare a new kind of Polyampholyte
polymer, named PLL-SA.

The experimental results showed that PLL-SA showed excellent
inhibition of protein aggregation. Protein aggregation is a signature
pathological feature of many diseases, such as neurodegenerative diseases
such as Alzheimer's and Parkinson's. Therefore, the development of
materials that can effectively inhibit protein aggregation has important
clinical significance. Our study found that PLL-SA showed remarkable
effects in inhibiting protein aggregation, mainly due to its unique molecular
structure and chemical properties.

More importantly, I further introduced hydrophobic groups based on
PLL-SA. This improvement greatly improves the efficiency of the polymer
in inhibiting protein aggregation. The introduction of hydrophobic groups
not only enhances the interaction between the polymer and the protein, but
also optimizes its dispersion and stability in the organism. The
experimental data show that the inhibition effect of the improved polymer
on protein aggregation is significantly better than that of the unimproved
PLL-SA.

During the experiment, I observed that a polymer can significantly
inhibit protein aggregation at a low concentration, which undoubtedly
highlights its significant advantages in inhibiting protein aggregation. This
high efficiency may result from a specific interaction between the polymer
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and the protein, which effectively prevents the aggregation process of the
protein at lower concentrations.

In addition, although the polymer PLL-SA (65) without the introduction
of hydrophobic groups is not as effective as the modified polymer in
inhibiting protein aggregation, the experimental results show that the
polymer is not ideal in inhibiting protein aggregation when the SA (sulfonic
acid group) content is at a very low level (Figure 3.1). This finding
suggests that the regulation of SA content may be one of the key factors
affecting the ability of polymers to inhibit protein aggregation. Based on
this, I speculated that with the further increase of SA content, the polymer
without the introduction of hydrophobic groups is also expected to show
better inhibitory effect on protein aggregation.
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Figure 3.1 Schematic diagram of residual enzyme activity in the presence of different
amounts of SA after heating.
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In the following experiments, I plan to conduct in-depth research on the
following four aspects to comprehensively analyze the properties and
mechanisms of polymers in inhibiting protein aggregation.

First, I will systematically explore the inhibition effect of polymer on
protein aggregation at different concentrations, especially at low
concentrations. By precisely regulating the concentration of the polymer, I
will be able to more clearly define the range of effective concentrations that
inhibit protein aggregation.

Secondly, to further improve the efficiency of the polymer in inhibiting
protein aggregation, I will focus on optimizing the ratio of acid anhydride
to hydrophobic groups. By designing a series of polymers with different
proportions and systematically evaluating their effect on inhibiting protein
aggregation, [ hope to find the optimal ratio of anhydride to hydrophobic
groups to maximize the inhibition performance of the polymer.

Third, without introducing hydrophobic groups, I will increase the
content of acid anhydride to investigate whether the polymer can still
effectively inhibit protein aggregation. This research will help us
understand the central role of acid anhydrides in the inhibition of protein
aggregation by polymers.

Finally, to verify the effect of chemical structure on the inhibition of
protein aggregation function of the polymer, I will introduce acid anhydride
dimethyl glutaric anhydride (DMGA), whose structure is like SA and
conduct a comparative experiment. The effect of the chemical structure on
the inhibition of protein aggregation was further verified by comparison.
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3.2 Materials

25% (w/w) e-Polylysine (PLL) (molecular weight 4000) aqueous solution
was purchased from JNC CORPORATION (Tokyo, Japan). SA (Succinic
Anhydride) and dimethyl glutaric anhydride (DMGA) were purchased from
NACALAI TESQUE, INC (Kyoto, Japan). DDSA (Dodecylsuccinic
Anhydride) was purchased from TOKYO CHEMICAL INDUSTRY (Tokyo,
Japan).  Dulbecco PBS (-) powder was purchased from NISSUI
PHARMACEUTICAL CO., LTD (Tokyo, Japan). Lysozyme from chicken
egg white, ANS-NH4, THT, Micrococcus lysodeikticus and LDH (Lactate
Dehydrogenase) from rabbit muscle were purchased from Sigma-Aldrich (St.
Louis, MO).

3.3 Synthesis of Polymer

3.3.1 Synthesis of PLL-SA and PLL-DDSA-SA

PLL (10 mL) was mixed with SA (1.075g, 1.365g, 1.6575g), and the
mixture was heated at 70°C for 2 h. In my study, I prepared PLL-SA (55, 70,
85) by neutralizing 55%, 70%, 85% of the amino groups of PLL by SA
(Figure 3.2 a)

NH, N N ¢
H OH o O 70°C OH
fw/\/\/%ﬂr + v - - ﬂ\h |\|J ,
| n 2h | x 1
H o} H o]

g-Polylysine (PLL) Succinic anhydride (SA)

Figure 3.2 a Synthesis of e-Polylysine with SA.
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In the experiment, the hydrophobic monomer DDSA (6%, 0.314g) was
first introduced into the PLL solution (10ml), and then the mixture was
heated to 100 °C and maintained at this temperature for two hours. After
that, SA (70%, 1.365g) was added to the reaction system, and the
temperature gradually lowered to 70 °C, and the reaction continued for two
hours. (Figure 3.2 b)
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3.3.2 Synthesis of PLL-DMGA and PLL-DDSA-DMGA

PLL (10 mL) was mixed with DMGA (1.075g, 1.365g, 1.6575g), and the
mixture was heated at 70°C for 2 h. In my study, I prepared PLL-DMGA (55,
70, 85) by neutralizing 55%, 70%, 85% of the amino groups of PLL by
DMGA (Figure 3.2 ¢)
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Figure 3.2 ¢ Synthesis of e-Polylysine with DMGA.
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Next, In the experiment, the hydrophobic monomer DDSA (6%, 0.314g)
was first introduced into the PLL solution (10ml), and then the mixture was
heated to 100 °C and maintained at this temperature for two hours. After
that, DMGA (70%, 1.365g) was added to the reaction system, and the
temperature gradually lowered to 70 °C, and the reaction continued for two
hours. (Figure 3.2 d)
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PLL-DDSA-DMGA
Figure 3.2 d Synthesis of e-Polylysine with DDSA and DMGA.
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3.4 Characterization of the polymers and protein

All polymers were thoroughly characterized by 'H nuclear magnetic
resonance spectroscopy (NMR) for an in-depth analysis of their chemical
structure and composition to ensure that the resulting polymers met the
expected requirements. After the sample was dried, 100mg of polymer was
dissolved in 700uL D0, and the chemical structure of lysozyme before and
after heating was detected by nuclear magnetic resonance technology. The
chemical structures of all polymers were analyzed in detail using a 400 MHz
Bruker AVANCE III spectrometer, and the NMR data were precisely
processed and analyzed using Topspin 3.5 software.

3.5 Inhibition of protein aggregation

In the experiment, I continue to use lysozyme as a model protein to verify
whether the synthesized polymer can inhibit protein aggregation. To further
investigate, | systematically tested polymers at different concentrations
(1mg/ml, 2mg/ml, 4mg/ml, and 8mg/ml) through gradient contrast analysis,
aiming to reveal the inhibition effect of polymers on protein aggregation at
different concentrations, especially at low concentrations.

Some experimental methods, such as dynamic light scattering (DLS) and
residual enzyme activity, are consistent with the above content, so I will not
repeat them here.
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3.5.1 Absorbance measurement

In this experiment, plan to use the jasco V-770 (Tokyo, Japan) instrument
to real-time monitor the absorbance changes of protein solutions and protein
and polymer mixed solutions heated at 90°C for 1 hour at 600 nm wavelength.
With this experiment, [ will be able to gain a deeper understanding of the
effect of polymers on protein stability.

3.5.2 Thioflavin T assay

Prepare Thioflavin T (ThT) solution. 4 mg of ThT was dissolved in 5 ml
of PBS buffer and filtered through a 0.22-micron filter membrane to ensure
the purity of the solution. Subsequently, the solution was diluted with 1 ml
of ThT solution in 50 ml of PBS to prepare a working solution.

Next, the lysozyme solution and the mixture of lysozyme and polymer
were heated to 90°C for 30 minutes. Then, take 100 pL of this heated solution
and mix it with 2 ml of ThT working solution. The JASCO FP-6500
fluorescence spectrometer was used for observation, and the excitation
wavelength was set at 440 nm and the emission wavelength at 480 nm. The
significant increase in fluorescence intensity indicates that ThT successfully
binds to amyloid fibers and promotes the formation of amyloid protein
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3.5.3 ANS Assay

The concentration of ANS-NH, at 350 uM was dissolved in the PBS bufter.
Subsequently, the lysozyme solution and the lysozyme-polymer mixture
were heated to 90 °© C for 30 minutes. After that, 100 uL. samples were
extracted from each solution and mixed with 2 mL of ANS solution.

Finally, the JASCO FP-8600 spectrophotometer was used to measure the
emission spectrum at the excitation wavelength of 350 nm. In the wavelength
range of 405 to 700 nm, the data results of the transmitted signal are collected

and recorded.
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3.6 Results and discussion

3.6.1 Characterization of the PLL-SA, PLL-DDSA-SA, PLL-
DMGA and PLL-DDSA-DMGA

During the experiment, I successfully prepared a series of polyampholytes
electrolytes by using PLL and different proportions of SA, DMGA and
DDSA. These include PLL-SA (55%, 70%, 85%), PLL-DDSA (6%)-SA
(70%), PLL-DMGA (55%, 70%, 85%), and PLL-DDSA (6%)-DMGA (70%).
Subsequently, the chemical structure and composition of these polymers
were analyzed in detail using nuclear magnetic resonance spectroscopy
(NMR), the results of which are shown in Figure 3.3 (a-h).

It can be clearly observed from Figure 3.3 that the chemical shifts of
hydrogen atoms in different environments for each compound have been
accurately recorded. This indicates that I have successfully synthesized the
expected compound. Specifically, Figure 3.3 (a), (b), and (c) show the
spectra of PLL-SA (55%, 70%, 85%), respectively, while Figure 3.3 (d)
shows the spectra of PLL-DDSA (6%)-SA (70%). In addition, the spectrum
of PLL-DMGA (55%, 70%, 85%) are shown in Figure 3.3 (e), (f) and (g)
respectively, while the spectra of PLL-DDSA (6%)-DMGA (70%) are shown
in Figure 3.3 (h).
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Figure 3.3 (a) (b) () (d) (e) () (2) (h) are the "TH-NMR spectra of the PLL-SA (55, 70, 85) ,PLL-
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3.6.2 The appearances of the lysozyme solution in comparison

before and after heating.

According to the experimental results in Figure. 3.4 a and b, it can be
clearly observed that many white precipitates appeared in the protein
solution after heating at 90°C for 30 minutes. This phenomenon is in stark
contrast to the unheated natural protein solution that remains clear and
transparent in a PBS buffer (pH 7.4)

(@) (b)

Figure 3.4 Only lysozyme before (a) and after (b) heating 30 mins.

Next, I will show pictures of some of the protein solution samples, which
are prepared after being mixed with different concentrations of polymer
and heated for 30 minutes. Figure 3.5 (a) and (b) show samples of PLL-SA
(85) at concentrations of 4 mg/ml and 8 mg/ml, respectively. Figures 3.5 (¢)
and (d) show samples of PLL-DMGA (85) at concentrations of 4 mg/ml
and 8mg/ml, respectively. Figures 3.5 (e) and (f) show samples of PLL-
DDSA (6)-SA (70) at concentrations of 4 mg/ml and 8 mg/ml. Finally,
Figure 3.5 (g) and (h) show samples of PLL-DDSA (6)-DMGA (70) at
concentrations of 4 mg/ml and 8 mg/ml, respectively.
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® (h)

Figure 3.5 The pictures of the PLL-SA85, PLL-DMGASS, PLL-
DDSA6-SA70 and PLL-DDSA6-DMGA70 mixed with lysozyme at
the different concentration after heating 30 mins.

To more accurately observe the aggregation of proteins in each
solution, I used microscope technology for detailed analysis. For the
experiment, [ selected a BZ-X800 microscope (manufactured by Keyence
Co., Ltd., Osaka, Japan). The aggregation phenomenon of different
concentration solutions mixed with protein after heating was deeply
observed. Figure 3.6 and Figure 3.7 show some of the experimental results.

Figure 3.6 Only lysozyme before (a) and after (b) heating 30 mins. Scale bar = 100 pm.
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Figure 3.7 a PLL-SA85 (4mg/ml). Figure 3.7 b PLL-SAS8S5 (8mg/ml).
heating 30 mins. heating 30 mins.

Figure 3.7 ¢ PLL-DMGASS (4mg/ml). Figure 3.7 d PLL-DMGASS (8mg/ml).
heating 30 mins. heating 30 mins.

Figure 3.7 e PLL-DDSA6-SA85 (4mg/ml).

heating 30 mins. Figure 3.7 f PLL-DDSAG6-SA85 (8mg/ml).

heating 30 mins.
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100 pm

Figure 3.7 g PLL-DDSA6-DMGASS (4mg/ml).  Fjgure 3.7 h PLL-DDSA6-DMGAS5 (8mg/ml).
heating 30 minS. heaﬁng 30 miHS.

According to the observation results of the above pictures, I can clearly
draw the following conclusion: under normal conditions and in the images
amplified by the microscope, the proteins after heating show a significant
aggregation phenomenon. This phenomenon is often attributed to the effect
of high temperatures on the interactions between protein molecules,
causing irreversible changes in their structure that trigger aggregation.

However, the situation changed significantly when a specific polymer
was introduced into the protein solution. Even after heat treatment, the
protein can still maintain its original dispersed state. Even more
remarkably, this stability is maintained even at very low concentrations
(4mg/ml). This finding not only reveals the strong ability of the polymer to
maintain the dispersion of the protein, but also suggests that some
protective interaction between the polymer and the protein may be formed,
which effectively resists the damage of the protein structure at high
temperatures.
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3.6.3 Dynamic Light Scattering

Next, | further examined the particle size variation of the proteins in the
heated and unheated (natural) state (see Figure 3.8 a). The protein
concentration used in the experiment was 0.4 mg/ml, the heating process
lasted for 30 minutes, and the temperature was set at 90 ° C.

Size Distribution by Intensity
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Figure 3.8 (a) The size of the protein, heated (green) and not heated (red).

It can be clearly observed from the figure 3.8 a, the protein particle size
increases significantly after heating, which strongly indicates that the
protein aggregation occurs during the heating process. Specifically, the
heated protein particles showed a clear trend of enlargement, in sharp
contrast to the unheated protein. Unheated proteins appear as very fine
particles.

Next, I performed further tests on the protein-polymer mixture samples.
The sample, with a protein concentration of 0.4 mg/ml and a polymer
concentration of 4 mg/ml, was heated for 30 minutes. Figure 3.8b shows
the particle size changes of PLL-SA (55,70,85) and PLL-DDSA (6)-SA
(70) mixtures with protein after heating. Figure 3.8c shows the particle size
changes of PLL-DMGA (55,70,85) and PLL-DDSA (6)-DMGA (70)

mixtures with protein after heating.
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Figure 3.8 (b) The size of the mixtures, after heating 30 mins.
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Figure 3.8 (c) The size of the mixtures, after heating 30 mins.

In studying the thermal stability of protein-mixed polymers, I observed
that the particle size of these polymers can be maintained in a very small
range even after high temperature treatment. This phenomenon shows that
the protein-mixed polymer has excellent thermal stability and can maintain
its structural integrity during heating.

Further experiments show that when hydrophobic groups are introduced
and micelles may be formed, the particle size of the protein mixture
polymer does not increase significantly, and the particle size is stable at
about 100 nm.
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To prove that the particle size increase in the sample was not caused by
protein aggregation, but by the chemical structure of the polymer, 1
conducted the following comparative experiments, as shown in Figure 3.9
and b. The experimental results show that the particle size increase is still

observed in the polymer samples even when the protein is not heated or
added.
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Figure 3.9 (a) The size of the mixtures.
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Figure 3.9 (b) The size of the mixtures.

80



3.6.4 Absorbance measurement of the protein solution

Proteins tend to aggregate during heating due to enhanced intermolecular
interaction forces, a process that usually results in turbidity of the solution.
This is because the aggregation of protein molecules causes the originally
uniformly distributed protein molecules to form large aggregates in the
solution, which changes the optical properties of the solution and causes
the scattering of light when passing through the solution, leading to the
turbidity of the appearance of the solution.

However, the situation is different when the polymer is protective of
protein. The presence of polymers can effectively shield the direct
interaction between protein molecules and thus inhibit protein aggregation.
This protective effect allows the protein molecules to remain relatively
dispersed under heating conditions, avoiding the formation of large-size
aggregates. Therefore, from a macroscopic point of view, the absorbance of
the solution should not change significantly.

Part of the experimental results are shown in Figure 3.10. In the
experimental samples, the concentration of protein was 0.4mg/ml, and the

concentration of polymer was 4mg/ml.
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Figure 3.10 Changes in the absorbance of proteins as well as proteins mixed
with polymers under continuous heating for one hour,
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From the figure 3.10, it can be clearly observed that the absorbance of
the protein solution gradually increased during the continuous heating for
one hour, indicating that the protein began to gradually aggregate, thus
causing the solution to become cloudy. However, when the polymer was
added to the protein solution, no similar phenomenon was observed under
the same heating condition. This result indicates that the presence of
polymers can effectively maintain the stability of the protein structure and
thus avoid its aggregation.
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3.6.5 Residual enzymatic activity

Next, the residual enzyme activities were determined to explore whether
the lysozyme in the samples could still maintain its biological activity after
heat treatment.

First, I examined the enzyme activity in the unheated state to see if the
intervention of the polymer influenced the lysozyme itself. The result is
shown in figure 3.11 a, b.
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Figure 3.11 a The unheated lysozyme activity changes in the presence of the
polymer.
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Figure 3.11 b The unheated lysozyme activity changes in the presence of the
polymer.
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It can be seen from the figure that the presence of polymer hardly has
a great impact on the activity of lysozyme
Figure 3.12 shows the change of residual enzyme activity of PLL-SA
(55,70,85) three polymer proteins after heating for 30 minutes. Where, (a),
(b) and (¢) correspond to the experimental results of mixing proteins at
different concentrations of these three different polymers, respectively.
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Figure 3.12 a PLL-sa55 at different concentrations.
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Figure 3.12 ¢ PLL-sa85 at different concentrations.
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Figure 3.13 shows the change of residual enzyme activity of PLL-
DMGA (55,70,85) three polymer proteins after heating for 30 minutes.
Where, (a), (b) and (c) correspond to the experimental results of mixing
proteins at different concentrations of these three different polymers,

respectively.
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Figure 3.13 a PLL-DMGASS at different concentrations.
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Figure 3.14 shows the change of residual enzyme activity of PLL-DDSA
(6)-SA, DMGA (70) two polymer proteins after heating for 30 minutes. (a)
and (b)correspond to the experimental results of mixing proteins at

different concentrations of these two different polymers, respectively.
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It can be seen from the figure that after adding the polymer and being
heated, the absorbance of the solution still shows a downward trend as the
unheated protein solution, which indicates that the treated protein can still
maintain a certain activity. It is worth noting that this downward trend is
particularly significant when there is a high proportion of anhydride and
hydrophobic groups in the solution, and even at lower concentrations, the
protein is still able to maintain a certain activity.

To compare the experimental results more conveniently, I made the
experimental results into a bar chart to compare the experimental results of
different polymers at different concentrations. All the results are presented
in Figure 3.15
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The polymer shown in the figure shows remarkable efficiency in
inhibiting protein aggregation. Of note, the introduction of high
percentages of anhydride SA (85) and DMGA (85), together with the
addition of hydrophobic groups, further enhanced the efficiency of this
polymer in inhibiting protein aggregation. The synergistic effect of these
components not only enhances the overall performance of the polymer, but
also enables it to maintain excellent inhibition at low concentrations.

Firstly, the introduction of anhydrides significantly enhances the charge
density of the polymer, which allows the polymer to interact more
efficiently with the protein surface, thereby preventing the aggregation of
protein molecules.®® Secondly, the addition of hydrophobic groups further
stabilized the inhibitory effect by increasing the hydrophobic interaction
between the polymer and the protein. This dual mechanism of action allows
the polymer to still exert strong inhibitory ability at low concentrations.

Furthermore, experimental data demonstrate that the polymer
significantly reduces the incidence of protein aggregation even at low
polymer concentrations, while maintaining the biological activity and
functionality of the protein. This property makes the polymer promising for
a wide range of applications in biomedicine, food processing, and materials
science.
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3.6.6 Thioflavin T assay

ThT (thioflavin T), as a fluorescent dye, plays an important role in
detecting amyloid aggregation. It significantly enhances fluorescence
intensity by forming complexes with amyloid fibers, thereby enabling the
quantitative detection of the degree of amyloid aggregation.®® The core
principle of ThT detection is the unique B-folded sheet structure of amyloid
fibers, which can significantly enhance the fluorescence signal of ThT and
provide a precise quantitative method for amyloid aggregation.

All the experimental results are shown in Figure. 3.16 (a) (b) (¢) (d) (e) ().
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Figure 3.16 (a) (b) (c) (d) (e) (f) The degree of aggregation of proteins after
different concentrations of polymers are mixed with proteins and heated.

It can be clearly observed from the figure that with the gradual
increase in the percentage of anhydride contained in the polymer in the
sample, the aggregation phenomenon in the protein solution is significantly
reduced. In particular, in two polymers, PLL-SA (85) and PLL-DMGA
(85), protein aggregation was almost completely inhibited. In addition, I
found that the polymer maintained its potent inhibitory effect even at lower
concentrations.
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3.6.7 ANS Assay

ANS Assay is a widely used fluorescent probe technique specifically
designed to probe the aggregation state of proteins. ANS, as a hydrophobic
fluorescent dye, can emit a strong fluorescent signal when bound to
proteins.®” By precise monitoring changes in fluorescence intensity,
researchers can indirectly assess the degree of protein aggregation.

ANS dyes tend to bind tightly to hydrophobic regions of proteins. When
the protein is in a monomeric state, these hydrophobic regions are usually
wrapped inside the protein, resulting in difficulty for ANS to bind to it, and
thus the fluorescence signal is weak. However, when protein aggregation
occurs, hydrophobic regions are exposed, allowing ANS to bind to these
regions more efficiently, which in turn significantly enhances the
fluorescence signal.

All the experimental results are shown in Figure. 3.17 (a) (b) (c) (d) (e) ().
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Figure 3.17 (a) (b) (c¢) (d) (e) (f) ANS fluorescence intensity of proteins after
different concentrations of polymers are mixed with proteins and heated.

It can be clearly observed from the figure that when the protein is heated,
the hydrophobic part of it binds to the ANS due to exposure, which
significantly improves fluorescence intensity. In contrast, unheated proteins
did not show this phenomenon. Further experimental results showed that
the fluorescence intensity was significantly inhibited after the addition of
the polymer, indicating that the presence of the polymer effectively
inhibited the structural change of the protein, so that the hydrophobic part
of the protein was kept inside the protein. In addition, with the increase of
the percentage of acid anhydride contained in the polymer, the fluorescence
intensity decreased significantly. In PLL-SA (85) and PLL-DMGA (85)
samples, fluorescence was almost completely suppressed by the polymer.
At the same time, I found that the polymer was able to maintain its highly

effective inhibition even at low concentrations.
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3.7 Conclusion

In this part of the experiment, First, I successfully synthesized DMGA and
confirmed its high similarity to SA through detailed chemical structure
characterization. On this basis, I systematically observed and recorded the
dynamic changes of protein aggregation state by reacting DMGA with target
proteins under a series of carefully designed experimental conditions. To
ensure the accuracy and reliability of the experimental results, I specially set
SA as the control group. Through comparative analysis of the data, the
remarkable effect of this kind of charged polymer on inhibiting protein
aggregation was verified.

Subsequently, 1 systematically tested the inhibition efficiency of this
polymer at different concentrations, and the results showed that this polymer
can maintain excellent inhibition effects even at very low concentrations.

Further, I increased the proportion of acid anhydride in the polymer, and
the experimental results showed that the polymer with high acid anhydride
content was more effective in inhibiting protein aggregation. This
phenomenon may be attributed to an increase in the surface charge density
of the polymer, which enhances the electrostatic interaction between the
protein and the polymer, ultimately inhibiting the aggregation of the protein.

Finally, I optimized the ratio of anhydrides to hydrophobic groups, further
improving the efficiency of this polymer in inhibiting protein aggregation.
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Chapter 4

Mechanistic insights of the protein
protection by polyampholytes

4.1 Introduction

In previous work, I have successfully synthesized a class of charged
polymers that show significant potential for inhibiting protein aggregation.
Through a series of tests, I comprehensively evaluated the performance of
these polymers under different conditions. First, the chemical structure of
these charged polymers was examined in detail. Subsequently, 1 used
dynamic light scattering (DLS), residual enzyme activity detection, ThT
detection and ANS detection to observe the interaction between the polymer
and protein in detail. These experimental results consistently show that
charged polymers can effectively interfere with the protein aggregation
process and significantly reduce the formation of protein aggregates.

Although I have successfully synthesized these polymers, the ways by
which they inhibit protein aggregation have not been fully elucidated.
Therefore, I will further explore the specific mechanism of polymer
inhibition of protein aggregation through the following experiments.
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4.2 Explore ways to inhibit protein aggregation

4.2.1 Protection of protein secondary structure

Protein aggregation refers to the phenomenon that individual protein
molecules form polymers or aggregates through non-covalent interactions,
such as hydrogen bonding, hydrophobic interactions and van der Waals
forces. This aggregation process can be either reversible or irreversible.
During the process of protein aggregation, its secondary structure also
changes significantly. The secondary structure of a protein is a locally stable
structure maintained by hydrogen bonds, mainly including a-helix and (-
folding, which play a decisive role in the three-dimensional folding process
of a protein and directly affect the overall conformation and function of the
protein. Therefore, changes in the secondary structure during protein
aggregation can fundamentally alter the properties of the protein, causing it
to lose its intended function. Therefore, in the process of inhibiting protein
aggregation, it is particularly important to maintain the stability of secondary
structure.

In the secondary structure of proteins, folded proteins exhibit a wide range
of chemical shifts in NMR spectra due to the anisotropic magnetic fields of
aromatic or carbonyl groups.!' In contrast, the amino acid peaks of
denatured proteins are not obvious due to their random helical conformation,

resulting in a relatively narrow range of chemical shifts.®®
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Based on this, in the experiment, I will examine the chemical shifts of
some secondary structures in the protein by nuclear magnetic resonance and
how these chemical shifts change after heating. The experimental results are

shown in Figure 4.1
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Figure 4.1 '"H NMR spectra of the lysozyme at room temperature and after

heating to 90 °C for 30 min.

As shown in figure 4.1, the unheated protein exhibits a wide range of
chemical shift signals in the plot. And after heating to 90°C and lasting for
30 minutes, I can observe that all these signals disappear. This experimental
result indicates that the secondary structure of lysozyme is destroyed after
heating and lysozyme is in a random coil state.

In the next experiment, the chemical shift of part of the secondary
structure of the protein solution which was added to the polymer and heated
for 30 minutes was detected. The experimental results are shown in Figure.

4.2 and Figure. 4.3.
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Figure 4.2 '"TH NMR spectra of the lysozyme at room temperature and the

lysozyme mixed with polymer (8mg/ml) after heated.
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It can be clearly observed from the figure that in the presence of the
polymer, most of the chemical shift signal of lysozyme is still maintained
after heating treatment. This phenomenon suggests that lysozyme can retain
most of its secondary structure and maintain the integrity of some higher-
order structures.

According to previous reports, most of the peaks observed in NMR
profiles can be attributed to specific amino acid residues in the secondary
structure of proteins. ® Therefore, these experimental results strongly
demonstrate that the polymer can effectively protect the secondary
structure of lysozyme and some higher-order structures, thus significantly
improving the stability of the protein at high temperatures. This is further
confirmed by the distribution of signals in the forefield region, which
mainly corresponds to amino acid residues in secondary structures such as
a-helical, B-lamellar and ring structures.’”®’!
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4.2.2 Phase diagrams during lysozyme aggregation as detected by

fluorescence

Before showing the phase diagram, I first need to measure the
fluorescence changes of proteins at different temperatures, Studies have
shown that Trp-62 and Trp-108 are the main fluorophore in the lysozyme
structure, and they are located at the bottom of the binding region of the
lysozyme structure. The change of fluorescence intensity was positively
correlated with the activity of protein.”” The experimental results are shown

in Figure 4.3 (a) (b) (¢) (d) (e) () (g) (h) (©).
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Figure 4.3 (a) (b) (¢) (d) (e) (f) (g) (h) (i) Fluorescence changes of proteins and
proteins mixed with polymers at different temperatures.
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It can be clearly observed from the experimental results that the
fluorescence intensity of protein and its mixture with polymer shows a
trend of decreasing with the gradual increase of temperature. This
phenomenon indicates that with the increase of temperature, some amino
acid residues inside the protein undergo structural changes, resulting in the
gradual loss of fluorescence activity. At the same time, I also found that the
decline rate of fluorescence intensity slowed down significantly after the
addition of polymer, which indicates that the addition of polymer can
inhibit the structural changes of amino acid residues in proteins to a certain
extent.

Protein Fluorescence Phase Diagram is a tool used to study the
conformational change and phase transition behavior of proteins under
different conditions. The fluorescence intensity of proteins can be monitored
under different conditions such as temperature, pH value and ionic strength,
to reveal the conformational stability, aggregation state and phase transition
process of proteins.

Phase diagrams are often used to analyze the fluorescence data of protein
molecules. The core of phase diagram is to reveal the behavior of protein
during denaturation by the intrinsic fluorescence emission intensity of
protein at a fixed emission wavelength. Specifically, by applying external
stresses or additives, I can determine the fluorescence emission intensity
I(A1) and I(A2) of protein molecules at two different emission wavelengths
Al and A2. The combined analysis of these data results in a phase map of

the protein molecule.”

I (A1) =a+ bl (A) (Equation 1)

) Ta{ M) =1 (A : .
a— I I:)klf]- WMII (Aa) (Equation 2)
b (M) —h((A) (Equation 3)

La(Ag)—Ty(As)
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When equation 1 is linear, it reveals an all-or-nothing transition between
two different conformations, meaning that no partial intermediates are
present.'?> However, if equation 1 is nonlinear, each linear paragraph
represents a transitional stage, indicating that there may be one or more
intermediate stages in the protein folding process.”

Based on this, I drew the phase diagram of lysozyme and its mixed
polymer under the condition of gradually increasing temperature(30°C-
90°C). This phase diagram details the phase transition behavior of
lysozyme and its polymers at different temperature gradients. All
experimental data were mapped at 1330nm and 134 1nm.

First, it is the phase diagram of the protein without added polymer and
gradually increasing the temperature. The experimental results are shown in

Figure 4.4
C
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Figure 4.4 The phase diagram of the protein without added polymer and

gradually increasing the temperature.
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As shown in the figure, without the addition of polymers, two
conformational states (S1 and S2) are clearly present in the lysozyme phase
diagram. This phenomenon indicates that there is a significant intermediate
state in the transition from natural lysozyme to denaturetic lysozyme.

Further analysis revealed that the conformational transition temperature
of lysozyme was roughly between 70°C and 80°C. This result is consistent
with the known irreversible denaturation temperature of lysozyme (74°C)
and indicates that the protein can undergo irreversible denaturation in the
conformational state of S2.

Next, it is the phase diagram of the protein with the polymer added and
gradually increasing the temperature. The experimental results are shown in

Fig. 4.5 (2) (b) (c) (d)
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Figure 4.5 a The phase diagram of the protein mixed PLL-SAS85 and gradually

increasing the temperature.
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Figure 4.5 b The phase diagram of the protein mixed PLL-DMGAS8S and

gradually increasing the temperature.
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Figure 4.5 ¢ The phase diagram of the protein mixed PLL-DDSA6-DMGA70
and gradually increasing the temperature.
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Figure 4.5 d The phase diagram of the protein mixed PLL-DDSA6-SA70 and
gradually increasing the temperature.

It can be clearly seen from the experimental results that the slope of the
protein phase diagram with the addition of the polymer remains constant
during the process of gradual heating under the same temperature
conditions. This phenomenon shows that the protein remained in the S1
conformation state throughout the experiment. This not only revealed that
the conformational transformation of proteins was inhibited in the presence
of polymers, but also further confirmed that the mechanism of polymer
inhibition of protein aggregation was to prevent the irreversible
conformational transformation of protein molecules.
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To verify that lysozyme will not undergo irreversible denaturation in
conformation S1, but will undergo irreversible denaturation in
conformation S2, I designed and conducted the following comparative
tests. First, it is well known that proteins undergo a conformational
transformation and undergo denaturation at 74 ° C. Therefore, I conducted
protein cycling heating and cooling experiments from 30 ° C to 70 ° C and
from 30 ° C to 90 ° C respectively to verify whether irreversible
aggregation of proteins does not occur in S1 conformation. Experimental
results are shown in Figure. 4.6 a and b.
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Protein Cooling from 70°C to 30°C
Protein heating from 30°C to 70°C

Figure 4.6 a Only protein cycling heating and cooling experiments from 30 ° C
to70° C
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Figure 4.6 b Only protein cycling heating and cooling experiments from 30 ° C
t090°C

By analyzing the experimental data, I can conclude that when the cyclic
heating and cooling experiment is performed in the temperature range of
30 ° C to 70 ° C, the protein is able to refold and return to its natural state
after cooling at 70 ° C, which indicates that the conformation (S1) at 70 ° C
does not cause irreversible denaturation of the protein. However, when the
experimental temperature range was extended to 30°C to 90°C, it was
found that when the protein was in the conformation (S2) at 90°C, its
fluorescence intensity could not be recovered with the decrease of
temperature, which clearly indicated that the protein in the conformation S2
had undergone irreversible denaturation.

Subsequently, I conducted a cyclic cooling experiment on the protein
with added polymer in the range of 30°C to 90°C, and the results were
shown in Figure. 4.7 ab c d.
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According to the results of the diagram, it can be observed that after the
addition of the polymer, even after several cycles of heating and cooling
experiments at high temperatures (90 ° C), the protein can still maintain its
S1 conformation, and successfully refold at lower temperatures, returning
to its natural state. This phenomenon further confirmed that the mechanism
by which polymers inhibit protein aggregation is to maintain the protein in
reversible conformation (S1) and effectively prevent its transition to
irreversible conformation (S2). The mechanism diagram of the experiment

is shown in Figure 4.8 (a) and (b).
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4.3 Conclusion

In this part of the experiment, I designed two experiments to further
explore the ways for polymer inhibition of protein aggregation.

Previous studies have confirmed that the weak interaction between
polymers and proteins is one of the main reasons why polymers can inhibit
protein aggregation. > When the weak interaction is slightly enhanced, such
as introducing hydrophobic monomers, the efficiency of protecting protein
aggregation can be further improved.” And this is consistent with what I
found in my previous experiments. In this part of the two experiments, the
polymer is through the subtle weakly interacting with proteins to maintain
the chemical structure of protein and related chemical conformation.

Firstly, the secondary structure of some proteins was determined in detail
by nuclear magnetic resonance (NMR) spectroscopy. The results showed that
after denaturation, the secondary structure of the protein was almost
destroyed and turned into a random spiral coil, a change that is almost
impossible to observe in the spectrum. However, when the polymer was
introduced, the protein retained most of the secondary structure and part of
the higher-order structure under heating conditions, effectively preventing
protein aggregation. This leads to the first conclusion that the inhibition of
protein aggregation by polymers essentially preserves the secondary
structure of their proteins, as well as part of the higher-order structure.

In the second experiment, first I detected the irreversible aggregation
temperature of lysozyme by using phase diagram technology, and the
experimental results were highly consistent with the theoretical prediction.
In addition, two different conformations (S1) and (S2) of the protein were
found in the experiment. Then, I further explained the reason why the
polymer can inhibit protein aggregation by performing cyclic heating and
cooling experiments, utilizing the two conformations (S1) and (S2) in the
phase diagram. This is achieved by maintaining the reversible conformation

of the protein and preventing its transition to an irreversible conformation.
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Chapter 5

Conclusion

In chapter 2, I synthesized a polyampholytes polymer (PLL-SA and PLL-
DDSA-SA) and investigated its inhibitory effect on protein aggregation.
First, I synthesized polyampholytes electrolyte (PLL-SA) and enhanced its
hydrophobicity by gradually increasing the proportion of DDSA (2%, 5%,
8% and 10%, respectively) to form a series of PLL-DDSA-SA polymers (in
which the SA content was fixed at 65%). Subsequently, I characterized these
polymers by 1H-NMR, and the results confirmed that the required amounts
of SA and DDSA were successfully embedded into the PLL structure.

To evaluate the ability of these polymers to inhibit protein aggregation, I
employed dynamic light scattering (DLS) techniques. The results show that
lysozyme forms large aggregates when heated alone, and the pre-addition of
polymers can completely inhibit this aggregation. In further experiments, I
examined the residual enzyme activity of Micrococcus lysosomes before and
after heating and after adding the polymer. The results showed that the
presence of polymer significantly retained enzyme activity, and with the
increase of DDSA content, the enzyme activity also showed a significant
increase. PLL-DDSAS8-SA65 polymers retain more than 80% of the enzyme
activity, fully demonstrating the great potential of these polymers. In addition,
further studies have explored the protective effect of these polymers against
other proteins (lactate dehydrogenase), and the results likewise show that the
polymers can provide good protection even at low concentrations.

In summary, I have successfully prepared a series of polyampholytes
electrolytes (PLL-DDSA-SA) with high protein protection efficiency. These
polymers can still maintain more than 80% enzyme activity under high
temperature heating conditions, and the introduction of hydrophobicity
significantly improves their protective effect. These findings show that such
polymers have significant advantages in protecting proteins from extreme
environmental impacts and are expected to be widely used in protein
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biopharmaceuticals and drug delivery systems.

In chapter 3, first, I successfully synthesized DMGA and confirmed its
high similarity to SA through detailed chemical structure characterization.
On this basis, I systematically observed and recorded the dynamic changes
of protein aggregation state by reacting DMGA with target proteins under a
series of carefully designed experimental conditions. To ensure the accuracy
and reliability of the experimental results, I specially set SA as the control
group. Through comparative analysis of the data, the remarkable effect of
this kind of charged polymer on inhibiting protein aggregation was verified.
Subsequently, [ systematically tested the inhibition efficiency of this polymer
at different concentrations, and the results showed that this polymer can
maintain excellent inhibition effects even at very low concentrations.

Further, I increased the proportion of acid anhydride in the polymer, and
the experimental results showed that the polymer with high acid anhydride
content was more effective in inhibiting protein aggregation. This
phenomenon may be attributed to an increase in the surface charge density
of the polymer, which enhances the electrostatic interaction between the
protein and the polymer, ultimately inhibiting the aggregation of the protein.
Finally, I optimized the ratio of anhydrides to hydrophobic groups, further
improving the efficiency of this polymer in inhibiting protein aggregation.

In chapter 4, I designed two experiments to further explore the ways for
polymer inhibition of protein aggregation.

Previous studies have confirmed that the weak interaction between
polymers and proteins is one of the main reasons why polymers can inhibit
protein aggregation.!?! When the weak interaction is slightly enhanced, such
as introducing hydrophobic monomers, the efficiency of protecting protein
aggregation can be further improved.!?! And this is consistent with what I
found in my previous experiments. In this part of the two experiments, the
polymer is through the subtle weakly interacting with proteins to maintain
the chemical structure of protein and related chemical conformation.

Firstly, the secondary structure of some proteins was determined in detail
by nuclear magnetic resonance (NMR) spectroscopy. The results showed that
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after denaturation, the secondary structure of the protein was almost
destroyed and turned into a random spiral coil, a change that is almost
impossible to observe in the spectrum. However, when the polymer was
introduced, the protein retained most of the secondary structure and part of
the higher-order structure under heating conditions, effectively preventing
protein aggregation. This leads to the first conclusion that the inhibition of
protein aggregation by polymers essentially preserves the secondary
structure of their proteins, as well as part of the higher-order structure.

In the second experiment, first I detected the irreversible aggregation
temperature of lysozyme by using phase diagram technology, and the
experimental results were highly consistent with the theoretical prediction.
In addition, two different conformations (S1) and (S2) of the protein were
found in the experiment. Then, I further explained the reason why the
polymer can inhibit protein aggregation by performing cyclic heating and
cooling experiments, utilizing the two conformations (S1) and (S2) in the
phase diagram. This is achieved by maintaining the reversible conformation
of the protein and preventing its transition to an irreversible conformation.
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