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Abstract

Huntington’s disease (HD) stands as a formidable challenge in modern medicine, characterized by progres-
sive neurodegeneration and cognitive decline. A hallmark feature of HD pathology is the aggregation of
mutant huntingtin protein (mHTT), leading to cellular dysfunction and eventual neuronal demise. Despite
extensive research, therapeutic interventions for HD remain elusive. This article delves into the intricate
thermodynamics underlying protein aggregation in HD, exploring key molecular mechanisms and poten-
tial therapeutic avenues. By comprehensively elucidating the thermodynamic principles governing mHTT
aggregation, novel insights can be garnered to inform the development of effective therapeutic strategies.

Clinical Trial: No clinical trial.

Keywords Huntington’s disease - Protein aggregation - Thermodynamics - Neurodegeneration -
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Introduction

Huntington’s disease (HD), a progressive neurodegenerative disorder, has opened intensive research aimed at explor-
ing its molecular complexities. Recent advancements in understanding HD pathogenesis, with a specific focus on mutant
huntingtin protein aggregation, have ignited a paradigm shift in therapeutic strategies. This comprehensive review delves
into multifaceted aspects, providing a detailed exploration of recent explorations and their implications for HD research.
The molecular basis of HD pathology form the cornerstone of investigation, with recent studies elucidating detail inter-
actions governing protein aggregation [1]. A key feature of Huntington’s Disease is the formation of protein aggregates,
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known as inclusion bodies, within affected neurons. These aggregates primarily consist of the mutant huntingtin protein,
but they also incorporate other cellular components, including chaperones, ubiquitin, and various signaling molecules. The
aggregation process is highly complex, governed by a delicate balance of protein—protein interactions, post-translational
modifications, and cellular environments. The precise mechanisms underlying protein aggregation in HD remain incom-
pletely understood, but it is clear that multiple factors contribute to this pathological process [2—6]. Protein aggregation in
Huntington’s disease not only disrupts cellular homeostasis but also leads to a loss of function in critical cellular processes.
The sequestration of essential proteins within inclusion bodies impairs their normal physiological roles, compromising
the integrity of intracellular signaling pathways, protein degradation systems, and synaptic function. Furthermore, the
accumulation of misfolded proteins activates cellular stress responses, triggering a cascade of cytotoxic events that con-
tribute to neuronal dysfunction and cell death [7-10].

In recent years, the role of thermodynamics in protein aggregation has drawn increasing attention within the field of neu-
rodegenerative diseases. Thermodynamics, the study of energy and its transformations, provides a powerful framework
for understanding the behavior of biological macromolecules in health and disease. In the context of protein aggregation,
thermodynamic analyses offer insights into the stability, kinetics, and structural characteristics of protein aggregates,
shedding light on the factors that drive their formation and propagation. By understanding the thermodynamic forces
underlying protein aggregation, researchers can develop predictive models to assess the impact of environmental variables
and therapeutic interventions on disease progression [11-16]. The study of thermodynamics in Huntington’s Disease has
revealed intriguing insights into the mechanisms underlying protein aggregation and neuronal dysfunction. One key find-
ing is the role of protein conformational entropy in driving the aggregation of mutant huntingtin protein. Conformational
entropy refers to the degree of disorder or flexibility within a protein structure and plays a critical role in determining
its stability and folding kinetics. In the case of mutant huntingtin protein, the expansion of the polyglutamine tract leads
to increased conformational entropy, destabilizing the protein structure and promoting its aggregation. This insight has
profound implications for the development of therapeutics targeting protein aggregation in HD, as it suggests that inter-
ventions aimed at reducing conformational entropy may inhibit the formation of toxic protein aggregates [17-20].
Another important aspect of thermodynamics in Huntington’s Disease is the influence of environmental factors on protein
aggregation kinetics. Studies have shown that changes in temperature, pH, and ionic strength can significantly alter the
rate and extent of protein aggregation, suggesting that environmental conditions play a crucial role in modulating disease
progression. For example, elevated temperatures can accelerate protein aggregation by increasing the rate of protein unfold-
ing and misfolding, while changes in pH can alter the electrostatic interactions between protein molecules, affecting their
propensity to aggregate. By elucidating the effects of environmental variables on protein aggregation, researchers can
identify potential targets for therapeutic intervention and develop strategies to mitigate the progression of HD [21-25].
In addition to its role in protein aggregation, thermodynamics also plays a central role in understanding the energetics
of cellular processes disrupted in Huntington’s Disease. For example, thermodynamic analyses have provided insights
into the ATP-dependent processes involved in protein folding, degradation, and synaptic transmission, all of which are
disrupted in HD. By elucidating the thermodynamic principles underlying these processes, researchers can identify new
therapeutic targets and develop strategies to restore cellular homeostasis in HD [26-29].

Huntington’s Disease represents a complex interplay of genetic, molecular, and environmental factors, driving a cascade of
cellular dysfunctions that ultimately culminate in neuronal degeneration. Through a thermodynamic exploration of protein
aggregation and molecular pathogenesis, we gain a deeper understanding of the intricacies of Huntington’s Disease and
uncover new avenues for therapeutic intervention. By elucidating the thermodynamic forces underlying protein aggregation
and cellular dysfunction in HD, we hope to develop novel treatments that can halt or even reverse the progression of this
devastating disease, bringing hope to the millions of individuals and families affected by Huntington’s Disease worldwide.

Molecular basis of protein aggregation
Structure and function of huntingtin protein
The Huntingtin protein (HTT) stands as a multifaceted player in the realm of cellular biology, its complexities expand-

ing through various cellular processes with precision and significance. At the heart of its complexity lies the HTT gene,
directing the production of a protein adorned with distinct domains, each contributing uniquely to its functionality.
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HTT, a large protein encoded by the HTT gene, opens a structural diversity characterized by several domains. Among
these, the N-terminal domain commands attention with its polyglutamine (polyQ) stretch, a region whose length stands
implicated in the onset and progression of HD. This domain serves as a nexus for interactions with an array of proteins
pivotal in transcriptional regulation, vesicular transport, and the phenomenon of apoptosis, leading at the multifaceted
role HTT plays within the cellular landscape. Moving along the protein’s landscape, the central proline-rich domain
emerges as a mediator of protein—protein interactions, facilitating HTT’s engagement in the elaborate process of intracel-
lular signaling pathways. Meanwhile, the C-terminal domain presents a homology with HEAT (Huntingtin, elongation
factor 3, PR65/A, TOR) repeat motifs, known bastions of protein—protein interactions and guardians of protein folding
integrity (Fig. 1) [30-32].

Functionally, HTT emerges as an initiator in the biochemistry of cellular processes. From the earliest stages of embryonic
development to the detail intricacies of synaptic function and the directional movements of vesicular trafficking, HTT
stands as a significant player, its presence shaping the landscape of cellular dynamics. Its interactions with an expansive
repertoire of proteins regulate transcriptional cascades, navigate the pathways of intracellular transport, and fine-tune the
mechanism of cell signaling pathways. Moreover, HTT’s involvement in the regulation of autophagy, a vital cellular pro-
cess governing protein degradation and maintaining homeostasis, underscores its indispensability in cellular equilibrium.
Dysregulation of HTT, particularly originating from the expansion of the polyQ tract, emerges as an indicator of HD, a
relentless threat to neural integrity [33-35].

Mutant huntingtin protein: conformational dynamics

The huntingtin protein is a large, multifunctional protein that plays essential roles in various cellular processes, includ-
ing vesicle trafficking, transcriptional regulation, and synaptic function. In its normal form, huntingtin contains a poly-
glutamine (polyQ) tract with 6-35 glutamine residues. However, in individuals with HD, an abnormal expansion of the
polyQ tract beyond 36 glutamine repeats leads to the production of mHTT [35-37].

Structural studies using advanced biophysical techniques have provided insights into the structural features of mHTT.
X-ray crystallography, cryo-electron microscopy (cryo-EM), and nuclear magnetic resonance (NMR) spectroscopy have
revealed that mHTT adopts a predominantly disordered structure, with regions of local secondary structure elements,
including o-helices and p-strands (Fig. 2). The expanded polyQ tract in mHTT confers conformational instability, promot-
ing the formation of pB-sheet-rich structures, which are characteristic of amyloid fibrils observed in HD brains. One of the
defining features of mHTT is its conformational flexibility, which allows it to sample a diverse range of structural states.
Molecular dynamics simulations and biophysical experiments have demonstrated that mHTT undergoes rapid conforma-
tional fluctuations, transitioning between different structural ensembles. These conformational dynamics are influenced
by factors such as temperature, pH, and the presence of co-factors and ligands (Fig. 2) [38, 39].

The expanded polyQ tract in mHTT plays a critical role in modulating its conformational dynamics. The polyQ region
acts as a dynamic "molecular spring," undergoing transient interactions with neighboring regions within the pro-
tein. These interactions can stabilize or destabilize specific structural motifs, leading to the formation of transiently
populated intermediate states. The conformational landscape of mHTT is further influenced by post-translational
modifications (PTMs), such as phosphorylation, acetylation, and ubiquitination, which regulate its stability and
aggregation propensity. The conformational dynamics of mHTT have profound implications for its propensity to
misfold and aggregate. Misfolding occurs when mHTT adopts non-native conformations that expose hydrophobic
residues, promoting aberrant protein—protein interactions. The formation of oligomeric species, characterized by the
assembly of multiple mHTT molecules, represents a crucial step in the pathogenesis of HD. These oligomers serve as
nucleation sites for the subsequent formation of larger aggregates, including soluble protofibrils and insoluble amyloid
fibrils, which are hallmarks of HD pathology [40, 41]. The toxicity of mHTT oligomers is attributed to their ability
to disrupt cellular homeostasis through various mechanisms. Oligomers can perturb membrane integrity, leading to
membrane leakage and cellular dysfunction. Additionally, oligomers can sequester essential cellular components,
including molecular chaperones and signaling proteins, impairing their normal function. Furthermore, oligomers
can induce cellular stress responses, such as oxidative stress and endoplasmic reticulum (ER) stress, exacerbating
neuronal damage and cell death.

Targeting the conformational dynamics of mHTT represents a promising therapeutic approach for HD. By stabilizing
the native conformation of huntingtin or inhibiting the formation of toxic oligomers, it may be possible to mitigate the
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Fig. 1 Ribosome occupancy was assessed on the mRNA transcript of cGAS in control, HD-het, and HD-homo cells. A Graphs depict the
overlay of ribosome profiling (RPF) and mRNA readings for the cGAS (cyclic GMP-AMP synthase) transcript, obtained from the UCSC
browser. Ribosome occupancy locations are indicated by arrows. B Inset highlights exon (Ex) 1 of the cGAS transcript, with arrows indicat-
ing ribosome occupancy. C Graphs illustrate the codon pause of cGAS transcripts predicted by the PausePred program, with arrows marking
halted codon locations. D-G The graphs display the combination of RPF/mRNA readings for Aim2 (D), hnRNP-A2bl1 (E), Sting (F), and
Tbk1 (G) mRNA transcripts, obtained from the UCSC browser. Arrows indicate the expected interruption at exon 3 of Sting mRNA due to
the introduction of a signal peptide into the endoplasmic reticulum (ER). The ribosome footprints shown in the figure represent data com-
bined from all three replicates of control, HD-het, and HD-homo cells [30]

progression of HD pathology. Small molecules, peptides, and antibodies that selectively bind to specific conformational
states of mHTT have been investigated as potential therapeutic agents. One strategy involves targeting the expanded polyQ
tract in mHTT to prevent its conformational transition to f-sheet-rich structures. Small molecules, such as peptidomimetics
and small interfering RNAs (siRNAs), have been designed to specifically interact with the polyQ region, stabilizing its
native conformation and inhibiting aggregation. Additionally, molecular chaperones, such as heat shock proteins (HSPs)
and protein disulfide isomerases (PDIs), have been shown to modulate the conformational dynamics of mHTT, promoting
its refolding and clearance [42, 43].

Another therapeutic approach focuses on disrupting protein—protein interactions involved in mHTT aggregation. Peptides
and small molecules that target specific regions within mHTT, such as the N-terminal domain or the polyproline-rich region,
have been developed to inhibit oligomerization and fibrillogenesis. Furthermore, antibodies that recognize conformational
epitopes on mHTT have shown promise in selectively targeting toxic oligomers for clearance by the immune system.
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Fig.2 The CR-I-TASSER pipeline operates by utilizing a query sequence and a cryo-EM density map to produce atomic models through
three sequential stages: (1) In the initial step, the original data is processed to form a 3D-CNN Ca conformation. This process involves LOM-
ETS threading and ResPRE contact-map prediction, (2) The second stage involves template selection and trace generation based on the den-
sity map, (3) Finally, in the third step, fragment reassembly simulations are guided by the density map to refine and improve the model [39]

Pathological implications of mHTT aggregation

The aggregation of mutant huntingtin (mHTT) protein is a hallmark pathological feature of Huntington’s disease (HD).

These aggregated species, including soluble oligomers and insoluble fibrils, contribute to cellular dysfunction and neuro-
degeneration in HD through various mechanisms. Firstly, mHTT aggregates disrupt cellular proteostasis by sequestering
essential cellular components, including molecular chaperones and proteasomal machinery. This impairs protein quality
control mechanisms, leading to the accumulation of misfolded proteins and further exacerbating cellular dysfunction.
Moreover, mHTT aggregates induce cellular toxicity through a variety of mechanisms, including mitochondrial dysfunc-
tion, oxidative stress, and excitotoxicity. These aggregates can directly interact with cellular membranes and organelles,
disrupting their structure and function. Additionally, mHTT aggregates impair axonal transport and synaptic function,
leading to synaptic dysfunction and neuronal degeneration (Fig. 3) [44—47].
Furthermore, mHTT aggregates propagate pathology through a prion-like mechanism, where misfolded protein spe-
cies induce the conversion of native proteins into pathological conformations. This leads to the spread of pathology
throughout the brain, contributing to disease progression and the widespread neuronal dysfunction observed in HD.
Understanding the pathological implications of mHTT aggregation is essential for developing therapeutic strategies
aimed at halting or reversing disease progression in HD. Targeting mHTT aggregation represents a promising thera-
peutic approach, with several strategies under investigation, including small molecule inhibitors, immunotherapies,
and gene silencing techniques. By elucidating the mechanisms underlying mHTT aggregation and its pathological
consequences, researchers can identify novel therapeutic targets and develop interventions to effectively mitigate the
devastating effects of HD on patients’ lives [48, 49].
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Fig.3 Reducing mutant huntingtin (mHtt) levels enhances protein synthesis and accelerates ribosomal movement along the mRNA strand.
Immunoblots were conducted on mouse striatal cells lacking Htt using CRISPR/Cas9, following puromycin metabolic labeling (Experiment
A). Quantification of blots from Experiment A determined the levels of Htt (B) and puromycin incorporation (C) in control (Ctrl) and Htt-
depleted control, HD-homo striatal cells. Data represent the mean + standard error of the mean (SEM) from nine different experiments. Sta-
tistical analysis was conducted using one-way ANOVA followed by Bonferroni’s multiple comparisons test, with significance levels indicated
as **¥P <(0.001 and ****P <0.0001. Polysome profiles (D-F) were obtained from mouse striatal cells lacking wild-type Htt. Profiles were
acquired before (basal, E) and after performing a ribosome run-off test using harringtonine (2 pg/ml, 2 min, F). Corresponding quantification
of polysome to monosome (PS/MS) ratios (area under the curve) was also determined. Data are expressed as mean + SEM from three differ-
ent experiments. Statistical analysis was performed using a two-tailed Student’s t-test, with significance indicated by *P <0.05. Polysome
profiles (G-I) of mouse striatal cells lacking mHtt were acquired before (basal) and after performing a ribosome run-off test using harringto-
nine for 2 min. Corresponding quantification of polysome to monosome ratios (PS/MS) was determined. Data represent the mean+ SEM
and were obtained from three separate experiments for condition H and four independent experiments for condition I. Statistical analysis was
performed using a two-tailed Student’s t-test, with significance set at P<0.01. "n.s" indicates nonsignificance. Polysome profiles (J) of mouse
striatal cells depleted of both wtHtt and mHtt were obtained using a ribosome run-off test with harringtonine (2 min). Associated polysome
to monosome (PS/MS) ratios (K) were quantified. Data represent the mean+ SEM for two groups: wtHtt-depleted (n=5) and mHtt-depleted
(n=06) from separate experiments. Statistical analysis was performed using a two-tailed Student’s t-test, with significance set at P<0.01. The
value of n is not statistically significant [44]

Thermodynamic principles of protein aggregation
Gibbs free energy and protein folding

Understanding the dynamics of life at the molecular level requires a profound exploration of two fundamental
concepts: Gibbs free energy and Protein Folding. These concepts, deeply rooted in the principles of thermodynamics
and molecular biology, underpin the structural integrity, functionality, and stability of living organisms.

Gibbs free energy, symbolized as AG, stands as a cornerstone in the realm of thermodynamics, reflecting the energy
available in a system to perform work under constant temperature and pressure. Named after the eminent physicist
Josiah Willard Gibbs, this metric serves as a critical gauge for the spontaneity of chemical reactions within biological
systems (Fig. 4). A negative AG signifies a reaction that occurs spontaneously, releasing energy into its surroundings,
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while a positive AG indicates a reaction that requires an input of energy to proceed. The relationship between Gibbs
free energy (AG), enthalpy (AH), and entropy (AS) elucidates the delicate balance between the enthalpic and entropic
contributions to the overall spontaneity of a reaction [50-52].

Protein Folding, on the other hand, represents the intricate process through which a linear chain of amino acids
assumes its functional three-dimensional structure, crucial for its biological activity. Proteins, the workhorses of
biological systems, exhibit an astonishing array of functions, ranging from catalyzing chemical reactions to providing
structural support. Achieving the native conformation, characterized by precise folding patterns, is essential for the
protein’s functionality. This process, guided by various forces including hydrogen bonding, van der Waals interactions,
hydrophobic effect, and electrostatic interactions, navigates through a vast conformational space to reach the global
energy minimum, representing the native state.

The profound intersection between Gibbs free energy and Protein Folding becomes evident as thermodynamic prin-
ciples govern the folding behavior of proteins. The minimization of free energy drives the folding process towards
the native state, wherein the protein adopts a conformation corresponding to the lowest free energy state. The hydro-
phobic effect, a key player in protein folding, drives nonpolar amino acid residues to bury themselves in the protein’s
interior, contributing significantly to the favorable entropy of the system. Additionally, hydrogen bonding and other
non-covalent interactions stabilize specific secondary structures, such as alpha helices and beta sheets, further enhanc-
ing protein stability [53-55].

However, protein folding is not always a smooth process, as proteins can often misfold or aggregate, leading to the for-
mation of non-functional or toxic species. Factors such as mutations, environmental conditions, and cellular stress can
perturb the folding landscape, altering the delicate balance of forces that govern protein stability.

Entropy and disorder in aggregation

Entropy, a measure of disorder or randomness in a system, is a central concept in understanding protein aggregation.
When proteins are in their native state, they are highly ordered structures with specific three-dimensional conformations
that allow them to perform their biological functions. However, external factors such as changes in temperature, pH, or
the presence of denaturing agents can disrupt these structures, leading to the exposure of hydrophobic regions that are
normally buried in the protein core.
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The exposure of hydrophobic regions is a key step in protein aggregation. Hydrophobic interactions, which are driven
by entropy, play a major role in the aggregation process. When hydrophobic regions are exposed, water molecules in the
surrounding environment become ordered around these regions, reducing the entropy of the system. To counteract this
decrease in entropy, proteins may undergo conformational changes or associate with other proteins to form aggregates,
where the hydrophobic regions are sequestered away from the water molecules. The formation of protein aggregates rep-
resents a trade-off between enthalpy and entropy. Enthalpy, a measure of the internal energy of a system, tends to favor
the formation of stable, ordered structures. However, the increase in entropy associated with the dispersal of hydrophobic
regions can drive the aggregation process, even if it leads to the formation of less ordered structures. This balance between
enthalpy and entropy determines the thermodynamic stability of protein aggregates [56-58].

The thermodynamic stability of protein aggregates can be further influenced by factors such as the concentration of pro-
teins, the presence of chaperone proteins, and the specific amino acid sequences of the proteins involved. For example,
proteins with highly amyloidogenic sequences, which are prone to forming p-sheet structures, are more likely to aggregate
than proteins with non-amyloidogenic sequences. Thus, the thermodynamic principles of protein aggregation are governed
by entropy and disorder. The exposure of hydrophobic regions, driven by entropy, plays a crucial role in initiating the
aggregation process. The balance between enthalpy and entropy determines the stability of protein aggregates, with factors
such as protein concentration and amino acid sequence also influencing the aggregation propensity (Fig. 5). Understand-
ing these thermodynamic principles is essential for elucidating the mechanisms of protein aggregation and developing
strategies to prevent or treat diseases associated with protein misfolding and aggregation [59-61].

Enthalpic contributions to protein aggregation

Enthalpy is a thermodynamic quantity that represents the internal energy of a system. In the context of proteins,
enthalpy plays a crucial role in determining the stability of protein structures. Proteins are folded into specific three-
dimensional structures, known as native conformations, which are stabilized by a variety of interactions, including
hydrogen bonding, electrostatic interactions, and van der Waals forces. These interactions contribute to the enthalpy of
the protein and help maintain its folded state [50].

During the process of protein aggregation, proteins may undergo conformational changes that lead to the exposure of
hydrophobic regions, which are normally buried in the protein core. These conformational changes can be driven by
external factors such as changes in pH, temperature, or the presence of denaturing agents. The exposure of hydrophobic
regions can lead to the formation of intermediate structures, such as molten globules, which are partially folded states
with increased solvent accessibility of hydrophobic residues [62, 63].

Hydrophobic interactions, which are driven by the tendency of nonpolar molecules to minimize their contact with water,
also play a significant role in enthalpic contributions to protein aggregation. When hydrophobic regions are exposed due
to conformational changes or unfolding of proteins, these regions tend to interact with other exposed hydrophobic regions
on neighboring proteins, leading to the formation of hydrophobic clusters. The formation of these clusters is enthalpically
favorable, as it allows the hydrophobic residues to minimize their contact with water [64]. The enthalpic contributions to
protein aggregation can influence the stability and structure of protein aggregates. In some cases, the interactions between
exposed hydrophobic regions can lead to the formation of highly ordered structures, such as p-sheet-rich aggregates,
which are stabilized by a network of hydrogen bonds between neighboring strands. These structures are often observed
in amyloid fibrils, which are associated with several neurodegenerative diseases.

Several factors can influence the enthalpic contributions to protein aggregation. For example, the specific amino acid
sequence of a protein can affect its propensity to form aggregates. Proteins with sequences that promote the formation
of stable secondary structures, such as f-sheets, are more likely to form aggregates than proteins with sequences that
favor the formation of a-helices. Additionally, environmental factors such as pH and temperature can also influence the
enthalpic contributions to protein aggregation [64—66].

Kinetics of protein aggregation: nucleation and growth

Nucleation is the initial step in protein aggregation and involves the formation of small, stable aggregates known as
nuclei (Fig. 6). Nucleation can occur through two main pathways: primary nucleation, which involves the spontaneous
aggregation of individual proteins, and secondary nucleation, which involves the aggregation of proteins on the surface
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Fig.5 A case of thermal
hysteresis is observed for
TBA-PhA12 (CT=370 uM).
Thermal hystereses are evi-
dent at various concentrations
at the bottom [59]
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of existing aggregates. Primary nucleation is typically a slow process, as it involves the formation of stable nuclei from
monomeric proteins. Secondary nucleation, on the other hand, can occur more rapidly, as it involves the growth of exist-
ing aggregates through the addition of monomeric proteins [57, 67].

The kinetics of nucleation can be described by the nucleation rate, which is the rate at which nuclei are formed, and
the critical nucleus size, which is the minimum number of proteins required to form a stable nucleus. The nuclea-
tion rate is influenced by factors such as protein concentration, temperature, and the presence of other molecules
that can interact with the proteins. The critical nucleus size is determined by the stability of the nucleus, which
is affected by the interactions between the proteins in the nucleus and the surrounding environment. Once nuclei
are formed, they can grow through the addition of monomeric proteins. The kinetics of growth depend on the rate
at which monomeric proteins can associate with the nuclei and the rate at which the nuclei can incorporate these
proteins into their structure. The growth rate is influenced by factors such as protein concentration, temperature,
and the stability of the nuclei. In some cases, growth can be limited by the diffusion of monomeric proteins to the
surface of the nuclei, particularly in crowded environments where the movement of proteins is restricted [68, 69].
The kinetics of protein aggregation can be described by mathematical models that take into account the processes
of nucleation and growth. One commonly used model is the classical nucleation and growth model, which describes
the kinetics of aggregation as a two-step process involving the formation of nuclei followed by their growth. The
rate of aggregation is determined by the rates of nucleation and growth, as well as the stability of the nuclei [70-72].



Neuroscience and Behavioral Physiology

2 Different mechanistic regimes Nonbiological amyloid
o
= Monellin
-3 ¢
AR4Z (V185 + AZ15)
§ W domasn Inuuln‘
-4+ L Lacy. -
by i Gadmt (WT)
.§ oApormyoglobin  “Gadm1(C19S)
-
o
@
® -6
& :
-~ =7 . I 1
-7 -6 -5 -4 -3 -2 -7 -6 -5 -4 -3 -2
Log.g(rate of primary processes i/s™") Logglrate of primary processes i/s™')
2 Pathological amyloid Functional amyloid
—_ o Tew {304—380) o [ oPSM o3 -
z JARA2 (E22G) o MSP2(1-25)
0 Apaz (W) T ABA2 (D23N) i
; al SARA2 (EZ2Q)
& - = JAPP [Rodrigues Camarngo st al (267]
W p— s Semegogein sHit (Exd5), - Sup38 [Glgver et al (108)] oo (apg)
& e SARAD SAPP [Pikinglon &f &, (69)) 8oma !
g_ o e eSerum amykid (Sas2.2) ) ®FC27 MSP2
= . Ggsdln (8 kDa) gl E'!__,Su;:\'}ﬁ |Sant'’Anna et &l [ 108)]
_§ Sarm .wngr.m (Saal. ) o Hu .:D:_‘]-:. l,lr‘c?f‘ W) .
S-51 Hit (030) Ure2P (415-42) Cegh
@ ’ . Fap';:]
B
]
g -6
§’ . “IAPP = Isiet Amylod Poby-Pepice | l
47 % 5 -4 -3 2 -7 6 5 -4 -3 -2
Log,y(rate of primary processes h/s™") Log.y(rate of primary processes i/s™)

Fig.6 Graphs displaying aggregation process rates reveal the widespread occurrence of self-replication. The rate of secondary route aggre-
gate production is plotted against the rate of main pathway aggregate production. A dashed line indicates points where the rates of the two
processes are equal. The diagram distinguishes between systems dominated by primary nucleation (bottom right corner) and those where sec-
ondary processes predominate (top left corner). In systems with dominant primary nucleation and slow secondary processes, only an upper
limit for secondary route rates can be determined. Similarly, if primary nucleation is slow and requires seeding, only an upper limit for the
primary rate can be established, illustrated by elongated points. Proteins are categorized into three classes: pathogenic amyloids (bottom left),
functioning amyloids (bottom right), and non-amyloid forming proteins under normal physiological circumstances (top right). Labels are
positioned either above or to the right of the associated data point [57]

Thermodynamic drivers of MHTT aggregation
Role of hydrophobic interactions

Protein aggregation is a nucleation-dependent process involving the self-assembly of proteins into insoluble fibrillar

structures. Hydrophobic interactions, along with other forces such as electrostatic interactions, hydrogen bonding, and
van der Waals forces, play a crucial role in protein folding and stability (Table 1). In the context of protein aggregation,
hydrophobic interactions are particularly important, as they drive the association of hydrophobic regions of proteins,
leading to the formation of aggregates [73, 34, 74].
The expanded polyQ tract in mHTT is highly hydrophobic, contributing to the protein’s propensity to aggregate. The
hydrophobic nature of the polyQ tract promotes the exposure of hydrophobic patches on mHTT, facilitating the forma-
tion of intermolecular hydrophobic interactions between adjacent protein molecules. These interactions drive the initial
nucleation events in mHTT aggregation, leading to the formation of oligomeric species [17].
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The driving force behind hydrophobic interactions is the hydrophobic effect, which arises from the tendency of water
molecules to exclude nonpolar molecules from their vicinity. When hydrophobic regions of proteins are exposed to water,
water molecules reorganize to minimize their contact with these regions, leading to a decrease in entropy. The formation
of hydrophobic aggregates allows water molecules to regain entropy by minimizing their contact with the hydrophobic
surfaces, thereby driving the aggregation process.

The thermodynamics of mHTT aggregation can be understood in the context of the interplay between enthalpy and
entropy changes. The association of mHTT molecules through hydrophobic interactions is enthalpically favorable, as it
allows for the formation of energetically stable aggregates. However, this association is accompanied by an entropy loss
due to the ordering of water molecules around the hydrophobic regions of mHTT. The net effect of these opposing forces
determines the overall thermodynamic feasibility of mHTT aggregation [75, 76].

Understanding the role of hydrophobic interactions in mHTT aggregation is crucial for the development of therapeutics
for HD. Various approaches have been explored to modulate hydrophobic interactions and inhibit mHTT aggregation,
including the use of small molecules and peptides that target the hydrophobic regions of mHTT. By disrupting hydropho-
bic interactions, these compounds can prevent the formation of toxic mHTT aggregates, offering a potential therapeutic
strategy for HD.

Electrostatic forces in protein aggregation

Proteins are complex molecules with both positive and negative charges distributed throughout their structure. Electro-
static forces, which arise from the interaction between these charges, can significantly impact protein behavior, including
aggregation. Electrostatic interactions can be attractive or repulsive, depending on the charges involved and the distance
between them. In protein aggregation, electrostatic forces primarily arise from the charged amino acid residues present
on the protein surface. These forces can drive protein—protein interactions, leading to the formation of aggregates. The
strength of electrostatic interactions depends on factors such as the charge distribution, the dielectric constant of the
medium, and the ionic strength of the solution.

Electrostatic forces can influence protein aggregation in several ways. Attractive electrostatic interactions between proteins
can promote the formation of aggregates by bringing individual protein molecules into close proximity. On the other hand,
repulsive electrostatic interactions can prevent aggregation by destabilizing protein—protein interactions. In neurodegen-
erative diseases such as Alzheimer’s and Parkinson’s, protein aggregation is a hallmark pathology. Electrostatic forces
are thought to play a role in the aggregation of proteins such as amyloid-beta and alpha-synuclein, which are associated
with these diseases. Understanding the role of electrostatic forces in protein aggregation could lead to new therapeutic
strategies for these conditions [77, 78].

Several strategies can be employed to modulate electrostatic forces and mitigate protein aggregation. For example, altering
the pH or ionic strength of the solution can affect the strength of electrostatic interactions (Fig. 7). Additionally, introduc-
ing mutations that change the charge distribution on the protein surface can alter the propensity for aggregation. Various
factors influence the strength and nature of electrostatic forces in protein aggregation. The distribution of charged residues
on the protein surface, the dielectric constant of the medium, and the ionic strength of the solution all play crucial roles.
Proteins with a high density of charged residues are more likely to experience strong electrostatic interactions, leading to
increased aggregation propensity. In a high dielectric constant medium like water, electrostatic interactions are weakened,

Table 1 Role'of. amino gcids Amino Acid Role in Hydrophobic Interactions
in hydrophobic interactions
[17, 34, 73-76] Phenylalanine (Phe) Engages in a magnetic n-w interaction, akin to a molecular tango
Leucine (Leu) Forms a hydrophobic embrace
Valine (Val) Engages in a reassuring bonding with other nonpolar residues
Lysine (Lys) Positively charged e-amino group interacts with negatively charged residues
Glutamic Acid (Glu) Negatively charged carboxylate group engages in an ionic interaction with

positively charged residues
Tryptophan (Trp) Involved in aromatic stacking interactions, providing stability

Methionine (Met) Forms hydrophobic interactions, contributing to compact folding
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making it easier for proteins to aggregate. Conversely, in a low dielectric constant medium, such as an organic solvent,
electrostatic interactions are stronger, promoting protein aggregation. The ionic strength of the solution also affects elec-
trostatic interactions, with high ionic strengths screening electrostatic interactions and reducing aggregation propensity.
The role of electrostatic forces extends beyond driving the formation of aggregates; they also influence the structure of
the resulting aggregates. In some cases, electrostatic interactions can lead to the formation of highly ordered aggregates,
such as amyloid fibrils, which are associated with several neurodegenerative diseases. The specific arrangement of charged
residues within these aggregates can affect their stability and toxicity [27, 79, 80].

Therapeutic strategies targeting protein aggregation
Small molecule inhibitors

Several theories have been proposed to explain the mechanisms of protein aggregation. The nucleation-dependent
polymerization model suggests that the aggregation process is initiated by the formation of a critical nucleus, followed
by the elongation of fibrils through the addition of monomeric proteins. The nucleation-elongation model proposes that
the aggregation process is driven by the sequential addition of monomeric proteins to preformed oligomers, leading to
the formation of fibrils. Other models, such as the template-assisted mechanism, suggest that pre-existing aggregates or
fibrils serve as templates for the recruitment and aggregation of monomeric proteins [81, 82].

Small molecule inhibitors are compounds that can bind to specific target proteins and modulate their function. In the
context of protein aggregation, small molecule inhibitors can target various stages of the aggregation process, including
protein misfolding, oligomerization, and fibril formation. These inhibitors can act by stabilizing the native conformation
of proteins, preventing their aggregation into toxic oligomers and fibrils, or promoting the clearance of aggregates by
enhancing cellular proteostasis mechanisms.

The development of small molecule inhibitors for protein aggregation is a challenging task due to the complex nature of
the aggregation process and the structural diversity of target proteins. However, advances in computational modeling,
high-throughput screening, and structure-based drug design have enabled the identification of promising lead compounds
for further optimization [83]. One approach to developing small molecule inhibitors is to screen libraries of chemical
compounds for their ability to inhibit protein aggregation in vitro. Compounds that show promising inhibitory activity
can then be further optimized for improved potency, selectivity, and pharmacokinetic properties. Structure—activity
relationship (SAR) studies can help identify key structural features required for inhibitory activity and guide the design
of more potent inhibitors [84, 85]. Another approach is to use computational methods, such as molecular docking and
virtual screening, to identify potential small molecule inhibitors that can bind to specific target proteins involved in the
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Fig.7 Water removal over time via the dewatering process was observed for pure CNF suspensions at pH 3 (A). The investigation focuses on
determining the rate of dewatering for various grades of cellulose nanofibrils (CNF) under different chemical conditions (B). The dewatering
rate is assessed by calculating the gradient between the points where 10% and 30% of the water has been removed [79]
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aggregation process. These computational approaches can rapidly screen large libraries of chemical compounds and
prioritize lead compounds for experimental validation.

Small molecule inhibitors targeting protein aggregation hold great promise as potential therapeutics for neurodegenerative
diseases. By inhibiting the formation of toxic protein aggregates, these inhibitors have the potential to slow or halt disease
progression and preserve neuronal function. Several small molecule inhibitors targeting different aspects of the aggrega-
tion process have shown promising results in preclinical studies and are currently being evaluated in clinical trials. For
example, small molecule inhibitors targeting the beta-amyloid protein, which forms plaques in the brains of Alzheimer’s
patients, have shown potential in reducing beta-amyloid aggregation and improving cognitive function in animal models
of the disease. Similarly, small molecule inhibitors targeting alpha-synuclein, a protein implicated in Parkinson’s disease,
have shown promise in reducing alpha-synuclein aggregation and neurotoxicity in animal models [86—89].

Chaperone-mediated protein folding

Chaperone-mediated protein folding is a critical cellular process that helps proteins fold correctly and prevents aggre-
gation (Table 2). Chaperones are a diverse group of proteins that assist in protein folding by interacting with unfolded
or misfolded proteins, stabilizing intermediates, and facilitating correct folding. There are several classes of chaperones,
including Hsp70, Hsp90, and the chaperonins (GroEL/GroES in bacteria and CCT/TRiC in eukaryotes), each with specific
functions in protein folding [90, 91].

Hsp70 chaperones, such as DnaK in bacteria and Hsp70 in eukaryotes, bind to exposed hydrophobic regions of unfolded or
misfolded proteins, preventing them from aggregating and facilitating their folding into the correct conformation. Hsp70
chaperones work in conjunction with co-chaperones, such as Hsp40, which help deliver substrates to Hsp70 and stimulate
its ATPase activity. Hsp90 chaperones, such as Hsp90 in eukaryotes, play a crucial role in the folding and stabilization of
many signaling proteins and transcription factors. Hsp90 interacts with a large number of client proteins, and its activity is
regulated by co-chaperones, such as Hsp70 and Hsp40, as well as by post-translational modifications. Chaperonins, such
as GroEL/GroES in bacteria and CCT/TRIC in eukaryotes, provide a protected environment for protein folding, allowing
them to fold correctly without the risk of aggregation. Chaperonins function by encapsulating unfolded or partially folded
proteins within a barrel-like structure, providing a folding chamber where proteins can fold undisturbed. Therapeutic
strategies targeting protein aggregation often aim to modulate chaperone activity to promote the correct folding of proteins
and prevent aggregation. Small molecules known as pharmacological chaperones can stabilize folding intermediates and
facilitate correct folding, thereby preventing aggregation. For example, the small molecule 4-phenylbutyrate has been
shown to stabilize the mutant cystic fibrosis transmembrane conductance regulator (CFTR) protein and promote its cor-
rect folding and trafficking to the cell surface [92, 93].

Another approach is to enhance the expression or activity of endogenous chaperones using genetic or pharmacological
methods. For example, overexpression of Hsp70 has been shown to reduce aggregation of mutant huntingtin protein, the
causative agent of Huntington’s disease, in cell and animal models. Similarly, upregulation of Hsp90 has been shown to
promote the degradation of misfolded proteins associated with neurodegenerative diseases. Thus, chaperone-mediated
protein folding is a crucial cellular process that helps proteins fold correctly and prevents aggregation. Therapeutic
strategies targeting protein aggregation often aim to modulate chaperone activity to promote correct folding and prevent
aggregation. Further research into the mechanisms of chaperone-mediated protein folding and the development of novel
therapeutic approaches targeting protein aggregation are warranted to combat protein misfolding diseases.

Table 2 Representation of Chaperon family and key functions [92, 93]

Chaperone Family Main Function

Hsp70 Nurtures proteins during their infancy, safeguarding against misfolding and aggregation
Binds to exposed hydrophobic regions, facilitates correct folding, prevents aggregation

Hsp90 Acts as a stabilizing mentor, ensuring proteins mature into their functional roles
Stabilizes and facilitates folding of client proteins, often involved in late-stage folding

Hsp60 (Chaperonin) Provides a secluded chamber for proteins to refine their structures, essential for intricate folding
Provides an isolated environment for protein folding, essential for complex folding events
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Immunotherapy approaches

Protein misfolding and aggregation are hallmark features of several neurodegenerative diseases, including Alzheimer’s
disease (AD), Parkinson’s disease (PD), and Huntington’s disease (HD), as well as other proteinopathies such as amyo-
trophic lateral sclerosis (ALS) and prion diseases. These diseases are characterized by the accumulation of misfolded
proteins in the brain, leading to the formation of insoluble aggregates and the progressive loss of neuronal function.
Traditional therapeutic strategies for these diseases have focused on targeting the symptoms or downstream effects of
protein aggregation, with limited success in halting or reversing disease progression. Immunotherapy has emerged as a
promising therapeutic approach for targeting protein aggregation in neurodegenerative diseases. The basic premise of
immunotherapy is to harness the body’s immune system to target and clear pathological proteins, such as amyloid-beta
(Ap) in AD, alpha-synuclein (a-syn) in PD, and mutant huntingtin (mHTT) in HD, thereby slowing or halting disease
progression. Several immunotherapy approaches have been explored, including passive immunization with monoclonal
antibodies (mAbs), active immunization with vaccines, and modulation of the immune response.

Passive immunization involves the administration of pre-formed antibodies that specifically target pathological proteins.
In the case of AD, several monoclonal antibodies targeting AP have been developed and tested in clinical trials. For
example, aducanumab, a human monoclonal antibody that targets aggregated forms of AP, showed promising results in
early clinical trials, leading to its approval by the FDA for the treatment of AD. Similarly, monoclonal antibodies targeting
a-syn and mHTT are also being developed and tested for their efficacy in PD and HD, respectively. Active immunization,
or vaccination, involves the administration of antigens that stimulate the immune system to produce antibodies against
pathological proteins. In AD, active immunization with AP peptides has been investigated as a potential therapeutic
approach. However, clinical trials of AP vaccines, such as AN1792, have shown mixed results, with some trials being
halted due to safety concerns. Despite these challenges, research in this area continues, with efforts focused on improving
vaccine design and delivery to enhance efficacy and safety [94, 95].

Modulation of the immune response is another approach to immunotherapy that has been explored in the context of protein
aggregation diseases. One strategy is to use small molecules or biologics to modulate the activity of immune cells, such as
microglia, which play a key role in clearing misfolded proteins from the brain. For example, drugs that target the TREM?2
pathway, which is involved in microglial activation and phagocytosis, are being investigated as potential therapeutics
for AD and other neurodegenerative diseases. Hence, immunotherapy holds great promise as a therapeutic approach for
targeting protein aggregation in neurodegenerative diseases. Passive immunization with monoclonal antibodies, active
immunization with vaccines, and modulation of the immune response are all viable strategies for targeting pathological
proteins and slowing disease progression. Further research is needed to optimize these approaches and develop safe and
effective immunotherapies for neurodegenerative diseases.

Gene silencing techniques

Gene silencing techniques offer a promising approach for targeting protein aggregation by reducing the production of the
toxic proteins involved in disease pathogenesis. Several gene silencing approaches have been developed, including RNA
interference (RNA1), antisense oligonucleotides (ASOs), and CRISPR-Cas9 gene editing, each with unique mechanisms
and applications in neurodegenerative disease therapy.

RNA interference (RNAI) is a natural cellular process for regulating gene expression. In RNAi, double-stranded RNA
molecules called small interfering RNAs (siRNAs) bind to target messenger RNA (mRNA) molecules, leading to their
degradation and subsequent reduction in protein expression. RNAi has been widely used to silence genes associated with
neurodegenerative diseases, including genes encoding amyloid-beta (AP) in AD, alpha-synuclein (a-syn) in PD, and
mutant huntingtin (mHTT) in HD. Antisense oligonucleotides (ASOs) are synthetic single-stranded nucleic acid molecules
that bind to target mRNA molecules through Watson—Crick base pairing. Once bound, ASOs can induce mRNA degra-
dation, inhibit translation, or modulate alternative splicing, depending on their design and target sequence. ASOs have
been used to target genes involved in neurodegenerative diseases, such as SOD1 in ALS and tau in AD, with promising
results in preclinical and clinical studies [96, 97]. CRISPR-Cas9 gene editing is a powerful tool for targeted gene silenc-
ing and modification. CRISPR-Cas9 uses a guide RNA (gRNA) to direct the Cas9 nuclease to specific DNA sequences,
where it induces double-strand breaks (DSBs) that can lead to gene knockout or modification through error-prone repair
mechanisms. CRISPR-Cas9 has been used to silence genes associated with neurodegenerative diseases, including APP
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and BACEI in AD, and has shown promise in preclinical studies. One of the main challenges in using gene silencing
techniques for therapeutic purposes is the delivery of nucleic acid molecules to the target cells in the brain. Several
delivery strategies have been developed to overcome this challenge, including viral vectors, lipid nanoparticles, and cell-
penetrating peptides, which can efficiently deliver siRNAs, ASOs, and CRISPR-Cas9 components to the brain [98—100].
Hence, gene silencing techniques offer a promising approach for targeting protein aggregation in neurodegenerative dis-
eases. RNA interference, antisense oligonucleotides, and CRISPR-Cas9 gene editing can be used to reduce the production
of toxic proteins involved in disease pathogenesis, potentially slowing or halting disease progression. Further research
is needed to optimize these approaches and develop safe and effective gene silencing therapies for neurodegenerative
diseases.

Challenges and future directions

Understanding the thermodynamics of protein aggregation in Huntington’s disease is a complex and challenging
endeavor. Many proteins implicated in Huntington’s disease undergo post-translational modifications or require co-factors
for their aggregation. Investigating how these factors influence the thermodynamics of aggregation could provide new
insights into potential therapeutic targets.

Current methods for studying protein aggregation kinetics and thermodynamics are often time-consuming and labor-
intensive. Developing high-throughput screening methods could accelerate the discovery of small molecules or peptides
that modulate protein aggregation. Computational models play a crucial role in understanding the thermodynamics of
protein aggregation. Future efforts should focus on improving the accuracy of these models by incorporating more detailed
molecular interactions and experimental data. Given the complexity of protein aggregation in Huntington’s disease, tar-
geting multiple pathways simultaneously may be more effective than single-target approaches. Future research should
explore the thermodynamic implications of multi-target therapeutic strategies.

While significant progress has been made in understanding the thermodynamics of protein aggregation, translating these
findings into clinically effective therapeutics remains a challenge. Future research should focus on developing strategies to
translate basic research into clinical applications. Developing therapeutics for Huntington’s disease requires consideration
of safety and pharmacokinetic profiles. Future research should focus on developing compounds with favorable safety pro-
files and pharmacokinetics for clinical use. Immunotherapy approaches targeting protein aggregation have shown promise
in preclinical studies. Future research should focus on further exploring the thermodynamic aspects of these approaches
and translating them into clinical applications. Gene silencing techniques, such as RNA interference, have the potential
to modulate protein aggregation in Huntington’s disease. Future research should explore the thermodynamic implications
of these techniques and their potential as therapeutic strategies.

Hence, addressing the challenges and exploring future directions in understanding the thermodynamics of protein aggrega-
tion in Huntington’s disease could lead to the development of novel therapeutics that target protein aggregation, ultimately
improving the lives of patients with Huntington’s disease.

Conclusion

In conclusion, the thermodynamics of protein aggregation in Huntington’s disease (HD) reveal a complex interplay of
factors that contribute to the formation of toxic protein aggregates. The aggregation process is driven by a delicate bal-
ance of hydrophobic interactions, electrostatic forces, and other molecular forces, leading to the formation of oligomers
and fibrils that are key features of HD pathology. Understanding the thermodynamic drivers of protein aggregation is
crucial for the development of effective therapeutics for HD. Targeting these thermodynamic processes offers promising
strategies for intervention, including the design of small molecules that stabilize the native state of huntingtin protein or
inhibit the formation of toxic aggregates. Additionally, immunotherapy approaches that target protein aggregates show
potential in clearing existing aggregates and preventing further aggregation.

Gene silencing techniques, such as RNA interference (RNAi), hold great promise for HD therapeutics by selectively
targeting the expression of mutant huntingtin protein. These approaches can potentially prevent the accumulation of
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toxic aggregates and slow the progression of the disease. Overall, a comprehensive understanding of the thermodynam-
ics of protein aggregation in HD is essential for the development of effective therapeutic strategies. Continued research
in this field is crucial for advancing our understanding of HD pathology and developing novel therapies to combat this
devastating disease.
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