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Abstract

Protein folding is a complex process that is crucial for the proper functioning of biological
systems. The three-dimensional structure of a protein determines its function, and misfolding can
lead to various diseases, including neurodegenerative disorders. Understanding the mechanisms of
protein folding and misfolding is therefore of great importance in both basic research and drug
development. In this review, we provide an overview of the insights gained from biochemical
studies into protein folding and misfolding. We discuss the energetics and kinetics of protein
folding, the role of chaperones and other protein-folding factors, as well as the factors that
contribute to protein misfolding and aggregation. Furthermore, we highlight the techniques and
experimental approaches used to study protein folding and misfolding, including spectroscopic
methods, mass spectrometry, and structural biology techniques. Finally, we discuss the
implications of these findings for understanding disease mechanisms and for the development of
therapeutic strategies targeting protein misfolding disorders.
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INTRODUCTION

Importance of protein folding for
biological function

Protein structure and function relationship
The structure of a protein is intimately linked
to its function. The specific folding of a
protein determines its overall shape and
exposes functional regions, such as active
sites or binding sites that are crucial for its
specific role in cellular processes. Proteins
with similar functions often share common
structural motifs or domains, indicating the
importance of folding in defining functional
characteristics.
Three-dimensional  conformation  and
functional domains

Protein  folding allows the precise
arrangement of amino acid residues to form
secondary structures (alpha helices, beta
sheets) and tertiary structures (overall three-
dimensional conformation). These folded
structures often contain functional domains,
which are regions of the protein that
contribute to specific functions. The folding
process ensures the proper assembly of these
domains, allowing proteins to carry out their
specific tasks effectively [1].

Role of protein folding
activity

Enzymes are proteins that catalyze
biochemical reactions in cells. The folding of
an enzyme is critical for the formation of an
active site, a region within the protein where
the substrate binds and the catalytic reaction
occurs. Proper folding positions amino acid
residues in the active site in a specific

in enzymatic

orientation, enabling efficient substrate
binding and facilitating the chemical
transformation necessary for enzymatic
activity.

Role of protein folding in signalling
pathways

Proteins involved in cellular signalling
pathways often undergo conformational
changes upon activation. These

conformational changes, facilitated by protein
folding, allow the protein to interact with
other signalling molecules, receptors, or
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enzymes, transmitting signals and regulating
cellular responses. Protein folding is therefore
essential  for  proper  signalling  and
communication within cells.

Role of protein folding in molecular
recognition
Proteins  frequently interact with other

molecules, such as small molecules, ions, or
nucleic acids. Protein folding plays a vital role
in creating specific binding sites and
conformations that allow proteins to recognize
and bind to their target molecules with high
affinity and specificity. This molecular
recognition is crucial for processes like ligand-
receptor interactions, DNA binding, and
protein-protein interactions.

Implications of protein misfolding and
aggregation in disease

Neurodegenerative diseases

Protein misfolding and aggregation play a
critical role in the development and progression
of neurodegenerative disorders, including
Alzheimer's disease, Parkinson's disease, and
Huntington's disease. In these conditions,
specific proteins, such as beta-amyloid, tau,
alpha-synuclein, and huntingtin, misfold and
form aggregates or insoluble fibrils. These
aggregates can disrupt cellular processes, impair
neuronal function, and contribute to the
progressive degeneration of neurons, leading to
the characteristic symptoms and pathology
associated with these diseases[2].

Amyloid diseases (amyloidosis)

Protein misfolding and subsequent aggregation
are central features of amyloid diseases, a group
of disorders characterized by the accumulation
of amyloid fibrils in various tissues or organs.
Examples of amyloid diseases include systemic
amyloidosis, familial amyloid polyneuropathy,
and senile systemic amyloidosis. The misfolding
and aggregation of proteins, such as
transthyretin or immunoglobulin light chains,
can lead to tissue damage and organ
dysfunction, resulting in a wide range of clinical
manifestations depending on the affected
tissues.

Prion diseases

Prion diseases, such as Creutzfeldt-Jakob
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disease and bovine spongiform
encephalopathy (commonly known as Mad
Cow disease), are caused by misfolded
proteins known as prions. Prions have the
ability to induce the misfolding of normal
cellular prion proteins, leading to the
conversion of the normal proteins into
abnormal, infectious forms. The
accumulation of misfolded prions in the brain
disrupts normal cellular function, causes
neurodegeneration, and results in severe
neurological symptoms.

Role of misfolded proteins in cellular
toxicity and dysfunction

Misfolded proteins have a tendency to form
toxic aggregates and accumulate within cells.
These aggregates can interfere with cellular
processes, disrupt organelle function, and
impair the proteostasis network. The presence
of misfolded proteins can induce cellular
stress  responses, activate inflammatory
pathways, and trigger apoptotic pathways,
leading to cellular toxicity, dysfunction, and
ultimately contributing to disease
pathogenesis.

Impaired protein clearance mechanisms
and protein aggregation

Protein misfolding can overwhelm the
cellular machinery responsible for protein
quality control and clearance, including
chaperones, proteasomes, and autophagy
pathways. When the clearance mechanisms
are compromised or unable to efficiently
remove misfolded proteins, they can
accumulate and form aggregates. These
aggregates can further disrupt cellular
function, interfere with normal protein
folding processes, and induce cytotoxicity,
contributing to the development and
progression of protein misfolding disorders.
Understanding the implications of protein
misfolding and aggregation in disease is
crucial for developing therapeutic strategies
aimed at preventing or treating these
conditions. Approaches targeting protein
misfolding and  aggregation include
promoting proper protein folding, enhancing
protein clearance pathways, modulating the
aggregation process, and developing specific
interventions to mitigate the cellular toxicity
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associated with misfolded proteins [3].

Energetics and Kinetics of Protein Folding
Thermodynamics of protein folding

The thermodynamics of protein folding
encompass the energetic aspects of the process.
Key points include:

Gibbs free energy

Protein folding is driven by a decrease in Gibbs
free energy. The native folded state represents
the thermodynamically most stable
conformation of the protein. The difference in
Gibbs free energy between the folded and
unfolded states determines the stability of the
protein.

Folding free energy landscape

Protein folding can be described by a free
energy landscape, which represents the energy
landscape that a protein explores during the
folding process. The landscape consists of
various local energy minima (corresponding to
partially folded intermediates) and the global
minimum (corresponding to the native state).
The shape of the landscape influences the
folding pathway and the presence of kinetic
traps.

Folding thermodynamics

The stability of the native state is determined by
the balance between enthalpic and entropic
contributions. Enthalpic contributions include
hydrogen bonds, van der Waals interactions,
disulfide bonds, and electrostatic interactions.
Entropic contributions involve the loss of
conformational entropy upon folding. The
overall folding process seeks to minimize the
free energy of the system.

Forces involved in protein folding

Several forces contribute to protein folding and
stabilizing the native structure. These forces
include:

Hydrogen bonds

Hydrogen bonds play a crucial role in
stabilizing secondary structures, such as alpha
helices and beta sheets. They form between the
backbone or side chain atoms of amino acid
residues and provide structural rigidity and
stability [4].
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Van der Waals interactions

Van der Waals forces, including London
dispersion ~ forces and  dipole-dipole
interactions, contribute to the attractive forces
between atoms within a protein. These
interactions help in packing the protein's
hydrophobic core and stabilizing the overall
structure.

Hydrophobic interactions

Hydrophobic interactions arise from the
tendency of hydrophobic amino acid residues
to avoid water molecules. These interactions
drive the formation of the protein's
hydrophobic core and contribute significantly
to the folding process by burying nonpolar
residues away from the aqueous environment.

Folding pathways and intermediates
Protein folding typically occurs via a series of
intermediate states along a folding pathway.
Key points include:

Folding intermediates

Folding intermediates are partially folded
states that transiently form during the folding
process. These intermediates may possess
specific secondary structures or have native-
like features but are not yet in their final,
fully folded conformation. Intermediates can
play crucial roles in determining the folding
pathway and stability of the protein.

Folding pathways

Protein folding can follow a variety of
pathways, ranging from simple two-state
folding (unfolded to folded) to more complex
folding routes involving multiple
intermediates. The specific pathway a protein
follows can be influenced by various factors,
including the folding energy landscape, the
presence of folding nuclei, and the presence
of kinetic traps.

Folding rates and their determinants

The kinetics of protein folding determine the
speed at which a protein reaches its native
conformation.  Important  considerations
include:

Folding rates
Folding rates describe how quickly a protein
Eur. Chem. Bull. 2023,12(Special Issue 8), 1725-1734
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reaches its folded state from the unfolded state.
These rates can vary significantly, ranging from
microseconds to seconds or longer, depending
on the protein [5].

Folding determinants

Several factors influence the folding rates of
proteins. These include the protein's size and
complexity, the stability of intermediate states,
the presence of folding chaperones or catalysts,
the accessibility of folding pathways, and the
environmental conditions, such as temperature
and pH. Understanding the energetics and
kinetics of protein folding provides insights into
the mechanisms underlying protein folding,
stability, and function. This knowledge is
crucial for unravelling the factors that

Role of Chaperones and Protein-Folding
Factors

Chaperones and protein-folding factors are
essential cellular components that assist in the
proper folding of proteins. They play crucial
roles in maintaining protein homeostasis,
preventing protein misfolding and aggregation,
and facilitating the folding process. Here are key
aspects related to the role of chaperones and
protein-folding factors:

Definition and classification of chaperones
Chaperones

Chaperones are a diverse group of proteins that
facilitate protein folding by preventing
misfolding and aggregation. They provide a
favorable microenvironment for folding and
protect proteins from stress-induced
denaturation. Chaperones can be classified into
different families based on their structure and
mode of action.

Classification of chaperones Chaperones can be
broadly categorized into two main classes

Molecular chaperones

Molecular chaperones, also known as Hsp (heat
shock protein) chaperones, are a well-studied
class of chaperones. They include Hsp70,
Hsp90, Hsp60 (chaperonin), and small Hsps
(heat shock proteins). These chaperones assist in
protein folding, refolding of denatured proteins,
and prevention of protein aggregation [6].
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Chaperonins

Chaperonins are a specific subclass of
molecular chaperones that facilitate protein
folding in an ATP-dependent manner. The
best-known chaperonin is GroEL/GroES in
bacteria, and its eukaryotic counterpart is
called TRIC/CCT. Chaperonins encapsulate
unfolded or partially folded proteins within
their central cavity, providing a protected
environment for folding.

Mechanisms of chaperone action

Substrate recognition

Chaperones recognize and bind to exposed
hydrophobic ~ regions  or  non-native
conformations of proteins. This interaction
prevents inappropriate interactions and
stabilizes folding intermediates.

ATP-dependent folding

Some chaperones, such as Hsp70 and Hsp90,
utilize ATP hydrolysis to facilitate protein
folding. They undergo conformational
changes driven by ATP binding and
hydrolysis, which allow them to bind to
substrates, release misfolded proteins, and
facilitate folding.

Co-chaperones

Co-chaperones assist chaperones in their
folding functions. They regulate chaperone
activities, coordinate ATP-dependent cycles,
and mediate interactions with specific
substrates.

Chaperone-mediated protein folding
Unfolded protein recognition

Chaperones recognize unfolded or misfolded
proteins  through exposed hydrophobic
regions or specific structural features.

Protein stabilization

Chaperones bind to the unfolded or partially
folded proteins, preventing aggregation and
providing a favorable environment for proper
folding. They shield the hydrophobic regions,
allowing correct folding to occur.

Folding assistance

Chaperones can actively facilitate protein

folding by modulating the conformational

dynamics of the substrate or by recruiting
Eur. Chem. Bull. 2023,12(Special Issue 8), 1725-1734
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additional co-chaperones and folding factors [7].

Prevention of protein aggregation:

Aggregate prevention

Chaperones prevent protein aggregation by
binding to exposed hydrophobic regions of
misfolded or unfolded proteins, thereby
preventing their inappropriate interactions and
aggregation.

Protein disaggregation

Chaperones, particularly Hsp70 and Hspl100
(e.g., ClpB), can mediate protein disaggregation
by actively unfolding and solubilizing protein
aggregates, promoting their refolding or
degradation.

Proteostasis maintenance

Chaperones work in conjunction with protein
degradation systems, such as the ubiquitin-
proteasome system and autophagy, to maintain
proteostasis by selectively degrading misfolded

Factors Contributing to Protein Misfolding
and Aggregation

Genetic mutations and their impact on
protein folding

Missense mutations

Genetic mutations can lead to the substitution
of a single amino acid in a protein sequence,
which can disrupt the folding process. Missense
mutations may introduce destabilizing or
disruptive changes to the protein's structure,
affecting its stability and promoting misfolding.

Insertions and deletions

Insertions or deletions of amino acids can alter
the protein's folding pattern, leading to
misfolding or the formation of non-native
structures.

Repeat expansions

Expansion of repetitive DNA sequences within
a protein can result in the abnormal elongation
of specific amino acid sequences. These
expanded repeats can impair proper folding,
leading to the formation of aggregates and the
development of diseases such as Huntington's
disease.
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Environmental factors affecting protein
folding:

Temperature

Elevated temperatures can disrupt the delicate
balance between protein stability and folding,
leading to increased protein misfolding and
aggregation. Heat stress or hyperthermia can
induce protein denaturation and unfolding.

pH

Changes in pH can disrupt the electrostatic
interactions and protonation states of amino
acid residues, affecting the protein's stability
and folding.

Chemical denaturants

Exposure to denaturing agents such as urea
or guanidine hydrochloride can unfold
proteins, interfering with their native folding
and promoting misfolding.

Age-related
misfolding
Oxidative stress
Accumulation of reactive oxygen species
(ROS) and impaired antioxidant defense
systems with age can lead to oxidative
damage to proteins. Oxidative modifications,
such as protein carbonylation and disulfide
bond formation, can disrupt protein folding
and promote misfolding.

changes and protein

Proteostasis decline

Aging is associated with a decline in the
efficiency of protein quality control
mechanisms, including chaperones,
proteasomes, and autophagy. This decline can
lead to compromised protein folding,
increased protein aggregation, and the
accumulation of misfolded proteins [8].
Destabilization of structures
leading to misfolding

Point mutations

Mutations in protein-coding regions can
disrupt the stability of protein structures,
affecting the folding process. Destabilized
structures are more prone to misfolding and
aggregation.

protein

Post-translational modifications
Modifications such as phosphorylation,
Eur. Chem. Bull. 2023,12(Special Issue 8), 1725-1734
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acetylation,  glycosylation, or proteolytic
cleavage can alter protein structure and stability,
potentially leading to misfolding.

Altered protein-protein interactions and their
consequences

Interactome alterations

Changes in the cellular environment, such as
alterations in protein expression levels or the
presence of disease-associated proteins, can
disrupt normal protein-protein interactions.
Aberrant interactions can result in the formation
of non-native complexes and the sequestration
of proteins into aggregates.

Co-aggregation

Misfolded proteins can interact with other
proteins, promoting their aggregation and the
formation of pathological protein aggregates, a
hallmark of many neurodegenerative diseases.

Effects of cellular environment on protein
folding

Molecular crowding

The crowded cellular environment, with a high
concentration of macromolecules, can influence
protein folding by affecting the effective
concentration of folding intermediates, altering
diffusion rates, and promoting non-specific
interactions.

Chaperone availability
Changes in the levels or activity of molecular
chaperones can impact protein folding.
Insufficient chaperone function can result in the
accumulation of misfolded proteins and their
subsequent aggregation.

Techniques and Experimental Approaches
for Studying Protein Folding and Misfolding
Spectroscopic methods

Circular dichroism (CD)

CD spectroscopy measures the differential
absorption of left- and right-circularly polarized
light by chiral molecules, such as proteins. It
provides information about the secondary
structure content and changes in protein
conformation during folding and misfolding
processes [9].

Fluorescence spectroscopy
Fluorescence-based  techniques, such as
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fluorescence resonance energy transfer
(FRET) and intrinsic fluorescence, can
monitor changes in protein conformation,
dynamics, and interactions. These methods
utilize the fluorescence properties of intrinsic
amino acid residues or fluorescent probes to
study folding kinetics, protein stability, and
the formation of misfolded aggregates.

Mass spectrometry for conformational
analysis
Hydrogen/deuterium
spectrometry (HDX-MS)
HDX-MS measures the exchange of labile
hydrogen atoms in a protein with deuterium
atoms in solution. It provides insights into
protein conformational dynamics, folding
intermediates, and structural changes induced
by folding or misfolding.

exchange  mass

lon mobility-mass spectrometry (IM-MS)

IM-MS combines mass spectrometry with the
separation of gas-phase ions based on their
size and shape. It can provide information

about protein folding, stability, and
conformational changes by measuring
collision  cross-sections and  revealing
structural transitions.

Structural biology techniques

X-ray crystallography

X-ray crystallography is a powerful

technique for determining the three-
dimensional structures of proteins. It involves
crystallizing the protein and analyzing the
diffraction pattern of X-rays passing through
the crystal. X-ray crystallography provides
atomic-level details of protein structure and
can reveal conformational changes during
folding or misfolding.
Nuclear Magnetic Resonance
spectroscopy

NMR spectroscopy is used to study protein
structure, dynamics, and interactions in
solution. It provides information on protein
folding kinetics, transient intermediates, and
conformational changes associated with
misfolding. NMR can also characterize the
behavior of disordered or intrinsically
disordered proteins.These techniques and
experimental approaches play vital roles in
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studying protein folding and misfolding,
providing valuable information about protein
structure, stability, dynamics, and
conformational changes. Integrating data from
multiple methods helps to elucidate the
mechanisms underlying these processes and

identify  therapeutic targets for diseases
associated with protein misfolding [10].
Implications of Biochemical Studies for

Disease Mechanisms

Protein misfolding diseases (Alzheimer's,
Parkinson's, Huntington's diseases):
Alzheimer's disease

Biochemical studies have revealed the presence
of amyloid-beta (AB) plaques and tau protein
tangles in the brains of Alzheimer's patients.
These studies have highlighted the misfolding
and aggregation of AP and tau proteins as key
contributors to neurodegeneration and cognitive
decline in Alzheimer's disease.

Parkinson's disease

Misfolding and aggregation of alpha-synuclein
protein have been implicated in the development
of Parkinson's disease. Biochemical studies
have elucidated the formation of Lewy bodies,
intracellular protein aggregates containing
alpha-synuclein, and their toxic effects on
dopaminergic neurons.

Huntington's disease

Expansion of CAG repeats in the huntingtin
gene leads to the production of mutant
huntingtin protein, which undergoes misfolding
and forms aggregates in neurons. Biochemical
studies have provided insights into the structure,
toxicity, and propagation of huntingtin
aggregates, shedding light on the mechanisms
underlying Huntington's disease pathology.

Molecular mechanisms underlying disease
progression

Protein aggregation and toxicity

Biochemical studies have revealed that
misfolded protein aggregates, such as amyloid
plaques, prion fibrils, or inclusion bodies, can
exert toxic effects on cells and disrupt cellular
functions. These studies have elucidated the
mechanisms by which protein aggregates induce
cellular stress, mitochondrial dysfunction,
impaired protein clearance, and
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neuroinflammation, contributing to disease
progression.

Protein-protein interactions

Biochemical studies have unraveled the
aberrant interactions between misfolded
proteins and cellular components, including
other proteins, lipids, nucleic acids, and
organelles. These interactions can disrupt
normal cellular processes, interfere with
signaling pathways, and trigger cascades of
pathological events, exacerbating disease
progression [11].

Proteostasis network dysregulation

Biochemical studies have highlighted the
role of impaired protein quality control
mechanisms, including chaperones,
proteasomes, and autophagy, in the
accumulation of misfolded proteins and
disease progression. Understanding the
molecular mechanisms underlying
proteostasis network dysregulation can
provide insights into potential therapeutic
targets for protein misfolding diseases.

Therapeutic strategies targeting protein
misfolding disorders

Small molecule modulators

Biochemical studies have identified small
molecules that can modulate protein folding,
stabilize native protein structures, or inhibit
aggregation. These molecules can serve as
potential therapeutics to prevent or slow
down the progression of protein misfolding
diseases.

Chaperone-based therapies

Biochemical studies on chaperones and
protein-folding factors have paved the way
for the development of chaperone-based
therapies. By enhancing chaperone activity or
introducing exogenous chaperones, it is
possible to promote proper protein folding,
prevent misfolding, and facilitate the
clearance of misfolded proteins.

Targeting protein aggregation

Biochemical studies have identified various

strategies to target protein aggregation,

including the use of antibodies, peptides, or

small molecules that specifically bind to
Eur. Chem. Bull. 2023,12(Special Issue 8), 1725-1734
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misfolded  proteins and  prevent their
aggregation. These approaches aim to inhibit the
formation of toxic aggregates and mitigate
disease progress

sion.

Biochemical studies play a crucial role in
unraveling  the  molecular  mechanisms
underlying protein misfolding diseases. They
provide valuable insights into disease
pathogenesis, identify potential therapeutic
targets, and contribute to the development of
novel strategies for the treatment of these
devastating disorders [12].

Future directions and challenges in the field
of protein folding and misfolding research
Elucidating the mechanisms of protein
misfolding diseases

Further research is needed to understand the
specific molecular mechanisms underlying
different protein misfolding diseases. This
includes unraveling the structural determinants
of protein misfolding, the cellular pathways
involved in protein clearance, and the
interactions between misfolded proteins and
cellular components.

Developing therapeutic strategies

The identification of novel therapeutic targets
and the development of effective strategies to
prevent or treat protein misfolding diseases are
important areas of future research. This includes
the exploration of small molecule modulators,
chaperone-based therapies, and approaches
targeting protein aggregation [13].

Advances in experimental techniques
Continued advancements in spectroscopic
methods, mass spectrometry, and structural
biology techniques will enable more detailed
and precise studies of protein folding and
misfolding. Integrating multiple techniques and
approaches will provide a comprehensive
understanding of these complex processes.

Bridging the gap between in vitro and in vivo
studies

While biochemical studies have provided
valuable insights, translating these findings to in
vivo models and human disease contexts is a
significant challenge. Future research should
focus on bridging the gap between in vitro and
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in vivo studies to better understand the
complexities of protein folding and
misfolding in a physiological context.In
conclusion, biochemical studies have played
a pivotal role in advancing our understanding
of protein folding and misfolding. They have
provided insights into the importance of
protein folding for biological function, the
implications of protein misfolding in disease,
and the energetics, kinetics, and molecular
mechanisms underlying these processes.
Future research in this field holds promise for
uncovering new therapeutic strategies and
addressing the challenges associated with
protein misfolding diseases [14].

Conclusion

Biochemical studies on protein folding and
misfolding have provided significant insights
into the fundamental processes underlying
protein structure, function, and disease
mechanisms. Key insights from these studies
include Proper protein folding is crucial for
the acquisition of three-dimensional structure,
functional domains, enzymatic activity,
signalling  pathways, and  molecular
recognition. The relationship between protein
structure  and  function is  tightly
interconnected. Misfolded proteins and
protein aggregates are associated with various
diseases, including neurodegenerative
diseases (such as Alzheimer's, Parkinson's,
and Huntington's diseases), amyloid diseases
(amyloidosis), and prion diseases (such as
Creutzfeldt-Jakob disease and Mad Cow
disease). Protein misfolding can lead to
cellular toxicity, dysfunction, impaired
clearance mechanisms, and the formation of
pathological aggregates.

Understanding the thermodynamics, forces
involved (hydrogen bonds, van der Waals
interactions,  hydrophobic interactions),
folding pathways, and intermediates is crucial
for unravelling the mechanisms of protein
folding and misfolding. The folding rates and
their determinants play a critical role in
protein conformational changes. Chaperones
and protein-folding factors are essential for
assisting  protein  folding,  preventing
misfolding, and promoting proper folding.
They act as molecular chaperones by
Eur. Chem. Bull. 2023,12(Special Issue 8), 1725-1734
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interacting with misfolded or partially folded
proteins, facilitating their correct folding, and
preventing protein aggregation [15].
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