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The self-assembly of proteins is an essential process for a variety of cellular functions including cell respiration, mobility
and division. On the other hand, protein or peptide misfolding and aggregation is related to the development of
Parkinson’s disease and Alzheimer’s disease, among other aggregopathies.
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| 1. Introduction

Protein self-assembly plays a pivotal role in cellular physiology. It is a necessary process for the formation of any ordered
protein structure . Amelogenin proteins, which direct dental mineralization @, are a remarkable example of self-
assembled proteins that are found in structural tissues. On the other hand, self-organization and aggregation of proteins
also takes part in physiopathological processes, as it is observed in different neurodegenerative diseases, where amyloid
fibrils are deposited on different parts of the central nervous system . The formation of protein aggregates has also
become a fascinating research area, not only for mitigating diseases such as Alzheimer’s and Parkinson’s, but also in the
pharmaceutical and food industries. In the pharmaceutical context, the uses of human recombinant proteins to treat a
wide variety of diseases such as cancer, Hemophilia A and multiple sclerosis established the necessity to control and
study the aggregation tendency of these formulations to avoid efficiency reduction and exacerbate immune response 4],
In this respect, a meticulous analysis of the therapeutic protein is needed in terms of protein structure, stability and
oligomeric state. Moreover, in the food industry, the aggregation processes of whey proteins from milk &, wheat gliadin
and glutenin @, and peanut proteins &l are some examples that are continuously studied. The formed aggregates affect
not only the organoleptic properties of the final product, but also its digestibility, bioavailability of amino acids and, in some
cases, they can even induce or reduce inadequate immune responses to a toxic protein [&129,

On the other hand, the aggregation capability of proteins from natural sources is used to generate nanoparticles for drug-
delivery as in the case of whey, zeins and gliadins LUIL2L3] | this context, the use of techniques that allow the analysis
of protein solutions to determine the presence of aggregates in a fast, reproducible and qualitative way is of key
importance.

Nowadays, there is a wide range of possible methods for assessing protein and peptide self-assembly phenomena.
However, to obtain molecular information, the use of specialized core facilities and also specific training on them is
required. In this sense, spectroscopic methods like UV-Vis, fluorescence and circular dichroism together make a simple
approach for evaluating proteins and peptides and assessing their self-assembly processes. In this regard, these
spectroscopic techniques provide unique information in the case of complex systems, such as those composed by a
mixture of proteins, where their analysis by sophisticated techniques as NMR (Nuclear Magnetic Resonance) is not easy
to implement. The simplicity of these techniques in terms of implementation and analysis and their availability in
multidisciplinary laboratories make them the first choice in the evaluation of protein and peptide self-assembly. Because of
these reasons, we chose them as the topic of this review. It is worthy of mentioning that NMR is one of the most powerful
tools for providing information about protein structure, dynamic and self-association at the atomic level, and is outside the
scope of this review. The system needs to be labelled with 1°N and 13C, and the broadening of the spectra peaks occurs
when the size of the protein is above 30 kDa. As a consequence, methodologies such as Transverse relaxation-optimized
spectroscopy (TROSY), methyl-TROSY and Cross-correlated relaxation-enhanced polarization transfer (CRINEPT) [24115]
have been developed to analyze self-assembled systems with a molecular mass above 30 kDa. Another NMR approach
for studying supramolecular systems is solid-state nuclear magnetic resonance (ssNMR), which provides structural and
dynamical information of complex biological systems especially in the case of protein aggregates and fibrils, such as the
ones observed in amyloids R8IIL7I18] For a deeper understanding of this technique, we suggest assessing the works cited
here and some more specialized bibliography 11201,



| 2. Protein Structure and Self-Assembly

Proteins and peptides develop a variety of activities in the cell. These molecules adopt a local folding referred to as the
secondary structure (i.e., a-helix or B-sheet structure) and a tridimensional location of the secondary structure in space,
known as the tertiary structure. Moreover, some proteins adopt a quaternary structure, which implicates the association
between protein subunits and their arrangements from dimers to oligomers. [2122, The self-association of proteins in
different oligomeric states is mainly governed by nonbonded interactions such as the Van der Waals forces, hydrogen and
ionic bonds and 1Tt interactions 3. However, in some cases, the formation of specific disulfide bonds is critical for
protein oligomerization [21. The size of the self-associated superstructures could range from nm to um. Some systems are
stabilized in the solution, forming a dispersion; meanwhile, others form insoluble amorphous aggregates or ordered ones,
like fibrils (241,

Amorphous aggregates as spherules and fractal-like clusters can be detected in the first stages of the self-assembly
process, as in the case of the 33-mer gliadin peptide related to celiac disease 23! or the silk protein sericin 28, In the case
of fibrils, they are classified as non-amyloid and amyloids. Representative non-amyloid fibrillar structures are mainly
related to motility and scaffold functions in the cell, such as actin fibrils, microtubules, collagen, among others 24, On the
other hand, amyloid fibrils are well known to be a hallmark of neurodegenerative diseases such as Alzheimer’s,
Parkinson’s, and type Il diabetes, among other pathologies !,

Recently, it was demonstrated that colloidal protein behavior has an essential role in self-assembly processes, as occurs
in condensation and Ostwald ripening 28291 Ostwald ripening explains the formation of protein droplets in a liquid
system, such as the nucleolus or the cytoplasm, and is of great importance in cellular physiology and stress response 2%,
Interestingly, there are self-associated proteins that form regular spatial patterns. One of the most well-known is the
formation of superstructures like viral capsids, which require a specific number of monomers to generate the self-
associated system. In particular, conditions of salts, temperature and pH, proteins could also associate to form crystals.
This phenomenon is of particular interest because it allows the 3D structure resolution of the protein by X-ray diffraction
311 All the structures presented are shown in Figure 1.

Figure 1. Schematic representation of the different types of the most observed protein self-assemblies. Image created
with Biorender.com.

Secondary structure conversion of peptides and proteins from native conformation towards a [-sheet structure,
independently of the protein sequence, has been described in a variety of proteins and especially in the amyloidogenic
ones. In this case, non-branched fibrils are formed with a B-sheet conformation named cross-f3, where the hydrogen
bonding direction is parallel to the fiber axis, and the B-strands are perpendicular, like the rungs of a ladder 2. Recently,
it was pointed out that the a-sheet structure, referred to as “polar pleated sheet”, has an essential role in the formation of
toxic oligomers. This structure is highly similar to the B-sheet, except that the carbonyl oxygen atoms are aligned on one
face of a strand and the NH groups on the other, instead of alternating with each other, giving rise to different physical
properties to the protein. This structure was found in the early stages of the AB-peptide 23134 and the transthyretin protein
(TTR) aggregation [33],

Moreover, another relevant motif for protein self-assembly is Polyproline Il (PPII). This secondary structure is a left-
handed helix that does not depend on the formation of hydrogen bonds in the backbone or salt bridges, but regularly
establishes hydrogen bonds with the solvent 28, This structure has been shown to be highly abundant, especially in
structural proteins like collagen and exposed protein segments BZBE8l - Additionally, it can interconvert into other forms



such as B-turns and B-strands because of the proximity of the corresponding dihedral angles B2, PPII plays a vital role in
protein—protein interactions ¥ and aggregation, as it was detected as the intermediate motif during the self-aggregation
of lysozyme 14, the AB-peptide ¥2 and gliadin peptides 311441,

| 3. Some Considerations in Order to Avoid Protein Aggregation

Apart from aggregation and self-assembly studies, it might be of interest to study the monomeric form of the different
proteins with prone aggregation or self-assembly tendencies. To perform this kind of study, different strategies could be
applied, depending on the protein under investigation. The agents that may be used for these purposes are extensive,
with chaotropes, aminoacids, detergents, sugars and polyhydric alcohols, and polymers being among the most used. The
mechanisms by which these agents avoid aggregation are diverse, and in some cases are not entirely understood. Some
of these agents may decrease the rate of protein association and dissociation by being kept out from the protein—protein
encounter surface, with the condition of not interacting with the protein monomer 2. For instance, in the works on the
ISD11 protein (part of the Fe-S cluster mitochondrial supercomplex in eukaryotes), SDS (0.45 mM) and DDM (1 mM)
were used to help the protein refolding and prevent aggregation “&. Another interesting example to avoid aggregation is
the addition of glucose (up to 5%) in the protein buffer (apart from the buffer agent, salts, and any other co-solvents) of the
UDK-c protein from D. melanogaster 7. In a more biotechnological approach, there are many examples of E. coli acting
as a chaperone of co-expression to obtain soluble proteins (48], It is important to mention that, in general, the combination
of co-solvents is useful to avoid aggregation 2. In addition to the decision as to the type and amount of co-solvent to be
used, it is relevant to take into consideration the kind of experiment that we are attempting to perform afterwards, i.e., we
should avoid using high salts and glycerol concentrations to perform functional studies including DNA and DNA binding
proteins (47,
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