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List of abbreviations and symbols 

BME-β-mercaptoethanol 

IPTG-isopropyl β-D-1-thiogalactopyranoside 

bp — pairs of nucleotides 

PCR-polymerase chain reaction 

EDTA-Ethylenediaminetetraacetic acid 

YAPK-nuclear Pore complex 

BSA — bovine serum albumin (bovine serum albumin) 

C-DAG-curli-dependent amyloid generator (a system for testing the amyloid properties of 

proteins in bacteria) 

HTT-huntingtin (human protein huntingtin) 

IPTG-Isopropyl-β-D-1-thiogalactopyranoside 

LiAc — lithium acetate (ацетат лития) 

LBa-LB medium with ampicillin 

mQ — deionized water 

SDS — sodium dodecyl sulfate (додецил сульфат натрия) 

SC — Synthetic Complete (synthetic environment based on YNB)  

Q / N-rich-enriched with glutamine and asparagine residues 

v/v — volume/volume (volume to volume ratio) 

w/v — weight/volume (mass to volume) 

YNB— -Yeast Nitrogen Base 

Standard single-letter designations of nucleotides, as well as single-letter and three-letter 

designations of amino acids are used in the work. 
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Introduction 

Relevance of the topic. Amyloids can form ordered aggregates organized into 

unbranched fibrils enriched with β-layers. Such aggregates are prescribed for various 

amyloidosis, such as Alzheimer's, Huntington's, and Parkinson's diseases. These aggregates are 

poorly soluble and their accumulation in the cell leads to a violation of cellular homeostasis and 

cell death. At the same time, there are examples of accumulated amyloids considered as 

functional. For all amyloids, common properties can be distinguished. These properties include 

binding to amyloid-specific dyes (Congo red and Thioflavin T) and the formation of detergents 

and protease-resistant aggregates. Due to the increasing frequency of amyloid diseases, proteome 

analysis is becoming relevant in order to identify and analyze new amyloidogenic proteins. Such 

proteins can form aggregates themselves or be the part of already existing aggregates.  One of 

the most important processes inside the cell is the exchange of molecules between the nucleus 

and the cytoplasm. Additionally, the nucleoporin proteins forming a specific structure, the 

nuclear pore, provide an essential function there. Previously, the presence of amyloid properties 

in yeast nucleoporins was shown, but how their aggregation affects the transport of molecules 

between the nucleus and the cytoplasm was not studied. On the other hand, the conservatism of 

these proteins' ability to aggregate from the view of evolution has been poorly understood, 

representing a significant gap towards the better comprehension about the physiological role of 

particular protein aggregation. 

Objective: To evaluate the conservativeness of the amyloid properties of nucleoporins 

with FG repeats and their aggregation effect on nuclear cytoplasmic transport in model systems. 

The following tasks within the objective were formulated: 

1. Verification of the amyloid properties of the human protein NUP58 in vitro and 

in model systems. 

2. Search for the NUP58 site responsible for aggregation using deletion analysis in 

the C-DAG system and yeast cells. 

3. Validation of the conservativeness in amyloid properties of orthologs of yeast 

nucleoporins Nsp1 and Nup145 in the C-DAG system and yeast cells. 

4. Evaluation of the nucleoporin aggregation effect on nuclear-cytoplasmic 

transport in yeast cells. 

Scientific novelty of the work. In this study, we analyzed the amyloid properties of 

nucleoporin proteins, which are found in all eukaryotic organisms. Early studies have shown 

that some yeast nucleoporins, such as the Nup100 protein, have amyloid properties. This 

prompted us to conduct bioinformatics screening of nucleoporins to assess the 
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conservativeness of amyloidogenic properties. The analysis revealed that nucleoporins from 

various organisms exhibit amyloid properties in the yeast and C-DAG systems. Moreover, 

for the human protein NUP58 additional tests were also performed. It was found that the 

region from 1 to 213 amino acids is necessary for the formation of amyloid aggregates. We 

also analyzed the effect of aggregation of nucleoporin protein fragments on nuclear-

cytoplasmic transport in the yeast system. As a result, we have shown that fragments of 

nucleoporinsspNup98 250-500, Nup5860-320 of Taeniopygia guttata and Nup98250-500 of Drosophila 

melanogaster lead to a decrease in the import of macromolecules into the nucleus. 

Theoretical and practical significance of the work. The results obtained in the 

current study provide a wider insight into the frequency of amyloids occurrence. The study 

highlights the conservative amyloid properties of nucleoporin proteins based on 

bioinformatic data and partially confirms these properties using experimental methods. The 

effect of aggregation of nucleoporin proteins on the import of macromolecules into the 

nucleus is also shown. 

Methodology and methods of research. In the course of the thesis, a large number 

of modern research methods were used, including molecular biological methods for working 

with nucleic acids and proteins, biochemical analysis methods, fluorescence, polarization and 

electron microscopy. Experiments were performed on various model systems, such as the in 

vitro system, bacteria, and yeast. The methods of nuclear-cytoplasmic transport analysis were 

also applied to assess the import of macromolecules into the nucleus. Bioinformatics 

methods were used to evaluate the amyloid properties of nucleoporin proteins. 

The degree of reliability and approbation of the results. The main results of the 

dissertation work were reported at four international conferences. 

The materials of the dissertation are presented in three publications: 

1. Danilov L.G., Moskalenko S.E., Matveenko A.G., Sukhanova X.V., Belousov 

M.V., Zhouravleva G.A., Bondarev S.A. The Human NUP58 Nucleoporin Can 

Form Amyloids In Vitro and In Vivo. // Biomedicines. — 2021.  — Vol. 9 — P. 

1451.  

2. Danilov L.G., Sukhanova X.V., Rogoza T.M., Antonova E.Y., Trubitsina N.P, 

Zhouravleva G.A., Bondarev S.A. Identification of New FG-Repeat Nucleoporins 

with Amyloid Properties. // International Journal of Molecular Science. — 2023. — 

Vol. 24 — P. 8571. 

3. Barbitoff Y.A., Matveenko A.G., Matiiv A.B., Maksiutenko E.M., Moskalenko 

S.E., Drozdova P.B., Polev D.E., Beliavskaia A.Y., Danilov L.G., Predeus A.V., 
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Zhouravleva G.A., Chromosome-level genome assembly and structural variant 

analysis of two laboratory yeast strains from the Peterhof Genetic Collection 

lineage //G3 Genes|Genomes|Genetics. — 2021.  — Vol. 11 

Main scientific results. The thesis presents the main scientific results of the research 

in the form of the three publications performed by the applicant in co-authorship: 

1. In the experimental article "The Human NUP58 Nucleoporin Can Form 

Amyloids In Vitro and In Vivo"[30], published in Biomedicines (Scopus) in 

collaboration with Moskalenko S.E., Matveenko A. G., Sukhanova K. V., 

Belousov M. V., Zhuravleva G. A. and Bondarev S. A. published results on the 

amyloid properties of the NUP58 protein and its fragment from 1 to 213 amino 

acids. 

2. In the experimental article " Identification of New FG-Repeat Nucleoporins with 

Amyloid Properties "[31], published in the International Journal of Molecular 

Science (Scopus)  In collaboration with Sukhanova K. V., Rogoza T. M., 

Antonova E. Yu., Trubitsina N. P., Zhuravleva G. A. and Bondarev S. A., the 

results of bioinformatic evaluation of the conservativeness of amyloid properties 

of nucleoporin proteins and experimental verification of amyloid properties in 

the C-DAG system and in yeast Saccharomyces cerevisiae are published. This 

article also contains information on the effect of the [PIN+] factor on the 

frequency of aggregation of nucleoprotein fragments. 

3. In the experimental article "Chromosome-level genome assembly and structural 

variant analysis of two laboratory yeast strains from the Peterhof Genetic 

Collection lineage" [13], published in the journal G3 Genes|Genomes|Genetics 

(Scopus), co-authored with Barbitov Yu. A., Matveenko A. G., Matiiv A. B., 

Maksyutenko E. M. Moskalenko S.E., Drozdova P. B., Polevy D. E., 

Belyavskaya A. Yu., Popov A.V. and Zhuravleva G. A. published results on the 

effect of mutations in the NUP100 gene NUP100on the tendency to aggregation 

in yeast protein Nup100 in various strains. 

In the top two articles, the personal contribution of the author consisted of the study 

design development, collection of experimental material, statistical processing of the 

obtained data, preparing tables and figures, and writing the manuscript. In the last one article, 

the author made a contribution in the form of an analysis of the Nup100 protein’s amyloid 

properties in various yeast strains, a description of obtained statistical results, and the 

preparation of illustrations. 
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The main provisions submitted for defense.  

1. The human protein NUP58 can form amyloid aggregates stabilized by disulfide 

bonds in vitro and demonstrates amyloid properties both in the C-DAG system and 

in Saccharomyces cerevisiae cells. 

2. Aggregation of the NUP58 protein is performed in the region from 1 to 213 amino 

acid residues with FG repeats. 

3. Nucleoporin fragments from different species exhibit amyloid properties in various 

test systems. These proteins include the nucleoporins Nup98 of Homo sapiens, 

Schizosaccharomyces pombe, and Drosophila melanogaster. 

4. Yeast factor [PIN+] does not affect the aggregation frequency of Nup98 from 

Homo sapiens, Schizosaccharomyces pombe, and Drosophila melanogaster 

nucleoporin fragments. 

Scope and structure of work. The thesis consists of an introduction, a literature review, 

materials and methods, research results, discussion, conclusions, and a list of references 

containing 165 references. The work is presented on 100 pages, contains 31 figures and 11 

tables.
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CHAPTER 1. LITERATURE REVIEW 

1. General characteristics of amyloids 

Amyloids are ordered protein fibrils in which β-folded sheets are formed by the 

formation of intermolecular hydrogen bonds. These bonds are formed with a certain 

regularity, since the same amino acid sequences of monomers are involved in the interaction 

[73]. Today, an amyloid is considered to be any protein with no associated components that 

is localized in any cell compartment and has one of the following structures: a super-folded 

β-structure (parallel or non-parallel), a β-solenoid, or a stack of globules ([73, 142]). In 

medicine, when making a diagnosis of amyloidosis, amyloid is more often understood not 

only as a protein fibrils with a certain structure, but as the entire complex of proteins that is 

associated with this structure [16, 79, 152]. To date, we can distinguish a number of 

properties that are inherent in all amyloids (according to [1,3]): 

1. Interaction with specific dyes, such as Congo Red and Thioflavin T. 

2. The presence of a transverse striation along the main axis of the fibrills, which 

occurs as a result of the transverse arrangement of protein monomers relative to 

the main axis of the fibrillum. 

3. Resistant to detergents such as SDS. 

4. Fibril growth is caused by the addition of a monomeric protein to the protofibril, 

which is accompanied by a change in conformation [99]. 

The amyloidogenic properties of a protein are determined by the composition of its 

amino acid sequence, and some algorithms for predicting the amyloid properties of a particular 

protein are based on this. It is believed that amino acid sequences enriched with hydrophobic 

amino acids such as valine, isoleucine, and phenylalanine, as well as the amino acids glutamine 

and asparagine, have the greatest amyloidogenic potential, while sequences containing highly 

charged amino acids are not capable of forming amyloid aggregates [7]. Most of the currently 

known amyloids have pathogenic properties and are characterized by an increase in the level of 

protein in the cell [3]. However, over the past 5 years, a number of functional amyloids have 

been identified that are constitutively formed in cells or begin to form aggregates in response to 

changes in environmental conditions [128, 150]. Inclusion of a monomeric protein in aggregates 

often leads to partial or complete inactivation of the protein, and in rare cases-to the acquisition 

of new functions (according to the review [163]). 

The term "Prion" was first coined by Stanley Prusiner to describe a particular variant of 

the PrP protein structure that leads to mammalian neurodegenerative diseases, such as scrapie or 
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sheep scratching (Prusiner, 1987). The main reason for the development of such diseases is that 

the monomeric protein PrPC (cellular) changes its conformation and passes into the prion 

conformation-PrPSc, which accumulates in cells in the form of protein aggregates. Protein 

aggregates of the PRP protein of amyloid nature are found in the brain and spinal cord, in 

secretions from the lymphatic system, as well as in other organs and tissues [5]. The main 

features of protein aggregates discovered by Stanley Prusiner were their resistance to treatment 

with various detergents (SDS, urea), proteolysis, heating, and ultraviolet radiation [122]. Testing 

most of these traits is one step in proving that the protein has amyloid properties. The presence 

of infectivity is the main difference between prions and amyloids. During aggregation, the 

conformation of the monomeric protein changes and attachment to the aggregate occurs, which 

ensures the growth of fibrils. At the initiation stage, the processes of prion and amyloid 

formation do not differ [1]. In the case of functional amyloid formation, the level of protein 

production is sufficient for the monomers to bind to each other due to the formation of 

intermolecular interactions [1]. The resulting seed adds new monomers, which leads to the 

formation of an oligomer and a protofibril. In the case of prions and pathological amyloids, this 

process is initiated by an increase in the concentration of amyloidogenic protein. It is important 

to emphasize that each new non-infectious amyloid aggregate is formed independently of the 

previous one, whereas in the case of prions, the aggregates are cleaved, which leads to a prion 

conversion cycle [1, 92]. Prion infectivity is ensured by fragmentation of aggregates, which 

occurs due to the interaction of protein aggregates with chaperone proteins, which perform non-

specific cutting of aggregates into smaller ones [85]. 

2. Biological role of amyloids 

Initially, it was assumed that amyloids can only be pathogenic and lead to diseases, but 

over the past decade, a number of amyloids have been described that perform various 

physiological functions in the body of both prokaryotic and eukaryotic organisms [128, 150]. 

2.1. Functional amyloids 

Functional amyloids were first described as extracellular protein components in higher 

eukaryotes-the spidroin and fibroin proteins. These proteins are components of the web and silk, 

respectively. There is still no clear understanding of the structure of amyloid data. Due to the 

special sequence (Gly-Ser-Gly-Ala-Gly-Ala)of n (in fibroin) [129] or the presence of repeated 

alanine motifs (in spidroin), amyloid fibrils are formed during the secretion of these proteins 

from the salivary glands [66]. An interesting question is why there is no pathogenicity in the case 

of functional amyloids in the cell. Possible mechanisms that cause pathogenesis in the 

https://docs.google.com/document/d/1lzu-xCddPKpA-QBXZmzMtyqL-XqdGr2t3qfvi1jtQvo/edit#heading=h. 1xaqk5w
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development of amyloid diseases include the formation of extracellular amyloid formations 

(plaques in Alzheimer's disease) and intracellular formations (in Parkinson's and Huntington's 

diseases) [145], as well as the formation of protein oligomers, which are the most cytotoxic [76]. 

It is important to take into account the interaction of mature amyloid fibrils with cell membranes: 

such interaction can lead to disruption of the membrane integrity and its depolarization; splitting 

of the fibrils into toxic oligomers can lead to secondary nucleation of the amyloid protein, which 

will enhance pathogenesis [156]. To level the toxicity of amyloid fibrils and preserve the normal 

functioning of the cell, the following mechanisms can be identified in a cell with functional 

amyloids [70]: 

● Regulation of the production of amyloidogenic proteins and peptides (control of 

transcription and translation, as well as control of proteolytic cleavage of 

proteins). 

● Minimization of the lifetime of prefibrillary oligomers that have the greatest 

toxicity (this is often achieved due to a higher rate of mature fibrillation formation 

than the rate of oligomer formation). 

● Use of molecules that regulate the cellular response to environmental conditions to 

control the assembly of functional amyloid fibrils. 

● Assembly of amyloid fibrils in various cell compartments (endoplasmic 

reticulum). 

● "Disassembly" of fibrils when changing environmental conditions or using 

chaperone systems of the cell. 

Thus, the main difference between functional amyloids and pathological amyloids is that 

the cycle of assembling and disassembling fibrils is characterized by greater control by cellular 

systems and signals from the external environment, which, in turn, allows you to control the 

place, time and number of fibrils formed. 

2.1.1. Functional amyloids of prokaryotes 

To date, the most studied groups of prokaryotic functional amyloids are Curlins and 

Chaplins, and there are several other groups of functional amyloids (according to [128, 

152], data are presented in Table 1). Most of the currently discovered functional bacterial 

amyloids most often perform a protective or adhesive function, which is undoubtedly due to 

the structural and biochemical features of amyloids [128]. 
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Table 1 – Bacterial functional amyloids. 

Species of 

Protein 

Function in the cell References 

Escherichia 

coli, Salmonella 

enteritidis 

CsgA Biofilm component, cell-substrate 

adhesion 

[26, 

53] 

Pseudomonas sp. FapC Biofilm component, cell-substrate 

adhesion 

[39] 

Streptomyc

es 

coelicolor 

Chaplins 

(ChpA-H) 

Bacterial spore surface protein, air 

hyphae formation 

[45] 

Bacillus subtilis TasA Biofilm component, cell-substrate 

adhesion, bacterial spore surface 

protein 

127] 

Klebsiella 

pneumoniae 

Microcin 

E492 

 Antimicrobial protection [140] 

Staphylococcus 

aureus 

PSM  Biofilm component, cell-to-substrate 

adhesion 

[137] 

Streptococcus 

mutans 

Adhesin 

P1 

 Biofilm component, cell-to-substrate 

adhesion 

[113] 

Mycobacterium 

tuberculosis 

MTP Lamin-associated pilae formation – 

host interaction 

[11] 

Xanthomonas 

axonopodis 

HpaG Cytotoxic activity, virulence [111] 

 

The CsgA protein is one of the first discovered and most studied of all functional bacterial 

amyloids. Initially, it was detected as a protein in a pathogenic strain of E. coli and described as 

fibronectin-binding "curled pili" [115]. At the first stage of the study of extra-clad formations 

using electron microscopy, it was shown that these protein fibrils, which at low magnification look 

like an amorphous matrix around bacteria, at high magnification are represented by single fibrils 

with a width of 6-12 nm. These fibrils are resistant to the effects of proteases and detergents, and 

also bind the amyloid-specific dyes Congo Red and Thioflavin T and have an ordered structure 
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enriched with beta-sheets [26]. 

CsgA protein encoded by the CsgA gene csgA (from English-curlin subunit gene) is the 

main structural protein of amyloid fibrils. Transcription of the csgBAC operon is triggered by the 

RNA polymerase sigma factor RpoS. This sigma factor is expressed in the stationary phase of 

bacterial growth, and its expression positively correlates with a decrease in temperature and 

osmolarity of the medium [114]. Thus, CsgA protein fibrils are formed as a response to 

unfavorable environmental conditions in the stationary phase of bacterial growth, which 

corresponds to the role of biofilms in the survival of microorganisms. Another important 

component of the system is the CsgB protein. It acts as a factor of CsgA protein nucleation and a 

minor component of the resulting amyloid fibrils [17, 60]. The CsgB protein is capable of forming 

small amyloid fibrils independently, but its main function is to initiate aggregation of the CsgA 

protein. The CsgA and CsgB protein sequences are 30% identical, which contributes to the 

formation of similar secondary structures, which leads to the initiation of aggregation [14]. The 

third protein that is necessary for the formation of fibrils and functions on the cell wall surface is 

the CsgF protein. This protein has chaperone activity and is responsible for the correct localization 

of amyloid fibrils on the cell surface. In strains with deletion of the csgF gene, the binding of 

fibrils to the cell surface is disrupted [108]. 

CsgG protein is also a component of the amyloid fibrillation system of the CsgA protein. It 

is a lipoprotein that binds to the outer cell membrane and regulates the intracellular concentration 

of CsgA and CsgB proteins. This regulation is carried out through the formation of a channel 

through which CsgA and CsgB proteins enter the cell surface. Before incorporation into the outer 

membrane, the CsgG protein forms soluble oligomers consisting of 16 subunits organized into 2 

ring octameric complexes. Monomers contain 4 α-helices and 6 β-sheets in the structure. However, 

when the transition to the membrane-bound state occurs due to the attachment of a lipid anchor 

from the N-terminus of the protein, the transmembrane section of the channel assumes the 

structure of a β-barrel [56]. CsgA, CsgB, and CsgF proteins pass through the resulting channel and 

form amyloid fibrils on the cell surface. 

2.1.2. Functional amyloids of eukaryotes 

Lower and higher eukaryotes also have functional amyloids that perform various functions 

in the body. An example of functional amyloids in lower eukaryotes is the protein Bgl2, which is 

an important element of the cell wall in the yeast Saccharomyces cerevisiae. The main component 

of the cell wall is β (1-3)-and β(1-6) - glycans. Initially, glycans are synthesized as linear 

molecules, and then, due to glycosyltransferases, new β(1-3)- and β(1-6) bonds are formed. The 

Bgl2 protein, which has glycosyltransferase activity, has been shown to have amyloid properties 
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[75]. During cell wall formation, the Bgl2 protein in its amyloid conformation participates in the 

formation of β (1-6) glycosidic bonds between various glycans [8]. Another example of a 

functional amyloid is the Het-S protein in the fungi Podospora anserina. This type of fungi is 

characterized by the predominance of the syncytial stage in the life cycle. Syncytia of two different 

fungi can merge to form a heterokaryon. The fusion process is controlled by the Het locus. If these 

loci are the same in merging hyphae, the fusion process will be successful, and if there are 

differences, then due to vegetative incompatibility, the heterokaryon will die off. The key 

participant in the process of vegetative incompatibility is the prion [Het-s]. There are 2 alleles of 

the het-s gene: het-s and het-S. The product of the het-S gene, the NO-S protein, does not adopt the 

prion conformation. The P. anserina straincarrying the protein in this form is designated [Het-S] 

[29]. When the hyphae of two strains [Het-S] and [Het-s] merge, a vegetative incompatibility 

reaction occurs and the heterokaryon dies at the fusion site. Thus, the amyloid form of the Het-S 

protein triggers programmed cell death [125]. 

Functional amyloids also include the protein CPEB (cytoplasmic polyadenylation element 

binding) of the mollusk Aplysia californica, as well as its ortholog Orb2 in Drosophila 

melanogaster. The main function of the CPEB protein is mRNA transport in neurons [23]. In 

response to the release of serotonin, amyloid aggregates of the CPEB protein are formed, which 

also include RNA. The resulting aggregates maintain and stabilize synapses for several days, 

which ensures the formation of long-term memory [143]. Similar functions were demonstrated 

for the drosophila ortholog Orb2. Moreover, it was shown that a violation of the aggregation 

ability of the Orb2 protein led to a loss of the ability to remember information in drosophila flies. 

During the formation of aggregates of the Orb2 protein in complex with RNA, neural connections 

that are involved in memorizing new information are maintained [96]. Another protein whose 

aggregation is associated with memory in vertebrates is the FXR1 protein. This protein was found 

in amyloid aggregates in rat brains, and was practically undetectable in the monomeric state. The 

main function of the FXR1 protein is to bind to mRNA, protecting it from degradation. This 

mechanism allows you to regulate the level of expression of certain proteins, which in turn can be 

a mechanism for the formation of long-term memory. An important characteristic of FXR1 is its 

high conservativeness in mammals, which suggests a functional role for its orthologs [147]. 

Another functional amyloid is the Pmel17 protein, or rather its part, which is formed as a 

result of processing the primary protein product of the gene pmel. This protein in its aggregated 

form is localized in the cytoplasm of skin melanocytes. There is an assumption that the network 

structure of amyloid fibrils binds melanin and in this form the pigment accumulates and is stored 

in cells [47]. In 2017, a site was identified that is responsible for the transition of the PMEL 

protein to the amyloid form. This region with 148 to 223 amino acids was named CAF (from the 
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English CoreAmyloid Fragment). It was shown that 27 mutations in this region disrupted the 

formation of Pmel17 fibrils, including 9 completely. This was due to a violation of the stage of 

nucleation of fibrils. The important role of aromatic radicals of amino acids in this region for the 

formation of amyloid fibrils has been shown [62]. An example of functional amyloids that play 

an important role in cell signaling is the RIP family of proteins (from the English Receptor 

Interacting Protein kinase). The main function of the RIP1 signaling kinase is to determine the 

fate of the cell: if RIP1 is polyubiquitinated, the cell survives [160]; if it interacts with RIP3 

kinase, the cell will embark on the path of necrosis or apoptosis in the case of ubiquitination with 

kinase (according to [46]). Kinases contain a homologous sequence called RHIM (from the 

English RIP Homotypic Interaction Motif), due to which they interact with each other. The 

presence of mutations in this sequence disrupts the interaction of kinases, thereby disrupting the 

function of the complex. It was shown that the complex of RIP1 and RIP3 kinases forms fibrils 

that exhibit amyloid properties, and it is in this conformation that it is a signal component that 

induces necrosis [89]. 

A certain group of functional amyloids is associated with reproductive function. One 

example is the presence of Balbiani bodies, specialized amyloid-like organelles that contain 

mitochondria, RNA, and the endoplasmic reticulum. Amyloid properties have also been 

demonstrated for proteins forming oocyte membranes in insects and mammals. One such example 

is the presence of amyloid structures in the chorion of the butterfly Antheraea polyphemus [67]. 

In the course of the experiments, it was shown that the X-ray scattering spectrum is similar to the 

spectrum characteristic of amyloids. It has also been shown for human protein fragments ZP1– 

ZP4 that they bind to amyloid-specific dyes, and also demonstrate the characteristic morphology 

of aggregates obtained in vitro [93]. Presumably, similar amyloid structures in the oocyte 

envelope in various organisms contribute to protection against various external influences, 

including mechanical pressure and temperature changes. Moreover, such amyloid aggregates 

have been described as structural elements of chicken oocytes and are also found in the egg shells 

of D. melanogaster [144]. 

Functional amyloids have also been described in another kingdom of living organisms – 

plants. The main function that they perform is to store nutrients in the form of proteins. One 

example of such amyloids is the protein Vicilin, aggregates of which are stored in Pisum sativum 

seeds. The study showed that the amount of aggregates increases during seed maturation and 

decreases during seed germination.  It has also been shown that the resulting aggregates are 

resistant to digestion by gastrointestinal enzymes and exhibit toxicity to yeast and mammalian 

cells [12].  The functional amyloid CnAMP2 performs a different function, namely, it is an 

amyloid-like AMP (antimicrobial peptide). This protein was isolated from the liquid endosperm 
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of the coconut Cocos nucifera. Aggregates obtained in an aqueous buffer have such amyloid 

properties as binding to dyes (Congo red and Thioflavin T), and fibrils are also observed when 

visualized using TEM. However, there is no evidence that the CnAMP2 protein exhibits AMP 

properties in an aggregated form [55]. 

3. Pathological amyloids 

To date, more than 30 diseases are known, the cause of which is the formation of 

amyloids. The type of treatment depends entirely on the type of protein being aggregated and, 

therefore, on the underlying pathogenesis. Proteins whose aggregation causes the development of 

amyloid diseases include: Aß, α-synuclein, tau protein, β-2-microglobulin, amylin, and many 

others [120]. 

3.1. Amyloid peptide β 

Aß (Amyloid peptide β) is a product of enzymatic cleavage of the transmembrane 

domain of the APP protein under the action of β - and γ-secretase enzymes (Selkoe, 2011). 

To date, 2 Aß peptides are known, consisting of 40 and 42 amino acid residues, respectively. 

The most toxic is the peptide oligomers with 42 amino acid residues [43]. In Alzheimer's 

disease, aggregates of the Aß peptide accumulate, and there is evidence that aggregates can 

include various proteins, including the tau protein [32]. Moreover, the Aß protein has been 

shown to interact with the PrP protein in yeast cells [130]. Usually, the symptoms of 

Alzheimer's disease appear later in life due to changes in the ratio of β - and γ-secretase 

enzymes and the accumulation of the pathogenic form of the Aß protein in neurons [138]. 

However, mutations have been described that lead to an increased likelihood of Alzheimer's 

disease at an early age due to changes in the level of full-length APP production or an 

increase in the enzymatic activity of γ-secretase and an increase in the level of the Aß peptide 

[132]. To prove that this amyloid is a prion, experiments were conducted to prove the 

infectivity of aggregates. Injection of in vitro-derived fibrilsor brain homogenate from a sick 

animal resulted in increased amyloidogenesis or induction of a prion transition [101, 106]. 

3.2. SSA protein 

The protein determinant of amyotrophic lateral sclerosis is the protein SAA1 (Serum 

Amyloid A). The Saa gene family in humans encodes 4 proteins, one of which is expressed 

continuously (SAA4), while the others are expressed depending on environmental factors [162]. 

The level of SAA1 increases in response to a chronic bacterial infection, and during such an 

infection, amyloid aggregates, mostly consisting of SSA1 protein, can be detected in the blood 

https://docs.google.com/document/d/1lzu-xCddPKpA-QBXZmzMtyqL-XqdGr2t3qfvi1jtQvo/edit#heading=h. 1gpiias
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serum. However, there are some difficulties in proving the prion properties of the SAA1 protein. 

Despite the fact that the injection of fibrils obtained from a sick animal accelerates 

amyloidogenesis in the recipient, based on this alone, it cannot be said that this protein has 

infectious properties due to the fact that it itself is not capable of de novo aggregation [107]. 

3.3 tau protein 

The main function of the tau protein is to stabilize microtubules in neurons. In the study 

of neurodegenerative diseases such as Alzheimer's disease and Parkinson's disease, it has been 

shown that the tau protein is included in the resulting protein aggregates (Aß or α-synuclein) or 

forms separate small aggregates. These aggregates can be transferred from cell to cell and are 

infectious when introduced into the brain. This was proved in an experiment in which oligomers 

of the tau protein isolated from the brain of a person who died from Alzheimer's disease led to 

the occurrence of the disease in mice [87,100]. 

3.4 Huntingtin protein 

Aggregation of the huntingtin protein leads to the development of Huntington's disease. 

This is a hereditary disease caused by an increase in the number of repeats of the CAG code in 

the HTT geneencoding the amino acid glutamine. Currently, the HTT protein is considered to be 

involved in vesicle transport and intracellular transport. The HTT protein also acts as a 

transcription factor, in particular, it regulates the transcription of the BDNF gene (the protein 

encoded by this gene is responsible for regulating the formation of neurons during neurogenesis) 

[15]. 

In the human population, up to 34 a.c. glutamine residues are usually found in the HTT 

protein [88]. However, when the number of repeats is exceeded, these amino acid sequences 

assume a different conformation from the main one for the HTT protein, and form toxic amyloid 

aggregates that accumulate in various parts of neurons in the basal ganglia and other brain 

structures [133]. At first, this leads to a violation of shallow gait, the appearance of tremors and 

"dancing gait", and as the disease progresses, the functions of the cerebral cortex are disrupted 

and the striatum atrophies, which ends in a fatal outcome. [159]. At the cellular level, several 

processes occur at once, which lead to the death of neurons and disruption of brain function. 

Aggregates of both the full-length HTT protein and its poly-Q region can be formed both in the 

cytoplasm and in the nuclei of neurons. In the nuclei, these aggregates sequester other proteins, 

which leads to a violation of transcription regulation. In the cytoplasm of the cell, these 

aggregates involve other proteins of the cell, and the amount of soluble HTT protein decreases. 

The formation of aggregates in the cytoplasm leads to disruption of axonal transport in neurons 
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and destruction of synapses, which, in turn, leads to the development of Huntington's disease 

[15]. 

4. Methods for identifying amyloids 

4.1. Experimental methods 

4.1.1 Proteomic screening systems 

Biochemical methods for identifying amyloids are based on their biochemical properties. 

Initially, in the 20th century, there were methods based on the detection of binding to Thioflavin 

T or S, resistance to proteases and detergents, which made it possible to determine the 

amyloidogenicity of one particular protein. Until recently, there were no experimental methods 

for detecting amyloidogenic proteins on the scale of whole proteomes. However, two methods 

have recently been developed, one of which has since been improved: TAPI (Technique for 

Amyloid Purification and Identification-protocol for purification and identification of amyloids) 

and PSIA (Proteomic Screening and Identification of Amyloids – Proteomic Analysis and 

identification of amyloids). Both are based on the resistance of amioloids to denaturing agents 

(SDS, sarcosylate) [3]. In the first method, TAPI, the following manipulations are performed to 

identify amyloids. At the first stage, the cells are destroyed, then the resulting solution is 

centrifuged in a gradient of 40% sucrose. As a result of these manipulations, cellular proteins are 

separated, and the sedimentary fraction contains proteins that are part of amyloid fibrils. The 

resulting fraction is selected and heated to 37°C in a 2% SDS solution to destroy non-amyloid 

protein formations. Then, on the SDD-PAGE, stable amyloid aggregates and soluble protein 

molecules are separated. Protein aggregates do not enter the polyacrylamide gel well and remain 

in its upper part, from where they are cut out and subjected to trypsinolysis to separate into 

smaller fragments. The resulting proteins are then identified by tandem mass spectrometry [82]. 

The PSIA method uses two-dimensional polyacrylamide electrophoresis for separation, which 

makes it possible to compare the molecular composition of two samples with high accuracy. 

Before applying to the gel, proteins from each sample are labeled with a fluorochrome specific to 

each sample. The protein fractions are then separated by two-dimensional electrophoresis. Then 

a fraction of detergent-resistant proteins is excised from the gel, and the proteins contained in it 

are subjected to trypsinolysis and determination by tandem mass spectrometry [109]. The latter 

method has been modified to improve the accuracy of predictions. In parallel with identification 

using two-dimensional polyacrylamide gel electrophoresis, liquid chromatography analysis is 

performed. To do this, a mixture of high-molecular protein aggregates is dissolved and treated 

with trypsin. The individual peptides are then separated by liquid chromatography and analyzed 
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using mass spectrometry [1]. It is important to note that the proteins detected by these methods 

are only candidates for the role of amyloids, and additional experimental evidence is required to 

prove their amyloid properties. These methods include testing for the formation of SDS-resistant 

aggregates in in vivo and in vitro systems, as well as testing for binding to amyloid-specific dyes, 

such as Thioflavin S or Congo red. 

4.1.2. The C-DAG system 

This experimental system was proposed in 2013. This system was based on the well-

known functional amyloid of E. coli bacteria, which belongs to the Curli protein group. The N-

terminal sequence of the CsgA protein is signaling and is involved in the export of proteins to the 

cell surface. When this signal sequence is attached to the N-terminus of the test protein, the 

protein is exported to the bacterial cell surface, where amyloid fibrils will already be assembled. 

A large number of methods that can confirm the amyloid nature of the resulting fibrils 

(determination of the colony phenotype binding to the Congo red dye, visualization of fibrils 

using TEM and analysis of birefringence) make this method very good for mass screenings of 

potentially amyloidogenic proteins (Figure 1). 

 

Figure 1 — C-DAG system. A. When grown on a medium with Congo red, colonies of 

bacteria that produce CsgAss-NM are colored red. B. CSGASS-NM secretion leads to the 

appearance of fibrillar aggregates that can be visualized using electron microscopy. C. 

Fibrillar aggregates formed by the CsgAss-NM protein, They can be detected by TEM after 

binding to labeled antibodies to the Sup35 protein. D. When the CsgAss-NM protein is 

overproduced, fibrillar aggregates also give an apple-green glow as a result of birefringence 

in polarized light (according to [146]). 

4.1.3. Yeast systems 

S. cereviseae yeast cells can be used to study the amyloid properties of proteins that are 

described as potential amyloids as a result of bioinformatic screeningsS. cereviseae. For such 
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tests, constructs are used that allow the overproduction of proteins of interest crosslinked with 

fluorescent proteins in yeast cells. Detection of aggregates can be performed using fluorescence 

microscopy (the presence of luminous foci may indicate the presence of amyloid properties). 

Another property of amyloids that is tested in such systems is resistance to detergents, such as 

SDS. For this purpose, tests are performed using the SDD-AGE method to identify stable 

aggregates [25, 6, 124]. 

The ability of Sup35 protein to form aggregates in yeast cells can be used to test various 

proteins whose amyloidogenicity is predicted using various algorithms. Previously, it was shown 

that overproduction of a chimeric protein consisting of the human amyloidogenic protein and the 

prion domain of the yeast Sup35protein leads to aggregation of the Sup35 monomeric protein 

and the appearance of the [PSI+] factor in yeast cells in the absence of pre-existing prions, such as 

[PIN+], which can serve as a matrix for aggregation of the Sup35 protein. As a positive control, 

the yeast test system uses a construct containing the Sup35 prion domain fused with the Aß 

peptide [25]. If the protein of interest is amyloidogenic, the prion [PSI+] appears in the yeast cell 

(Figure 2). It is assumed that the prion domains of the Sup35 monomeric protein aggregate in the 

cell as a result of the formation of amyloid aggregates of the protein of interest.  When the prion 

[PSI+] is induced, cell growth will be observed on media that do not contain adenine, and they 

will be white on 1/4 YEPD medium, and after a series of passages on YEPD medium with HGH, 

they will lose the prion phenotype. This system uses a premature stop codon in the Ade1 gene. In 

cells that do not carry the [PSI+] prion, the prematurely generated stop codon is not read, and as a 

result, the functional enzyme is not synthesized. This leads to the accumulation of red pigment in 

the cells in the case of growing cells on 1/4 YEPD medium and the absence of cell growth on 

medium without adenine. This verification system was proposed by Yuri Olegovich Chernov 

[25]. 

 

Figure 2-Yeast test system. In the case of potentially amyloidogenic protein crosslinked 

with the N-domain of Sup35 protein, protein aggregates are formed, which induces 

aggregation of Sup35 protein, which leads to the appearance of the prion [PSI+]. Drawing 

provided by A. A. Zelinsky, personal message. 
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Another version of the system, which takes advantage of the yeast protein Sup35's 

ability to form amyloid aggregates, was proposed by Vaughn Der Haar in 2007. In this 

method, we proposed replacing the N-terminal domain of the Sup35 protein, which is 

necessary for the formation of the prion [PSI+], with a potential amyloid protein. Using such 

system, prion formation can be detected using standard selective media for S. cerevisiae 

yeast [158]. An important advantage of this system is that the analysis of amyloid properties 

is carried out without the wild-type Sup35 protein, which can, although with a low 

frequency, spontaneously aggregate and give a false positive result. However, a common 

disadvantage of such methods is that the studied protein is overproduced, which increases 

the probability of aggregates forming. Also, it is worth noting that we over-produce human 

proteins in cells of another organism, and the absence of any post-translational 

modifications and chaperone systems can lead to both false positive and false negative 

results. 

 

5. The nucleoporin family of proteins 

5.1. Characteristics of nucleoporin proteins 

Nucleoporins are an extensive family of proteins, with more than 3,000 known mammalian 

proteins [40]. These proteins form a structure called the nuclear pore (Figure 3). This pore is a 

symmetrical structure containing 8 identical components [9]. When studying the nuclear pore 

using cryo-electron microscopy, researchers distinguish 3 parts: (i) the nuclear basket, (ii) the 

cytoplasmic ring, and (iii) the central pore framework (Fig.  It is worth noting that each nuclear 

pore is a unique set of different nucleoporin proteins, and each pore is responsible for the 

transport of certain molecules inside the cell. Proteins in the pore structure form various 

subcomplexes, which are formed on the basis of the biochemical affinity of various proteins 

[78]. 
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Figure 3-Structure of the eukaryotic nuclear pore. By [78] 

 

Depending on the location of nucleoporins in the nuclear pore, they may contain different 

types of structural domains. Proteins contain α-helices, β-sheets, and special structural units – 

phenylalanine-glycine repeats (FG repeats) [63]. About a third of the nucleoporin proteins 

contain such FG repeats. Such structural elements are enriched in the nucleoporin sequences that 

are located in the middle part of the nuclear basket. It is assumed that these nucleoporins, having 

a disordered structure, form a gel in the center of the nuclear pore, which acts as a selective filter. 

FG repeats also play an important role in recognizing molecules for transport and binding to it 

[68, 78]. The structure of the nuclear pore complex is highly conserved. A study conducted in 

yeast compared with other eukaryotes showed similarities in the localization and function of 

nucleoporin proteins. However, the amino acid sequence of these proteins has not been shown to 

be sufficiently conserved [78]. Due to the fact that different nucleoporins can be expressed in 

different tissues, mutations in them can lead to various disorders in the development of organ 

systems or even the whole organism [78]. The functions of nucleoporins also include 

transcription regulation, both mediated through the regulation of transcription factor transport 

into the nucleus and through interaction with chromatin adjacent to the inner membrane of the 

nucleus near the nuclear pores [91, 164]. A complex system of interaction between nucleoporins, 

signal proteins, and transport targets is involved in regulating cell differentiation and maintaining 

their functions [78, 165]. 
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NUP58 protein 

Human protein NUP58 is a protein of the middle part of the nuclear pore and contains a 

large number of FG repeats [78]. In the nuclear pore, this protein functions as a tetramer due to 

its C-terminus [80]. FG-repeat-rich regions interact with other proteins involved in nuclear pore 

transport, in particular with complex partners (NUP54 and NUP62 proteins), as well as with 

importin-β and Cariferin β-1 [94]. The NUP58 protein forms homotetramers or heterotetramers 

with the NUP54 protein in the central channel of the pore. In the NUP58 protein itself, a region 

with α-helices (239-415 a.s.) can be distinguished, which is flanked by unstructured regions rich 

in FG repeats [80]. The complex of NUP54 and NUP58 interacts with the NUP62 protein, which 

forms a complex of three proteins that is anchored in the cell membrane [141]. The NUP54 and 

NUP58 proteins play a key role in the "opening-closing" cycle of the nuclear pore. Namely, the 

dimer consisting of the NUP58 protein is shifted relative to another similar dimer and the nuclear 

pore channel opens [141]. It should be noted that sites enriched with FG repeats also participate 

in nuclear cytoplasmic transport. It has been shown that importin proteins bind to these regions 

and transport importin-carrying molecules to and from the nucleus [80]. Another function of the 

NUP58 protein is to interact with the fission spindle and centrosomes during mitosis. It has been 

shown that a decrease in the amount of NUP58 protein leads to abnormal centrosome formation 

and mitotic anaphase disturbances [61]. 

5.2 Amyloid properties of nucleoporins 

An important function of barrier nucleoporins, as basic components of the nuclear pore 

complex, is to ensure the selective exchange of macromolecules between the nucleus and 

cytoplasm. The implementation of this complex task is achieved due to the peculiarities of the 

amino acid sequence of these proteins. The primary structure of barrier nucleoporins is 

characterized by the presence of extensive internally disordered regions of FG repeats, which are 

replaced by segments enriched in glutamine and asparagine (Q/N) [33]. Nevertheless, the 

features under consideration are also found in the structure of yeast infectious amyloids. In this 

case, the presence of such regions contributes to internal reorganization and the formation of a 

stable β-folded conformer, which is formed after [157]. In other words, the same structural 

features are involved in the functioning of the nuclear pore complex along with the formation of 

amyloid fibrils. 

Under in vitro conditions, many FG-nucleoporins form hydrogels in a certain 

concentration, actually reproducing the structure of the permeability barrier of the nuclear pore 

complex [49, 105]. This phase separation is caused by amyloid-like interactions between 

nucleoporins. Based on this, it can be assumed that the aggregation of nucleoporins can 
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participate in the regulation of transport. It is known that about 200 proteins of the yeast 

Saccharomyces cerevisiae have similar fragments to amyloid proteins in their amino acid 

sequence [10, 103]. Most yeast nucleoporins have been shown to have amyloid properties, such 

as the formation of detergent-resistant aggregates [10]. Among them, there are barrier 

nucleoporins enriched in FG and Q/N regions, as well as proteins containing aromatic and 

hydrophobic amino acid residues (Fig.59 Hydrophobic interactions between FG motifs are 

extremely important and necessary for creating a size-selective barrier for protein diffusion in the 

nuclear pore complex [118]. 

 

Figure 4-Diagram of the complex of the nuclear pore and internally disordered 

GLFG nucleoporins that make up its central region 

During experimental tests, it was shown that the Q/N-enriched region of FG-nucleoporin 

fused with CFP Nup100 S. cerevisiae, namely amino acids (201st to 400th), forms glow foci 

when overexpressed in wild-type yeast cells. The formation of such foci leads to a violation of 

the localization of other FG nucleoporins, as a result of which they are found in the zone of glow 

points, and not in the region of the nuclear pore [59].  

In addition, the Nup100 fragment, which has the greatest similarity to yeast prions, was 

tested for its ability to form aggregates in vitro. It was found that the amino acid sequence from 

300 to 400 has seven FG repeats and consists of 38% of residues Q and N. It was shown that this 

fragment can form fibrils in vitro. Even if Nup100 aggregates300-400 are added to the protein 

fragment solution, a significant lag phase is detected in the complete absence of pre-existing 

fibrils. However, when preformed Nup100 300-400 aggregates are added to the reaction 

medium300-400
 , no increase in the aggregation rate is observed. At the same time, when adding 

Nup100201-400 in vivo, there is a clear dependence on the presence of a pre-existing factor [PIN+]. 

Thus, the obtained aggregates revealed a fluorescent glow when interacting with Thioflavin T, as 

well as a morphology characteristic of amyloids under electron microscopy. 
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It should be noted that not only individual regions of Nup100 nucleoporin are capable of 

aggregation. For example, a full-length protein fused with GFP overexpressed in yeast cells 

showed multiple foci of fluorescence. The isolated aggregates proved to be resistant to SDS 

treatment, and also had the ability to induce changes in the structure of soluble Nup100 to an 

amyloid-like one [59]. 

Most of the yeast nucleoporins, including the Nsp1 protein, can also be attributed to yeast 

amyloids [10]. Studies were conducted for this protein, which showed that it can form hydrogels 

[4]. According to the two-dimensional NMR spectrum, mobile segments do not have a constant 

structure [71]. In the course of the conducted studies, it was shown that in the case of hydrogels 

formed by the Nsp1 protein, an interaction between phenylalanine residues is observed. Most 

likely, such hydrophobic interactions are necessary for gel formation, since mutant FG domains 

without hydrophobic residues do not form hydrogels [49]. The predominance of the β-folded 

structure was also shown for fragments enriched with NQTS amino acid residues [161]. 

According to other experiments, the nucleoporin fragment Nsp12-277 can be assumed to 

form intermolecular β-sheets, which act as the main structural element of the hydrogel [4]. It is 

also known that the FG / FxFG domain of the Nsp1 protein forms a hydrogel with permeability 

properties that are similar in nature to the barrier of the nuclear pore complex [49]. It is 

important to note that inter-stranded β-sheets are also characteristic of amyloid fibrils [27]. In 

earlier studies, some nucleoporins were characterized as Q/N-rich ([103] and associated with 

such amyloid-forming proteins as huntingtin and its variants or yeast translation terminators 

Sup35 [34]. 

An example of an amyloid-forming Q/N-rich domain is residues 2 to 41 of yeast protein 

Sup35 [83]. Two-dimensional NMR spectroscopy of the Nsp1 protein shows that FG repeats 

with Q/N-enriched inserts interact through intermolecular β-sheets in the same way as in 

individual Sup35 protein molecules [4]. Based on this similarity, interactions between the Nsp1 

and Sup35 domains are possible. This fact was confirmed by studying hydrogels from the N-

terminal (𝐹𝐺2−175−175
𝑁𝑠𝑝11

) or full FG/FxFG domain of Nsp1 (𝐹𝐺 ∕ 𝐹𝑥𝐹𝐺2−601−601
𝑁𝑠𝑝11

) and fluorescently 

labeled Sup352-140. During the experiment, the fluorescence level inside the FG hydrogel 

increased 100-fold. These results allow us to state the fact that proteins enriched with FG repeats 

can interact with protein fragments Sup352-140. Based on this, it can be suggested that proteins 

rich in FG repeats may be part of aggregates of known amyloids. 
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5.3 Effect of protein aggregation on nuclear cytoplasmic transport 

 

One of the characteristic features of neurodegenerative diseases is the accumulation of 

protein aggregates. As a result of the formation of such aggregates, cascading disturbances in the 

functioning of the highly conservative mechanism of nuclear cytoplasmic transport in the cell 

also occur. [19]. As you know, the process of exchanging molecules between the nucleus and 

cytoplasm is necessary for the normal functioning of the cell. For long-lived cells, such as 

neurons, this process is particularly important. This is due to the fact that proteins associated 

with DNA maintenance and repair enter the nuclear structures of postmitotic nondividing cells 

precisely through the mechanism of nuclear-cytoplasmic transport [110]. In the case of 

neurodegenerative processes, the nuclear pore complex is damaged by accumulating protein 

aggregates, which can lead to cell death [28]. In addition, protein and RNA aggregates may 

affect the functioning of certain nucleoporins [57]. In medical diagnostics, protein fibrils are 

characteristic biomarkers of the progression of various neurodegenerative pathologies: 

amyotrophic lateral sclerosis, frontotemporal dementia, Alzheimer's disease, Huntington's 

disease, and Parkinson's disease [154]. For example, in modern medical practice, amyotrophic 

lateral sclerosis is usually considered as a neurodegenerative disease with a fatal outcome. The 

pathogenesis of the disease is characterized by the loss of motor neurons in the brain and spinal 

cord [153]. Patients with progressive amyotrophic lateral sclerosis have behavioral and cognitive 

impairments due to atrophy of the frontotemporal cortex [151]. In this regard, such symptoms 

are often diagnosed as frontotemporal dementia. The difficulty in making an accurate diagnosis 

provokes the need to consider the symptoms characteristic of the diseases listed above, together 

to determine the overall clinical picture.  

According to a number of studies, most patients with amyotrophic lateral sclerosis show 

the amyloidogenic protein TDP-43, which is characterized by an altered subcellular localization 

and partially disappears from the nucleus in neurons and glial cells [95]. The nuclear RNA 

binding protein TDP-43 is known to be encoded by the TARDBP gene. In addition to its nuclear 

functions, TDP-43 takes part in processes occurring in the cytoplasm: for example, it maintains 

stability, provides transport and translation of mRNA [18]. In other words, the presence of this 

protein, which freely moves through the nuclear pore complex, is necessary for the normal 

functioning of neurons. On the other hand, this protein undergoes phase separation in the cell 

cytosol in in vivo models after overexpression or exposure to amyloid-like TDP-43 fibrils [51]. 

Drops of cytosolic TDP-43 recruit importin-α and Nup62, provoke incorrect localization of 

RanGAP1, Ran, and Nup107 genes, which contributes to the inhibition of nuclear-cytoplasmic 

transport.  
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Another example of impaired nuclear cytoplasmic transport is Huntington's disease. The 

development of the disease is caused by an extended CAG trinucleotide repeat in the HTT gene, 

which encodes the huntingtin protein. Patients carrying the mutation are characterized by the 

formation of abnormally long polyglutamine sequences in the huntingtin structure, which 

together affects toxic enhancement of protein function and aggregation and ultimately leads to 

neuronal death [15]. The indirect mechanism of HTT interference in the nuclear pore complex is 

confirmed by the presence of GLE1 among other proteins sequestered by polyglutamine 

formations in Huntington's disease [52]. When modeling the disease in vivo, several proteins 

important for nuclear cytoplasmic transport, including RanGAP1, Nup62, and Nup88, form 

intranuclear inclusions that colocalize with HTT aggregates in neurons of the striatum and 

cerebral cortex [57]. 

Thus, to date, medical diagnostic data indicate a relationship between the formation of 

aggregates in nerve tissue cells and the presence of structural and functional damage to the 

nuclear pore complex. However, the functional role of impaired nuclear cytoplasmic transport in 

the development and progression of neurodegenerative diseases remains unclear. On the one 

hand, nuclear cytoplasmic transport dysfunction may underlie a common pathogenetic 

mechanism that precedes the progression of neurodegenerative diseases. On the other hand, this 

disorder can occur already due to the functioning of specific pathological aggregates in 

neurological disorders of various etiologies. For this reason, a wide field opens up for a more 

detailed study of the mechanism of the relationship between the dysfunction of nuclear 

cytoplasmic transport and the formation of protein aggregates in various models of pathological 

conditions. 
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CHAPTER 2. MATERIALS AND METHODS 

2.1 Strains and plasmids 

The S. cerevisiae strains used in this study are listed in Table 2. 

Table 2* - S. cerevisiae yeast strainsused in the study 

Strain Genotype Source 

2-74-D694 MAT a ade1-14(UGA) trp1-289(UAG) ura3-52 his3-200 

leu2-3, 122 [psi-] [pin-] 

[35] 

74-D694 MAT a ade1-14(UGA) trp1-289(UAG) ura3-52 his3-200 

leu2-3, 122 [psi–] [PIN+] 

[35] 

OT56 MAT a ade1-14(UGA) trp1-289(UAG) ura3-52 his3-200 

leu2-3,112 [PSI+]S [PIN+] 

[35] 

1-OT56 MATa ade1-14 (UGA) trp1-289(UAG) ura3-52 his3-200 

leu2-3,112 [psi-] [PIN+] 

[98] 

2-OT56 MATa ade1-14 trp1-289 his3-Δ200 leu2-3,112 ura3-52 

[psi-] [pin-] 

[98] 

OT56-NLS-GFP MAT a ade1-14(UGA) trp1-289(UAG) ura3-52 his3-200 

leu2-3,112 [psi-] [PIN+] 

provided by 

A. G. 

Matveenko 

1-OT56-NLS-GFP MAT a ade1-14(UGA) trp1-289 (UAG) ura3-52 his3-200 

leu2-3,112 [psi-] [pin-] 

Obtained in 

this work 

* Standard designations are used for mating loci and mutations. Alleles of the mating 

locus are designated MAT a and MAT α. The mutant alleles ade1-14 and lys2-87 contain the 

premature stop codon UGA [2], while the trp1-289 allele contains UAG [24]. These mutations 

lead to auxotrophy of strains (lack of growth) on media that do not contain adenine, tryptophan, 

and lysine, respectively. 
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Table 3 - E. coli bacterialstrains used in the study 

Strain Genotype Application Source 

DH5a supE44 ΔlacU169 (φφ80 lacZΔM15) 

hsdR17 recA1 endA1 gyrA96 thi-1 relA1 

Plasmid 

development and 

routine bacterial 

transformation 

[131] 

DB3. 1 F-gyrA462 endA1 glnV44 Δ(sr1-RecA) 

mcrB mrr hsdS20 (rB -, mB-) ara14 galK2 

lacY1 proA2 rpsL20 (Smr) xyl5 Δleu 

mtl1 Plasmid 

lifetime with ccdB 

cassette 

Thermo 

Scientific 

BL21(D

E3) 

F- ompT gal dcm lon hsdSB(rB- mB-) 

λ(DE3 [lacI lacUV5-T7 gene1 ind1 sam7 

nin5]) 

Operating time 

Production of 

recombinant 

proteins 

[149] 

VS39 F- [araD139] B/r Δ(argF-lac)169 λ-e14-

flhD5301 Δ(fruK-yeiR)725(fruA25) relA1 

rpsL150(strR) rbsR22 Δ(fimB-fimE) 

632(::IS1) deoC1 Δ(csgBAC)(:: KanR) 

Conducting 

experiments in the 

C-DAG system 

[146] 

 

The plasmids used in this study are listed in Table 4. 

Table 4-Plasmids used in the study.  

Plasmids of the pDONR221 series (excluding the plasmid with the NUP58 gene) were 

constructed as follows. The product obtained during PCR reactions was cloned into the 

pDONR221-ccdB vector (primers are shown in Table 5) during the BP cloning reaction. 

Plasmids of the pVS-GW, pAG416GPD-EGFP, and pAG415GPD-Cerulean series were obtained 

by performing LR reactions, where the sequence for cloning was cut from plasmids of the 

pDONR221-ccdB series. 

The name of the plasmid Markers Source 

pDONR221-NUP58 KanR TermoFisher(Scientific) 
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Ultimate ORF Clone 

pDONR221-ccdB KanR TermoFisher(Scientific)  

#12536017 

pDONR221-NUP58-1-213 KanR [30] 

pVS105 AmpR [146] 

pVS72 AmpR [146] 

pVS-GW-Sup35M AmpR [30] 

pVS-GW-Sup35NM AmpR [30] 

pVS-GW-ccdB AmpR [30] 

pVS-GW-NUP58 AmpR [30] 

pVS-GW-NUP58-1-213 AmpR [30] 

pDONR221-NUP58-1-95 KanR Obtained in this work 

pDONR221-NUP58-215-599 KanR Obtained in this work 

pVS-GW-NUP58-215-599 AmpR Obtained in this work 

pVS-GW-NUP58-1-95 AmpR Obtained in this work 

pAG416GPD-EGFP-NUP58-1-95 AmpR, URA3 Obtained in this work 

pAG416GPD-EGFP-NUP58-215-599 AmpR, URA3 Obtained in this work 

pAG416GPD-EGFP-ccdB AmpR,CmR, 

URA3 

Provided by S. Lindquist 

(Addgene plasmid # 

14316) 

pAG416GPD-EGFP-NUP58 AmpR, URA3 Obtained in this work 

pDEST527-ccdB AmpR Provided by D. Esposito 

(Addgene plasmid # 

11518) 

pDEST527-His6-NUP58 AmpR [30] 
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pVSGW-NSP1-1-136 AmpR [31] 

pVSGW-Nup145-1-152 AmpR [31] 

pVSGW-hs-Nup62-1-175 AmpR [31] 

pVSGW-dm-Nup62-1-175 AmpR [31] 

pVSGW-tg-Nup58-60-320 AmpR [31] 

pVSGW-sp-Nup45-1-220 AmpR [31] 

pVSGW-Nup100-1-400 AmpR [31] 

pVSGW-dm-Nup98-250-500 AmpR [31] 

pVSGW-sp-Nup98-250-500 AmpR [31] 

pVSGW-hs-Nup98-250-500 AmpR [31] 

pDONR221-NSP1-1-136 KanR [31] 

pDONR221-Nup145-1-152 KanR [31] 

pDONR221-hs-Nup62-1-175 KanR [31] 

pDONR221-dm-Nup62-1-175 KanR [31] 

pDONR221-tg-Nup58-60-320 KanR [31] 

pDONR221-sp-Nup45-1-220 KanR [31] 

pDONR221-Nup100-1-400 KanR [31] 

pDONR221-dm-Nup98-250-500 KanR [31] 

pDONR221-sp-Nup98-250-500 KanR [31] 

pDONR221-hs-Nup98-250-500 KanR [31] 

pAG416GPD-EGFP-NSP1-1-136 AmpR, URA3 Obtained in this work 
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pAG416GPD-EGFP-Nup145-1-152 AmpR, URA3 Obtained in this work 

pAG416GPD-EGFP-hs-Nup62-1-175 AmpR, URA3 Obtained in this work 

pAG416GPD-EGFP-dm-Nup62-1-175 AmpR, URA3 Obtained in this work 

pAG416GPD-EGFP-tg-Nup58-60-320 AmpR, URA3 Obtained in this work 

pAG416GPD-EGFP-sp-Nup45-1-220 AmpR, URA3 Obtained in this work 

pAG416GPD-EGFP-Nup100-1-400 AmpR, URA3 Obtained in this work 

pAG416GPD-EGFP-dm-Nup98-250-500 AmpR, URA3 Obtained in this work 

pAG416GPD-EGFP-sp-Nup98-250-500 AmpR, URA3 Obtained in this work 

pAG416GPD-EGFP-hs-Nup98-250-500 AmpR, URA3 Obtained in this work 

pAG415GPD-ccdB-Cerulean AmpR, LEU2 Provided by S. Lindquist 

(Addgene plasmid # 14386) 

pAG415GPD-Cerulean-dm-Nup62-1-

175 

AmpR, LEU2 Obtained in this work 

pAG415GPD-Cerulean-NSP1-1-136 AmpR, LEU2 Obtained in this work 

pAG415GPD-Cerulean-Nup145-1-152 AmpR, LEU2 Obtained in this work 

pAG415GPD-Cerulean-tg-Nup58-60-

320 

AmpR, LEU2 Obtained in this work 

pAG415GPD-Cerulean-dm-Nup98-250-

500 

AmpR, LEU2 Obtained in this work 

pAG415GPD-Cerulean-sp-Nup98-250-

500 

AmpR, LEU2 Obtained in this work 

 

2.2 Cultivation medium and conditions 

To grow yeast cells under nonselective conditions, we used a complete YEPD medium 
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[72]. To conduct experiments on the cultivation of crops and transformants, as well as to test the 

phenotype using selective markers, we used a synthetic SC medium based on YNB [72]. The 

complete SC medium contained additives in the following concentrations: 20 mg/l adenine sulfate 

(for solid) or 40 mg/L mg/L (for liquid), 20 mg/L L-histidine, 20 mg/L L-lysine, 60 mg/L L-

leucine, 20 mg/L L-methionine, 150 mg/l L-threonine, 20 mg/l L-tryptophan, 20 mg/l uracil. All  

S. cerevisiae cells were grown at 30°C.With and at a mixing speed of 200 rpm [72]. 

When conducting experiments in which it was necessary to estimate the optical density of 

the culture, we used an iMark flatbed photometer (BioRad) with a light filter. The optical density 

of the yeast culture was recorded at an analytical wavelength of 595 nm. The measurements were 

carried out in a volume of 200 µl, and we used a medium similar to that in which the cells were 

grown as a control liquid.  

To grow E. coli cells, we used LB medium: liquid – for plasmid production, solid-for 

seeding transformants and maintaining bacterial strains, respectively [131]. To grow E. coli 

cellscontaining plasmids or select transformants, we added antibiotics to the LB medium: 100 

mg/l ampicillin or 50 mg/l kanamycin. All E. coli cells were grown at a temperature of 37°C, with 

constant stirring at a speed of 250-300 rpm (in the case of growing cells in a liquid medium). For 

experiments in the C-DAG system, LB solid medium with the following additives was used: L-

arabinose (0.2% (w/v)), IPTG (0.1 mM), Congo red dye (10 micrograms/ml), ampicillin (200 

mg/L) and chloramphenicol (50 mg / ll). 

To conduct experiments in the C-DAG (Curli-dependent amyloid generator) system, we 

transformed E. coli strain VS39 cells with target plasmids and grew a night culture in LB medium 

with the addition of ampicillin and chloramphenicol at 37°C. The resulting crops were sown on a 

series of plates:  

● experimental plate (L-arabinose (0.2% (w/v)), IPTG (0.1 mM), Congo red dye (10 

mcg / ml), ampicillin (200 mg / L) and chloramphenicol (50 mg/L)), 

● a cup with inducers (L-arabinose (0.2% (v/w)), IPTG (0.1 M), ampicillin (200 

mg/L) and chloramphenicol (50 mg / L)), 

● a control cup that contains only antibiotics.  

The resulting plates were incubated at different temperatures, namely 22°C, 26°C and 

30°C (according to [146]). In the course of the work, variants with 0.5 x, 1x, and 2x 

concentrations for the Congo red dye, L-arabinose, and IPTG in various combinations were 

experimentally tested. Modified protocols were used for the final experiments in the C-DAG 

system. Modified plasmids pVS-GW Sup35M and pVS-GW-Sup35NM and classical plasmids 

pVS72 and pVS105 from the original paper [146]. 
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2.3 Bacterial transformation 

To develop plasmids in the E. coli strain, we performed bacterial transformation of 

chemically competent cells [131]. To do this, we added plasmid DNA to the competent cells in the 

amount of 50 to 100 ng. per reaction, depending on the experiment. The cells were then incubated 

in ice for 30 minutes. The cells were then subjected to thermal shock in a water bath at 42°C for 1 

minute. After that, we added an antibiotic-free LB medium to the cell suspension, bringing the 

total volume to 1 ml. The resulting mixture was then incubated by stirring in a thermostat at 37°C. 

At the end, we seeded the cells on a selective medium and grew the transformants for 12-16 hours 

at 37°C. 

To develop the recombinant protein, we performed chemical transformation of BL21(DE3) 

cells of the E. coli strain. To do this, we grew the cells overnight in a non-selective LB medium. 

Stationary cell culture was diluted 100 times and grown to the logarithmic stage. After that, we 

deposited the cells, washed them with 0.1 M CaCl2,2 and left them to incubate in ice for an hour. 

After that, plasmid DNA was added to the cells in an amount of 100 to 200 ng per reaction. The 

cells were then incubated in ice for 30 minutes. Next, the cells were subjected to thermal shock in 

a water bath at 42°C for 1 minute. After that, we added an antibiotic-free LB medium to the cell 

suspension, bringing the total volume to 1 ml. The resulting mixture was then incubated by 

stirring in a thermostat at 37°C. At the end, we seeded the cells on a selective medium and grew 

the transformants for 12-16 hours at 37°C. 

2.4 Yeast transformation 

In this study, we used standard methods for working with yeast strains [72]. When 

performing yeast cell transformation, the protocol using lithium acetate (hereinafter referred to as 

LiAc) was followed [72]. By the beginning of transformation, the cell concentration in the culture 

should be approximately107 cells/ml. The required number of cells was deposited from the culture 

in a 1.5 ml tube (centrifugation for 1.5 min, 3000-5000 rpm, 3 times), the medium was drained 

after each round of precipitation. The cell sediment was resuspended in 1 ml of water. Then the 

cells were again deposited and drained of water. 0.5 ml of 100 mM LiAc was added to the cell 

sediment. The cells were resuspended in LiAc and centrifuged for 1.5 minutes at a speed of 5000 

rpm, the remaining LiAc was drained. 0.5 ml of 100 mM LiAc was added to the cell sediment, 

resuspended, and left for 20-30 minutes at 30°C. Most of the LiAc was then drained, leaving 

approximately 50-100 µl. Cells were resuspended in this volume. The resulting suspension was 

divided into the required number of eppendorfs and components of the transformation mixture 

were added to them in the following amounts: 

● water (up to the final volume of 360 µl) - 40 µl 
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● PEG 50% (w/v) - 240 µl 

● plasmid (based on the fact that the reaction requires 1.5 mcg of plasmid DNA) - 5 

mcl 

● ssDNA (5 mcg / ml) - 24 mcl 

● 1M LiAc - 36 µl 

 After adding all the components, the mixture was mixed to a homogeneous state and 

incubated for 20-30 minutes at room temperature. Then we subjected the cells to thermal shock 

by incubating them in a water bath at 42°C for 12 minutes (the time indicated for strain 74-

D694). After that, the cells were precipitated by centrifugation for 5 minutes at a speed of 5000 

rpm and the remaining transformation mixture was drained. Then the cells were diluted in 100 µl 

of water and seeded on a selective medium. The plates were incubated in a thermostat at 30°C 

for 4-10 days before the appearance of colonies [131]. 

2.5. Prion loss [PIN+] 

 For prion loss, cells were grown on a medium containing guanidine hydrochloride at a final 

concentration of 4 mM. This chemical agent leads to disruption of the Hsp104 chaperone, which 

is responsible for the fragmentation of aggregates and, as a result, the possibility of transmission 

to daughter cells. The strain was grown for a long time and replanted four times in order to 

increase the probability of prion loss [PIN+]. To test prion elimination, we analyzed the presence 

of Rnq1 aggregates in cells using the SDD-AGE method [81]. 
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2.6. Microscopy 

2.6.1 Fluorescence microscopy 

Temporary preparations for confocal and fluorescence microscopy were prepared by 

depositing 500 µl of a liquid culture of yeast cells in a selective medium at a logarithmic growth 

stage (at an optical density of 0.3-0.4 according to iMark (BioRad)). The resulting precipitate 

was then resuspended in 100 µl of water. Then we mixed 5 µl of the resulting suspension with 

50% (v/v) glycerol in a 1:1 ratio.  

The Zeiss AxioScope A1 was used in this work. To visualize the sequences of proteins 

crosslinked with EGFP, filter 46 (excitation maximum — 500 nm, emission maximum — 535 

nm) was used, and filter 74HE (excitation maxima — 483 nm and 569 nm; emission maxima — 

526 nm and 636 nm) was used to separate autofluorescence from fluorescence. Photos were 

taken using a Zeiss Axiocam ERc s5 camera for a Zeiss Primostar microscope. The ImageJ 

program was used for image processing [136]. 

2.6.2 Transmission electron microscopy 

To study protein fibrils obtained in vitro and in the C-DAG system in vivo, we used 

transmission electron microscopy. Electron microscopy copper meshes (EMS G200-Cu) coated 

with a formvar film were used to prepare the preparations. 5 µl of a solution with a solution of 

fibrils or a suspension of VS39 bacterial cells was applied to the mesh from a cup with Congo 

red dye, after 30 seconds the excess was removed with filter paper. After that, the mesh was 

incubated with a solution of 1% (w/v) uranyl acetate for 30 seconds, then the preparation was 

washed with water [146]. The obtained preparations were analyzed in the Resource Center 

"Development of Molecular and Cellular Technologies" of St. Petersburg State University using 

a JEM-1400 microscope (Jeol). 

2.6.3 Polarizing microscopy 

To prove the binding of the Congo Red dye to the fibrils of the studied protein in in vivo 

and in vitro systems, we used polarization microscopy. In the case of in vivo preparations, 

bacterial cells were removed from a solid medium containing inducers (L-arabinose and IPTG), 

as well as a Congo red dye, and applied to a slide. Next, the resulting preparation is covered with 

a cover glass. In the case of in vitro fibrils, the sample was applied to a clean slide 

(approximately 20 µl of solution), after which the sample was allowed to dry completely. Then a 

solution of Congo Red dye was applied to the dried film (2.5 mg / ml in water; to remove 

crystals, the solution was previously filtered through an antibacterial filter) so that it covered the 
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entire film. After that, we expected 5 to 15 minutes, depending on the protein. For Sup35NM and 

BSA proteins, the incubation time with Congo red is 5-10 minutes (personal message from Yu. 

V. Sopova, for the NUP58 protein, the incubation time was selected experimentally and was 10-

15 minutes). Then we selected a solution of Congo red and washed off the remaining 70% 

alcohol. After that, we applied 5 µl of glycerol and covered it with a cover glass. The obtained 

preparations were analyzed in both cases in the RC "Development of Molecular and Cellular 

Technologies" of St. Petersburg State University using a DMI6000 microscope (Leica). 

2.7 Methods of working with nucleic acids 

2.7.1 Isolation and purification of DNA 

We isolated plasmid DNA using a GeneJET Plasmid Miniprep Kit (Fermentas or Thermo 

Scientific). A GeneJET PCR purification kit (Thermo Scientific) was used to purify PCR 

products. All manipulations were performed according to the manufacturer's protocol. 

2.7.2 PCR (polymerase chain reaction) 

For PCR, we used the pDONR221-NUP58 plasmid as a template and primers: NUPL1-F-

1-213 and NUPL1-R-1-213 for amplification of the amyloidogenic region of the NUP58 protein 

(Table 4). For PCR preparation, we used Taq polymerase (Sibenzyme) in the amount of 0.5-1 

activity units per 10 µl of the reaction, a mixture of deoxynucleotide triphosphates at a final 

concentration of 2 mM, 10x buffer for PCR (Sibenzyme), and primers at a final concentration of 

2-4 pmol/µl.  

Amplification reaction program: 

1. DNA denaturation – 30 seconds, 95°C. 

2. Fragment amplification – 25 cycles: DNA denaturation – 30 seconds, 95°C. 

Primer annealing – 1 minute 57°C. DNA synthesis – 1 minute, 72°C. 

3. Completion of DNA synthesis – 10 minutes, 72°C. 

Table 5-Primers used in the study.  

Bold text indicates attB recombination sites. The annealing temperature of the primers 

was selected experimentally by gradient PCR. 

Name primer Sequence primer Application in 

the work of 

Tannealin

g 

NUPL1-F-1-213 ggggACAAGTTTGTACAAA 

AAAGCAGGCTccatgtccacagg

g 

Cloning of a portion 

of a gene NUP58 

58°C 
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NUPL1-R-1-213 ggggACCACTTTGTACAA 

GAAAGCTGGGTctaattgcctgc 

agttg 

Cloning of a portion 

of a gene  

NUP581-213 

58°C 

M13rev_20-mer TCACACAGGAAACAGCT 

ATGAC 

PCR from colinies 54°C 

M13F_(-20)18-mer GTAAAACGACGGCCAGTG PCR from colinies 54°C 

pBAD_f ATGCCATAGCATTTTTATC

C 

PCR from colinies 54°C 

HS_Nup58-215-end-F GGGGACAAGTTTGTACAA

AAAAGCAGGCTcaatgCTTGG

TGGTATAGATTTCAGTAGCT

CC 

Amplification of a 

fragment 215-599 with 

matrix pDONR221-

Nup58 

62,9°C 

HS_Nup58-215-end-R GGGGACCACTTTGTACAA

GAAAGCTGGGTcgTTACTAT

CTTTTTCCTCTTTTGTTTCC 

Amplification of 

fragments 215-599 

and 468-599 with 

matrix pDONR221-

Nup58 

61,7°C 

HS_Nup58-468-end-F GGGGACAAGTTTGTACAA

AAAAGCAGGCTcaatgACACT

TACACAGCAGCAACAGCCT

GCTacaggg 

Amplification of a 

fragment 468-599 with 

matrix pDONR221-

Nup58 

65.4°C 

HS_Nup58-1-95-R GGGGACCACTTTGTACAA

GAAAGCTGGGTcgTTACAG

AGTTAATCCTGTAGTTATAG 

Amplification of a 

fragment of 1-95 with 

matrix pDONR221-

Nup58 

59,6°C 

HS_Nup58-175-F GGGGACAAGTTTGTACAA

AAAAGCAGGCTcсatgGCTGG

TTTGGGAGGTTCACTTTTCC 

Amplification of a 

fragment 175-213 with 

matrix pDONR221-

Nup58 

61.1°C 

HS_Nup58-1-213-F GGGACAAGTTTGTACAAAA

AAGCAGGCTccATGTCCACA

Amplification of a 

fragment of 1-95 with 

61.1°C 
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GGG matrix pDONR221-

Nup58 

HS_Nup58-213-R GGGACCACTTTGTACAAGA

AAGCTGGGTctAATTGCCTG

CAGTTG 

Amplification of a 

fragment 175-213 with 

matrix pDONR221-

Nup58 

62,9°C 

attb1-Nup100-1-400-F GGGGACAAGTTTGTACAA

AAAAGCAGGCTcaacaATGTT

TGGCAACAATAGACCAATGT

TTgg 

Amplification a 

fragment of  

Nup1001-400 with 

genomic DNA of S. 

cerevisiae strain 1B-

D1606 

61°C 

attb2-Nup100-1-400-

R(stop) 

GGGGACCACTTTTGTACAA

GAAAGCTGGGTcgTTATGCT

GGTTTGGCTCCAAACAAACC

TGTAG 

Amplification a 

fragment Nup1001-400 

with genomic DNA of 

S. cerevisiae strain 

1B-D1606 

61°C 

attb1-Nup145-1-152-F GGGGACAAGTTTGTACAA

AAAAGCAGGCTcaacaATGTT

TAATAAAAGTGTAAATAGTG

G 

Amplification S. 

cerevisiae  Nup1451-

152 fragment with S. 

cerevisiae genomic 

DNA of strain 1B-

D1606 

59°C 

attb2-Nup145-1-152-

R(stop) 

GGGGACCACTTTTGTACAA

GAAAGCTGGGTcgTTAATTT

TGCGTGGTAGAAGTTATATT

G 

Amplification S. 

cerevisiae  Nup1451-

152 fragment with S. 

cerevisiae genomic 

DNA of strain 1B-

D1606 

59°C 

attb1-Nsp1-1-136-F GGGGACAAGTTTGTACAA

AAAAGCAGGCTcaacaatgaactt

Amplification of a 

fragment of Nsp11-136 

63°C 
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caatacacctcaacaaaacaaaacgccc with genomic DNA of 

S. cerevisiae strain 

1B-D1606 

attb2-Nsp1-1-136-

R(stop) 

GGGGACCACTTTGTACAA

GAAAGCTGGGTcgTTAattgcta

ttagtactgttattgaataaggatg 

Amplification of a 

fragment of Nsp11-136 

with genomic DNA of 

S. cerevisiae strain 

1B-D1606 

63°C 

attB1-hsNup98-1-F GGGGACAAGTTTGTACAA

AAAAGCAGGCTcaATGTTTA

ACAAATCATTTGGAACACCC 

Amplification of a 

fragment of Nup981-250 

with cell line cDNA 

H. sapiens IMR-32 

60°C 

attB2-hsNup98-stop-

250-R 

GGGGACCACTTTGTACAA

GAAAGCTGGGTcgTTAAAA

GCCTGAATTAGTGGTGGAGG 

Amplification of a 

fragment of Nup981-250 

with cell line cDNA 

H. sapiens IMR-32 

60°C 

attB1-spNup98-250-F GGGGACAAGTTTGTACAA

AAAAGCAGGCTcaAATCAA

GGACGACGTTTTGGC 

Amplification of a 

fragment of Nup98250-

499 with cDNA Sh. 

pombe 

61°C 

attB2-spNup98-stop-

499-R 

GGGGACCACTTTGTACAA

GAAAGCTGGGTcgTTAATTA

GCATTTTGCCCAAAAGAAAA

ACCtcc 

Amplification of a 

fragment of Nup98250-

499 with cDNA Sh. 

pombe 

61°C 

attB1-spNup45-1-F GGGGACAAGTTTGTACAA

AAAAGCAGGCTcaATGTTCG

GGTTAAATAAAACACCC 

Amplification of a 

fragment Nup451-220 

with cDNA Sh. pombe 

60°C 

attB2-spNup45-220-R GGGGACCACTTTGTACAA

GAAAGCTGGGTcgTTACTTC

CCAAACAAAGAACCAGTAC 

Amplification of a 

fragment Nup451-220 

with cDNA Sh. pombe 

60°C 
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attB1-dmNup62-1-F GGGGACAAGTTTGTACAA

AAAAGCAGGCTcaATGGTAT

TCCAGTTGCCAACAAC 

Amplification of a 

fragment of Nup621-175 

with cDNA D. 

melanogaster 

61°C 

attB2-dmNup62-175-R GGGGACCACTTTGTACAA

GAAAGCTGGGTcgTTACTGC

GTGGAGGCTATGGC 

Amplification of a 

fragment of Nup621-175 

with cDNA D. 

melanogaster 

61°C 

attB1-hsNUP62-1-F GGGGACAAGTTTGTACAA

AAAAGCAGGCTcaATGAGTG

GATTTAACTTTGGAGGC 

Amplification of a 

fragment of  

NUP621-175 with cell 

line cDNA H. sapiens 

IMR-32 

61°C 

attB2-hsNUP62-175-R GGGGACCACTTTGTACAA

GAAAGCTGGGTcgTTATGAG

CCAATGTTGAAACCGG 

Amplification of a 

fragment of  

NUP621-175 with cell 

line cDNA H. sapiens 

IMR-32 

61°C 

attB1-dmNup98-250-F GGGGACAAGTTTGTACAA

AAAAGCAGGCTcaGCGGGC

GCAAGGGTCCAC 

Amplification of a 

fragment of Nup981-250 

with cDNA D. 

melanogaster 

61°C 

attB2-dmNup98-500-R GGGGACCACTTTGTACAA

GAAAGCTGGGTcgTTAGCAC

ATATAGTCTTCCAGGCGG 

Amplification of a 

fragment of Nup981-250 

with cDNA D. 

melanogaster 

61°C 

attB1-tgNup58-60-

320-F 

GGGGACAAGTTTGTACAA

AAAAGCAGGCTcaATGGGA

CTTAATTTTGGAGCTCTGGG

CTCTtcc 

Amplification of a 

fragment of Nup5860-

320 with cDNA T. 

guttata 

61°C 

attB2-tgNup58-60- GGGGACCACTTTGTACAA Amplification of a 61°C 
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320-R GAAAGCTGGGTcgTTATAGC

TCCTGTGCAGTTTCCACTTTC

AGcttgtc 

fragment of Nup5860-

320 with cDNA T. 

guttata 

 

2.7.3. PCR from colonies 

For PCR, we selected bacterial colonies from a selective medium, resuspended them in 

20 µl of water, and incubated them at 100°C for 5 minutes. The resulting mixture was then 

centrifuged for 10 minutes at 14,000 rpm at 4°C and 2 µl was used for PCR. In PCR, we used 

Taq polymerase (Sibenzyme) in the amount of 0.5-1 activity units per 10 µl of the reaction, a 

mixture of deoxynucleotide triphosphates in a final concentration of 2 mM, a 10x buffer for PCR 

(Sibenzyme), and primers in a final concentration of 2-4 pmol/µl. The primers used in this study 

are NUPL1-F-1-213, NUPL1-R-1-213, M13rev_20-mer, M13F_(-20) 18-mer, pBAD_f, and 

PROEX_R (Table 5). 

Amplification reaction program: 

1. DNA denaturation – 30 seconds, 95°C. 

2. Fragment amplification – 30 cycles: DNA denaturation – 30 seconds, 95°C. 

Primer annealing – 1 minute 58°C. DNA synthesis – 1 minute, 72°C. 

3. Completion of DNA synthesis – 10 minutes, 72°C. 

 

2.7.4 Nucleic acid electrophoresis 

To assess the size of DNA in the sample, we performed electrophoresis in 0.5x multiple 

TBE buffer (10.8 g-Tris, 5.5 g-Boric acid, 4 ml-0.5 M EDTA pH 8.0, mQ-up to 100 ml, the 

composition is given for 1x buffer) in agarose gel (1% (w/v) agarose for fragments larger than 

500 base pairs and 1.5% (w/v) for smaller fragments) for 40 minutes at 80 V. Application buffer-

5x Sample buffer DNA (0.25% (w/v) bromphenol blue, 0.25% (w/v) xylenedianol, 30% (v/v) 

glycerol) [131]. After the electrophoresis was completed, we stained the gel in ethidium bromide 

solution for 5-10 minutes and visualized the DNA fragments using a transilluminator. They were 

photographed using a Canon PowerShot G12 digital video camera.  

 

2.7.5 Obtaining cDNA 

Total RNA was isolated using the TRIzol reagent (Fermentas) according to the 

manufacturer's protocol. Strain 972 was used to isolate RNA from S. pombe cells. An IMR-32 
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cell culture (provided by D. V. Kachkin) was used to isolate human RNA. cDNA synthesis was 

synthesized using the RevertAid RT Kit (Thermo Scientific, K1691), according to the 

manufacturer's recommendations. 

 

2.7.6 Restriction and ligation of fragments 

During the restriction reaction, we used PstI restrictase in Orange buffer to test plasmids 

where the gene of interest is crosslinked with EGFPPstI . The fragments were ligated using the 

enzyme T4 DNA ligase in a buffer for this enzyme (Fermentas). 

2.7.7 Gateway reaction cloning 

To perform the recombination cloning reaction, we mixed 100 ng of the plasmid 

containing the gene sequence of interest and 150 ng of the insertion vector in a 10x TE buffer (1 

ml of 1 M Tris – HCl pH 8.0 per 100 ml of buffer, 200 µl 0.5 M EDTA) in a final volume of 7 

µl. We added 1 µl of LR clonase mix (Thermo Scientific) to the resulting mixture and incubated 

it for 3 to 12 hours at 26°C. After that, to stop the reaction, we added 0.5 µl of proteinase K 

solution and incubated for 10 minutes at 37°C according to the manufacturer's protocol (Thermo 

Scientific). Then, with the resulting mixture, we transformed competent cells of the TOR10 

strain according to the standard bacterial transformation protocol. 

2.7.8 DNA sequencing 

Sequencing of PCR products and the resulting plasmids was performed by A. S. 

Masharsky and A. S. Samarina at the St. Petersburg State University Resource Center 

"Development of Molecular and Cellular Technologies" on an ABI Prism 310 capillary 

sequencer using a standard M13 primer, as well as primers specific to the sequences of the 

studied genes and plasmids. The obtained chromatograms were analyzed using the UGENE 

program using the “Sanger Sequencing Analysis" function to check the correctness of the 

obtained plasmid sequences [112]. 

2.8 Methods of working with proteins 

2.8.1 Protein denaturing electrophoresis in polyacrylamide gel (SDS-PAGE) 

To prove protein aggregation in in vivo and in vitro systems, as well as to check the 

presence of protein in samples, we used the polyacrylamide gel protein electrophoresis technique 

[131]. We applied to the gel samples mixed with a buffer for application (buffer composition in 

final concentrations: 0.6 M Tris-HCl pH 6.8, 2% (w/v) SDS, 0.002% (w/v) bromphenol blue, 2% 
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(v/v) β-mercaptoethanol, 5%(v/ v) glycerol), then a current of up to 60 V was applied before the 

samples entered the separating gel. After that, we performed electrophoresis at 180 V until the 

paint came out of the gel. For electrophoresis, we used polyacrylamide gels 10% separating and 

5% concentrating [131]. To test the SDS stability of the resulting aggregates, we also used the 

SDS-PAGE method with gel boiling. In the course of this procedure, a standard SDS-PAGE was 

performed, but after 40-50 minutes from the beginning of the cut, it stopped, and 1-x Samle-

buffer was applied to the wells, after which we poured 10% polyacrylamide gel into the wells so 

that the contents of the wells did not boil away. After that, this gel was sealed in a film and 

boiled for 5 minutes. Further, the phoresis was continued until the paint came out of the gel [84]. 

 2.8.2 Coloration of proteins with Coomassie dye 

To color all proteins in polyacrylamide gel, it was boiled in Coomassie dye (0.25% (w/v) 

Coomassie R-250 (the original protocol used Coomassie R-350), 10% (v/v) acetic acid, 50% 

(v/v) ethanol) for 1.5 min. Then we removed the excess dye by boiling it in water [131]. 

2.8.3 Semi-denaturing electrophoresis of protein aggregates in agarose gel (SDD-AGE) 

We performed electrophoresis in a gel containing 1.5% agarose, which was dissolved in a 

single TAE buffer under heating (composition per 1 liter of buffer: Tris-242 g, glacial acetic 

acid-57 ml, 0.5 M EDTA-18.6 ml, pH 8.0). After the agarose was dissolved, we added SDS to 

0.1% (v/v) and stirred quickly, as agarose can precipitate. For electrophoresis, we used a 1x TAE 

buffer with the addition of SDS. We added 300 µl of 10% (w/v) SDS to 300 ml of buffer. Then 

we mixed the lysates with the application buffer (buffer composition: 2x TAE, SDS-8% (w/v) by 

weight, glycerol-20% by weight, bromphenol blue) and incubated for 5 minutes at room 

temperature. We applied samples to the gel and performed electrophoresis at a specific field 

voltage of 3 V / cm of gel (21 V for 4 hours) [81]. 

2.8.4 Semi-dry transfer of proteins to the membrane 

To transfer proteins from the gel to the polyvinylidene fluoride membrane after SDS-

PAGE, we used the semi-dry transfer method (according to [131] with changes). For the transfer, 

we built the structure (from bottom to top): 

● transfer sponge; 

● Whatman sheet. 

● polyvinylidene fluoride membrane (pre-activated in methanol for 1-2 minutes); 

● polyacrylamide gel; 

● Whatman sheet. 

● transfer sponge. 
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All components were impregnated with transfer buffer (composition per 1 liter of buffer: 

Tris-6.06 g, glycine-28.8 g, methanol-400 ml). The transfer was performed at 10-15 V for 90 

minutes using a Trans-Blot SD Semi-Dry Transfer Cell (BioRad) device. 

2.8.5 Capillary transfer 

For protein transfer after SDD-AGE, we used the capillary transfer technique [58]. We 

prepared a stack of filter paper and several sheets of whatman cut to fit the size of the gel, as well 

as a" wick " (a strip of whatman whose width corresponds to the size of the gel, and the length is 

several times larger than it). Then we activated the polyvinylidene fluoride membrane in 

methanol for a few minutes. Next, we washed the membrane in TBS buffer (composition per 1 

liter: 1 M Tris-15 ml, NaCl-9 g) for several minutes. After that, the capillary transfer system was 

assembled (assembly order from bottom to top): 

● a stack of dry filter paper; 

● Three or more dry sheets of Whatman. 

● two moistened sheets of whatman paper; 

● polyvinylidene fluoride membrane; 

● agarose gel with the test proteins; 

● two moistened sheets of whatman paper; 

● a wetted wick, the ends of which are placed in containers with a TBS buffer 

located above the gel level; 

● cargo at the rate of 10 grams per 1cm2 of gel. 

After assembly, we placed this structure in 4°C for the night. 

2.8.6 Western blot hybridization 

Western blot hybridization was performed according to the described procedure [131]. 

To identify proteins fused with EGFP, we used commercial antibodies G(CY) FP (Evrogen 

AB121). To identify the proteins fused with His6, we used commercial His6 antibodies (GE27-

4710-01 Sigma). For hybridization, we used a 1:3000 solution of primary antibodies in 1% (w/v) 

Blocking agent (ECL Plus Western Blotting Detection System (Amersham)) (for 

G(CY)antibodiesFP and His6) based on TTBS buffer (9 g-NaCl, 15 ml - 1 M Tris-HCl pH 7.6, 

0.5 ml-Tween 20 per 1 liter of water). The membrane was then washed in TTBS buffer 3 times 

for 10 minutes. Then hybridization was performed with secondary anti-rabbit antibodies (ECL 

Plus Western Blotting Detection System (Amersham)) for G(CY)detectionFP и anti-mouse 

(ECL Plus Western Blotting Detection System (Amersham)) to detect His6, a 1:20000 antibody 

dilution in a 1%(w/v) Blocking agent based on TTBS buffer was performed and the membrane 
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was washed as previously done. When conducting experiments to obtain antibodies to the test 

protein, we used a solution of 5% milk based on TTBS buffer in various dilutions with rabbit 

serum. For the development of antigen-antibody complexes, we used branded sets of ECL Plus 

Western Blotting Detection System (Amersham) secondary antibodies and ECL Plus Western 

Blotting Reagent Pack (Amersham) reagents. The signal was detected using a GeneGnome 

device (Syngene). 

2.8.7 Purification of recombinant proteins 

To purify and develop the recombinant NUP58 protein from bacteria, we selected the 

bacterial strain E. coli BL21(DE3). This strain was transformed with the pDEST527-His6-

NUP58 construct. The transformants were then grown overnight in LB medium with ampicillin 

added. The night culture was diluted 100 times to a certain final volume (up to 200 ml in a 

separate 2-liter flask) and incubated for three hours at a temperature of 37°C. Then, an IPTG 

inducer (Isopropyl-β-D-1-thiogalactopyranoside) was added to the cell culture to a final 

concentration of 1 mM and the cells were incubated for 4 hours. For trial induction, cells were 

grown in a volume of 10 ml under the same conditions. After this time, the cells were 

precipitated by centrifugation at a speed of 5000 rpm for 10 minutes, the remaining medium was 

removed and frozen. To purify the NUP58 protein under denaturing conditions, a lysing buffer 

containing 20 mM Tris-HCl (pH 8.0) and 8 M urea at the rate of 3 ml of buffer per 1 g of cells 

was added to the cells and incubated at room temperature for 1-1.5 hours with constant stirring. 

After that, the resulting lysate was centrifuged at an acceleration of 30,000 g for 20 minutes at 

4°C and the supernatant fraction was collected in separate microtubes [139]. The efficiency of 

protein isolation was checked by comparing total cell lysate, sedimentary and supernatant 

fractions using SDS-PAGE. A stationary column with Ni-NTA agarose (Invitrogene) and a 

peristaltic pump (Bio-Rad) were used for preparative purification of the NUP58 protein. At the 

beginning, we washed the column with 50 ml of mQ, and then with 50 ml of washing buffer 

(buffer composition-20 mM Tris-HCl (pH 8.0), 8 M urea) at a rate of 1 ml/min. The cell lysate 

supernatant fraction was then passed through the column at a rate of 1.5 ml / min, after which the 

column was washed with a washing buffer at a rate of 1.5 ml / min (the volume of the washing 

buffer was 50 ml, an imidazole gradient from 0 to 8 mM was used for washing). The protein was 

then eluted using a linear gradient of imidazole concentration (from 8 mM to 400 mM imidazole, 

elution volume 50 ml) at a rate of 1.5 ml / min. Fractions were collected using an automated 

fraction collector (Econo Pump, Bio-Rad). Each fraction contained 2 ml of buffer with the 

protein dissolved in it. Subsequently, the obtained fractions were analyzed using SDS-PAGE and 

fractions containing the maximum amount of the target protein were selected in separate micro-



 
47 

 

 

samples. We added 5 volumes of 100% methanol to these eluate fractions. The solution was then 

incubated overnight at 4°C. The precipitated protein was collected in micro tubes. Subsequently, 

the protein preparation was stored at a temperature of -80°C. 

2.8.8 Proteinase K 

Proteinase K (Helicon) was added to the monomeric and aggregated protein at a 

concentration of 0.5 mcg / ml. The resulting solutions were incubated for 60 min at 26 °C. The 

reaction was stopped by adding PMSF to the final concentration of 8.3 mM.  

2.9 Statistical processing 

In the course of this work, the analysis of variance and the analysis of the Wilcoxon 

criterion adjusted for multiple comparisons were calculated using the statistical processing 

environment R [123]. 

2.10 Analysis of nuclear cytoplasmic transport 

Evaluation of the efficiency of nuclear transport was carried out according to one of the 

methods proposed in the article [77].  The N / C method used involves obtaining images of cells 

carrying the studied structures using fluorescence microscopy and processing them in the ImageJ 

program using the ROI Manager tool. According to the method, the transport intensity was 

estimated by calculating the ratio of the average value of the fluorescence intensity in the region 

of the cell nucleus (N) to the average value of the fluorescence intensity of its cytoplasm (C): 

Average nuclear fluorescence intensity 

N/C =  _________________________________________________________ 

Average cytoplasmic fluorescence intensity 

Before measuring the N/C ratio of cells in ImageJ, we subtracted the background 

fluorescence intensity from the image, since the background can dramatically change the 

calculated N/C value. We used the pseudo-flat - field correction method (Process - > Filters -> 

Gaussian Blur). This method involves creating a duplicate image (Image -> Duplicate), which is 

blurred to such an extent that it loses the detail of the cells and maintains only the overall 

intensity of the background fluorescence. This blurry image is subtracted from the first one 

(Process - > Image Calculator). The resulting image has more uniform illumination and less 

background fluorescence. In the image of the selected cell, using the Rectangle tool, the area 

(ROI) of the nucleus and cytoplasm was manually selected in the form of a square with a side 

from 10 to 13 pixels. Then we used the ROI Manager tool (Analyze - > Tools -> ROI Manager). 

In the window that appeared, click the Add button (or “t " on the keyboard), after which the 
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coordinates of the selected area appeared in the ROI Manager window. After all the regions were 

selected, Measure was clicked and a table was obtained with the average values of the 

fluorescence intensity of the nucleus and cytoplasm for each cell. The obtained values were 

transferred to the Microsoft Excel program, where the N/C ratio was calculated. For each studied 

construct, three or more photographs were taken, on which up to 100 cells were measured. 

Statistical processing was performed in the R medium [123]. 

2.11 Bioinformatic methods 

To assess the amyloidogenicity of the protein, we used the ArchCandy program, which 

predicts all possible beta-arches that can form in the protein [6]. To estimate the boundaries of 

unstructured sections, we used the IUPred program [38]. In the final analysis, we took arches 

that were completely located in unstructured areas of the protein. Further, the cumulative score 

for each position was calculated by summing the score of all β-arches in which this amino acid 

was present. To evaluate the conservativeness of the sequence, we used the MUSCLE alignment 

algorithm for constructing protein alignment [42]. Further, the proportion of matching amino 

acids for each position is calculated using scripts written in the R language available at the link 

(https://github.com/sukhanovaxenia/Evolutionary_conservatism_of_amyloidogeinc_properties_of_nucleopori

ns_with_FG_repeat 
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CHAPTER 3. RESULTS 

3.1. Human protein NUP58 demonstrates amyloid properties in various systems 

Earlier studies have shown that there are a large number of proteins that can potentially 

be included in the composition of amyloid aggregates [21]. In our laboratory, we analyzed 

proteins that interact with the human Htt protein (aggregation of this protein leads to the 

development of Huntington's disease) according to the BioGRID database [117]. This analysis 

identified a new potential human amyloid protein, NUP58. ArchCandy predicts that the human 

protein NUP58 contains several regions that are prone to aggregate formation. One of these 

regions is a protein fragment with 1 to 213 amino acid residues (Fig. 5). The choice of the 

program is associated with its high accuracy [6]. The presence of at least one beta-arch is used as 

a criterion for amyloid properties in this program. Since it is known that protein regions capable 

of forming amyloids are usually not structured, the obtained predictions were supplemented by 

modeling unstructured protein regions in the IUPred program [38].  

 

 

Figure 5-Amyloidogenic regions in NUP58. The cumulative ArchCandy score reflects the 

protein's ability to form beta-arches, which are a characteristic feature of amyloids. FG 

repeats - repeats of phenylalanine and glycine, coiled coil domain-coiled coil domain. 

 

The conservativeness of the amyloid properties of human protein orthologs NUP58 was 

evaluated (101 protein sequences belonging to organisms from the Chordata group were taken 

for analysis). All the analyzed proteins had amyloidogenic properties. An important result is that 

the conservativeness of amyloid properties was higher than the conservativeness of the protein 

sequence (Fig. 6). 

 

 

 



 
50 

 

 

 

 

Figure 6-Conservativeness of amyloid properties of NUP58 protein orthologs. The heat 

map shows the conservativeness of the sequence of NUP58 orthologs (alignment columns 

containing a large number of gaps are indicated in gray) and the proportion of amyloidogenic 

sequences in a certain alignment position. Orange rectangles indicate regions with 

conservative amyloidogenic properties. 

 

3.1.1 Amyloid properties of the NUP58 protein in vitro 

To analyze the amyloidogenic properties of the NUP58 protein in vitro, we purified it 

from E. coli bacterial cells. For this purpose, we took strain BL21 (DE3) (see Materials and 

methods), which was transformed with plasmid pDEST527-His6-NUP58. On this plasmid, a 

sequence of six histidines is encoded before the gene sequence that encodes the NUP58 protein. 

The resulting transformants were selected on a selective medium with ampicillin. Then, for the 

obtained transformants, we performed a test induction in a small volume (10 ml of LBa medium) 

at 37°C. Using SDS-PAGE, we were able to detect an increase in the amount of protein in 

bacterial cell lysate in the region of 60 kDa, which corresponds to the expected protein size. 

After preliminary testing, the night culture of transformants grown in liquid LB with the addition 

of ampicillin was diluted 100 times and increased in large volumes (200 ml in 2-liter flasks) for 

induction (see Materials and Methods). Protein elution from the column was performed using an 

imidazole gradient from 8 to 400 mM (samples were taken in 4 mM increments), followed by 

elution at 400 mM of imidazole (Figure 7). As a result, we obtained a protein preparation 

NUP58, which can later be used to stage protein aggregation to produce amyloid fibrils in vitro.  

We can also say that the protein elutes best from the column at an imidazole concentration of 40 

to 96 mM. The experiments were performed together with Svetlana E. Moskalenko. 
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Figure 7-Purification of the NUP58 protein with His6 tag from bacterial cell lysates. 

The figure shows a polyacrylamide gel after SDS-PAGE, painted with Coomassie dye. The 

results of analysis of various fractions after affinity chromatography using Ni-NTA agarose and 

imidazole concentration gradient are presented. A is the initial lysate, B is the supernatant 

fraction after centrifugation, and C is the precipitate after centrifugation. Numbers from 1 to 40 – 

sequentially collected elution fractions with an imidazole gradient of 8 to 400 mM (a step of 4 

mM was from 1 to 23 samples, and then the imidazole concentration was 400 mM). 

 

To test the amyloid properties of the protein, we needed to test its ability to aggregate. To 

do this, we analyzed various aggregation conditions. Initially, we incubated the samples in the 

following buffer (150 mM NaCl, 5 mM potassium phosphate buffer, pH 7.0) at 37°C. To check 

for aggregates, we checked the samples using SDS-PAGE.  However, according to the results of 

testing, we did not observe any differences in the protein level in boiled and non-boiled samples. 

Because of this, we made a selection of the pH values of the solution. As a starting point, we 

used a buffer with a pH of 6.6, since a buffer with this pH value was used for yeast nucleoporin 

[59]. We also analyzed three buffers with different pH values, namely 5,8; 7,0; 8,0. All samples 

were incubated for 96 hours and then tested using SDS-PAGE (Figure 8). In the unboiled 

sample, the amount of monomeric protein is less than in the boiled sample, since the fibrils are 

not included in the polyacrylamide gel. 

 

 

Figure 8-Optimization of NUP58 protein aggregation conditions. The figure shows a 

polyacrylamide gel after SDS-PAGE, painted with Coomassie dye. The difference in 

aggregation efficiency can be observed by the difference in protein level between the boiled 
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and non-boiled samples, depending on the pH of the buffer used. The numbers on the left 

indicate the molecular weights of the marker in kilodaltons. The arrow indicates the NUP58 

protein molecules. 

 

The highest amount of SDS-resistant protein aggregates was obtained at 37°C in the 

following buffer (150 mM NaCl, 5 mM potassium-phosphate buffer, pH 5.8) at a protein 

concentration of 1 mg/ml after 96 hours (Figure 8). To obtain the preparative amount of NUP58 

protein aggregates, we used these conditions.  We checked the presence of these aggregates 

using the SDS-PAGE method, which compared the amount of protein in boiled and unboiled 

samples on a Coomassie-colored gel (Fig. 9). In the unboiled sample, the amount of monomeric 

protein is less than in the boiled sample, which indicates the resistance of the obtained 

aggregates to detergents (SDS). 

 

Figure 9-NUP58 protein forms SDS-stable aggregates. The figure shows a 

polyacrylamide gel after SDS-PAGE, painted with Coomassie dye. After 96 hours of 

incubation, the difference in protein level between the boiled and non-boiled samples can be 

observed in comparison with the zero point. The numbers on the left indicate the molecular 

weights of the marker. 

 

 

To prove that the resulting aggregate solution consists of fibrils, we analyzed it using 

transmission electron microscopy. For this purpose, we made preparations (see Materials and 

Methods) and detected the presence of small fibrils on them (Fig. 10). This allows us to say that 

the resulting SDS-stable aggregates have a morphology characteristic of amyloid fibrils. The 

received photos are kindly provided by Mikhail Vladimirovich Belousov. 
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Figure 10 - NUP58 protein forms fibrils in vitro. Micrographs of NUP58 protein fibrils 

prepared using transmission electron microscopy. The scale ruler is 50 nm. 

We also used a modification of SDS-PAGE with gel pre boiling [84] to further confirm 

the detergent stability of the obtained fibrils. We detected the presence of the protein using 

primary antibodies to His6 (see Materials and methods). At the first stage of SDS-PAGE, 

monomeric proteins are added to the gel after boiling. After additional boiling of the gel, the 

aggregates remaining in the wells fall apart, and we can detect the protein of which they are 

composed. In the sample without initial heating, we can observe a protein strip in the upper part 

of the gel, which indicates the presence of SDS-stable aggregates. Using this method, we showed 

the presence of SDS-resistant aggregates of the NUP58 protein (Fig. 11). 

 

 

 

Figure 11-NUP58 protein fibrils are resistant to SDS. When using the SDS-PAGE method 

with gel boiling, we can detect a small fraction of protein that is part of SDS-stable 

aggregates. Primary antibodies to the His6 tag were used for detection in both cases. The 

numbers on the left indicate the molecular weights of the marker in kilodaltons. Numbers 

marked with * – a marker added after boiling the gel. 

 

The final stage was visualization of amyloid fibrils using the SDD-AGE method. This 
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method allows the separation of monomeric proteins and large protein aggregates. Detailed 

analysis of the NUP58 solution revealed two aggregate forms that differ in size and resistance to 

BME. We tested the resistance of NUP58 fibrils to "cold" SDS in the absence of BME in the 

boot buffer for SDD-AGE (Figure 12). Surprisingly, we found large aggregates that were 

resistant to boiling in SDS, but after heating, we observed the accumulation of smaller 

aggregates in the sample with BME without boiling (Fig. 12). Since BME leads to the 

destruction of disulfide bonds, we conclude that these aggregates are rather polymers stabilized 

by disulfide bonds. A similar situation was previously described for the protein β2-

microglobulin, whose amyloid aggregates are also stabilized by disulfide bonds [120]. These 

studies were carried out with S. A. Bondarev. 

 

Figure 12-NUP58 protein aggregates are destroyed in the presence of BME. The 

addition of BME is necessary for the destruction of intramolecular and intermolecular 

disulfide bonds. In the case of boiling in the presence of BME, we observe the destruction of 

aggregates. For detection, primary antibodies to His6 were used. 

 

Another property of amyloid aggregates is their resistance to various proteases. In the 

course of this work, we analyzed the obtained NUP58 protein fibrils for their resistance to 

protease K. Previously, PRP protein aggregates were shown to be resistant to this protease [121]. 

We exposed NUP58 protein fibrils to proteinase K to prove their resistance to proteases. The 

NUP58 monomeric protein was taken as a control that resistance to proteinase K occurs as a 

result of the formation of aggregates, and not due to the amino acid sequence of the NUP58 

protein. As a result, after incubation with proteinase K for 90 minutes, we observed no 

proteolysis of the NUP58 protein fibrils, while the monomeric protein was completely degraded 

(Fig. 13).  This figure shows one repetition, and we can observe an increased protein 

concentration in sample 4, which suggests that protein fibrils are resistant to proteinase 
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treatment. This provides further evidence that the NUP58 protein forms amyloid aggregates. 

 

Figure 13-NUP58 protein fibrils are resistant to treatment with proteinase K. The 

results of the SDS-PAGE are presented. When proteinase K is added to the fibrils of the 

NUP58 protein, their degradation does not occur in contrast to the monomeric NUP58 

protein. The size of the NUP58 protein is 60 kDa. The numbers indicate the molecular 

weights of the marker in kilodaltons. 

In parallel, their ability to bind to specific amyloid dyes was analyzed for the obtained 

fibrils. One of these dyes is Congo Red. Congo preparations were stained red according to the 

protocol obtained from Yu. V. Sopova (for more details, see Materials and Methods). Sup35NM 

protein fibrils provided by S. A. Bondarev were used as a positive control, and BSA (Fermentas) 

was used as a negative control. As a result, we observed an apple-green glow on the preparations 

when the Congo red dye binds to the NUP58 protein fibrils (Fig. 14). For positive control of 

Sup35NM protein fibrils, we also observed an apple-green glow in polarized light, and in the 

case of BSA, where we expected the absence of amyloid fibrils, we did not observe such a glow.  

 

Figure 14-NUP58 protein fibrils bind to the Congo red dye. The figure shows micro-

preparations of a protein solution stained with Congo red dye. When the Congo red dye 
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binds to the fibrils of the NUP58 protein, an apple-green glow can be observed in polarized 

light. Sup35NM protein was used as a positive control, BSA – as a negative one. The figure 

shows photos in transmitted light (BF) and polarized light (Pol). The scale ruler is 20 

microns. 

Another amyloid-specific dye is the Thioflavin T dye. When this dye binds to fibrils, we 

can observe fluorescence. In the course of our analysis, we found that in the presence of BME, 

the obtained NUP58 protein fibrils do not show fluorescence. At the same time, the preparation 

of fibrils without the addition of BME showed fluorescence when bound to the Thioflavin T dye, 

as well as a positive control – Sup35NM protein fibrils (Fig. 15).  The results obtained suggest 

that the NUP58 protein is an amyloid. 

 

Figure 15-NUP58 protein fibrils bind to the dye Thioflavin T. The figure shows a graph 

of the fluorescence intensity of Thioflavin T bound to NUP58 protein fibrils. Sup35NM 

protein fibrils were used as a positive control. 

3.1.2 Amyloidogenic properties of NUP58 protein in model systems 

A large number of different systems are used to test amyloid properties, including yeast 

and bacterial cells (for more information, see Literature review). To test the amyloidogenic 

properties of the NUP58 protein, we constructed the pAG416GPD-EGFP-NUP58 and pVS-GW-

NUP58 plasmids carrying the full-length human NUP58 protein. For experiments in the C-DAG 

system, the bacterial strain VS39 was transformed with the plasmid pVS-GW-NUP58. The 

bacteria selected after transformation were seeded into three LB-based media, one of which was 

simply selective, the second contained the Congo Red dye, and the third contained the amyloid-

specific Congo Red dye and inductors (Arabinose and IPTG). As a result, after 5 days of 

growing bacteria on special media containing plasmids with the NUP58 gene sequence at 26°C, 

we observed separate red colonies (Fig. 16). This was due to the fact that large proteins in the C-
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DAG system lead to cell death (personal message of Yu.V. Sopova). To obtain a more explicit 

result, we obtained the pVS-GW-NUP58-1-213 plasmid, which contained the first 

amyloidogenic protein region from 1 to 213 a.a.. Bacterial cells carrying this construct also 

showed the red color of the colonies. We used Sup35NM and Sup35M proteins as positive and 

negative controls, respectively. 

 

Figure 16-Bacteria with plasmid pVS-GW-NUP58 and pVS-GW-NUP58-1-213 red on 

medium with Congo red and inducers.  The arrows in the removed areas indicate red 

colonies with NUP58 protein production. Sup35NM and Sup35M proteins were used as 

positive and negative controls, respectively. Designations: control - selective medium with 

antibiotics, Congo red-medium with antibiotics, Congo red dye and inducers. Photos of the 

plates are presented on day 5. 

 

Then, we analyzed the bacteria that were grown on plates containing the inductor and the 

Congo red dye using transmission electron microscopy. As a result, we observed the presence of 

fibrils on the surface of cells in which the NUP58 protein and its fragment NUP581-213 were 

overproduced (Fig. 17). As a positive and negative control, we also used the Sup35NM and 

Sup35M proteins, respectively, in which we observed the formation of fibrils or smooth bacterial 

cells. 
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Figure 17-The NUP58 protein and its NUP58 fragment1-213 form fibrils in the C-DAG 

system. The figure shows TEM micrographs. Sup35NM and Sup35M proteins were used as 

positive and negative controls. The scale ruler is 1 micrometer. 

 

The number of bacterial cells in which the full-size NUP58 protein was super-produced 

did not allow conducting experiments on polarization microscopy, and for this experiment, cells 

producing the NUP581-213 fragment were used. The colonies were analyzed using a polarizing 

microscope. We observed an apple-green glow in the case of NUP581-213 and Sup35NM proteins, 

which indicates that the NUP58 protein has amyloidogenic properties (Fig. 18). 
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Figure 18-When the NUP581-213 protein is overproduced in bacteria, its fibrils have an 

apple-green glow in polarized light. Micrographs of cells from Figure 16 are 

presented.Sup35NM and Sup35M proteins were used as positive and negative controls, 

respectively. The figure shows photos in transmitted light (BF) and polarized light (Pol). 

Scale ruler of 50 microns. 

 

Yeast is a convenient model object due to the simplicity of introducing various constructs 

into cells, the simplicity of cultivation, as well as the presence of the described prions and 

developed systems for testing protein aggregation (see literature review). Therefore, we used 

them as a model system to test the amyloidogenic properties of the NUP58 protein. To do this, 

we introduced a chimeric construct encoding the NUP58 protein fused with the fluorescent GFP 

protein under the GPD promoter into S. cerevisiae yeast cells using transformation. This 

promoter provides constitutive protein overproduction. In our analysis, the NUP58 protein was 

selected as a protein that can coagulate with the huntingtin protein. One of the Q-rich proteins of 

S. cerevisiae yeast is Rnq1, the aggregation of which leads to the appearance of the prion [PIN+]. 

Aggregates of the Rnq1 protein can induce aggregation of other polyQ proteins [102]. To test 

whether the presence of the [PIN+] prion affects NUP58 protein aggregation, we transformed 2 

isogenic yeast strains 74-D694 and 2-74-D694, which differed in [PIN+] status, with the 

pAG416-EGFP-NUP58 plasmid. After that, 6 transformants of each strain were analyzed using 

fluorescence microscopy. In yeast cells, we could observe fluorescent foci of luminescence of 

the NUP58 protein cross-linked with GFP. This is another proof of the amyloidogenic properties 

of this protein. However, as a result, we did not reveal any visual differences between [PIN+] and 

[pin–] strains either in the number of cells with aggregates or in their morphology (Fig. 19). 
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Figure 19-Aggregation of the NUP58 protein is independent of the presence of the 

yeast prion [PIN+]. Strain 2-74-D694 – [pin–], strain 74-D694 – [PIN+]. The figure shows 

images in transmitted light (BF), and GFP. The scale ruler is 5 microns. 

 

3.2. Fragments of nucleoporin NUP58 have amyloidogenic properties 

To determine the NUP58 site responsible for its aggregation, we performed a deletion 

analysis of the NUP58 protein. Based on the predictions of the ArchCandy program (Figure 5), 

we selected potential fragments of the NUP58 protein for further evaluation of their 

amyloidogenicity, namely, fragments NUP581-95 and NUP58215-599.  To obtain shortened variants, 

fragments were amplified from the pDONR221-NUP58 matrix using PCR, the program of which 

is described in the corresponding section " Materials and Methods”, primers are listed in Table 4. 

Subsequent preparation of plasmids is described in the section Materials and Methods. 

Experiments in this section were conducted jointly with Ekaterina Antonova. 

3.2.1 Verification of aggregation of NUP58 protein fragments in the C-DAG system 

Bacterial transformation of E. coli strain VS39 by plasmids pVS-GW-NUP58-215-599 

and pVS-GW-NUP58-1-95 was performed using the C-DAG system to check the aggregation of 

fragments. For bacteria containing plasmids with fragments of the NUP58 gene at 30°C, we 

observed red coloration of colonies (Fig. 20) on plates containing inducers and Congo red. 
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Figure 20-Fragments of the NUP58 protein bind to the Congo red dye. Designations: 

control - selective medium with antibiotics, Congo red-medium with antibiotics, Congo red 

dye and inducers. Sup35NM and Sup35M proteins were used as positive and negative 

controls. The bacterial growth time is 5 days. 

Sup35NM was used as a positive control, and NUP581-213 was also used as an additional 

positive control due to the fact that its aggregation was shown earlier [30]. In the case of positive 

controls, we observed a red coloration of the colonies; in the case of negative controls, the 

Sup35M protein, there was no red coloration of the colonies. Comparing the color of the studied 

colonies containing fragments of the NUP58 protein with positive and negative controls, the 

following observations were made: staining of Congo amyloid fibrils with red is observed in the 

NUP581-95 fragment, and the NUP58 215-599 fragment does not have this property. Then, 

bacteria grown on plates (Figure 20) containing an IPTG inducer and a Congo red dye were 

analyzed using transmission electron microscopy (Figure 21). As a positive and negative control, 

we also used the Sup35NM and Sup35M proteins, respectively, in which we observed the 

formation of fibrils or smooth bacterial cells. As a result, we observed the presence of fibrils on 

the cell surface of only one fragment, namely, Nup581-95. 
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Figure 21-The NUP581-95 protein fragment is formed by fibrils in the C-DAG system. 

The figure shows TEM micrographs. Sup35NM and Sup35M proteins were used as positive 

and negative controls. The scale ruler is 1 micrometer. 

Then we analyzed the same cells using a polarizing microscope (Fig. 22). We observed 

an apple-green glow in the NUP581-95 protein fragment, which indicates its amyloid properties. 

No luminescence was observed for the fragment NUP58 215-599, which indicates the absence of 

amyloid properties in this system.  

 

Figure 22-When the NUP58 1-95 protein is overproduced in bacteria, its fibrils have an 

apple-green glow in polarized light. Micrographs of cells from plates from Figure 20 are 
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presented. Sup35NM and Sup35M proteins were used as positive and negative controls, 

respectively. The figure shows photos in transmitted light (BF) and polarized light (Pol). Scale 

ruler of 50 microns.  

The generalized results of the verification of fragments of the human protein NUP58 in 

the C-DAG system are presented in Table 6. Thus, we can say that the main amyloidogenic 

region is located from 1 to 213 amino acid residues, which is in good agreement with the 

predictions of the ArchCandy program (Fig.5). 

Table 6 - Results of testing the amyloid properties of the human protein fragment NUP58 in the 

C-DAG system 

Protein Red color of colonies Polarization  Fibrils on TEM 

NUP581-213 Yes Yes Yes 

NUP581-95 Yes Yes Yes 

NUP58215-599 No No No 

 

3.2.2 Checking aggregation of NUP58 protein fragments in the yeast system 

We used S. cerevisiae yeast as an additional model system to test the amyloidogenic 

properties of NUP58 protein fragments. For this purpose, we introduced chimeric constructs with 

fragments of the human protein NUP58 under the GPD promoter into S. cerevisiae yeast cells 

using transformation. This promoter provides constitutive protein overproduction. To test 

whether the presence of the prion [PIN+] affects aggregation of NUP58 protein fragments, we 

transformed 2 isogenic yeast strains 1-OT56 and 2-OT56, which differed in [PIN+] status, with 

plasmids pAG416GPD-EGFP-NUP58-215-599 and pAG416GPD-EGFP-NUP58-1-95. After 

that, the transformants of each strain were analyzed using fluorescence microscopy. According 

to the results of the experiment, luminescence foci were found for the constructs NUP581-95 and 

NUP58215-599 (Fig. 23), which is due to aggregation of protein fragments. This means that the 

constructs NUP581-95 and NUP58215-599 are able to aggregate in yeast cells. 
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Figure 23-Aggregation of NUP58 protein fragments depends on the presence of yeast 

prion [PIN+], fluorescence microscopy photos. In yeast cells, we could observe fluorescent 

foci of luminescence of the NUP58 protein crosslinked with GFP — this is another proof of the 

amyloid properties of this protein. Diffuse luminescence means that the protein is produced by 

yeast cells, but does not form fibrils. Strain 2-OT56 – [pin-], strain 1-OT56 - [PIN+]. The figure 

shows images in transmitted light, and GFP. The scale bar is 5 microns 

 3.3. Orthologs of human protein NUP58 and yeast protein Nup100 demonstrate 

amyloidogenic properties 

Regulation of nuclear-cytoplasmic transport is an essential process that supports cellular 

homeostasis.  The presence of amyloid properties in the human protein NUP58, as well as in 

yeast nucleoporins, suggests that amyloid properties may be the same and occur in nucleoporins 

from different taxonomic groups. To solve this problem, we performed a bioinformatic 

assessment of the amyloid properties of these proteins in the ArchCandy program with an 

additional filter applied to unstructured protein regions. The choice of the program was based on 

a series of articles that demonstrated its high accuracy in comparison with its analogues [6, 22, 

126]. These studies were carried out jointly with Sukhanova K. V. and Bondarev S. A. 

3.3.1 Bioinformatic analysis of amyloid properties of orthologs of nucleoporin proteins 

Nucleoporins with FG repeats were used in the analysis, since experimental evidence of 

their aggregation was previously obtained for two proteins of S. cerevisiae yeast (Nup100 and 

Nsp1) [58, 86]. In addition, earlier in our work, we showed amyloid properties for aggregates of 

the human human protein NUP58, which also contains a similar domain. The list of proteins for 

analysis was formed on the basis of review articles (for example, [155]). We searched for 

orthologs using the EggNOGG database (http://eggnog5.embl.de/) [65] for the Opisthokonta 
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group. First of all, we analyzed S. cerevisiae proteins, since amyloid properties were shown for a 

large number of yeast proteins [10]. The list of proteins and the corresponding orthogroups are 

presented in Table 7. 

Table 7-Proteins taken for analysis and their orthogroups.  

* – nucleoporins that do not contain FG repeats 

Белок S. 

cerevisiae 

protein Eggnogg Vertebrate 

homologue 

orthogroup Vertebrate 

homologue Eggnogg orthogroup 

for a vertebrate homologue (if it 

does not match column 2) 

Nup42 ENOG5039YMU hCG1/NLP1  

Nup159 ENOG5039SKI Nup214  

Nup49 ENOG5039TYE Nup58, Nup45 ENOG5039TBQ 

Nup57 ENOG5038C34 Nup54 ENOG503988N 

Nsp1 ENOG5038HQQ Nup62  

Nup100, 

Nup116, 

Nup145 

ENOG5038I30 Nup98  

Nup1 ENOG5038UZQ Nup153 ENOG5039R35 

Nup2 ENOG5038HDP Nup50 ENOG503969S 

Nup60 ENOG503A52U -  

Nup84* ENOG5038BZM Nup107  

Nup192* ENOG5038B8H Nup207  

Before further analysis, the sequences were additionally checked for repetitions (more 

than one sequence for one species), as well as for sequences that were mistakenly included in the 

set when compiling the database. Multiple alignment was constructed for each group of 

sequences based on the MUSCLE algorithm [42], which is the most widely used one to date. The 

algorithm built into the UGENE program [112] was started with an additional "refine" step to 

improve the alignment quality. During the analysis of the obtained alignment and filtering, we 

deleted sequences in the case of (1) if the protein records were deleted from NCBI databases, (2) 

if they captured only the C-terminal part of the protein (devoid of FG repeats), (3) if they were 

significantly shorter compared to another sequence of the same type. In several cases, we 

changed the sequences obtained from EggNOGG, if in the NCBI database, they contained 

updated versions. 
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To clarify the position of the fragments of interest, we created a set of functions that 

allowed us to superimpose data on amyloidogenic regions of proteins on their multiple 

alignment. This allowed us to trace how conserved the amyloid properties and amino acid 

composition of aligned protein fragments are. We estimated the conservativeness of amyloid 

properties at a particular alignment position as the proportion of sequences in which the 

corresponding amino acid is included in the amyloidogenic region from all sequences where 

there is no "gap" in a particular position. In order to avoid biasing the calculations towards the 

most represented taxonomic groups, we randomly left only a part of the sequences from the 

groups in the analysis. At the same time, this procedure was repeated 10 times for each set of 

proteins (these additional calculations were carried out during the second stage of the project). 

During the analysis, we also collected data on the presence of tertiary structures in nucleoporins 

(PDB database) and superimposed these data on alignments. For the formation of amyloid 

aggregates, an important requirement is the disordered nature of the aggregation-prone protein 

region. In the future, we excluded areas with a known structure from consideration. 

When analyzing the results, we paid attention to homologous, according to alignment, 

sequences with high conservativeness of amyloid properties, which are present in more than half 

of the analyzed sequences, and are located outside the structured protein domains. Among the 

homologues of Nup84 and Nup192 proteins (proteins without FG repeats) we didn't find any 

such candidates. We made similar conclusions for the Nup42, Nup1, Nup153, Nup2, Nup50, 

Nup58, Nup54, Nup145, and Nup60 proteins. In the case of Nup49 and Nup57, such fragments 

were found. For Nsp1 and Nup159, we were able to detect regions with conservative amyloid 

properties only for certain taxonomic groups: Chordata and Ascomycota, respectively (Figure 

24). Separately, I would like to note that in some cases the conservativeness of the amyloid 

properties of some of these sequences was higher than the conservativeness of the amino acid 

sequence. This may indirectly indicate that in the course of evolution, when the protein sequence 

changes, its tendency to aggregation may have been preserved. It is also important to note that 

Nup49 and Nup57, as well as Nsp1 and Nup159, are proteins that are located directly in the 

nuclear pore channel and are directly involved in the formation of a selective barrier. Thus, it can 

be assumed that the aggregation of these proteins may be important, since the corresponding 

property is preserved in many species. 
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Figure 24 – Some of the nucleoporins with FG repeats have regions with conserved 

amyloid properties. Gaps — frequency of gaps in the position of alignment. AAC (Amino 

Acids Conservatism) — rate of most frequent amino acids. CAP (Conservatism of 

Amyloidogenic Properties) — frequency of cases when corresponding position is located 

inside amyloidogenic region. Regions with known structures are highlighted by red frames. 

Light cyan corresponds to potential conservative amyloidogenic regions. 

Separately, we analyzed the sequences of the yeast protein Nup100 in several yeast 

strains: strain SC288C (this strain is a classic reference in research), as well as 2 strains 74-D694 

and 15V-P4. The Nup100 protein is a protein determinant of the well-described prion 

[NUP100+] [59]. According to the results obtained, we can observe that a large number of amino 

acid substitutions are located after 400 amino acids (Fig. 25). According to experimental data, 

the site from 200 to 400 aa is directly responsible for aggregation [59].  It should also be noted 

that we found two structurally different alleles of the gene NUP100. Moreover, strain 74-D694 

contains a unique chimeric allele, in which the sequence near the N-terminus of the protein is 

identical to the reference S288C allele, and the middle and C-terminal parts of the protein 

originate from the ancestral allele of another strain (15V-P4). The set of mutations found in these 

strains has different effects on the tendency of the NUP1001-400 nucleoporin fragment to 

aggregate, but the overall effect is still aimed at preserving the amyloid properties of the 

NUP100 protein. This may serve as further evidence that the aggregation of nucleoporins may be 

necessary in the case of the organization of nuclear-cytoplasmic transport [13]. 
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Figure 25. Yeast protein Nup100 demonstrates conservative amyloid properties in 

various yeast strains. The cumulative ArchCandy score reflects the protein's ability to form 

beta-arches, which are a characteristic feature of amyloids. The red border represents the 

prion domain required for aggregate formation. Breaks in the lines indicate the positions of 

deletions in the corresponding alleles of the NUP100 geneNUP100. 

 

3.3.2 Nucleoporin proteins of various organisms exhibit amyloidogenic properties in the C-

DAG system 

In the course of our bioinformatic analysis, we identified a large number of nucleoporins 

with amioloid properties. For experimental tests, we selected individual representatives of 

orthologs from various organisms. We selected orthologs that had the highest level of predicted 

amyloidogenicity and also belonged to any model organisms. The corresponding experiments 

were conducted jointly with Rogoza Tatyana Mikhailovna. Then, potentially amyloidogenic 

fragments of these proteins were cloned into pVS-GW plasmids for subsequent testing in the 

bacterial C-DAG system (see Materials and Methods). The experiment was performed in each 

case for six independent transformants and in two independent replicates. 

According to the results obtained, cells producing fragments of hsNup621-175, tgNup5860-

320, dmNup98250-500, and spNup98250-500 are red on a medium with Congo red (Fig. 
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Figure 26-Overproduction of nucleoporins of various types leads to staining of bacterial 

cells on a medium with Congo red. Panel A shows the results for orthologs of the yeast protein 

Nsp1, and for orthologs of the yeast protein Nup145 (Nup100, Nup116) – panel B. Congo red-

medium with antibiotics, Congo red dye and inducers. Sup35NM and Sup35M proteins were 

used as positive and negative controls. The bacterial growth time is 5 days. 

 

The presence of apple-green birefringence aggregates colored with Congo red is 

important evidence for the presence of amyloids. We were able to show this feature only for 

bacterial cells producing fragments of the nucleoporins tgNup5860-320, dmNup98250-500, and 

spNup98250-500 (Fig. 27) 

 

 

Figure 27-Bacteria producing fragments of the tgNup5860-320, dmNup98250-500, and 

spNup98250-500 proteins show an apple-green glow in polarized light. Panel A shows the 
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results for orthologs of the yeast protein Nsp1, and for orthologs of the yeast protein Nup145 

(Nup100, Nup116) - in panel B. The figure shows photos in transmitted light (BF) and polarized 

light (Pol) of bacteria from the plates shown in Figure 26. The Sup35NM and Sup35M proteins 

are taken as positive and negative control. Scale bar is equal 25 microns. 

 

At the next stage of our work, we checked the presence of fibrils on the surface of the 

obtained transformants. For this purpose, we used transmission electron microscopy. The 

preparations were prepared in the same way as in the experiments with yeast nucleoporins. As a 

result of the analysis of the preparations, we were able to detect fibrils on preparations with 

bacteria producing the proteins tgNup5860-320, dmNup98250-500, and spNup98250-500 (Fig. 28), 

which coincides with the data of polarization microscopy. Similar results were obtained for two 

independent transformants. 

 

 

Figure 28-Fragments of the nucleoporins tgNup5860-320, spNup98250-500, and dmNup98250-500 

form amyloid aggregates on the cell surface.  Panel A shows the results for orthologs of yeast 

protein Nsp1, and for orthologs of yeast protein Nup145 (Nup100, Nup116) - in panel B. 

 

Summarizing the results obtained in the bacterial C-DAG system, it can be concluded that the 

tgNup5860-320, spNup98250-500, and dmNup98250-500 proteins form amyloid aggregates. Such results 

were obtained for the first time. 
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3.3.3 Nucleoporin proteins from various organisms exhibit amyloidogenic properties in the 

yeast system 

In the bacterial C-DAG system, not all of the studied proteins showed amyloid properties, 

which contradicted the results of bioinformatic analysis. In this regard, we decided to conduct an 

additional test of the ability of the studied proteins to aggregate using a yeast model system. For 

this purpose, we obtained a set of constructs based on pAG416-EGFP-ccdB for the 

overproduction of the studied proteins fused with EGFP. Using these constructs, we transformed 

the 74-D694 strain and analyzed the localization of proteins inside cells. For tgNup5860-320 

spNup451-220 hsNup981-250 spNup9820-500 dmNup98250-500, we were able to detect fluorescent 

protein clusters. However, in the cases of tgNup5860-320 and spNup45 1-220, we rather observed 

amorphous protein accumulations (Fig. 29). 

 

 

Figure 29 – Some nucleoporin proteins aggregate in yeast cells: Micrographs of orthologous 

proteins Nup100 (A) and Nsp1 (B) fused with GFP, on which fragments of nucleoporins fused 

with GFP were obtained. Only GFP was used as a negative control. Scale bar is equal 25 
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microns. 

The generalized results of the tests performed in the bacterial and yeast model systems 

are presented in Table 8. The first thing we have to pay attention to is that the criterion used to 

predict amyloid properties did not work in all cases. According to the original paper [6], the 

presence of at least one beta-arch is a criterion for potential amyloidogenicity. All the protein 

regions analyzed by us satisfy this criterion, but not all of them demonstrate at least the 

possibility of aggregation. This fact, on the one hand, can serve as a reason to question the 

accuracy of ArchCandy. On the other hand, the tests performed in the two model systems are not 

sufficient to completely exclude the possibility that the protein is capable of forming amyloids. 

And it cannot be ruled out that the studied proteins are amyloidogenic, but under different 

conditions. 

Table 8-Verification of amyloid properties of Nsp1 and Nup145 orthologs.  

Construct 

name 

Red color 

of cells on a 

medium 

with Congo 

red 

Apple green 

birefringence 

Fibrils on the 

cell surface 

Aggregation in 

yeast 

cellsscNup100 1-400 Yes Yes No Yes 

scNup1451-152 Yes Yes Yes No 

scNsp11-136 Yes Yes Yes Yes 

hsNup621-175 Yes No No No 

dmNup621-175 No No No No 

spNup451-220 No No No Yes 

tgNup5860-320 Yes Yes Yes Yes 

hsNup98250-500 No No No Yes 

dmNup98250-500 Yes Yes Yes Yes 

spNup98250-500 Yes Yes Yes Yes 

Abbreviations in the names of constructs: dm – D. melanogaster, hs – H. sapiens, sc – S. 

cerevisiae, sp – S. pombe, tg-Taeniopygia guttata.  After the protein number, the borders of the 

corresponding section are shown. For example, hsNup621-175 denotes amino acid fragment 1 to 

175 of the human protein Nup62. 

Data on the tendency of a particular protein to aggregate do not always coincide for 

different model systems. In particular, the proteins spNup1451-220 and hsNup981-250 cannot be 

attributed to amyloids according to C-DAG results, but they aggregate in yeast cells. Such 
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observations are probably due to differences in models: different levels of protein production, 

localization of proteins (in bacteria they are imported from the cell, in yeast they remain in the 

cytoplasm), as well as a fundamentally different set of tests of amyloid properties that are carried 

out in these systems. From our point of view, an integrated approach is optimal in this situation. 

Following this logic, it is most likely that the tgNup5860-320, dmNup98250-500, and spNup98250-500 

proteins can form amyloid aggregates.  

3.3.4 Evaluation of the effect of the [PIN+] prion on nucleoporins aggregation 

Aggregates of various QN-rich proteins can interact with each other in yeast cells. In 

particular, Rnq1 aggregates bound to the [PIN+] prion are required for de novo aggregation of the 

Sup35 protein and inductionof the [PSI+] prion [36].  Aggregation of some yeast nucleoporins 

also requires the prion [PIN+] [59]. In this study, we performed experiments to evaluate the 

effect of the [PIN+] prion on aggregation of yeast nucleoporin fragments NSP11-136 and Nup1451-

152. The construct with the Nup1001-400 fragment also served as a positive control, since 

aggregation of this protein was previously described in the literature [59]. Two isogenic strains 

1-OT56 and 2-OT56, which differ in the presence of the prion [PIN+], were transformed by 

plasmids of the pAG416-EGFP series previously obtained in our laboratory. In these constructs, 

the sequences encoding fragments of nucleoporins are controlled by the constitutive GPD 

promoter (the use of this promoter allows increasing the amount of protein in the cell) and are 

fused with EGFP. To assess the effect of the [PIN+] status on the aggregation of nucleoporin 

proteins, cells were grown in a selective medium, and then the number of cells with 

luminescence foci that were considered aggregates was analyzed. EGFP protein was used as a 

negative control (no aggregation). In the case of nucleoporin fragments Nup1001-400 and Nsp11-

136, we could observe the luminescence foci, in particular (Fig. Further, the frequency of 

occurrence of aggregates was analyzed using the exact Fisher criterion (the results are shown in 

Table 9). According to the results obtained, we can say that the presence of the prion [PIN+] has 

a significant effect on the frequency of occurrence of aggregates of the NSP11-136 protein 

fragment, while for the Nup1451-152 protein fragment and other fragments, such a dependence is 

not observed (Table 9). 

 

Table 9 – Yeast factor [PIN+] increases the aggregation frequency of protein fragments 

for yeast nucleoporins Nup1001-400 and NSP11-136.  

The table contains information on the proportion of cells with fluorescent aggregates. To 

compare the proportion of cells with aggregates and without aggregates, the exact Fisher test is 

used. 
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Construction % of cells with glow 

foci in [PIN+] strain 

% of cells with glow 

foci in [pin-] strain 

Statistical significance 

(p-value <0.05) 

scNSP11-136 4.99 ± 0.835 0.0 ± 0.162 yes 

scNup1001-400 52.11 ± 2.055 31.94 ± 1.687 yes 

scNup1451-152 0.32 ± 0.227 0.16 ± 0.162 no 

hsNup621-175 0.0 ± 0.498 0.7 ± 0.312 No 

dmNup621-175 0.29 ± 0.211 0.0 ± 0.161 No 

spNup451-220 0.0 ± 0.16 0.16 ± 0.165 no 

tgNup5860-320 0.0 ± 0.152 0.0 ± 0.139 no 

hsNup98250-500 1.29 ± 0.455 0.48 ± 0.28 no 

dmNup98250-500 2.75 ± 0.622 1.83 ± 0.525 no 

spNup98250-500 3.50 ± 0.675 3.41 ± 0.699 no 

 

3.4. Effect of nucleoporin aggregation on nuclear-cytoplasmic transport 

Since the nucleoporin proteins are rather conservative, and some of them retain their 

amyloid properties [31], we decided to analyze the effect of aggregation of their fragments on 

nuclear-cytoplasmic transport. To perform the analysis, we constructed specialized constructs 

based on the pAG415GPD-ccdB-Cerulean vector. The coding sequences of fragments of 

nucleoporins of various species, which are orthologs of yeast nucleoporins Nsp and Nup145, as 

well as human nucleoporin NUP58, were transferred to it by recombination cloning. It is worth 

noting that there are no direct orthologs for human nucleoporin NUP58 in yeast. This ortholog is 

the NUP62 protein. However, the NUP58 and NUP62 proteins are paralogs and perform similar 

functions. Such orthologs were Nup58 Taeniopygia guttata (fragment from 60 to 320 a.a.), 

Nup98 Schizosaccharomyces pombe (fragment from 250 to 500 a.a.), and Nup98 Drosophila 

melanogaster (fragment from 250 to 500 a.a.). To compare the effect of overproduction of 

nucleoporin fragments on nuclear cytoplasmic transport In [PIN+] and [pin-] strains, we used 

OT56-NLS-GFP and 1-OT56-NLS-GFP strains, and then performed the experiment according to 
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the description in Materials and Methods. The results of the experiment conducted for strain 1-

OT56-NLS-GFP showed that a significant decrease in nuclear cytoplasmic transport compared to 

the control (ccdB) is observed for the following fragment of the nucleoporin protein – 

spNup98250-500 (p-value = 2.4*10-5-5) (Table 10). At the same time, we do not observe any 

differences for the dmNup98250-500 and tgNup5860-320 constructs (Figure 30), as well as for yeast 

protein fragments. 

Table 10-Results of the Wilcoxon test with the Benjamin Hochberg correction for 

comparing the effect on nuclear cytoplasmic transport in a strain with the [pin-]prion 

Comparing pair p-value 

ccdB – dmNup98250-500 0.39918 

ccdB – spNup9820-500 2.4*10-5 

ccdB – tgNup5860-320 0.11838 

ccdB-scNsp11-136 0.11838 

ccdB-scNup1451-152 0.11838 

Nsp1 – dmNup98250-500 0.62691 

Nsp1 – spNup9820-500 0.00417 

Nsp1 – tgNup5860-320 0.80221 

Nup145 – dmNup98250-500 0.63569 

Nup145 – spNup9820-500 0.00019 

Nup145 – tgNup5860-320 0.67122 
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Figure 30-Overproduction of amyloidogenic regions of nucleoporins of different species 

leads to disruption of nuclear import in the strain with the [pin-] prion. The graph shows 

the ratios of signals from NLS-GFP in the nucleus and cytoplasm (N/C). The presence of 

differences between the groups was revealed with the subsequent application of the Wilcoxon 

test with the Benjamin Hochberg correction for multiple comparisons. 

 

A similar experiment was performed for the prion-carrying strain [PIN+].  As a result, we 

observed a decrease in nuclear cytoplasmic transport for all constructs in comparison with the 

control samples (ccdB was used as a control), as well as in comparison with fragments of yeast 

nucleoporins Nsp11-136 and Nup1451-152 (Fig. 32). The Wilcoxon test adjusted for multiple 

comparisons by Benjamin Hochberg was used for comparison. The obtained values of 

significance levels for each pair of comparisons are shown in Table 11. 

Table 11-Results of the Wilcoxon test with the Benjamin Hochberg correction for comparing the 

effect on nuclear cytoplasmic transport in a strain with the [PIN+] prion 

Comparing pair p-value 

ccdB – dmNup98250-500 < 2*10-16 

ccdB – spNup9820-500 <  2*10-16 

ccdB – tgNup5860-320 <  2*10-16 

ccdB-scNsp11-136 <  2*10-16 

ccdB-scNup1451-152 <  2*10-16 
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Nsp1 – dmNup98250-500 1.5*10-11 

Nsp1 – spNup9820-500 < 2*10-16 

Nsp1 – tgNup5860-320 1.9*10-6 

Nup145 – dmNup98250-500 <  2*10-16 

Nup145 – spNup9820-500 <  2*10-16 

Nup145 – tgNup5860-320 4.2*10-11 

 

 

Figure 31-Overproduction of amyloidogenic regions of nucleoporins of different species 

leads to disruption of nuclear import in the strain with the [PIN+] prion. The graph shows 

the ratios of signals from NLS-GFP in the nucleus and cytoplasm (N/C). 

The presence of differences between the groups was revealed with the subsequent application 

of the Wilcoxon test with the Benjamin Hochberg correction for multiple comparisons. 

 

The results obtained suggest that the presence of the prion [PIN+] may affect the 

processes of nuclear-cytoplasmic transport. For this purpose, an additional analysis was 

performed, namely, we checked whether the efficiency of nuclear-cytoplasmic transport differs 

for nucleoporin fragments. As a result of the analysis, it was shown for the protein spNup98250-

500 that the presence of the prion [PIN+] affects the transport effect shown (Fig. 31, Table 11). As 

a result of the Wilcoxon test, it was shown that the presence of the prion [PIN+] leads to a 
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stronger decrease in nuclear cytoplasmic transport (p-value = 4.959 * 10-8-8). The presence of 

the [PIN+] prion also affects the strength of reduced nuclear-cytoplasmic transport in the case of 

overproduction of dmNup98250-500 (p-value = 2.549*10-11-11) and tgNup5860-320 (p-value = 

2.438*10-5-5) nucleoporin fragments. Thus, we can say that the presented system for evaluating 

nuclear cytoplasmic transport depends on the presence of the [PIN+] factor, and the presence of 

this prion can affect nuclear cytoplasmic transport in yeast cells. The experiments in this section 

were conducted jointly with T. M. Rogoza. 
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CHAPTER 4. Discussion 

4.1 Amyloid properties of human protein NUP58 

The results obtained in this study demonstrate for the first time that the human protein 

NUP58 can form amyloids in vitro and in vivo.  To prove that the protein is amyloidogenic, it is 

necessary that the structure under consideration meets several criteria:: binding to specific dyes, 

the formation of fibrils that are resistant to ionic detergents and proteases in in vivo and in vitro 

systems in vitro[3]. We have shown that the NUP58 protein forms SDS-resistant aggregates 

(Figures 9 and 11), which are also resistant to treatment with proteinase K (Figure 13). The 

resulting fibrils of this protein were also stained with amyloid-specific dyes (Thioflavin T and 

Congo red) and showed characteristic properties: increased fluorescence (Figure 15) and apple-

green birefringence, respectively (Figure 14). An interesting fact is that two forms of NUP58 

aggregates were found in the solution, which differ in size. At the same time, large aggregates 

were sensitive to BME treatment, which reduces disulfide bonds, and therefore they can be 

called polymers (Figure 12). We assume that two cysteine residues in NUP58 at positions 252 

and 521, located outside the predicted amyloidogenic region, are responsible for this (1-213 aa, 

Figure 5). However, it should be noted that S. cerevisia aggregation of the protein fragment from 

215 to 599 amino acid residues is observed in S. cerevisia yeast cells.  Despite the fact that this 

fact is consistent with the predictions of the ArchCandy program (Figure 5), this assumption 

requires additional verification and refinement. 

The human protein NUP58 also exhibits amyloid properties in the bacterial C-DAG 

system, and also forms fluorescent glow foci in yeast cells. Cells producing full-length NUP58 

or its amyloidogenic part NUP581-213can form amyloid aggregates on the surface. This is 

confirmed by the red color of colonies on a medium containing the Congo red dye (Fig. 16), 

apple-green birefringence of cells in polarized light (Fig. 18), and protein fibrils on the surface 

detected by TEM (Fig. 17). Since both cysteines are located outside the NUP58 fragment1-213, 

which forms amyloids in the C-DAG system, we conclude that these residues are not essential 

for protein amyloidogenesis. Therefore, we have suggested that small oligomers detected in vitro 

in the presence of BME are also amyloids. Among the already described amyloids, there is an 

example – β2-microglobulin, the formation of aggregates of which also occurs due to the 

formation of disulfide bridges [44].  Partial deletion analysis of the NUP58 protein showed that 

its NUP581-95 fragment also exhibits amyloid properties in both the C-DAG system and the yeast 

system, which is consistent with ArchCandy's predictions (Figure 5). This is also consistent with 

the assessment of the conservativeness of amyloid properties, the analysis of which showed the 
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presence of a conservative region with amyloid properties in the 95 amino acid region (Figure 6). 

However, additional checks are necessary for unambiguous localization of the domain 

responsible for aggregation of the NUP58 protein.  First, we observe aggregation of the 

NUP58215-599 fragment in S. cerevisiae cells, but we do not observe the formation of fibrils and 

binding to the Congo red dye in the C-DAG system. Although the C-terminus of the protein has 

an increased content of FG repeats, which may contribute to aggregation in yeast cells. Secondly, 

according to the ArchCandy program predictions (Fig. 5), the maximum cumulative score 

(amyloidogenicity estimate) is observed for the region from 175 to 213 amino acids, which is 

also consistent with the estimate of conservativeness of amyloid properties (Fig. 6). 

The described characteristics of the human protein NUP58 allow us to consider it a new 

amyloid. Bioinformatic analysis of the NUP58 protein orthologs showed that all of them are 

potential amyloids (Fig. 6) [30]. This analysis also revealed a protein fragment that is 

amyloidogenic in many orthologs and is located outside the region of FG repeats, which are 

supposed to play a key role in the formation of a selective barrier inside the nuclear pore [48, 90, 

116]. It is noteworthy that the conservativeness of the protein sequence in this fragment is lower 

than the conservativeness of amyloidogenic properties [30]. This fact may indicate that the 

formation of amyloids inside the NPC is functional and necessary for the regulation of nuclear-

cytoplasmic transport. A similar idea was put forward earlier on the basis of evidence for the 

formation of amyloids by human and yeast nucleoporins [104]. Thus, we suggest that the 

identified NUP58 fragment with a conservative tendency to aggregation may play an important 

role in the formation of a selective barrier in NPC. 

4.2 Conservativeness of amyloid properties of nucleoporins 

In the course of our work, we have shown that according to bioinfomatic predictions, 

amyloid properties are found in almost all orthologs of the human protein NUP58. It is also 

worth noting that the group of nucleoporin proteins has a certain sequence conservativeness. For 

this reason, it was logical to expect the preservation of amyloid properties. This is partially 

confirmed by studying the prion domains of yeast proteins. For example, Nsp1, Nup42, Nup49, 

Nup57, Nup100, and Nup116 formed aggregates in vivo. In almost all cases, these aggregates 

were resistant to SDS (with the exception of the Nup57 protein), and only aggregates of Nup100 

and Nup116 fragments were stained with Thioflavin T in vitro [10]. Therefore, an important step 

in this work was to analyze the amyloid properties of nucleoporin proteins from different 

taxonomic groups. Bioinformatic analysis has shown that many nucleoporins from different 

taxonomic groups are potential amyloids (Figure 24). Moreover, for the orthologs of the Nup49, 

Nup57, Nup159, and Nsp1 proteins, we identified conserved regions that had amyloid properties 
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according to bioinformatic predictions (Figure 24). The preservation of amyloid properties 

among orthologs is also described for other proteins that are functional amyloids: for example, 

the CPEB protein [148], FXR1 [147], and proteins containing RHIM motifs [74].  

 Further experimental tests showed that fragments of yeast nucleoporins Nsp11-136 and 

Nup1001-400 exhibit amyloid properties in the C-DAG system: red coloration of colonies on a 

dye-containing medium (Fig. 26) and interaction with the dye Congo red with subsequent apple-

green birefringence (Fig. 27). This is consistent with earlier experimental data. Thus, the yeast 

protein fragment Nsp11-175 forms detergent-resistant aggregates in yeast cells during 

overproduction, and the corresponding aggregates obtained in vitroare stained with the dye 

Thioflavin T [10]. Also, the sequence from 1 to 601 amino acids of the protein forms a hydrogel 

in vitro [54], which contains intermolecular β-sheets, which is a characteristic feature of amyloid 

aggregates [119]. Similar results were obtained for Nsp12-277 [4]. It was shown that the yeast 

fragment Nup1001-592 forms detergent-resistant aggregates in cells and forms aggregates in 

vitrothat are stained with Thioflavin T [10]. Further analysis of this protein showed that shorter 

fragments of Nup1001-200 and Nup100201-400 protein are capable of aggregation in yeast, and 

Nup100300-400 forms fibrils that are stained with Thioflavin T [59]. 

 Most orthologs of yeast nucleoporins (for which amyloid properties were demonstrated 

[10]) demonstrated amyloid properties according to bioinformatic predictions. We selected 

several nucleoporin proteins for further analysis, and performed experimental tests in the C-DAG 

system and in the yeast system. These tests showed that fragments of only two nucleoporins that 

are orthologs of yeast, namely dmNup98250-500 and spNup98250-500, showed amyloid properties 

(Table 8). They were characterized by an apple-green glow when stained with Congo red dye 

(Fig. 27), the formation of fibrils on the cell surface (Fig. 28), and the formation of fluorescent 

glow foci in yeast cells (Fig. 29). Yeast nucleoporin fragments scNup1001-400 and scNSP11-136 

also exhibit similar properties, which is consistent with the described data [4, 10, 59]. At the 

same time, the nucleoporin fragment tgNup5860-320 and the nucleoporin protein fragment 

scNup1451-152 demonstrate amyloid properties only in the C-DAG system (Fig. 26).  The results 

obtained on the amyloid properties of nucleoporins do not allow us to draw an unambiguous 

conclusion about the prevalence of amyloid properties among all nucleoporins. Undoubtedly, 

such properties are inherent in a large number of representatives, but this requires more 

experimental checks. Also, for such tests, it is necessary to expand the list of systems used (for 

example, add human cell cultures) for more reliable results, since post-translational 

modifications can affect protein aggregation [134]. 
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4.3 Effect of nucleoporin aggregation on the import of macromolecules into the nucleus 

Nucleoporin proteins with FG repeats form a selective barrier within the YAP. This 

occurs due to the filling of the central channel of the nuclear pore with unstructured domains. It 

is worth noting that the presence of such domains is characteristic of amyloid proteins. Small 

molecules easily pass this filter, but large loads require interactions with specific nuclear 

transport receptors to pass through the barrier due to the ability to interact with FG repeats. 

Previously, it was assumed that FG repeats of yeast Nsp1 and other Nups form a stable hydrogel 

inside the YPC [4, 86, 135, 155]. Further studies have shown the presence of intermolecular β-

sheets characteristic of amyloids in hydrogels [155]. Amyloid fibrils presumably play an 

important role in the formation of hydrogels due to the FG repeat regions of yeast Nup49 and 

human NUP153 [104].  

Presumably, aggregation of nucleoporin proteins can lead to disruption of nuclear-

cytoplasmic transport.  When evaluating the effect of nucleoporin aggregation on nuclear-

cytoplasmic transport in this study, we obtained results that fragments of yeast nucleoporins 

Nsp11-136 and Nup1451-152 affect the import of macromolecules into the nucleus in a strain with 

the [PIN+] prion. Next, we analyzed the effect of orthologs of yeast nucleoporins Nup145 and 

Nsp1 from other organisms on nuclear-cytoplasmic transport. For the study, we used tgNup5860-

320, spNup98250-500, and dmNup98250-500, for which amyloid properties were shown in this study. 

In the course of our work, we found that all nucleoporin fragments are characterized by a 

decrease in the efficiency of macromolecule transport from the cytoplasm to the cell nucleus in 

the presence of [PIN+] factor (Fig. 30 and Fig. 31). This can be explained by the fact that Rnq1 

protein aggregates include fragments of nucleoporin proteins, which in turn lead to the inclusion 

of proteins responsible for nuclear-cytoplasmic transport.  In the absence of the [PIN+] prion in 

the strain, we observed an effect on transport for only one nucleoporin fragment, namely 

spNup98250-500. For some neurodegenerative diseases (Huntington's disease), cases of 

sequestering of proteins responsible for nuclear-cytoplasmic transport into Htt protein aggregates 

have been described [52]. These inclusions include the RanGAP1, Nup62, and Nup88 proteins, 

which form intranuclear inclusions together with the HTT protein [57]. It was also shown that 

during the development of various neurodegenerative diseases, a complex effect is observed on 

the disruption of mRNA transport to the nucleus. This is due to the inclusion of proteins 

responsible for the transport of mRNA into the nucleus in aggregates, which in turn leads to a 

violation of cellular homeostasis [19, 37]. It is possible that similar processes are observed in the 

case of overproduction of fragments of nucleoporin proteins. During this process, cellular 

homeostasis is disrupted, some of the proteins responsible for importing macromolecules into the 
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nucleus bind to fragments and do not participate in transport, as a result, we observe a decrease 

in the level of import of macromolecules into the nucleus. 

The data obtained on the effect of overproduction of nucleoporin fragments on the import 

of macromolecules into the nucleus do not allow us to draw an unambiguous conclusion. On the 

one hand, there is literature evidence that nucleoporin proteins exhibit amyloid properties and 

can form hydrogels. It is possible that the assembly and disassembly of aggregates in the lumen 

of the nuclear pore maybe a system for regulating the intensity of transport. On the other hand, 

overproduction of the nucleoporin protein fragment tgNup5860-320 led to a decrease in the import 

of macromolecules into the nucleus, although it did not aggregate in yeast cells. This fact may 

indicate that changes in the level of individual nucleoporin proteins can also affect the processes 

of nuclear-cytoplasmic transport. This is due to a change in the number of functional proteins 

responsible for this. Thus, to date, there is no unambiguous mechanism of the effect of 

nucleoporin aggregation on nuclear-cytoplasmic transport. Most likely, irreversible aggregation 

of nucleoporins is rather an abnormal process and affects nuclear-cytoplasmic transport due to 

the inclusion of proteins that provide transport in the aggregates.
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Conclusions 

1. Human protein NUP58 has amyloid properties both in vitro and in model systems. 

2.The N-terminal fragment of the protein is responsible for aggregation of the NUP58, 

and the first 95 amino acids are sufficient for this process. 

3. Fragments of Nup98 nucleoporins from Homo sapiens, Schizosaccharomyces 

pombe, and Drosophila melanogaster demonstrate amyloid properties in model systems.  

4. Overproduction of nucleoporin amyloidogenic fragments of Saccharomyces 

cerevisiae, as well as other species, leads to disruption of macromolecule transport to the 

nucleus in yeast cells in the presence of the prion [PIN+].
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