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imidazole-4-one)

FACS - Fluorescence-activated cell sorting (fluorescence-activated cell sorting)
FDA - Food and Drug Administration (Food and Drug Administration - an agency of the
US Department of Health and Human Services)

GFP - green fluorescent protein (green fluorescent protein)
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VEGF - Vascular endothelial growth factor

YPD - Yeast Extract Peptone Dextrose (yeast nutrient medium containing yeast extract,
peptone, glucose)

XRNL1 - 5’3’ exoribonuclease 1

Zeo - zeocin antibiotic



INTRODUCTION

Relevance of the research topic

Aptamers are synthetic DNA and RNA oligonucleotides with a specific three-
dimensional structure, which interact with various targets with high affinity and specificity,
ranging from molecules to cells. Due to these features, aptamers are used in fundamental
research, as well as for applied purposes (Shanaa O.A. et al., 2021; Niederlender et al., 2021;
Srivastava et al., 2021; Razlansari et al., 2022).

RNA aptamers are of particular interest given the variety of structural motifs found in
RNA molecules, facilitating the development of aptamer variants with specific
conformations to interact with specific targets and ligands. Currently, the main methods for
obtaining RNA aptamers are chemical or enzymatic using in vitro synthesis, and both are
associated with high cost and low productivity. Synthesis of RNA aptamers in vivo is an
important aspect of RNA nanotechnology. In this work, the yeast Saccharomyces cerevisiae
was used to synthesize RNA aptamers in vivo. S. cerevisiae yeast was chosen as a producer
of RNA aptamers due to the absence of RNA interference components, which prolongs the
lifetime of RNA molecules in vivo. In addition, the use of eukaryotic microorganisms for the
synthesis of RNA aptamers allows us to evaluate the behavior, properties, and stability of

such aptamers in higher eukaryotes.

The extent of development of the research topic

Establishing a robust platform for the biological synthesis of RNA aptamers represents
a key step toward tapping the enormous advantages of RNA in biology and biomedicine.
Aptamer and RNA nanoparticle therapies are still at their early stage, but the number of

FDA-approved RNA-based therapeutics is increasing, and so is the demand for such
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compounds. S. cerevisiae yeast is a eukaryotic model organism, with 23% of its genomes
containing homologous genes within the human genome (Jiang et al., 2006), allowing the
microbe to be used to model human diseases (Smith and Snyder, 2006). Experiments on the
"humanization” of yeast enable us to obtain authentic human proteins (Kachroo et al., 2022).
Despite the fact that the list of possible applications of RNA aptamers is supplemented every
year, there is still no information about the possible effect of RNA aptamers on the
eukaryotic organism. There is also no information on the efficient synthesis of functional

RNA aptamers in yeast cells.

The aim and objectives of the research
The aim of this work was to create a platform for the synthesis of RNA aptamers in
vivo using S. cerevisiae yeast cells, and to study the effect of aptamers on the biology of the
producer strain. To achieve this goal, the following tasks were formulated:
1. Create a system for the synthesis of the Broccoli RNA aptamer in S. cerevisiae.
2. Evaluate system efficiency and optimize the synthesis of RNA aptamer.
3. Synthesize self-assembling RNA aptamers in yeast cells.
4. Evaluate the effect of aptamer synthesis on the level of gene transcription in the
producer strain.
5. Study the effect of the deletion of XRN1 gene encoding exoribonuclease 1 on RNA

aptamer stability, and the viability of the producer strain.

The scientific novelty of the research

In this work, we demonstrated for the first time the possibility of using S. cerevisiae
as a platform for the synthesis of RNA aptamers in vivo. We obtained evidence for the
successful synthesis and self-assembly of the RNA aptamer in yeast cells by using a
fluorescent Broccoli RNA aptamer as a reporter system. We also demonstrated the effect of
the Broccoli RNA molecule on S. cerevisiae yeast for the first time by analyzing the

transcriptome of the aptamer-producing strain.



The theoretical and practical significance of the work

The results obtained in this work allow us to draw preliminary conclusions about the
properties and stability of RNA aptamers in vivo, the possible effect of RNA aptamers on
eukaryotic cells, and will also contribute to the development of research in the field of
nucleic acid nanobiotechnology. The developed approaches for obtaining expression vectors
for the Broccoli RNA aptamer and yeast strains producing this aptamer can be further used
to synthesize various variants of RNA aptamers that are of interest for both biology and

medicine.

Author’s contribution to the study

The main results of the study were obtained by the author personally. The analysis of
differential gene expression was carried out by the author together with a researcher at the
Laboratory of Biochemical Genetics of the Department of Genetics and Biotechnology of
St. Petersburg State University Rumyantsev Andrey Mikhailovich on the basis of the
resource center "Development of Molecular and Cellular Technologies” of St. Petersburg
State University. The bioinformatics analysis of the obtained results was carried out by the
author together with A. M. Rumyantsev and the graduate student of the Faculty of Biology
Sidorin Anton Vitalievich.

The fluorescence analysis of the Broccoli-DFHBI-1 RNA aptamer in yeast cells was
carried out by A. M. Rumyantsev at the Resource Center of St. Petersburg State University

“Observatory of Ecological Safety”.

Methods of research

A wide range of modern methods of genetics, molecular biology, and microbiology
were used to obtain the results of this study. Polymerase chain reaction, nucleic acid
preparation, molecular cloning, bacterial and yeast transformation, fluorimetry.

Transcriptomic analysis was carried out using new generation sequencing methods.
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The main points made for the defense

1. The fundamental possibility of synthesizing a functional Broccoli RNA aptamer in S.
cerevisiae yeast cells has been demonstrated.

2. The synthesis of the fluorescent Broccoli RNA aptamer leads to a change in the
expression level of a number of S. cerevisiae yeast genes without affecting the

viability of the producer strain.

The degree of validity and approbation of the results
The main results of the study were presented and discussed at three international

conferences and published in four articles in peer-reviewed scientific journals:

1. Muzaev D.M., Rumyantsev A.M., Al Shanaa O.R., Sambuk E.V. Selective system
based on fragments of the M1 virus for the yeast Saccharomyces cerevisiae
transformation // Ecological genetics. 2020. - Vol. 18, no. 2. P. 251-263

2. Shanaa O.A., Rumyantsev A., Sambuk E., Padkina M. In Vivo Production of RNA
Aptamers and Nanoparticles: Problems and Prospects // Molecules. 2021. Vol. 26, no.
5. P. 1422 (1-19)

3. Rumyantsev A., Sidorin A., Volkov A., Al Shanaa O., Sambuk E., Padkina M.
Transcriptome Analysis Unveils the Effects of Proline on Gene Expression in the
Yeast Komagataella phaffii // Microorganisms. 2022. Vol. 10, no. P. 67 (1-16)

4. Ilanaa VY.A., Pymanues A.M., CamOyx E.B., Ilagkuna M.B. Cunres
dbayopecuentHoro PHK-anramepa Broccoli B kietkax apoxcoked Saccharomyces
cerevisiae// Dkosnoruyeckas reHeruka. 2022. Tom 20 (4), ctp. 339-348 (Al Shanaa
O., Rumyantsev A.M., Sambuk E.V., Padkina M.V. The synthesis of Broccoli RNA
fluorescent aptamer in Saccharomyces cerevisiae yeast cells // Ecological genetics.
2022. Vol. 20, no 4. P. 339-348)
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Financial support for work. The main part of the work was carried out within the
framework of the Russian Foundation for Basic Research grant for postgraduate students
No. 20-34-90139\20 “Development of approaches to the use of yeast as an object for the
synthesis and study of the properties of RNA nanoparticles.”

The scope and structure of the work. The thesis consists of an introduction, a
literature review, a materials and methods, results, a discussion, conclusions, a list of
references containing 247 titles, and supplementary materials. The work is presented on 111

pages, contains 21figures and 3 tables. Supplementary section includes 1 table,
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1 LITERATURE REVIEW

1.1 DNA and RNA aptamer

The term "aptamer" is a hybrid word of Greek and Latin origin (‘aptus’ meaning
suitable in Latin, and ‘meros’ meaning thing or part in Greek), literally meaning "fitting
parts". Aptamers are artificial oligonucleotides capable of binding to target chemicals
ranging from ions to specific cell surface proteins.

In 1990, two independent molecular biology teams from the US reported the very first
steps of the study and development of aptamers. The first group from the University of
Colorado in Boulder first described the main method for obtaining aptamers, abbreviated as
SELEX (Systematic Evolution of Ligands by Exponential Enrichment) (Tuerk, Gold, 1990).
This method is based on the creation of a large number of random oligonucleotides subjected
to several rounds of enrichment, including binding to a specific target, removal of unbound
nucleotides, and modifications. This ensures that only oligonucleotides with the highest
affinity for the target chemical are selected for further cloning and analysis.

A second group of researchers from the Department of Molecular Biology at the
Massachusetts Hospital in Boston coined the term "aptamer" after using the SELEX method
to select oligonucleotides that interact with a range of organic dye precursors. They found
that only one in 10 RNA aptamers was able to bind to a particular organic molecule
(Ellington, Szostak, 1990).

At the time of writing the thesis, there are about 775 variants of aptamers with their
targets in the Aptagen database of aptamers (https://www.aptagen.com/apta-index/), of
which 448 are DNA aptamers and 177 are RNA aptamers, the rest are peptide, chimeric

aptamers. It should be taken into account that the protein data bank (https://www.rcsb.org/)
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contains 259 records of RNA aptamers, 119 records of DNA aptamers with available X-ray,
NMR or electron microscopy images.

Aptamers are single-stranded oligonucleotides of RNA or DNA with a characteristic
spatial structure, able to recognize and bind to various targets with high specificity (Figure
1).

/ organic compounds
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<

subcellular
organelles
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pﬂlysa;:.charides

Figure 1. Possible targets for aptamers

Aptamers can bind to target chemicals, including ions (Qu et al., 2016), organic
compounds (Ruscito, DeRosa, 2016; Miyagawa et al., 2020), proteins (Wang et al., 2020),
nucleic acids (Park et al., 2016; Xie et al., 2020), polysaccharides (Low et al., 2009),
subcellular organelles (Xie et al., 2020), viruses, prokaryotic and eukaryotic cells
(Rahimizadeh et al., 2017; Kolm et al., 2020).
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1.1.1 Improvement of methods for the selection and synthesis of RNA aptamers

The classic version of SELEX uses a library of random sequences of single-stranded
DNA or RNA, in which unique oligonucleotide sequences are flanked by the same 3' and 5'
sequences. In repeated cycles that include 3 steps: a) binding of an oligonucleotides library
to a specific target, b) removal of unbound oligonucleotides, ¢) amplification of bound
oligonucleotides by PCR using common 3' and 5' sequences. The library is enriched with
oligonucleotides that have an affinity for the target molecule. After the enrichment of the
library is completed, the nucleotide sequences of the selected oligonucleotides are
determined and synthesized in amounts necessary to perform functional tests (Tuerk, Gold,
1990). SELEX is considered the primary method for generating aptamers, but this method
has been greatly improved since it was first introduced in the early 1990s to reduce selection
time and increase the likelihood of aptamer-target interaction (Aquino-Jarquin, Toscano-
Garibay, 2011; Zhuo et al., 2017; Buglak et al., 2020; Lee et al., 2023). In recent years,
many modifications of the SELEX technology have appeared that use advances in
sequencing, chromatography, electrophoresis, cloning, and bioinformatics. This
significantly increased the efficiency of the technology and accelerated the process of
obtaining the required aptamers. The developed methods for automatic selection of aptamers
allow the simultaneous acquisition of aptamers against a large number of different targets
(Eulberg et al., 2005). Table 1 summarizes some of the key modifications and improvements
to the SELEX method for designing RNA aptamers.

Table 1. Modifications of the SELEX method for the production of RNA aptamers.

Method Advantage Application

Negative SELEX Reduced non-specific interactions | Biosensors for organic dyes
(Ellington, Szostak, | with stationary targets
1992)




14

Counter SELEX
(Jenison et al., 1994)

Development of aptamers with co-
affinity for similar targets

Bronchodilator theophylline
biosensor

Mixed SELEX
(Smith et al., 1995)

Enrichment of the combinatorial
pool for obtaining drugs

Neutrophil elastase inhibitor
(valP)

Photo-SELEX
(Jensen et al., 1995)

Ensuring covalent cross-linking
through the use of photosensitive
nucleotides

Covalent attachment of
human immunodeficiency
virus type 1 Rev protein

In vivo SELEX Selection of aptamers targeting Discovering of splicing
(Coulter et al., organic and biomolecules in living | enhancer sites

1997) organisms

Chimeric SELEX Fusion of two aptamers to facilitate | Improving the

(Burke, Willis, assembly of bifunctional molecules | understanding of RNA

1998) and reactions of two neighboring functions, and the RNA

molecules

World Hypothesis

Cellular SELEX
(Homann, Goéringer,
1999)

Recognition of whole living cells
with multiple targets

RNA ligands of living
African trypanosomes

Indirect SELEX
(Kawakami et al.,
2000)

Modulation of aptamer function in
vivo via induction

Aptamers for binding to
target proteins after
induction with divalent ions
such as Zn2+

Toggle SELEX
(Bianchini et al.,
2001; White et al.,
2001)

Obtaining aptamers capable of
binding to Intact and denatured
proteins, as well as aptamers with
cross-reactivity between species

Development of diagnostic
kits and preclinical studies
of drug candidates

SELEX with
capillary
electrophoresis
(Mendonsa, Bowser,
2004)

Reducing the selection time and the
number of rounds after the
formation, dissociation and
separation of the aptamer-target
complex

Aptamers with high
specificity for human IgE
compared to human IgG or
mouse IgE

FluMag SELEX
(Stoltenburg et al.,
2005)

Preparation of fluorescent aptamers
and the use of magnetic beads for
target immobilization facilitates the

Streptavidin-specific
aptamers used to bind
magnetic beads to



https://paperpile.com/c/JUin8x/jyb37
https://paperpile.com/c/JUin8x/jyb37
https://paperpile.com/c/JUin8x/jyb37
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separation of bound and unbound
aptamers

biotinylated molecules

Atomic Force
Microscopy SELEX
(Peng et al., 2007)

Identification of aptamer-target
complexes using fluorescent signals
in one selection cycle from a
limited set of random
oligonucleotides

The thrombin aptamer was
successfully detected,
visualized, isolated and then
characterized by PCR
amplification and
seguencing.

Microfluidics
SELEX (Huang et
al., 2010)

Using microcapillaries and liquid
chips to test the effect of various
reagents on aptamer activity

Aptamers against C-reactive
protein

Aptamer secondary

structure predictions
in silico

(Zuker, 2003; Xu et
al., 2014)

Using the VVfold2d and RNAfold
servers with free energy analysis
and aptamer sequence configuration

Design of the theophylline
aptamer (Chushak, Stone,
2009)

Aptamer tertiary
structure predictions
in silico

Using the Vfold3D and 3dRNA
servers to predict the aptamer
tertiary structure based on the
features of secondary structures
(Wang et al., 2019)

Aptamers against
Streptococcus agalactiae
surface receptor protein
(PDB identifier: 2XTL)

Structure prediction
of the guanine
quadruplex (G4) in
silico

Using machine learning technology
to predict Hoogsten hydrogen
bonds formed between nucleic acid
and target proteins, for example,
using pgsfinder (Hon et al., 2017;
Puig Lombardi, Londoiio-Vallejo,
2019)

G4 aptamers with high
resistance to serum
nucleases are used as
antitumor and anticoagulant
drugs (Roxo et al., 2019)

Molecular docking
in silico

Used after the structure prediction
steps to predict the best aptamer
and target binding site and select
the lowest binding energy e.g.
DOCK and rDock (Escamilla-
Gutierrez et al., 2021).

The cytochrome p450
aptamer was designed using
DOCK (Shcherbinin et al.,
2015)

Simulation of

Used to assess the stability of the

Study of flavin RNA
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molecular dynamics | aptamer-target complex and aptamer (Ruan et al., 2017)
in silico calculate the binding energy
between atoms participating in the
complex as AMBER and
GROMACS (Buglak et al., 2020)

Virtual Screening Al and machine learning tools used | RNA aptamers against the

to analyze large amounts of protease of the SARS-CoV-
aptamer-target interaction data can | 2 virus protease (Morena et
save time and labor when al., 2021)

generating new aptamers (Zhuo et
al., 2020; Iwano et al., 2022;
Kallert et al., 2022).

1.1.2 Aptamers in basic and applied research

Aptamers with a reporter group are used to identify and localize various molecules in
the cell and evaluate their participation in certain biological processes (Dougherty et al.,
2015; Goldsworthy et al., 2018).

Aptamers can be used to identify specific protein sequences responsible for
interactions with nucleic acids and isolate such proteins (Cox et al., 2002; Lonne et al., 2015;
Qiao et al., 2015; Moccia et al., 2019). Aptamers can regulate transcription by acting as
competitive inhibitors of transcription factors (Wurster et al., 2009).

Aptamers capable of recognizing pathogenic microorganisms can be used as sensors
for their detection (Nagarkatti et al., 2012; Paniel, Noguer, 2019).

A DNA aptamer that binds and inhibits thrombin can be used to create an
anticoagulant drug (Zavyalova et al., 2017). In 2004, the first FDA-approved RNA aptamer
drug for the treatment of neovascular age-related macular degeneration, called Pegaptanib
or Macugen, was introduced. Aptamer has an anti-angiogenetic effect, inhibiting the
formation of excess blood vessels by binding to vascular endothelial growth factor. A

number of RNA-based therapeutic, diagnostic, prophylactic, and sensory agents are being
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investigated in relation to advances in manufacturing, modification, and delivery (Su,
Hammond, 2020; Kowalzik et al., 2021; Zhang, Zhang, 2022).

Aptamers with a reporter group can be used to diagnose diseases, localize tumors, and
target proteins associated with various pathologies (Zhou et al., 2014; Dougherty et al.,
2015; Hassanzadeh et al., 2018). Traditionally, antibodies have been used for this purpose.
Due to the three-dimensional structure and specificity of binding to certain targets, aptamers
can be considered as promising substitutes for antibodies. Aptamers, often referred to as
"chemical antibodies", do not have the disadvantages of classical antibodies (Chen, Yang,
2015).

The most well-known method for obtaining antibodies is based on the immunization
of animals with the analyte. Not all compounds are immunogenic, and obtaining suitable
antibodies requires the use of expensive and laborious methods (Hoogenboom, 2005; Rajesh
et al., 2013). There is no such problem for aptamers; specific aptamers can be obtained for
different classes of analyzed substances from ions and small molecules (Baker et al., 2006;
Liu et al., 2018) to macromolecules and microorganisms (Zou et al., 2019; Tyagi et al.,
2020). At the same time, aptamers are much more stable than antibodies, and even after
denaturation they are able to restore their original three-dimensional structure
(Thiviyanathan, Gorenstein, 2012).

1.1.3 Functional and structural diversity of RNA as a basis for obtaining

aptamers

RNA molecules have always attracted great attention from researchers due to the
variety of their functions, the list of which is constantly expanding (Breaker, Joyce, 2014).
In addition to messenger RNA (mRNA), which ensures the transfer of genetic information
encoded in the genome to the translation apparatus, there are a large number of non-coding
RNAs involved in the implementation and regulation of various cellular processes. This

includes transcription, maturation of various types of RNA, and translation. Highly
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structured transfer RNA (tRNA) and ribosomal RNA (rRNA) are involved in translation,
tRNA serves as an adapter molecule (Hoagland, 1996), rRNA is the structural and catalytic
basis of ribosomes (Nissen et al., 2020).

Natural and synthetic ribozymes have enzymatic activity (Pace et al., 1987; Zaug,
Cech, 1987; Bartel, Szostak, 1993; Felletti, Hartig, 2017; Nissen et al., 2020). Bacterial small
RNAs (Grigorov et al., 2017); miRNA (miRNA) (Pasquinelli, 2012); and small interfering
RNA (siRNA) (Cejka et al., 2006) are involved in the regulation of gene expression and
translation. Small nuclear RNAs (snRNAs) are involved in the splicing of eukaryotic
messenger RNAs (Stanek et al., 2008). Small nucleolar RNAs provide chemical
modifications (methylation and pseudouridylation) and maturation of eukaryotic rRNA
(Jady, 2001). RNA aptamers selectively bind to various targets, affecting their functioning
(Jady, 2001; Bouchard et al., 2010; Chen et al., 2018). Aptazymes combine the ability to
bind a specific ligand with enzymatic activity (Felletti, Hartig, 2017). Riboswitches, RNA
molecules, change their conformation and regulate gene expression in response to certain
stimuli (McCown et al., 2017).

The functional diversity of RNA allows us to elaborate on the huge potential of these
molecules for the development of new drugs. Firstly, we should discuss aptamers, miRNAs,
and small interfering RNAs. microRNAs and small interfering RNAs capable of regulating
and suppressing protein synthesis can be used in the treatment of malignant tumors (Filleur
et al., 2003; Rupaimoole, Slack, 2017). The combination of miRNAs and siRNAs with
aptamers can deliver the target molecule to a specific target (Zhou, Rossi, 2017; Dinis Ano
Bom et al., 2019).

A common problem with the practical use of RNA is the short half-life due to cleavage
by blood serum by nucleases. The lifetime of an oligonucleotide in the blood does not exceed
several tens of minutes, which is clearly not enough for RNA molecules to perform the
required functions and limits their use for medical purposes. To prevent RNA hydrolysis by
nucleases, various variants of chemical modification of nucleotides are developed to

improve pharmacokinetic and pharmacodynamic properties, or to encapsulate RNA in
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nanoparticles (Whitehead et al., 2009; Gavrilov, Saltzman, 2012; Dinis Ano Bom et al.,
2019; Rajeev et al., 2021).

The spatial structure of the aptamer and the functions it performs are interrelated.
Structural motifs found in RNA molecules, such as: Y-like structural elements (3TWJ —three
way junction) (Shu et al., 2011), four-strand structures (4WJ — of four-way junction), similar
to Holliday structures (Laing, Schlick, 2009), pseudoknots (Grabow et al., 2011), etc., are
used to develop RNA variants of a given conformation, which is necessary for interaction
with specific targets and ligands.

During the synthesis of aptamers in living cells, the creation and maintenance of their
necessary structure is often ensured by their incorporation into highly structured RNA
scaffolds. One of the well-known scaffolds is tRNA, in particular human lysine tRNA
(Ponchon et al., 2013). The inclusion of aptamers in the anticodon stem of tRNA promotes
their correct folding and the heterologous synthesis of aptamers in bacterial cells produces
enough aptamers for biochemical experiments and crystallization (Ponchon et al., 2013). It
iIs also possible to use other scaffolds, for example, the 3WJ motif of the bacteriophage phi29
packaging RNA (Guo et al., 2018). Also, Vibrio proteolyticus (V5) 5S rRNA was used as a
scaffold for aptamers, in which the aptamer replaced the helix Il1-loop C fragment. Using
V5, a functional aptamer interacting with the vascular endothelial growth factor, VEGF, was
developed (Zhang et al., 2009).

1.1.4 Fluorogenic RNA aptamers

The diversity of RNA functions in the cell stimulated the development of methods for
detecting and studying the dynamics of RNA in vivo (Armitage, 2011).

One of the most popular RNA labeling methods for many years has been the MS2-
MCP method, which is based on the high-affinity binding of bacteriophage coat protein MS2
(MCP) to a unique RNA hairpin sequence, the MS2-binding site (MBS). Cloning of the MBS

sequence in the selected RNA and simultaneous synthesis of MCP fused with the GFP (green
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fluorescent protein) fluorescent protein makes it possible to determine the localization of a
particular RNA molecule in the cell (Tyagi, 2009; Hocine et al., 2013).

However, background fluorescence from unbound MCP-GFP greatly affects the
signal-to-noise ratio. In addition, bacteriophage MS2 envelope proteins associated with the
MBS site in the 3'UTR of yeast mRNA were found to block the activity of Xrnpl
exonuclease and 5'-3'-degradation of the mRNA. This results in the accumulation of 3'
MRNA fragments that still bind to MCP-GFP, making it difficult to localize full-length
MRNA in vivo (Garcia, Parker, 2015).

An alternative way to visualize RNA is to use fluorogenic RNA aptamers
(Dolgosheina, Unrau, 2016; Bouhedda et al., 2017). Since RNA does not have its own
fluorescence, it is necessary to have an exogenous chromophore whose fluorescence is
induced upon interaction with the RNA aptamer. Fluorogenic RNA aptamers are a powerful
tool for studying RNA, similar to GFP for studying proteins. Embedding a fluorogenic RNA
aptamer into a target RNA molecule makes allows the visualization of RNA in the cell
(Truong, Ferré-D’ Amaré, 2019).

The best known fluorogenic RNA aptamers are the Mango and Spinach aptamers
(Shanaa O.A. et al., 2021). The combination of the SELEX technology and the FACS have
enabled the development of a new version of the Spinach aptamer. This 112 nt aptamer,
named Broccoli, activates the fluorescence of the DFHBI or DFHBI-1T dye, is more stable,
folds faster, and does not require an in vitro tRNA scaffold (Figure 2).

The excitation and emission wavelengths of this aptamer are 472 nm and 507 nm,
respectively (Filonov et al., 2014; Weber, 2014). The Broccoli aptamer has a higher affinity
for fluorophores, and Broccoli-DFHBI-1T produces a brighter signal than Spinach-DFHBI
(Song et al., 2013). Broccoli retains most of the G-quadruplex-forming nucleotides that form
the DFHBI-binding pocket in Spinach2 and likely has a similar structure for interaction with
DFHBI-1T (Filonov et al., 2014; Weber, 2014). The secondary structure of Broccoli,

containing a hairpin-stem-loop, creates aptamer dimers by replacing the terminal loop with
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a second aptamer molecule, which leads to an increase in fluorescence by 70% (Filonov et
al., 2014).

>
c

5 &

Figure 2. Secondary and tertiary structures of Broccoli and Spinach RNA
aptamers. (A) Secondary structure of both aptamers showing two G-quadruplex regions
serving as the binding site for the DFHBI-T1 fluorophore (Ouellet, 2016, with
modifications). (B) Tertiary structure of the fluorophore binding site in the Spinach RNA
aptamer (PDB ID: 6B14) (Koirala et al., 2018, with modifications).
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An additional advantage of Broccoli, like Spinach, is the ability to visualize them in
vitro, fluorescence can be observed in microcentrifuge tubes (Paige et al., 2011) or using
polyacrylamide gel electrophoresis stained with DFHBI (Filonov et al., 2015).

Spinach and Broccoli aptamers fused to a tRNA backbone have been successfully
expressed in bacterial and mammalian cells. The ability of the Broccoli aptamer to fold in
vitro without the aid of a tRNA scaffold was also confirmed in vivo. The aptamer RNA was
fused to the 3' end of the 5S rRNA and the resulting plasmids were transfected into HEK293T
cells. Using flow cytometry, 5S RNA-Broccoli was detected in the cells, and the brightness
of the cells was higher compared to cells containing the 5S RNA-tRNA aptamer. This
confirms the idea that the tRNA backbone is often cleaved by cellular nucleases and thus
has a negative effect on the expression of RNA aptamers.

The expression of Broccoli-DFHBI-1T and Spinach-DFHBI aptamers as a part of 16S
ribosomal RNA allows the visualization of ribosomes and provide a unique opportunity to
study translation in prokaryotes (Okuda et al., 2017).

Broccoli-DFHBI-1T and Spinach-DFHBI were inserted into the 5'-hairpin of one of
the yeast H/CA small nucleolar RNAs (snoR30), which is involved in rRNA maturation.
Plasmids containing these constructs under the control of the GAL promoter were
transformed into yeast. The growth of the transformants did not differ from the growth of
the original strains; aptamers did not disrupt the localization and function of snoR30 and
provided fluorescence in the nucleoli (Zinskie et al., 2018).

The Spinach2-tRNA and Broccoli-F30 aptamers were used to study the regulation of
RNA synthesis of the SINV virus, which can cause seasonal outbreaks of rash and arthritis
in humans and encephalomyelitis in experimentally infected mice. For this, aptamers were
inserted into the 3'UTR of viral RNA. The resulting recombinant viruses replicated well in
nerve cells and fibroblast cell culture. Fluorescence level correlated with Broccoli-F30 copy
number (Nilaratanakul et al., 2020).

Based on the Broccoli aptamer, a fluorometric RNA substrate was developed, the

fluorescence of which was proportional to the activity of RNA-modifying enzymes. For this,
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an aptamer variant with modified nucleotides such as N6-methyladenosine (m6A) was
synthesized. Such an aptamer is not able to function normally; the work of special
demethylases is required to restore its function. This approach facilitates research of not only
for RNA-modifying enzymes, but also their inhibitors and factors affecting RNA
methylation levels in living cells (Svensen, Jaffrey, 2016). Despite the improvement of
methods for selecting the desired aptamers, the problem of obtaining the required quantities
of aptamers for widespread use remains. As already mentioned, RNA aptamers are currently
produced either by chemical synthesis or by in vitro transcription using a DNA template.
Both methods are expensive and time consuming. The solution to the problem may be the
heterologous synthesis of aptamers. The most suitable producer organism is the yeast S.

cerevisiae.

1.2 Saccharomyces cerevisiae yeast in basic and applied research

S. cerevisiae yeast is a eukaryotic unicellular non-motile microbial organism
belonging to the phylum Ascomycetes. It was first recognized as a fungal organism in 1838
after being isolated from the beer fermentation process, hence the name "beer sugar fungus"
(Pontes et al., 2020). Subsequently, this organism was isolated from different habitats,
indicating different metabolic tolerance. The microorganism has been isolated from plants,
fruits, insects, soil, salt water, skin, and the gastrointestinal tract of warm-blooded organisms
(Goddard and Greig, 2015). Some opportunistic strains have also been found to cause
infections in immunocompromised people (Pérez-Torrado, Querol, 2015; Fadhel et al.,
2019). Generally, non-pathogenic laboratory strains of S. cerevisiae are safe and only require
biosafety level 1.

The first detailed description of the mechanism of regulation of gene expression was
made on the example of the lactose operon of bacteria Escherichia coli. This discovery -
important for understanding the central dogma of molecular biology - was soon confirmed

by the example of other living objects. The study of the mechanisms of regulation of the
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GAL genes and the action of transcription factors (in particular Gal4) demonstrated the
presence of regulated gene expression in eukaryotic organisms. (Hahn, Young, 2011).

Similar to the Lac operon in E. coli, S. cerevisiae yeast has GAL genes. This feature
allows yeast to use galactose as a non-fermentable carbon source in the absence of glucose.
The Gal4 protein is a transcription factor that interacts with a specific sequence in the
promoters of the GAL genes in the presence of galactose in the nutrient medium. This ensures
the regulation of the expression of a number of structural and regulatory genes that provide
intracellular transport and metabolism of galactose (Lohr et al., 1995; Traven et al., 2006).
To date, researchers are actively using the promoter regions of the GAL genes to ensure the
expression of genes of interest, regulated in response to the addition of galactose to the
culture medium.

The developed mechanisms of homologous recombination is another natural property
of yeast, which is successfully used in genetic research and biotechnology. This biological
process exists in yeast to repair double-stranded DNA damage caused by ionizing radiation
or oxidative stress. Homologous recombination occurs during meiosis, which contributes to
genetic variation. In yeast, it also underlies the mechanism of mating type switching (Eckert-
Boulet et al., 2011; Jagadeesan et al., 2022). Various methods and approaches used to
introduce mutations or deletions into the yeast genome, as well as to integrate expression
cassettes, are based on the passage of recombination between genomic DNA and genetic
constructs delivered into the cell.

Overall, S. cerevisiae yeast has proven to be extremely useful in understanding key
biological processes, which have won top scientific awards and paved the way for new
avenues of research. In addition, yeast is actively used in practical areas of biology -
industrial biotechnology and pharmaceuticals.
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1.2.1 Saccharomyces cerevisiae yeast as a model organism to studying the

mechanisms and regulation of basic biological processes in eukaryotes

The yeast genome shows a high degree of similarity compared to the human genome
- 47% of the major yeast genes have human orthologues. At the same time, working with
yeast helps circumvent various ethical or experimental restrictions that arise when working
with higher eukaryotes. This allowed the successful use of S. cerevisiae as a model organism
for studying a wide range of biological processes. (Karathia et al., 2011; Nielsen, 2019).

Over the past 20 years, five Nobel Prizes have been awarded to researchers working
on yeast in areas such as the study of autophagy processes, the actions of key cell cycle
regulators, transcription, protection of chromosomes by telomeres and telomerase, and
intracellular transport. Based on yeast, the mechanisms of development of various human
diseases, such as oncological and neurodegenerative diseases, hereditary and metabolic
disorders, and others, have been studied (Bolotin-Fukuhara et al., 2010). This is another
demonstration of the importance of yeast as a model object used in biology, genetics, and
medicine.

The ability to conduct genetic analysis in yeast is facilitated by the fact that the genome
of this organism was sequenced in 1996, the first of the eukaryotic genomes. The S.
cerevisiae sequencing project took place in 19 countries, 94 laboratories. The S. cerevisiae
genome has been found to contain about 12 million base pairs, on 16 chromosomes
containing about 6,000 genes (Goffeau et al., 1996). In addition to genome information,
many databases are available for S. cerevisiae containing information on gene expression
and regulatory networks, protein interaction networks, gene interaction networks,
transcriptome, proteome, metabolome, and others (Botstein, Fink, 2011).

Early research into yeast genetics focused on the study of metabolic processes and
their genetic control. This led not only to understanding the pathways for the synthesis of
various amino acids, nitrogenous bases, and other compounds in yeast cells, but also allowed

the implementation of the genes of a number of enzymes as convenient selective markers.
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Indeed, markers of auxotrophy have proven to be a useful tool for genetic analysis. The most
common auxotrophic marker genes include URA3, HIS3, LEU2, and TRP1, which encode
the enzymes required for the synthesis of uracil, L-histidine, L-leucine, and L-tryptophan,
respectively (Pronk, 2002; Barnett, 2007).

Another special tool of yeast genetics was based on the fact that each of the four
ascospores produced by meiosis during the division of a diploid yeast cell can be separated
from the others and grown into a colony. This method is called tetrad analysis (Winge,
Laustsen, 1937), and it facilitates the determination of the presence of selective marker
linkage and builds genetic maps. The use of genetic analysis in the yeast S. cerevisiae is also
aided by the fact that most laboratory yeast strains are heterothallic due to the presence of
endonuclease HO mutation. This allows researchers to conserve and maintain stable haploid
strains.

The possibilities of using yeast as a model object have expanded significantly with the
advent of the genomic era. To date, databases containing information on the role of genes,
their interactions, expression levels under various conditions, and the functions of encoded
proteins are available for S. cerevisiae. An example is the Saccharomyces Genome Database
(SGD) (https://lwww.yeastgenome.org), which is one of the most famous databases for
collecting all kinds of information about cellular processes in yeast, provided by scientists

around the world.

1.2.2 Saccharomyces cerevisiae yeast - producer of recombinant proteins

and other biologically active compounds

The range of applications of biopharmaceuticals is constantly expanding. Natural
sources of the compounds used are often limited, and novel approaches are required to enable
their large scale production to meet clinical needs.

The development of genetic engineering tools and sequencing of the genomes of living

organisms allowed producer organisms to synthesize recombinant proteins and other
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components of pharmaceutical preparations. One of the first examples is insulin, synthesized
using E. coli bacteria. It was approved by the FDA and released to the market in 1982. After
insulin, the growth hormone (GH) was commercially synthesized in E. coli bacteria in 1985
(Wang et al., 2017). Currently, in addition to gonadotropic hormones, which are produced
only in mammalian cells due to their specific glycosylation (Orvieto, Seifer, 2016), most
other commercially available hormones are synthesized by recombinant S. cerevisiae
(insulin, glucagon, GH) or E. coli (insulin, GH, glucagon, calcitonin, teriparatide) (Walsh,
2018). Over the past decades, the ever-expanding biopharmaceutical industry has seen a
flourishing production of vaccines, therapeutic monoclonal antibodies, recombinant
enzymes, and cytokines.

A significant number of recombinant proteins are synthesized in mammalian cells
(mainly in Chinese hamster ovary cells, CHO), making their production a laborious and
expensive process (Walsh, 2010). On the other hand, the use of bacteria as a producer
organism is generally simpler and cheaper, but faces a number of limitations, such as the
lack of necessary post-translational modifications, misfolding, potential immunogenicity,
and poor stability of synthesized recombinant proteins. Yeast represents the "golden mean™
between the two approaches. They combine both the advantages of unicellular producer
microorganisms and the advantages of eukaryotic expression systems. In particular, yeast,
like bacteria, is easily genetically manipulated and cost-effective. However, yeast, unlike E.
coli, has an active post-translational modification mechanism and does not contain
endotoxins (Demain, Vaishnav, 2009; Martinez et al., 2012). One of the disadvantages of
yeast strains producing target proteins is the presence of antibiotic resistance genes in the
expression plasmids, which can lead to the emergence of antibiotic-resistant natural
microorganisms (Zemlyanko et al., 2018). A promising direction is the use of yeast Killer
toxin (mycotoxin) as a selective marker (Muzaev et al., 2020).

Protein glycosylation in yeast differs from N- and O-glycosylation of human proteins.
However, there are approaches to ensure the synthesis in yeast of proteins with glycosylation

similar to the modification of mammalian proteins. For example, a corresponding
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GlycoSwitch system has been developed in Pichia pastoris yeast. Yeasts have efficient
folding and secretion systems for synthesized proteins (Martinez et al., 2012; Laukens et al.,
2015; Huang et al., 2018). As a result, today S. cerevisiae and other yeast species (in
particular, P. pastoris, Yarrowia lipolytica, Hansenula polymorpha) are actively used for the
synthesis of a wide variety of recombinant proteins.

Simultaneously with the successful use of yeast for protein synthesis, their use for the
production of non-protein preparations is being developed. This is facilitated by the
availability of detailed knowledge of metabolic processes obtained by studying S. cerevisiae
as a model object. In particular, S. cerevisiae is used for industrial production of progesterone
(Duport etal., 1998), hydrocortisone (Szczebara et al., 2003), and artemisic acid (a precursor
of the antimalarial artemisinin) (Paddon et al., 2013).

On another note, there are modern studies aimed at using S. cerevisiae yeast for the

production and delivery of small RNA molecules.

1.2.3 Prospects of using Saccharomyces cerevisiae to produce

RNA aptamers

Among putative eukaryotic organisms selected to produce aptamers and nanoparticles,
S. cerevisiae yeast is of the greatest interest. This is due not only to the combination of ease
of cultivation with the possibility of complex genetic manipulations, but also to the
conservatism of many key processes in yeast and mammalian cells. One of the interesting
features of S. cerevisiae is the absence of native RNA interference system, which has been
lost during the course of evolution. Accordingly, stable endogenous RNA structures are
maintained in the cell, supported by the example of double-stranded RNA viruses of the
genus Totivirus (L-A viruses) and single-stranded RNA viruses of the genus Narnavirus of
the family Narnaviridae (Wickner et al., 2013). S. cerevisiae yeast is also considered as a
promising system for the synthesis and delivery of small interfering RNAs (Duman-Scheel,

2019). A significant advantage of using eukaryotic organisms for the production of aptamers
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and RNA nanoparticles compared to bacteria is also the absence of endotoxins in eukaryotes,
which simplifies the purification of the compounds of interest and their preparation for use
in medicine (Terpe, 2006).

For the synthesis of RNA aptamers or RNA nanoparticles, S. cerevisiae yeast strains
with the structural gene of phage T7 RNA polymerase integrated into the genome can be
used (Dower, Rosbash, 2002; Hobl et al., 2013; Duman-Scheel, 2019). Transformation of
such strains with plasmids containing the required nucleotide sequence under the control of
the T7 promoter will provide the synthesis of the RNA of interest.

In addition to the above-mentioned important aspects of the present work, the
experiments involving the yeast S. cerevisiae and the RNA aptamer provide a good
educational platform for teaching students about various aspects of modern molecular
genetics and biotechnology. The safety aspects of S. cerevisiae aid the teaching process of
synthetic biology, cell biology, and omics technologies (Macreadie, Dhakal, 2022). Broccoli
RNA aptamer is a model not only for mastering laboratory methods focused on nucleic acid
research, but also for studying RNA nanotechnology and nanostructures (Sajja et al., 2018).

Delivery systems of RNA therapeutics based on yeasts can be in demand for vaccines
and gene therapy in the future (Ivanova, 2021). S. cerevisiae yeast was used to deliver
shRNA and suppress the expression of the interleukin-1p gene due to RNA interference
directed at the mRNA encoding this protein (Zhang et al., 2021). Recombinant yeast strains
capable of producing the desired shRNA (short hairpin) transcripts were enclosed in
microcapsules that were engulfed by macrophages. The use of yeast as a gene therapy
delivery system may provide immunomodulatory therapy for joint degeneration. A
recombinant S. cerevisiae strain synthesizing the cytomegalovirus phosphoprotein pp65 has
been used to deliver mMRNA to dendritic cells; this can be considered as a new type of live
vaccine (Walch et al., 2011). Yeast cell uptake by leukocytes did not interfere with the
growth or function of antigen presenting cells (Breinig et al., 2003).

Numerous publications devoted to the use of aptamers and RNA nanoparticles with

the corresponding ligands demonstrate the positive experience of their application both in
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biology and medicine. Therefore, the development and improvement of methods for
obtaining aptamers is an urgent task. Achievements of modern biotechnology accelerate the
development of producer organisms of biologically active compounds and various
macromolecules. Synthesis of RNA aptamers in vivo is an important element of RNA
nanotechnology. Work on obtaining producer organisms of aptamers and RNA nanoparticles
continues, but they are still limited to the use of E. coli bacteria (Li et al., 2018). Obtaining
functional RNA aptamers in eukaryotic cells seems to be especially important because it
includes the following: produce aptamers, study their properties and stability inside cells,

and evaluate the potential aptamer action on the state of the eukaryotic cell itself.
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2 MATERIALS AND METHODS

2.1 Escherichia coli bacterial strains and Saccharomyces cerevisiae yeast strains

In this work, we used the bacterial strain E. coli DH5 alpha (F— ¢80lacZAMI15
A(lacZY A-argF)U169 recAl endAl hsdR17(rK—, mK+) phoA supE44 A— thi-1 gyrA96
relAl) (Thermo Fisher Scientific Inc., USA) for plasmid amplification.

To synthesize the Broccoli RNA aptamer, we used the yeast strain S. cerevisiae D623
(ura3 lys2 leu2 trpl), obtained in the spore progeny of a diploid by crossing 1-GRF18 (his3
leu2 pho3) from the collection of strains of the laboratory of biochemical genetics and
YM954 (ura3 his3 ade2 lys2 leu2 trpl gal4 gal80) (Clonotech, USA)

2.2 Culture media and growth conditions

E. coli bacteria were cultivated using liquid and solid LB (1% tryptone, 0.5% yeast
extract, 171 mM NaCl) and TYM (0.8% tryptone, 0.5% yeast extract, 85 mM NaCl) media.
Solid media were obtained by adding 2.4% agar. To select the transformants, Zeocin
antibiotic (Invitrogen, United States) - 201000 pg/mL, ampicillin - 500 pg/mL was added
to the solid media.

For yeast cultivation, complete YEPD media (yeast extract 1%, peptone 2%, D-
glucose 2%), YEPDS (YEPD supplemented with 1 M sorbitol), and minimal Md medium
[1% glucose; 0.9 mM CaCl,, 37.85 mM (NH4):SO4, 7.34 mM KH,PO4 0.95 mM
K2HPO4x2H,0, 4 mM MgSO, 7H20, 1.7 mM NacCl; vitamins, trace elements - 400 ul/ml
2500x solution] were used. When necessary, amino acids were added to the Md medium:

histidine, 5 mg/L, leucine, 5 mg/L, tryptophan, 5 mg/L, and the nitrogenous base uracil, 5



mg/L. Solid media contained 2.4% agar. Yeast transformants were cultivated on minimal
Md medium supplemented with essential amino acids and various carbon sources, 2%
glucose or 2% galactose.

Bacteria were cultivated at 37°C, yeast at 30°C in a thermostatically controlled shaker

at 180 rpm.
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2.3 Plasmids used in the study

The study used a range of plasmids to generate genetic constructs in bacteria and to

express genes in yeast. We used commercial plasmids and plasmids obtained during the work

(table 2)

Table 2. Plasmids used in the study

x2Broccoli-

Plasmid name Main features of the Source
plasmids
Promoter, Selective
terminator and | marker
cloned sequence
pUC57x2Broccoli x2Broccoli AmpR Lumiprobe, Russia
PYES?2 Promoter GAL, |URAS, Thermo Fisher Scientific
MCS, AmpR
terminatorCYC1 Inc., USA
PYES2-PGAL-Br-TC Promoter GAL- | URA3, Obtained in this work
x2Broccoli- AmpR
terminator
CYC1
PYES2-PSNR-Br-TS Promoter URAS, Obtained in this work
SNR52- AmpR
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terminator SUP4

pPICZaB

Promoter
AOXI, alpha-
factor, MCS,
Myc epitope,
6His,
terminatorAOX1

ZeoR

Thermo Fisher
Scientific Inc., USA

pPICZ-5’-3’-XRN1

Promoter
AOX1, alpha-
factor, MCS,
Myc epitope,
6His,

3’'HA 5’HA
XRN1,
terminatorAOX1

ZeoR

Obtained in this work

*MCS (multiple cloning site), p - plasmid, P - promoter, 6His - nucleotide sequence

encoding 6 histidine residues, c-myc epitope - nucleotide sequence encoding amino acids

recognized by monoclonal antibodies, HA (homologous arms) - nucleotide sequences

flanking the XRN1 gene.

2.4 Transformation of bacteria

Competent cells for transformation were prepared according to the proposed method

(Passarinha, 2021).

The transformation of bacteria by the heat shock method was carried out according to

the method (Hanahan, 1983). To select transformants, bacterial cells were grown on LB

medium with an antibiotic (ampicillin/zeocin).
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2.5 Transformation of yeast

For the transformation of yeast by electroporation we used previously described
methods with modifications (Muzaev et al., 2020). A fresh overnight culture in YEPD was
centrifuged in a 1.5 ml tube for 2 minutes at 7000 rpm. Next, the supernatant was remobed
and the cells were incubated at room temperature for 30 minutes in 500 pl of electroporation
buffer (100 mM LiAc, 10 mM DTT, 0.6 M sorbitol, 10 mM Tris-HCI pH 7.5). The cells
were then centrifuged for 3 minutes in a cooled rotor at 7000 rpm, and the supernatant was
removed. The cells were later resuspended in 500 pl of 1 M chilled sorbitol, centrifuged, and
this step was repeated 3 times. The resulting supernatant was decanted and a DNA solution
in 80 pul of 1 M sorbitol was added and the cells were resuspended. Next, the sample was
transferred into sterilized and cooled cuvettes and electroporated (with a potential difference
of 1600 V for 5 ms). After electroporation, 500 pl of cold 1 M sorbitol was immediately
added to the cuvette, and the cells were incubated for 1 hour at 30°C. The last step included
centrifugation for 2 minutes at 7000 rpm, removal of the supernatant, resuspension of cells

in sorbitol residues, and cultivation of cells on plates with selective medium.
2.6 Molecular biology methods
2.6.1 Isolation of plasmid DNA
Isolation of plasmid DNA from bacterial cells using the Plasmid Miniprep kit
(Evrogen, Russia) was performed according to the manufacturer's protocol.

DNA isolation from reaction mixtures and agarose gels was performed using the
Cleanup Standard kit (Evrogen, Russia).
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2.6.2 Isolation of yeast chromosomal DNA

To isolate chromosomal DNA from yeast cells (Guthrie, Fink, 1991), the yeast was
grown in YEPD medium up to OD600 = 0.5. Then, 1 ml of the inoculum was centrifuged
for 2 min. (7000 rpm). After removing the supernatant, the cells were washed with sterilized
deionized water. Cells were suspended in 500 pl of buffer (50 mM Tris-HCI pH 7.5, 20 mM
EDTA, 1% SDS). 0.6 g of Ballotini glass beads was added to the mixture, and it was vortexed
for 15 min. at 0°C to disrupt cells. The mixture was incubated for 10 min. at 70°C and 20 pl
of 5 M CH3;COOK and 150 ul of 5 M NaCl were added. Then, the cells were incubated for
20 min. at 0°C and centrifuged for 20 minutes (13400 rpm). The supernatant was collected
into a new tube and treated twice with chloroform. To do this, an equal volume of chloroform
was added to the supernatant, the mixture was stirred and centrifuged for 10 min. (13400
rpm), after which, the aqueous layer on top was transferred into a new tube. Next, 3 M
CH3COONa (pH =5.2) was added to the mixture containing DNA in a volume equal to 1/10
V of the DNA solution and 2 total volumes of 96% ethanol. The mixture was stirred and
incubated for 20 min. at -70°C, then centrifuged for 15 min. (13400 rpm). The supernatant
was removed and the pellet was washed twice with 70% ethanol. Next, the DNA was dried
in a vacuum concentrator, after which the DNA was dissolved in deionized H,O orin 1 M

sorbitol.

2.6.3 Polymerase chain reaction

For the amplification of the DNA sequences, the PCR method was used using a set of
reagents, Encyclo polymerase (Evrogen, Russia), and primers (table 3). PCR was performed
in a thermal cycler (T100 Biorad, USA) using the following program:

94 °C - 3 minutes (1 cycle)

94 °C - 30 seconds; 520C - 30 seconds; 70 °C - 85 seconds (30 cycles)

72 °C - 5 minutes (1 cycle)
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The gradient PCR used a range of different primer annealing temperatures (between
40 and 60°C).

Table 3. Primers used in the work

Primer Sequence (5°—3°)

PGAL-F-BamHI | GGATCCACTAGTACGGATTAGAAG

PGAL R TCGTCCTCACGGACTCATCAGGTTGCCCTTAATATTCCCTA
TAGTGAGTCG

Broccoli2 F GATGAGTCCGTGAGGACGAAACGAGTAAGCTCGTCGTTGC
CATGTGTATGTGG

Broccoli2 R TGCCGGCCGTTGCCATGAATGATCCC

CYC1-R-Pstl CTGCAGTACGGTTCCCGAAGTATG

PSNR2xBroc- | ATTACAACCGGTCACACAGGAAACAGCTATGAC

Agel-F

PSNR2xBroc- | ATTACATGTACAAGACATAAAAAACAAAAAAATGAAGCT

BsrGI-R TGCCATGAATGA

PSNR2xBr-R AGTGGATCATTTATCTTTCACTGC

PSNR2xBr-F AGATAAATGATCCACTGGTTCCAATTGTATTGC

5’HAF CAAACATTGTGCCCACTAC

5’HAR CTCCTTATAGTACACGAATCGTC

3’HAF ATTAATGGTAAACAGCACAGC
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3’HA R GGTGTCCACAGATCAAATG

3’XRN-HA-F ATACAGGATCCATTAATGGTAAACAGCACAGC

5’XRN-HA-R ATACAGGATCCCTCCTTATAGTACACGAATCGTC

5’XRN-HA-F GTGGACACCGAATTCCAAACATTGTGCCCACTAC

3’XRN-HA-R CACAATGTTTGGAATTCGGTGTCCACAGATCAAATG

5’HA-ZeoR-F AGGATACTGTCTTCTTCCGTACTTATAATCGGGTTCACACA
CCATAGCTTCAAAATG

3’HA-ZeoR-R | TGTTTACCATTAATGAATTTTTTCAAATCTTGGCTTTTGCTC
ACATGTTGGTCT

2.6.4 Restriction and ligation of DNA fragments

DNA hydrolysis and vector dephosphorylation were performed in buffers and under
the conditions proposed by the enzyme manufacturer (Thermo Fisher Scientific Inc., USA).
Ligation of DNA fragments was performed using T4 DNA ligase (Evrogen, Russia)

according to the manufacturer's protocol.

2.6.5 Electrophoretic separation of DNA

Electrophoresis was performed in a horizontal Sub-Cell GT Cell (Bio-Rad, USA).
TAE buffer (40 mM Tris-HCI pH 7.0; 20 mM acetic acid; 1 mM EDTA) was used for
electrophoresis and agarose gel preparation. DNA fragments were separated at an electric
field strength of 5 VV/cm. To visualize DNA, ethidium bromide was added to agarose gel to

a final concentration of 0.5 pg/ml (Helikon, Russia) and recorded using a UV



38

transilluminator at a wavelength of 365 nm. The DNA length marker 1 kb DNA Ladder and
the DNA length marker 100+ bp DNA Ladder (Evrogen, Russia) were used as markers.

2.6.6 DNA sequencing

To confirm the structure of the obtained plasmids, Sanger sequencing was performed
at the Resource Center of St. Petersburg State University "Development of Molecular and
Cellular Technologies™ on an ABI Prism 3500 x| automatic capillary sequencer (Applied
Biosystems, USA). For sequencing, primers specific to the analyzed sequences were used
(Table 3).

2.7 Fluorescence analysis of yeast cells

To analyze the fluorescence of the RNA aptamer, 1 ml of yeast suspension after
growing in a certain medium was collected by centrifugation at 6000 rpm for 2 minutes,
washed with 0.5 ml of PBS buffer (200 mg/l, KCI, 200 mg/l KH,PO,, 8 g/l NaCl, pH 7.4),
centrifuged under the same conditions. 100 ul of PBS buffer with DFHBI-1T dye at a
concentration of 500 uM was added to the pellet and incubated for 1 hour. Then the cells
were collected by centrifugation, washed 2 times with PBS buffer to remove residual dye,
and resuspended in 1 ml of PBS buffer. In complex with the Broccoli aptamer, the DFHBI-
1T dye has absorption and emission maxima at 482 nm and 505 nm, respectively. Thus, to
measure its fluorescence, the equipment and filters used when working with green
fluorescent protein (GFP) were used. The fluorescence intensity was measured on a
spectrofluorometer at the Resource Center of St. Petersburg State University "Observatory
of Ecological Safety".
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2.8 Transcriptome analysis

2.8.1 Total RNA extraction from yeast
The total yeast RNA was isolated using the YeaStar RNA Kit (Zymo Research, USA).
The quality of the obtained RNA was evaluated using agarose gel electrophoresis. After
isolation, the RNA was treated with DNase 1 according to the recommendations of the
manufacturer (Thermo Fisher Scientific Inc., USA). After processing, the RNA was purified
again using the CleanRNA Standard kit (Eurogen, Russia). The RNA concentration was

determined using a Nanodrop spectrophotometer (Thermo Fisher Scientific Inc., USA).

2.8.2 ¢cDNA library construction and sequencing

300 ng of total RNA of each sample was used to prepare libraries using the QuantSeq
3' mMRNA-Seq Library Prep Kit FWD for Illumina (cat #015.96, Lexogen, Austria).
Qualitative and quantitative analysis of samples was performed using a Qubit fluorimeter
and capillary electrophoresis in the Agilent 2200 TapeStation System. Sequencing was
performed using the MiSeq Reagent Kit v2, (1x300, cat. #MS-102-2002, Illumina, USA) on
the MiSeq sequencer (Rumyantsev et al., 2022).

2.8.3 Analysis of differential expression of yeast genes

With the help of the program Trimomatic, adapters and indexes were removed and
readings were filtered out. The quality of the readings was checked using the FastQC
program. The genome of S. cerevisiae yeast strain S288C (GCA_000146045.2 R64) and an
annotation from the NCBI database (National Center for Biotechnology Information) were
used for alignment. Readings were aligned using hisat-2 with standard parameters. After
alignment, the readings were sorted and indexed using samtools. The featurepoints program

was used to calculate the number of aligned readings. Differential gene expression was
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analyzed using the R programming language (version 3.6.3) and the DESeq?2 library (version
1.24.0). For further analysis, genes were used whose adjusted p-value was less than 0.05 and
the value of the logarithm of expression change (log2FoldChange) was greater than 0.5

modulo (Rumyantsev et al., 2022).
2.9 Statistical processing of data
Statistical processing of the obtained data was carried out using the R-Studio

software package (version R 3.5.1). The analysis of samples was carried out using the
Mann - Whitney U—test.
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3 RESULTS

3.1 Development of a reporter construct based on the Broccoli RNA aptamer

To develop an efficient system for the synthesis of short RNA molecules in yeast cells,
it is necessary to determine and analyze the amount and stability of the synthesized
molecules and optimize the conditions for cultivating the producer strains. For this purpose,
a convenient reporter system based on the Broccoli RNA aptamer was developed and
obtained.

The Broccoli aptamer is a 112 nucleotide RNA transcript consisting of two partially
complementary sequences. The synthesized aptamer begins to fluoresce only after the
formation of the correct secondary structure and interaction with the DFHBI-1T dye
(empirical formula C13H9F5N202). The fluorophore molecule is non-toxic and can easily
pass through the cell membrane. Thus, by analyzing cell fluorescence, one can evaluate the
level of reporter aptamer synthesis and the efficiency of the expression vectors used (Filonov
et al., 2016).

The structure of the Broccoli aptamer and its relatively small size allows obtaining
aptamer dimers. This leads to an increase in fluorescence by about 70% (Ouellet, 2016).

To clone the Broccoli aptamer, we used two variants of expression cassettes: in the
first case, the duplicated aptamer sequence was under the control of the GAL1 inducible and
regulated promoter recognized by RNA polymerase II; in the second case, under the control
of the SNR52 promoter recognized by RNA polymerase I11.
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3.1.1 Preparation of plasmid pYES2-PGAL-Br-TC

The use of the pYES2 plasmid with the GAL1 gene promoter for the expression of the
aptamer required the inclusion of hepatitis delta virus (HDV) and Hammerhead type (HH)
ribozyme sequences into the expression cassette (Figure 3). This was necessary to remove

the 5' (cap) and 3' (polyA) sequences characteristic of RNA polymerase Il products (Al

Shanaa et al., 2022).
HindIIl x2Broccoli Xbal

HH HDV

Figure 3. Relative arrangement of elements of the reporter design. The
Hammerhead (HH) and hepatitis delta virus (HDV) ribozymes, the Broccoli aptamer tandem

repeat, and the Hindlll and Xbal restriction sites are indicated.

To express the Broccoli RNA aptamer in yeast cells, we used the pYES2 vector (5.9
kb) (Thermo Fisher Scientific Inc., USA). The plasmid is a shuttle vector with a number of
useful properties that facilitate transformation, cloning, and regulation of gene expression in
both bacteria and yeast. The plasmid includes the GAL1 yeast promoter for a high level of
inducible galactose expression, the CYC1 terminator, a multiple cloning site between the
promoter and the terminator, as well as selective markers for the selection of E. coli
transformants (ampicillin resistance gene) and the selection of yeast transformants (URA3
gene). The vector also contains two origins for maintaining and replicating a large number
of copies: pUC for bacteria and 2 DNA for yeast.

The structure of the reporter construct was chosen in such a way as to ensure the
correct folding and functioning of Broccoli ribozymes and aptamers (Figure 4) (Al Shanaa
et al., 2022).
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T~ HDV ribozyme

Broccoli
aptamer

Figure 4. The result of the prediction of the secondary structure of the HH and
HDYV ribozymes, as well as the tandem repeat of the Broccoli aptamer as part of the
developed reporter construct. The analysis was carried out using the RNAfold service
(http://rna.tbi.univie.ac.at//cgi-bin/RNAWebSuite/RNAfold.cgi).

The sequence encoding the tandem repeat of the Broccoli aptamer, together with the
Hammerhead (HH) and hepatitis D virus (HDV) ribozymes flanking the aptamer, was
obtained by chemical synthesis and cloned into the pUC57 intermediate vector (Lumiprobe,
Russia). The resulting plasmid pUC57-Br was treated with the two restriction enzymes
Hindlll and Xbal. The fragments were separated by electrophoresis. The insert encoding the
reporter structure was isolated from agarose gel. Similarly, pYES2 plasmid was digested
with the same restriction enzymes and treated with phosphatase. The resulting plasmid
fragment was also purified from agarose gel. Then, a fragment of the pYES2 plasmid was
ligated with the Broccoli aptamer sequence flanked by Hammerhead (HH) and hepatitis D
virus (HDV) ribozymes to create an aptamer expression cassette under the control of GAL1

promoter and CYCL terminator. E. coli bacteria were transformed with a ligase mixture.


http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
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Plasmid DNA was isolated from the obtained transformants.The general scheme for
constructing the pYES2-PGAL-Br-TC plasmid is shown in Figure 5.

pUES?xZEru:culi PYES2 it

PzAl

x2Broccoli — Lol
CHH :I

T it URAY imol wri

) =

CYCT
x2Broccoli
_
\ UHAS
HindIll Xha

PGAL x2Broccoli ul veT
HH

2 miero ori URA3 AmpR

Figure 5. Scheme for constructing plasmid pYES2-PGAL-Br-TC. The
Hammerhead (HH) and HDV ribozymes are shown in red, the tandem repeat of the Broccoli
aptamer is in green, the origin of replication ori and the ampicillin resistance gene AmpR
are in gray, the PGAL promoter, the CYC terminator, the selectable marker is the URA3

gene, and the origin of replication is 2 micro ori.

The resulting pYES2-PGAL-Br-TC plasmid was analyzed by PCR using primers for
the GAL1 promoter (PGAL-F and PGAL-R), aptamer sequence (Broccoli 2F and Broccoli
2R), CYC1 transcription terminator (CYC1-R), shown in Table 3. The results PCR and

restriction analysis are shown in the Figure 6. a, b, c, d).
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Figure 6. Electropherograms of the results of PCR amplification of fragments of the
expression cassette in the plasmid pYES2-PGAL-Br-TC (a—c) and restriction analysis
(d):

a, 1 — GAL1 gene promoter amplified using primers PGAL-F and PGAL-R (530
bp); 2 — DNA Ladder 100+ bp marker (Evrogen, Russia);

b, 1 — x2Broccoli tandem repeat (292 bp) amplified using Broccoli 2F and Broccoli
2R primers; 2 - DNA Ladder 100+ bp marker (Evrogen, Russia);

¢, 1 - DNA Ladder 100+ bp marker (Evrogen, Russia); 2 — full-length expression
cassette (1167 bp), including the GAL1 gene promoter, Broccoli aptamers, HH and HDV
ribozymes, and the CYC1 terminator, amplified using primers PGAL-F and CYC1-R;

d, 1 - DNA Ladder 1000 bp marker (Evrogen, Russia); 3 — results of restriction
analysis of the pYES2PGALXx2BroccoliCYC1 plasmid, which has two Bgll restriction sites
(one in the expression cassette and the other outside it).

The sizes of the resulting fragments corresponded to theoretically expected ones (Al
Shanaa et al., 2022).

Additionally, the resulting plasmid was sequenced using primers specific to the
sequence of the PGAL promoter and the CYCL1 terminator (PGAL-F and CYC1-R). The

results of sequencing are shown in Figure 7.
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Figure 7. Alignment results of the developed reporter sequence (ordered) and
the sequence obtained by sequencing the pYES2-PGAL-Br-TC plasmid (result). The
sequences are exactly the same. Insertion occurred exactly at the Hindl11 and Xbal restriction

46

AAGCTMEARCCAGTECTGATAG

ALGCTTREAACCAGTACTOATAG
SRS L L L e

AOTCCOTEAREACGAAACEAGT AAGCTCOTCCACTAATTCCAATTATATTGCTTGCCATG

AGTCCATOAGGACEAANCGAGT ALGCTCOTCCACTOATTCCAATTATATTGCTTGECATS
HREREFREFFEREFEFEEEEFEF DR R SR SR RS SRR R SR S E R E R RS E SRR E RS

TaTATOTOOEAGACGET CARATCCATCTEAGACGET COGATOCAGATATTCGTATCTGTC

TaTATOTORGEAGACGETCGATCCATCTOARACGGTCOGATCCAGATATTLGTATCTATE
HREREFREFFEREFEFEEEEFEF DR R SR SR RS SRR R SR S E R E R RS E SRR E RS

GAGTAGAGTATAEACTCAGATOTCOAGTAGAGTATEAOCTCOCACATACTCTAATAATCC

GAGTAGAGTATAOACTCAGATOTCEAGTAGAGTETOGOC TCOCACATACTLTRATEATCS
HREREFREFFEREFEFEEEEFEF DR R SR SR RS SRR R SR S E R E R RS E SRR E RS

AACEOTCOEAT CCATCTEAGACGAT CaGaTCCAGATAT TCETATCTGTCRAGTAGAGTG

AACEETCEEGTCCAT CTRAGACGETOGOATCCAGATAT TCATATCTAGTCGAGT AGAGTG
HREREFREFFEREFEFEEEEFEF DR R SR SR RS SRR R SR S E R E R RS E SRR E RS

TaaaCTCAGATATCOAGTARAG TATAGC TAEATCAT TCATERCAAGC T TCAGRCCOGECA

TeAGCTCAGATATCGAGTAGAG TATAEGC TAEATCAT TCATGRCAAGC TTCAGRCCGGCS
HREREFREFFEREFEFEEEEFEF DR R SR SR RS SRR R SR S E R E R RS E SRR E RS

TeaTCCCAGCCTOCTCAC TRACaCCaa i TaaaCALCATAC T TCAGCATAECGAATAOGAT
TeaTCCCAGCCTCCTCaC TRl aCCaaCTaaaCALCATACT TCAGCATAECGAATAGGAL

B i e e T T e T e i

ACAGGCCCCTTTTCCTTTATCOATTCTAGA

ACAQECCCCTTTTCCTTTATCOATTCTAGA
S S e Lt

sites used, highlighted by boxes.

Thus, plasmid pYES2-PGAL-Br-TC was obtained. Its detailed scheme is shown in

Figure 8.



47

Peil Dol Saol Baaxl Neealll agel
B3551, BssSal BseaPl
Beivi

Aval
85081
LT

batdl
Peil Ccorv, Neol, Syl

woa!
Styl, Xeed Sog81,BstAP Prol
Ndel berl Bogl Potl, S0F1, B00Al BsoMd L
Boutdl, 83001, Clal W00l Bael Baehl
Pstl Neul 8101, Stul

Figure 8. Diagram of the plasmid pYES2-PGAL-Br-TC.

Elements of the reporter construct (PGAL promoter, HH and HDV ribozymes, Broccoli
aptamer tandem repeat, and CYCL1 terminator) are indicated.

3.1.2 Preparation of plasmid pYES2-PSNR-Br-TS

An alternative expression cassette providing the synthesis of the Broccoli aptamer was
obtained based on the SNR52 gene promoter recognized by RNA polymerase Ill and the
SUP4 gene terminator. The sequences of the Broccoli aptamer tandem repeat, the SNR52
promoter and the SUP4 terminator were amplified using the PCR. The primer pairs
(PSNR2xBr-Agel-F and PSNR2xBr-R, PSNR2xBr-F and PSNR2xBr-BsrGI-R) with
overlapping sequences were used in the first rounds of PCR (table 3). Further, the fragments

purified from agarose gel served as a template in the second round of PCR. In this case, a
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forward primer to the SNR52 promoter sequence (PSNR2xBr-Agel-F) and a reverse primer
to the SUP4 terminator sequence (PSNR2xBr-BsrGI-R) containing restriction sites for Agel
and BsrGl were used (table 3). The presence of overlapping sequences ensured that the
fragments were joined into a single SNR52-x2Broccoli-SUP4 fragment. This resulting
fragment was cloned into the pYES2 vector using Agel and BsrGl restriction sites instead
of the GAL1 promoter and CYC1 terminator. The resulting plasmid pYES2-PSNR-Br-TS
was analyzed by PCR (Figure 9).

Figure 9. Electropherogram of the results of PCR amplification of the expression
cassette in the plasmid pYES2-PSNR-Br-TS. 1 - DNA Ladder 1000 bp (Evrogen, Russia),
2- the result of PCR using primers specific for the SNR52 promoter sequence (PSNR2xBr-
Agel-F) and SUP4 transcription terminator (PSNR2xBr-BsrGI-R) (table 3). Pasmepsr
MIOJIYYCHHOTO (pparMeHTa COOTBETCTBOBAJ TEOPETHUECKU oxunacMomMy (934 m.H.).

The sizes of the obtained fragments corresponded to theoretically expected ones.
The pYES2-PSNR-Br-TS plasmid scheme is shown in Figure 10.
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Figure 10. Diagram of plasmid pYES2-PSNR-Br-TS. Elements of the reporter
construct (SNR52 promoter, Broccoli aptamer tandem repeat, and SUP4 terminator) are

indicated.

3.1.3 Expression of pYES2-PGAL-Br-TC and pYES2-PSNR-Br-TS plasmids

in 8. cerevisiae yeast cells

Plasmids pYES2-PGAL-Br-TC and pYES2-PSNR-Br-TS contain the URA3 gene as
a selective marker; therefore, the yeast strain S. cerevisiae D623 (ura3 lys2 leu2 trpl) was
used as a recipient of these plasmids. The selection of transformants took place on a selective

medium due to the restoration of uracil prototrophy (Al Shanaa et al., 2022).
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The obtained transformants were analyzed for the expression of the reporter
construct. For this, transformants with the PGALx2BroccoliCYCL1 expression cassette were
grown in liquid Md medium with glucose for 24 hours. After increasing the cell density, the
cells were centrifuged and transferred to Md medium containing galactose as a carbon
source. Control variants were transferred to Md medium with glucose as a carbon source.
Cells were incubated for 24 hours. Next, cells from 1 ml of culture were collected by
centrifugation, washed with 0.5 ml of PBS buffer, centrifuged again, and the supernatant
was removed. 100 ul of PBS buffer with DFHBI-1T dye at a concentration of 500 uM was
added to the pellet and incubated for 1 hour. After incubation, cells were collected by
centrifugation, washed twice to remove dye residues with PBS buffer, and resuspended in 1
ml of PBS buffer.

The incubation of the cells of the obtained transformants in medium with galactose
resulted in the activation of the GAL1 promoter. As a result, the reporter construct was
expressed, and the Broccoli aptamer was synthesized. It interacted with the DFHBI-1T dye
that penetrated the cells, which led to their fluorescence.

When cells were incubated in media with glucose, the GAL1 promoter was repressed,
the reporter construct was not expressed, the Broccoli aptamer was not synthesized, and
fluorescence was not observed (Al Shanaa et al., 2022). Fluorescence was analyzed using a

spectrofluorometer. The results are presented in Figure 11A, B.
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Figure 11. A) Fluorescence curves of cell suspensions of the yeast S. cerevisiae
in the range from 500 to 540 nm, obtained by irradiating the cell suspension with light
at a wavelength of 450 nm. The upper curves correspond to cells with pYES2-PGAL-Br-
TC plasmid, incubated in medium with galactose, in which the reporter construct was
expressed, and the Broccoli aptamer was synthesized. The lower curves correspond to cells
with pYES2-PGAL-Br-TC plasmid, incubated in media with glucose, in which aptamer
synthesis is inhibited. B) Average fluorescence values (at a wavelength of 520 nm) of a
suspension of S. cerevisiae yeast cells incubated in media with glucose or galactose. The
measurements were carried out in at least 4 repetitions. The significance of the obtained

differences is confirmed by the Mann-Whitney test (p < 0.02).

Thus, it was demonstrated that the obtained plasmid pYES2-PGAL-Br-TC ensures
the synthesis and functioning of the Broccoli RNA aptamer in S. cerevisiae yeast cells.
In transformants containing the pYES2-PSNR-Br-TS plasmid with PSNR52-

x2Broccoli-SUP4 expression cassette, the synthesis of the aptamer was also evaluated by the
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level of fluorescence using the DFHBI-1T fluorophore. In this case, the yeast was also grown
in a liquid Md medium with glucose for 24 hours, but they were not further transferred to
the medium with galactose. The control variant was represented by yeast cells transformed
with the plasmid pYES2 without the aptamer sequence and grown under the same conditions.

The fluorescence level when using this expression cassette practically did not differ
from the control. This indicates that pYES2-PSNR-Br-TS plasmid did not provide synthesis
of the required amount of the Broccoli functional aptamer. Therefore, the plasmid pYES2-

PGAL-BrTC and the corresponding S. cerevisiae transformants were used in further work.
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3.2 Transcriptome analysis of RNA aptamer-producing yeast strain

Transcriptome analysis methods were used to assess how gene expression in S.
cerevisiae is affected by the synthesis of large amounts of RNA transcripts containing a
reporter construct with the fluorescent Broccoli aptamer and the HH and HDV ribozymes
flanking the aptamer sequence. In two stages, yeast cultures of the transformant with the
plasmid pYES2-PGAL-Br-TC synthesizing the reporter construct were grown, as well as
cultures of the control strain containing the original pYES2 plasmid without the expression
cassette.

First, yeast cell density was increased in the selective Md medium with glucose for 24
hours. Under these conditions, the activity of the GAL1 promoter, which controls the reporter
construct, was suppressed. Next, the cells were transferred to media with galactose to induce
RNA synthesis (Rumyantsev et al., 2022). After cultivation, RNA was isolated from the
cells, and then used to prepare libraries for the next generation sequencing. For each of the
strains, the experiment was carried out in triplicate (Rumyantsev et al., 2022).

Bioinformatic analysis was performed based on the sequencing results. Lists of genes
were obtained that reliably demonstrated a decrease or increase in the level of mRNA in
response to the synthesis of the Broccoli RNA aptamer in the cell (table S1, Supplementary
materials). A total of 115 such genes were identified, and this approximately comprises 1.8%
of the total number of genes in S. cerevisiae.

In the aptamer-producing strain, we found 67 genes with elevated levels of certain
RNAs during the synthesis of the Broccoli reporter construct. On the contrary, we found 48
genes with a reduced level of expression of certain RNAs. Moreover, the discovered genes
encode not only proteins, but also various types of RNAs synthesized by RNA polymerase
I1, in particular, small nuclear RNAs (snRNAs) and small nucleolar RNAs (snoRNAS).

The synthesis of the reporter construct with the Broccoli RNA aptamer leads to a
decrease in the mRNA level of a number of genes encoding proteins of the large subunit of
the ribosome: RPL3, RPL4A, RPL5, RPL10, RPL11A, RPL14A, RPL18A. The expression of
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a number of genes encoding small subunit proteins is also suppressed: RPS11A, RPS23B,
RPS27B.

Generally, in S. cerevisiae yeast, the large ribosomal subunit contains 46 proteins, 42
of which are main and two additional proteins repeated twice each. The small subunit
contains 32 proteins (Verschoor et al., 1998). That is, the synthesis of the reporter construct
affects the mRNA level of a small part of the ribosomal proteins. These proteins perform

different functions and are located in different parts of the ribosome (Figure 12).

Figure 12. Structure of the yeast S. cerevisiae ribosome (modified based on
(Dinman 2009) and the corresponding 4V7R structure in the PDB (JwwPDB consortium,
2019)]). A) The structure of the ribosome is shown, and the spatial arrangement of ribosomall
proteins encoded by genes suppressed during the synthesis of the reporter construct with the
Broccoli aptamer is indicated. Yellow marks such proteins as part of the small subunit
(encoded by the RPS11A and RPS23B genes). Red - proteins in the large subunit of the
ribosome (encoded by the genes RPL3, RPL4A, RPL5, RPL10, RPL11A, RPL14A, RPL18A).

B) Only designated proteins are shown with their spatial arrangement preserved.
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One of the groups of genes in which the RNA level changed during the synthesis of
the reporter construct with the Broccoli aptamer was the genes associated with mRNA
splicing. In particular, the RNA level of the SNR19 and LSR1 genes encoding key sSnRNAs
- U1, which recognizes the 5' splicing boundary, and U2, which binds to a branch point
within the intron, increased (Kretzner et al., 1987; Riedel et al., 1986).

In response to the synthesis of the reporter construct, the number of mRNAs of the
genes encoding small nucleolar RNAs (snoRNAS) involved in the maturation of ribosomal
RNAs also increased (Smarsky, Fournier, 1999). This concerns the snoRNA genes
containing the H/ACA sequence (H/ACA-box) - SNR46 and SNR49. These snoRNAs
ensure the formation of pseudouridines at specific positions in maturing ribosomal RNAs
(Figure 13B) (Ni et al., 1997).

Figure 13. Spatial arrangement of ribosomal RNAs in the small subunit (18S)
and large subunit (5S, 5.8S and 25S) of the yeast S. cerevisiae ribosome (modified based
on (Dinman 2009) and the corresponding 4V 7R structure in the PDB (JwwPDB consortium,
2019]). A) The structure and spatial arrangement of ribosomal RNAs in the small subunit
(18S) and large subunit (5S, 5.8S and 25S) are indicated. B) Nucleotides modified with the
participation of SnRNAs encoded by the SNR40, SNR46 and SNR49 genes are indicated.
SNR40 snRNA directs 2'O-methylation at position U898 in 25S rRNA and at position G1271
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in 18S rRNA. snRNA SNR46 directs the formation of pseudouridines at position U2865 in
the 25S rRNA. SNR49 snRNA directs the formation of pseudouridines at position U990 in
25S rRNA and at positions U120, U211, and U302 in 18S rRNA.

The activity of the SNR40 gene, which encodes a snoRNA with a C/D sequence that
Is involved in 2'O-methylation of certain rRNA nucleotides, also increases (Figure 13B)
(Smarsky and Fournier, 1999; Lowe and Eddy, 1999). This occurs against the background
of a decrease in the activity of the NOP56 gene, which encodes one of the most important
components of the complex of the protein and the corresponding snoRNAs, which carries
out 2'0-methylation (Gautier et al., 1997).

The studied snoRNAs are characterized by a different arrangement of targets in RNA

with the implementation of various modifications.

3.3 The development of S. cerevisiae strain with XRNI gene deletion

The reporter system we have obtained allows us to study the synthesis of small RNA
molecules, and their stability in yeast cells by measuring the fluorescence of the Broccoli
aptamer. The effect of synthesis of short RNA aptamer molecules on gene activity, RNA
processing and nuclease activity in S. cerevisiae yeast cells was studied using transcriptomic
analysis methods. At the next stage of the study, a technique for modifying S. cerevisiae
yeast strains was proposed and worked out to increase the stability of synthesized RNA

molecules and RNA aptamers.

3.3.1 Obtaining the pPICZ-5’-3’-XRN1 plasmid to introduce the XRNI gene

deletion

The lifetime of certain RNA molecules in living cells may vary depending on their
type and function. The regulation of RNA molecule degradation is one of the important

levels of regulation of gene expression. RNA hydrolysis in cells can be carried out by various
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exonucleases and endonucleases, of which the increased activity can reduce the stability and
lifetime of short RNAs in cells.

In this regard, we studied the effect of nucleases on the synthesis and activity of
SRNAs in yeast cells. We examined the published literature and database S. cerevisiae yeast
nucleases. As a result, a list of known nucleases was compiled, among which the exonuclease
encoded by XRN1 gene was chosen as an object for further work.

The evolutionarily conserved 5'-3'-exonuclease Xrnl plays a key role in mRNA
degradation. In addition, it can penetrate the nucleus and positively regulate transcription
initiation. Itis also involved in microtubule-mediated processes, ribosomal RNA maturation,
and telomere maintenance (Jones et al., 2012; Nagarajan et al., 2013). To elucidate the
possible effect of this exonuclease on the synthesis of short RNAs in yeast cells, we obtained
S. cerevisiae yeast strain with XRN1 gene deletion. The scheme of the experiment on

obtaining a yeast strain with a deletion of the XRN1 gene is shown in Figure 14.

] s 1) PCR 1

I'HA \ / S’'HA
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4) 5"pZ-3'XRN1 vector analysis and preparation

5) Yeast transformation and transformant selection

I —
5'HA ZeoR 3'"HA
5'HA XRN-1 3'HA

Figure 14. Schematic illustration of the experiments done to introduce XRNI
gene deletion in S. cerevisiae yeast. The DNA fragments correspond to the 5'HA (blue) and
3'HA (red) homology arms, the ZeoR antibiotic resistance gene sequence ZeoR (green), and

the coding sequence of the XRN1 gene (gray) in the genome are marked.
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First, both the upstream and downstream regions of the XRN1 gene were determined
in the S. cerevisiae genome (Figure 15.). The gene size is 4587 bp. We chose two intergenic
regions upstream and downstream of the XRN1 locus sequence. The sizes of these two
homology arms were 540 bp for 5' and 451 bp for 3', respectively. The corresponding primers

were selected for their sequences (Table 3).

XRN1 Location: Chromosome VIl 175527..180113

¢ | () ) © .
[BUD13» [ nuras > | ROK1

Tveuzec | <sae2 ] AT
172000 173000 174000 175000 176000 177000 178000 179000 180000 181000 152000 153000 1840
Genetic Position: -111cM

Figure 15. Scheme of the XRN1 gene locus and neighboring regions from the
SGD database (https://www.yeastgenome.org/locus/SGD:S000003141).

The chromosomal DNA of the yeast S. cerevisiae (strain D623) was used as a template
for the PCR amplification of both 5' and 3' homology arms. Optimal conditions for
amplification were selected using gradient PCR, in which we used a range of different primer
annealing temperatures (between 40°C and 60°C). The results of first round of PCR are
shown in Figure 16. The amplified fragments contained an overlapping region with an EcoRI

restriction site.
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Figure 16. Electrophoregram of PCR results with S. cerevisiae genomic DNA
and primers to the 3'-homologous arm (lanes 2-5, expected size 451 bp) and 5'-
omologous arm (lanes 6-9, expected size 540 bp). 1 - DNA length marker 100bp
(Evrogen).

The resulting fragments were purified from agarose gel, and another round of PCR
was carried out, in which a mixture of the obtained fragments was used as the template.
Primers 3'’XRN1-HA-F and 5'’XRN1-HA-R containing BamHI sites were used (Table 3).
During the second round of PCR, the fragments were combined into a single 3'-5"’XRN1

fragment (Figure 17).

12345

1000 b.p. R i

Figure 17. Electrophoregram of PCR results with a mixture of fragments
corresponding to the 3' homologous arm and 5' homologous arm as a template and
3'XRN1-HA-F and 5'XRN1-HA-R primers (lanes 2-5, expected fragment 980 bp); lane 1
- DNA length marker 100bp (Evrogen).
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At the ends of the resulting fragment are the BamHI sites introduced as part of the
primers. The resulting fragment was digested with BamHI and purified from agarose gel.
Simultaneously, restriction of the plasmid pPICZaB was carried out using restriction
enzymes BamHI and Bglll, which form the same "'sticky ends" at the cutting site. The desired
fragment of the plasmid containing the zeocin resistance gene was separated by
electrophoresis and purified from agarose gel. The 3'-5'XRN1 fragment and the pPICZaB
plasmid fragment were ligated.

E. coli bacteria were transformed with a ligase mixture, transformants were selected

on a medium with the antibiotic zeocin. The pPICZ-5’-XRN-3’ plasmid was isolated from

the obtained transformants and analyzed using PCR (Figure 18).

1 2 3 4 5

3000 m.H—
1000 m.H. —

Figure 18. Electrophoregram of PCR results with plasmid pPICZ-5’-3’-XRN]1.
and with genomic DNA of transformant 1-D623/5'-pZ-3'XRN1. 1 - DNA length marker
1kb (Evrogen); 2 - PCR product obtained using primers for the 3' homology arm (3'’XRN1-
HA-R) and the zeocin resistance gene (ZeoDown); 3, - PCR product obtained using primers
to the 5' homology arm (5'XRN1-HA-F) and the zeocin resistance gene (ZeoUp); 4 - the
result of PCR with primers 5'HA-ZeoR-F and 3'HA-ZeoR-R, during which the entire
sequence of the plasmid is amplified; 5 - PCR product obtained on the transformant 1-D623
(see figure 20) genomic DNA template.
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The sizes of all obtained fragments corresponded to the theoretically expected ones.

The scheme of the pPICZ-5"-3"-XRN1 plasmid is shown in Figure 19.
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Figure 19. Diagram of the pPICZ-5’-3’-XRN1 vector for introducing XRN1 gene
deletion in the yeast S. cerevisiae. The following elements are indicated: 3' homologous

arm (3'-HA), 5' homologous arm (5'-HA), origin of replication (ori), and zeocin resistance

gene (Zeo).

3.3.2 Obtaining S. cerevisiae yeast strain with XRN1 gene deletion and the

evaluation of viability

The resulting pPICZ-5’-3’-XRN plasmid was linearized using EcoRI restriction

enzyme. The resulting fragment contains the zeocin resistance gene flanked by the homology
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arms. The yeast strain S. cerevisiae D623 (ura3 lys2 leu2 trpl) was transformed with this
fragment. The selection of transformants was carried out on a complete medium with the
antibiotic Zeocin.

Genomic DNA was isolated from clones resistant to the antibiotic Zeocin. Using the

PCR method, the presence of a deletion in the XRN1 gene in the genome of the selected

transformants was confirmed (Figure 20).

1 5

3000 m.B—
1000 .H. —

Figure 20. Electrophoregram of the results of PCR analysis of strain 1-D623
(ura3 lys2 leu2 trpl Axrnl ZeoR). 1 - DNA length marker 1kb (Evrogen); 5 - PCR product
obtained using primers to the 5 arm of homology (5"XRN1-HA-F) and the zeocin resistance
gene (ZeoUp). The sizes of all the fragments obtained corresponded to the theoretically

expected ones.

Thus, strain 1-D623 (ura3 lys 2 leu2 trpl Axrnl ZeoR) containing a deletion in the
XRN1 gene was obtained. Further, the effect of this deletion on the viability of strain 1-D623
was analyzed. For this purpose, the cells of strain 1-D623 and the control strain (D623) were
grown in a liquid medium of YEPD for 4 hours, then they were sown on solid media in the

form of a series of dilutions. Comparison of the Axrn1 strain and the original strain showed
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that the deletion of the XRN1 gene did not affect the viability of the mutant but was

accompanied by a slight decrease in its growth rate (Figures 21a, b).

Figure 21. Growth of S. cerevisiae yeast on YEPD (a) and Md (b) media.

1, 2 - strain D623 (ura3 lys2 leu2 trpl); 3, 4 - mutant D623 (ura3 lys2 leu2 trp1 Axrn).
10 ul of cell suspension in serial dilution in the range from 10° to 103 cfu/ml was applied to
the plate (from left to right for each strain).

It should be noted that the deletion of the XRN1 gene did not affect the stability of the

Broccoli RNA aptamer, apparently, the aptamer is not a substrate of the Xrn1 exonuclease.

Thus, in our work we assessed the possibility of expression of the Broccoli RNA
aptamer sequence and its synthesis in S. cerevisiae yeast cells. We have shown that the use
of an expression cassette with a regulated GAL1 promoter happens to be the best option. At
the same time, the RNA aptamer synthesized in yeast cells assumed a native spatial structure,
as evidenced by the ability to bind the fluorescent dye DFHBI-1T. Deletion of the XRN1
exonuclease structural gene slightly reduced the growth rate of the mutant strain, but did not

affect the stability of the aptamer. The synthesis of the RNA aptamer did not lead to a
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decrease in the viability of yeast-producing cells, but was accompanied by a change in the
transcription level of 115 genes. An increase in the level of transcription was observed in 67
genes, and the level of transcription of 48 genes decreased. Among the genes with an altered
expression level, genes encoding proteins and some types of RNA synthesized by RNA
polymerase Il were found. The absence of a significant effect of RNA aptamer synthesis on
the vital activity of the producing strain suggests the prospects of using yeast to produce

RNA aptamers.
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4 DISCUSSION

Aptamers are nucleic acid sequences that can be easily programmed and synthesized
to bind to virtually any type of target chemical, referred to as a "ligand". The resulting nucleic
acid aptamers can form various three-dimensional conformations due to electrostatic
attraction and repulsion forces that vary depending on the sequence itself. Due to the seven
torsion degrees of freedom of nucleotides, the overall sequence has a certain flexibility,
which allows various three-dimensional conformational changes to occur (Adachi et al.,
2019).

Different aptamer conformations have different affinities for certain ligands.
Aptamers typically bind to their target ligands by non-covalent bonds such as hydrogen
bonds, m-m stacking, London dispersion forces, ion-ion interactions, and dipole-dipole
interactions.

In recent years, RNA aptamers have attracted increasing interest from researchers, this
is due to the fact that RNA molecules are able to form more diverse spatial structures than
DNA (Guo, 2010; Shanaa O.A. et al., 2021).

Aptamer research has accelerated significantly due to the use of new technologies in
the field of artificial intelligence and machine learning in the development of an
oligonucleotide sequence for a target ligand (Xiao et al., 2021; Song et al., 2020).

RNA aptamers are used in fundamental research to study the dynamics of nucleic
acids in the cell, the regulation of gene expression and metabolism (Dolgoshina, Unrau,
2016; Trachman et al., 2017).

Aptamers can also be in demand for solving the problems of applied biological and
environmental research, in addition to industrial uses. Given the wide range of aptamer

targets from single ions to whole cells, fluorescent aptamers can be used as a sensitive
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element for detecting pathogenic microorganisms and measuring the amount of certain
molecules (Zou et al., 2019).

Aptamers can be used to diagnose diseases and identify proteins associated with
certain diseases. Due to the high binding specificity of aptamers to target proteins, they can
be considered as analogs of antibodies (Adachi, Nakamura, 2019). Compared to antibodies
that consist of 20 amino acids, aptamers can have a lower degree of variability. Aptamers
also have numerous advantages over antibodies, including development time, smaller size,
minimum target size, stability, and refolding ability (Li et al., 2021; Chen et al., 2023). As a
result, aptamers are less immunogenic and have a better ability to penetrate target tissues
(Zhu et al., 2016).

A number of aptamers have already been developed that can be used as potential
therapeutic agents for malignant neoplasms, blood diseases and infectious diseases
(Afrasiabi et al., 2020; Li et al., 2021; Aljohani et al., 2022). Currently, more than 18
oligonucleotide-based therapeutic agents, aptamers, have been approved by the FDA for
various diseases (Gragoudas et al., 2004; Thakur et al.; 2022; Eqgli et al., 2023). RNA-based
therapeutics for common and rare diseases are becoming increasingly popular due to various
modes of action such as CRISPR-Cas-based antisense genome editing, RNA interference-
mediated regulation of gene expression, mMRNA vaccines, and RNA aptamers (Zhu et al.,
2022).

For a wide application of RNA aptamers, it is necessary to develop facile and
economical methods for their production.

Modern methods for obtaining RNA oligonucleotides are mainly based on chemical
synthesis or use the in vitro transcription (IVT) system (Josephson et al., 1984). In IVT, the
DNA sequence encoding the RNA product is cloned under the control of a promoter
recognized by a phage DNA-dependent RNA polymerase, usually T7, T3, or SP6 (Beckert,
Masquida, 2011). The problem of IVT and chemical synthesis is the low yield, high cost, the

presence of short abortive transcripts, and the need for purification to protect RNA
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transcripts from degradation (Kao et al., 1999; Pregeljc et al., 2023). One possible way to
improve the quality and quantity of RNA aptamers is to use producer organisms.

In 2007, strains of E. coli bacteria synthesizing recombinant RNA transcripts were
obtained. The authors masked the recombinant RNA sequence with a tRNA backbone to
avoid its degradation by the endogenous E. coli RNase (Ponchon, Dardel, 2007)..Another
approach to stabilize the recombinant RNA structures produced in vivo by E. coli was to
circularize the RNA transcript to increase resistance to nucleases (Umekage, Kikuchi, 2009;
Ortola, Daros, 2022). However, neither of the two options is suitable for large-scale
production of RNA nanostructures, since methods for protecting recombinant RNA from
degradation interfere with obtaining the desired conformation, and the resulting transcript
will also need to be treated with RNase H to remove flanking tRNA fragments (Ponchon,
Dardel, 2007).

In 2017, attempts were reported on large-scale production of nucleic acid
nanostructures in vivo in bacterial cells, but additional procedures were required for the
extraction of recombinant RNA from E. coli bacterial cells and further thermal and chemical
treatment to obtain the desired conformation (Praetorius et al., 2017). In 2018, information
appeared on the synthesis of complex three-dimensional RNA nanostructures in E. coli,
which had thermodynamic stability and suitable kinetic properties. The authors of the
publication developed an RNA sequence that first ensured the formation of a secondary
structure - hairpins and their topological stability, and then unpaired nucleotides ensured the
formation of a tertiary structure (Li et al., 2018). Work on the creation of organisms
producing aptamers and RNA nanoparticles is still limited to the use of E. coli bacteria (Li
et al., 2018).

The use of eukaryotic organisms as producer organisms is of particular interest, since
it allows not only to improve the technology for obtaining RNA aptamers in vivo, but also
to elucidate their functioning in eukaryotic cells.

The yeast Saccharomyces cerevisiae was chosen as a producer of RNA aptamers for

several reasons. Yeasts are eukaryotic microorganisms, easy to culture, safe for laboratory
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work, and do not require expensive culture media, with multiple genetic and biochemical
methods developed to study this organism. An even more important characteristic of the
yeast S. cerevisiae is that it shares many key processes with mammals. Therefore, many
researchers proposed testing the ability of S. cerevisiae to produce RNA nanostructures on
a large scale (Drinnenberg et al., 2009; Sasano et al., 2017; Duman-Scheel, 2019; Chen et
al., 2022).

One of the interesting features of the yeast S. cerevisiae is the absence of an RNA
interference system, which can contribute to the accumulation of recombinant dsRNA
transcripts in vivo (Duman-Scheel, 2019). In cells with an RNA interference mechanism,
dsRNAs are recognized and converted into smaller siRNA transcripts, which can further
participate in the suppression of certain gene transcription and mRNA translation. This
function is key to the production of recombinant RNA products, including aptamers, mMRNA
vaccines, and even complex RNA structures.

In parallel with developing approaches for the synthesis of RNA aptamers in yeast
cells, the Broccoli RNA aptamer was used as a reporter molecule. This aptamer is a short
RNA molecule that, due to its secondary structure, the RNA transcript interacts with the
DFHBI-1T fluorescent dye and activates the fluorescent signal (Quellet, 2016; Figure 2).
The appearance of fluorescence is proof of the synthesis of a functional aptamer with a native
secondary structure.

The Broccoli aptamer, in combination with the DFHBI-1T fluorescent dye, is widely
used to visualize RNA molecules in living cells. An interesting feature of this aptamer is the
possibility of its separation into two parts, which separately do not bind to the DFHBI-1T
dye, but can be assembled into a functional aptamer upon interaction with each other
(Schneider et al., 2004). The tandem repeat of the Broccoli RNA aptamer was used to
enhance the intensity of the fluorescence signal (Zinskie et al., 2018).

Based on the sequence encoding the Broccoli aptamer, we obtained plasmids
containing various variants of expression cassettes that ensure the synthesis of a full-length

aptamer in yeast cells:
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The first design of the expression cassette was based on the use of the SNR52 gene
promoter recognized by RNA polymerase |1l and the SUP4 gene terminator. To obtain the
expression cassette PSNR52-x2Broccoli-SUP4, several sequential PCRs were used with
primers containing overlapping sequences. The resulting expression cassette PSNR52-
xBroccoli-SUPAT was cloned into the yeast plasmid pYES2, and the resulting plasmid
PYES2-PSNR-Br-TS was transformed by yeast (Figures 9, 10).

The second design of the expression cassette was based on the use of the GAL1 gene
promoter recognized by RNA polymerase Il and the CYCL1 gene terminator. The promoter
of the GAL1 gene allowed us to verify the synthesis of the aptamer, which is strictly regulated
depending on the carbon source in the growth medium. In the presence of glucose in the
medium, this promoter is repressed, and its induction is observed in the medium with
galactose. A characteristic feature of RNA molecules transcribed by RNA polymerase 11 is
the presence of extended 5' and 3' untranslated regions and modification of the ends (capping
and polyadenylation). To ensure the synthesis of RNA molecules with specified 5' and 3'
ends, ribozyme sequences flanking the Broccoli aptamer sequence were introduced into the
expression cassette (Figure 3). The Hammerhead ribozyme located at the 5' end of Broccoli
and the HDV (hepatitis delta virus) ribozyme at the 3' end ensured the correct cleavage of
the aptamer sequence from the primary RNA molecule, as evidenced by the appearance of
fluorescence upon interaction of the synthesized aptamer with the dye (Figures 11A, B).

To obtain the expression cassette PGAL1-HH-x2Broccoli-HDV-CYCLT, several
sequential PCRs were used with primers containing overlapping sequences (Figure 5). Then
the resulting expression cassette was cloned into the yeast pYES2 plasmid. The resulting
plasmid pYES2-PGAL-Br-TC was used to transform yeast (Figures 6, 7, 8).

Previously, a variant of RNA aptamer synthesis in yeast cells using T4 phage RNA
polymerase was proposed (Dower, Rosbash, 2002). We did not use this option due to the
fact that in this case, it was first necessary to obtain yeast cells synthesizing heterologous T4

phage RNA polymerase. Thus, the yeast transformants obtained in the future will have to
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synthesize not only RNA aptamers, but also a heterologous protein. This can be a serious
metabolic burden and adversely affect the viability of producer cells.

The transformation of yeast by the expression plasmids pYES2-PSNR-Br-TS and
PYES2-PGAL-Br-TC obtained by us led to the formation of two yeast strains, namely S.
cerevisiae D623 (pYES2-PSNR-Br-TS) and S. cerevisiae D623 (pYES2-PGAL-Br-TC)
synthesizing RNA aptamer Broccoli, as evidenced by the appearance of fluorescence after
the addition of the DFHBI-1T dye to transformant cells (Figures 11A, B).

The level of fluorescence observed in the S. cerevisiae D623 transformant (pYES2-
PGAL-Br-TC) was significantly higher than in the S. cerevisiae D623 transformant (pYES2-
PSNR-Br-TS). One possible explanation may be that the expression of the aptamer in strain
D623 (pYES2-PGAL-Br-TC) is controlled by a strong regulated promoter GAL1.We carried
out a two-stage cultivation of this strain, first, on a medium with glucose as a carbon source,
only biomass increased, the promoter was repressed under these conditions, and aptamer
transcription did not occur. Only when the grown yeast was transferred to a new medium
with galactose as a carbon source, the promoter was activated and aptamer transcription
began. Such a scheme for cultivating producer strains allows us to reduce the metabolic load
on the yeast cell. In the case of transformant S. cerevisiae D623 (pYES2-PSNR-Br-TS), the
expression of the aptamer begins immediately, possibly with a negative effect on the growth
and the metabolic processes of yeast. In addition, in this expression cassette, the transcription
of the aptamer sequence is controlled by the promoter of the SNR52 gene, and not by the
strong promoter of the GAL1 gene.

Thus, it was demonstrated that yeast is capable of synthesizing functional RNA
aptamers, and the regulated expression of the aptamer sequence provides a higher level of
Broccoli aptamer synthesis in S. cerevisiae yeast cells.

Using the Broccoli RNA aptamer producer as a yeast strain with a deletion of the
XRN1 exonuclease structural gene, which, in particular, plays a key role in mRNA
degradation, we hoped to increase the yield of the aptamer by increasing its stability. The
deletion of this gene did not affect the viability of the 1-D623 strain, but did not lead to the



71

desired result, i.e., an increase in the stability of the aptamer. Possibly, Xrnl exonuclease is
not involved in the degradation of short RNAs with a clearly defined secondary structure.

As was shown in the analysis of the transcriptome of yeast synthesizing the RNA
aptamer, the level of RNA of 115 genes changes (Table S1). In 67 genes, an increase in the
level of RNA was observed, in 48 genes, a decrease in the amount of RNA. At the same
time, the studied genes encoded not only proteins, but also different types of RNA. Among
the genes with a reduced level of mMRNA were the structural genes of some ribosomal
proteins that are involved in rRNA processing and maturation of ribosomes.

It can be assumed that the synthesis of the reporter construct containing a large
number of secondary structures somehow affects the processing of rRNA molecules, leading
to a change in the expression level of the genes involved in this processing event at different
stages.

However, the hypothesis that the synthesis of the reporter construct disrupts the
maturation processes and stability of the studied mRNAs of ribosomal proteins, other
MRNAs, as well as SnRNAs and snoRNAs, seems more likely. The identified set of various
genes, for which the amount of corresponding RNAs changes, is connected by common
stages and components of RNA processing. Thus, it was found that a number of the studied
genes of ribosomal proteins contain an intron, for example, RPS11A, RPS23B, RPS27B,
RPL14A and RPL18A genes. For the pre-mRNA of RPL18A gene, it was previously shown
that its intron forms secondary structures in the form of hairpins. These secondary structures
are the target of RNase 111 encoded by the RNT1 gene (Danin-Kreiselman et al., 2003).

RNase |11 is also involved in the processing of 3'end of the precursors of a number of
snRNAs. In this work, one of the groups of genes, in which the RNA level changed during
the synthesis of the reporter construct with the Broccoli aptamer consisted of genes
associated with mRNA splicing. In particular, here we report an increase in the level of RNA
of genes encoding key snRNAs: SNR19 and LSR1. The SNR19 gene encodes Ul snRNA
that provides recognition of the boundary between the intron and the 5' exon (Kretzner et al.,
1987). The LSR1 gene encodes U2 snRNA, which binds to a branch point within the spliced
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intron (Riedel et al., 1986). The mRNA level of PRP46 gene, which encodes one of the
components of the NTC (NineTeen associated Complex) protein complex, also increased
(Albers et al., 2003). This complex begins to work as part of the spliceosome during and
after the release of U4 snRNA. It stabilizes U5 and U6 snRNAs during the subsequent
catalytic steps of the spliceosome, during which the excision of the intron occurs during two
successive transesterification reactions (Chan et al., 2003; Chan, Cheng 2005).

It should be noted that the Ul and U2 snRNA precursors are products of RNA
polymerase Il, so they undergo corresponding modifications at the 5' and 3' ends. Sample
preparation for the transcriptome analysis was performed using a kit that provides cDNA
synthesis based on the oligo-dT primer, which is attached to the poly-A sequence at the 3'
end. Thus, the obtained data on an increase in the mRNA level of the SNR19 and LSR1 genes
may indicate not only an increase in their expression, but also a possible disruption in the
processing of their 3' ends, leading to the accumulation of polyadenylated immature RNAS.

Indeed, it has been previously demonstrated that disruption of the RNT1 gene results
in the accumulation of incompletely processed but functional U2 snRNAs, retaining the 3'
end with the poly-A sequence (Abou Elela, Ares, 1998). This agrees very well with the
findings of this work, which demonstrated an increase in the levels of polyadenylated Ul
and U2 immature snRNAs encoded by the SNR19 and LSR1 genes. It can be assumed that
the synthesis of a reporter construct containing a large number of secondary structures affects
the activity of RNase Il1, for example, by diverting a part of the enzyme to itself. This, in
turn, leads to impaired processing and stability of a number of RNA molecules, in the
maturation of which this RNase is involved. And as a result, effects appear similar to those
observed when RNT1 gene is disrupted, In particular, the accumulation of polyadenylated
snRNA precursors (Abou Elela, Ares, 1998).

In response to the synthesis of the reporter construct, the amount of RNA of genes
encoding small nucleolar RNAs (snoRNASs) involved in the maturation of ribosomal RNAs
increased (Smarsky, Fournier, 1999). This concerns the snoRNA genes containing the
H/ACA sequence (H/ACA-box) - SNR46 and SNR49. These snoRNAs ensure the formation
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of pseudouridines at specific positions in maturing ribosomal RNAs (Figure 13B) (Ni et al.,
1997). The activity of SNR40 gene, which encodes a snoRNA with a C/D sequence that is
involved in 2'O-methylation of certain rRNA nucleotides, also increases (Figure 13 B)
(Smarsky, Fournier, 1999; Lowe, Eddy, 1999). This occurs against the background of a
decrease in the activity of NOP56 gene, which encodes one of the most important
components of the protein complex and the corresponding snoRNAs, and the protein carries
out 2'0-methylation (Gautier et al., 1997).

The studied snoRNAs are characterized by a different arrangement of targets in RNA
with the implementation of various modifications. This suggests that the observed increase
in the level of polyadenylated precursors of these snoRNAs is associated with different
changes in the expression of the corresponding genes in response to the synthesis of the
reporter construct in cells. A more probable hypothesis is that the synthesis of large amounts
of the construct with the aptamer disrupts the maturation processes and stability of the
snoRNAs under study.

Indeed, RNase Il targets are also precursors of various SnoRNAs (Chanfreau et al.,
1998), including snR40 and snR46. Disruption of their processing due to diversion of RNase
I11 activity during the synthesis of large amounts of RNA molecules with a reporter construct
may explain the observed accumulation of their polyadenylated precursors. This is similar
to how it occurs for the U2 snRNA considered above in case of disruption of RNase Il
(Abou Elela, Ares, 1998).

RNase 11 is involved in the processing and degradation of a wide variety of RNA
molecules (Gagnon et al., 2015). RNase Il participation in the regulation of telomerase
subunit synthesis has been shown. Disruption of RNT1 gene in the yeast S. cerevisiae leads
to an increase in the expression of telomerase genes, in particular, TLC1 gene encoding its
RNA subunit (Larose et al., 2007). This agrees very well with the results of this work, which
demonstrate that the synthesis of the reporter construct with the Broccoli aptamer in yeast

cells leads to an increase in the amount of telomerase RNA encoded by TLC1 gene.
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RNase I11 is involved in the protection of cells from excessive concentrations of iron
ions. With an excess of iron, it recognizes and cuts hairpins in the mRNA of the genes
involved in its transport into the cell - FIT1-3, ARN1-4, FRE1-2 (Martinez-Pastor et al.,
2013). As a result, the corresponding transcripts are rapidly degraded. In this work, no
significant changes in mMRNA levels of these genes were observed. However, an increase in
FRAL gene expression was observed in response to the synthesis of large amounts of the
reporter aptamer RNAs. The protein encoded by this gene is a part of a complex that
suppresses the transcription of genes that ensure the transport and metabolism of iron
(Kumanovics et al., 2008). During the experiment, S. cerevisiae cells were cultured in a
medium with a sufficient amount of iron. It can be assumed that under these conditions, the
disruption of the regulatory mechanism involving RNase I, which suppresses the
expression of genes that ensure the transport of iron into the cell, is compensated by the
activation of another mechanism involving the Fral protein.

RNase Il plays an important role in the regulation of the synthesis of cell wall proteins
(CWPs), in the cell response to various stressors associated with CWPs, and in the control
of processes occurring with CWPs during cell division (Catala et al., 2012). In our work, we
observed changes in the mRNA levels of a number of genes involved in the biogenesis and
functioning of the CWPs in S. cerevisiae. During the synthesis of the reporter construct with
the Broccoli aptamer in yeast cells, the amount of mMRNA of the CCW12, MUMS3, and CWP2
genes decreased. The CCW12 gene encodes a mannoprotein involved in the formation of
newly synthesized yeast CWPs regions (Ragni et al., 2011). The CWP2 gene product is one
of the main mannoproteins in the composition of CWPs (van der Vaart et al., 1995). The
MUM3 gene product works in the formation of the outer coat during sporulation (Engebrecht
et al., 1998).

Thus, it can be assumed that the synthesis of the RNA aptamer in yeast cells not only
changes the level of RNA of certain genes, but also affects the efficiency of RNase Ill. Given
the diversity of functions and substrates of this enzyme, it can be concluded that RNase I

can play a key role in the yeast cell response to the synthesis of the RNA aptamer.
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Even though the synthesis of the RNA aptamer led to a change in the level of RNA of
115 genes, this did not affect the viability of the producer strains. Therefore, the approaches
developed in this work to obtain a functional RNA aptamer Broccoli can be further used in
RNA nanobiotechnology for the synthesis in yeast of aptamers with a given structure that

can interact with certain ligands.
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5. CONCLUSION

Based on the results of the work, the following conclusions were formulated:

1. The fundamental possibility of regulated synthesis of the RNA aptamer Broccoli in
Saccharomyces cerevisiae yeast cells has been demonstrated.

2. The synthesized RNA aptamer Broccoli adopts a native secondary structure, as
evidenced by binding to the DFHBI-1T fluorophore.

3. The synthesis of the RNA aptamer Broccoli does not lead to a decrease in the
viability of yeast producing cells but is accompanied by a change in the level of transcription
of a number of genes that control proteins of ribosome subunits, as well as the processes of
maturation and stability of various RNAs.

4. Changes in the transcriptome during the synthesis of the RNA aptamer Broccoli are
similar to the changes that occur when the structural gene of RNase |11 is disrupted and may

be due to changes in the spectrum of substrates and the efficiency of this enzyme.
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SUPPLEMENTARY MATERIALS
Table S1

Table S1. Results of DEseq2 analysis for genes with differentiated expression in yeast synthesizing RNA aptamer

Gene - gene names (retrieved from NCBI and SGD)

baseMean - the average value of the number of normalized reads
log2FoldChange — logarithm of expression level change

IfcSE - standard error of log2FoldChange value

stat - Wald test statistic value

P value - p-value

P adj value - adjusted p-value by the Benjamini-Hochberg method

List of genes with RNA levels decrease in response to reporter construct synthesis in cells

log2FoldChan
Gene baseMean ge IfcSE stat pvalue padj
YLR227 812.244317 1.4865299415 0.06050085 24.570394 2.6187437223274 3.5126082462152
1 W-B 288633 8653 80640956 3572449  8e-133 6e-130
YOR142 962.623712 0.8644625801 0.05334152 16.206185 4.5600729603040 3.6699467184527
2 W-B 660624 00935 04686144 5850093 9e-59 3e-56

YLR110 CCW1 537.298946 0.6168187426 0.06591436 9.3578801 8.1352461967512 1.9256606291604

3 C 2 492214 62513 66462934 4125141  2e-21 le-18

YDRO050 120.548808 1.0491961210 0.13523455 7.7583434 8.6045896157600 1.5054290701660
4 C TPI1 567361 6366 5267138 1297689  2e-15 le-12

YKL152 154.095584 0.7628223880 0.11669478 6.5369023 6.2806032898771 9.0261241565949
5 C GPM1 692314 57912 1309261 3187295 Qe-11 3e-09

YLR155 ASP3- 20.4861956 2.9424348392 0.47105314 6.2465029 4.1974416193327 5.2782828363109
6 C 1 527702 2052 3560022 2530229 9e-10 9e-08




10

11

12

13

14

15

16

17

18

YDL148
C

YDR524
W-C

YDR497
C

YGR106
C

YOR298
W

YLRO75
W

YMLO28
W

YDRO025
W

YHR179
W

YKLOO06
W

YOL120
C

YNL265
C

NOP1
4

ITR1

VOA1

MUM3

RPL10

TSAl

RPS1

1A

OYE2

RPL14
A

RPL18
A

IST1

38.3745901
743603

148.927192
287866

129.579731
903513

21.0322242
152243

80.8437950
872365

39.9253445
068186

111.636588
532236

31.0999265
12011

115.410739
335061

48.0285581
5466

69.6987029
743728

14.7968995
781532
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1.6181552116 0.26023665 6.2180141
4528 6574414 4506941
0.7075872314 0.11834703
04013 6019897

5.9789180
6335608
0.7505477699 0.12673462
48193 6298966

5.9221997
3235772
2.0351324436 0.38350942
2539 4400778

5.3066034
7344847
0.8336842755 0.16088273
72015 2187744

5.1819375
7798155
1.2550812638 0.24213612
4436 2308335

5.1833706
259083
0.6851955085 0.13548904
97545 7434222

5.0572021
9879911
1.3771219503 0.28021767
2027 1542702

49144721
7707116
0.6478505355 0.13287422
80594 8578475

4.8756673
322696
1.0407682640 0.21409571
9958 2457326

4.8612288
9689829
0.8438143888 0.17371312
60549 2228694

4.8575166
8057446
2.4005133163 0.49556708
4107 0777822

4.8439725
1038815

5.0348618240061
le-10

2.2462449818684
le-09

3.1766347095484
1le-09

1.1168677214971
3e-07

2.1959271181175
2e-07

2.1791140182897
8e-07

4.2545207273588
7e-07

8.9021965872573
4e-07

1.0844122692204
9e-06

1.1665926534536
e-06

1.1886712648523
e-06

1.2726854830788
6e-06

6.1394799938789
7e-08

2.5108027241773
5e-07

3.3415585062404
9e-07

8.6428379063547
4e-06

1.5779304863044
4e-05

1.5779304863044
4e-05

2.7174906995066
8e-05

5.3466326965856
e-05

6.4171690755047
7e-05

6.8034330978221
5e-05

6.8331616710938
1le-05

7.2130794139567
9e-05



19

20

21

22

23

24

25

26

27

28

29

30

31

YLR197

w

Q0130

YKLO60
C

YIR018C
-A

Gene

YELO33
W

YLR293
C

YALO37
C-A

YPLO66
W

YDL104
C

YLR264
C-A

YDR168
W

YPL131
W

NOPS5

OLI1

FBA1

MTC7

GSP1

RGL1

QRI7

CDC3

RPL5

47.2868231
441662

37.3552045
237033

113.469185
111024

25.0102181
802102

baseMean

87.3412960
435425

40.2147277
24967

33.6791688
529941

10.9245958
325049

31.2178889
361233

18.2685822
884157

33.7423366
590118

103.602522
800592

1.0346343736 0.21571825

2936

1.1887839619 0.24810419

3811

0.6389196063 0.13387829

92647

1.5153248859 0.32113214

375

log2FoldChan

ge

0.7206435319 0.15332085

72671

1.1047964500 0.23633451

4142

1.2407176419 0.26543763

1246

3.6909541901 0.79073072

7344

1.2956416136 0.27943810

2078

1.8675094384 0.40283392

0075

1.2042685088 0.26220511

8068

0.6426354364 0.14006441

1853

104

6471281

3985807

5987406

6195054

IfcSE

8980777

2677609

3026816

8798399

0303476

8891415

2056992

8346448

4.7962300
0182694
4.7914706
4320127
4.7723912
3549009
4.7186957
266405

stat
4.7002315
0641897
4.6747148
2486566
4.6742341
2333969
4.6677763
4376527
4.6365961
2706243
4.6359288
6413533
4.5928490
8457057
4.5881419
7071078

1.6167962976035
5e-06

1.6556324824231
5e-06

1.8205142595901
9e-06

2.3736152932819
4e-06

pvalue

2.5986672009891
2e-06

2.9436236464206
8e-06

2.9505259476807
8e-06

3.0447707778898
6e-06

3.5419351326336
4e-06

3.5533816268861
5e-06

4.3723526294731
4e-06

4.4720847795684
le-06

8.9123127418584
5e-05

9.0030609584739
8e-05

9.6413688278168
4e-05

0.0001179188634
58846

padj

0.0001275248392
29027

0.0001413442430
1747

0.0001413442430
1747

0.0001441430307
08574

0.0001643541111
10228

0.0001643541111
10228

0.0001954927442
33332

0.0001977546060
76739



32

33

34

35

36

37

38

39

40

41

42

43

YELOO9
C

YPR132
W

YHRO021
C

YDR496
C

YORO063
W

YGR161
C-D

YPR102
C

YKLO96
W-A

YMR116
C

YJLO52
W

YOL126
C

YHRO009
C
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132.848295
961614

0.5638711877 0.12339894

GCN4 33709 2420772

RPS2
3B

98.5879196
812728

0.6555216978 0.14361597
55469 1457171
RPS2
7B

19.9915904
206145

1.6970718289 0.37168830
0608 7337704
28.3358517
367788

1.3330919796 0.29227568

PUF6 2788 6624242

86.0764876
031592

0.7001391243 0.15427695

RPL3 86091 6059958

38.6084763
984554

1.0843731425 0.24097124
2019 8416266
RPL11 54.8202321
A 61068

0.8858848586 0.19709618
58359 6893681
48.7469361
630839

0.9410826948 0.21062925

CwWpP2 78092 2396009

62.7889148
729763

0.8135060036 0.18273998

ASC1 23055 5625853

125.904449
228004

0.5614160212 0.12658309

TDH1 78743 2932811

11.5907767
544796

2.6698109726 0.60211406

MDH2 8571 6218605

14.2568960
261727

2.0628755455 0.48235039

TDAS 7827 9090797

4.5694977
3370821
4.5644066
6873153
4.5658466
9305772
4.5610772
3165405
4.5381963
8568699
4.5000104
7696358
4.4946828
8869651
4.4679581
9750973
4.4517131
8601638
4.4351580
3154483
4.4340617
8741621
4.2767157
4329921

4.8889445273614
5e-06

5.0090897841171
9e-06

4.9748225330084
e-06

5.0891856748480
3e-06

5.6737410216286
9e-06

6.7950113352082
4e-06

6.9673699029304
8e-06

7.8969732432413
5e-06

8.5187900862881
1le-06

9.2004771779738
9e-06

9.2474104816967
3e-06

1.8967073805299
9e-05

0.0002115388470
76371

0.0002121744978
03027

0.0002121744978
03027

0.0002133216995
3738

0.0002306175138
48827

0.0002680698589
49784

0.0002722009367
90216

0.0003026420983
88602

0.0003219729314
7078

0.0003413906401
68327

0.0003413906401
68327

0.0006523376495
08776



106

YBR031 RPL4 56.0622279 0.8251574451 0.19343719 4.2657640 1.9921925174871 0.0006680485575

44 W A 430731 08681 8648011 3543863  3e-05 30685

YKL145 28.7935212 1.2213487851 0.28675793 4.2591629 2.0519381468910 0.0006783786807
45 W RPT1 187236 0615 54371 8792034  3e-05 31147

YNL143 21.9747237 1.4500382075 0.34257861 4.2327166 2.3088536101652 0.0007501493829
46 C 585869 333 8204299 1008499  2e-05 30102

YJR105 59.0695785 0.7940701800 0.18808488 4.2218712 2.4228246994230 0.0007799557272
47 W ADO1 277891 53525 6623319 7477087  5e-05 38267

YCLO11 15.8512042 1.7989840521 0.42916860 4.1917885 2.7676391714268 0.0008838873036
48 C GBP2 764884 1872 906087 281856 4e-05 36634

YELO71 48.9319521 0.8726657820 0.20845371 4.1863766 2.8344287407735 0.0008980898624
49 W DLD3 988683 91778 9830821 3458357  9e-05 3094

List of genes with RNA levels increase in response to reporter construct synthesis in cells

log2FoldChan
Gene baseMean ge IfcSE stat pvalue padj

YGRO027 5177.55666 0.9274029367 0.03505721 26.453984 3.2832595163505 1.3211836293794

1 wW-B 246038 77303 18876608 4112282  7e-154 7e-150
21S_R 8950.69685 0.9140171214 0.03464483 26.382495 2.1761332344838 4.3783800677814

2 Q0158 RNA 244304 73512 13152821 9387327  3e-153 7e-150
YLR157 1891.42369 1.0295667978 0.04214435 24.429529 8.3064626234515 8.3563013991922

3C-B 001149 9585 71018339 0923075 e-132 e-129
YNCGOO SNR4 417.496429 1.1610053834 0.07351377 15.793031 3.4747128040598 2.3303740539228

4 24W 6 877927 1531 58146927 5855613 7e-56 2e-53
YNCBO0O0 1747.67476 0.6324454505 0.04252534 14.872201 4.9943489019475 2.8710371402052

519C LSR1 098585 46266 12055643 6712123  4e-50 Te-47



YELO21
6 W
YBRO012
7 W-B
YDRO70
8 C
YMR169
9C
YARO010
10 C

11 Q0055

12 Q0050
YER103
13 W
YNCNOO
14 05C

15 YIL136W
YDRO74
16 W
YMLO54
17 C
YGR243
18w
YKR009
19 C
YDR508
20 C
YOR161
21 C
YKRO72
22 C
YLLO29
23 W

URA3

FMP1

ALD3

Al2

All

SSA4

SNR1

OM45

TPS2

CYB2

MPC3

FOX2

GNP1

PNS1

SIS2

FRA1

653.322779
119522
66.0373221
090167
182.293355
594755
485.263486
010032
362.625542
597384
390.032000
807443
974.742295
080594
722.174395
614217
178.018368
606943
248.839850
390842
93.2168843
54478
74.9216016
727923
264.592767
452754
37.0239382
875122
136.994121
211802
43.4531779
526771
73.0422913
75705
100.046563
525315
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0.8577524462 0.05994433
16019 36601607
2.5082535124 0.20940054
7505 7241925
1.2758640019 0.10775227
2918 9820584
0.7881704567 0.06743678
70348 64005978
0.8473776568 0.07654686
32268 16912422
0.8199846516 0.07409743
6818 46877849
0.5652459911 0.05114588
8704 27809911
0.5987235665 0.05720122
80126 16102242
0.9403370535 0.10627587
06954 6381379
0.7271572479 0.09008886
75309 83663472
1.1610420401 0.14784635
1044 0229111
1.2750686838 0.16594602
5681 4582844
0.5962403147 0.08725105
53222 25395401
1.5693243623 0.24551123
6103 047738
0.7545524811 0.11931307
37564 0810959
1.3843046958 0.22148949
8834 8768574
1.0005380043 0.16487025
6635 3367172
0.8414504827 0.13965223
9728 2190122

14.309149
7368013
11.978256
721446
11.840714
6842145
11.687544
7191143
11.070050
9218815
11.066302
8365725
11.051642
0961478
10.466971
6786802
8.8480762
0999978
8.0715549
1196002
7.8530314
6348366
7.6836350
076001
6.8336174
4527976
6.3920675
2094224
6.3241393
0853466
6.2499789
0908926
6.0686387
2610249
6.0253278
4189038

1.9184449515811
9e-46
4.6193517886760
le-33
2.4039564479714
7e-32
1.4759187773537
7e-31
1.7530096896937
3e-28
1.8278710431312
8e-28
2.1524129063272
6e-28
1.2249928523936
9e-25
8.9040841579882
4e-19
6.9408493254614
9e-16
4.0609973515962
5e-15
1.5463683659653
2e-14
8.2799648529376
5e-12
1.6365759601734
5e-10
2.5464791722986
9e-10
4.1050811568720
6e-10
1.2899896093044
4e-09
1.6876717549573
2e-09

9.6497781064533
9e-44
2.0653635108480
3e-30
9.6735207466371
9e-30
5.3991792364287
e-29
5.6579639058155
8e-26
5.6579639058155
8e-26
6.1866496679006
4e-26
3.0808570237701
4e-23
1.9905574806524
8e-16
1.3299989374122
4e-13
7.4279333376469
6e-13
2.5927442936018
5e-12
1.3327431427288
4e-09
2.2708902288751
6e-08
3.4156773964433
e-08
5.2782828363109
9e-08
1.5267406434826
7e-07
1.9403403262709
3e-07



YNCNOO
24 18W
YOLO081
25 W
YKL217
26 W
YDL214
27 C
YORO023
28 C
YMRO045
29 C
YMR250
30 W
YHRO033
31 W
YPR149
32 W
YDR316
33 W-B

SNR4

IRA2

JEN1

PRR2

AHC1

GAD1

NCE1
02

Gene

YMR303
34 C

35 Q0085
YLR410
36 W-B
YKRO054
37C
YBR117
38 C
YPL239
39 W
YNCNOO
40 01W

ADH2

ATP6

DYN1

TKL2

YAR1

SNR4
0

33.9212653
409708
223.267415
132445
41.2193951
481103
46.1941414
928606
69.5442328
424506
108.022392
338259
71.5984039
606918
208.285711
000747
159.432334
463537
99.9506030
19725

baseMean
51.0597122
629782
25.7886638
379389
12.9564827
388411
15.4702461
147937
32.0285171
997431
25.3357441
436006
37.4632195
598165

108

1.5157558289 0.25526399
8814 5256205
0.5574606568 0.09418118
6165 74924781
1.3240468247 0.22622028
3302 7798073
1.2320528402 0.21138977
6922 408673
0.9800831026 0.16847859
64557 9147093
0.7723199771 0.13388829
13814 5965138
0.9451456050 0.16568062
18283 6849708
0.5542534792 0.09728303
92256 38766616
0.6135599999 0.11040284
92518 2418478
0.7718178442 0.13924300
37044 3094011

log2FoldChan

ge IfcSE
1.0668859001 0.19851930
761 757787
1.6128392515 0.30112701
6771 3921632
2.6711043796 0.50933987
8392 4493895
2.2387222985 0.42994183
7885 2539944
1.3423207700 0.25940336
2441 0974812
1.5380801814 0.30042374
5915 5426557
1.2008742776 0.23531655
1346 8167037

5.9379930
4702882
5.9190234
4516704
5.8529092
930643
5.8283464
5427894
5.8172557
6794997
5.7683905
1947388
5.7046235
458515
5.6973292
9993688
5.5574656
1005051
5.5429560
3432184

stat
5.3742173
1514763
5.3560098
4635489
5.2442475
3184316
5.2070352
9906189
5.1746467
9324162
5.1197024
3655441
5.1032289
7363234

2.8853227640727
9e-09
3.2385880154915
3e-09
4.8304760768059
6e-09
5.5979269321035
5e-09
5.9821573491983
5e-09
8.0032178143594
3e-09
1.1660049670566
5e-08
1.2169872890383
7e-08
2.7371989136893
7e-08
2.9740755689737
9e-08

pvalue
7.6916048105202
9e-08
8.5079874432816
8e-08
1.5692141337671
3e-07
1.9188160248714
e-07
2.2834252706143
5e-07
3.0601812165433
6e-07
3.3390658925505
5e-07

3.1379834601699
7e-07
3.3415585062404
9e-07
4.7409355446505
4e-07
5.3633471368535
e-07
5.5981863193428
3e-07
7.3193064738596
3e-07
1.0426675527635
4e-06
1.0645993154544
3e-06
2.3435081763161
7e-06
2.4932666853230
3e-06

padj
6.1902035515067
3e-06
6.7129689160324
5e-06
1.1914184291092
3e-05
1.4298732748300
9e-05
1.6120181208688
e-05
2.0523615358950
8e-05
2.2026887133808
8e-05



YGR237
41 C

YDL174
42 C

YJR049
43 C

YFLO31
44 W

YLR203
45 C

46 YILO45W

47 Q0075
YDL215
48 C
YBR212
49 W
YGRO19
50 W
YPL147
51 W
YNCBO0O
52 10W
YGR248
53 W
YOR290
54 C
YLR330
55 W
YLR182
56 W
YCR010
57 C
YKLO10
58 C

DLD1

UTR1

HAC1

MSS5

PIG2

Al5_B

ETA

GDH2

NGR1

UGAl

PXAl

TLC1

SOL4

SNF2

CHS5

SWI6

ADY2

UFD4

39.7988076
278411
104.574863
157588
64.1566006
056302
129.887648
728829
18.9785259
491356
159.181517
464676
59.3988473
947692
15.6116711
099699
65.2972720
042661
56.6780968
339772
85.9018790
78928
156.991441
627593
42.4731544
01267
92.1946506
810138
81.3644327
072369
13.5089557
979557
58.5505887
292302
36.7890704
396939
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1.1597192447 0.22765221
0239 8136466
0.6814175720 0.13563081
78508 535582
0.8669711143 0.17454228
97005 3985041
0.5862142852 0.12166056
36129 8719082
1.7027043577 0.35678569
9475 7830113
0.5231591567 0.11020794
13547 7659532
0.8602092136 0.18133427
57867 9396997
1.9302332429 0.40837661
7856 927751
0.8148807277 0.17237504
81591 5289664
0.8582371483 0.18584164
35559 0797232
0.6903358659 0.14964064
70523 2749066
0.5046533073 0.11085995
83107 7158607
0.9938641073 0.21877110
32938 2187808
0.6532233390 0.14415444
24443 8769277
0.6926170333 0.15359751
91802 2350269
1.9978568932 0.44629383
4181 934799
0.8135144440 0.18278587
54416 587064
1.0399061717 0.23492720
9865 8470083

5.0942584
8865306
5.0240616
0643394
49671122
35516
4.8184411
0551311
4.7723447
6648082
4.7470184
1222698
4.7437760
6108661
4.7266007
6963633
4.7273706
3774076
4.6181100
4602549
4.6132912
3751595
4.5521694
2453892
4.5429405
3187946
4.5314129
7130514
4.5092985
0876969
4.4765504
6316697
4.4506417
1495478
4.4265037
6076417

3.5010882011444
2e-07
5.0589997190079
8e-07
6.7957261192748
2e-07
1.4468421955710
2e-06
1.8209344704624
3e-06
2.0643716615818
8e-06
2.0977073948140
8e-06
2.2830951553170
7e-06
2.2744587474586
4e-06
3.8725088272205
2e-06
3.9634233126252
4e-06
5.3095549281119
5e-06
5.5474905107558
e-06
5.8590473992945
6e-06
6.5042336033648
4e-06
7.5858743915159
e-06
8.5614074720112
8e-06
9.5772713462547
2e-06

2.2723191808718
e-05
3.1808460733262
7e-05
4.2070772159941
4e-05
8.0862402708024
9e-05
9.6413688278168
4e-05
0.0001078835268
33837
0.0001082201866
24767
0.0001148396863
12449
0.0001148396863
12449
0.0001770792672
81084
0.0001792001731
46112
0.0002202644229
97139
0.0002277867532
17157
0.0002357680673
47613
0.0002591389704
94457
0.0002935149860
71731
0.0003219729314
7078
0.0003503539990
66627



YBLO75
59 C

YNRO47
60 W

YKRO098
61 C

62 YILOS7C
YPL151
63 C
YDLO085
64 W
YDR361
65 C
YDLO74
66 C

67 YJL131C

SSA3

FPK1

UBP1

RGI2

PRP4

NDE2

BCP1

BRE1

AIM23

100.239427
962574
51.5747603
903873
35.2462737
29943
127.607110
016945
13.1198913
04669
31.4032414
855992
8.53519507
34195
14.4322764
48923
11.7299094
593826
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0.6052785302 0.13811291
51782 3292884
0.8515613085 0.19505619
43026 9000313
1.0475043354 0.24036948
6319 2560257
0.5306953986 0.12259868
39113 7739737
1.9445739716 0.45516107
8111 4242387
1.0967738276 0.25676905
213 8568544
2.7852361286 0.65401960
9578 5077031
1.7858653848 0.42194601
804 2551002
2.0362246911 0.48778304
56 7466405

4.3824904
9868509
4.3657228
6811381
4.3578923
7596165
4.3287200
5747498
4.2722765
2302615
4.2714407
7925777
4.2586431
7686277
4.2324499
6222007
41744474
3463792

1.1733028443786
e-05
1.2670303933356
9e-05
1.3132092784239
3e-05
1.4997842736663
4e-05
1.9348742727721
3e-05
1.9421410524762
6e-05
2.0567146881013
9e-05
2.3115935259277
5e-05
2.9871017719687
9e-05

0.0004253487068
26981
0.0004552259198
91325
0.0004635398365
24376
0.0005247940797
59422
0.0006567374449
71805
0.0006567374449
71805
0.0006783786807
31147
0.0007501493829
30102
0.0009390701195
6269
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CIIUCOK COKPAIIIEHUHN 1 OBO3HAYEHUM

HATT - nutrotpenTo

NIIC — n301ponuiaoBeIil COUPT

JIYK — nensiHast ykcycHast KUCIOTa

[ICA — nepcynbdaT aMMOHHMS

[II1P — monumMepasHas uenHas peakuus

OJTA - >TuneHInaMUHTETPAYKCYCHAsI KUCIIOTa

DFHBI-1T (52)-5-[(3,5-Difluoro-4-hydroxyphenyl)methylene]-3,5-dihydro-2-
methyl-3-(2,2,2-trifluoroethyl) -4H-imidazol-4-one ((52)-5-[(3,5-audTop-4-
THIPOKCU(EHIIT)METHIICH |-3,5- auruapo-2-meTmi-3-(2,2,2-tpudropatuin )-4H-
UMH1a30J1-4-0H)

FACS - Fluorescence-activated cell sorting (copTHpoBKHM KIETOK C aKTHBHPOBAaHHOW
bayopecuieHIuei)

FDA - Food and Drug Administration (YnpasjeHue 1o CaHUTapHOMY Ha130py 3a Ka4eCTBOM
MUILIEBBIX TPOJYKTOB U MEIMKAMEHTOB — areHTCTBO MUHHMCTEPCTBA 3/IpaBOOXPaHEHUS U
conuanbHbIX ciryk0 CIIIA)

GFP - green fluorescent protein (3eneHslii (1yopecieHTHBIN OEI0K)

HIS — histidine (ructuaun)

Lac — lactose (;1akTo3a)

LB — cpena Luria-Bertani nns kynsruBupoBanus E. coli

LEU — leucine (neitmun)

MBS - MS2 phage binding site (mocnenosarensaocts PHK, ¢ koTopoii B3aumMoieiicTByeT
Oaktepuodara MS2)

MCP - MS2 coat protein (6enok o6onouku 6akTepuodara MS2)

PBS - Phosphate buffered saline (¢ocdarno-coneoit 6ydep)

PGAL - galactose promoter (nmpomoTtop renoB Gal)
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RNAI - RNA wunTepdepenus

SGD - Saccharomyces genome database (ba3a nmanubeix renoma Saccharomyces, 6a3a
JaHHBIX 110 MOJICKYJIIPHOM OHOJIOTHH M 'eHETHKE APOXKKEH Saccharomyces cerevisiae)
TRP — tryptophan (tpunrrodan)

URA — uracil (yparun)

UTR - untranslated region (aetpanciupyemas odaacts MPHK)

VEGF - Vascular endothelial growth factor (¢pakTop pocTta sHI0TEIHS COCYIOB)

YPD — Yeast Extract Peptone Dextrose (mposkkeBasi muTaTelbHas Cpenaa, CoaeprKarias
JPOXKIKEBOU IKCTPAKT, MENTOH, TITFOKO3Y)

XRNL1 - 5’3 exoribonuclease 1 (5’3’3x30pudoHykicasa 1)

ZEO — aHTHOMOTHK 3€01IMH
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BBEJAEHUE

AKTYaJIbHOCTH TeMbI HCCJICI0BAHMS

AntaMmepsl MpeACTaBISIIOT co00il cunTteTnyeckue onuronykieotuasl JJTHK u PHK c
ONpENENICHHOW TPEXMEPHOW CTPYKTYpOW, KOTOpble C BBICOKOH adPUHHOCTBIO U
cnenu(pUIHOCTHIO B3aUMOJICHCTBYIOT C PAa3JIMYHBIMU MUIIEHSIMU, HAYMHAS OT MOJIEKYJI U
3aKaH4YMBas KieTkamMHu. biaromaps STUM OCOOEHHOCTSIM amnTaMepbl HCIOJIb3YIOTCS B
(byHIaMeHTaIBHBIX HCCICAOBAHUAX, a Takke B mpukiaaaneix 1emsx (Shanaa O.A. et al.,
2021; Niederlender et al., 2021; Srivastava et al., 2021; Razlansari et al., 2022).

OcoOnp1if unHTEpec mnpenctasiaoT antamepsl PHK. PasnHooOpasue cTpyKTypHBIX
MOTHBOB, BcTpeuaronuecsa B Mosekynax PHK, mo3Bosnser nosy4yaTs BapuaHThl anTaMepoB
3aJlaHHON KOH(popManuu, KoTopas HeoOXoAuma JJid B3aMMOJACHCTBUS C KOHKPETHBIMU
MUIICHSIMHU 1 JIUraHaaMu. B HacTos1ee BpeMsi OCHOBHBIM CIIOCOOOM MOJTy4YE€HHUSI allTAMEPOB
PHK sBisiercst Xumuueckuit uiu (hepMEeHTaTHBHBIN cHHTE3 IN VItro, 4To CBSA3aHO C BBICOKOI
CTOMMOCTBIO U HU3KOW MPOou3BoAUTEIbHOCTIO. CuHTe3 anTamepoB PHK in vivo sBasietrcs
BakHBIM acniekToM PHK HanoTexHomoruu. B nannoi padote misa cuaTe3a antamepoB PHK
In Vivo ucnosip30BaHkl Apoxku Saccharomyces cerevisiae. Beibop npoxokeit S. cerevisiae B
kKauecTBe nponyueHra antamepoB PHK oOycrnoBien orcyrctBuem xommnoneHtoB PHK-
UHTEepPEPEHIINH, YTO MPOJUIeBACT mepro cymectBoBanus monekyn PHK in vivo. Kpome
TOTr0, UCIIOJIB30BAHUE IYKAPUOTHYECKUX MUKPOOPTaHU3MOB ISl cuHTe3a antamepoB PHK
MO3BOJISIET OIICHUBATH MOBEJEHNE, CBOMCTBA, CTAOUILHOCTh TAKUX allTaMEpPOB y BBICIIMX

IYKapHOT.


https://paperpile.com/c/JUin8x/iPTO+zsHr+daVC+3Mad
https://paperpile.com/c/JUin8x/iPTO+zsHr+daVC+3Mad
https://paperpile.com/c/JUin8x/iPTO+zsHr+daVC+3Mad
https://paperpile.com/c/JUin8x/iPTO+zsHr+daVC+3Mad
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Crenenb pa3padboTAHHOCTH TEMbI

Coznmanne HameKHOUM TUTaTGOpPMBI I OMOJIOTrHYecKoro cuHTe3a antamepoB PHK
MPEACTaBISIET COOOM KIIOYEBOM IIar K MCIOJIb30BaHUIO OrpoMHbIX npeumyiiecTB PHK B
ouonorun n ouomenuuuHe. Tepanus Ha ocHoBe anTamepoB u HaHnowyacTul PHK Bce eme
HAaXOJUTCA Ha paHHeW crtaauu, HO konuuectBo PHK-mpemapatoB, omoOpennbix FDA,
YBEIMYHUBACTCS, OJTHOBPEMEHHO IMOBBIIIAETCS U CIIPOC HA MOA0OHBIE coeTMHEHUs. poioKu
S. cerevisiae mpeacTaBisAIOT cOO0H PYKApUOTHYECKHUN MOJCIbHBIA OpPraHu3M, B I€HOME
KoToporo 23% TeHOB MMEIOT TOMOJIOTOB cpeau reHoB uenoBeka (Jiang et al., 2006), uro
MI03BOJIICT MCITOJIB30BAaTh MX JIJII MOJACIMPOBaHUs Oosie3Her yenmoeka (Smith and Snyder,
2006). DKCHepUMEHTHI MO0 «TyYMaHHM3allMW» APOXKEH JaloT BO3MOXKHOCTH TOJTy4aTh
ayTeHTH4YHbIe Oenku yenoBeka (Kachroo et al., 2022). Hecmotps Ha TO, 4TO CHHCOK
BO3MOXHBIX IpuMeHeHui antamepoB PHK nmomomHsieTcs ¢ kaxapiM roaom, 0 CHX IOpP
OTCYTCTBYIOT CBEJICHUSI O BO3MOXKHOM BiusiHuu antamepoB PHK Ha opranusm sykapuor.
Takke OTCYTCTBYIOT CBelleHUsI 00 3(pPEeKTHUBHOM CHHTE3€ (PYHKIMOHAIbHBIX alNTaMEepPOB

PHK B kiieTKax IpOoxKeE.

Ileab u 3a1a4n UCCJIeI0BAHUS

[{enbro paboThI OBLTO co3MaHKe TIAThOPMbI Tt cuHTe3a antamepoB PHK in vivo ¢
UCTIOIb30BAHUEM KJIETOK JPOXOKEH S. Cerevisiae W u3yueHHe BIUSHHUS anTaMepoB Ha
OMOJIOTHIO  IITaMMa-npoayreHTa. sl  JOCTWXKEHHMS TOCTAaBJICHHOW Iiedu  ObLIU
chOpMYITUPOBAHBI CIIETYIONTUE 3aaUH:

1. Cosnath cucremy juist cuare3a antamepa PHK Broccoli B S. cerevisiae.

2. Ouenutb d(PpPEKTUBHOCTD CUCTEMBI M ONITUMU3UPOBATH cuHTE3 anTamepa PHK.

3. CuntesupoBath camocoOuparomuecs antamepsl PHK B 1pokkeBbIX KiIeTKaX.

4, N3yuuts Bnusinue pnenenuu reHa XRNI1, koaupyromiero sk30HyKJIeasy, Ha

ctabunbHOCTh anTamepa PHK u xxu3HecnocoOHOCTh mTaMMa-npoayeHTa.
5. OlleHUTH BIMSIHUE CUHTE3a anTaMepa Ha YPOBEHb TPAHCKPUIILIMKM T'€HOB

mrTaMmMa-mmpoayucHTa.


https://paperpile.com/c/JUin8x/WRLE
https://paperpile.com/c/JUin8x/queH
https://paperpile.com/c/JUin8x/queH
https://paperpile.com/c/JUin8x/XPyE
https://paperpile.com/c/JUin8x/XPyE
https://paperpile.com/c/JUin8x/XPyE

120

HayuyHnasi HOBU3HA HCCJIeI0BAHUS

B nanHoii pabore Obula BHEpBBIE MPOJAEMOHCTPUPOBAHA  BO3MOYKHOCTb
UCTIONIB30BaHUs S. Cerevisiae B kauectse miatopmel st cuHTe3a antamepos PHK in vivo.
Jloka3aTenbCcTBO YCIEUIHOrO cuHTe3a U camocOopku antamepa PHK B kietkax apoxokei
OBLIO MOJTy4eHo Onaroapsi uctosb3oBanuio (ayopecuentnoro antamepa PHK Broccoli B
Ka4eCTBE PEIOPTEPHON cucTeMbl. BriepBbie n3ydeno Biusinue monekynsl PHK Broccoli na
IpOXOKK S. Cerevisiae myreM aHaiu3a TPAHCKPUIITOMA IITaMMa, HPOIYHUPYIOIIETO

arnrramep.

Teopernueckasi 1 NPAKTHYECKAS 3HAYUMOCTDb MCCJIEA0BAHUS

Pe3ynbTaThl, OTydYeHHBIE B padOTe, MO3BOJISIIOT AeaTh NPeaBaAPUTEIbHbBIC BHIBOIbI
0 cBoOicTBax U cTabmibHOCTH anTamepoB PHK in vivo, 0 BO3MOXHOM BJIMSIHUN alTaMepoOB
PHK ©Ha »sykapuoTHueckue KJIETKH, a Takke OYIyT CIocoOCTBOBaTh pPa3BUTHUIO
UCCIIEIOBAaHUM B 00JIACTM HAHOOMOTEXHOJIOTMU HYKJIEUHOBBIX KHUCJIOT. Pa3paboTaHHbIe
MOJXO/BI U TOJyYeHHsT BEKTOpOB skcmpeccuu antamepa PHK Broccoli u mrammos
JIPOKIKEN — MPOAYLIEHTOB ATOTO anTaMepa MOTyT ObITh B TaJIbHEHIIIEM MCIOJIb30BaHbI JIJIs
CHUHTE3a pa3nuHbIX BapuanToB antamepoB PHK, mpencrasmsdrommx uHTEpec kak miist

OMOJIOTHH, TaK U IS MEIUIAHEIL.

JIMYHBIN BKJIAJ aBTOPA

OcCHOBHBIE PE3yJIbTAThl UCCIEAOBAHUS ObUIM TIOJYYEHBl aBTOPOM JIMYHO. AHAIU3
nudepeHnnanbHON KCIPECCHU TeHOB OB MPOBEJEH aBTOPOM COBMECTHO C HAyYHBIM
COTPYIHUKOM JabopaTopuud OMOXMMHYECKOW TEHETHKH Kadeaphl TEeHETUKH U
ouorexnosorun CIIGI'Y PymsHueBsiMm AHapeem MuxaitnoBuuem Ha 06asze PL «Pa3Butue
MOJIEKYJISIPHBIX U KJIeTO4YHbIX TexHojorui» CIIOI'Y. buoundopmarnueckuil aHamus
MOJIYYEHHBIX PE3yJbTAaTOB ObLI MPOBEJEH aBTOPOM COBMeCTHO ¢ A. M. PymsiHIIEBbIM U

acupaHToM Ouosiornueckoro axkynbrera CuaopuHbIM AHTOHOM ButanbeBuueM.
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Anamm3 payopecueniuu antamepa PHK Broccoli-DFHBI-1 B kitetkax nposxokeii ObI1
npoBeeH A. M. PymsanueBsiM B PecypcHom uentpe CIIOIY «OOGcepBaropus

HKOJIOTUYSCKON 0€30IMacCHOCTI.

MeTtomoJi0rusi 1 METOAbI MCCJIETOBAHUS

JUist moJiydeHHsl pe3ysIbTaToB 3TOr0 MCCIEOBAaHUS ObLI HCIOJIB30BAaH IIUPOKUI
CIIEKTP COBPEMEHHBIX METOJOB I'€HETUKHU, MOJICKYJISIPHOM OMOJIOTUU U MUKPOOHMOJIOTUH, B
YaCTHOCTU. I[IOJIUMEpa3Hasi IenHas peakuus, IOATOTOBKA HYKIEHMHOBBIX KHCIIOT,
MOJIEKYJIIPHOE  KJIOHHUpOBaHWE, OakTepuajlbHas W  JAPOXOKEeBas — TpaHcpopmauus,
bayopumetpusi. B pabore npoBoaMIICS TPaHCKPUIITOMHBIM aHAIN3 C HCIOJIb30BAaHUEM

MCTOA0OB CCKBCHHUPOBAHUA HOBOI'O IIOKOJICHUA.

OcHOBHBIE M0JIOKEHUS, BBIHOCHUMbIE HA 3AIIUTY

1. TIpomeMoHCTpHpOBaHA MPUHITUITHATBHAS BO3MOXXHOCTh CHHTE3a (DYHKIIMOHAIHLHOTO
antamepa PHK Broccoli B kitetkax aposxkeit Saccharomyces cerevisiae.

2. Cuntes duyopectienTHoro antamepa PHK Broccoli mpuBouT kK MI3MEHEHUIO YPOBHS
IKCIPECCHH PsiJia TEHOB JAPO}OKEH S. Cerevisiae, Ho He BIUSET Ha KU3HECTIOCOOHOCTh

mTaMMa-ImpoaAyLCHTA.

CreneHb JO0CTOBEPHOCTH M anpodanus pe3yJibTATOB UCCJIeI0BAHUS
OcHOBHBIE pe3yJbTaThl UCCIICIOBAHUS ObUIN MPEACTABICHBI U OOCYXKICHBI HAa TPEX
MEXKTYHAPOIHBIX KOH(DEPEHIUAX U OMYyOJMKOBAHbI B YETHIPEX CTAThSIX B PEIEH3UPYEMBIX

HAaYYHBIX U3OaHUAX:

1. Muzaev D.M., Rumyantsev A.M., Al Shanaa O.R., Sambuk E.V. Selective system
based on fragments of the M1 virus for the yeast Saccharomyces cerevisiae
transformation // Ecological genetics. 2020. - Vol. 18, no. 2. P. 251-263
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2. Shanaa O.A., Rumyantsev A., Sambuk E., Padkina M. In Vivo Production of RNA
Aptamers and Nanoparticles: Problems and Prospects // Molecules. 2021. Vol 26, no.
5. P. 1422 (1-19)

3. Rumyantsev A., Sidorin A., Volkov A., Al Shanaa O., Sambuk E., Padkina M.
Transcriptome Analysis Unveils the Effects of Proline on Gene Expression in the
Yeast Komagataella phaffii // Microorganisms. 2022. Vol. 10, no. P. 67 (1-16)

4. Illanaa VY.A., Pymsanes A.M. Cambyxk E.B., Ilagkuna M.B. Cunres
dbayopecientHoro PHK-antamepa Broccoli B kietkax nposxkxkedt Saccharomyces

cerevisiae// Dxomornyeckas reneruka. 2022. Tom 20 (4), cTp. 339-348.

dunaHcoBasi nmojjiepxkka padorsl. OCHOBHASI 4acTh paOOTHI BBHINOJIHEHA B paMKax
rpanta POOU (acrimpanter) Ne 20—-34-90139\20 «Pa3paboTka moaxoa0B K MPUMEHEHHUIO

I[pO)K)KCfI B KaU4eCTBE 0OBEKTa ML CHHTC3a U U3YUCHUA CBOICTB PHK-H&HO‘-IaCTI/II_[».

O0bem M cTpyKTypa auccepramuu. /[uccepranusi COCTOMT W3 BBEIEHHUS 0030pa
JUTEPATYPHI, OMMMCAHUS MATEPUATIOB M METOJIOB, PE3YJIbTATOB MCCIICIOBAHNUS, 00CYKICHHUS,
BBIBOJIOB, CIMCKA JIMTEPATYpPhl, coaepxkamero 247 CChUIKM Ha TEPBOMCTOYHUKH, H
npwioxeHusi. Pabora uznoxena Ha 113 ctpanumax, conepxkut 21 pucyHka u 3 TaOIUIIBI.

[Tpunoxenue k padore conepkut 1 Tabnuiry
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1 OB30P JIMTEPATYPbI

1.1 Anramepsi IHK u PHK

TepMmun «antamep» TNpENCTaBIsIeT COOOW THUOPUIIHOE CJIOBO TPEUECKOro M
JATUHCKOTO MPOUCXOkAeHUs (apPtus o3HavYaeT MOIXOASIIINN Ha JIAThIHU, a MEroS o3HavaeT
BEllb WJIM YacThb HA TPEUECKOM S3bIKE), O3HAYAIONIMK B OYKBaJIbHOM TMEPEBOJIC
«MOJXOJAIINE YacTh». ANTamepsl NEUCTBUTENIBHO MPEJCTABISIOT CO00M MCKYCCTBEHHbBIC
OJINTOHYKJICOTHUIbI, CIIOCOOHBIC CBS3BIBATHCA C IIEJIEBHIMM XUMHUYECKUMHU BEIIECTBAMH,
Ha4YMHAas OT MOHOB M 3aKaHUYMBasl CHEIM(PUIECCKUMH MOBEPXHOCTHBIMU OEJIKaMU KIJIETKU

B 1990 rony aBe He3aBUCHMBIE TpyNNbl MOJEKYISpHbIX OuosioroB u3z CIIA
COOOIIMIIN O CaMbIX MEPBBIX dTaNax U3ydeHus U pa3paboTku antamepoB. [lepBas rpymnmna u3
Kosopanckom yHuBepcureTa B boynaepe BnepBble omnrcana OCHOBHOM METOJI MOJyYEHHUS
antamepoB, cokpameHHo SELEX (cucremarwueckass »dBOJIONWS JIMTAHIOB IyTEM
HKCIIOHEHIIMATFHOTO oOoraimeHusi). DTOT METOJ, OCHOBAaH Ha CO3JaHUHM OOJBIIOTO
KOJIMYECTBA CIIyYallHbIX OJMIOHYKIJIEOTHUJIOB, KOTOPBIE MOJBEPrarOTCs HECKOJIbKUM
payHaaM o0oraileHusl, BKIIOYAIOUIMMHU CBS3BIBAHUE C OMPEACICHHON MUIIIEHBIO, YIaJICHUE
HECBSI3aBIIMXCS HYKICOTHAOB, MOAM(PHUKAIMHA. ITO oOecrmeunBaeT OTOOp, TOJIBKO
OJINTOHYKJICOTUIOB C HauBbICIIEH ad)(PUHHOCTHIO K IIEJICBOMY XUMHUECKOMY BEIIECTBY JJIsI
JnanpHenero kimonupoanus u ananmsa (Tuerk, Gold, 1990).

Bropas rpynma wuccnemoBareneii w3 otmena  MolleKyJaspHOM  OMOJIOTHH
Maccauycerckoro rocnutaisi B bocToHe BBena TEPMUH «anTtaMep» MOCJEe UCIOIb30BAHUS
meroaa SELEX nipu 0TOOpE 0IMTOHYKICOTH IOB, B3aUMOIEHCTBYIONTUX C PSIOM UCXOTHBIX

opraHMueckux kpacurteneid. OHM Hamum, 4to Toiabko oxuH u3 10'° PHK-anramepos
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CIIOCOOCH CBSI3BIBATHCS C OmpejaesieHHol opranwdeckor moiekynoi (Ellington, Szostak,
1990).

Ha MoMeHT HanucaHusi JuccepTaliy CyIeCTBYeT OKOJI0 775 BapuaHTOB anTaMepoB
c uxX muiIeHsMu B Oaze maHHbIX antamepoB Aptagen (https://www.aptagen.com/apta-
index/), u3 koropsix 448 npencrasistor antamepsl JJHK u 177 - anramepsr PHK, octanbHbIe
SBJISIOTCS IENTUAHBIMU, XUMEPHBIMU aniTamepamu. CiielyeT IpuHUMaTh BO BHUMaHUE, YTO
B OaHke naHHBIX OenmkoB (https://www.rcsb.org/) conepskutces 259 3ammcei 00 antamepax
PHK, 119 3anuceit 06 anrtamepax JIHK c¢ moctynmasiMu pentreHoBckumu, AMP wunm
AIIEKTPOHHO-MUKPOCKOTTUIECKUMH N300PaKCHHISIMHU.

ArntaMepsl MpeACTaBISIOT co00M ofHOoIenoueyHbie onuronykineotuasl PHK wnm
JTHK, xoTopsie 001a/1at0T XapaKTepHO POCTPAHCTBEHHOM CTPYKTYPOId, BCIEICTBUE YETO
CIIOCOOHBI y3HAaBaTh W C BBICOKOW CHENMU(DUIHOCTHIO CBS3BIBATH PA3TMYHBIC MHIICHU

(pucyHoxk 1).

S WOHBI

KINETKK T S

\ opraH1u4eckme
/ coefuHeHnA

_ —
antamep
Denkn
BUPYChbI \
CyDKNETOYHBIE AT
[FFY]
opraHennsl =
HYKEWHOBLIE

nonucaxapuas! KMCMOThI

Pucynok 1. Bo3amoxkHbIe MUILICHH alITAMEPOB


https://paperpile.com/c/JUin8x/5tq4
https://paperpile.com/c/JUin8x/5tq4
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AnTaMepsl MOIYT CBS3BIBATbCS C Pa3IMYHBIMH XMMHUYECKMMHU BCIIECTBAMM-
MuIIeHsMH, BKIrogas nonsl (Qu et al., 2016), opranndeckue coennnenus (Ruscito, DeRosa,
2016; Miyagawa et al., 2020), oeaxu (Wang et al., 2020), nyknenHoBbie kuciaotsl (Park et
al., 2016; Xie et al., 2020), nomucaxapuabr (Low et al., 2009), cyOkiieTouHbBIC OpPTaHeILIbI
(Xie et al., 2020), Bupychl, mpokapuoTHYSCKHE U dyKapuoTrueckue kiaeTku (Rahimizadeh

etal., 2017; Kolm et al., 2020).

1.1.1 CoBepieHCTBOBaHME MeTOA0B 0TOOpa U cuHTe3a antamepos PHK

B kmaccuueckom Bapmante SELEX wucnomesyercs OubnmoTeka ciaydailHBIX
nocaeaoBarenbHocTed oaHounenodeunblx JHK wmm PHK, B koTtopoil yHHKaibHBIE
MOCJIEIOBATEILHOCTH ~ OJIMTOHYKJICOTUIOB  (DJITAHKUPOBAHBI OJUHAKOBBIMH 3 U 5’
MOCJIEA0BATEILHOCTAMU. B X0/1e MOBTOPSIIONIUXCS [IUKIIOB, KOTOPhIC BKJIFOYAIOT 3 CTaUU:
a) CBSI3bIBAHME OJIMTOHYKJICOTHIOB OMOIMOTEKU C ONPECICHHON MUIIEHBIO, 0) ynaaeHue
HECBSI3aBIINXCSl OJIUTOHYKJICOTHIOB, B) aMITU(DUKALINIO CBA3ABIIUXCS OJIUTOHYKIICOTHUIOB
nipu oMoty I[P ¢ ucnons3oBanuem odmux 3’ u 5’ nmocnenoBarenbHocTel. [Ipoucxoaur
oOoraiieHne OMOIMOTEKH OJIMTOHYKICOTHAAMH, UMEIONIMMH CPOJCTBO K MOJIEKYJEe —
mumenu. Ilocne 3aBepmieHuss oOoraimeHusi OMOTUMOTEKM OINPEACNSIIOT HYKIJICOTHAHbIC
MOCJIEIOBATEIFHOCTH OTOOPAHHBIX OJUTOHYKJICOTHIOB U CHHTE3UPYIOT X B KOJIMYECTBAX,
HEOOXOIUMBIX IS mpoBeneHus ¢GyHKinoHanbHeIX TecToB (Tuerk, Gold, 1990). SELEX
CUMTAETCS OCHOBHBIM METOJIOM CO3JIaHHS alTaMepoB, HO ATOT METOJ ObUI 3HAYUTEIHHO
YIYYIIIEH C T€X TOop, KaK OH ObUI BIEPBBIC MpecTaBiieH B Hadasne 1990-x romoB, 4TOOBI
COKpaTUThb BpeMsi 0TOOpa M yBEJIUYUTH BEPOSITHOCTh B3aMMOJCHCTBUS anTamMep-MUIIEHb,
(Aquino-Jarquin, Toscano-Garibay, 2011; Zhuo et al., 2017; Buglak et al., 2020; Lee et al.,
2023). B nocneanue roapl MOSIBUIOCh MHOTO MoauduKanuii TexHogorun SELEX, kotopsie
UCIIOJIb3YIOT JIOCTHXKEHMSI B 00JacTH CEKBEHUPOBAHMsI, XpomaTorpaduu, siaekTpodopesa,

KJIOHMPOBaHUsI U OMoMH(OpPMATUKH. DTO CYIIECTBEHHO NOBBICHIO 3(PPEKTUBHOCTD


https://paperpile.com/c/JUin8x/au02
https://paperpile.com/c/JUin8x/au02
https://paperpile.com/c/JUin8x/dzDlu+EWl9P
https://paperpile.com/c/JUin8x/dzDlu+EWl9P
https://paperpile.com/c/JUin8x/dzDlu+EWl9P
https://paperpile.com/c/JUin8x/dzDlu+EWl9P
https://paperpile.com/c/JUin8x/dzDlu+EWl9P
https://paperpile.com/c/JUin8x/dzDlu+EWl9P
https://paperpile.com/c/JUin8x/HOI0r
https://paperpile.com/c/JUin8x/dzDlu
https://paperpile.com/c/JUin8x/dzDlu
https://paperpile.com/c/JUin8x/dzDlu
https://paperpile.com/c/JUin8x/mXDPd+dl5tT
https://paperpile.com/c/JUin8x/mXDPd+dl5tT
https://paperpile.com/c/JUin8x/mXDPd+dl5tT
https://paperpile.com/c/JUin8x/mXDPd+dl5tT
https://paperpile.com/c/JUin8x/mXDPd+dl5tT
https://paperpile.com/c/JUin8x/mXDPd+dl5tT
https://paperpile.com/c/JUin8x/9EdP+aoZM+jPrq+G2RC
https://paperpile.com/c/JUin8x/9EdP+aoZM+jPrq+G2RC
https://paperpile.com/c/JUin8x/9EdP+aoZM+jPrq+G2RC
https://paperpile.com/c/JUin8x/9EdP+aoZM+jPrq+G2RC
https://paperpile.com/c/JUin8x/9EdP+aoZM+jPrq+G2RC
https://paperpile.com/c/JUin8x/9EdP+aoZM+jPrq+G2RC
https://paperpile.com/c/JUin8x/9EdP+aoZM+jPrq+G2RC
https://paperpile.com/c/JUin8x/9EdP+aoZM+jPrq+G2RC
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oosbioMy yuciay pazaudHeix munieHed (Eulberg et al., 2005). B ta6iaune 1 npuBeacHs

HEKOTOpBIE KItoueBble Moaudukauuu u ymydmeHus metoga SELEX mns paspaboTku

anramepoB PHK.

Taoauna 1. Monudukauun meroga SELEX s Hapabotku antamepoB PHK

Bapuant metona

IIpeumyecrso

Hpunoxenue

OTpuniaTeabHbIN
SELEX (Ellington,
Szostak, 1992)

YMeHbIIeHrEe HCCHGHI/I(I)I/ILIeCKI/IX
BSaHMOHGﬁCTBHﬁ C HCIIOABUXKXHBIMU
MHUIIICHAMHA

buocencops! nis
OpraHUYECKUX KpacuTenen

(Jensen et al., 1995)

MIOTIEPEYHOM CBSI3M 32 CUET
HCTIOJIb30BaHUS
CBETOYYBCTBUTEIIBHBIX
HYKJICOTUOB

Counter SELEX |Ilonyuenne antamepoB ¢  Kko- | bpouxonunaraTop

(Jenison et al., 1994) | abduHHOCTBIO K CXOHBIM | TeO(DHIUTHHOBBIHI
MUIICHIM OmoceHcop

CwmenaHHbII Ob6orarenue KoMOuHaTopHoro | Unrubutop

SELEX (Smith et myJia JiIsl TIOJYyYeHUS JIEKapCTB HEUTPODUITHHOMN J1acTa3bl

al., 1995) (valP)

®oto-SELEX ObecneyeHne KOBaJICHTHON KoBanentHoe

npucoeguHeHue 6enka Rev
BHpYyCa IMMYHOIe(hUIINTA
yeJioBeKka Tura |

Ot6op anTamMepoB, HallCJICHHBIX Ha
OpraHUYecKue W OHWOMOJICKYJIBI B
YKUBBIX OpTraHU3Max

OTKpBITHE CANTOB
DHXAHCEPOB CILUIAaNCUHTA

In vivo SELEX
(Coulter et al.,

1997)

Xumepneii SELEX
(Burke, Willis,
1998)

OObeauHeHne IByX arTaMmepoB JJs
oOnerueHust cOOpKu
OM(YHKIIMOHATBHBIX MOJICKYJT U
peakuuii IByX COCEAHUX MOJIEKYII

VYilydlieHne NTOHUMaHUs
¢bynkunii PHK u runoresst
mupa PHK

Knerounsiit SELEX
(Homann, Goringer,
1999)

Pacnio3naBanuio OCJIbIX  JKHMBBIX
KJICTOK C HCCKOJIBKUMH MHIIICHAMUA

PHK-nuranae! >)kuBBIX
apUKaHCKUX TPUMAHOCOM



https://paperpile.com/c/JUin8x/sSqsq
https://paperpile.com/c/JUin8x/sSqsq
https://paperpile.com/c/JUin8x/jyb37
https://paperpile.com/c/JUin8x/jyb37
https://paperpile.com/c/JUin8x/jyb37
https://paperpile.com/c/JUin8x/6Kgia
https://paperpile.com/c/JUin8x/6Kgia
https://paperpile.com/c/JUin8x/6Kgia
https://paperpile.com/c/JUin8x/6Kgia
https://paperpile.com/c/JUin8x/nzYK
https://paperpile.com/c/JUin8x/nzYK
https://paperpile.com/c/JUin8x/nzYK
https://paperpile.com/c/JUin8x/UGPg
https://paperpile.com/c/JUin8x/UGPg
https://paperpile.com/c/JUin8x/fkB3
https://paperpile.com/c/JUin8x/fkB3
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Henpsmoit SELEX

Monynsiust GyHKIUU antamepa in

AHTaMepBI JJIAA CBA3BIBAHUA

(Kawakami et al., | vivo mocpeacTBoM HHAYKIIUN C OeJIKaMU-MUIIICHAMUA

2000) OCJIE UHIYKIAH
JBYXBaJCHTHBIMH HOHAMH,
TaKUMH Kak Zn%*

Toggle SELEX | ITomyuenue anramepoB, criocoOHbIX | PazpaboTtka

(Bianchini et al.,|cBs3biBaTbCst ¢ MHTAKTHBIMH U | JUATHOCTHYCCKUX HAOOPOB

2001; White et al., | nenaTypupoBaHHBIMH O€lKaMH, a |u JOKJIUHUYECKUX

2001)

TAaKIKC allTaMCPOB C HGpGKpGCTHOﬁ
PCAKTUBHOCTBIO MCIKIY BUAAMHU

I/ICCJICIIOBaHHﬁ KaHAuaaToOB
JCKApCTB

SELEX c | YMeHblieHHEe BpemMeHH OTOOpa u | AnTamepsl € BBICOKOM
KAl PHBIM KOJIMYECTBA  PayHJIOB nocie | cnenuduuHocteio Kk IQE
3NIEKTpOoPope3omM oOpa3oBaHMs, JTUCCOLMAIIMU M | UEJIOBEKA MO CPABHEHUIO C
(Mendonsa, Bowser, | paznenenns komiuiekca anramep- | 1gG YyeJloBeKa WA
2004) MUIIICHb MBITUHEIM IQE.
FluMag SELEX | [Tonyuenue (dayopecteHTHbIX | CTpenTaBUIUH-
(Stoltenburg et al., |antamepoB u  ucnodb30BaHUE | CICIU(DUICCKHE anTaMephl,
2005) MarHUTHBIX IIAPUKOB JUTSL | UICTIOJIb3YEMBbIE LTSt
UMMOOMITU3AIUH MUILICHY | CBSI3BIBAHUS ~ MArHUTHBIX
o0JyierdaeT pas/elieHHE CBS3aHHBIX | IIAPHKOB C
Y HECBSI3aHHBIX allTaMEepPOB OMOTHHUJIMPOBAHHBIMU
MOJIEKyJIaMH

ATOMHO-cHJIOBast Nnentudukarus KOMILUIEKCOB | AiTamMep TpoMOuHa ObLI
MUKPOCKOTHS + | anTamep-MUIlIeHb ¢ TIOMOIIBIO | YCTICTIIHO OoOHapy>KeH,
SELEX (Peng et al., | Gb1yopeclieHTHBIX ~ CHTHAJIOB B | BU3YAJIM3UPOBAH, BBIJICICH
2007) OJIHOM  IMKJI€  CEJIEKIUU W3 | U 3aTEM OXapaKTEpPHU30BaH C
OTpaHUYCHHOTO HAbOpa CIIyYaHBIX | TOMOIIIBHIO ITLIP-
OJINTOHYKJICOTHIOB amMIuTAQUKaIIH u
CEKBCHUPOBAHUS
Muxkpodmonauka + | Micmons30BaHre MUKPOKAMWUISAPOB | Antamepsl  mpotuB  C-
SELEX (Huang et|w  JKMOKOCTHBIX  YHIIOB  JJIS | pCAKTUBHOTO O€jKa
al., 2010) NIPOBEPKU  JIEHCTBUS  Pa3IUYHBIX
pearcHTOB Ha aKTUBHOCTD anTamepa
[Ipenckazanus Hcnons3oBanue cepsepoB Vfold2d | Iuzaitn  teodmummHOBOTO
BTOPUYHOU u RNAfold ¢ ananmmsom cBobonnoii | anramepa (Chushak, Stone,

2009)



https://paperpile.com/c/JUin8x/yceec
https://paperpile.com/c/JUin8x/yceec
https://paperpile.com/c/JUin8x/yceec
https://paperpile.com/c/JUin8x/yceec
https://paperpile.com/c/JUin8x/PQIe6+sfRoR
https://paperpile.com/c/JUin8x/PQIe6+sfRoR
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https://paperpile.com/c/JUin8x/PQIe6+sfRoR
https://paperpile.com/c/JUin8x/PQIe6+sfRoR
https://paperpile.com/c/JUin8x/PQIe6+sfRoR
https://paperpile.com/c/JUin8x/PQIe6+sfRoR
https://paperpile.com/c/JUin8x/Nr8W
https://paperpile.com/c/JUin8x/Nr8W
https://paperpile.com/c/JUin8x/rzfDp
https://paperpile.com/c/JUin8x/rzfDp
https://paperpile.com/c/JUin8x/rzfDp
https://paperpile.com/c/JUin8x/rzfDp
https://paperpile.com/c/JUin8x/JObg
https://paperpile.com/c/JUin8x/JObg
https://paperpile.com/c/JUin8x/JObg
https://paperpile.com/c/JUin8x/JObg
https://paperpile.com/c/JUin8x/38E2
https://paperpile.com/c/JUin8x/38E2
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CTPYKTYPBI
anramepa in silico
(Zuker, 2003; Xu et
al., 2014)

SHEPIUU 51 KOH(UTYpaIiu
IIOCJIEI0BATEIILHOCTH alITAMEPOB

[Ipenckazanus
TPETUYHOU

CTPYKTYPBI
anramepa in silico

Hcnons3zoBanue Cepsepor Vold3D
u  3dRNA jis npeackasaHus
TPETUYHOU CTPYKTYpHI ariTamepa Ha
OCHOBaHUH 0COOCHHOCTEH
BTOpHuHBIX cTpykTyp (Wang et al.,
2019)

Antamepsl TIPOTUB Oelka
MOBEPXHOCTHOTO perenTopa

Streptococcus  agalactiae
(maeHTUdUKATOP PDB:
2XTL)

[Ipenckazanue
CTPYKTYpPBI
T'YaHUHOBOT'O
kBanpymiekca (G4)
in silico

Ucnonb3oBanue TE€XHOJIOTUU
MAaIlMHHOTO oOy4eHUs JUISt
MpEJICKa3aHnusl BOJOPOJHBIX CBSI3EH
XyrcreHa, 0Opa3oBaHHBIX MEXKIY
HYKJICMHOBOM KHCJIOTOMN 51
LeJeBbIMU  O€NKaMH, HaIlpumep,
nocpeacteoMm pgsfinder (Hon et al.,
2017; Puig Lombardi, Londono-
Vallejo, 2019)

Anrtamepsl G4 ¢ BBICOKOH
YCTOMYHUBOCTBIO K
CHIBOPOTOYHBIM HYKJI€a3aM
UCIIONB3YIOTCS B KaueCTBE
MIPOTUBOOIYXOJIEBBIX u
AHTUKOATYJISTHTHBIX
npermapatoB (Roxo et al.,
2019)

MonexkynspHbiit
nokuHr in silico

Ucnonwiyercs 3a JTanamu
IIPOTHO3UPOBAHUS CTPYKTYPHI ISt
IpencKa3aHusl HaWIydllIero caira
CBS3BIBAHUS alTamMepa U MUIICHU U
BbIOOpa CaMOWl HHU3KOM JHEpruu
cBs3piBaHus, Hanpumep, DOCK u
rDock (Escamilla-Gutiérrez et al.,
2021).

Anrtamep muToxpoma p450
OBLI pazpabotan c

HWCIOJIL30BAaHUEM DOCK
(Shcherbinin et al., 2015)

MonenupoBanue
MOJIEKYJISIPHON
mHaMmuku in silico

[IpumenseTcs st OLICHKH
CTaOMILHOCTH KOMILICKCA alTaMep-
MHUIIIEHb W pacyueTra dHEPTUHU CBS3U
MEXKy aTOMaMH, y4aCTBYIOIIMMHU B
koMmiuiekce kak AMBER wu
GROMACS, (Buglak et al., 2020)

N3yuenne PHK-anramepa
¢maBuna (Ruan et al., 2017)

BupryanbHbii
CKPUHMHT

NucTpyMeHTBI VCKYCCTBEHHOTO
UHTEJJIEKTA U MAaIlMHHOTO
oOy4YeHHusl, HUCHOJb3yEMBIE  JUIS

a”Hann3a 00JIBIIOr0 00OBbEMA JAaHHBIX

PHK-anramepst IIPOTUB
npoTeassl Bupyca SARS-
CoV-2 nporeasa (Morena et
al., 2021)
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O  B3aWMOJECHCTBUH  alTamep-
MUIICHBb, IIO3BOJAOT 3KOHOMMHTDH
BpeMsI M 3arparbl Tpyda OpU
IMOJTYy4YCHHNHN HOBBIX aIlITaMCPOB
(Zhuo et al., 2020; Iwano et al.,
2022; Kallert et al., 2022).

1.1.2 Anramepsl B pyHAaMEHTAJIbHBIX U NPUKJIAAHBIX HCCICA0BAHUAX

Anrtamepsl C peHopTepHON TPYNION MO3BOJSIOT UACHTU(PUIIUPOBATH U JTOKATU30BaTh
pa3MYHbIE MOJIEKYJIbI B KJIETKE, OIEHUTh MX y4acTHe B TEX WM UHBIX OMOJIOTMYECKHUX
nporieccax (Dougherty et al., 2015; Goldsworthy et al., 2018).

C noMouipl0 anTamepoB MOXKHO OMNPEIEATh CIEUU(PUUHBIE MMOCIET0BATEIbHOCTH
OeNKOB, OTBEYAIOIINE 33 B3aUMOACHCTBHSI C HYKJIEMHOBBIMU KUCIOTAaMU, U BBIIETSATh TaKHe
oenxku (Cox et al., 2002; Lonne et al., 2015; Qiao et al., 2015; Moccia et al., 2019).
AnTtaMepbl MOTYT PEryjJupoBaTh TPAHCKPHUIILMIO, BBICTYIAs B KAa4eCTBE KOHKYPEHTHBIX
uHruouTopoB daxkropos Tpanckpumiuu (Wurster et al., 2009).

Antamepsl, CIOCOOHBIE PACIO3HABATh NATOT€HHBIE MUKPOOPTaHU3MbI, MOTYT OBIThH
UCIOJB30BaHbl B KadecTBe ceHcopoB it ux BeiiBiacHus (Nagarkatti et al., 2012; Paniel,
Noguer, 2019).

JIHK anTamep, CBS3bIBAlOIIMA M WHTCUOMPYIOIIUNA TPOMOUH, MOXKET OBITh
WCIIOJIL30BAH IS CO3/[aHMS JICKAPCTBEHHOTO aHTHKOAryIupyroliero npemnapara (Zavyalova
et al., 2017). B 2004 r. O6but mpencTaBiieH mepBbiid ono0penHHblii FDA mpenapatr PHK-
anTamepa sl JIEYeHHs HEOBACKYJIIPHOM BO3PAacCTHOW JEreHepaluy KEATOro MsITHA MOJ
Ha3BaHueM Pegaptanib wim Macugen. Antamep o007agaeT aHTHAHTHOTCHETHYECKUM
NeHUCTBUEM, TOJaBiisis 00pa3oBaHME HW30BITOYHBIX KPOBEHOCHBIX COCYIOB 3a CUET
CBSI3bIBaHUS C (DAKTOpOM pocTa DSHAOTENMS COCYAOB. Psa  TepameBTHUECKHUX,

JUAarHoCTHYCCKUX, HpO(I)I/IJIaKTI/I‘{CCKI/IX N CCHCOPHBIX CPEACTB HA OCHOBE PHK HCCIICAYCTCA
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B CBSI3H C JTIOCTIKEHUSMH B TPOU3BOACTBE, MOoaAu(UKamuu 1 foctaBke (Su, Hammond, 2020;
Kowalzik et al., 2021; Zhang, Zhang, 2022).

AntaMepsl € PpENOpTEpHON TPyNmHol MOTYT MPUMEHSATHCS Il JAUArHOCTUKH
3a00JI€BaHUH, JIOKAIN3AIMK OITYX0JIeH 1 OEJIKOB-MHUILICHEH, CBS3aHHBIX C TEMU WU UHBIMU
natojorusimu (Zhou et al., 2014; Dougherty et al,, 2015; Hassanzadeh et al., 2018).
TpaauiMoOHHO JUIs ATUX 1eJIed UCIOJIb3YIOT aHTUTeNa. brarogaps TpexmMepHoi CTpyKType
U CHenUu(PUIHOCTA CBS3BIBAHUSA C OMNPEACICHHBIMA MHIICHSIMHU alTaMepbl MOXKHO
paccMaTpuBaTh B Kaue€CTBE MHOTOOOCHIAOIIUX 3aMEHUTENIeH aHTUTEI. ANITaMephl, KOTOphIE
YaCTO HA3bIBAIOT «XUMHUYCCKUMU AHTHUTEIAMW», JIUIIEHBI HEIOCTATKOB KJIACCHYECKUX
antuten (Chen, Yang, 2015).

HaunGosiee wu3BECTHBIM METOJ TMOJYYEHHUS AHTUTE] OCHOBAaH HAa HWMMYHHU3AINH
JKUBOTHBIX AHAJIM3UPYEMBbIM BEIIECTBOM. Jlaleko HE BCE COCIUHEHUS SIBISIOTCS
UMMYHOT€HHBIMH, W TIOJYyYE€HUE TMOJAXOIAIIUX aAHTUTEN TpeOyeT HCIOIb30BAHMUS
JOPOrocTOsANIMX U TpynoeMkux meronoB (Hoogenboom, 2005; Rajesh et al., 2013). Jlns
anTaMepoB HE CYIIECTBYET MOJ00HOM MpoOJieMbl, crieluPUIHBIE anTamepbl MOTYT OBIThH
MOJIYYeHBI JIJI1 Pa3HBIX KJIACCOB aHAIM3UPYEMBIX CYOCTaHIIMH OT MOHOB M HEOOJBIIUX
mouekyn (Baker et al., 2006; Liu et al., 2018) no MmakpomoJieKysT U MUKpOOpraHu3MoB (Zou
etal., 2019; Tyagi et al., 2020). B To >xe Bpems anTamepsl 00J1a1at0T 3HAUUTEIILHO OOJIBIIICH
CTaOMJILHOCTBIO, YEM aHTHUTENA, U JaKe MOCJe JIeHATypallui CIIOCOOHBI BOCCTaHABIMBATH

UCXOJIHYIO TpexMepHyro cTpykTypy (Thiviyanathan, Gorenstein, 2012).

1.1.3 ®dynkuuoHajabHOe M CTPYKTYpHOe pasHooOpasue PHK kak ocHoBa aist

IHOJIYYCHHUA alITAMEPOB

Monexynbsl PHK Bcerna npussiekanu 0071106 BHUMaHUE HUCCIIEIOBATENEH B CBA3H C
pa3HOOOpa3ueM BBIMOJIHIEMBIX (YHKIUHA, MEPEUCHb KOTOPBIX MOCTOSIHHO PACIIUPACTCS
(Breaker, Joyce, 2014). Kpome marpuunoii PHK (MPHK), oGecneunBaroiieii mepenauy

reHeTu4eckol uH(pOpMaIMKi, 3aKOJUPOBAHHOM B TE€HOME, K almapary TpaHCISALNH,
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CYILIECTBYET 00JbII0E KOoJIMuecTBO HekoAupyromux PHK, ydacTBy1omux B oCyIecTBICHUN
U PETYJIAIHNH CaMbIX PA3HBIX KJIECTOYHBIX IIPOIIECCOB, BKIIIOYAS TPAHCKPHUIIIINIO, CO3PEBAHUC
paznuunbix tunoB PHK, Tpancmsuuio. BeicokocTpykTypupoBaHHbie TpaHcriopTHas PHK
(TPHK) u pubocomusie PHK (pPHK) npunumator yyactue B Tpancusuuu, TPHK cioyxut
amarnrepHori  Monekyiou (Hoagland, 1996), pPHK sBistorcs CTpyKTypHOH |
KarajauTHueckoit ocaoBoi pubocom (Nissen et al., 2020) .

DepMEHTATHBHOW aKTUBHOCTBIO 00JIaIal0T IPUPOTHBIC K CHHTETUYECKHE PHOO3UMBI
(Pace et al., 1987; Zaug, Cech, 1987; Bartel, Szostak, 1993; Felletti, Hartig, 2017; Nissen et
al., 2020). Bakrepuansubsie Mansie PHK (I'puropos u np., 2017); mukpoPHK (miPHK)
(Pasquinelli, 2012); u mansie untepdepupyronme PHK (SiPHK) (Cejka et al., 2006)
AYKapHoOT MPUHUMAIOT Y4acTHE B PETYJSAIMH SKCIPECCUM T'€HOB U TpaHCIAUUU. Majbie
anepusie PHK (MsaPHK) ygacTBytoT B crutaiicuHre sykapuoTnueckux matpuuHbix PHK
(Stanek et al., 2008). Manbie sapeimkoBele PHK obecreunBaroT XuMUUeCKue
Mogudukanmuu  (METUIMPOBAHWE W TICEBIOYPUAMIIMPOBAHWUE) W CO3PEBaHUC
sykapuotnueckoir pPHK (Jady, 2001). Antamepsr PHK wn30upartensHO CBS3BIBAIOTCS C
pa3IMYHBIMM MHIICHSIMH, OKa3biBas BIMsHUE HA uX (yHKIMonuposanue (Jady, 2001;
Bouchard et al., 2010; Chen et al., 2018). AnTa3uMbl COYETAIOT CIIOCOOHOCTH K CBSI3BIBAHUIO
oIpeeieHHoro Juranaa ¢ ¢epmeHtatuBHoi aktuBHocThio (Felletti, Hartig, 2017).
PuGonepexntoyarenu - monekynsl PHK - B oTBeT Ha omnpeneneHHbIe CTUMYIIBI U3MEHSIOT
CBOIO KOH(OPMAIIHIO ¥ peryIupyroT skcrpeccuio renos (McCown et al., 2017).

OdynkimoHanbHOe paszHoodbpasue PHK mo3Bomsier roBoputh 00 orpomMHOM
MOTEHIIMAJe dTHX MOJEKYJ JIJIsl pa3pabOoTKX HOBBIX JICKAPCTBEHHBIX MpenaparoB. B mepsyro
ouepesb pedb ToJbKHA UATH 00 antamepax, MUKpoPHK u maneix untepdepupyronmx PHK.
MukpoPHK u manesie uatepdepupyromue PHK criocoOnbie perynupoBaTh M MOJABISATH
CHHTE3 OCJIKOB, MOT'YT OBITh UCIIOJIb30BAaHBI B TEPAITUH 3JI0KaueCTBeHHBIX omyxosei (Filleur
etal., 2003; Rupaimoole, Slack, 2017). Komounaruss miPHK u siPHK ¢ anrramepamu MmoskeT
o0ecrneunTh JOCTaBKY IIeJIEBOM MOJIEKYJIbI K onpeaeneHHol mumenu (Zhou, Rossi, 2017;

Dinis Ano Bom et al., 2019).
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OueBuaHON MpoOseMOil mpakTuueckoro ucnonb3oBanusi PHK sBisieTcs KopoTkuit
NEPUOJI MOJIY>)KU3HU BCJIEJCTBUE PACIICIUICHHUsS HYyKJI€a3aMU ChIBOPOTKM KpOBU. Bpems
CYILLIECTBOBAHMS OJIMTOHYKJIECOTHAA B KPOBU HE IMPEBBIIIAECT HECKOJIBKUX JAECATKOB MUHYT,
YTO SIBHO HEIOCTATOYHO NJs1 BhIMonHeHHs Mosekyiaamu PHK TpeGyembix (yHkuuii u
OTPaHUYMBAET UX NPUMEHECHHE B MEIULMHCKHUX LeiX. /{1 nmpegorBpaiieHus: rupoausa
PHK HykieazamMu UCHOJIB3YIOT pa3MyHble BAapUAHThl XUMHUYECKOW MOAU(PHUKALUU
HYKJIEOTHUJIOB,  4YTO NO3BOJISIET  MOJydYaTb  MOJEKYJbl € YJIyYIIEHHBIMU
bapMaKOKMHETHUYECKUMU U (papMaKkoIMHaMUYECKUMU CBOMCTBaMU, Wiy 3akitodaroT PHK B
nanouactunbsl (Whitehead et al., 2009; Gavrilov, Saltzman, 2012; Dinis Ano Bom et al.,
2019; Rajeev et al., 2021).

[IpocTpancTBeHHast CTPYKTypa amnTamepa ¢ BBIIOJHSIEMbIE UM  (QYHKIHH
B3aUMOCBs3aHbl. CTpYKTYpHBIE MOTUBBI, BcTpeuatonuecs B Mojiekynax PHK, Takue kak: Y-
nojo0HbIe cTpyKTypHBbIe 3nmeMeHThl (3TWJ — three way junction) (Shu et al., 2011),
yeTeIpéxienoyeunbie cTpykTypbl (4WJ — of four-way junction), momoGubIe cTpyKTypam
Xommuaes (Laing, Schlick, 2009) , nceBmoy3ner (Grabow et al., 2011) u ap., mo3BOASAIOT
nonydyarh Bapuantel PHK 3aganHoil koHdbopmanmm, KoTtopas HeoOXxoauma s
B3aMMOJICUCTBUS C KOHKPETHBIMU MUILICHSIMH U JIUTAHIAMH.

IIpu cuHTE3€ anTaMepoB B KUBBIX KJIETKaX CO3/IaHUE U MOJIepKaHUe HE0OX0IMMOM
UX CTPYKTYpPBI 4aCTO OOECIIEUNBAIOT 32 CYET UX BCTPAUBaHUS B BBICOKOCTPYKTYPUPOBAHHbBIE
kapkacel PHK. OgHuM n3 xopomo u3BecTHhIX KapkacoB sBisiercss TPHK, B wacTHoCTH,
mmsunoBass TPHK uemoeka (Ponchon et al., 2013). Bxkarouenwe amramMepoB B
aHTHuKo10HOBBIN cTebesb TPHK cocoOGcTByeT nx mpaBuiibHOM ykinaake. Kpome Toro, Takoit
MOJIXO/] ITO3BOJIMJI OCYIIECTBUTh T'€TEPOJIOTUYHBIN CHHTE3 allTaMepoB B KJIETKax OaKTepHil
Y TIOJTyYUTh aniTaMePhl B KOJIMYECTBE, JOCTATOYHOM JIJII OMOXUMUYECKHUX IKCIIEPUMEHTOB U
kpuctayuusauu (Ponchon et al., 2013). Bo3MoxHO UCTONIB30BaHUE M JPYTUX KapKacoB,
Hanpumep 3WJ moTuBa «makytomiein» PHK 6akrepuodara phi29 (Guo et al., 2018) . Taxxe
B KayecTBe Kapkaca i antamepoB ucnoib3oBanmu 5SS pPHK Vibrio proteolyticus (V5), B

KoTopoi antamep 3amenian ¢parmeHT «crupaib Il - metns Cy». C momonso V5 Obu1
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noJsiyueH (yHKIIMOHAJIBHBIN anTamep, B3auMOACHCTBYIONIUI ¢ (PaKTOPOM pOCTa SHIOTEITHUS

cocynoB - VEGF (Zhang et al., 2009).

1.1.4 ®ayoporennsie antamepsl PHK

Muoroo6paszue ¢ynkuuit PHK B kieTke cTUMyIMpoBajio pa3BUTHE METO0B
obHapyxeHwus u uzydenust muHamuku PHK in vivo (Armitage, 2011).

Onnum u3 Hambosiee momyJsipHbIX MeTos10B MeueHusi PHK nonrue romwr siBisics
metoq MS2-MCP, koTopblii 0CHOBaH Ha BbICOKOA()(PUHHOM CBSI3BIBAaHHM O€NTKa 00OIOYKH
oakteprodpara MS2 (MCP) ¢ yHuKalmbHOU mociieaoBaTeibHOCThIO Iibkn PHK - MS2-
cBs3piBatonuM caiitom (MBS). Kionuposanue nocnegosarenbnoctd MBS B BriOpanHOM
PHK u ogHoBpemennsiii cunte3 MCP, ciutoro ¢ duryopectientabiM 6ekom GFP (green
fluorescent protein), mo3BossieT ONMPEaCNIATH JOKATU3AINI0 KOHKPETHOM MoJiekysl PHK B
kietke (Tyagi, 2009; Hocine et al., 2013).

Opnnako QonoBas dayopectenius ot HecBsizanHoro MCP-GFP cunbHO Briusier Ha
oTHolIeHue curHan / mym. Kpome Toro, Obuto 0OHapyXeHO, 4TO OenKu OO0O0JOYKHU
oaxtepuodara MS2, ceszanusie ¢ MBS caiitom B 3’UTR MPHK npoxokeii, 610kupyroT
aKTUBHOCTD 3K30HYyKJIea3bl Xrnpl u 5'-3'-nerpananuto MPHK. 310 npuBoIuT K HAKOIIJICHUTO
3’ ¢dparmentoB MPHK, kotopsie mo-npexxuemy cBsizbiBatoTcsi ¢ MCP-GFP, uto 3arpynnser
omnpejeeHue Jokanu3amuu nmoaopasmepuoit MPHK in vivo (Garcia, Parker, 2015).

AnbTepHaTUBHBIM criocoboMm Buzyanuzauun PHK  sBisercss ucnonb3oBaHue
dnyoporennsix antamepoB PHK (Dolgosheina, Unrau, 2016; Bouhedda et al., 2017).
[Tockonmpky y PHK otcyrcTByeT cobctBeHHas (iyopeciieHIs, HEOOXOauMO HaIHYUe
9K30T€HHOT0 XpoModopa, (ryopecieHIs] KOTOPOro MHIYLUPYETCS MPU B3aUMOICHCTBUH
c antamepom PHK. ®nyoporennsie antamepsl PHK mnpencraBistor coOoii MOIIHBIN
uHcTpyMmeHT A u3ydenust PHK, ananorununoit GFP s uszyuenus OenkoB. BerpauBanue
dayoporennoro PHK-anramepa B mosnexyny PHK-mumenu naer Bo3MoKHOCTh HabJt01aTh

3a ¢pynkuunonupoBanrem PHK B knetke (Truong, Ferré-D’Amaré, 2019).
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Haubonee uzBectHbiMu (uyoporennbiMu antamepamu PHK sBrstorcs antamepsr
Mango u Spinach (Shanaa O.A. et al., 2021). Coueranne texronoruun SELEX n merona
FACS mo3BosnIIo mojy4uTh HOBBIM BapHaHT anTamepa Spinach. Otot antamep mmHoi 112
HYKJICOTUIOB, Ha3BaHHBIN Broccoli, aktusupyer ¢yopectennuro kpacurens DFHBI nm
DFHBI-1T, 6onee ctabuiieH, ObicTpee CKIIabIBACTCS U HE TpedyeT Ji1s 3Toro kapkaca TPHK

in vitro (pucyHok 2).
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Pucynok 2. Bropuunasa u TperuyHasi ctpykrypbsl PHK-antamepos Broccoli n
Spinach. (A) BropuuHas cTpykTypa 000MX anTamepoB, MOKa3bIBarolas jaBe oodmactu G-
KBaJIpyILICKCa, CAyXKallue caiitoM csizbiBanus ¢ duryopodopom DFHBI-T1 (Ouellet, 2016,

¢ moaudukamnusmu). (B) Tpernunas cTpykrypa caiita cBs3biBanus (ayopodopa B PHK-

antamepe Spinach (unentudukarop PDB: 6B14) (Koirala et al., 2018, ¢ mogudukanusmu).
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JITMHBI BOJIH BO30YKIEHUS M HCIYyCKaHUsA 3Toro amramepa - 472 um u 507 HM
cootBeTcTBeHHo (Filonov et al., 2014; Weber, 2014). Antamep Broccoli, nmeer Gonee
BBICOKOE CpoaCcTBO K (haayopodopam, u Broccoli-DFHBI-1T maer 6osee spkuii CUrHAT, YeM
Spinach-DFHBI (Song et al., 2013). Broccoli coxpansier 00bIIy0 9acTh HYKJICOTHJIOB,
obpazyronux G-kBaapyriekcel, koTopbie dhopmupyoT DFHBI-cBs3bIBaronmuii kapman B
Spinach2, u, BeposTHO, HMEET MOXOXKYIO CTPYKTYpY ais B3ammoxciicteus ¢ DFHBI-1T
(Filonov et al., 2014; Weber, 2014). Bropuunas crpykrypa Broccoli, comepxkarias
HIMWIbKY-CTe0ETb-TIETIII0, TO3BOJSET TMOJy4YaTh JHUMEpPhl anraMmepa IyTeM 3aMeHbI
KOHIICBOM METJIM BTOPOM MOJIEKYJIOM anTaMepa, 4YTO MPHUBOJAWT K YBEIWYEHHIO
dyopecueniuu Ha 70% (Filonov et al., 2014).

JlonoyHUTENbHBIM ITpenMyliecTBoM Broccoli, kak u Spinach, siBisieTcst BO3MOKHOCTb
WX BH3yaJM3anuu in Vitro, guryopecteHIo MOKHO HAOI0IaTh B MUKPOIICHTPH(YKHBIX
npooupkax (Paige et al., 2011) wiu ¢ momoIisio 31ekTpodope3a B MOJIHAKPHIAMHIHOM
rene, okparmennoro DFHBI (Filonov et al., 2015).

Anrtamepsl Spinach u Broccoli, cautsle ¢ kapkacom TPHK, Obuim ycnemHo
HKCIIPECCUPOBaHbl B KJETKax Oakrepuil u Miekonurtaromux. CHocoOHOCTh amramepa
Broccoli cBopaunBatscs in vitro 6e3 momomu kapkaca TPHK Obuta monteepskaeHa u in vivo.
PHK anrtamepa Obuta cnuta ¢ 3'-xonmom 5SS pPHK, u momyuennbie mmasmuabl ObuLId
tpancunupoBansl B ki1eTkn HEK293T. C nomoristo mpoTodHoi mutodaryopuMerpuu 5S
PHK-Broccoli 6p111a 0OHapy>keHa B KJIETKaX, U SPKOCTh KJIETOK Obljia BBIIIE, 10 CPABHEHUIO
¢ kierkamu, cogepxanumu 5S PHK-TPHK-antamep. 910 noaTBEpKAAET UALIO O TOM, YTO
kapkac TPHK wacto monBepraercsi pacHiemieHHIO HyKJea3aMu KJIETKH W, TEM CaMbIM,
OKa3bIBAET HETaTUBHOE BIIMSHHUE HA dKcnpeccuto antamepos PHK.

Okcnpeccust antamepoB Broccoli-DFHBI-1T u Spinach-DFHBI B cocrtaBe 16S
pubocomuort PHK mno3Bonmna HaOmoaarb puOOCOMBI M NPENOCTaBUIIA YHUKAIBHYIO
BO3MOXKHOCTB JIJISl H3y4deHUs TpaHcsinun y npokapuoT (Okuda et al., 2017).

Broccoli-DFHBI-1T u Spinach-DFHBI 6b1x BeTpoeHbl B 5°- HIMKIBKY OJHOM U3

H/CA wmanbix sapeimkoBeix PHK nposiokeit (snoR30), koropas mpuHUMaeT ydacTue B
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cozpeBanuu pPHK. Ilnasmuaamu, conepaliuMu 3TH KOHCTPYKLIMH M0 KOHTposieM GAL-
IPOMOTOPA, TpaHC(HOPMUPOBAIIU IPOXKKH. PocT TpaHCc(hOpMaHTOB HE OTIMYANICS OT POCTa
UCXOJIHBIX IITAMMOB, alTaMepbl HE Hapyllad JIOKAIM3aluioo U (QyHKIU0 snoR30 u
obecnieunBaiy QIyopecIeHIHo B saAphimkax (Zinskie et al., 2018).

Anrtamepsl Spinach2-TPHK u Broccoli-F30 nucnonb3oBanu a1 u3ydeHus: peryisiuu
cunre3a PHK SINV Bupyca, KOTOpBIii MOKET BBI3bIBATH CE30HHBIC BCIBIINIKA CHIA U
apTpuTa y JIIOJIeH U 3HIEePaTOMUETUTa y SKCIEPUMEHTAIBHO MH(DUIIMPOBAHHBIX MBILIEH.
st aToro antamepsl BetpauBaiiu B 3’UTR Bupycnoit PHK. Tlonyuennbie pekoMOMHAHTHBIE
BUPYCBHl XOpPOUIO PEIUIMUIMPOBAINCH B HEPBHBIX KIETKaX M KIETOYHOM KYJIbType
¢ubpobaacToB. YpoBEeHb (IyOopecUEHIIMN KOPPEINPOBAI ¢ KOJIMYECTBOM Konuii Broccoli-
F30 (Nilaratanakul et al., 2020).

Ha ocnoge antamepa Broccoli Obut pazpabotan ¢piryopomerpudeckuid cyocrpat PHK,
dayopecieHIIUs  KOTOporo  Oblla  MPONOpPIMOHANIbHA  AKTUBHOCTH  (DEPMEHTOB,
moaupuuupyromux PHK. JIns 3Toro cuHTE3upoBaJid  BapuaHT anramepa ¢
MOAM(PUIMPOBAHHBIMA HYKJIECOTHAAMH, TaKUMHU Kak N6-metunageHo3uH (m6A). Takoit
anTamep He CoCOOeH HOPMaIbHO (YHKIIMOHUPOBATH, /ISl BOCCTAHOBJICHUSI €r0 (PYHKITUU
HeoOxoauMa padoTa CIeUUaIbHbIX IEMETUIIa3. DTOT MOAX0/1 MO3BOJISIET OCYIIECTBIISATh HE
TOJNIbKO Touck (depmenToB, momuduiupyromux PHK, HO Takke ux HHTHOMTOPOB U
dakTopoB, BiustommMX Ha ypoBHU MeTwiupoBanus PHK B xuBbix kierkax (Svensen,
Jaffrey, 2016).

HecMoTps Ha coBepiieHCTBOBaHUE METOIOB OTOOpa HY)KHBIX alTamMepoB Ipodiema
MOJIy4eHUS] HEOOXOIMMBIX KOJIMYECTB allTaMEPOB JIJIs IIMPOKOTO UCIIOJIB30BAHUS OCTAETCS.
Kak yxe rosopwioch, B Hactosimiee Bpemst antamepsl PHK monmydaror nimm xumMudeckum
CHUHTE30M, WM TPaHCKpHILuEH in Vitro ¢ ucmnons3oBannem JJHK-marpunsr O6a metona
SBJIAIOTCS. JOPOTOCTOSIIIUMM U TPyJOEeMKUMH. PelmienremM mnpoOiieMbl MOXKET OBITh
reTePOJIOTNYHbIA CUHTE3 anTaMepoB. Hanbosee noaxoasammm opraHu3MOM-IIPOIyLEHTOM

SBIIAIOTCS JPOXOKU S. Cerevisiae.
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1.2 Apoxsxu Saccharomyces cerevisiae B pyHIaMeHTAJbHBIX H NPUKJIATHBIX

HCCJICeA0OBAHUAX

Jlpoxoku  S.  Cerevisiaeé  TpeACTaBISIOT  JYKAPUOTHYECKHH  OJHOKJICTOYHBIN
HETIOIBIKHBIA MUKPOOHBIN OpTaHU3M, IPUHAAISKANUi K Triry Ascomycetes. Briepseie oH
ObUT MpU3HAaH TPUOKOBBEIM opranm3mMoM B 1838 romy mocie Toro, kak OBLT BBIIETICH B
nporiecce OpOKECHUS MMHUBA, IIOATOMY €Tr0 Ha3BaJIM «CaXxapHbIM MMBHBIM TpuOKoM» (Pontes et
al., 2020). BriociieAcTBUM 3TOT OpPraHu3M OBLI BBIJCICH M3 Pa3HBIX MECT OOWTAaHHUS, YTO
YKa3bIBa€T Ha Pa3IMYHYI0 METaOOIMYECKYI0 TOJIEPAaHTHOCTh. MUKpPOOPTaHU3M ObLI
BBIJICJICH U3 pacTeHUH, PPYKTOB, HACEKOMBIX, ITOYBBI, COJIEHON BOJIbI, KOXKH U KEIyT0YHO-
KUIIEYHOIO TpakTa TeIIoKpoBHbIX opranu3moB (Goddard, Greig, 2015). Taxxke
OOHapyXEHBl HEKOTOPHIC YCIOBHO-TIATOTEHHBIC IITAMMbI, BBI3BIBAIOIIHEC WHQPEKIUH Y
nroneit ¢ ocnabneHHbpiM ummyHuTeToMm (Pérez-Torrado, Querol, 2015; Fadhel et al., 2019).
Kak npaBwiio, HemaToreHHbIe JJA0OPaTOPHBIC IITAMMBI S. CErevisiae 0e3onacHsl U TPeOyoT
TOJIBKO YPOBHSI OM00€301acHOCTH 1.

[lepBoe moapoOHOE OMUCAaHWE MEXaHU3Ma PETYJSIUU SKCIPECCUU T'E€HOB OBLIO
clieJlaHO Ha MpUMEpEe JIAKTO3HOTo omepoHa Oaktepuii Escherichia coli. D1o oTkpsiTHe,
BAXHOE ISl MMOHMMAaHUS IEHTPAIBLHOW JOTMBI MOJIEKYJISIPHON OHMOJIOTHH, OBUIO BCKOpE
MOJTBEPKIEHO M HA TpUMEpe JPYruX >KUBBIX OO0BEKTOB. McciiemoBaHuMe MEXaHH3MOB
perymsimun reHoB GAL u  geiictBust dakTopoB TpaHckpunimu (B 4actHoctu Gald)
POJIEMOHCTPUPOBATIO HAIMYHE PETYIMPYEMOH JKCIIPECCHU TE€HOB Y JYKAPUOTHYECKHX
opranusmos. (Hahn, Young, 2011).

[Tomo6Ho omepony Lac y E. coli, apoxxu S. cerevisiae umeror reasi GAL. Dra
O0COOEHHOCTh  TO3BOJIIET  JPOXOKAM — HCIIONB30BaTh  TallakTO3y B KadecTBE
He(EpPMEHTHPYEMOTO HUCTOYHMKA yIJiepoja B OTCYTCTBUE TIIIOKO3bl. bemok Gal4
MIPEACTABIISIET CO00M (haKTOp TPAHCKPHUIITUHU, KOTOPHIH B3aUMOJICHCTBYET C ONPEACICHHON
MOCIIEIOBATEIPHOCTEI0O B TpoMoTopax reHoB GAL B TpHCYTCTBHHM TaJlakKTO3Bl B

nuTaTenbHOM cpene. Takum 00pa3oM OOECHEUMBACTCS PETYJALMS 3KCIPECCHH psiaa
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CTPYKTYPHBIX U PETYJISTOPHBIX TE€HOB, KOTOpbIe O0OECIEYMBAIOT BHYTPUKICTOUHBIN
TpaHcopT W Metaboym3Mm ramakrto3el (Lohr et al., 1995; Traven et al., 2006). Ha
CETOJHSIIHUMN JIEHb UCCJIENOBATENN AKTUBHO HCHOJB3YIOT TPOMOTOPHBIE 00JacTH T'€HOB
GAL st o6ecnieueHus SKCPeCcCUr TeHOB HHTEPECa, peryJIMpyeMOl B OTBET Ha T00aBICHUE
raJaKTO3bl B CPENly I KyJIbTUBUPOBAHMUSI.

Pa3BuThle MEXaHU3MBbI TOMOJIOTUYECKOW PEKOMOMHAIIMU — €IIe OJJHO MPUPOJIHOE
CBOMCTBO JPOXOKEH, KOTOPOE YCHEUTHO MCMOJb3YETCs B T€HETUYECKUX HUCCIEHOBAHUSIX U
OMOTEXHOJIOTHUU. ITOT OMOJOTMYECKHH MPOLECC CYIIECTBYET Yy JPOXKEH i
BOCCTAHOBJICHUSI NOBpExkAeHUA naByxuenodeyHor J[HK, BbI3BaHHOTO HMOHU3HMPYIOIIMM
U3ITyYEHUEM WM OKUCIUTENIBHBIM CTpeccoM. ['omMosornueckast peKOMOMHAIUS TPOUCXOIAUT
BO BpeMs Meii03a, YTO CIOCOOCTBYET FEHETUUECKON U3MEHUNBOCTH. Takke y IpoxiKel oHa
JICKHAT B OCHOBE MeXaHHM3Ma repekioucHus TuoB criapuBanus (Eckert-Boulet et al., 2011;
Jagadeesan et al., 2022). Pa3nuuHble METOJBI M TOAXO/IbI, UCIOIB3yEMbIC JIJII BHECCHHUS
MyTalMil WIK JeNeUuid B T€HOM APOAOKEH, a TakkKe AN MHTErpaluu 3KCIPECCUOHHBIX
KacCeT OCHOBAaHbl Ha TMPOXOXKJIEHWU pekoMOuHauuu wmexay reHomHoil JIHK wu
JIOCTABIIIEMBIMU B KJIIETKY T€HETUUECKUMU KOHCTPYKIHSIMHU.

B mesnom, apoxoku S. Cerevisiae oka3amch Ype3BbIUaiiHO MOJIE3HBIMU )11 TOHUMaHHUSI
KJTIOYEBBIX OMOJIOTUYECKUX MPOLECCOB, paboTa HaJ KOTOPHIMU ObLIa OTMEUYEHA BBICIIUMU
Hay4YHBIMU HarpajaMu U MpOoJIOKUIIa MMyTh K HOBBIM HAIPaBJIEHUAM UccaeqoBanuili. Kpome
TOTO, JPOXKH aKTUBHO MCHOJB3YIOTCSI B MPAKTHYECKUX OO0JacTsix Ouojgoruud -

MIPOMBITIUICHHON OMOTEXHOJIOTHH U (papMaIleBTHKE.

1.2.1 Ipox:xu S. cerevisiae kKak MOJeJIbHbI OPraHU3M A/l H3YYCHUSI MEXAaHNU3MOB U

Peryjasauu OCHOBHBIX OHMOJIOTMYEeCKHUX IPOoLHECCOB y IYKApUOT

I'enom OpoXKelW IEMOHCTPHUPYET BBICOKYIO CTENEHb CXOJACTBA B CPaBHEHUHM C
T€HOMOM 4eJI0BeKA - 47% OCHOBHBIX I'€HOB JIPOKIKEH UMEIOT OPTOJIOTH Y YesoBeka. BMmecre

C OTHUM pa60Ta C JApoXxiKaMu IIOMOract 00oHTH Pa3INYHBIC OTHYCCKHC HIIM
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9KCICPUMCHTAIbHBIC OTPAaHUYEHHUS, KOTOpPBhIE BO3HHKAIOT IPH pPabOTE C BBICHIMMH
JyKapuoTaMH. IJTO TIO3BOJIWIO YCIEIIHO WCIONb30BaTh S. CErevisiaé B KadecTBe
MOJICJIBHOTO OpraHu3Ma i W3YYCHHUS HIMPOKOTO CIEKTpa OMOJIOTHYECKUX MPOIIECCOB.
(Karathia et al., 2011; Nielsen, 2019).

3a mocnennue 20 ser nATh  HoOeneBckMx TpeMuil  ObUIM  TIPUCYIKICHBI
UCCIIEIOBATEISAM, pa0OTAIOIINM C JPOXKIKAMH B TAKHX 00J1aCTAX, KAK U3yUEHHUE MPOILIECCOB
ayTodaruu, IeHCTBHS KITFOUEBBIX PETYIATOPOB KIETOYHOTO IUKJIA, TPAHCKPHITIIAH, 3AIIATHI
XPOMOCOM TEJIOMEpPaMHU W TeJIOMEpa3oi, BHYTPUKJICTOYHOrO TpaHcmopta. Ha ocHoBe
IPOOKEH HM3ydald MEXaHU3Mbl Pa3BUTHS Pa3IUYHBIX OOJIE3HEH YCIOBEKA, TAKHX Kak
OHKOJIOTUYECKME ¥  HEHpoJereHepaTuBHbIC  3a00JICBaHUS,  HACICACTBEHHBIE U
meTabonuueckue Hapyuienus u apyrue (Bolotin-Fukuhara et al., 2010). D10 emé oana
JICMOHCTpAIMs 3HAYUMOCTH JIPOXOKEH Kak MOZIEIbHOr0 O00BEKTa, HCIOIB3yeMOro B
OMOJIOTHH, TCHETUKE U METUIIMHE.

B03M0KHOCTB MPOBECHHSI TEHETHUECKOTO aHAIN3a Y IPOXGKei oberdaer ToT (akT,
YTO T€HOM ATOTO OpraHu3ma OblT CEKBEHHUPOBaH B 1996 rogy nepBbIM 13 reHOMOB 2YKapHoT.
[MpoekT cekBeHMpoBaHus S. cerevisiae mpoxoaua B 19 crpanax, 94 maboparopusix. beuio
0OHaApyKEHO, YTO TEHOM S. Cerevisiae coIep>XUT OK0JI0 12 MHJUTMOHOB Map OCHOBAHUM, B
16 xpomocomax, coxaepkammx okojo 6 Teicsy renoB (Goffeau et al., 1996). ITomumo
CBEJICHUI O TreHoMme Juis S. Cerevisiae MoCTYImHO MHOXECTBO 0a3 JaHHBIX, COJCpKAIIUX
CBeleHUsT 00 DKCIPECCHH T€HOB M PETYIATOPHBIX CETAX, CETSIX B3aMMOJIEHCTBHUS OEIKOB,
CeTSX B3aUMOJICHCTBHS T€HOB, TPAHCKPHUIITOME, TPOTEOME, MeTabosoMe u Apyrux (Botstein,
Fink, 2011).

PanHue wuccaenoBaHUs TCHETHKH JPOXOKEH OBLIM COCPEIOTOYEHBI HAa H3YyUCHUH
METabOJUYECKUX MPOIECCOB U MX TeHETHYECKOrO KOHTPOJISL. DTO MPHUBEIIO HE TOJBKO K
NOHUMaHMIO MyTEH CHHTE3a Pa3IUYHbIX aMHHOKHMCIOT, a30THCTBIX OCHOBAHHHM M APYTHX
COCIMHEHUH B IPOIKIKEBBIX KJIETKaX, HO M MMO3BOJIMIIO MCITOJIB30BaTh T€HBI psiia PepMEHTOB
B KaueCTBE YJOOHBIX CEJICKTHUBHBIX MapKepOB. JleHCTBUTEIILHO MapKePhl ayKCOTPOPHOCTH

3ap€KOMCHOOBAJIN ce0s KaK MOJIC3HBIN HHCTPYMCHT I'€HCTHYCCKOI'O aHaliu3a. HauGoiee
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pacnpocTpaHeHHbIE aykcoTpodHble MapkepHbie TeHbl BiItouator URA3, HIS3, LEUZ,
TRP1, kotopsie KOgupyroT pepMeHTHI, HEOOXOMUMBIC I CHHTE3a yparuia, L-ructuanna,
L-netinuna, L-tpunrodana coorsercteento (Pronk, 2002; Barnett, 2007).

Jlpyroit 0cOOEHHBII HHCTPYMEHT T€HETHKH APOXKKEH OCHOBBIBAJICA HA TOM (PakKTe,
YTO KaXAYI0 M3 YETBIPEX acKOCIOp, 0Opa3yrouIuxcs B pe3yjibTaTe Meio3a MpH JCICHUU
JUTUIOUTHOM KJIETKH JIPOKIKEN, MOKHO OTACIUTH OT IPYTUX U BBIPACTUTH U3 HEE KOJIOHUIO.
OTtoT MeToa HaszbiBaeTcs TeTpaaHbiM aHayimzoM (Winge, Laustsen, 1937). JlanHbIil MeTOx
MO3BOJISUT  ONPEENSITh HAIU4YUS CIEIUICHUS] HCCIIENYEMBIX CENEKTHUBHBIX MapKepOB U
CTPOUTh TEHETHYECKHE KapThl. [IpUMEHEHHIO TE€HETHYECKOTO aHaiau3a IMpu paboTe ¢
JpoXoKaMH S. Cerevisiae takke crmocoOCTByeT TOT (DakT, uyTO OOJBIIMHCTBO IITAMMOB
7a00paTOPHBIX JPOXOKEH SIBISIOTCS TETEPOTAUIMYHBIMU, U3-3a HAJIWYUS MYTalUH
smonykieassl HO. DTo mo3BONET HCCIIENOBATENSIM COXPaHATH W TOJICPKHUBAThH
CTaOWJIbHBIE TAIUIONIHBIC IIITAMMBI.

BO3MOXXHOCTH HCMONB30BaHMS JPOXKKEH B KA4eCTBE MOJICIBHOTO OOBEKTa
3HAYMTEIHLHO PACIIMPUITUCH C HACTYIUICHMEM IT'eHOMHOM 3pbl. Ha ceroaasmmamii 1eHs 1is S.
cerevisiae mocTymHbl 0a3bl JaHHBIX, COJCPIKAIIWE CBEJACHHUS O POJM TEHOB, WX
B3aMMOJICUCTBUAX, YPOBHSAX SKCIIPECCUH B PA3IMYHBIX YCIOBHUAX, (DYHKIHMIX KOAUPYEMBIX
oenkoB. Ilpumepom cinyxut ©0a3a JaHHBIX TeHoMma  caxapomuieroB  SGD

(https://www.yeastgenome.orq), KoTopas SBISETCA OAHON U3 CAMbIX U3BECTHBIX 0a3 JaHHBIX

JUIst cOopa BCEBO3MOXXHOW HMH(POpMalMd O KIETOYHBIX TIpoleccax y APOAOKeH,

Hpe,HCTaBJ'IeHHOf/i YYCHBIMHA BCCTO MHUDpaA.

1.2.2 [Ipo:x:xu S. cerevisiae - NPOAYLHEHTHI 0€JIKOB M IPYruX 0HOJIOTrHYeCKN AKTHBHBIX

coeIUuHEeHUuM

Crektp npuMeHeHu# 6nodapMaleBTHUECKUX MPEernapaToB MOCTOSHHO PaCIIUPSETCS.

HpPIpOI[HBIe HCTOYHHUKHN HCIIOJIb3YCMBIX COC,Z[I/IHCHI/Iﬁ 4acTO OrpaHUYCHBI U Tp€6y1-OTC}I


https://paperpile.com/c/JUin8x/2jc5v+8ezNi
https://paperpile.com/c/JUin8x/pmqLz
https://www.yeastgenome.org/
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HOBBIC IOAXOJBI, OOCCIEUYHBAIONIMNE HX KPYITHOMACIITAOHOE IPOM3BOJCTBO  JUIS
YIOBJIETBOPEHUS KIIMHUYECKUX OTPEOHOCTEM.

Pa3BuTHEe MHCTPYMEHTOB I'€HHOW WH)KEHEPHUU M CCKBEHHUPOBAHHE T'€HOMOB JKHUBBIX
OPTraHHW3MOB CJICJTaJId BO3MOXKHBIM HCIIOJIh30BAaHUE OPTAaHU3MOB IPOTYIICHTOB IS CHHTE3a
PCKOMOMHAHTHBIX OCIKOB U IPYTHMX KOMIOHEHTOB (papMarieBTHYecKux mpernaparon. OHUM
U3 TMIEPBBIX IPUMEPOB SABJISICTCS MHCYJIMH, CHHTE3UPOBAHHBIN C MOMOIIIBI0 OakTepuii E. coli.
OH ObLT 0JI0OPCH aMEPUKAHCKUM YIIPaBJICHHEM 10 CAHUTApPHOMY HAJ30PY 3a KauyeCTBOM
MUIIEBBIX MPOAYKTOB U MeaukaMeHToB (FDA) u BeimymieH Ha poiHOK B 1982 r. BropsiM
nocie uHCynuHa B 1985 1. B Oaktepusix E. cOli Hauanu mpOMBINIIICHHO CHHTE3UPOBATH
ropmon pocra (GH) (Wang et al., 2017). B Hacrosiiiee Bpemsi, IOMUMO T'OHAJIOTPOITHBIX
TOPMOHOB, KOTOpPBIE MPOAYIIUPYIOTCS TOJIBKO B KJIETKaX MIICKOIUTAIONIUX C YYETOM HX
cnenuduueckoro rimkosmwupoBanus (Orvieto, Seifer, 2016), OOJBIIMHCTBO APYrUX
KOMMEPYECKH BBITYCKACMbIX TOPMOHOB CHHTE3UPYIOTCS PEKOMOWHAHTHBIMH S. CErevisiae
(uacymuH, rmokarod, GH) wmm E.coli. (uncynmmn, I'P, rokaros, KajabIIUTOHUH,
tepumapatua) (Walsh, 2018). 3a mocnennue ACCATHICTHS MOCTOSHHO PaCIIMPSIONIASNCS
onodapmareBTHUECKasT MMPOMBIIIICHHOCTh MPOJIEMOHCTPHPOBAJIA PACIIBET MPOW3BOJICTBA
BaKIIMH, TEPAaNeBTHUYCCKUX MOHOKJIOHAJIBHBIX AHTHUTEN, PEKOMOWHAHTHBIX (EPMEHTOB,
ITUTOKHHOB.

3HAYUTEIIFHOE KOJIMYECTBO PEKOMOMHAHTHBIX OCJTKOB CHHTE3UPYETCS B KIIETKaX
MJICKOITUTAIOMIUX (MMPEUMYIIICCTBEHHO B KJIETKaX SMYHUKOB KuTakickoro xomsika, CHO), uro
JieNlaeT UX MPOM3BOJCTBO TPYAOeMKHM H goporoctosimm mpomeccom (Walsh, 2010). C
JIPYTroil CTOPOHBI, MPUMEHEHHE OaKTepHil B KaYeCTBE OpPraHM3Ma MPOIYIICHTa, KOTOPOE B
IIEJIOM TPOIIE ¥ JCIICBIIE, CTATKUBACTCS C PSIIOM OTPAaHUYCHHMN, TAKMX KaK OTCYTCTBHE
HEOOXOJUMBIX  TIOCTTPAHCISAIIMOHHBIX ~ MOJW(HKAIMK,  HENpaBWIbHAs  YKJaJKa,
NOTCHIIMAJbHAsl ~HMMMYHOT€HHOCTh M IUIOXas  CTaOWMJIBHOCTh  CHHTE3MPOBAHHBIX
PEKOMOMHAHTHBIX OCJIKOB. JIPOXKKH ke TIPEICTABIISAIOT «30JI0TYIO CEPEIUHY» MEXTY IBYMS
nojxoaaMu. OHU COYETAIOT B ce0e KaK MPEUMYIIECTBA OJHOKICTOYHBIX MUKPOOPTaHHU3MOB

NpoAYLCHTOB, TaK U MPCUMYIICCTBA OYKAPUOTHIYCCKHNX CHUCTEM SKCIIPCCCHMH. B HYaCTHOCTH,


https://paperpile.com/c/JUin8x/PWVh1
https://paperpile.com/c/JUin8x/3P5Lx
https://paperpile.com/c/JUin8x/oQHMe
https://paperpile.com/c/JUin8x/zWKpS
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JOPOXOKHA, Kak H OaKTepUW JIETKO TIOJUIAOTCS TCHETWYSCKUM MAHHITYJSAIUASIM |
sKoHOMHYecKH 3pdexTuBHbl. Ho npu 3TOM npoxxku B ornuume ot E. coli oGmamaror
AKTUBHBIM MEXaHHW3MOM IOCTTPAHCISIIMOHHOW MOAUQUKAIMKH, W HE CcojaepKar
suporokcuHoB (Demain, Vaishnav, 2009; Martinez et al., 2012). OnHuM U3 HEAOCTATKOB
IITAMMOB JIPOXOKEH — TMPOMYIICHTOB IICNIEBBIX OCIKOB, SBJSICTCS HAIMYHE B COCTaBE
AKCIIPECCUOHHBIX MJIa3MUJ] TCHOB YCTOMUMBOCTH K aHTUOMOTHKAM, YTO MOXKET MIPUBOIUTH K
MOSIBJICHUIO YCTOWYMBBIX K @HTHOMOTHKAM IMPHUPOIHBIX MHKPOOPTaHHU3MOB (3eMIITHKO M
ap., 2018). IlepcieKTHBHBIM HANpPaBICHUEM SIBISICTCS HCIIOJB30BaHHE B KadeCcTBE
CEJICKTHBHOT'O MapKepa KHUIep-TOKCHHA (MUKOTOKCHHA) npoxokert (Muzaev et al., 2020).

['muko3unupoBanue 0eIKOB y Aposxokedt oTimyaeTcs oT N- u O-TIUKO3UIMpOBaHUS
OenkoB venmoBeka. OMHAKO, CYIIECTBYIOT MOAXOJIBI M0 OOSCIICUCHUIO CHHTE3a B APOXIKAX
O€IKOB C TVIMKO3WJIUPOBAHUEM, aHAJIOTHMYHBIM MOJM(PHUKAIMN OCITKOB MJICKOIHMTAIOIINX.
Hanpumep, mis aposxokeir Pichia pastoris paspaboTaHa COOTBETCTBYHOIIAS CHCTEMa
GlycoSwitch. [Ipoxxku 007amal0T 3(QPEKTUBHBIME CHCTEMaMU YKJIQJKH W CEKPEIUH
cuHTe3upyembix OenkoB (Martinez et al., 2012; Laukens et al., 2015; Huang et al., 2018). B
pe3yJbTare, Ha CErOMHSAIIHUMN IeHb S. Cerevisiae u apyrue BUAbI QpoxoKei (B yacTHOCTH P.
pastoris, Yarrowia lipolytica, Hansenula polymorpha) akTuBHO MCIIONIB3YIOTCS JIJIsi CHHTE3a
CaMBbIX pa3HOOOPa3HBIX PEKOMOWHAHTHBIX OEIKOB.

OMHOBPEMEHHO C YCICNIHBIM TMPUMEHCHUEM JAPOXOKEH [UIsi CUHTE3a OCJKOB,
pa3BHBAacTCS WX HCIIOJIb30BAHME JIJIS MIPOM3BOJCTBA IPEapaToB HEOEIKOBOW MPUPO/IBLI.
OToMy CMOCOOCTBYET HAJMYME TOAPOOHBIX 3HAHWNM O META0OJMYECKHUX IMPOIleccax,
TIOJTYYCHHBIX TIPU U3YYCHUU S. Cerevisiae B kauecTBe MOJICIBHOTO 00bekTa. B wacTHOCTH, C
MOMOIIBI0 S. CErevisiae ocCyIiecTBIsSCTCS MPOMBINIICHHOE MPOU3BOACTBO MPOIreCTEPOHA
(Duport et al., 1998), runpoxoptuzona (Szczebara et al., 2003) u apTeMHU3UHOBOI KHUCIOTHI
(mpenmiecTBeHHUK MpoTUBOMalsipuiiHoro apremusnnuna) (Paddon et al., 2013).

OTenpHO ClielyeT OTMETUTh HAJIMINE COBPEMEHHBIX UCCIICIOBAHHM, HAPABICHHBIX
Ha WCIMOJIb30BaHUE APOXOKEeH S. CEerevisiae mis NmpoW3BOJACTBA W JOCTAaBKU KOPOTKHUX

monekyn PHK.


https://paperpile.com/c/JUin8x/0Ibbm
https://paperpile.com/c/JUin8x/Hb4OV
https://paperpile.com/c/JUin8x/Hb4OV
https://paperpile.com/c/JUin8x/Hb4OV+CaUmT
https://paperpile.com/c/JUin8x/Hb4OV+CaUmT
https://paperpile.com/c/JUin8x/Hb4OV+CaUmT
https://paperpile.com/c/JUin8x/XpPr8
https://paperpile.com/c/JUin8x/XpPr8
https://paperpile.com/c/JUin8x/a8O19
https://paperpile.com/c/JUin8x/a8O19
https://paperpile.com/c/JUin8x/a8O19
https://paperpile.com/c/JUin8x/JEVZn
https://paperpile.com/c/JUin8x/JEVZn
https://paperpile.com/c/JUin8x/JEVZn
https://paperpile.com/c/JUin8x/Cqle2
https://paperpile.com/c/JUin8x/Cqle2
https://paperpile.com/c/JUin8x/Cqle2
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1.2.3 IlepcnekTHMBbI HCIOJb30BAHHMA JAPOXkIKeill S. cerevisiae NI NPOAYKUHMH H

nocraBku antamepoB PHK

Cpenn BO3MOXHBIX 3YKapUOTHYECKMX OPraHU3MOB — MPOIYLEHTOB alTaMepOB U
HAHOYACTHUI] — HAWOOJBIIMKA WHTEPEC TMPEACTABIAIOT JPOXOKK S. Cerevisiae. 3to
O0OyCJIOBJIEHO HE TOJIBKO COYETAaHUEM MPOCTOTHI KYJIbTUBHPOBAHUS C BO3MOXHOCTBIO
IPOBEICHUS CIIOKHBIX TEHETUUECKUX MAHUITYJISIIUN, & TAKKE KOHCEPBATUBHOCTHIO MHOTHUX
KJIFOYEBBIX MPOLECCOB B KIETKAX JIPOXKEH U MIIEKONUTAOMMX. OTHON M3 MHTEPECHBIX
0CcOOEHHOCTEH AposoKel S. Cerevisiae siBiseTcst OTCyTcTBUE coOcTBeHHON cuctembl PHK-
uHTephEepEeHIINH, KOTOpas Obljia yTpauyeHa MU B MPOIIECCE IBOIOIUU. DTO OOCTOSITEILCTBO
JIeJIaeT BO3MOKHBIM CTa0MIILHOE MOIepKaHue B X kieTkax sHaoreHHsix PHK, uro Obu1o
IPOJIEMOHCTPUPOBAHO Ha mpuMepe aByxienodeunsix PHK Bupycos poxa Totivirus (L-A
Bupychl) u omHoHnTeBbIX PHK BUpycoB pona Narnavirus cemeiictea Narnaviridae (Wickner
et al., 2013). [Ipoxxku TakKe pacCMaTPUBAIOTCS KaK MEPCIEKTUBHAS CUCTEMA JJIsi CHHTE3a
U jgoctaBku Maibix uHTepdepupyronmx PHK (Duman-Scheel, 2019). CymecTBeHHBIM
MPEUMYIIECTBOM HCIOJIB30BAHUS JYKAPUOTUUECKUX OpPraHu3MOB IS IPOM3BOJCTBA
antamepoB 1 HaHovactuil PHK no cpaBHeHuto ¢ 6akTepusiMu Takxe SBIISIETCS OTCYTCTBUE
Yy DOJYKapuoT 3SHAOTOKCHHOB, 4YTO VYIPOILIAET IMPOLUEAYPY OYUCTKM HWHTEPECYIOLIUX
COCIMHEHUH U MOATOTOBKHU WX JJIsl Mcnoyib3oBanus B MenuiuHe (Terpe, 2006).

st cuate3a antamepoB PHK unu PHK nanouactuir MoryT ObITH MCIIOB30BAHBI
ITaMMBI IPOXKEW ¢ MHTETPUPOBAHHBIM B TEHOM CTPYKTYpHbIM reHoM PHK-nonvumepasbl
dara T7 (Dower, Rosbash, 2002; Hobl et al., 2013; Duman-Scheel, 2019). Tpauchopmarms
TaKMX IITaMMOB  TUIa3MUJaMH, COJACPXAIIUMU  HEOOXOAMMYI  HYKJICOTHIHYIO
MOCJIEA0BATEIBLHOCTD MOJI KOHTPOJeM mpoMoTopa T7, oOecreunT CUHTE3 UHTEPECYIONIeH
PHK.

B nonosHeHHe K BBINICYNIOMSHYTBIM BaKHBIM acCIEKTaM HACTOSIIEH paboThl,

IKCIEPUMEHTHI, BKIIIOYArOIIue paboty ¢ apoxokamu S. cerevisiae u PHK-amramepowm,


https://paperpile.com/c/JUin8x/nMEZy
https://paperpile.com/c/JUin8x/nMEZy
https://paperpile.com/c/JUin8x/KQ0tL
https://paperpile.com/c/JUin8x/KQ0tL+JmNvq+8vWxT
https://paperpile.com/c/JUin8x/KQ0tL+JmNvq+8vWxT
https://paperpile.com/c/JUin8x/KQ0tL+JmNvq+8vWxT
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00ecreunBaOT XOpOIIyI0 Oo0pa3oBaTeNbHyl0 IIaThopMy s OOydeHHUs CTYJIEHTOB
pa3TUYHBIM ACIIEKTaM COBPEMEHHOW MOJICKYJISIPHOM TEHETUKHM U OHOTEXHOJIOTHH.
be3onacHble OpOXKAKM MOKHO HCIOJIb30BaTh JJIi OOY4YEHHUs CHHTETUYECKOM OHOJIOTHH,
KJIeTOYHOU Onotorun u «omukc» Texnosorusm (Macreadie, Dhakal, 2022). PHK-anramep
Broccoli npexacrasisier cobol MOJIeNIb HE TOJBKO ISl OCBOSHHS J1a00pAaTOPHBIX METOJIOB,
OPUEHTHUPOBAHHBIX HA HCCJIEAOBAHMUS HYKJIEHMHOBBIX KHUCIOT, HO W JUISI HM3yYCHHUs
HanotexHosoruu PHK n nHanoctpyktyp (Sajja et al., 2018).

Cucrembl JOCTaBKM TepaneBTHUEeCKuX mpenapatoB Ha ocHoBe PHK ¢ momoikio
IpoXOKed MOTYT OBITh BOCTpeOOBaHBI ISl BakIMH W TeHHOM Tepamuu (lvanova, 2021).
Jposxoxu S. cerevisiae ucnoib3oBaiu st joctaBki SNRNA U oiaBiieHus SKCpeccHu reHa
unTepierikuna-1p 3a cuer PHK-unrepdepentnu, nanpasnennoit Ha MPHK, komupytomyio
stor Oenok (Zhang et al., 2021). PexoMOMHAaHTHBIC INTaMMBI JIPOXOKEH, CIOCOOHBIC
npoaynupoBath kenaembie Tpanckpunthl Sh PHK (short hairpin), 3akmouanu B
MUKPOKAICYJbI, KOTOPHIE IMOTJIOMATNCh Makpodaramu. Hcmonp3oBaHue IpoXkKed B
KaueCTBE CHCTEMBbI  JIOCTAaBKM TP TEHHOW  Tepalmud  MOXET  00ecleunTh
UMMYHOMOTYJIUPYIOITYIO TE€pPaInuio JereHepalid CycTaBoB. PeKOMOWHAHTHBIN mTaMM S.
cerevisiae, CHHTE3UPYIOLIUH [IUTOMETAIOBUPYCHBIN (GochonpoTerH PP65, ncnob3oBajics
s noctaBk MPHK B teHAPUTHBIE KIIETKH, 3TO MOXKHO paCCMaTPUBATh B KAUECTBE HOBOTO
tuna xuBoi Bakuuuel (Walch et al., 2011). [TornomieHne apoxiKeBbIX KISTOK HE HAPYIIAIO
pocT win QyHKIUIO aHTUTeHITpe3eHTUpYyronux kietok (Breinig et al., 2003).

MHoro4YNCIeHHbBIE TyOJUKAIMK, TOCBSAIIEHHBIE WCIOJb30BAHUIO aNTaMEpOB W
Hanovacturi PHK ¢ coOTBETCTBYIOIIMMHU JTMTaHAAMH, JEMOHCTPUPYET IOJIOXKUTEIHHBINA
OMBIT WX TPUMEHEHHS KaKk B OWOJIOTMH, TaKk W B Menunmue. [losromy paspaboTka u
YCOBEPIIIEHCTBOBAHKUE CIOCOOOB TMOJYYEHUs anTaMepOB SIBISETCA aKTyaJIbHOW 3ajjadyei.
JIOCTIKEHHUSI COBPEMEHHON OMOTEXHOJIOTHH ITO3BOJISIOT KOHCTPYHPOBATh OPTaHW3MBI -
MPOTYIICHTHI OMOJIOTUYECKH aKTUBHBIX COSAUHEHUN U PA3IMIHBIX MaKpoMoyieKys1. CuHTE3
antamepoB PHK in vivo siBisiercst BaskHbIM diieMenToM HaHoTexHosoruu PHK. Pabotsl o

MNOJYYCHHUIO IIPOAYUHCHTOB allTaMCPOB W HAHOYACTHIL PHK IMpOOOJIZKAKOTCsA, HO OHH IIO-


https://paperpile.com/c/JUin8x/LuGM9
https://paperpile.com/c/JUin8x/Pii9G
https://paperpile.com/c/JUin8x/Pii9G
https://paperpile.com/c/JUin8x/Pii9G
https://paperpile.com/c/JUin8x/tc7A
https://paperpile.com/c/JUin8x/HJke
https://paperpile.com/c/JUin8x/HJke
https://paperpile.com/c/JUin8x/HJke
https://paperpile.com/c/JUin8x/GUWs
https://paperpile.com/c/JUin8x/GUWs
https://paperpile.com/c/JUin8x/GUWs
https://paperpile.com/c/JUin8x/7wqD
https://paperpile.com/c/JUin8x/7wqD
https://paperpile.com/c/JUin8x/7wqD
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NpeXKHEMY OTpaHMYUBAIOTCS Hcnoib3oBanueM Oakrepuin E. coli (Li et al., 2018).
[Tomyuenne QynkumnoHanbHbix antamepoB PHK B kimeTkax sykapuoT mnpeactaBisieTcs
O0COOEHHO Ba)KHBIM, T.K. IIO3BOJIUT HE TOJBKO MOJYYUTh allTAMEPHI, HO TAKXKE MUCCIIEOBATh
UX CBOMCTBA, CTAOUJIBHOCTh BHYTPHU KIJIETOK U OLIEHUTh BO3MOKHOE BIIMSHHUE alITAMEPOB Ha

COCTOSIHME CaMOM SYKapI/IOTI/I‘K?CKOﬁ KJICTKH.
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2 MATEPHUAJIBI U METO/IbI

2.1 lItammel 0akTepuit Escherichia coli n npoxikeit Saccharomyces cerevisiae

Ha nporsokermu  paboThl Ui aMIDIMGUKAIMKA  TUTa3MHJI  WCIOJIb30BaJIH
0akTepuanbHbii mramm E. coli DH5 alpha (F— ¢80lacZAM15 A(lacZY A-argF)U169 recAl
endAl hsdR17(rK—, mK+) phoA supE44 A— thi-1 gyrA96 relAl) (Thermo Fisher Scientific
Inc., CIIIA).

Jliis cuntesa antamepa PHK Broccoli ucnonp3oBanm mramMm aposxokeit S. cerevisiae
D623 (ura3 lys2 leu2 trpl), mosnydeHHBIH B CIHOPOBOM IIOTOMCTBE JMILIOWIA OT
ckpenBanus 1-GRF18 (his3 leu2 pho3) u3 komireknuuu mmramMmMoB nabopaTopuu
onoxumuueckoit reeTnku 1 YM954 (ura3 his3 ade2 lys2 leu2 trpl gal4 gal80) (Clonotech,
CIIA)

2.2 Cpeapl 1 ycJI0BHS KYJIbTHBUPOBAHUS

Jliis kyabTHBUpOBaHus Oaktepuid E. COli mcrmonb3oBamy sKMIKHE W TBEPABIC CPEIbI
LB (1% tpumnroHn, 0.5% apoxxesoii skctpakt, 171 MM NaCl) u TYM (0.8% tpunton, 0.5%
JpOXKEeBOM KCTpakT, 85 MM NaCl. TBepasie cpenbl noaydanu nodasienuem 2.4% arapa.
Jlnst orGopa TpaHchOpMaHTOB B TBEpAbIC CpeAbl M00ABISIIA AHTUOMOTHKU 3COIHMH
(Invitrogen, CIIIA) — 20-1000 mxr/mut, ammutiaTad — 500 MKT/MUT.

JI71st Ky IbTUBUPOBAHUS IPOKAKEH, MCTIONIB30BaIM NoJIHbIE cpebl Y EPD ( apoxokeBoit
skcTpakT 1%, menton 2%, D-rmokosza 2%), YEPDS (YEPD c¢ noGaBnennem 1 M
copbuTona), u MuanManbHyr0 Md (1% rimroko3a; 0.9 MM CaCly, 37.85 MM (NH4)2SO4, 7.34
MM KH3PO4, 0.95 MM KyHPO4-2H,0, 4 MM MgSO4-7H20, 1.7 MM NaCl; BuTamMuHsI,
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mukpoaneMeHTsl - 400 mxim/min 2500x pactBopa). Ilpm HeoOxommmoctn B cpexy Md
J00ABISUIM AMUHOKHUCIIOTHI: TUCTUANH — 5 MI/J, IeHuH — 5 mr/i, Tpuntodan — 5 mMr/a u
a30THCTOE OCHOBaHME ypauui — 5 mr/m). TBepable cpeabl comepxkanu 2.4% arapa. [ns
KyJIbTUBUPOBAHUS TPAaHC(POPMAHTOB JAPOXKIKEH HCIONIb30BAIM MUHUMAIIbHYIO cpeay Md c
N00aBIECHUEM HEOOXOAMMBIX aMUHOKHCIIOT ¥ Pa3HbIX HCTOUHUKOB yriepoza — 2% IIII0KO3bI
iy 2% ranakTo3bl.

bakrepun kynsTuBHpoBasn npu 37°C, npoxku - npu 30°C B TEpMOCTATUPOBAHHBIN

kauaske mpu 180 06/muH.

2.3 Ilna3muabl, HCNOJIL30BaAHHbIE B padoTe

B wuccrnenoBaHuM WCMONB30BAIM PsAJ IUIa3MUI JJIE HApaOOTKHM TE€HETUYECKUX
KOHCTPYKIIMH B OaKTEpHUSAX U JUIS DKCIPECCHU TEHOB B JIPOXokaxX. MBI HCIOIb30BAIN

KOMMEpYECKHUE MIa3MH/IbI U Ia3MUIbl, IOJyYeHHBIE B X0/1€ paboThI (Tabnuia 2)

Tabauua 2. [T1a3mMuamel, HCIOIBL30BaHHBIE B paboTe

HasBanue BekToOpa OcCHOBHBIC XapaKTePUCTHKHU HUcTrounux
IJIa3MM/IbI
IIpomoTop, CeJieKTHBHBIE
TEPMHUHATOP, MapKepbl
KJIOHUPOBAHHASA
nocJjie0BaTe/Ib-
HOCTH
pUC57x2Broccoli x2Broccoli AmpR Lumiprobe,
Poccus
pYES2 ITpomotop GAL, |URA3, AmpR Thermo
MCS, :
Fisher
TEPMUHATOP
CYC1-
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Scientific
Inc., CIIIA
pPYES2-PGAL-Br-TC ITpomotop GAL- | URA3, AmpR [Tonyuen B
x2Broccoli- X0/J1¢ pabOThI
TEPMHHATOP
CYC1
PYES2-PSNR-Br-TS [TpomoTop URA3, Amp® [Tonyden B
SNR52- X0J1€ pabOTHI
x2Broccoli-
TEPMUHATOP
SUP4
pPICZaoB ITpomoTop Zeo® Thermo
AOXI, anbda- Fisher
daxrop, MCS, Scientific
Myc snurom, Inc., CLITA
6His, TepmuHaTOp
AOX1-
pPICZ-5’-3’-XRN1 [IpomoTop Zeo® [lony4eH B
AOX1, anbda- X0J1e paboThI
daktop, MCS,
Myc sniuror,
6His,
3’HA 5’HA
XRN1,
TEPMUHATOP
AOX1

*MCS (multiple cloning site), p — masmuaa, P — npomotop, 6HIS - mocienoBaTeIbHOCTh
HYKJICOTHIOB, KOAUPYIOIIast 6 0CTaTKOB IMCTUAMHA, C-MYC SIIUTOII - MOCIEI0BATEIHOCTh
HYKJICOTHJIOB,

Koaupyromias MOHOKJIOHaJIbHBIMH

HA

AMHHOKUCIIOTHI, Y3HaBacMbIC

aHTUTEJIAMH, ((homologous arms) — TOCIEAOBATENILHOCTH  HYKJIEOTHUIOB,

dbnankupyromme ren XRN1.
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2.4 Tpancpopmanus 6axkTepuid

KoMmneTeHTHbIE KIETKH I TpaHC(hOopMaluy TOTOBHUIIH 110 MPEJI0KEHHON METOIUKE
(Passarinha, 2021).

Tparchopmanmio GakTepuii METOJOM TEIIOBOTO IIOKA MPOBOJUIIN IO METOIUKE
(Hanahan, 1983). JInsa orbopa TpancopMaHTOB KJIETKU OakTepuii BhiceBaiu Ha cpeny LB

C aHTUOMOTUKOM (aMIUIAIITMH/3C01MH) 171 0TOOpa TpaHC(HOPMAHTOB.

2.5 Tpancopmanusi ApoOKKel

Jig TpanchopManuy ApoxIKed ¢ MOMOLIBI0 METOIa AIEKTPONOPALIUN UCII0Ib30BAIN
paHee OIUCAaHHYI0 MeTOAMKY ¢ Moaudukanusmu (Muzaev et al., 2020). CBexyro HOUHYIO
kynbTypy B YEPD nenrpudyruposanu B 1.5 mi npobupke 2 munytsl npu 7000 06/MuH.
[locne »Toro orOupaiid CymepHATaHT W HMHKYOMpPOBAIM KJIETKA TPU KOMHATHOU
temnepatrype 30 munyT B 500 mxn 6ydepa aist anexrponopauuu (100 MM LiAc, 10 MM
ATT, 0.6 M copbutona, 10 MM tpuc-HCI pH 7.5). Janee knetku uentpudyrupoBaiu 3
MUHYTBI B OXJIaxK7eHHOM poTope npu 7000 o6/MuH U OoTOMpanu CyrepHaTaHT. 3aTeM
pecycnenaupoBanu kinetku B 500 Mk 1 M oxnaxkieHHOTo copOUTONa, HEHTPUPYTUPOBATH
¥ TIOBTOPSUTM ATOT 3Tar 3 pa3a. 3aTeM CIMBAIM cylepHaTaHT u qobasisuu pactop JHK B
80 mMxin 1 M copburona u pecycneHANpoBanu kieTku. Jlaiee mpoOy NEpeHOCHUTH B
CTEpUJIM30BAHHBIE U OXJIAXKICHHbIE KIOBETHI M MPOBOAMIIN AJIEKTPOINOpALMIO (C pasHULIEH
noternuana 1600 B B reuenue 5 mc). [locne anexTpomnopaiiuu B KIOBETY cpasy 100aBIIsiv
500 Mk xonoanoro 1 M copbutona, u uakyoupoBanu kiaetku 1 gyac ipu 30°C. ITocnennuit
aTan BKJIIOYaN IeHTpudyrupoBanue 2 MuHyThI ipu 7000 06/MuH, yaajieHne cynepHaTaHTa,
peCyCIeHIUPOBaHUE KJIETOK B OCTaTKax cOpOUTOA M BhIpAIIMBAHNUE KJIETOK HA YaIllKax C

CEJIEKTUBHOM CpELOM.
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2.6 MoJsiekyJIsIpHO-0M0JIOTHYECKHE METOAbI

2.6.1 Boigenenue miaasmuanoi JJTHK
Breinenenne mnasmunnoin JIHK u3 knetox Oaktepwmii ¢ momorisio Habopa Plasmid
Miniprep (EBporen. Poccust) mpoBouIn corjiacHO MMPOTOKOJTY TPOU3BOIUTEIISA.
Brinenenne JJHK u3 peakuMOHHBIX CMECEH W arapo3HbIX Tejied MpOBOAWIN C

nomoisio Habopa Cleanup Standard (EBporen, Poccus).

2.6.2 Boigesaenne xpomocomuoit IHK npoxackeit

Hns Beimenenuss xpomocomHor JIHK m3 knerox apoxokert (Guthrie, Fink, 1991)
npoxoxu pactwiim B cpeae YEPD no OD600 = 0.5 lamee uentpudyrupoBamu 1 mi
uHokymoma 2 muH. (7000 o6/mun). [locne ynanenus cynepHaTaHTa MPOMBIBAIM KIETKU
CTEpPUJIM30BAaHHOW JenoHu30BaHHOM Bosol. Kietku cycnenaupoBanu B 500 mMxn 6ydepa
(50 MM tpuc-HCIl pH 7.5, 20 MM DITA, 1% SDS). K cmecu no6asmnsinu 0.6 T CTEKJISTHHBIX
HIapUKOB bamioTHHU U nepeMelnBaiu €e Ha BopTekce B TeueHue 15 muH. npu 0°C s
paspyuienus kietok. Jlanee nakyoupoanu 10 mun. ipu 70°C u nob6asnsmu 20 Mxn 5 M
CH;COOK u 150 mxkn 5 M NaCl. 3arem wunky6bupoBasiu 20 munyt npu 0°C wu
nentpudyrupoBanu kiaetku 20 mun (13400 06/mun). OTOUpanu cynepHaTaHT B HOBYIO
npoOUpKy U JiBa paza 00pabdatsiBaiu xjo0podopmom. {715 3TOro K cynepHaTaHTy 100aBIIsIn
paBHBII 00BeM xsopodopma, cmech niepemeruBaiy u neHTpudyruposanu 10 mun. (13400
00/MuUH), TOCJIE 4Yero OTOMpaiu BEpXHIOW (azy B HOBYIHO mHpoOupky. Jlamee k cmecw,
conepxamein JIHK, no6asnsmm 3 M CH3COONa (pH = 5.2) B o6beme, paBaom 1/10 V
pactBopa JIHK, u 2 cymmapsbix ob0bema 96% »sTtaHonma. CMmech mepeMelMBaIA U
uHkyoupoBaiu 20 muH. ripu -70°C, 3arem uentpudyrupoaiu B Teuenue 15 mun. (13400
00/mMuH). CyrniepHaTaHT OTOMpaIM M ABa pa3a mpombiBasid ocanok 70% stanonom. [anee
BeicymnBanu JIHK B konueHtparope, nocie yero pactBopsiin JJHK B gemonnzoBaHHOU

H,O wim B 1 M copbuTtoue.
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2.6.3 Ilostumepa3Hasi HeNHAsA peaKkus

Tt ammmmdukanuun nocnenoatenpHocTeld JIHK wmcnonp3oBamm meron IIHP c
nomoIplo Habopa peakTuBOoB U moiuMmepasbl Encyclo (EBporen, Poccust) u npaiimepos
(tabmuna 3). NP npoBomunu B Tepmouukiepe (T100 Biorad, CIIA) c¢ momomisio
CHEAYIOIIEN TPOTPAMMEI:

94 °C — 3 munyTsl (1 1uki)

94 °C — 30 cexynm; 52°C — 30 cexynm; 70 °C — 85 cexyna (30 nmukiIoB)

72 °C — 5 munyT (1 tmx)

IIpu nposenenun rpaauentHour [II[P wcnosb3oBaM AuanaszoH pasIMYHBIX

TeMIiepaTyp oTkura npaiimepos (Mexay 40 u 60°C).

Ta6auua 3. Ilpaiimepsl, HCHOIB30BaHHbBIE B padboTe

Ha3Banue IMocaexnoBaTebHOCTD (5°—3%)

PGAL-F-BamHI | GGATCCACTAGTACGGATTAGAAG

PGAL R TCGTCCTCACGGACTCATCAGGTTGCCCTTAATATTCCCTA
TAGTGAGTCG

Broccoli2 F GATGAGTCCGTGAGGACGAAACGAGTAAGCTCGTCGTTGC
CATGTGTATGTGG

Broccoli2 R TGCCGGCCGTTGCCATGAATGATCCC

CYC1-R-Pstl CTGCAGTACGGTTCCCGAAGTATG
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PSNR2xBroc-

ATTACAACCGGTCACACAGGAAACAGCTATGAC

Agel-F

PSNR2xBroc- | ATTACATGTACAAGACATAAAAAACAAAAAAATGAAGCT

BsrGI-R TGCCATGAATGA

PSNR2xBr-R AGTGGATCATTTATCTTTCACTGC

PSNR2xBr-F AGATAAATGATCCACTGGTTCCAATTGTATTGC

5’HAF CAAACATTGTGCCCACTAC

5’HA R CTCCTTATAGTACACGAATCGTC

3’HA F ATTAATGGTAAACAGCACAGC

3’HAR GGTGTCCACAGATCAAATG

3’XRN-HA-F ATACAGGATCCATTAATGGTAAACAGCACAGC

5°XRN-HA-R | ATACAGGATCCCTCCTTATAGTACACGAATCGTC

5’XRN-HA-F GTGGACACCGAATTCCAAACATTGTGCCCACTAC

3’XRN-HA-R | CACAATGTTTGGAATTCGGTGTCCACAGATCAAATG

5’HA-ZeoR-F AGGATACTGTCTTCTTCCGTACTTATAATCGGGTTCACACA
CCATAGCTTCAAAATG

3’HA-ZeoR-R TGTTTACCATTAATGAATTTTTTCAAATCTTGGCTTTTGCTC

ACATGTTGGTCT
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2.6.4 Pecrpuxkuus JHK, nurnupoBanue ¢pparmentos JTHK

I'maponusz JIHK u aedochopunupoBanre BEKTOPOB MpOBOAWIM B Oydepax u B
YCIIOBHSIX, TIPEIOKEHHBIX (hupmoii-pousBoautenem dpepmenta (Thermo Fisher Scientific
Inc., CIIIA).

JlurupoBanue ¢parmentoB JIHK ocymectisuin ¢ momomisio T4 JIHK muraser

(EBporen, Poccust) corinacHo IpOTOKOY TTPOU3BOIUTEIIS.

2.6.5 Duaexrpodoperuueckoe pasgenenue JTHK

Daexrpodopes nmpoBoauiK B ropuzoHTanbHoi kamepe Sub-Cell GT Cell (Bio-Rad,
CILA). /g npoBenieHus 351eKTpodope3a U NPUTrOTOBIIEHUS arapO3HOTO Iefsl UCTOIb30Bau
oybep TAD (40 MM Tpuc-HCl pH 7.0; 20 MM ykcycHas kucinora; 1 MM DJITA).
®parmentsl IHK pazpenanu npu HanpssKEHHOCTH anekTpudeckoro nosst 5 B/em. s
Busyanuzanuu JHK noOaBisiu OpOMHUCTBIA ATHAMA B arapo3HbId Tellb 10 KOHEYHOU
koHuentparuu 0,5 mxr/mi (OO0 «Xenukon», Poccust) u peructpuposaiu ¢ momoribio Y d-
TPAaHCWJUIIOMUHATOPA NPH JJIMHE BOJIHBI 365 HM. B kauecTBe Mapkepa HMCHOJIB30BAIN
mapkep 1uH JIHK 1 kb DNA Ladder u mapkep nnun JIHK 100+ bp DNA Ladder (EBporen,

Poccus).

2.6.6 CexBenupoBanue JJTHK

JUIst TOATBEPKAEHUS CTPYKTYPBI MTOTYYEHHBIX IJIa3MHU1 TPOBOJUIN CEKBEHUPOBAHUE
o metoxy Conrepa B Pecypcuom nientpe CIIOI'Y «Pa3Butre MoneKyIsIpHBIX U KJIETOYHBIX
TEXHOJIOTHi» Ha aBTOMaTHYeCcKoM KanuuiipHoM cekBenatope ABI Prism 3500 xI (Applied
Biosystems, CILA). JInst ceKkBeHHpPOBAaHUS HCIIOIB30BAIN MPaMeEphl, Cienn(OUIHbIEC s

aHaJM3UPYEMbIX TTOCIIeIoBaTeIbHOCTEH (Tabumia 3).
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2.7 Ananu3 ¢uiyopecueHIUN KJIETOK JAPOiIKeH

Jns ananmuza dayopecueHnuu antamepa PHK 1 mMn cycnensum maposxokei mocie
BEIpAIIUBAHUS B OMPECICHHON cpeie cooupanu nenrpudyruposanueM npu 6000 o6/MuH
B TeyeHue 2 MuHyT, npomMbiBaiu 0,5 mi 6ydepa PBS (200 mr/i, KCI, 200 mr/n KH,PO,, 8
r/n NaCl, pH 7,4), uentpudyruposanu B Tex ke ycnoBusax. K ocanky modasimsan 100 Mk
oydepa PBS c kpacurenem DFHBI-1 B konuentpanuu 500 MM u nakyOupoBanu 1 yac.
3ateM KJIETKHM coOupanu HeHTpudyrupoBaHueMm, npombiBain 2 pasa 0ydpepom PBS mis
yAaJIeHUsl OCTaTKOB KpacuTess, pecycnenanupoaiu B 1 ma 6ydepa PBS. B xommiiekce ¢
antamepoM Broccoli kpacurens DFHBI-1T umeer MakcuMyMbl TOTJIOMIEHUS U SMUCCUU
npu ayiMHax BoJH 482 HM u 505 HM cOOTBETCTBEHHO. TakuM 00pa3om, JJisi U3MEPEHUS €T0
(GII00pECLICHIIMY UCOIB30BAIM 000pYI0BaHUE U (DUIIBTPBI, IPUMEHSEMbIE NPU padboTe ¢
3enéHbIM ¢uryopectieHTHbIM 0esikoM (GFP). IHTeHCUBHOCTH (uyopeclieHIIMY U3MEPSUIA Ha
cnexkrpoduyopumerpe B PecypcHom wnentrpe CIIOIY «O6GcepBaTopusi 3KOJOTHMYECKOU

0€30MaCHOCTI.

2.8 TpaHCKPUNITOMHBIN aHAJIU3

2.8.1 Boigesaenne cymmapuoii PHK npo:xoxeit

Breinenenne cymmapuoir PHK nposxokelt mpoBoawyin ¢ MCHOJb30BaHUEM HaOopa
YeaStar RNA Kit (ZymoResearch, CIIIA). KauectBo nosyyennoit PHK onenuBanu ¢
IOMOIIIBIO 31IeKTpodopesa B arapo3roM reie (Rumyantsev et al., 2022). Tlocie BeiaeneHus
PHK o6pabareiBamu JIHKa3oit 1 cormacHo pexkoMeHmamusM (GUPMBI MPOU3BOIUTEISA
(Thermo Fisher Scientific Inc., CIIIA). [Tocne 06pabotku PHK cHoBa ouniiianu ¢ moMoristo
Habopa CleanRNA Standard (Esporen, Poccus). Konnentpamuio PHK ompenensiu ¢

nomoiisio ciekrpodoromerpa Nanodrop (Thermo Fisher Scientific Inc., CIIA).
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2.8.2 llonyuenne oudauorexu kK AHK n cexkBeHupoBanue

300 ur torampHOM PHK kaxmoro oOpasia HCIOIb30BaIM JJIs MPUTOTOBJICHUS
oubroTek ¢ momotnbio Hadopa QuantSeq 3’ mRNA-Seq Library Prep Kit FWD for Illumina
(cat #015.96, Lexogen, ABctpusi). KauecTBeHHBI M KOJIMYECTBEHHBI aHaW3 00pa3lioB
MIPOU3BOIMIIN C IOMOIIIBIO iryopumeTpa Qubit U KanWIUIIPHOTO 31eKTpodopesa B cucteMe
Agilent 2200 TapeStation System. CekBeHHpOBaHHE MPOU3BOAWIM C MOMOUIIBIO Habopa
MiSeq Reagent Kit v2, (1x300, cat. #MS-102-2002, Illumina, CIIIA) Ha cekBeHaTOpE
MiSeq.

2.8.3 Ananus nuddepeHIHATBHON IKCIPECCHH TEHOB IPOKKEH

C momoripio mporpaMMbl TrimmomatiC ObuTM yaajeHbl aJanTepbl U WHACKCH U
oTUIBTPOBaHbI MPOYTeHHs. KauyecTBO MPOUYTCHUI MPOBEPSIN C MOMOIIBIO MPOrPaMMBI
FastQC. /1y BeIpaBHUBAHUS MCIIOJL30BajIM reHoM mramma S288C nmposokeit S. cerevisiae
(GCA _000146045.2 R64) u annoranuio u3 6a3el manasix NCBI (National Center for
Biotechnology Information). IIpoureHuss BbIpaBHHMBaIM ¢ moMoinpo hisat-2 co
CTaHJIAPTHBIMU TapameTpamu. llocie BBIpaBHUBAHUS TIPOYTEHHUS OTCOPTUPOBATIU M
NPOMHIECKCUPOBAIM C MOMOIIBI0 Samtools. J[ist mojacdera KOJHMYECTBA BBIPABHECHHBIX
NPOYTeHHUH HCHojab30Banmu mporpammy featureCounts. Awnanu3 nuddepeHmanbHoil
HKCHPECCUU T€HOB TPOBOIMIIN MPHU MOMOIIM sA3bIKa porpammupoBanus R (Bepcus 3.6.3) u
oubmmorexku DESeq2 (Bepcust 1.24.0). Jlna nanpHeliero aHajim3a UCMoIb30BAIUCH MEHBI,
CKOpPPEKTHPOBaHHOE 3HaucHHE P-Value koTopsix ObuT0 MeHbIe 0.05 1 3HaueHue Torapudma
nsmenenus sxcnpeccun (log2FoldChange) 6su10 6ombiie 0.5 mo momymo (Rumyantsev et
al., 2022).
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2.9 Cratucruyeckas 00padoTKa JaHHBIX

CraTucTrueckyro 0o0paOOTKa TMONYYCHHBIX MJaHHBIX MPOBOAWIN TPHU TTOMOIIU
nporpammHoro makera R-Studio (Bepcust R 3.5.1). Ananu3 BBIOOPOK MPOBOIWIICS MPHU

nomoiu U-tecta ManHa — YUTHH.
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3 PE3YJIBTATDBI

3.1 Pa3paboTka penopTepHoi KOHCTPYKIuM Ha ocHoBe antamepa PHK Broccoli

Jlist pa3pabotku 3¢pGeKTUBHON CHCTeMBbI i cuHTe3a KopoTkux moisekyn PHK B
JPOXKKEBBIX KJIETKaX HEOOXOAMMO HWMETh BO3MOXKHOCTH OMPEICIATh M aHAIM3UPOBATH
KOJIMYECTBO U CTAOMJIBLHOCTh CHHTE3WPOBAHHBIX MOJIEKYJ U ONTHUMHU3UPOBATH YCIOBUS
KyJIbTUBUPOBAHUS IITAMMOB-TIPOIyIIeHTOB. C 3TOH 1eMbto Obl1a pa3paboTaHa v MOJTydyeHa
yaoOHas penopTepHas cuctema Ha ocHoBe antamepa PHK Broccoli.

Antamep Broccoli npencrasnser coboii tpanckpunt PHK u3 112 HykimeoTumos,
COCTOSIIIMKA W3  JBYX  YacTMYHO  KOMIUJIEMEHTAPHBIX  TOCJEI0BATEIBHOCTEH.
CUHTE3MpOBAaHHBIN anTaMep HaYMHAeT (IIyOopecIupoBaTh TOIBKO MOCIe 00pa30BaHUA
MpaBUJILHOM BTOPUYHOW CTPYKTYphl M B3auMojeicTBus ¢ Kpacutenem DFHBI-1T
(ommupuueckas popmyna CizHgFsN2O2). Monekyma dayopodopa HETOKCHYHA M JIETKO
MOKET TMPOXOJUTh Uepe3 KIETOuHyr0 MeMOpaHy. Takum oOpa3oMm, aHaIM3Upys
(bIIyopecIeHITIO KJIETOK MOXKHO OLIEHUBATh YPOBEHb CHHTE3a PEIOPTEPHOTO anramepa u
3 PEKTUBHOCTH HCIOJIB3yeMbIX BeKTOpoB dkcripeccuu (Filonov et al., 2016).

CrtpykTypa antamepa Broccoli u ero cpaBHUTEIEHO HEOOJBINON pa3Mep MO3BOJSIOT
MOJIy4aTh TUMEPHI arrTaMepa. ITO MPUBOIUT K YBEIIMUEHUIO (PIIyOpECIICHIINH TPUMEPHO Ha
70% (Ouellet, 2016).

Jlnst  kinoHupoBaHus antamepa Broccoli MBI MCMONB30BaiM JBa BapuaHTa
IKCIIPECCHOHHBIX KAacCeT: B TMEPBOM Ciy4ae IYIIUIIMPOBAaHHAS TOCIEI0BATEIBHOCTD
anTamepa HaxoJwJIach Moja KoHTposieM perynupyemoro GAL1 mpomoropa, y3HaBaemoro
PHK-noumepasoii |1, Bo BTopom — o kouTposiem SNR52 npomoropa, yznaBaemoro PHK-

nonumepazon 11,
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3.1.1 IToanyuenue mnasmuabl pYES2-PGAL-Br-TC

Ucnons3oBanne mnasmuabl pYES2 ¢ nmpomoropom rena GAL1 st skcripeccuu
anTaMepa  MOTpebOBajIO  BKJIIOYEHHS B COCTaB  JKCIPECCHMOHHOM  KaCCETHI
nocJyenoBaTeabHOCTe prbo3uMoB Bupyca renatuta gensra (HDV) u tuma Hammerhead
(HH) (pucynok 3). Dto ObuI0 HeoOxomumo s yaainenus 5° (xom) u 3’ (monmA)

NOCJIEIOBATENBHOCTEN, XapaKkTepHbIX il npoaykToB PHK-nonmumepassl 2 (Ilanaa V.A u

ap., 2022).

HindIIl x2Broccoli Xbal
HH HDV

Pucynok 3. OTHocuTe/bHOE PacHo0KeHHe 3IJIEMEHTOB PpenopTepHoil
KOHCTPYKIUM. Ykazansl pubo3umbl Hammerhead (HH) u HDV, tanmemusbiii noBTOp

antamepa Broccoli u caiitel pectpukiuun HindIII u Xbal.

Jlns skcnpeccuun antamepa PHK Broccoli B ApokKeBBIX KJIETKaX Mbl HCIIOJIB30BAIN
BekTop pYES2, pasmep koroporo 5,9 t.mH. (Thermo Fisher Scientific Inc., CILA).
[lna3mMuna mnpencrabiser coOOM YETHOUHBIM BEKTOP C PSIOM TIOJIE3HBIX CBOWMCTB,
o0zervyaromux TpaHchopMaluio, KJIOHHPOBAHUE U PETYJIIHUI0 3KCIPECCUU TEHOB Kak y
OakTepuii, Tak U y apoxokei. [lmasmuma Bkimodaetr apoxokeBoi mpomorop GALL mns
BBICOKOTO YpPOBHSI MHIYLIMPYEMOU 3Kchpeccuu rajgakto3oi, tepmunarop CYCIL, caifr
MHO>KECTBEHHOTO KJIIOHUPOBAHHUS MEXAY I[POMOTOPOM M TEPMHUHATOPOM, a TaKKe
CEJICKTUBHBIC MapKepbl s otOopa TpancopmantoB E. coli (rem ycroitumBocTH K
AMITUIIWJUTIHY) ¥ CeJIeKIIUU TpanchopmaHToB aposxokeit (reH URA3). BekTop conepxut 1Ba
OpPWKMHA ISl TOJAJIEPKaHUS M peIuIMKaluu OoJbiioro konumyectBa komui: pUC s

oaktepuii u 21 JIHK niist nposoxeii.
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CTpykTypa pemnopTepHOl KOHCTPYKIIMU ObLIa MojoOpaHa TaKuM 0O0pa3oM, YTOOBI
o0ecreunTh TPABWIBHYIO YKIAIKy W (YHKIMOHUPOBAaHWE PHOO3MMOB U alTaMepoB

Broccoli (Illanaa V.A u np., 2022) (pucyHok 4).

T HDV

HH pu6o3um pHOO3HM

25
-
*
*
49
>

anTramMepsbl
Broccoli

Pucynok 4. Pe3yabrar npeackazanusi BTOPUYHO# CTPYKTYpbI pudozumos HH
u HDV, a Takxe TaHaeMHoOro nosropa anramepa Broccoli B cocraBe paspadoTanHou
penopTepHOll KOHCTPYKIMHU. AHaiIW3 TpoBeAeH ¢ mnomoibio cepBuca RNAfold

(http://rna.tbi.univie.ac.at//cgi-bin/RNAWebSuite/RNAfold.cgi).

[locnenoBarenbHOCT ~ TaHAEMHOTO  TMOBTOpa  anrtamepa, (IaHKHPOBAHHOTO
pubo3umamu, ObUla MOJTy4YeHa XUMHUYECKUM CHHTE30M U KIOHMUpOBaHa CHayaia B
npomexytounyto iazmuay pPUCS7 (Lumiprobe, Poccus). [Tomydyennyto miazmuny pUCS7-
Br o6pabGortanu aByms pectpukiuuoHHbiMH (epmenTtamu HindIIl u Xbal. dparmenTsi
pa3fensau ¢ TOMOIIbI0  3JekTpodopesa. BceraBky, KOIUPYIOUIYI0 PETNOPTEPHYIO
KOHCTPYKIIMIO, BBIIAEISIN U3 arapo3Horo reisa. OZHOBPEMEHHO C 3TUM IuiazMunay pY ES2
00pabaThIBalI C UCIIOJIH30BAHUEM TEX K€ PECTPUKITMOHHBIX (PEPMEHTOB U 00padaThiBaIIN
dbocdarazoit. IlomyueHHbIH (PparMEeHT Tak)Ke OYMINAIM M3 arapo3Horo reis. 3arem
(bparMeHTbl JIUTUPOBAIA C TMOCIEAOBATENbHOCThIO anTtamepa Broccoli, (prankupoBanHoM

pubozumamu Hammerhead (HH) u Bupyca rematuta D (HDV), uto6s1 co3nate kaccery
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AKCIIpeccuy anramepa noj koutpoisieM mpomoropa GALL u repmunaropa CYCL. Jlurasnoi
cMmechi0  TpaHchopmupoBaim Oaktepuit E. coli. U3 momydeHHbIX TpanchopMaHTOB
BbAessuM iazMuanyto JIHK. O6mias cxema koHcTpyrpoBanus miasmuasl pY ES2-PGAL-

Br-TC npencraBieHa Ha puCYHKE 5.

pUC57KZBrOCCOIi pYESZ Wistttl

Akl
PGAL

x2Broccoli -— . -‘ _—

T wri URA AR et

) |

PGAL CYCT

\ -/

HindIll XZBI"OCCO[I Xbal

PGAL CYCT
( H DV
4

2 micro ori URA3 AmpR ori

Pucynok 5. Cxema koncrpyupoBanusi miaasmuabl pYES2-PGAL-Br-TC.
Kpacubim Beienens puoozumel Hammerhead (HH) u HDV, 3enéubiM - TaHIeMHBIH TOBTOD
antamepa Broccoli), cepbiIM — OpPWIKMH peIUIMKaMd Offi M TeH YCTOWYHMBOCTH K
amnuuinHy AmpR), cuanm — npomotop PGAL, Tepmunarop CYC, ceneKTUBHBIN MapKep

—ren URAS3, opukuH periukaiay 2 micron ori).

[Tonyuennyto mnasmuny PYES2-PGAL-Br-TC ananmusupoBanu ¢ nomouisto I1LP,
ucnoin3ys mnpaimepsl k npomoropy GALL (PGAL-F u PGAL-R), mocnenoBareabHOCTH

anrtamepa (Broccoli 2F u Broccoli 2R), tepmunatopy tpanckpumnimu CYC1l (CYCL-R),



161

npuBeAeHHble B Tabmuue 3. Pesynbrarsl [1I[P 1 pecTpUKIIMOHHOTO aHaM3a NPUBEIECHBI Ha

pucyske 6 (a, b, c, d).
| 2

§ 2.3 I 23

v600 M.H.

, 1167 n.H. 4658 n.H.
530 n.H. 1500 NH. ;
292 n.H. 300 n.H.
500 n.H. 1000 n.H.- 1510 n.H.
200 n.H.
a b ¢ d

Pucynoxk 6. Juaexrpodoperpammbl pesdyabtatoB [ P-ammumndukanuu
(pparmeHTOB IKCNpPpecCHOHHON KacceThl B cocTtaBe miaasmMuabl pYES2-PGAL-Br-TC
(a—c) u pecTpUKIMOHHOTIO aHaM3a (d):

a, 1 — npomorop rera GAL1, ammudumpoBaHHBIN ¢ CMOIB30BaHUEM IPAMEPOB
PGAL-F u PGAL-R (530 mn.1.); 2 — mapkep DNA Ladder 100+ bp (EBporen, Poccus);

b, 1 — Tannmemusii moBTop X2Broccoli (292 mn.H.), amMITMHUIIMPOBAHHBINA C
ucnob3oBanueM npaiimepos Broccoli 2F u Broccoli 2R; 2 - mapkep DNA Ladder 100+ bp
(EBporen, Poccus);

c, 1 - mapkep DNA Ladder 100+ bp (Esporen, Poccus); 2 — mosHOpa3MepHas
kacceta skcnpeccur (1167 m.H.), Bkarodaroias npomotop rera GALL, anramepsr Broccoli,
pubosumbr HH u HDV u tepmunarop CYCL, ammumdunrpoBanas ¢ HCIOJIb30BaHUEM
npaitmepoB PGAL-F u CYCIL-R;

d, 1 - mapkep DNA Ladder 1000 bp (EBporen, Poccust); 3 — pe3ynbTaThl
pectpukimonHoro ananmu3a tiazMunabl PYES2-PGAL-Br-TC, umeromeit naBa caiita
pectpukimu Bgll (oauH B sKcripeccHOHHOM KacceTe, a Ipyroi BHE ee).

Pasmepsl monmyueHHBIX (PAarMEHTOB COOTBETCTBOBAIHM TEOPETUUYECKU OXKHIAEMBIM

(Lllanaa Y.A. u ap., 2022).
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JIOMOJIHUTENIPHO ~ MPOBOAMJIM  CEKBEHHPOBAHWE  IMOJYYCHHOM  IJIa3MUABI  C
WCITOJIb30BAaHUEM TIPAMEPOB, CHENM(UUHBIX K TOocienoBaTeabHoCcTH mpomotopa PGAL u

tepmuHatopa CYCL (PGAL-F u CYCL1-R). Pe3ynbTaThl CEKBEHUPOBAHUS IPEACTABICHbI HA

pucyHke 7.

result AAGCTTRGAACCAGTACTGATG
ordered AAGCTTREGAACCAGTACTGATG
EEESHSEIERERSRSEREREERS
result AGTCCOTEAGGACGAAACGAGTALGE TCGTCCACTGATTCCAATTGTATTGCTTGCCATS
ordered AGTCCOTEAGGACGAAACGAGTAMGE TCTCCACTGETTCCAATTGTATTGCTTGECATS
FEERER R R R SRR R R SRR RS R SRR SR SRR R SR SRR R R SR SRR R SRS
result TGTATGTGEGAGACGGTCAEATCCATCTGAGACGTCGEETCCAGATATTCGTATCTETC
ordered TGTATGTGGGAGACGGETCAGATCCATCTGAGACGETCGEETCCAGATATTCGTATCTGTC
FEERER R R R SRR R R SRR RS R SRR SR SRR R SR SRR R R SR SRR R SRS
result GAGTAGAGTGTGGECTCAGATATCGAGTAGAGTGTGEGCTCCCACATACTCTGATGATCC
ordered GAGTAGAGTGTEGACTCAGATETCGAGTAGAGTGTGRGCTCCCACATACTCTGATGATCL
FEERER R R R SRR R R SRR RS R SRR SR SRR R SR SRR R R SR SRR R SRS
result AGACGETCGEETCCATCTGAGACAGTCGEATCCAGATATTCATATCTGTCGAGTAGAGTS
ordered AGACGETCGGGTCCATCTGAGACAGTCGEATCCAGATATTCATATCTGTCGAGT AGAGTE
FEERER R R R SRR R R SRR RS R SRR SR SRR R SR SRR R R SR SRR R SRS
result TGAGCTCAGATATCGAGTAGAGTGTGAGCTAEATCATTCATEGCAAGCTTCAGECCGECA
ordered TGAGCTCAGATGTCGAGTAGAGTGTAEGCTEGATCATTCATGGCAAGCTTCAGECCGECA
FEERER R R R SRR R R SRR RS R SRR SR SRR R SR SRR R R SR SRR R SRS
result TGATCCCAGCCTCCTCRCTOACGCCAACTAAOCAACATGL TTCAGCATAGCGAATAGEAC
ordered TGATCCCAGCCTCCTCRCTGACGCCARCTGAGCANCATGE TTCAGCATAGCGAATGGEAC
R R R R R R R R R R R R R R R R R R R R R R R RN R R R R SRR R R SRS

result ACAGGCCCCTTTTCCTTTATCGYTTCTAGA

ordered ACAGGCCCCTTTTCCTTTATCGHTTCTAGA

FEEREFREREER R SRR R SR SRR RERE

Pucynok 7. Pe3yabTarbl BbIPABHHBAHHUS Pa3padOTAHHON PeNnoOPTEPHOM
nocjenoBarejibHOCTH (ordered) W mOC/eI0BATEIBLHOCTH, MOJYYEHHOHl NP
cekBeHUpoBaHUU 1iIas3Muabl PYES2-PGAL-Br-TC (result). IlocnenoBarenbHOCTH
MOJHOCTBIO COBMaAaroT. BcTpanBaHWe NPOU30ILIO TOYHO B MCIOJB30BAHHBIE CANTHI

pectpukimu Hindl 11 u Xbal, BeigeneHHbie npsSaMoyroibHUKAMHU.
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Taxum obpazom Obuna momyuena minazmuga PYES2-PGAL-Br-TC. Iloapo6Has ee
cxXema IpejcTaBIeHa Ha PUCYHKe 8.

Peil BaoQl, Saol Baaxl Neealll agel
24551, BssSal

BseaPl
Beivi

Kinglll Kasl BaaMl, <4
Xbal

Eceal
Ssaal
Esaxl
Alol
Pail
Sual

Call

Csedl
Bsrltlil

Pail nail

4 Bsaal

Boutl 7 & _s»;nx
N v fso

Dsal, Al P

Sapl

LT
batdl
Peil Ccorv, Neol, Seyl
Styl, Xewl
Noel barl Bogl Pstl, S5F1, BfuAl BsoMi

Pl
Boutdl, 83001, Clal W0l Bt Baehl
Pstl Neul 8101, Stul

Pucynoxk 8. Cxema muasmuasl pYES2-PGAL-Br-TC. KpacHsiM oTMedeHa
HKCIIPECCUOHHAs KacceTa, 00ecreunBalolasi CUHTE3 PENOPTEPHON KOHCTPYKIUU. Y Ka3aHbl

e€ snemenThl: mpomotop PGAL, pu6o3sumer HH u HDV, Tanaemusiii moBTop anramepa
Broccoli u repmunatop CYCI.

3.1.2 llonyuenue miaasmuasl pYES2-PSNR-Br-TS

AHBTepHaTI/IBHHﬁ BApHUAHT 3KCHp€CCI/IOHHOﬁ KaCCC€THI, 06€CH€QHBaIOHI€ﬁ CHUHTE3

antamepa Broccoli, O6bu1 mostydeH Ha ocHoBe mpoMoTopa reHa SNR52, pacno3naBaeMoro
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PHK-nomumepaszoit LI, u tepmunaropa rena SUP4. IlocinenoBaTenbHOCTH TaHAEMHOTO
noBTopa amntamepa Broccoli, mpomotopa SNR52 wu Tepmumnatopa SUP4 Opum
amriauiupoBanbl ¢ momomblo Metona [IIP. HMcmons3oBanum mapsl MpaiMepoB
(PSNR2xBr-Agel-F  u  PSNR2xBr-R, PSNR2xBr-F u PSNR2xBr-BsrGI-R) ¢
MEPEKPBIBAIOIIMMHUCS MOCIEI0BATEIBHOCTIMU B IEpBbIX payHaax [II[P. /lanee ouniieHHbIe
W3 arapo3HOro reiist pparMeHThl CIYXUIU MaTpuiie Bo BTopoM payuae I1IIP. ITpu stom
MCIIOJIB30BaAIM MPSIMOM MpaiiMep K mociieioBaresibHocTH nmpoMoTopa SNRS52 (PSNR2xBr-
Agel-F) u obpartnbiit npaiiMep k mocienoBateiabHocTr TepmuHaTopa SUP4 (PSNR2xBr-
BsrGI-R), conmepxammue caiitel  pectpukimu it Agel w BsrGl.  Hamwuwme
NEPEKPBIBAIOLINXCA MOCIEI0BATEIBHOCTEH 00ecneunsio coequHeHue (parMeHToB B
enuubiii pparmeHT SNR52-x2Broccoli-SUP4. DToT UTOroBbIi (parMEeHT KJIOHUPOBAIU B
BeKkTOp pYES2 ¢ ncnone3oBannem caiitoB pecrpukunu Agel u BsrGl BmMmecto nmpomortopa
GAL1 u rtepmunaropa CYCLl. Ilonmyuennas mmazmuga pYES2-PSNR-Br-TS 6buia

npoBepeHa ¢ nomorsio [P (pucynox 9).

1000—

Pucynok 9. OJuaexkrpodoperpamma pesyiabtaroB [ P-amnuundguxkanun
IKCIPecCHOHHOM KacceThl B cocTaBe miasMubl pYES2-PSNR-Br-TS. 1 - mapkep DNA
Ladder 1000 bp (Esporen, Poccus), 2- pesynbrater [P ¢ ucnons3oBanuem mpaimMepos,

cnenuuuHbIXx K mocienoBatenbHocTH mpoMoTopa SNR52  (PSNR2xBr-Agel-F) wu
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tepmuHaTtopa TpaHckpunmuu SUP4  (PSNR2xBr-BsrGI-R). Pasmepsl momay4eHHOTO
dbparmMeHTa COOTBETCTBOBAJ TCOPETUIECCKU OkugaeMomy (934 m.H.).

Cxema nonyuerHoi mazmuibl PYES2-PSNR-Br-TS npusenena na pucyunke 10.

BsgQl, Sapl, Baaxl Mwal Nhel Batl, Fepal Ajul
BssSI BssSal Fspal
Beivi Mfel
Apall
HindIIl
AlmNI Spel

BsrFI, NgoMIV, Nael
Banl

Beeal
BtgZI Bsaal
Bsaxl, Alol
Psil

Banl Sspl. Swal, Sspl
Ahdl Cspll
Berl
Berfl 8sal CspCl
Bgil
Noealll
Bsaal
SnaBl
Pvul
Scal
Begl
BsaHl Ayul
Aval BsoBl
Acul Nsil
Apall BssSI, +1
BseZ171
Nsil
Psil
Hoal
Epuldl
Baal AJWNI BegBI, BstAPT, Pfol

Bbsl
Sapl

8spQt Pvul

Stul BseRI
Bst2171 Bsel, PspOME, Apal BtgZl Nrul, Blpt
Neol, Seyl Bbal, Scal Stul, EcoO1091, PouMl, Boul Ol

Sbif, Bfusl BspMI, Styl Xcal BsaFl, Eco01091,+2 Bsp0l
Clal, thel, Batl Ndel Barl Bsgl

Pucynox 10. Cxema miaasmuasl pYES2-PSNR-Br-TS. Kpachueim ormeuena
HKCIIPECCHOHHAs KacceTa, 00ecIeunBaronasi CUHTE3 pelOPTEPHON KOHCTPYKLUHU. Y Ka3aHbI

e€ anemeHThl: TpoMoTop SNRS2, TanmeMHsbIil moBTOp antamepa Broccoli m TepmuHaTop

SUP4.
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3.1.3 Oxkcnpeccusi miaasmug pYES2-PGAL-Br-TC u pYES2-PSNR-Br-TS B

KJIETKaX JPosKiKeil S. cerevisiae

[Tnasmuner PYES2-PGAL-Br-TC u pYES2-PSNR-Br-TS conepxxar res URA3 B
KaueCTBE CEJIEKTUBHOTO MapKepa, 03TOMY B KQU€CTBE PELMIHEHTA UCTIOJIb30BAIH ILITAMM
nposxokeit S. cerevisiae D623 (ura3 lys2 leu2 trpl). Or6op TpaHchOpPMaHTOB MPOUCXOIUI
Ha CEJICKTUBHOM CpeJie 32 CUET BOCCTAHOBIICHUS TpoTOoTpodHOCTH o ypauuiy ([1lanaa V.A.
u ap., 2022).

VY  nosiydeHHBIX TpPaHCHOPMAHTOB AHAIU3UPOBAINA SKCIPECCUIO PENOPTEPHOM
KOHCTpYyKIuu. [ storo Tpancpopmantel ¢ mazmunoit PYES2-PGAL-Br-TC ¢
skcrpeccronHon kacceToir PGAL-x2Broccoli-CYC1 BeipamuBanu B sxuakoi cpeae Md ¢
[II0K0301 B TeueHue 24 yacos. [locie HapamuBanus 0MOMAacChl KIIETKU HEHTPU(PYTUPOBAIH
U MepeHocusu B cpeny Md, comepikalllyro rajakro3y B KayeCTBE UCTOYHHKA YIJIepoja.
KoHTponbHBIE BapuaHTHl TepeHOCWIM B cpeaxy Md ¢ riiroko30d B KayecTBE MCTOYHHKA
yriepoaa. Knetku unkyOupoBanu B TeueHue 24 yacos. [lanee kineTku u3 1 mMil KyJbTyphl
cobupanu  neHTpudyrupoBanueM, npomeiBamu 0,5 wMa  Oydepa PBS, cHoBa
HeHTpU(yrupoBanu, yaaisum cynepHarant. K ocagky nodasmsumm 100 Mk 6ydepa PBS ¢
kpacutenem DFHBI-1T B konnentpamuu 500 MkM u unkyOupoBaimmu 1 uac. Ilocne
WHKYOaIuu KIETKH COOMpalid HNEeHTpUGYTUPOBAHUEM, ABAXIbl MPOMBIBAIM OT OCTAaTKOB
kpacutens 0ydpepom PBS u pecycnienauposanu B 1 mu Oydepa PBS.

[Tpu nHKYOUpPOBAHUM KJIETOK MOJYYCHHBIX TPAHC(OPMAHTOB B CPE/lax C FaJIaKTO30M
npoucxoausia aktupaus npomotopa GALL. B pesynbraTe npoucxomuna 3KCOpeccHs
penopTepHOM KOHCTPYKIIMKM W CHUHTe3 amnrtamepa Broccoli. OH B3aumojeicTBOBal ¢
npoHukaromuM B kieTku kpacutenem DFHBI-1T, uro npuBoamio k ux cBeuenuro. [lpu
WHKYOMpPOBAaHUU KJIETOK B cpeliax ¢ riaoko3oi npomotop GALL Obut penpeccupoBaH, He
IMPOUCXOAMIIO IKCIPECCUN PENOPTEPHOIN KOHCTPYKIIMHU, CUHTe3a antamepa Broccoli u He

HaOmonanock  ¢uyopecuennuu (Illamaa VY.A. wu ap., 2022). dnyopecreHINO
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AaHAJM3UPOBAIM C IOMOIIBIO crHekTpodiayopumerpa. Pe3ynbraTel mpeicTaBiIeHbl Ha

pucynke 11A, B.

A B
——
3
5 40 i
% I
= » z )
5 g W
g g M
3 s m
. 3 5
& | 2wl [
e S 5

MD rnioxo3a MG ranakrosa
‘“

JIHHA BOIHBI, HM

Pucynok 11. A) Kpusble ¢uyopecueHIuM CyCHEH3Hil KJIETOK APOAKed S.
cerevisiae B nuana3ode ot 500 go 540 HM, MoJy4eHHbIe MPU 00JYUYEHUH UX CBETOM
NJMHOI BOJIHBI 450 HM. BepxHue KpuBbIe COOTBETCTBYIOT KJIETKaM ¢ Tia3muaon pY ES2-
PGAL-Br-TC, uakyOupoBaHHbIM B cpefiax ¢ rajnakTo3oil. B Hux npoucxoauna skcnpeccus
peropTepHOil KOHCTPYKIIMK U cuHTe3 anrtamepa Broccoli. HikHre KpuBbie COOTBETCTBYIOT
kietkaM ¢ miazmMusion pY ES2-PGAL-Br-TC, unkyOupoBaHHBIM B cpejiax C TUIFOKO30M, B
KOTOPBIX CUHTE3 antaMmepa nojaasieH. B) Cpennue 3Hauenus uryopecueHuuu (Ipu JjiuHe
BOJIHBI 520 HM) CyCIIeH3MH KJICTOK APO}OKeH S. Cerevisiae, MHKyOMPOBAHHBIX B Cpelax ¢
IIFOKO30M U TaJIakTo30M. M3MepeHns MpOBOAMIN B YETHIPEX MOBTOPHOCTIX. YKa3aH 95 %
JIOBEPUTENIbHBI MHTEpBaJ. J[OCTOBEPHOCTH MOJYYEHHBIX OTJIMYUI MNOATBEPKAAECTCS C

noMoIIeio kputepust Manna-Yutau (p < 0,02).
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Taxum o0pazom, ObUIO TPOAEMOHCTPUPOBAHO, YTO TMOJyueHHas miaazmuga PYES2-
PGAL-Br-TC o6GecrieunBaer cunTe3 u (yHkumoHupoanue anrtamepa PHK Broccoli B
KJIETKaX JIPOXOKei S. cerevisiae.

VY tpanchopmanTos, cogepxkamux pY ES2-PSNR-Br-TS ¢ skcnipeccnonHoi KacceToit
PSNR52-x2Broccoli-SUP4, Ttakke OICHMBAJIM CHHTE3 anramepa IO  YPOBHIO
bayopecuieHIuu ¢ ucroias3oBanueM ¢ayopodopa DFHBI-1T. B atom ciydae apoxku
TaK)Ke BhIPAIIMBAJIM B KUAKOHN cpene Md ¢ rimoko30il B TeueHue 24 4yacoB, HO Jjajiee UX He
NEPEHOCWIN B Cpeay ¢ Tranakrto3oi. KOHTposbHBI BapuaHT NPEICTaBISUIA KIETKU
JIposxoKen, TpanchopMupoBannbie maazmMugor pYES2 6e3 nociaeqoBaTeIbHOCTH anTaMepa
U BBIPAIICHHBIE B TEX € YCIOBUAX. YPOBEHb (PIyOpPECHEHLNN IPU UCIOIb30BAaHUU 3TOM
HKCIIPECCUOHHON KACCEThI MPAKTUYECKU HE OTIIMYAJICS OT KOHTPOJISA. DTO CBUIETEIbCTBYET
O TOM, YTO JIaHHBIA BapUAHT SKCIIPECCHOHHOM MIa3MHUIbl HE 00eCIIeYrBa CHHTE3 HYKHOTO
KonuuecTBa (yHKUIMOHaNpHOro antamepa Broccoli. Ilostomy B nanpHeimelr pabote
ucnonp3zoBanu miazmMuay PYES2-PGAL-Br-TC u cooTBeTcTByrOmUX TpaHCHOPMAHTOB S.

cerevisiae.

3.2 AHaJIM3 TPAaHCKPUNITOMA ApoxKel, cuHTe3upyromux anramep PHK Broccoli

JInst Toro, 4TOOBI OIICHUTH, KaK Ha DKCIIPECCUIO TEHOB y S. Cerevisiae BiusieT CUHTE3
oonpx konuuectB PHK, copepkammx penopTepHyt0 KOHCTPYKIUIO C anTaMepoM
Broccoli u prbo3umMamu, HCIOTB30BaIM METO bl TPAHCKPUIITOMHOTO aHau3a. B 1Be craaun
BBIpAIlUBAIA  KyJIbTypbl  TpaHchopmanta ¢ miasmugon PYES2-PGAL-Br-TC,
CUHTE3HUPYIOLIETO PENOPTEPHYIO KOHCTPYKIHUIO, & TAKKE KYJIbTYpPbl KOHTPOJBHOT'O IITAMMA,
coJieprKaIero uCxoauyto miasmMuay PYES2 6e3 skcnpecCHOHHON KacCeThl.

CHavaja HapamuBaid OMOMAacCCy KIETOK CEJICKTHBHON cpeiae Md c¢ rioko3oit B
TedeHue 24 dacoB. B 3Tux ycioBusix Oblia moaaBieHa akTUBHOCTH mpomotopa PGAL, mox
KOHTPOJIEM KOTOPOI'0 HaXOAUTCSI peropTepHas KOHCTPYKIus. Jlanee KIeTKu NepeHOCUIIn B

cpensl ¢ rajakto3or musi umHaykuumu cuHTesa PHK (Rumyantsev et al., 2022). Ilocae
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KYyJbTUBUPOBaHUS U3 KJIeTOK Bbiesiau PHK, koTopyto ncnosib3oBanu AJisi IPUrOTOBICHUS
OMOJMOTEK 7 TPOBEJCHUS CEKBEHUPOBAHUS HOBOIO TMOKOJeHHUs. JlJisi Kaxaoro wu3
IITAMMOB SKCIIEPHMMEHT IIPOBOAMIN B TpexX moBTopHOCTAX (Rumyantsev et al., 2022).

Ha ocHOBe pe3ynbTaTOB CEKBEHHWPOBAaHHUS ObLT MpPOBeACH OMOMHGOPMATHUECKHIA
aHanu3. DbUIM TONy4YEHBI CIHUCKA TE€HOB, KOTOpPBIE JOCTOBEPHO JEMOHCTPUPOBAIH
MOHWKeHHe win noseilieHre ypoBHs MPHK B oTBeT Ha cuHTe3 B kieTke antamepa PHK
Broccoli (tabnmma I11 Tpunoxenns). Becero Obuto BIsBICHO 115 Takux TEHOB, 4TO
cocTarJsieT mpuMepHo 1,8% oT 001iero yncia reHoB y S. Cerevisiae,

beuio oOHapykeHOo, 4TO 67 TEHOB XapaKTepU3YIOTCS TMOBBIIIEHUEM YPOBHS
cootBercTByomMX PHK mpu cuHTe3e penopTrepHoil KOHCTpYyKIMK ¢ antamepom Broccoli.
Jns 48 reHoB, Haobopor, HaOmomaercss mnoHwkeHue koiumdectBa PHK. Ilpu stom
OOHapyXEHHbIC TE€HBbl KOJAUPYIOT HE TOJbKO Oenku, HO U pasHble Bujabl PHK,
cuntesupyembie PHK-monmumepasoii 1, B wactHoctu, mansie snepusie PHK (MsPHK) u
maisble sapsikoBeie PHK (MsskPHK).

CuHHTe3 pernopTepHOl KOHCTPYKIMHU ¢ antamepoM Broccoli mpuBoauT k CHMKEHHIO
ypoBHst MPHK psita renoB, koaupyromux 0Ky 607611101 cyobeuHuIbpl pudocombl: RPL3,
RPL4A, RPL5, RPL10, RPL11A, RPL14A, RPL18A. Takxe momaBisieTcsl SKCIIPECCHs psaa
I'CHOB, KOIUpYroIux 6enku Majoi cyobenunanipl: RPS11A, RPS23B, RPS27B.

B 1ienom y npoxokeit S. cerevisiae Oosnpliinasi cyObeIMHHIIA PUOOCOMBI COMEPIKUT 42
OCHOBHBIX Oe€jlika M 10 2 KONUU JBYX JOINOJHUTEIbHBIX OeiakoB. B coctaB masoi
cyobeaunaniel BXxoasat 32 Oenka (Verschoor et al., 1998). To ecTh cuHTE3 permopTepHOM
KOHCTPYKIIMU Bo3jeicTByeT Ha ypoBeHb MPHK maioit yactu pubocoMHbIX O€NKOB. JTU
O€NIKM BBITIOJIHSIOT pa3nyHbie (YHKIIMM U PACIIONIATalOTCs B PAa3HBIX YaCTIX PUOOCOMBI

(pucyHok 12).
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Pucynok 12. Ctpykrypa pu6ocoMbl Apoxkeii S. cerevisiae (MonupuIInpoBaHo Ha
ocuoBe (Dinman 2009) u cootBercTByMOmIIciH cTpykTyphl 4V7R B 0aze manueix PDB
(lwwPDB consortium, 2019]). A) IlpencraBieHa cTpykTypa puOOCOMBI U O0O3HAYEHO
IPOCTPAHCTBEHHOE  PACIOJIO)KEHUE PUOOCOMHBIX OENKOB, KOAMPYEMBIX TI'€HaMH,
TIOJIABJIIEMBIMHU TIPH CHHTE3€ PEIIOPTEPHON KOHCTPYKIUU ¢ anrtamepom Broccoli. XKentbim
OTMEUEHBI Takue OEJKU B cOcTaBe Majlol cyobeauHulbl (koaupytores renamu RPS11A u
RPS23B). KpacubiM — Geku B cocTaBe OOJNbIION CyOBEeAMHUIIBI PUOOCOMBI (KOIUPYIOTCS
reramu RPL3, RPL4A, RPL5, RPL10, RPL11A, RPL14A, RPL18A). B) IlpeacraBnens
TOJIbKO 0003HAUYEHHbIE OEJIKU C COXPAaHEHUEM UX MPOCTPAHCTBEHHOI'O PACTIONOKECHHUS.

OnHy w3 rTpynm reHoB, y KoOTopblx ypoBeHb PHK wu3mensncsa npu cunTese
pernopTepHOl KOHCTPYKIMK ¢ anTtamepoMm Broccoli, coctaBuim reHbl, CBS3aHHBIC CO
crutaiicuaroM MPHK. B uwactHoctu, yBennuusancs ypoBenb PHK renoB SNR19 u LSR1,
komupyromux kitoueBble MIPHK — U1, kotopast y3HaeT 5’rpanuiy crutaiicunara, u U2,
KOTOpasi CBA3BIBACTCSI C TOYKOW BeTBIICHUs B coctaBe nHTpoHa (Kretzner et al., 1987; Riedel
et al., 1986).

B oTBeT Ha cMHTE3 penopTEPHON KOHCTPYKIUK BO3pacTaio Takxke koanuectBo PHK
reHoB, kogupyomux mansle sapeimkoBsile PHK (MakPHK), BoBieueHHble B co3peBaHue

pudocomubix PHK (Smarsky, Fournier, 1999). Dto kacaercs renoB MakPHK, comeprxanimx
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H/ACA mnocnenoBareasnocth (H/ACA-box) - SNR46 u SNR49. Dtu  msaxPHK
obecreunBarOT  O0Opa3oBaHWE TICEBIOYPUIAMHOB B  OMNPEACICHHBIX  MOJOKEHUSIX
co3pesatonux pudbocomubix PHK (pucynok 13 B) (Ni et al., 1997). Taxxe noBbImiaercs
aktTuBHOCTH TeHa SNR40, xomupyromero MsskPHK ¢ C/D mocnenoBareabHOCTBIO, KOTOPAs
ydacTtByeT B 2’O-MeTwivpoBaHuU onpeneiaeHHbX HykieoTuaoB pPHK (pucynok 13 B)
(Smarsky, Fournier, 1999; Lowe, Eddy, 1999). Dto mnpoucxoautr Ha (OHE CHUKCHHS
aktuBHOCTH TeHa NOPS6, Koaupyromero ouH U3 BaKHEHIIMX KOMIOHEHTOB KOMILIEKCA

oenkoB u cootBeTcTByronmx MsAKPHK, koTopsiii ocymectBiasier 2’O-meTwnnpoBaHue

(Gautier et al., 1997).

Pucynok 13. IIpocTtpancrBenHoe pacnosioxkenne pudocomubix PHK B cocraBe
Masioi cyobeauHuubl (18S) u Goabmoi cyobeauuunbl (5S, 5,8S u 25S) pudocombl
aposkkei S. cerevisiae (Monuduipoano Ha ocaose (Dinman 2009) u cooTBeTCTBYIOIIEH
ctpyktypbl 4V7R B 0a3e manueix PDB (JwwPDB consortium, 2019]). A) OGo3Ha4yeHbI
CTPYKTypa M TNPOCTPAaHCTBEHHOE pacmnojoxkeHue pubdbocomubix PHK B cocraBe manoii
cyosenuuuiel (18S) m Oombmioit cyowseauauiel (5S, 58S m 25S). B) OOGo3HaueHsbI
HYKJICOTH IbI, MoAauduimpyemsie ¢ yaactueM MIPHK, komupyembix renamu SNR40, SNR46

u SNR49. msPHK SNR40 nampasnser 2’O-metunupoBanue B mnojoxkeHuun U898 B 25S
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pPHK u B monoxennn G1271 B 18S pPHK. MaPHK SNR46 nanpasnser o6pa3oBanue
nceBaoypunuHoB B monoxkennn U2865 B 25S pPHK. maPHK SNR49 nampasnser
obOpazoBaHnue rnceBaoypuauHoB B nosioxkenun U990 B 25S pPHK u B monoxenusix U120,
U211 u U302 B 18S pPHK. ;s nccnenyembrx MakPHK xapakTepHo pa3zHoe pacnoyiokeHue

muieneit B PHK u ocymecTBiaeHre pa3inuHbix MOAU(BUKAITUH.

3.3 Ilosnyuenue mramma Apo:kxei S. cerevisiae ¢ nejneuuen B reie XRN/

C nmoMouipl0 MOJYYEHHOM B JIaHHOM paboTe penopTepHOM CHUCTEMBI Ha OCHOBE
anrramepa Broccoli Oputa mpopeMoHCTpUpoBaia BO3MOXHOCTh 3()()EKTUBHOTO CHHTE3a
HeOonbux Monekyn PHK B kinerkax gpoxokeil. C  HCHOJIb30BaHUEM METO/I0OB
TapPHCKPUIITOMHOTO aHajiu3a ObUI0O HW3YYEHO BIMSHHUE CHUHTE3a KOPOTKHX MOJIEKYJ
antamepoB PHK Ha aktuBHOCTH TeHOB, nporeccunr PHK u paboty Hykinea3 B kieTkax
apoxokedt S. cerevisiae. Ha cruemyromeM »Tame uccnenoBaHUs ObUla TpeayiokeHa |
oTpaboTaHa METOJIMKA IO MOTU(PHUKAIIMH IIITAMMOB JIPOXOKEH S. Cerevisiae ajs yBeaumueHus

crabunbHOCTH cuHTe3upyembix Mosiekyn PHK u anramepos PHK.

3.3.1 Ioayuenne miaasmuabl pPICZ-5’-3’-XRN1 1151 BHeceHUs Jejielud TeHa
XRN1

CrabuibHOCTh M BpeMsl cyliecTBoBaHMs ompeneneHHbIXx Mojekyn PHK B >xuBbix
KJIETKaX MOXKET pa3inyarhbCcsl B 3aBUCMMOCTHM OT WX TuNa W (QyHKUuH. Perymsuus
nerpananuu mMosiekys PHK sBisercs oqHuM M3 BaXXKHBIX YPOBHEN PETYISALUM DKCIPECCUN
reHoB. I'mapomus Monexkyn PHK B kimeTkax MOryT OCyIIECTBIATH pas3iUYHBIE DK30- U
SHAOHYKJIEa3bl. VX MOBBINIEHHAS aKTUBHOCTh MOKET YMEHBIIATh CTaOUIBHOCTh U BpEMsI
*n3Hu kopotkux PHK B knerkax.

B cBs31 ¢ 3TUM OB IPOU3BEECH aHAIM3 JIMTEPATYPhI U 0a3 TaHHBIX [ IPOKIKEN S.

cerevisiae. B pesynbTare ObLJI COCTaBJICH CHMCOK M3BECTHBIX HYKJIEa3, CPEAM KOTOPHIX B



173

KayecTBe OO0BEKTa JuId JalbHelIel paboTel Oblla BhIOpaHa 3K30HYKIIEa3a, KoAupyemas
renoM XRNI.

DBOJIOIMOHHO KOHCEepBaTUBHAs 5'-3'-3K30HYyKJIeaza XrN1 urpaer KiIo4yeByro pojb B
pacmane MPHK. Ilomumo 3TOro, oHa cmocoOHa MPOHUKATH B SIAPO M TMOJOXKHUTEIHHO
perynupoBaTh MHMLMALMIO TpaHckpunuumu. OHa TakkKe ydacTByeT B IpoOIeccax,
OIIOCPEIOBAaHHBIX MHUKPOTpyOOukamu, co3peBaHuu pudocomHoit PHK u mognepxanun
tenomep (Jones et al., 2012; Nagarajan et al., 2013).

JInsi OLEHKM BO3MOXKHOCTH MOAM(UKAIIMK IITaMMOB JpOXOKed S. cerevisiae s
YBEIMYEHUSI CTaOMIBHOCTH cuHTe3upyeMbix Moisiekyn PHK Obur momyuen mramm,
coneprkamuii genenuro B reHe XRNI.

OO0mast cxema 3KCIIEpUMEHTA MO MOJYUYEHHUIO IITaMMa JpOXOKeN C Aenenueil re’a

XRN1 npuBenena Ha pucynke 14.

| I ) ITPNel

3'HA S'HA
~N

2) ITLPNe2
3’HA 5'HA

3) Jlurnposanne B Bektop pPICZ

S-pZ-3XRN1 |

N/

4) NMposepKa 1 NoaroTosKa sektopa 5’-pZ-3’XRN 1

5) TpaHchopmaLmMa ApoKxKel u oTBop TpaHchopMaHTOB

I —
S’HA ZeoR 3'HA
S’HA XRN-1 3'HA

Pucynok 14. Cxema JKCIHEPUMEHTOB 10 BHECEHMI) JejlellUd B

NnocJieIoBaTeJIbHOCThL TeHa XRN1 y npoxikeii S. cerevisiae. O603HaYeHbl (DparMeHTHI,
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cooTBeTCTBYIOIME Miedam romosnorud S’HA  (cunum) u  3’HA  (kpacHbIM),
MOCJIE0BATEILHOCTU T'€HA YCTOMYMBOCTU K AHTUOMOTUKY 3eounHY Z€OR (3eeHbIM) U
Koaupyrolei mocineaobareabHoctd TeHa XRN1 (CepbiM) B cocTaBe reHoma.

CHayana ObUIO MTPOBENICHO OMpEACNICHUE KaK BBIIIECTOSIIETO, TAK U HUKECTOAIIETO

yuactkoB rena XRN1, B renome S. cerevisiae (pucyHok 15).

XRN1 Location: Chromosome VIl 175527..180113

¢ | ® ) © .
[BUD13> [hupas > | ROK1
Youizec | <[saEz ] T T
172000 173000 174000 175000 176000 177000 178000 179000 180000 131000 182000 183000 1840
Genetic Position: -111cM

Pucynok 15. Cxema jiokyca rena XRNI u coceHUX Y4aCTKOB U3 0a3bl JaHHbIX SGD

(https://www.yeastgenome.org/locus/SGD:S000003141).

Pa3mep rena cocrasmsier 4587 1n.H., Mbl BbIOpai 1B MEKT€HHbIE 00JIaCTH BBIIIE U
HIKe nocnenoBatenbHocTh JIokyca XRN1. Pazmepsl 3Tux mijedeil ToMOJIOrMU COCTaBUIIH
540 n.H. (s 5°) u 451 mH. (s 3°) cooTBeTcTBeHHO. K MX MOCIE10BaTEILHOCTSIM ObLIH
oI00paHbl COOTBETCTBYIOIINE MpaiMepsl (Tabiuma 3).

Xpomocomuyto JIHK napoxokeri S. cerevisiae (mramm D623) ucnonb3oBanu B
kadecTBe Martpunbl jiusa IIP-ammmmdpukanmm xkak 5°-, Tak u 3’- mUIedeid TOMOJIOTHH.
OnTumManbHbIC YCIOBUS IS aMIUTU(PUKAIIMU TT0A0Upaliu ¢ moMolbio rpaauentHoi [P, B
KOTOPOU MBI HCIOJI30BAJIM JUAIA30H PAa3IMYHbIX TEMIIEPATYP OTKUra MPaiMepoB (MEKITY
40 wu 60°C). Pesynbratei mnepBodt IIIIP mpeacraBmensl Ha pucyHke 16.
AMmununrpoBaHHbie (parMEeHThl COJEPKATU TMEPEKPHIBAIOIIUNACSI y4acTOK C CaWTOM

pectpukiuu EcoRI.


https://www.yeastgenome.org/locus/SGD:S000003141
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12 3456 7T 892

Pucynok 16. Duaexrpodoperpamma pesyabtaroB I[P ¢ renomunoin JIHK
AposKKel S. cerevisiae W mpaiiMmepaMu K 3'-roMoJiorTHYHOMY Iuiedy (2-5 mOpOXKKH,
oxunaemMbiid pasmep 451 1m.H.) u 5'-romosiormaHomMy riedy (6-9 TOpoKKH, OKUTACMBIN

pasmep 540 m.1.). 1 - Mapkep mmua JJHK 100bp (EBporen).

[lony4yeHHple (QparMeHThl OYMINAIM W3 arapo3Horo rens. Jlamee mnpoBOAUIN
cnenyrommit sran [ILP, B KoTOpOM B KayecTBe MaTpuUllbl HCIIOJb30BAIACH CMECh
noyiydeHHbIX (pparmeHToB. [Ipu sTom ucnonb3oanu npaiimepsl 3'XRN1-HA-F u 5'XRN1-

HA-R, conepxxamue caiitel BamHI (Tabnuna 3). B xone Broporo paynaa [P ¢parmenTs

coenuHsMCh B enuHblil pparment 3'-5'XRN1 (pucynok 17).

1 2345
980 n.H.

1000 11.H. — ™ ypeap.

Pucynok 17. Duaexrpodoperpamma pesyiabtaTtoB IILP co cmechio pparmenTos,
COOTBETCTBYIOIIUX 3'-roMOJIOTMYHOMY ILJIeYy M 5'-roMOJIOTHYHOMY ILJIeYy, B Ka4ecTBe
matpuubl 1 npaiiMmepamu 3'XRN1-HA-F u 5'XRN1-HA-R (nopoxku 2-5, 0XuaaeMbli
¢dparmenT 980 1n.1H.). Mapkep mua JJHK 100bp (EBporen, nopoxka 1).
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Ha xonmax momydeHHoro ¢parmenta Haxomastcs caitel BamHI, BBenennnie B
coctaBe mpaimMepoB. @parmMeHT oOpabatpiBami pectpukrazo BamHI u ounmmamu us
arapozHoro rens. OJHOBpEMEHHO TMpOBOAWIM pecTpukiuio 1miasmuasl  PPICZaB,
ucnoin3ys pectpukrassl BamHI u Bglll, koropbie 00pa3yroT 0 JMHAKOBBIC «JTHITKUE KOHITBD)
B MecTe paspe3anus. HyxHblil ¢parMeHT mia3Mujibl, COAEpkKaIIUi reH YCTOMYUBOCTU K
3€0LIMHY OTJAEJSIIM C MOMOIIBIO METOJIa MEKTPoope3a U OUUIIAIA U3 arapo3HOTO Telis.
®parment 3'-5'XRN1 u pparment mnazmuasl pPICZaB nuruposainu.

JlurasHoir  cMechto  TpaHchopmupoBamu  Oaktepun  E. coli, orOupanm
TpaHC(OPMAHTOB HA Cpee C AHTHOMOTUKOM 3€0LMHOM. 3 nmonydeHHBIX TpaHC(HOPMAHTOB

Boiessuin Toiazmuay PPICZ-5’-XRN-3’ u ananusupoBanu ee ¢ nomotisio [P (pucynok

18).

1 2 3 4 3

3000 m.HE—
1000 m.H. —

Pucynok 18. Duexkrpodoperpamma pesdyantaTroB IIILP-ananusza miazmuabl
pPICZ-5’-3’-XRNI1. 1 - mapkep amun JJTHK 1kb (EBporen); 2 - I[P nmpoayKT, moay4eHHbIH
c wucnosb3oBaHueM rmnpaimMepoB k 3' mieuy romonoruu (3'XRN1-HA-R) u reny
yCTORYHMBOCTH K 3eonuny (ZeoDown); 3 - I[ILP npoayKT, HOJydYeHHBIH ¢ HCIOJIb30BaAHUEM
npaitmepoB K 5' ey romosorun (5'XRN1-HA-F) u reHy ycToH4MBOCTH K 3€OLMHY

(ZeoUp); 4 - pesyaprat I[P c¢ npaiimepamu 5’HA-ZeoR-F u 3’HA-ZeoR-R, B xoxe
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KOTOPOH aMITU(UIIUPYETCSI BCS MOCIIEI0BATEILHOCTD TUIA3MUIBL;, 5 - pe3ybTaT MPOBEPKH
MOJIYYEHHOIr0 Janiee B xoAe pabotel mramma 1-D623 (cMm. pucynok 20). Pazmepsr Bcex
MOJIYYeHHBIX ()ParMEeHTOB COOTBETCTBOBAIM TEOPETUUECKU OKUTAEMBIM.

Cxema minazmugbl pPICZ-5’-3’-XRN1 npuBenena Ha pucynke 19.

BspHl Ms11,8sr01
Acul Mspall BsrOI

HindIIl
AlWNI HindIII
Plel,Mlyl
EcoNI
Mspatll

BseYI, Apall 8lpl

Xeal
EcoRl
Haell
Ecil
Beivl
BssSL+1

BseBI, Esp3l
Bell

DrdI
SfaNI

Ecil

Bpal
Nspl
Peil

pPICZ-5"-XRN-3’

Nspl
Mlul
BsrGl
Acll
PpuMI, +1

Eco01091
Beivl

Bbsl
Mfel
Avrll,Styl

I

BsrBl
Fokl,BtsCl

EcoRV
Stul
NoeAlll, +3
Dralll,BseRI,Ordl, +1
Eagl, NgoMIV, Nael, +1
Faul, Bgll

BtgZI Mlyl, Plel
SfaNI

NgoMIV,Nael, Fsel
NeeAITI, BsaXI, BsaHl
Banl
SexAl
Sgral,BrgBl Bbsl
Neol, Styl Mscl HinclI, BssHIT MauBI, BsaHl, +10 Hincll

Pucynok 19. Cxema niazmuabl pPICZ-5’-3’-XRN1 1J151 BHeceHus 1eJielud B I'eH
XRNI1 y npoxikeit S. cerevisiae. YKa3aHbl CIIEIYIOLINE dJIEMEHTHI: 3'-TOMOJIOTUYHOE TIEYO
(3°-HA), 5'-romonoruunoe mieuo (5°-HA), 6akTepraibHbIi OPUIKUH PEILTHKAIMH (OT1) U

I€H YCTOMYMBOCTH K 3€01IUHY (Z€0).

3.3.2 IlonyuyeHue mramMma JApo:x:xked c¢ aejenueid B reHe XRNI u oueHKa ero

JKU3HECIIOCOOHOCTH

[Tomyuennass mmazmuaa pPICZ-5’-3’-XRN Obiia JrMHEapu30BaHA PECTPUKTA3OM

EcoRI. O6pa3yromuiics mpu 3ToM (PparMeHT COAEPIKUT I'eH YCTOMYUBOCTU K aHTUOMOTHUKY
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3e0IIMHY, (JIAHKUPOBAHHBIM  IJIEYaMH TOMOJOTHH. OTHM  (parMeHTOM  ObLI
TpaHc(OpMUPOBaH mTaMM Jpoxoked S. cerevisiae D623 (ura3 lys2 leu2 trpl). Ot6op
TpaHC(HOPMAHTOB IPOBOAMIIN Ha ITOJHOM cpeie ¢ aHTUOMOTUKOM 3€0LIUHOM.

W3 KJI0HOB, YCTOWYUBBIX K aHTUOMOTHKY 3€01IMHY, ObliIa BhiAeneHa renomuast JJTHK.
C nomompto meroaa [I[P Obl10 mMOATBEPKIEHO HaIMUME B T€HOME y OTOOpaHHBIX

tpanchopmanToB Aeneiuu B rene XRN1(pucynox 20).

3000 m.H—
1000 m.H. —

Pucynok 20. Duexkrpodoperpamma pesdyiantatros IIIP-ananauza mramma 1-
D623 (ura3 lys2 leu2 trpl Axrnl ZeoR). 1 - mapkep mun JIHK 1kb (Eeporen); 5- TTLIP
MPOJYKT, MOJYYEHHBIH C UCIIOJIb30BaHUEM MpaiiMepoB K 5' uieuy romosoruu (5'XRN1-HA-
F) u reny ycroitunBocTH K 3eonuny (ZeoUp). Pasmepsl Bcex moiaydeHHBIX (parMeHTOB
COOTBETCTBOBAJIN TEOPETUYECKH 0KHIAEMBIM.

Takum oOpazom ObLT mostyueH mramm 1-D623 (ura3 lys2 leu2 trp/ Axrnl ZeoR),
coJieprKalluii Aesenuto B TeHe sHaonykiea3sl XRN1. Jlanee ObL1 mpoBeeH aHATU3 BIUSHUS
ATOM JeNIelIMH Ha KU3HEeCoCOOHOCTh mTamma 1-D623. Jlns aToro knetku mramma 1-D623
U KOHTpoasHOTO Tamma (D623) BeipammBanu B xxuakoi cpeae YEPD B Teuenue 4 yacos,

JAaJICC X BBICCBAJIM HA TBEPJABIC CPCAbI B BUAC CCPUN paBBeI[CHHﬁ.
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CpaBHenue pocta mramma AXrnl m ucxomnoro mramma D623 mokazano, 4To
nerenus reHa XRN1 He BiMsIa Ha €ro KM3HECIIOCOOHOCTh, HO HE3HAYHMTCILHO CHUIKAJIA

CKOpOCTb pocTa (pucyHok 21a, 0).

71076 1075 1074 10”3

‘9 8m @
zo-w.

giﬁr.

Figure 21. Poct apoxixkeii S. cerevisiae na cpene YEPD (a) u Md (0).

1, 2 - mramm D623 (ura3 lys2 leu2 trpl); 3, 4 — mramm 1-D623 (ura3 lys2 leu2 trpl
AXrnl ZeoR Axrn). Tlo 10 MK KJIETOYHOM CYCIIEH3HMH B TOCIEOBATEIILHOM Pa3BE/ICHUU B
nuanazone ot 10° no 10% koe/mMyn HaHOCMIM Ha YalIKy (ClieBa HAIPaBoO Ul KaXIOTO
IITamMMa).

Crnenyet ormetutb, uto nenerus rena XRN1 He okazana BIusHUS HA CTaOUILHOCTD

antamepa PHK Broccoli, no-Buaumomy, antamep He ABIsSETCS CyOCTPaTOM 3K30HYKJICA3bI

Xrnl.

Takum 00pa3oM, MpU BBINOJHEHUH PaOOTHI HaMHM OBLIO TPOBEACHA OICHKA
BO3MOXKHOCTH JKCIpeccuu nocienoparenbHocTr antamepa PHK Broccoli u ero cunTe3a B
KJIETKaX Jpoxokel S. cerevisiae. Mbl moka3aiu, UCTIOIb30BaHUE IKCIIPECCHOHHOM KacCeThI €
peryaupyeMbiM ipomoTopoM GALL okazanock Oojiee onTUMaIbHBIM BapraHTOM. [Ipu aTOM

antamep PHK, cuHTe3upoBaHHBII B KIETKax JAPOXKEH, IMPUHHMAT HATUBHYIO
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IPOCTPAHCTBEHHYIO CTPYKTYpy, O 4YE€M CBHIETEIbCTBOBAJA CIOCOOHOCTH CBSI3bIBATH
¢dyopecuentHsiit kpacutenb DFHBI-1T. [lenenus ctpykrypHoro reHa sk3onykineassl XRN1
HE3HAYNUTEIBHO CHWXXaJIA CKOPOCTh POCTa MYTAHTHOIO INTaMMa, HO HE BIMUIA HaA
crabuinbHOCTh antamepa. Cunrte3 antamepa PHK He mnpuBoann K  CHHKEHHIO
AKU3HECIIOCOOHOCTH KIJIETOK JPOXOKEH-IPOAYLEHTOB, HO CONPOBOXKJAICS H3MEHEHHEM
ypoBHs TpaHckpunuuu 115 renos. IloBbllieHrEe YpOBHS TpaHCKpUILIMK HaOmoAamu y 67
F€HOB, @ YPOBE€Hb TpaHCKpunuuu 48 reHoB mnoHmxkancid. Cpenu T€HOB C HW3MEHEHHBIM
YPOBHEM 3KCIIpECCHM ObUIM OOHApY’KEHbI T€HbI, KOAUPYIOIINE OElIKH U HEKOTOpBIE BUIbI
PHK, cunre3upyemsie PHK-nomumepaszoi II. OTcyTcTBHE CylIECTBEHHOTO BIMSHUSA CHHTE3A
antamepa PHK Ha >XH3HEAATENBHOCTH IITaMMA-IIPOAYLEHTA II03BOJIIET TOBOPUTH O

IMCPCIICKTUBHOCTU HUCII0JIb30BAHUA I[pO)K)KGﬁ I TIOJTYYCHUA alITaMCPOB PHK.
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4. OBCYXJIEHHUE

AntaMmepsl TMPEACTABISIIOT COOOM TMOCIEA0BATEIbHOCTH HYKJIEHMHOBBIX KHUCIIOT,
KOTOPBIE MOYKHO JIETKO 3alporpaMMHpPOBAaTh W CHHTE3UPOBATh JUISl  CBSI3BIBAHUS
MPAKTUYECKH C JIIOOBIM THUIIOM IIEJIEBOTO XHMMHYECKOTO BEIIECTBA, HA3BIBAEMOTO
«uranaom». [lodydeHHble anTamepbl HYKJIEHMHOBBIX KHCJIOT MOTYT OOpa30BbIBATh
pa3TuYHBIC TPEXMEpPHbIE KOHGOPMAIMK H3-32 CHJI JJICKTPOCTATHYCCKOTO MPUTSHKCHHS U
OTTaJIKUBaHUS, KOTOPbIE BapbUPYIOT B 3aBUCHMOCTH OT CaMOH IOCIIE0BATEIbHOCTH.
brnaromaps ceMd  TOPCHOHHBIM  CTENEHSM  CBOOOJBI  HYKIEOTHIOB  oOImas
MOCIIEI0BATEIHLHOCTh 00JIaZIaeT ONMpeAeNiEeHHOW THOKOCTHIO, YTO MO3BOJSET MPOUCXOIUTH
pa3IMYHBIM TPEXMEPHBIM KOH(popMalMoHHbIM u3MeHeHusM (Adachi et al., 2019).

Pasnpie koH(pOpMammu anTamepa 00JaJalOT Pa3HBIM CPOJICTBOM K OMPEIEIICHHBIM
JuTaHaaM. AmntaMmepbl OOBIYHO CBSA3BIBAIOTCA CO CBOMMH JIMTaHJIaMU-MHIICHSIMHU
HEKOBAJICHTHBIMU CBSI35IMHU, TAKUMHU KaK BOJOPOJHBIC CBSI3U, TT-T-CTIKUHT, TUCTIEPCUOHHBIC
cuibl JIOHT0HA, HOH-MOHHBIC B3aUMOICUCTBUS U TUITOJIb-IUIOILHBIC B3aUMOICHCTBHSI.

B nocnennue roasl Bce OONBIITNI UHTEPEC MCCIEI0BATECH MPUBICKAIOT anTaMephbl
PHK, »10 00ycnoBineHo tem, uto moJiekyisl PHK cmocoOHbl 0Opa3oBbiBaTh OO0JbIIIE
pa3HOOOpa3HBIX MPOCTPAHCTBEHHBIX CTPYKTYp, yeM JJHK (Guo, 2010; Shanaa O.A. et al.,
2021).

HccnenoBanus antaMepoB 3HAYUTENHFHO YCKOPWIIMCH BCJEICTBHE HCIIONTH30BAHMS
HOBBIX TEXHOJIOTUH B 00JIACTU MCKYCCTBEHHOTO MHTEJUIEKTa W MAIIMHHOTO O0y4YeHUs TIPH
pa3paboTKe OJMTOHYKICOTHIHON TOCIeI0BATEIBHOCTH s 1eeBoro juranaa (Xiao et al.,
2021; Song et al., 2020).

Anrtamepsl PHK ncmons3ytor B QpyHIaMEHTAIBHBIX UCCICNOBAHUSX NJISI U3YUCHHUS

AWHAMHWKH HYKJIICMHOBBIX KHUCJIOT B KJICTKE, PECryJsIIUU SKCIIPECCHUU I'CHOB U MeTaboau3Ma

(Dolgoshina, Unrau, 2016; Trachman et al., 2017).).


https://paperpile.com/c/JUin8x/iPTO+zsHr+daVC+3Mad
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AnTamepbl Takke MOTYT OBITh BOCTPEOOBaHBI Ui PELICHUS 3a7ad MPUKIATHBIX
OMOJIOTHUYECKUX, DKOJOTHYECKUX HCCIEIOBAHUI M MPOMBIIUIEHHHOTO HCIIOIb30BAHMUS.
Y4YuTHIBasK MIUPOKUH CTICKTP MHUIIICHEH arTaMepoOB OT OTACIBHBIX HOHOB JI0 LEJBIX KJIETOK,
¢iryopecieHTHBIE anTaMepbl MOTYT UCIOJB30BaThCS B KayeCTBE YYBCTBUTEIHHOTO
DJIEMEHTa Ui OOHApY>KEHHUs MAaTOTEHHBIX MUKPOOPTAaHW3MOB M M3MEPCHHsS KOJINYECTBA
orpeaeacHHbIX Mojieky (Zou et al., 2019).

AnTamepbl MOTYT OBITH MCTIOJIB30BAHBI Ui AMATHOCTUKH 3a00JIEBaHUM, BBISIBICHUS
OENKOB, aCCOIMMPOBAHHBIX C OIpENeICHHBIMU 3a0oieBaHUsAMU. biaronapsi BBICOKOM
CHCM(PUYHOCTH  CBSI3BIBAHUS  anTaMepoB ¢  O€IKaMU-MHUIICHSAMH, WX  MOXHO
paccMaTUpUBaTh B kKauecTBe aHasora anturen (Adachi, Nakamura, 2019). ITo cpaBHeHHIO €
aHTUTEJIaMH, KOTOpbIE COCTOST U3 20 aMMHOKHUCIIOT, aliTaMepbl MOT'YT UMETh 00JIe€ HU3KYIO
CTETICHb HM3MEHYMBOCTH, anTaMepbl HMEIOT MHOTOUYWCIICHHBIE MPEUMYIIECTBA TEpea
aHTUTEJIaMH, BKJIIOYasi BpeMs pa3pabOTKH, MEHBIIUN pa3Mep, MHUHUMAIbHBIA pazMep
MHUIIICHH, CTAOUIILHOCTD U CIIOCOOHOCTH K moBTOpHOM ykianke (Li et al., 2021; Chen et al.,
2023). B pe3ynbTaTe antaMepsl OTIMYaOTCs 001e€ HU3KOM MMMYHOT€HHOCTBIO U 00J1aJ1at0T
JydIeit crmocoOHOCThIO MPOHUKATh B TKaHu-mumeHu (Zhu et al., 2016).

VYike pa3paboTaH psija anTaMepoB, KOTOPbIE MOXXHO HCIOJB30BaTh B KaueCTBE
NOTEHUUAIbHBIX TEPANeBTUUECKUX CPEICTB NPU 3JI0KAYECTBEHHBIX HOBOOOpPA30BaHUSX,
3aboyieBaHuAX KpoBH, HHGEKINOHHBIX O0ose3usax (Afrasiabi et al., 2020; Li et al., 2021;
Aljohani et al., 2022). B HacTositiee Bpemst Oosiee 18 TeparneBTHYECKUX CPEICTB HAa OCHOBE
OJIMTOHYKJICOTHIOB, anTtamMepoB Obutn omoOpeHsl FDA s jedeHuss pa3IndHBIX
3aboneBanuii (Gragoudas et al., 2004; Thakur et al.; 2022; Egli et al.,, 2023).
TepaneBTruyeckue cpeacTBa JUisl JICUCHHs] paclpOCTPAHEHHBIX U peAKUX 3a00JeBaHUI Ha
ocaHoBe PHK cranoBsTcst Bce Ooiiee momy sipHBIMH M3-3a PA3IMYHBIX CIIOCOOOB JEHCTBUA,
TaKMX KaK aHTUCMBICIIOBOE pelakThupoBanue reHoma Ha ocHoBe CRISPR-Cas, perynsanus
sKcrmpeccun reHoB, omnocpenoBanHas PHK-untepdepennmeit, MPHK-akiuusr u PHK-

antameps! (Zhu et al., 2022).
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Jnisa mupokoro npuMmenenus antamepoB PHK nHeoOxoaumo pazpaboTaTh HOCTYIIHBIE
Y DKOHOMUYHBIE CTIOCOOBI UX MOTYUYCHHS.

CoBpeMeHHbIE METO/IbI TTOJTy4YeHHs 0MroHykieoTu10B PHK, B 0cHOBHOM, OCHOBaHBI
Ha XMMHYECKOM CHHTE3€ WJIM WCIONB3YIOT cucTeMy Tpanckpumiuu in vitro (IVT)
(Josephson et al., 1984). B IVT nocnenoBarensuocts JJHK, xoaupyromyio npoaykt PHK,
KJIOHMPYIOT TMOJI KOHTpOJIEM TMpoMoTopa, pacno3HaBaemoro JIHK-3aBucumoit PHK-
nosumepason ara, oosrano T7, T3 uimu SP6 (Beckert, Masquida, 2011). IIpodnemoii IVT
Y XMMHYECKOT0 CUHTE3a SIBIISIETCS HU3KUI BBIXOJ, BBICOKAsI CTOMMOCTb, HAJTMYNE KOPOTKUX
a0OPTUBHBIX TPAHCKPHUIITOB, HEOOXOIMMOCTh OUYUCTKH I 3aIuThl TpanckpunToB PHK ot
nerpanaru (Kao et al., 1999; Pregeljc et al., 2023). OxHuM U3 BO3MOXHBIX CHOCOOOB
MOBBIIEHUA KadecTBa M KkoimuectBa antamepoB PHK  sBisiercss wucnons3oBaHue
OpraHU3MOB-TIPOTYLIEHTOB.

B 2007 r. Obumn mosydeHsl mTammbl Oaktepuit E. coli, cunTesupyromiue
pekoMOuHanTHeie  TpaHckpuntel  PHK. Ilpu  sTomM  aBTOpbl  MacKupoBaIH
nocienoBateabHocTh pekomOuHantHoM PHK kapkacom TPHK, uToObl u30€xkarh ee
nerpanaru sHmorenHorn PHKaszoit E. coli (Ponchon, Dardel, 2007). [dpyroi#t moaxoa K
craOuim3anuu CTpykTyp pekomOunantHo PHK, mnpomymmpyemsrx E. coli in vivo,
3aKiIroyanca B LUpKyssipusauuu TpaHckpunta PHK s moseimeHus: ycTOMYMBOCTH K
nykieasam (Umekage, Kikuchi, 2009; Ortola, Daros, 2022). OqHako HH OAMH U3 JABYX
BAPUAHTOB HE MOJAXOJUT JJIA KPYMHOMACIITAOHOTO Mpou3BOACTBAa HAaHOCTPYKTYp PHK,
MOCKOJIBKY cmoco0bl 3amuThl pekomOunantHor PHK ot gerpagamuum Oynyt memarth
MOJTYYEHUIO KelaeMol KoH(opMaiuu, a Takke MnoTpedyercss oOpaboTka MOJy4eHHOTO
tpanckpunta PHKazoit H ans ynanenus duankupyrommx ¢parmenroB TPHK (Ponchon,
Dardel, 2007).

B 2017 r. coob1manoch 0 MONbITKax KPyMHOMACIITAOHOTO MOTYYEHUSI HAHOCTPYKTYP
HYKJIEMHOBBIX KHUCIIOT IN VIVO B KJIeTKax OakTepuii, HO TpU 3TOM TpeOOBAJIKCH
JIOTIOJTHUTEIIBHBIC MPOLEAYPHI 10 dKCTpakimu pekomOonnanTHoH PHK u3 kierok E. coli u

JNaJbHEUIIeH TEPMHUYECKOM M XHUMHYECKOM 00paboTke i TOJIydeHUsS HYKHOU
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koHpopmanuu (Praetorius et al., 2017). B 2018 roay mosBUIHCH CBEICHHS O CHHTE3E
cnokHbIXx  TpexmepHbix PHK-manoctpyktyp B E. coli, xoropeie obOnamamu
TEPMOJMHAMHYECKON CTAOMIBHOCTRIO W TMOAXOMAIIUMH KHHETHYECKUMH CBOWCTBAMHU.
ABTopbl myOnukanuu paspadotanu mnocnenoBarenbHocTs PHK, koTopas oOecneunBana
cHadajga (OPMUPOBAHWE BTOPUYHOW CTPYKTYpPHl - MIMIICK M HMX TOMOJOTHYECKYIO
CTaOMIIBHOCTH, a 3aTeM HeCTIapeHHbIC HYKJICOTH IbI 0OecTiednBan 00pa3oBaHUE TPETHYHOM
ctpyktypsl (Li et al., 2018). PaGoTbI 10 CO31aHUI0 OPraHU3MOB-TIPOIYIICHTOB alITAMEPOB U
Hanovactul] PHK moka orpannumBarotcs ucnonb3oBanueM Oaktepuii E. coli (Li et al.,
2018).

Hcnonp3oBaHne B KayecTBE  OPraHU3MOB-TIPOJYLIEHTOB  JYKapUOTUYECKHUX
OpPTaHU3MOB MPEJCTABISET 0COOBI UHTEPEC, T.K TIO3BOJISIET HE TOIBKO YCOBEPIICHCTBOBATH
TEXHOJIOTHUIO morydeHus antamepoB PHK in vivo, HO 1 BRISICHUTE UX ()YHKIIMOHHPOBAHUE B
KJIETKaX 3YKapHOT.

Br16op aposokeri Saccharomyces cerevisiae B kauecTBe mpojylieHTa antamepos PHK
ObUT OOYCIIOBJICH HECKOJBKAMHU TPUYMHAMHU. J[PONOKHU SIBISIOTCS DYKAPUOTUYCCKUM
MHUKPOOPTaHU3MOM, HX JIETKO KyJIbTHBHPOBATh, OHM O€30MacHbI sl paboThI B 1ab0paTOpuu
U He TPeOYIT JOPOTOCTOSIINX MHUTATENBHBIX Cpel, Ui H3y4YCHHsS JTOTO OpraHHW3Ma
pa3paboTaHbl TeHETHYEeCKue U Ouoxumuueckue Meroinl. Eme Oonee BakHOMU
XapaKTePUCTUKOMN APOAOKEH S. CErevisiae sBisieTcst To, 4TO OHU UMEIOT CXOICTBO BO MHOTHX
KJTFOUEBBIX MPOIIECcCaX ¢ MIICKOMHUTAIOIIMMH. [109TOMY MHOTHE UCCIIEIOBATENN TIPS JIaraiiu
NPOBEPUTH CIIOCOOHOCTH S. Cerevisiae mpousBoauTh HaHOCTPYKTYphl PHK B Gosbiimx
macmrabax (Drinnenberg et al., 2009; Sasano et al., 2017; Duman-Scheel, 2019; Chen et
al., 2022).

OnHO¥M U3 MHTEPECHBIX 0COOEHHOCTEH MpOsoKel S. Cerevisiae siBIseTCst OTCYTCTBHUE
cucrembl PHK-unTEpdepeHirm, 4To MOKET CIIOCOOCTBOBATh HAKOTUICHUIO TPAHCKPHUIITOB
pexomOnHanTHBIX APHK in vivo (Duman-Scheel, 2019). B kinetkax ¢ mexaau3mom PHK-
untepdepennmn nuPHK pacnosnatorcs u npeBpamatorcs B 60jiee MEIKHE TPAHCKPHUIITHI

SIRNA, koTopsie ajiee MOTyT y4acTBOBATh B TOJABJICHUN TPAHCKPHIIIIUU OTPEACICHHBIX
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reHoB u TpaHcmsauuu MPHK. Dta Qynkums sBasercs kioueBOM i MPOU3BOJCTBA
npoaykToB pekomOnHanTHoi PHK, Bkitouas antamepst, MPHK-BakiHbI 1 1ake CIOXKHBIE
ctpyktypsl PHK.

IIpu pazpaboTke noaxonoB st cuHTe3a antamepoB PHK B knerkax apoxoxei B
KauecTBe penopTepHON MoJieKyibl ucnosb3oBanu antamep PHK Broccoli Dtor antamep
MpeaCcTaBIsieT KOpoTKkyro MoJiekyny PHK, koTopas 3a cué€T cBO€il BTOPUUHOU CTPYKTYPHI
B3auMoJieicTByeT ¢ pimyopectieHTHBIM KpacutenemM DFHBI-1T u aktuBupyer ero (Quellet,
2016; pucynok 2). IlosBienue QiyopeciHIMUA SBISIETCS J0KAa3aTEIbCTBOM CHHTE3a
(GYHKIIMOHATBHOTO arTaMepa ¢ HATUBHOM BTOPUYHOM CTPYKTYpOH.

Antamep Broccoli B kommuiekce ¢ guyopectieHTHbIM KpacutesieM DFHBI-1T mmpoko
ucrosb3yercst s Busyanuszanuu Mosekynl PHK B kuBeIX KieTkax. HHTepecHOM
O0COOEHHOCTBIO IAHHOT'O anTaMepa sSBISIETCS BO3MOXKHOCTh €0 pa3/iesieHHs Ha JIBE YacTH,
KOTOpbIE MO OTAETLHOCTH HE CBs3bIBaloTcss ¢ Kpacutenem DFHBI-1T, "o mpwm
B3aMMOJICUCTBUM JIPYT C JAPYrOM CHOCOOHBI cOOMpaThCsi B (DYHKIIMOHAJBHBIN anTtamep
(Schneider et al., 2004). [lns ycuieHWss MHTEHCHMBHOCTH CHUTHana (iyopecreHnnn
UCTIONIb30BaIM TaHaeMHbIl oBTOp antamepa PHK Broccoli (Zinskie et al., 2018).

Ha ocHoBe mocienoBareabHOCTH, Koaupytomiei antamep Broccoli, mer momyuwnm
IUIa3MUIbBI,  COAEp)KAallMe  pPA3JM4YHbIE  BapUaHThl  JKCIPECCHOHHBIX  KacceT,
00ecreunBaoIIUX CUHTE3 MTOJIHOPA3MEPHOT0 anTaMepa B KJIETKaX APOKIKEH:

[lepBBIii BapuaHT AKCIPECCHOHHOM KacceThl ObLT OCHOBAaH Ha MPUMEHEHUU
npomoTopa rena SNR52, pacnoznaBaemoro PHK-monumepazoit Ill, u Tepmunaropa rena
SUP4. Jlns monydeHHs  OSKcnpecCHOHHOM  kacceTol  PSNRS52-x2Broccoli-SUP4
WCIOJIB30BAIM  HECKOJBKO mnocnenoBarenbHbix I[P ¢ npaiimepamu, coaepxammumu
NEPEKPBIBAIOIIMECS MOCIEAOBATENIBHOCTH, [lOMyYEeHHYI0 3KCIPECCHOHHYIO KacCeTy
PSNR52-xBroccoli-SUPAT kionupoBaiu B aposxokeBoi miazmuae pY ES2 u momydeHHO#
mwiazmuaoi pY ES2-PSNR-Br-TS tpanchopmupoanu npoxoxu (pucynku 9, 10).

Bropoii BapMaHT SKCHPECCMOHHOM KacceThl OblJla OCHOBaH Ha NPUMEHEHHUH

npomotopa reHa GALI1, pacno3naBaemoro PHK-nmomumepaszoit Il, u Tepmunaropa rena
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CYC1l. IIpomotrop rena GAL1l mno3Bomun oOecrednTh CHUHTE3 amnTamepa, CTPOro
pEryiaupyeMblil B 3aBUCUMOCTH OT UCTOYHHKA yriepoza B cpene. [Ipu Hanuuny riroko3sl B
cpelle JaHHBI MPOMOTOP PENPECCUPOBAH, a €ro HWHIYKUUS HAONIOAAaeTCsl B Cpele ¢
ranakto3oi. XapaktepHoil ocobenHocTtbio Mosekynd PHK, tpanckpubupyemsix PHK-
nosnuMepason |l sBisiercss HaMuue NpoTSKEHHBIX 5™ U 3’ HETpaHCIUPYEMbIX o0JacTeil u
MoAU(UKALMS KOHIIOB (KANMUPOBAHUE U MOJUaJeHIINpoBaHue). UToObl 00ecreunTh CHHTES
mosekya PHK ¢ 3agannbiMu 5° 11 3” KOHIIaMH B COCTaB KaCCEThI AKCIPECCUU ObLITU BBEICHBI
NOCJIEI0BATEIBHOCTH  PUOO3UMOB, (DIAHKUPYIOLIUE MOCIEAOBATEIbHOCTh —anrTaMepa
Broccoli (pucynok 3). Pudbosum Hammerhead, maxomsmmiicst ¢ 5° konna Broccoli, w HDV
pubo3uM Ha 3’ KOHIE OO0EeCHeumIM KOPPEKTHOE BBIIIEIUIEHHE MOCIEA0BATEIbHOCTH
antamepa u3 ImepBUYHOM Moiiekylisl PHK, 0 yeM CcBUAETENBCTBOBAIO MOSBICHUE
(GayopecleHIIMM MNPy B3aUMOJECUCTBHM CHUHTE3MPOBAHHOIO amnTaMepa C KpacUTeIeM
(pucynok 11A, B).

Jlnst monmydenus skcnpeccuoHHo kacceTsl PGAL1-HH-x2Broccoli-HDV-CYCILT
WCIIOJB30BAIM  HECKOJBKO mnocnenoBarenbHbix [IP ¢ mpalimepamu, comaepxammmu
NEepeKphIBAIOLIMECs]  MocheAoBaTeabHOCTH  (pucyHOK  5). Jlamee  moJydyeHHYIO
AKCIIPECCUOHHYIO KAacCETy KIOHHMPOBAIU B IPOXKKEBOM mnazmuae pYES2, monydeHHOU
mazmuoil PYES2-PGAL-Br-TC tpanchopmupoBaiiu apoxxu (pucyHku 6, 7, 8)

Panee Obln mpemyoxkeH Bapuant cuHTe3a antamepa PHK B kierkax apoxokeit c
ucnons3oBanueM PHK-nmomumepassr ¢ara T4 (Dower, Rosbash, 2002). Msi He
WCITOJIB30BAJIM OTOT BapHUaHT B CBSI3U C TE€M, YTO B ATOM Cliydae, CHadajia HY>KHO OBIJIO
MOJIYYUTh KJIETKUA JIPOXKKeH, cuHTesupyromue rereposornunyto PHK-nonumepasy ¢ara
T4. Takum 006pa3oM MOTyYEHHBIE B TabHEUIIIEM TPAaHC(HOPMAHTHI IPOKKEH JOKHBI Oy YT
CUHTE3UpoBaTh HE ToJbko antamepsl PHK, HO u rereposoruunbiii 6e10k. ITO MOXKET
OKa3aThbCsl CEPhE3HONM METa0OJIMYEeCKOW Harpy3kod M OTpPUIATENbHO CKa3aThCsl Ha
YKU3HECTIOCOOHOCTU KIIETOK-ITPOIYLIEHTOB.

[Ipu tpanchopmanuu o0OMMHU BapHaHTAMH TOJIYYEHHBIX HAMHU HKIPECCHOHHBIX

masmug PYES2-PSNR-Br-TS u pYES2-PGAL-Br-TC 6b111 mosydeHsl TaMmMbl JpOKIKeH
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D623 (pYES2-PSNR-Br-TS) u D623 (pYES2-PGAL-Br-TC), cunte3upyromniye anramep
PHK Broccoli, o ueM cBuIeTeI5CTBOBAIIO TOSIBIICHHUE (IIYOPECIICHIIMH TI0CTIe JOOABICHHMS
kpacutesst DFHBI-1T k knerkam tpancdopmanTos (pucyHok 11A, B).

Yposens ¢uryopectiennnn, HabmoaeMbiid y Tpaachopmanta D623 (pYES2-PGAL-
Br-TC) ObL11 3HaUMTENBHO BhIIIE, UeM y TpaHchopmanTa D623 (pYES2-PSNR-Br-TS). Msl
MPOBOJMIN JIBYXCTaJIMMHOE KYJIbTUBUPOBAHHE OSTOTO IlITaMMa, CHayalla Ha cpefie ¢
TIFOKO301 B KaU€CTBE HCTOYHHUKA YTIIEpPO/1a MPOUCXOIUIIO TOJIBKO HapaliuBaHue OMoMacchl,
MPOMOTOP B 3THUX YCJIOBUSIX PENPECCHUPOBAH, TPAHCKPUIIIUMU arTaMepa HE MPOUCXOJIHUT.
TonbKkO TpU MEpEeHOCE BBIPOCIIUX APOXOKEH B HOBYIO CpPEeAy C TajJaKTO30H B KadecTBE
MCTOYHHKA YTIIEpOJia MPOUCXOUIa aKTUBAIMS MTPOMOTOPA U HaYyWHAJIACh TPAHCKPHUIIIIUS
antamepa. Takas cxemMa KyJbTUBHPOBAaHUS MPOJYIIEHTOB IMO3BOJSET CHU3UTH
MeTa00IMYECKYI0 Harpy3Ky Ha ApOXKEBYIO KIEeTKy. B ciyudae Tpanchopmanta D623
(PYES2-PSNR-Br-TS) skcnipeccus antamepa HaunHAETCS cpa3y, BO3MOXKHO, OTPUIIATEIILHO
BIIMSSI HAa POCT W MeTaboNIMYecKue mporecchl aApoxxed. Kpome Toro, B 3TOM
IKCIPECCUOHHON KAaccCeTe TPACKPHIILIUIO TMOCIEAOBATEILHOCTH anTaMepa KOHTPOJIHPYET
npomoTop Tena SNR52, a He cuibHbIE mpoMoTop reHa GALL. Takum obOpazom, ObLIO
MPOJIEMOHCTPUPOBAHO, YTO JAPOXOKH CIIOCOOHBI CHHTE3UPOBATh (PYHKIIMOHAIBHBIC
annramepel  PHK, a perymupyemas skcmpeccust ITOCIEAOBATEIBHOCTH — alramepa
obecreurBaeT 0osiee BRICOKMH YpOBEHb CHHTE3a anTramepa Broccoli B kieTkax apoxokeit S.
cerevisiae.

Hcnone3ys B kauectBe mpoxayueHta antamepa PHK Broccoli mtamm aposxokeit ¢
Jenened CTpYKTypHOTro TeHa dk30Hykiea3bl XRN1, koTopas, B YacTHOCTH, HIpaeT
KJIFOYEBYIO poJib B pacnane MPHK, MblI Hajgesyncy yBEnWUYUTH BBIXOJ anTaMepa 3a CYET
MOBBIIICHUST €ro CTaObWiIbHOCTH. Jlemenus OSTOro TeHa He oOKa3aja BIUSHUS Ha
XKU3HecnocoOHocTh ImTamma 1-D623, Ho um He mpuBena K jKellaeMOMYy pe3yibTaTy —
MOBBIIICHUIO CTAOMILHOCTH amTamepa. Bo3mokHO, 3k30HYKIeaza Xrnl He mpuHUMAeET

ydactus B aerpajganuu kKopotkux PHK ¢ 4eTko Beipak€HHOW BTOPUYHOM CTPYKTYPOH.
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Kak Obut0 MOKa3aHO MpU aHaNW3€ TPAHCKPUITOMA APOXIKEH, CHHTE3UPYIOIIUX
antamep PHK, npoucxoaut usmenenue yposust PHK 115 renos (tabmuua I11). ¥V 67 renos
HaOmronany noseieHue ypoHs PHK, y 48 renoB - cumkenue konudectsa PHK. ITpu atom
UCCJIeIOBaHHbBIE T€HBI KOJIMPOBAIIU HE TOJIbKO Oenku, HO U pasHbie Bubl PHK. Cpenu renos
co cHkeHHbIM ypoBHeM MPHK oxazanuch cTpyKkTypHbIE T€Hbl HEKOTOPBIX PUOOCOMHBIX
O0enkuoB, KOoTOphie BoBieueHbl B mpoueccuHr pPHK u co3peBanue pubocom. MoxHO
NPEANoJIOXKUTh, YTO CHHTE3 PENOPTEPHOM KOHCTPYKLUHH, COAEpKauleil OoibIioe
KOJIMYECTBO BTOPUYHBIX CTPYKTYpP, KAaKUM-TO 0Opa3oM BIMAET Ha MPOIIECCHHI MOJICKYJI
pPHK, 4To npuBOAUT K M3MEHEHUIO SKCIPECCUU I€HOB, BOBJIICUCHHBIX B HETO Ha Pa3HBIX
JTarnax.

Opnako 0Oojee BEpOSTHOW BBIMJISAUT THMIIOTE3d, COIVIACHO KOTOPOM MpU CHHTE3E
pENopTEPHOM KOHCTPYKLIMHM HAapyLIAlOTCA MPOIECChl CO3PEBAHUS W CTA0MIBHOCTH
uccienyembix MPHK pubocomusix 6enkos, npyrux MPHK, a Taxke maPHK u msaxPHK.
BbIsiBIIeHHBI HA0Op pa3HOOOpa3HbIX TEHOB, AJII KOTOPBIX H3MEHSETCS KOJIMYECTBO
cootBercTBytomux PHK, cBs3an oOumumu sTanamu u KomnoHeHTamu mnporeccudra PHK.
Tak ObLIO OOHAPYXKEHO, YTO PSII MCCIEIYEMBbIX T€HOB PUOOCOMHBIX OEIKOB COIEPKUT
uaTpoH. O10 rensl RPS11A, RPS23B, RPS27B, RPL14A, RPL18A. Ilpu stom mis mpe-
MPHK rena RPL/8A4 panee ObLIO TMOKa3aHO, YTO €ro MHTPOH (HOPMHUPYET BTOPHYHBIC
CTPYKTYPBI B BUJIC IIMHJIEK. ITH BTOPUUHBIE CTPYKTYPHI sBisitoTcss mutiienbto PHKaszer 1,
xoaupyemoii renom RNT1 (Danin-Kreiselman et al., 2003).

PHKa3a Ill Takxe BoBJieueHa W B MPOIECCUHT 3’KOHIIA MPEAIICCTBEHHUKOB psijia
MsaPHK. B nanHoii paboTe oHy U3 Tpynn reHoB, y KoTopsix ypoBeHb PHK u3mensics npu
CHHTE3€ PernopTepHON KOHCTPYKIKHU ¢ anTamepoM Broccoli, coctaBuim reHbl, CBI3aHHBIC
co crutaiicuarom MPHK. B uactHocTH, peus uzper o0 yBennuenun ypoBHs PHK renos,
koaupytomux kimrodeBbie MIPHK - SNR19 u LSR1. T'en SNR19 komaupyer msaPHK UL,
KOTOpasi 00ecreunBaeT paclo3HaBaHUE TPAHUIIBI MEXTY HHTPOHOM U 5’ sk30HOM (Kretzner
et al., 1987). I'en LSR1 xoaupyer MasPHK U2, xoTopas cBsi3bIBa€TCS C TOUYKOW BETBJICHHS B

cocraBe cruiaiicupyemoro untpoHa (Riedel et al., 1986). Taxke yBemuuuBaics ypOBCHb
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PHK rena PRP46, xoaupyromiero oauH u3 KOMIIOHEHTOB OenkoBoro komiuiekca NTC
(NineTeen associated Complex) (Albers et al., 2003). JlaHHbIi KOMIUIEKC HaYyMHACT
paboTaTh B cocTaBe CIUlaiicocoMbl BO BpeMs u mocie BbicBoOOxaeHus U4 maPHK. On
crabmmmzupyet US u U6 MaPHK Bo Bpems mocneayomux KaTaTuTHIECKUX ITAIIOB pabOThI
CIUTAMCOCOMBI, TIPU KOTOPBIX MPOUCXOJUT BBIPE3aHHE HWHTPOHA B XOJE€ JIBYX
nocie0BaTeIbHBIX peakiuii TpancaTepudukanuu (Chan et al., 2003; Chan, Cheng 2005).

Cnenyet otmeTuTsh, uto npeamectseHHK MIPHK Ul u U2 gBastores npoaykramu
PHK-nonumepa3ssl |1, moaToMy OHM MOABEPraroTCs COOTBETCTBYIOUIMM MOAU(UKAIMIM Ha
5’ u 3’ xoHuax. [Ipu nmpoOOMOAroTOBKE AJIsi TPAHCKPUITOMHOIO aHAJIA3a HCIOIb30BaIU
Habop, oOecneunBatomuii cunTe3 kJIHK Ha ocHoBe omuro-nT mnpaiimepa, KOTOpBIi
IPUCOEAMHSETCd K NOJU-A TOciHeAoBaTelNbHOCTH Ha 3’ KoHue. TakuM o0pasowm,
nonyueHHeie naHHble 00 yBenudeHumn ypoBHA PHK remoB SNR19 u LSR1 wmoryr
CBUJETEIbCTBOBATh HE TOJBKO OO YBEIMYEHHH MX 3KCIPECCHUH, HO U O BO3MOXKHOM
HapylIEHUW  MPOLUECCMHra UX 3’  KOHIIOB, MPUBOASIIEM K  HAaKOIUICHHUIO
MoJMaICHUIMPOBaHHbIX He3penbix PHK.

JlefcTBUTENBHO, paHee ObUIO MPOJEMOHCTPUPOBAHO, UTO HApPYILIEHUE B paboTe reHa
RNT1 npuBOAAT K HAKOIJIEHUIO HE MOJHOCTHIO MPOLIECCUPOBAHHBIX, HO (DYHKIIMOHAIbHBIX
MsaPHK U2 coxpansronux 3’ koHen ¢ moiu-A mocienosareiabHocThio (Abou Elela, Ares,
1998). D10 oueHb XOPOIIO COYETACTCS C PE3YJIbTaTaMH JTAHHOW paboThl, B KOTOPOM OBLIO
POJIEMOHCTPUPOBAHO MOBBIIICHUE YPOBHEH MOIMaAeHUIMPOoBaHHBIX He3pebix MaiPHK Ul
u U2, komupyembix reHamu SNR19 u LSR1. MoOXHO TpeAmnoiokuTh, YTO CHHTE3
pEenopTepHON KOHCTPYKIMHU, COAEpKalllel OOJbIIOe KOJIMYECTBO BTOPUYHBIX CTPYKTYD,
BiusieT Ha paboty PHKas3m! |1, Hanpumep, oTBiiekast Ha ceOs yacTh pepmMeHTa. ITO, B CBOIO
ouepeib, MPUBOJIUT K HAPYIICHUIO MPOIECCUHTA U cTabmibHOCTH psiga monekyn PHK, B
co3peBanue kotopbix 3ta PHKa3a BoBineuena. U B pesynbrate mposBistoTcss 3G EKTHI,
cxoanble ¢ 3¢ dexkramu, HaOMIOAaeMbIMU TpH HapyeHuu padoTsl reHa RNT1. B wactHOCTH,

HAKOIUICHHE IMOoJIMafeHUInpoBanubiX mnpeamectBeHHrnkoB MAPHK (Abou Elela, Ares,

1998).
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B otBeT Ha cuHTE3 penopTEpHON KOHCTPYKIMU Bo3pacTano koiandectso PHK reHos,
kogupyromux Manele sapsimkoBele  PHK  (MaxkPHK), BoBiedenHsle B co3peBaHHE
pudocomubix PHK (Smarsky, Fournier, 1999). Dto kacaercs renoB MakPHK, comeprxarnimx
H/ACA mnocnenoBarensHocth (H/ACA-box) - SNR46 wm SNR49. Otn wmaxPHK
o0ecreynBalOT  00pa3oBaHUE  IICEBJIOYPUIAMHOB B  OMNPEICICHHBIX  MOJOKEHUSX
cospeBaromux pudocomusix PHK (pucynox 13 B) (Ni et al., 1997). Takxe moBsIacTcs
akTuBHOCTH TeHa SNR40, xomupyromero MsskPHK ¢ C/D mocnenoBareabHOCTBIO, KOTOPAs
ydactByeT B 2’O-MeTwivpoBaHuU onpeneneHHbIX HykieoTuaoB pPHK (pucynok 13 B)
(Smarsky, Fournier, 1999; Lowe, Eddy, 1999). Dto mnpoucxoaut Ha (OHE CHUKCHHS
aktuBHocTU reHa NOP56, koaupyromero oauH U3 BaXKHEUIINX KOMIIOHEHTOB KOMIUIEKCA
oenkoB u coorBercTByrommx MIKPHK, koropsiii ocymecteiser 2’O-MeTunupoBaHHUe
(Gautier et al., 1997).

s uccnenyembix MSkPHK xapaktepHo pa3zHoe pacnosoxenue muinened B PHK u
OCYILECTBJIICHUE Pa3IUYHbIX MoAU(UKAIUNA. DTO TMO3BOJISIET MPEANOJIOKUTh, YTO
HaOJII0IaeMOE YBEJIIMUYEHUE YPOBHS TMOJMAJECHUIMPOBAHHBIX MPEAIIECTBEHHUKOB 3THX
MsakPHK cBs13aHO HE ¢ OIMHAKOBBIM M3MEHEHHUEM IKCIPECCUU COOTBETCTBYIOLIMX T€HOB B
OTBET HAa CHHTE3 PEINOPTEPHOM KOHCTPYKIMH B KJIETKaX. boyiee BEpPOSTHOM BBITVISIAUT
TUIIOTE3a, COTJIACHO KOTOPOU MPU CUHTE3€ OOJBIINX KOJTUYECTB KOHCTPYKIUU C allTAMEPOM
HApyIIAIOTCST  TPOIECCHl  CO3peBaHUS W CTaOWIbHOCTH ucchenyembix  MakPHK.
HenictBurensHo mumieHssmu PHKazbr 1 sBasitores Taxke nmpeaiecTBEHHUKH pa3iMYHbIX
msakPHK (Chanfreau et al., 1998), B tom umcime SNR40 u snR46. Hapymienune wux
npolieccunra u3-3a oreiedeHus aktusHoctd PHKas3e1 |1 pu cunTes3e 00nblnx KOIUYecTB
mouiekys1 PHK ¢ penopTepHo#t KOHCTpYKITHEH MOXKET 0O bSICHUTH HA0JIF01aeMOE HAKOTIIICHUE
UX MOJINAJICHUINPOBAHHBIX MPEAIIECTBEHHUKOB. AHAJIOTUYHO TOMY, KaK 3TO MPOUCXOIUT
s paccmotpenHoi Boiie MaPHK U2 npu Hapymenun padotet PHKas3er 111 (Abou Elela,
Ares, 1998).

PHKas3a Il yuacTByeT B poI1leCCUHTE U Jerpaallii CaMblX Pa3HOOOPa3HbIX MOJIEKYJ

PHK (Gagnon et al., 2015). Iloka3aHo ee y4acTHe B PEryjsldd CHHTE3a CYObEIUHHII



191

tenomepassl. Hapymenue pabdorel rema RNT1 y nmposxokeit S. cerevisiae mpuBOIUT K
MOBBIIICHUIO SKCIPECCUU TEHOB TelioMepasbl, B yacTHocTH reHa TLC1, koaupyromero eé
PHK-cyobenunuiy (Larose et al., 2007). DTo odeHb XOPOIIIO COUETACTCS ¢ pe3ysibTaTaMH
JTAHHOU pabOThI, KOTOPHIE IEMOHCTPUPYIOT, YTO CUHTE3 B KJIETKAX JIPOXOKEH penopTepHOn
KOHCTPYKIIMH C anrtamepoM Broccoli, mpuBouT K yBETHMYCHHUIO KOJTMYECTBA TEIOMEPa3HOM
PHK, konupyemoii renom TLCI.

PHKa3za Ill yuactByer B 3ammre KIETOK OT HM30BITOYHBIX KOHIIEHTPALU HMOHOB
xene3a. [Ipu n30bITKe Kene3a OoHa pacrno3HaeT U paspesaer mmnuwibku B MPHK reHos,
BOBJICUCHHBIX B €T0 TpaHCIOPT BHYTPH KieTkn — FIT1-3, ARN1-4, FRE1-2 (Martinez-Pastor
et al., 2013). B pesynpTaTe NPOUCXOAMT OBICTpas Jerpajaliisi COOTBETCTBYIOIIUX
TpaHCKpUNTOB. B naHHOW paboTe He HAONIOAANM 3HAUUTEIBHBIX MU3MEHEHHM B YpOBHSX
MPHK »T1ux renos. Onnako, Ha0moganu yBennuenre ypoBHs MPHK rena FRAL B oTBet Ha
cuHTe3 Oonpunx kKonnyecTB penoprepHbix PHK ¢ antamepom. Koaupyemslit aTum reHom
OeoK BXOJUT B COCTaB KOMIUIEKCA, KOTOPBIM TMOAABIAET TPAHCKPHUIILUIO TEHOB,
o0eCIeUnBaOIINUX TPAHCIIOPT U MeTaboau3M skeie3a (Kumanovics et al., 2008). B xone
IPOBEJICHHOTO JKCIIEPUMEHTA KIETKH S. Cerevisiaé KyJbTHBHPOBAIM B Cpele C
JIOCTaTOYHBIM KOJIMYECTBOM >Keie3a. MOXKHO MpEeArnoiI0kKUTh, YTO B OTHUX YCIOBHUAX
HapylieHue padoTsl perynaropHoro mexanusma c¢ yaactuem PHKaswr |1, mpusonsmero
Jerpajlallid TPAHCKPUIITOB T'€HOB, OO0ECIEUMBAIOLIMX TPAHCIOPT JKeje3a B KIETKY,
KOMIIEHCUPYETCs aKTUBALIMEN Ipyroro MexaHu3ma ¢ yuyactuem Oenka Fral.

PHKas3a Ill urpaet BaxxHyI0 poJib B pEryJsliMd CUHTE3a OCIKOB KJIETOYHOW CTEHKH
(KC), B oTBeTe KIJIETKM Ha pa3iM4HbIe CTPECCOpHbIE BO3AecTBus, cBsi3aHHble ¢ KC, u B
KOHTpoJIe mporieccos, mpoucxopsaimx ¢ KC B xoxe menenns kierok (Catala et al., 2012). B
Hamieil pabore HaOmomaercs usmeHeHue ypoBHedr MPHK psima reHoB, BoBieueHHBIX B
ouorene3 u ¢dynkmonupoBanne KC y S. cerevisiae. Ilpu cuHTEe3e pemnopTepHOi
KOHCTPYKITUH ¢ anTamepoM Broccoli B kiteTkax poxokei yMeHbIanoch komuaectBo MPHK
resoB CCW12, MUM3 u CWP2. I'en CCW12 xoaupyeTr MaHHOIIPOTEHH, Y4aCTBYIOIIUN B

dbopMupOBaHHN HEAaBHO CUHTE3MpoBaHHBIX ydacTkoB KC mpoxokei (Ragni et al., 2011).
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[Tpoxaykt rena CWP2 siBisieTcst OTHUM U3 OCHOBHBIX MaHHOIIPOTenHOB B coctaBe KC (van
der Vaart et al., 1995). Ilpogykr rera MUM3 pabGortaeT mpu oOpa3oBaHMHM BHEUTHEH
obomoukn B xozae cmopyisuu (Engebrecht et al., 1998). Takum o00pa3oM, MOKHO
MPEIONOKUTh, YTO cuHTe3 antamepa PHK B kieTkax gpoxoked HE TOJBKO HU3MEHSET
ypoBeHb ornpeaencHubix PHK, HO u Bauser Ha addextuBHOCTs padotet PHKaszer I,
YyuuthiBas pazHo0Opa3ue PyHKIUN 1 cyOCTpaTOB 3TOTO epMEHTA, MOKHO 3AKITIOYUTH, YTO
PHK-a3a |1l moxeT urpath KJIIFOUEBYIO POJIb B OTBETE KIETKH APOAOKEH HA CHHTE3 anTaMmepa
PHK.

Hecmotps Ha To, yto cuHTe3 antamepa PHK npuBoaun k n3menennto yposas PHK
115 reHoB, 3TO HE CKa3ajoCh Ha >KU3HECIIOCOOHOCTH MITAMMOB-IIPOAYLIEHTOB. [loaTOMY
pa3paboTaHHbIE B HACTOSIIIEH PabOTe MOIX0IbI K MOTYyYEHUIO (PYHKIITMOHAILHOTO anTamepa
PHK Broccoli MmoryT ObITh B 1alibHEMIIIEM UCIIONB30BaHbl B HaHOOMOoTexHOJoruu PHK st
CUHTE3a B APOXIKaX alTaMEPOB C 3aJaHHOU CTPYKTYpPOM, CHOCOOHBIX B3aUMO/IEHCTBOBATS C

OIpCACICHHBIMU JIMTaHJaMH.



193

5. BBIBO/IbI
Ha ocHOBaHMM NOJIyYEHHBIX PE3YyJITATOB MOKHO CIIEJIATh CIEAYIOLINUE BbIBOIBIL:
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TPOACKEN-TIPOAYLIEHTOB, HO CONPOBOXKIAAETCS M3MEHEHHEM YPOBHSI TPAHCKPHUILMH psAla
I€HOB, KOHTPOJUPYIOLIUX O€JIKU CyOBeAMHULL pUOOCOMBI, @ TAK)KE IPOLIECCHI CO3PEBAHUS U
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Table S1. Results of DEseq2 analysis for genes with differentiated expression in yeast synthesizing RNA aptamer

Gene - gene names (retrieved from NCBI and SGD)

baseMean - the average value of the number of normalized reads
log2FoldChange — logarithm of expression level change

IfcSE - standard error of log2FoldChange value

stat - Wald test statistic value

P value - p-value

P adj value - adjusted p-value by the Benjamini-Hochberg method

List of genes with RNA levels decrease in response to reporter construct synthesis in cells
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0.9410826948 0.21062925

CwWpP2 78092 2396009

62.7889148
729763

0.8135060036 0.18273998

ASC1 23055 5625853

125.904449
228004

0.5614160212 0.12658309

TDH1 78743 2932811

11.5907767
544796

2.6698109726 0.60211406

MDH2 8571 6218605

14.2568960
261727

2.0628755455 0.48235039

TDAS 7827 9090797

4.5694977
3370821
4.5644066
6873153
4.5658466
9305772
4.5610772
3165405
4.5381963
8568699
4.5000104
7696358
4.4946828
8869651
4.4679581
9750973
4.4517131
8601638
4.4351580
3154483
4.4340617
8741621
4.2767157
4329921

4.8889445273614
5e-06

5.0090897841171
9e-06

4.9748225330084
e-06

5.0891856748480
3e-06

5.6737410216286
9e-06

6.7950113352082
4e-06

6.9673699029304
8e-06

7.8969732432413
5e-06

8.5187900862881
1le-06

9.2004771779738
9e-06

9.2474104816967
3e-06

1.8967073805299
9e-05

0.0002115388470
76371

0.0002121744978
03027

0.0002121744978
03027

0.0002133216995
3738

0.0002306175138
48827

0.0002680698589
49784

0.0002722009367
90216

0.0003026420983
88602

0.0003219729314
7078

0.0003413906401
68327

0.0003413906401
68327

0.0006523376495
08776
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YBR031 RPL4 56.0622279 0.8251574451 0.19343719 4.2657640 1.9921925174871 0.0006680485575

44 W A 430731 08681 8648011 3543863  3e-05 30685

YKL145 28.7935212 1.2213487851 0.28675793 4.2591629 2.0519381468910 0.0006783786807
45 W RPT1 187236 0615 54371 8792034  3e-05 31147

YNL143 21.9747237 1.4500382075 0.34257861 4.2327166 2.3088536101652 0.0007501493829
46 C 585869 333 8204299 1008499  2e-05 30102

YJR105 59.0695785 0.7940701800 0.18808488 4.2218712 2.4228246994230 0.0007799557272
47 W ADO1 277891 53525 6623319 7477087  5e-05 38267

YCLO11 15.8512042 1.7989840521 0.42916860 4.1917885 2.7676391714268 0.0008838873036
48 C GBP2 764884 1872 906087 281856 4e-05 36634

YELO71 48.9319521 0.8726657820 0.20845371 4.1863766 2.8344287407735 0.0008980898624
49 W DLD3 988683 91778 9830821 3458357  9e-05 3094

List of genes with RNA levels increase in response to reporter construct synthesis in cells

log2FoldChan
Gene baseMean ge IfcSE stat pvalue padj

YGRO027 5177.55666 0.9274029367 0.03505721 26.453984 3.2832595163505 1.3211836293794

1 wW-B 246038 77303 18876608 4112282  7e-154 7e-150
21S_R 8950.69685 0.9140171214 0.03464483 26.382495 2.1761332344838 4.3783800677814

2 Q0158 RNA 244304 73512 13152821 9387327  3e-153 7e-150
YLR157 1891.42369 1.0295667978 0.04214435 24.429529 8.3064626234515 8.3563013991922

3C-B 001149 9585 71018339 0923075 e-132 e-129
YNCGOO SNR4 417.496429 1.1610053834 0.07351377 15.793031 3.4747128040598 2.3303740539228

4 24W 6 877927 1531 58146927 5855613 7e-56 2e-53
YNCBO0O0 1747.67476 0.6324454505 0.04252534 14.872201 4.9943489019475 2.8710371402052

519C LSR1 098585 46266 12055643 6712123  4e-50 Te-47



YELO21
6 W
YBRO012
7 W-B
YDRO70
8 C
YMR169
9C
YARO010
10 C

11 Q0055

12 Q0050
YER103
13 W
YNCNOO
14 05C

15 YIL136W
YDRO74
16 W
YMLO54
17 C
YGR243
18w
YKR009
19 C
YDR508
20 C
YOR161
21 C
YKRO72
22 C
YLLO29
23 W

URA3

FMP1

ALD3

Al2

All

SSA4

SNR1

OM45

TPS2

CYB2

MPC3

FOX2

GNP1

PNS1

SIS2

FRA1

653.322779
119522
66.0373221
090167
182.293355
594755
485.263486
010032
362.625542
597384
390.032000
807443
974.742295
080594
722.174395
614217
178.018368
606943
248.839850
390842
93.2168843
54478
74.9216016
727923
264.592767
452754
37.0239382
875122
136.994121
211802
43.4531779
526771
73.0422913
75705
100.046563
525315

225

0.8577524462 0.05994433
16019 36601607
2.5082535124 0.20940054
7505 7241925
1.2758640019 0.10775227
2918 9820584
0.7881704567 0.06743678
70348 64005978
0.8473776568 0.07654686
32268 16912422
0.8199846516 0.07409743
6818 46877849
0.5652459911 0.05114588
8704 27809911
0.5987235665 0.05720122
80126 16102242
0.9403370535 0.10627587
06954 6381379
0.7271572479 0.09008886
75309 83663472
1.1610420401 0.14784635
1044 0229111
1.2750686838 0.16594602
5681 4582844
0.5962403147 0.08725105
53222 25395401
1.5693243623 0.24551123
6103 047738
0.7545524811 0.11931307
37564 0810959
1.3843046958 0.22148949
8834 8768574
1.0005380043 0.16487025
6635 3367172
0.8414504827 0.13965223
9728 2190122

14.309149
7368013
11.978256
721446
11.840714
6842145
11.687544
7191143
11.070050
9218815
11.066302
8365725
11.051642
0961478
10.466971
6786802
8.8480762
0999978
8.0715549
1196002
7.8530314
6348366
7.6836350
076001
6.8336174
4527976
6.3920675
2094224
6.3241393
0853466
6.2499789
0908926
6.0686387
2610249
6.0253278
4189038

1.9184449515811
9e-46
4.6193517886760
le-33
2.4039564479714
7e-32
1.4759187773537
7e-31
1.7530096896937
3e-28
1.8278710431312
8e-28
2.1524129063272
6e-28
1.2249928523936
9e-25
8.9040841579882
4e-19
6.9408493254614
9e-16
4.0609973515962
5e-15
1.5463683659653
2e-14
8.2799648529376
5e-12
1.6365759601734
5e-10
2.5464791722986
9e-10
4.1050811568720
6e-10
1.2899896093044
4e-09
1.6876717549573
2e-09

9.6497781064533
9e-44
2.0653635108480
3e-30
9.6735207466371
9e-30
5.3991792364287
e-29
5.6579639058155
8e-26
5.6579639058155
8e-26
6.1866496679006
4e-26
3.0808570237701
4e-23
1.9905574806524
8e-16
1.3299989374122
4e-13
7.4279333376469
6e-13
2.5927442936018
5e-12
1.3327431427288
4e-09
2.2708902288751
6e-08
3.4156773964433
e-08
5.2782828363109
9e-08
1.5267406434826
7e-07
1.9403403262709
3e-07



YNCNOO
24 18W
YOLO081
25 W
YKL217
26 W
YDL214
27 C
YORO023
28 C
YMRO045
29 C
YMR250
30 W
YHRO033
31 W
YPR149
32 W
YDR316
33 W-B

SNR4

IRA2

JEN1

PRR2

AHC1

GAD1

NCE1
02

Gene

YMR303
34 C

35 Q0085
YLR410
36 W-B
YKRO054
37C
YBR117
38 C
YPL239
39 W
YNCNOO
40 01W

ADH2

ATP6

DYN1

TKL2

YAR1

SNR4
0

33.9212653
409708
223.267415
132445
41.2193951
481103
46.1941414
928606
69.5442328
424506
108.022392
338259
71.5984039
606918
208.285711
000747
159.432334
463537
99.9506030
19725

baseMean
51.0597122
629782
25.7886638
379389
12.9564827
388411
15.4702461
147937
32.0285171
997431
25.3357441
436006
37.4632195
598165

226

1.5157558289 0.25526399
8814 5256205
0.5574606568 0.09418118
6165 74924781
1.3240468247 0.22622028
3302 7798073
1.2320528402 0.21138977
6922 408673
0.9800831026 0.16847859
64557 9147093
0.7723199771 0.13388829
13814 5965138
0.9451456050 0.16568062
18283 6849708
0.5542534792 0.09728303
92256 38766616
0.6135599999 0.11040284
92518 2418478
0.7718178442 0.13924300
37044 3094011

log2FoldChan

ge IfcSE
1.0668859001 0.19851930
761 757787
1.6128392515 0.30112701
6771 3921632
2.6711043796 0.50933987
8392 4493895
2.2387222985 0.42994183
7885 2539944
1.3423207700 0.25940336
2441 0974812
1.5380801814 0.30042374
5915 5426557
1.2008742776 0.23531655
1346 8167037

5.9379930
4702882
5.9190234
4516704
5.8529092
930643
5.8283464
5427894
5.8172557
6794997
5.7683905
1947388
5.7046235
458515
5.6973292
9993688
5.5574656
1005051
5.5429560
3432184

stat
5.3742173
1514763
5.3560098
4635489
5.2442475
3184316
5.2070352
9906189
5.1746467
9324162
5.1197024
3655441
5.1032289
7363234

2.8853227640727
9e-09
3.2385880154915
3e-09
4.8304760768059
6e-09
5.5979269321035
5e-09
5.9821573491983
5e-09
8.0032178143594
3e-09
1.1660049670566
5e-08
1.2169872890383
7e-08
2.7371989136893
7e-08
2.9740755689737
9e-08

pvalue
7.6916048105202
9e-08
8.5079874432816
8e-08
1.5692141337671
3e-07
1.9188160248714
e-07
2.2834252706143
5e-07
3.0601812165433
6e-07
3.3390658925505
5e-07

3.1379834601699
7e-07
3.3415585062404
9e-07
4.7409355446505
4e-07
5.3633471368535
e-07
5.5981863193428
3e-07
7.3193064738596
3e-07
1.0426675527635
4e-06
1.0645993154544
3e-06
2.3435081763161
7e-06
2.4932666853230
3e-06

padj
6.1902035515067
3e-06
6.7129689160324
5e-06
1.1914184291092
3e-05
1.4298732748300
9e-05
1.6120181208688
e-05
2.0523615358950
8e-05
2.2026887133808
8e-05



YGR237
41 C

YDL174
42 C

YJR049
43 C

YFLO31
44 W

YLR203
45 C

46 YILO45W

47 Q0075
YDL215
48 C
YBR212
49 W
YGRO19
50 W
YPL147
51 W
YNCBO0O
52 10W
YGR248
53 W
YOR290
54 C
YLR330
55 W
YLR182
56 W
YCR010
57 C
YKLO10
58 C

DLD1

UTR1

HAC1

MSS5

PIG2

Al5_B

ETA

GDH2

NGR1

UGAl

PXAl

TLC1

SOL4

SNF2

CHS5

SWI6

ADY2

UFD4

39.7988076
278411
104.574863
157588
64.1566006
056302
129.887648
728829
18.9785259
491356
159.181517
464676
59.3988473
947692
15.6116711
099699
65.2972720
042661
56.6780968
339772
85.9018790
78928
156.991441
627593
42.4731544
01267
92.1946506
810138
81.3644327
072369
13.5089557
979557
58.5505887
292302
36.7890704
396939

227

1.1597192447 0.22765221
0239 8136466
0.6814175720 0.13563081
78508 535582
0.8669711143 0.17454228
97005 3985041
0.5862142852 0.12166056
36129 8719082
1.7027043577 0.35678569
9475 7830113
0.5231591567 0.11020794
13547 7659532
0.8602092136 0.18133427
57867 9396997
1.9302332429 0.40837661
7856 927751
0.8148807277 0.17237504
81591 5289664
0.8582371483 0.18584164
35559 0797232
0.6903358659 0.14964064
70523 2749066
0.5046533073 0.11085995
83107 7158607
0.9938641073 0.21877110
32938 2187808
0.6532233390 0.14415444
24443 8769277
0.6926170333 0.15359751
91802 2350269
1.9978568932 0.44629383
4181 934799
0.8135144440 0.18278587
54416 587064
1.0399061717 0.23492720
9865 8470083

5.0942584
8865306
5.0240616
0643394
49671122
35516
4.8184411
0551311
4.7723447
6648082
4.7470184
1222698
4.7437760
6108661
4.7266007
6963633
4.7273706
3774076
4.6181100
4602549
4.6132912
3751595
4.5521694
2453892
4.5429405
3187946
4.5314129
7130514
4.5092985
0876969
4.4765504
6316697
4.4506417
1495478
4.4265037
6076417

3.5010882011444
2e-07
5.0589997190079
8e-07
6.7957261192748
2e-07
1.4468421955710
2e-06
1.8209344704624
3e-06
2.0643716615818
8e-06
2.0977073948140
8e-06
2.2830951553170
7e-06
2.2744587474586
4e-06
3.8725088272205
2e-06
3.9634233126252
4e-06
5.3095549281119
5e-06
5.5474905107558
e-06
5.8590473992945
6e-06
6.5042336033648
4e-06
7.5858743915159
e-06
8.5614074720112
8e-06
9.5772713462547
2e-06

2.2723191808718
e-05
3.1808460733262
7e-05
4.2070772159941
4e-05
8.0862402708024
9e-05
9.6413688278168
4e-05
0.0001078835268
33837
0.0001082201866
24767
0.0001148396863
12449
0.0001148396863
12449
0.0001770792672
81084
0.0001792001731
46112
0.0002202644229
97139
0.0002277867532
17157
0.0002357680673
47613
0.0002591389704
94457
0.0002935149860
71731
0.0003219729314
7078
0.0003503539990
66627



YBLO75
59 C

YNRO47
60 W

YKRO098
61 C

62 YILOS7C
YPL151
63 C
YDLO085
64 W
YDR361
65 C
YDLO74
66 C

67 YJL131C

SSA3

FPK1

UBP1

RGI2

PRP4

NDE2

BCP1

BRE1

AIM23

100.239427
962574
51.5747603
903873
35.2462737
29943
127.607110
016945
13.1198913
04669
31.4032414
855992
8.53519507
34195
14.4322764
48923
11.7299094
593826

228

0.6052785302 0.13811291
51782 3292884
0.8515613085 0.19505619
43026 9000313
1.0475043354 0.24036948
6319 2560257
0.5306953986 0.12259868
39113 7739737
1.9445739716 0.45516107
8111 4242387
1.0967738276 0.25676905
213 8568544
2.7852361286 0.65401960
9578 5077031
1.7858653848 0.42194601
804 2551002
2.0362246911 0.48778304
56 7466405

4.3824904
9868509
4.3657228
6811381
4.3578923
7596165
4.3287200
5747498
4.2722765
2302615
4.2714407
7925777
4.2586431
7686277
4.2324499
6222007
41744474
3463792

1.1733028443786
e-05
1.2670303933356
9e-05
1.3132092784239
3e-05
1.4997842736663
4e-05
1.9348742727721
3e-05
1.9421410524762
6e-05
2.0567146881013
9e-05
2.3115935259277
5e-05
2.9871017719687
9e-05

0.0004253487068
26981
0.0004552259198
91325
0.0004635398365
24376
0.0005247940797
59422
0.0006567374449
71805
0.0006567374449
71805
0.0006783786807
31147
0.0007501493829
30102
0.0009390701195
6269
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BJAT'OJAPHOCTHU

51 xoten 661 mobnaronaputsh Cankt-IleTepOyprekuii rocyjapCTBEHHbBIN YHUBEPCUTET
3a MPeI0CTaBICHUE MHE CTUIICHIUU ISl TPOJIOJKEHUSI MOel pabOThI HAJl IMccepTalueit Ha
ouonornueckoM  dakynprere.  Takke  Xouy — moOmarogapuTh  JAPYXKHBIH  H
BBICOKOIPO(ECCHOHANBHBIN KOJIEKTHB JTA00paTOPUU OMOXHUMHUYECKON TeHETUKU Kadeaphl
reHeTHuKu U OunorexHosoruu. Ocobas OJarolapHOCTh MOEMY HAyYHOMY PYKOBOJUTEIIO
[TankuHot MapuHe BrmagumMupoBHE 3a BCE YCUIMS, KOTOPBIE OHA MPUIIOXKUIA IS
3aBepIlIeHUs 3TOM paboThl. S xoTen Obl mobarogapuTh AHapes MuxaitnoBuya PymsiHiieBa
3a TO, YTO OH Bcerja Obul B JaOOpaTopuH, YTOOBI TIOMOYb, U 3a BCE HABBIKH, KOTOPBIM S
HAy4UJICSA Y HEro, 0COOEHHO B 00JIACTU N€HETUKH, OMOXUMUU U MOJIEKYJISIPHOM OHOJIOTUU.
Cnacu6o AHtoHy BurambeBuuy CupopuHy 3a nomois B OMOMH(GOPMATHUYECKOW YaCTH

paboTHI.





