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Abstract—Resolving first crystal structures of prokaryotic and eukaryotic ribosomes by our group has been based on the
knowledge accumulated over the decades of studies, starting with the first electron microscopy images of the ribosome
obtained by J. Pallade in 1955. In 1983, A. Spirin, then a Director of the Protein Research Institute of the USSR Academy
of Sciences, initiated the first study aimed at solving the structure of ribosomes using X-ray structural analysis. In 1999, our
group in collaboration with H. Noller published the first crystal structure of entire bacterial ribosome in a complex with its
major functional ligands, such as messenger RNA and three transport RNAs at the A, P, and E sites. In 2011, our laborato-
ry published the first atomic-resolution structure of eukaryotic ribosome solved by the X-ray diffraction analysis that con-
firmed the conserved nature of the main ribosomal functional components, such as the decoding and peptidyl transferase
centers, was confirmed, and eukaryote-specific elements of the ribosome were described. Using X-ray structural analysis,
we investigated general principles of protein biosynthesis inhibition in eukaryotic ribosomes, along with the mechanisms of
antibiotic resistance. Structural differences between bacterial and eukaryotic ribosomes that determine the differences in
their inhibition were established. These and subsequent atomic-resolution structures of the functional ribosome demon-
strated for the first time the details of binding of messenger and transport RNAs, which was the first step towards under-

standing how the ribosome structure ultimately determines its functions.
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INTRODUCTION

Proteins are synthesized on ribosomes, universal
ribonucleoprotein complexes that read genetic informa-
tion encoded in the messenger RNA (mRNA) and cat-
alyze formation of peptide bonds between amino acids in
a programmed order, resulting in the formation of a new
polypeptide chains [1]. These giant organelles with a
molecular mass of ~2.5 MDa in bacteria and up to
4.5 MDa in higher eukaryotes consist of numerous pro-
teins and long-chain ribosomal RNAs (rRNAs). Despite
the fact that ribosomes and their main functions were

Abbreviations: cryo-EM, cryogenic electron microscopy;
mRNA, messenger RNA; DC, decoding site; PTC, peptidyl
transferase center; rRNA, ribosomal RNA; tRNA, transport
RNA.

* To whom correspondence should be addressed.

described more than 60 years ago, large size and highly
dynamic nature of these macromolecular ensembles have
limited their structural studies. It has become obvious
that at least theoretically, the only method that could pro-
duce structural data with the atomic resolution, which
was ultimately sought for by the researchers, was X-ray
diffraction analysis.

Our knowledge on the three-dimensional ribosomal
structure in 1990s was based mainly on the fragmentary
information  obtained by nuclear  magnetic
resonance (NMR) and X-ray diffraction analysis of small
rRNA domains and 10 individual ribosomal proteins [2-
6]. The relations between the ribosomal structure and
functions have been derived from the models generated by
electron microscopy (EM), neutron diffraction, and
molecular modeling based on the results of biophysical
and biochemical experiments [7-9]. Later, crystals of
ribosomal domains containing rRNA fragments and ribo-
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somal proteins have been obtained and their structures
have been resolved [3, 5].

The models for the asymmetric structures of the 30S
subunit (V-shaped model) and the 50S subunit (crown-
like model) were suggested in the laboratories of Viktor
Vasiliev and James Lake [10-12]. Further progress in the
investigation of the low-resolution structures of ribosome
and ribosomal complexes has been achieved using the
reconstruction of 3D images of ribosomes from the EM
images of ribosomes in a thin layer of frozen liquid (cryo-
EM) [13, 14]. In the end of 1990s, two research groups
independently elucidated the structure of the
Escherichia coli bacterial ribosome used the cryo-EM
approach. The diameter of the bacterial ribosome
(~220 A) and all previously described classic features of
the small subunit, including head, neck, gap, and plat-
form, as well as three appendages in the upper part of the
large subunit, were confirmed with a 25 A resolu-
tion [11, 15]. The overall size and shape of the subunits
and the general geometry of their association were
described. Although some RNA helices were visible at
this resolution, it was difficult to distinguish proteins and
RNAs. Further development of this method and exami-
nation of more ribosomal complexes allowed to localize
transport RNAs (tRNAs) on the inner surface of the ribo-
somal subunits, and the existence of the E site for the
tRNA binding was clearly demonstrated [7].

Mutual arrangement of ribosomal proteins, identifi-
cation of neighboring proteins and RNA sequences inter-
acting with proteins, as well as rRNAs sequences and pro-
teins participating in the formation of functional sites on
the ribosome have been elucidated with the help of pro-
tein—protein and RNA—protein crosslinking, affinity
linking, and modification [16-18]. Unfortunately, these
approaches have provided controversial information, as
they examine only a small fraction (sometimes <1%) of a
ribosomal preparation, which might not be structurally
homogenous. Nevertheless, several models of ribosomal
subunits have been suggested based on the results of such
experiments, which has stimulated further studies,
including validation of the suggested models. In particu-
lar, the model of the 30S subunit proposed by Spirin,
Vasiliev, and Serdyuk was based on the results of EM of
ribosomal subunits, as well as on the data produced by
immuno-electron microscopy and protein-protein
crosslinking. This model was validated experimentally
using the techniques of neutron and X-ray scattering in
solution [19]. Another approach — molecular modeling of
small ribosomal subunits — was based on the phylogenet-
ically predicted secondary structure of 16S RNA [20, 21].

One of the most important achievements in the stud-
ies of ribosomal structure was a map describing location
of centers of masses for 21 ribosomal proteins in the small
subunit, which was obtained by the neutron scattering
technique [22]. This approach allows to determine the
distance between the centers of masses of two proteins in
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the ribosome. Although the model proposed based on
these results was later found inadequate, it initiated the
studies aimed at its validation and has prompted many
fruitful discussions in the “ribosome community”.

The experiments on the step-wise extraction of pro-
teins from the ribosomal subunits using gradually increas-
ing LiCl concentration followed by examination of the
obtained ribonucleoprotein particles by EM showed that
the shape of the ribosome is defined by rRNA [23, 24].
These results were used for modeling both the small ribo-
somal subunit and the three-dimensional structure of
subunits based on the predicted secondary structure of
rRNA [25].

An integrated approach involving phylogenetically
determined secondary structure of 16S RNA [25, 26], the
map of the centers of masses of proteins in the 30S sub-
unit generated by neutron scattering [27], chemical prob-
ing of rRNA at different stages of subunit assembly
[20, 28, 29], and results of UV-crosslinking of rRNA [30]
was used for modeling RNA in the structure of the 30S
subunit.

The first structures of the entire bacterial ribosomes,
bacterial 30S subunit, and archaeal 50S subunit were
obtained in the end of 1990s and beginning of 2000s as a
result of extensive X-ray crystallography studies. These
discoveries have initiated an avalanche of new studies on
the ribosomal protein synthesis, which have significantly
expanded our understanding of the functioning of this
molecular machine [31-33].

Substantial knowledge in experimental biochemistry
and ribosome hydrodynamics acquired during our work
in the Spirin laboratory at the Institute of Protein
Research has led us to the development of new methods
for the isolation and crystallization of bacterial and, later,
eukaryotic ribosomes. Here, we describe the strategy and
key steps in the research conducted primarily in our lab-
oratory, which have resulted in the resolution of the first
crystal structure of prokaryotic ribosome and its function-
al complexes, as well as to our recent progress in deter-
mining the first crystal structure of eukaryotic ribo-
some [33-38]. Resolving the crystal structure of eukaryot-
ic 80S ribosome was a breakthrough in the structural and
functional studies of eukaryotic ribosomes, which allowed
to rationalize existing biochemical and genetic informa-
tion, and, eventually, can stimulate the development of
future experimental models for investigating different
aspects of protein biosynthesis.

CRYSTALLIZATION OF BACTERIAL RIBOSOME
AND RESOLUTION OF ITS STRUCTURE

Bacterial ribosome with the sedimentation coeffi-
cient of 70S is formed by the small and large subunits
(30S and 508, respectively). Each ribosomal subunit is
composed from rRNA, which comprise two thirds of its
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mass, and ribosomal proteins (one third of subunit mass).
The large 50S subunit contains two rRNAs, 5S (120
nucleotides) and 23S (~ 2900 nucleotides), while the
small 30S subunit contains only one 16S rRNA (~ 1500
nucleotides). The protein portion of the 30S and 50S sub-
units consists of 21 and 33 individual proteins, respective-
ly [1].

The first attempts to produce the three-dimensional
crystals of ribosomal subunits suitable for the X-ray dif-
fraction examination were conducted in 1980s. The first
crystals of the 50S subunits isolated from Bacillus
stearothermophilus and Haloarcula marismortui were
obtained in the Max Planck Institute in Berlin by the
Ada Yonath group in collaboration with Heinz-Giinter
Wittman [39, 40]. These pioneer studies demonstrated a
possibility of using X-ray crystallography for investigating
ribosomes [41]. At this time, Alexander Sergeevich
Spirin, then a Director of the Institute of Protein
Research of the USSR Academy of Sciences, initiated
creation of our research group tasked with the develop-
ment of approaches for elucidating the structure of the
ribosome. In 1983, the collaborative Ribosome
Crystallography Project was started at the Institute of
Protein Research and Institute of Crystallography of the
USSR Academy of Sciences.

Now, 40 years after the start of this project, it can be
definitely stated that the most challenging and lengthy
part of our work was the search for the conditions ensur-
ing generation of crystals from ribosomes and their sub-
units suitable for the X-ray diffraction examination
(which is true for any crystallography project). We have
developed techniques for purification and crystallization
of ribosomes from the bacterium Thermus thermophilus (a
novel model organism for laboratory studies), which is an
extreme thermophile (the optimal growth temperature for
this organism is 75°C) [42-44]. Later, this experimental
model was used for resolving the structures of the small
30S subunit [32, 45] and of the entire 70S ribosome in a
complex with its functional ligands, such as tRNA and
mRNA [33, 46, 47]. This model is still used in modern
crystallographic and cryo-EM studies of translation and
its regulation [48-50].

Two steps were found to be crucially important in the
development of techniques for the isolation and purifica-
tion of ribosomes from 7. thermophilus. The first step is
purification of ribosomes by sedimentation in a high-
density solution of CsCl and sucrose, that was suggested
by Zurab Gogia (Institute of Protein Research). The sec-
ond step is hydrophobic chromatography on the TOY-
OPEARL Butyl column (Tosoh Bioscience, Germany)
suggested by Sergei Trakhanov (Institute of
Crystallography). This step allows to obtain ribosomes
with tightly attached subunits suitable for crystallization.

This two-step protocol was used with minor modifi-
cations for the crystallization of three types of ribosome
crystals. The first crystal form was produced at the
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Institute of Protein Research, thus confirming that X-ray
analysis could be used for investigating the structure of
the ribosome and its functional complexes [42-44]. The
second crystal form was used for the elucidation of the
structure of ribosome in a complex with mRNA and
tRNA at a resolution of 7.8 A [46] and then at 5.5 A
[33, 47]. These studies were conducted in collaboration
with the group of Harry Noller from the Center for
Molecular Biology of RNA, University of California,
Santa Cruz. The third crystal form was produced in the
laboratory of Venki Ramakrishnan and used for deter-
mining the ribosome structure with a resolution of 2.8 A
[51]. Earlier, the structure of E. coli ribosome was deter-
mined with a 3.5 A resolution in the Jamie Cate labora-
tory [52].

Our group was the first to produce the crystals of
T. thermophilus 30S subunit [53, 54]. After optimization
of conditions for the crystal growth and acquisition of X-
ray diffraction data, this crystal form was used for deter-
mining the structure of the 30S subunit in the laboratories
of Venki Ramakrishnan and Ada Yonath [32, 45]. In the
same manner, the crystals of the 50S subunit earlier
obtained in the Ada Yonath laboratory [55] were used by
Peter Moore and Thomas Steitz for elucidation of the
structure of the 50S subunit of H. marismortui ribosome
after optimization of crystal growth conditions and data
acquisition [31, 56].

The crystals of individual ribosomal subunits (30S
and 50S) were used for investigating their functional com-
plexes with ligands mimicking mRNA and tRNA mole-
cules, as well as for studying the decoding center (DC)
and peptidyl transferase center (PTC) of the ribosome
[57, 58]. The high-resolution structures of the 30S sub-
units from 7. thermophilus [32] and 50S subunits from
H. marismortui [31] and the electron density map of the
entire 70S ribosome were used by our group for modeling
the entire 7. thermophilus ribosome [33, 46].

CRYSTAL STRUCTURE
OF BACTERIAL RIBOSOME

The three-dimensional structures of the 70S ribo-
some and its subunits were characterized by different
electron microscopy methods in 1980s [10, 11]. The gen-
eral morphology of the small subunit includes the follow-
ing main blocks: “head” and subunit “body”. The body
includes the shoulder, the platform; and the structural
element between the head and the body termed the neck
(Fig. 1). The large subunit has a more compact structure
consisting of a round base with three protuberances
named the Ll-protuberance, the central protuber-
ance (CP), and the L7/L12 stalk. A significantly higher
resolution was achieved in 1990s due to the introduction
of the technique of the cryo-EM image reconstruc-
tion [59].
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Fig. 1. Structure of T. thermophilus ribosomal subunits based on the X-ray diffraction data. Left panel, inner side of the subunit surface with
tRNAs in the A (yellow), P (orange), and E sites (red); L1 protuberance, central protuberance (CP), L7/L12 stalk, and position of the PTC
are shown in the large subunit. Right panel, head, body, and platform of the small subunit.

Crystallographic examination of bacterial ribosome
demonstrated that the protuberance on the head of the
small subunit consists exclusively of the h33 helix, while
the CP of the large subunit is composed of the 5S rRNA,
part of the 23S rRNA, and ribosomal proteins L5, L18,
L25, and L33. More detailed analysis of the subunit struc-
ture allowed to identify the role of domains in the rRNA
secondary structure. In particular, the 5'-domain of the
16S RNA forms a body of the small ribosomal subunit,
the central part of the 16S RNA form the platform, and
the 3’-domain forms the head of the subunit. Overall, the
crystal structure of the ribosome corroborated the pre-
dicted secondary structure of the rRNAs [33].

Resolution of crystal structures of bacterial riboso-
mal subunits and the entire 70S ribosome allowed to
describe more than 50 structures of individual ribosomal
proteins and to localized them on the ribosome. The
presence of the globular domain, which is usually located
on the ribosomal subunit surface and of the long unstruc-
tured amino acid sequence that penetrates deep into the
so-called subunit core consisting almost entirely of
rRNA:s, is a characteristic feature of most ribosomal pro-
teins. Structural analysis revealed that binding of riboso-
mal proteins to various rRNA helices provides a connec-
tion between different domains of the ribosome.

The most surprising observation in the crystallo-
graphic analysis of the entire ribosome was most likely the
fact that ribosomal proteins were absent on the contact
surfaces of ribosomal subunit, which implied that the
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functional centers of the ribosomes consist entirely of the
rRNA. Prior to that, it had been presumed by analogy
with the cellular enzymes that the enzymatic activity of
the ribosome is mediated exclusively by proteins. We were
the first to demonstrate in 1986 the absence of ribosomal
proteins on the contact surfaces of ribosome subunits
using the hot tritium bombardment experiments [60].
The first crystal structure of the entire 70S ribosome
contained three transport RNAs in the A, P, and E sites
and a 24-nucleotide mRNA fragment stabilized between
the ribosomal subunits [33, 47]. These structures, as well
as the data obtained in later crystallographic studies con-
ducted in our laboratory, were used to elucidate the atom-
ic structure of the ribosomal functional centers, such as
tRNA-interacting centers [33, 61, 62]. The mRNA-bind-
ing sites and the three tRNA-binding sites (A, P, and E)
are located at the interface between the subunits, where
the DC of the small subunit is situated. The codon-anti-
codon coupling in the DC ensures the accuracy of mRNA
decoding. Analysis of the structures obtained in our labo-
ratory showed that mRNA reaches the ribosome interface
through a tunnel located between the head and the shoul-
der and wraps around the neck of the small subunit [47].
The exit for the mRNA molecule (mRNA 5'-end) is
located between the head and the platform. It was
demonstrated in the same work that mRNA forms a bend
between the A and P sites, which determines the possibil-
ity of simultaneous binding of two tRNA molecules.
Moreover, it was also described how the Shine—Dalgarno
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Fig. 2. Location of mRNA on the small subunit. a) Cross section of the small subunit at the level of mRNA: Shine—Dalgarno sequence (SD)
in mRNA interacts with the anti-SD site in rRNA; b) mRNA tunnel winding around the neck of the small subunit between the head and the
body. Orientation of codons in the A, P, and E sites at the inner surface of the small subunit is shown.

sequence (SD) in the mRNA interacts with the anti-SD
site in the rRNA, thus fixing exact position of the mRNA
reading frame (Fig. 2), as well as how mRNA with this
newly formed duplex moves during the first steps of pro-
tein synthesis [63-65].

In the studies that followed, we used X-ray diffrac-
tion analysis to reveal molecular events responsible for the
decoding errors leading to the incorporation of erroneous
amino acid into the nascent proteins, and proposed the
geometric mimicry mechanism of erroneous decoding
resulting from the combination of protonation and rare
event of nucleotide tautomerization in the codon-anti-
codon duplexes [66-71]. By using the frontline technolo-
gy of long-wavelength macromolecular crystallography,
we were able for the first time to localize hundreds of
potassium ions in the functional ribosome [49]. We also
demonstrated that potassium ions not only participate in
the formation of complexes between rRNA and ribosomal
proteins, but also play an essential role in the ribosome
functions, such as decoding and peptidyl transferase reac-
tion.

The structural studies of new functional complexes
have further extended our knowledge on the mechanism
of tRNA binding in the presence of elongation factor
(EF-Tu), processes of mRNA decoding and peptide bond
formation, and mechanisms of GTP hydrolysis, translo-
cation, termination, and ribosome recycling [37, 38, 72-
75].

THE STRUCTURE OF EUKARYOTIC RIBOSOME

The information obtained from the high-resolution
crystal structures of prokaryotic ribosomes has expanded

our knowledge on protein synthesis in bacteria; however,
our understanding of molecular basis of the eukaryotic
ribosome functioning remained very limited. As a result
of evolution, eukaryotic ribosomes have a larger mass (by
40% in lower eukaryotes) than prokaryotic ribosomes
[35, 76]. Despite the presence of conserved regions in
rRNA and a number of common proteins, prokaryotic
and eukaryotic ribosomes differ significantly. These dif-
ferences are due to the occurrence of approximately 30
additional eukaryote-specific proteins and over 50
nucleotide sequences named RNA expansion segments,
that are present in the evolutionary conserved rRNA core.
Until 2010, our knowledge on the structural arrangement
of eukaryotic ribosomes had been based only on the low-
resolution EM images. It was commonly was believed that
the X-ray diffraction could not be used to produce struc-
tural information at the atomic resolution, as obtaining
the crystals of such gigantic molecule (molecular weight,
~3.3 MDa in lower eukaryotes) for the generation of
high-resolution diffraction patterns was impossible.

The first reports that the eukaryotic ribosome can
form crystals were published already in 1966, when the
two-dimensional ribosome crystals were observed in
chicken embryo tissues under hypothermia [77].
However, all attempts to obtain crystals of eukaryotic
ribosomes had been unsuccessful until recently, despite
the competition between groups working in this area of
structural biology.

In 2010, our group succeeded in obtaining the crys-
tals of the entire 80S eukaryotic ribosome from
Saccharomyces cerevisiae and elucidating the first X-ray
diffraction-derived structure of eukaryotic ribosome with
a resolution of 4.15 A and then — 3.0 A [34, 78].
Successful crystallization of the yeast ribosome became
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possible due to the newly developed methods for the
purification of intact eukaryotic ribosomes. First of all, we
used a known experimental fact that glucose starvation of
growing yeast cells inhibits translation initiation and
results in the accumulation of uniform ligand-lacking
ribosomes. Hence, yeast cells were subjected to glucose
starvation in order to increase the initial amount of ribo-
some monomers. Next, a very mild protocol for ribosome
purification that guaranteed retention of all components
in the ribosome in their undamaged state was developed.
Adam Ben-Shem introduced fractionation of the 30S cell
extract with 20,000 polyethylene glycol followed by purifi-
cation of 80S ribosomes in the sucrose gradient under
non-dissociating conditions [78]. Using these approach-
es, highly uniform ribosome preparations were isolated
that produced crystals with strong X-ray diffraction.

The crystal structures of eukaryotic ribosomes from
S. cerevisiae have significantly improved the understand-
ing of the mechanisms of protein synthesis and transla-
tion regulation in the cell. In particular, analysis of yeast
ribosomes isolated from the cells subjected to glucose
starvation showed that the non-ribosomal protein Stml
bound to the 80S ribosome, thus creating an additional
bridge between the two ribosomal subunits that stabilized
ribosome under crystallization conditions. This stress
protein completely blocked the binding of main function-
al ligands, such as mRNA and tRNA, by covering their
binding sites on the ribosome. Crystallography-derived
structures of eukaryotic ribosome complexes with eukary-
ote-specific and broad-spectrum inhibitors not only
allowed researchers to determine the general principles of
protein synthesis inhibition and resistance to inhibitors,
but also made it possible to improve the quality of crystals
and X-ray diffraction data and to increase resolution to
2.8 A [79-83].

Ribosomal 40S and 60S subunits from the eukaryot-
ic organism Tetrahymena thermophila were crystallized
with protein factors in the Nenad Ban laboratory and
their structures were determined with a resolution of 3.8
and 3.6 A, respectively [84, 85].

The 80S ribosome is an asymmetric complex that
includes 80 different proteins and RNA molecules
(Fig. 3). Each ribosomal component is present as a single
copy, except proteins of the P stalk, which are present in
four copies. It was also shown that bacterial and eukary-
otic ribosomes have the same structural core consisting of
34 conserved proteins (15 — in the small subunit and
19 — in the large subunit) and a ~4400-nt RNA that
together form the main functional centers of the ribo-
some, such as the DC, PTC, and tRNA-binding
sites [76].

The structure of the evolutionary conserved riboso-
mal core could be determined by comparing the model of
the yeast 80S ribosome with its bacterial analogue (Fig. 4)
[34, 76]. The vast majority of the ~1.35-MDa eukaryote-
specific components are located on the ribosomal surface
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and surround the evolutionary conserved core: In the
eukaryotic ribosome, rRNA expansion segments com-
prise 350 kDa, eukaryote-specific domains present in the
conserved proteins comprise 200 kDa, and proteins that
are totally absent in bacteria comprise 800 kDa (Fig. 4).

Yeast ribosome contains 46 eukaryote-specific pro-
teins (18 in the 40S subunit and 28 in the 60S subunit), as
well as eukaryote-specific fragments present in the major-
ity of main proteins. rRNA contains several expansion
segments in its conserved strands with a total length of
over 900 nucleotides [34]. The majority of these rRNA
expansion segments and protein inserts surround the core
from the solvent side and are accessible for potential
interactions with molecular partners, such as translation
factors and chaperone proteins. The size of the 80S ribo-
some in different eukaryotic organisms varies in the range
of 0.5-1 MDa, mostly due to the size of inserts in the
expansion segments ES7L, ES15L, ES27L, and ES39L in
25S—28S rRNA [76].

The small 40S subunit has the same structural ele-
ments as the 30S prokaryotic ribosome subunit (head,
body, and platform, Fig. 3). The information on the func-
tional sites of eukaryotic ribosome was obtained by com-
paring its structure with the crystal structures of function-
al complexes of bacterial ribosomes [33, 62].

The large ribosomal subunit has a crown-like shape
and includes the CP, L1 protuberance, and P stalk
(Fig. 3). The tRNA-binding sites (A, P, and E) and the
PTC, where formation of peptide bonds is catalyzed, are
located on the inner side of the large ribosomal subunit.
The PTC is adjacent to the tunnel entrance, through
which the nascent polypeptide chain moves before exiting
the ribosome at the solvent side.

The absence of the class-specific fragments on the
subunit inner surfaces has become obvious as a result of
comparison of ribosomal structures, which was in agree-
ment with the conservatism of universal functions of ribo-
somes (Fig. 4). This structural conservatism is observed in
the DC, PTC, and around the peptide tunnel at the sol-
vent side, which is involved on the ribosome association
with the membranes during protein synthesis. Significant
differences in the structural organization of the small and
large ribosomal subunits at the solvent-facing side are
likely related to a significantly more complex process of
translation initiation in eukaryotic cells in comparison
with prokaryotes.

In conclusion, it should be mentioned that our
model of the first and, at the moment only, high-resolu-
tion crystal structure of eukaryotic ribosome includes
~90.5% (~ 13,000) amino acid residues of the ribosomal
proteins and ~95.5% of rRNA nucleotides (out of ~5500).
This atomic model demonstrates a unique topography of
the eukaryote-specific elements, as well as the pattern of
their interactions with the universally conserved core,
which includes all eukaryote-specific bridges between the
ribosomal subunits.
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Fig. 3. Structure of yeast ribosomal 40S (left) and 60S (right) subunits. Upper and bottom panels, inner and outer surfaces of the subunits
(using new protein nomenclature). Head, body, and platform of the 40S subunit and CP, L1 protuberance, and P stalk of the 60S subunit are
indicated.

NEW NOMENCLATURE archaeal and eukaryotic homologues were named accord-

OF RIBOSOMAL PROTEINS ingly. Proteins found in ribosomes from all three domains

of life (Bacteria, Archaea, and Eukaryotes) have the pre-

To simplify comparison of different types of ribo-  fix “u” (universal) followed by the name of the E. coli pro-

somes, a new nomenclature based on the protein names tein. Bacterial proteins that do not have eukaryotic

was introduced (Fig. 3). Since the ribosomal proteins homologues have the prefix “b” (bacterial) and eukary-
from E. coli were isolated and sequenced first, their ote-specific proteins have prefix “e” (eukaryotic) [86].
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EXPANSION SEGMENTS OF rRNA

rRNA expansion segments are located predominant-
ly on the outer surface of both subunits of the eukaryotic
ribosome (Figs. 4 and 5a). The interface between the
ribosome subunits is highly conserved, as well as the

regions of mRNA entrance and polypeptide exit tunnel;
therefore, they contain almost no expansion segments
and eukaryote-specific proteins. The subunits differ sig-
nificantly in the spatial arrangement of the rRNA expan-
sion segments. In particular, the major portion of the
eukaryote-specific rRNAs in the small subunit are locat-

40S

ES3S  ES12S

60S

Fig. 4. Characteristics of the yeast ribosome subunit outer surface. Upper panel, conserved subunit core (grey) and specific elements of eukary-
otic ribosome (red). Bottom, eukaryote-specific protein fragments (yellow) and rRNA expansion segment (ES, red).

BIOCHEMISTRY (Moscow) Vol. 86 No. § 2021



934

YUSUPOVA, YUSUPOV

ES31L

E;ESZ(SL

5.85/28S
rRNA

i ‘\% ES3L
_VEssl =
: ¢ EsaL
| 5 ) ‘_J\H_\)}ESML
i it ESsL ES43L/

a o ES45L
§  EsoL

1=

ES41L

\ 58
;E rRNA
g ( ZESBQL

28S rRNA
2.5
80S S. cerevisiae
23 ® e
708 E.coli® 805
H. sapiens

2
=21
|
<
&,
N

1.9 30S E.coli

1.7

5.5 5.7 5.9 6.1 6.3 6.5 6.7

IgM

Fig. 5. rRNA expansion segments. a) Yeast ribosome with the expansion segments shown in red; the model is based on the electron density
data of the X-ray diffraction analysis. b) Secondary structure of human 28S RNA; expansion fragments ES3S, ES6S, ES7L, ES15L, ES27L,
ES30L, and ES39L are shown in color. Due to their unstructured nature, these fragments cannot be interpreted in the cryo-EM reconstruc-
tions. ¢) Molecular model of human ribosomal 60S subunit with theoretically predicted rRNA expansion segments (not verified experimen-
tally) [87]. CP, L1 protuberance, and P stalk are indicated. The image of the human 60S subunit was kindly provided by D. Wilson.

d) Dependence of the ribosomal subunit sedimentation coefficient on molecular mass (kindly provided by S. Agalarov).

ed in the bottom part, where the two large expansion seg-
ments ES3S and ES6S interact. On the contrary, numer-
ous expansion segments in the large subunit form almost
continuous ring that circles the polypeptide exit tunnel
and extends further from the P stalk in the direction of the
L1 protein.

Information on the expansion segments was
obtained in the cryo-EM experiments with Drosophila
and human 80S ribosomes [87, 88]. Suggested theoretical

models of all expansion segments included 9 segments in
the 40S subunit and 21 segments in the 60S subunit
(Fig. 5, b and c¢). Expansion segments of the human 28S
rRNA are similar to the yeast expansion segments, but
have a significantly greater length. In particular, yeast
ES3S, ES7L, ES9L, ES15L, ES27L, and ES39L seg-
ments contain 110, 200, 70, 20, 160, and 140 nucleotides,
respectively, while the same segments in the human ribo-
some are longer by 50, 670, 40, 170, 550, and 100
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nucleotides, respectively. Moreover, human rRNA expan-
sion segments ES3S, ES6S, ES7L, ESI5L, ES27L,
ES30L, and ES39L cannot be interpreted in the cryo-EM
reconstructions due to their unstructured nature. Hence,
the secondary and tertiary rRNA structures presented in
the model were calculated based on the primary struc-
tures (Fig. 5, b and ¢).

Comparison of the sedimentation coefficients of
bacterial 50S and 30S ribosome subunits, entire 70S bac-
terial ribosome, and yeast and human 80S ribosomes
demonstrated that human ribosome is partly unfolded
(Fig. 5d), as the sedimentation coefficients for the human
and yeast ribosomes were 78S and 80S, respectively.
However, the molecular mass of the human ribosome is
by 500,000 Da larger than that of the yeast ribosome due
to the long expansion segments in the 28S RNA.
Apparently, partly unfolded human ribosome expansion
segments hinder crystallization of this ribosome and other
structural and functional studies.

BRIDGES BETWEEN THE SUBUNITS

The bridges between the subunits are undoubtedly
important, as they maintain structural integrity of the
entire ribosome and facilitate communication between
the small and large subunits during protein synthesis.
Translocation of mRNA and tRNA, protein synthesis ter-
mination, and other processes are accompanied by the
global conformational rearrangements of the ribosome in
the course of translation. These conformational changes
include rotation of subunits relative to each other, includ-
ing the turn of the head domain in the small subunit.
Thus, such rotated state was observed by us in the crystal
structure of the 80S ribosome [78].

The first several eukaryote-specific bridges were
revealed in the low-resolution cryo-EM structures of the
yeast ribosome [89, 90]. Our model with the atomic reso-
lution of 3.0 A has provided more accurate and detailed
information on the molecular components mediating
these contacts between the subunits. The high degree of
evolutionary conservatism of bridges between the sub-
units in the ribosomal core is especially remarkable.
Seven “conserved” bridges and several bacteria- and
eukaryote-specific bridges have been identified
[33, 34, 51, 52], virtually all components of the addition-
al bridges of both subunits being eukaryote-specific. It
should be mentioned that unlike bacterial ribosomes, the
dominating role in the formation of contacts between the
subunits in eukaryotes belong to proteins [33].
Eukaryote-specific bridges are located at the periphery of
the subunit interface, which significantly increases the
surface area of the interactions [34, 90, 91].

Only one eukaryote-specific bridge between the sub-
units was found in the ribosome center — bridge eB14. It
is formed by eLL41, which is the smallest protein in yeast
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cells (25 aa) (Fig. 3) consisting of a single alpha-helix.
elL41 protrudes from the 60S subunit and connects with
the 408 subunit in a close vicinity of the DC. It is almost
entirely submerged into the binding pocket formed by the
helices h27, h45, and h44. The structure of this bridge has
two notable features. First, the e[.41 binding pocket in the
small subunit is highly conserved across eukaryotes and
bacteria. Second, elL41 has stronger connection with the
40S subunit than with the 60S subunit in the ribosome.
However, despite weaker contacts with the 60S subunit,
elL41 remains associated with the large subunit during
ribosome dissociation. The only example of such unusual
bridge has been identified in bacteria, where it is formed
by the ribosomal protein of the large subunit and attaches
to the small subunit via functionally significant fragments
of its structure [62]. This unusual bridge is formed by the
bL31 protein, which is conserved among bacteria and
connects the CP of the large subunit with the labile head
domain of the small subunit. The eukaryote-specific fea-
tures of the ribosome include two bridges of the large sub-
unit, eB12 and eB13, formed by the long alpha-helices of
the eL19 and eL.24 proteins (Fig. 3).

INHIBITION OF EUKARYOTIC RIBOSOME

Decades of studies on antibacterial agents (antibi-
otics) have demonstrated the variety of mechanisms of
protein synthesis inhibition [92]. The atomic structures of
bacterial ribosomes have become a basis for the develop-
ment of novel ribosome inhibitors, which not only can be
used for pharmacological purposes, but might also serve
as important tools for investigating the mechanisms of
protein synthesis in bacteria. Similarly, eukaryotic ribo-
some is the main target of eukaryote-specific inhibitors of
natural origin. Despite yet poor understanding of molec-
ular mechanisms of their action, eukaryote-specific ribo-
some inhibitors have found an increasing use in research
studies and potentially represent novel therapeutics
against a broad spectrum of infectious, oncological dis-
eases, and genetic disorders [93—96]. Some eukaryote-
specific ribosome inhibitors have been investigated using
the crystals of the 50S subunit from the archaeon
H. marismortui due to its close (although not total) resem-
blance to some fragments of the eukaryotic ribo-
some [97, 98].

We also investigated the mechanisms of eukaryotic
ribosome inhibition using X-ray diffraction analysis of 16
complexes of S. cerevisiae ribosome with eukaryote-spe-
cific inhibitors (Fig. 6) [79]. Broad-spectrum inhibitors
target the PTC on the large subunit (blasticidin S), the
DC (geneticin/G418), and the mRNA-tRNA binding
site at the small subunit (pactamycin, edeine). It was
shown that the mechanisms of protein synthesis inhibi-
tion in eukaryotes are fundamentally different from those
in prokaryotes, as they involve the tRNA-binding E site
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that is absent in bacteria. Various inhibitors specific to
eukaryotes have been described that include (i) cyclohex-
imide, lactimidomycin, and phyllantoside interacting
with the tRNA-binding E site and (ii) T-2 toxin, deoxyni-
valenol, verrucarin, narciclasine, lycorine, nagilactone C,
anisomycin, homoharringtonine, and blasticidin S inter-
acting with the PTC (Fig. 6). Glutarimide inhibitors
cycloheximide and lactimidomycin were localized to the

aa-tRNA rL

mRNA

Blasticidin S

YUSUPOVA, YUSUPOV

E site formed by the highly conserved nucleotides of the
25S rRNA and the site of the eukaryote-specific protein
el.42. Among those two, lactimidomycin carries an addi-
tional lactone ring located above el42 and directed
toward the subunit interface. Despite differences in the
chemical properties with glutarimides, phyllantoside
forms contacts with the same rRNA nucleotides and
interacts with eL42 in a manner resembling interaction

Geneticin/G418

T-2 toxin
Deoxynivalenol
Verrucarin
Narciclasine

l_ Lycorine
Homoharringtonine
Anisomycin
Nagilactone C
Blasticidin

Cycloheximide Cryptopleurine
Lactimidomycin Pactamycin
Phyllantoside  Geneticin/G418

Fig. 6. Inhibition of eukaryotic ribosome. a) Schematic representation of protein synthesis in eukaryotes with indicated inhibitor-binding sites;
b) inhibitor binding sites in the functional centers at the inner surface of the small (left) and large (right) ribosomal subunits. DC, decoding
center (geneticin/G418); mRNA, mRNA channel (pactamycin, cryptopleurine, edeine); E site, tRNA-binding site (cycloheximide, lactim-
idomycin, phyllantoside), PTC, peptidyl transferase center (blasticidin S, T-2 toxin, deoxynivalenol, verrucarin, narciclasine, lycorine, nagi-

lactone C, anisomycin, homoharringtonine).
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with the CCA-end of tRNA. Strict selectivity of the E site
inhibitors toward eukaryotes can be explained by the
presence of two specific rRNA residues that form the
binding pocket. Although cycloheximide and lactim-
idomycin bind to the same site and likely, compete with
tRNA, they affect translation differently. Lactimido-
mycin predominantly inhibits ribosome operation during
formation of the first peptide bond, while cycloheximide
arrests ribosome in the process of continuing transla-
tion [99, 100].

The PTC is formed exclusively by the rRNA
nucleotides and located on the large subunit. Formation
of peptide bonds requires correct alignment of the two
substrates, peptidyl-tRNA and aminoacyl-tRNA, in the
A and P sites, respectively. While blasticidin S binds to the
P site of the large subunit in a similar way in eukaryotes,
bacteria, and archaea, numerous eukaryote-specific
inhibitors bind to the A site in the PTC (Fig. 4).
Furthermore, the chemical nature of binding of these
inhibitors inside the pocket is similar. All A site inhibitors
induced similar structural rearrangements upon binding
with the ribosome either in the close vicinity or at a dis-
tance (up to 15 A) from the PTC. It was shown that the
U2873 (U2504 in E. coli) and C2824 (C2452 in E. coli)
nucleotides participate in the interaction with inhibitors
in yeast. Different orientation of these nucleotides in bac-
teria occurring due to the different organization of the
“secondary” and, likely, following layers of the binding
pocket prevents the binding of these inhibitors to
prokaryotic ribosomes [79, 101].

The DC is located on the small subunit and repre-
sents a rigid fixed pocket, where precise selection of
aminoacyl-tRNA takes place according to complementa-
ry of the anticodon to the mRNA codon located at the A
site. In bacteria, aminoglycoside antibiotics reduce the
accuracy of translation and inhibit tRNA translocation,
resulting in the disruption of nucleotide conformation in
the DC. In addition to their use against Gram-negative
bacteria, aminoglycosides can find application in the
therapy of hereditary diseases caused by nonsense muta-
tions due to their ability to suppress premature translation
termination resulting in the peptide abortion [96, 102].
The canonic binding site for aminoglycosides is located in
the upper part of the h44 helix in the 18S rRNA and con-
tains conserved nucleotides A1755 and A1756 (A1492 and
A1493 in E. coli, respectively) of the DC. The two
nucleotides G1645 (A1408 in E. coli) and A1754 (G1491
in E. coli) located in a close vicinity are different in bac-
teria and eukaryotes, but identical in yeasts and humans.
We demonstrated [79] how this difference in the DC
nucleotides can explain the selectivity of some aminogly-
coside antibiotics toward bacterial, but not human ribo-
somes [79]. We also showed that aminoglycoside antibi-
otics, such as paromomycin, G418, TC007, and gen-
tamycin, can bind to the sites on the eukaryotic ribosome
other than the DC [103].
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Our X-ray crystallography studies have demonstrated
that inhibitors such as pactamycin, cryptopleurine, and
edeine bind in the mRNA channel at the E site of the
small subunit and interact only with the 18S rRNA [79].
Moreover, pactamycin and edeine are broad-spectrum
inhibitors. Thus, the conserved pactamycin-binding site
was reported in bacteria and eukaryotes. The binding of
edeine also occurs at the conserved site; however, the
conformation acquired by the inhibitor in the small sub-
units of yeast and bacterial ribosomes is different. On the
contrary, cryptopleurine was described as a eukaryote-
specific inhibitor [104], although the structure of the
cryptopleurine complex with the yeast ribosome provides
no explanation for its specificity. It can be suggested based
on the position of edeine, pactamycin, and crypto-
pleurine in their complexes with the ribosome that these
antibiotics affect translocation of deacetylated tRNA
from the P site to the E site. It is likely that they also affect
translation initiation in eukaryotes. Using the previously
developed model of the eukaryotic ribosome, we contin-
ue our crystallographic studies of novel inhibitors with the
anticancer activity [80-83].

CONCLUSIONS

Advances in the development of new technologies in
the X-ray crystallography and cryo-EM provide unique
opportunities for detailed investigation of the mecha-
nisms of ribosome functioning in various organisms,
including pathogenic ones, and open new possibilities for
developing novel strategies to fight pathogens such as
Candida albicans, Staphylococcus aureus, and others.

Unfortunately, ribosome functioning in higher
eukaryotes has been investigated insufficiently and
requires further biochemical and hydrodynamic studies,
including generation of crystals suitable for the X-ray dif-
fraction analysis. The main feature of human ribosomes
(molecular weight, 4.5 MDa) that distinguishes them
from the ribosomes of lower eukaryotes (yeast ribosome,
molecular weight 3.3 MDa) is the emergence of the
rRNA extension segments located predominantly on the
surface of the 60S subunit, which increases its mobility.
Recent cryo-EM studies of human ribosomes have shown
that most rRNA extension segments (molecular weight,
~1 MDa) are unstructured and, hence, could not be visu-
alized by X-ray diffraction [87, 88, 105]. Therefore, we
still lack the comprehensive data on the atomic structure
of human ribosome.

The development of stabilization techniques that can
be used for the ribosomes of higher organisms remains an
open issue.
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