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Abstract—Polyribosomes in cells usually have a certain structural organization whose significance has not yet been elucidated. The development of cryo electron tomography has provided a new approach to study polyribosome structure. New
data confirm or correct observations made earlier by classical techniques of electron microscopy. The existence of circular
and linear (zigzag) topology of polyribosomes was confirmed, and their relationship with the frequently observed two-row
forms was clarified. Contacts between ribosomes have been identified in densely packed three-dimensional helical polyribosomes. At the same time, modern cell-free translation systems have opened the possibility of investigating polyribosomes
on mRNA of a given structure to elucidate the mechanism of polyribosome structure formation, especially of circular
polyribosomes. There is an increasing amount of data supporting the idea of interdependence between polyribosome structure and their translational activity. Moreover, participation of polyribosomes in mRNA transport and localization of protein synthesis in the cell has been shown. Improvement of the resolution and the development of the cryo electron tomography technique for the analysis of polyribosomes in situ will enable further progress in understanding the process of protein
synthesis in cells.
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A polyribosome (polysome) is a group of several
ribosomes bound to one mRNA molecule and translating
it in one direction [1-6]. The classical scheme of the
polyribosome depicts it in the form of “beads” of ribosomes on a “thread” of mRNA. However, already the earliest electron microscopy (EM) studies showed that ribosomes in a polysome are specifically ordered. Visualization of polyribosomes by classical EM techniques (ultrathin cell sections, negative and positive staining, metal
shadowing) revealed eukaryotic polyribosomes as double
rows, helices, and circles [7-14] (Fig. 1).
Ring-shaped polyribosomes, first described by Rich
and coauthors in 1963 [1], have always been of particular interest to researchers. This form was shown both for
free cytoplasmic and membrane-bound polyribosomes
in eukaryotes [8-11]. It is considered that 5′- and 3′-terminal regions of mRNA in circular polyribosomes are
kept close to each other through the interaction of proAbbreviations: cryo-EM, cryo electron microscopy; cryo-ET,
cryo electron tomography; eIF, eukaryotic initiation factor;
EM, electron microscopy; nt, nucleotide; PABP, poly(A)binding protein; UTR, untranslated region of mRNA.
* To whom correspondence should be addressed.

teins bound to the 5′- and 3′-untranslated regions
(UTR), ensuring more efficient functioning of the
polyribosome because of the reinitiation of ribosomes on
the same mRNA after translation termination [15-17].
This model of the process of circular translation in
eukaryotic polyribosomes, called the “closed-loop
model”, is widely accepted today [16]. The interaction
of mRNA termini through the complex of eIF4E–
eIF4G–PABP proteins binding 5′-terminal cap and 3′
poly(A)-tail was demonstrated by atomic force
microscopy of mRNA–protein complexes not bound to
ribosomes [18].
Another form of polyribosomes often detected by
traditional EM is a double-row. Double rows of polysomal ribosomes were often interpreted as collapsed circles
with topologically circular (noncovalently closed) mRNA
whose 5′- and 3′-ends were located close to each other on
one of the extremities of a polyribosome [12, 19, 20].
However, 2-D EM images left open the possibility of an
alternative linear configuration of some double-row
polyribosomes, with a zigzag path of mRNA (mRNA termini located at opposite ends of a polyribosome). Such a
configuration was well traced in double-row linear polyribosomes of prokaryotes [21].
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One more form of polyribosome organization,
revealed by traditional EM methods in cells under specific or suboptimal growth conditions, is long densely
packed polyribosomes [22-25]. Such polyribosomes were
often interpreted as 3-dimentional helices. In the model
[26] based on EM images of polyribosomes of different
length oriented at different angles in ultrathin cell sections, the polyribosome was represented as a left-handed
helix with four ribosomes per turn; this model was confirmed recently with cryo-EM. The assumption of low
translational activity of this type of polyribosomes was
expressed by a number of authors [25, 27], who observed
the accumulation of helical polyribosomes during viral
infection in eukaryotic cells, accompanying a decrease
in the rate of protein synthesis and the accumulation
of viral particles [25]. Thus, the main ideas about the
spatial organization of eukaryotic polyribosomes and
their possible functional role were formulated in early
studies.
It should be noted, however, that fixation, dehydration, staining, and drying of a sample when preparing the
polyribosome specimen on an EM-grid can lead to distortion of the real shape of polyribosomes. In recent
decades, a rapidly evolving method of cryo electron
microscopy (cryo-EM) has been widely used for structural studies of the translation machinery of pro- and
eukaryotes. Sample preparation for cryo-EM omits steps
of drying and staining; on the contrary, macromolecules
in a buffer with suitable salt composition are flash frozen
and analyzed in a layer of amorphous ice. Localization of
mRNA, tRNAs, and translation factors on a ribosome is
studied by a single-particle analysis approach, now allowing near atomic resolution. The structure of such complexes is solved by assembling in 3-D space a large number (hundreds of thousands) of 2-D cryo-EM images of
identical complexes registered in different projections.
Another approach in cryo-EM – cryo electron tomography (cryo-ET) – is used for analysis of macromolecular
complexes having the unique structures, e.g. polyribosomes. Cryo-ET is now the single method allowing determination of the structure of polyribosomes with resolution of 25-50 Å in a close-to-native environment [28-37].
With such resolution, the orientation of individual ribosomes in a polysome can be determined, which makes it
possible to trace the path of the mRNA in polyribosomes
and, thereby determine their topology.

CRYO ELECTRON TOMOGRAPHY
OF POLYRIBOSOMES
Polyribosomes were studied by cryo electron tomography (cryo-ET) in samples obtained from a cell-free
translation system (in vitro) [28, 30-33], in preparations
purified from cells [28, 34], in cell sections [36], or even
in the whole cells (in situ) [29]. For the analysis, a speciBIOCHEMISTRY (Moscow) Vol. 83 Suppl. 1 2018
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Fig. 1. Different forms of eukaryotic polyribosomes visualized by
classical EM (adapted with some changes from several sources [8,
20, 26]). a) Negatively stained sample of polyribosomes purified
from mouse tumor cells [8]. b) Platinum shadowed sample of
polyribosomes formed in a wheat germ cell-free translation system
[20]. c) Section of the cultured cell [26].

men of polyribosomes is flash frozen at ultralow temperature, and its images are acquired in the cryo electron
microscope at different tilt angles ranging from –70°
to +70°. Series of projections are then used to reconstruct
a 3-D density (tomogram) [38]. Cryo electron tomography of polyribosomes is often used in combination with
subtomogram analysis – a set of data-processing methods
necessary to extract from tomograms information about
localization and orientation of ribosomes. If polyribosomes are studied in vivo, surrounded by other macromolecules, visual identification of ribosomes in a tomogram can be complicated. In this case, a template-matching method [39, 40] is used, which finds a correlation
between the known structure of a ribosome and the ribosome density in a tomogram [41].
Because biological macromolecules are very sensitive
to irradiation by electrons, the cumulative electron dose
used for acquisition of a tilt series usually should not
exceed 60-100 e/Å2. The use of such a low dose of electrons results in a rather low signal from macromolecules
in a tomogram. Subtomogram averaging [42] can be used
to increase the signal-to-noise ratio and, as a result, the
resolution. Averaging of subtomograms containing individual polysomal ribosomes is done either using an external model (a known ribosome structure), or without a
model using a maximum likelihood algorithm [42, 43].
The resulting averaged ribosome (with 25-50 Å resolution) is fitted into the initial tomogram according to the
rotation and shift parameters found during the averaging
process for each of polysomal ribosome, which allows to
interpret the structure of polyribosomes. Knowing the
arrangement and mutual orientation of polysomal ribosomes, as well as the mRNA entrance and exit sites in a
ribosome [44, 45], it is possible to determine the putative
path of an mRNA chain in each polyribosome. Such an
analysis allows a conclusion about the linear or circular
topology of mRNA in a polysome.
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For the first time cryo-ET analysis of the polyribosome structure was applied to the Escherichia coli
polysomes formed in vivo and in vitro [28]. In a cell-free
translation system, mRNA coding for full-length or
shortened luciferase without the stop codon was used. On
such mRNAs, long polyribosomes visible on 2-D images
as double-row structures were formed. The cryo-ET
analysis of polyribosomes with subsequent subtomogram
averaging showed that polyribosomes generally have
either “sinusoidal” (zigzag) or 3-D helical path of the
mRNA chain (Fig. 2). The ribosomes are mainly contacting each other through their small subunits. In case of the
“sinusoidal” mRNA path, an alternation of two types of
contacts between 40S subunits can be observed – the
“top-to-top” and the “top-to-bottom” (Fig. 2a). In the
case of the 3-D-helical path of the mRNA, only one type
of contacts – the “top-to-top” – is observed. The structural analysis of polyribosomes from E. coli spheroplasts
revealed inter-ribosomal contacts similar to those
described above for polyribosomes from the cell-free
translation system. Thus, in studied prokaryotic systems
polyribosomes always had linear topology of mRNA.
These data are consistent with the fact that the 5′- and 3′ends of mRNA in prokaryotes are spatially separated:
while on the 5′-end of mRNA the formation of polyribosomes is taking place, its 3′-end is still being synthesized
by the RNA-polymerase [46, 47].

STRUCTURE OF EUKARYOTIC POLYRIBOSOMES
The structural organization of eukaryotic polyribosomes was studied by cryo-ET in situ (in a cell) [29], in
preparations of polyribosomes purified from cells [34],
and in samples of polyribosomes formed in vitro – in cellfree translation systems [30-33].
Studying polyribosomes in situ. Analysis of the
polysome structure in an intact cell is of the greatest
interest. Cellular polyribosomes in situ were studied in
protrusions of human glioma cells, which had a thickness
up to 200-400 nm [29]. For this, glioma cells were cultivated directly on EM grids and instantly frozen for visualization in cryo-EM and acquisition of tilt series. Visual
detection of polyribosomes in the tomograms was complicated by the presence of neighboring monosomes.
Therefore, specific contacts between adjacent ribosomes
were analyzed to identify the polysomal ribosomes. As a
result, four frequent types of contacts were revealed that
were specific to 25-30% of all polysomal ribosomes. Two
of these four types were similar to “top-to-top” contacts
described for prokaryotic polyribosomes [28]. Computer
modeling showed that multiple replicating of these ribosomal contacts in a polyribosome model could result in

the formation of several polysome folding variants leading
either to a three-dimensional helix or to a flat spiral configuration. It was confirmed that these types of polyribosome organization are actually observed in tomograms. In
this way the densely packed 3-D helices as well as planar
double-row polyribosomes with variable packing and linear topology of mRNA were found. Thus, in situ analysis
showed the existence of only topologically linear eukaryotic polyribosomes [29]. However, it is possible that circular polyribosomes were not detected in the cells
because of the absence of tight inter-ribosomal contacts,
since the identification of polysomes was based on them.
The structural organization of polyribosomes in samples purified from MCF-7 cells by centrifugation through
a sucrose gradient was analyzed by cryo-ET and atomic
force microscopy [34]. In these samples, not only the linear, but also the ring-shaped polyribosomes were found.
Structure of polyribosomes in vitro. During translation of mRNA in eukaryotic cell-free systems, polysomes
similar to cellular polyribosomes are formed [19, 20]. The
use of such systems allows, unlike the cellular situation,
to study the polyribosomes formed on specific mRNAs
added to the translation system. It gives the possibility to
investigate the relationship between the structure of
polyribosomes and the construction of the mRNA used,
primarily, the properties of its 5′- and 3′-UTRs.
Circular eukaryotic polyribosomes. The classical
mechanism of mRNA circularization in polyribosomes
involves the interaction (via the initiation factor eIF4G)
of initiation factor eIF4E bound to the 5′-cap with PABP
bound to the 3′-poly(A) tail [16, 17]. Formation of a circular structure by free (not within a polysome) capped
polyadenylated mRNA in the presence of these factors
was demonstrated by atomic force microscopy [18].
Besides, functional data showing a synergistic effect of
the 5′-cap of mRNA and its 3′-poly(A) tail on translation
also suggested interaction of these elements in polyribosomes [48-52]. For long time, however, there was no
direct structural evidence supporting the idea that the
complex of proteins eIF4E–eIF4G–PABP triggers the
formation of topologically circular polyribosomes. The
first direct probing of the “closed loop” model was
attempted recently by cross-linking of eIF4E/4G and
PAB1 with opposing ends of mRNAs in living cells [53].
Indeed, an increased crosslink yield with the distant
mRNA ends was found for both proteins indicating their
participation in the interaction of 5′ and 3′ ends.
Remarkably, the yield of eIF4E/4G–3′ end cross-link
was relatively higher. That may reflect the transient character of the interaction and/or the existence of other protein partners (besides PAB1) at the 3′ end.
Topologically circular polyribosomes were found and
first studied by cryo-ET in a wheat germ cell-free translation system [30, 31, 33]. The wheat germ translation system has an important advantage, which is the absence of
endogenous mRNA and polyribosomes. Using this sysBIOCHEMISTRY (Moscow) Vol. 83 Suppl. 1 2018
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tem, one can follow for a long period of time the formation of polyribosomes on a specific mRNA [33]. To check
the hypothesis that interaction of cap with poly(A)-tail is
involved in polyribosome circularization, the structure of
polyribosomes formed on mRNAs with different UTRs
was analyzed [31]. In case of capped polyadenylated
mRNA, a large portion (about 40%) of polysomal ribosomes was found in polyribosomes with circular topology.
It turned out, however, that topologically circular polyribosomes are successfully formed on a capped mRNA
without 3′-poly(A) tail (Fig. 3) in amount comparable to
that on the capped polyadenylated mRNA. Moreover,
similar content of circular polyribosomes was also found
in the translation system containing mRNA with nonhomologous 5′- and 3′-UTRs containing no cap and no
poly(A)-tail. It was concluded that the interaction of cap
and poly(A)-tail mediated by the eIF4E–eIF4G–PABP
complex is probably not a unique way of circularization of
polysomal mRNA. The authors suggested that the interaction of some components of initiation (probably eIF3
and eIF4F) and termination complexes can play a role in
circularization of mRNA in polyribosomes [31].
Structure of double-row polyribosomes. For a long
time, it was considered that eukaryotic polyribosomes
detected on 2-D EM images as double rows of ribosomes
are circles in which the opposite sides were collapsed and
have antiparallel packing (circular topology of mRNA)
[12, 19, 20]. However, one could assume that the mRNA
follows a zigzag path through a double row of ribosomes
(topologically linear) and its ends are located at opposite
extremities of the polyribosome. Recent cryo-ET studies
of pro- and eukaryotic polyribosome structures finally
resolved the question about the topology of mRNA in
double-row polyribosomes. The first study proved the
existence of double-row polyribosomes with linear topology of mRNA: such polyribosomes formed in a E. coli
cell-free translation system have a sinusoidal (zigzag)
path of mRNA [28].
In later studies, cryo-ET structural analysis of
polyribosomes formed in a wheat germ cell-free translation system [30, 33] showed that double-row eukaryotic
polyribosomes can have different topology. In the same
sample of polyribosomes, both circular and double-row
polyribosomes were found in approximately equal ratio,
as well as helical polyribosomes. It turned out that among
double-row polyribosomes topologically circular polyribosomes (collapsed circles) represented only about 10%;
all other polyribosomes had linear (zigzag) topology of
mRNA [30]. This demonstrates that in reality (in a frozen
sample of polyribosomes) circular polysomes are quite
rarely collapsed. At the same time, in classical EM most
circles can collapse during adsorption on EM support and
take the form of a double-row, as they are usually represented in these cases.
Three-dimensional helical polyribosomes. 3-D helical
polyribosomes were found by cryo-ET both in pro- [28]
BIOCHEMISTRY (Moscow) Vol. 83 Suppl. 1 2018
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and eukaryotic systems [29, 32]. Pro- and eukaryotic 3-D
polyribosomes are quite similar, and they form densely
packed left-handed helices with four ribosomes per turn,
with 40S subunits oriented inwards and 60S subunits
exposed outside (Fig. 4a). The mutual positioning of
adjacent ribosomes in such polysomes is described as the
“head to head” orientation, described for the first time
for prokaryotic polysomes [28]. The arrangement of ribosomes in a turn of a helix in axial projection resembles the
positioning of ribosomes in a crystal [45], however they
are packed more tightly (Fig. 4b).
To study in detail the contacts between ribosomes in
a 3-D helical polyribosome, the crystal structure of the
yeast ribosome was fitted into the cryo-ET structure of a
helical polyribosome formed in the wheat germ cell-free
translation system [32]. As a result, ribosomal proteins
and elements of rRNA forming the inter-ribosomal contacts in a helical polyribosome were identified. The main
interaction takes place between the heads and the bodies
of 40S subunits of adjacent ribosomes, with the L1-stalk
of one of the two ribosomes is also involved (Fig. 4c). The
first region of contact includes the interaction of helix
h16 (18S rRNA) from the 40S subunit of the (i+1) ribosome (located closer to the 5′-end) with the L1 protein of
the 60S subunit, and also with proteins S1e, S11, and
S26e of the 40S subunit of the (i) ribosome (located closer to the 3′-end). The second region of contact is formed
by the interaction of the heads of the 40S subunits of adjacent ribosomes: one contact region comprises proteins
S10e and S12e of the (i+1) ribosome and S7, S19e and
S25e proteins with rRNA extension segment ES9S of the
(i) ribosome, and the second contact region comprises
S10 protein of the (i+1) ribosome and RACK1 protein of
the (i) ribosome. In addition to the interaction of neighboring ribosomes, some interactions between ribosomes
in adjacent turns of a helix might also exist. Thus, it can
be seen from the structure that a density corresponding to
the beginning of the extension segment ES27L of the
ribosome in one turn is directed towards the P-stalk of the
ribosome located one turn upstream of the helix (towards
the 5′-end of the mRNA) [32].
The presence of different structural forms of polyribosomes in a cell could reflect a variety of translated
mRNAs. During translation in a cell-free system, however, formation of various forms of polyribosomes happens
on the same mRNA, which requires assuming the possibility of structural transformation of polysomes.
Therefore, the ratio of various forms of polyribosomes
depending on the incubation time of the system was
investigated [33]. The maximal number of circular and
zigzag polyribosomes was found after short time of incubation in the translation system (the first several rounds
of translation); longer incubation time led to the formation of many densely packed 3-D helical polyribosomes.
A model of the process of eukaryotic polyribosomes formation, based on the statistical ratio of structural forms
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Fig. 2. Structural organization of prokaryotic polyribosomes according to cryo-ET data. a) Types of inter-ribosomal contacts (t-t, top-to-top;
t-b, top-to-bottom). b) Examples of planar zigzag (upper row) and 3-D helical polyribosome (lower row); left panel, tomogram sections (scale
bar, 50 nm); middle panel, structure of polysomes (the 40S subunit is shown in yellow, the 60S in blue, red color designates peptide exit site
from the ribosomal tunnel); right panel, schematic representation of putative mRNA path in corresponding polyribosomes. Adapted with
changes from the work [28].

Fig. 3. An example of a circular polyribosome formed in a wheat germ cell-free translation system on capped mRNA without poly(A) tail. Left
panel, tomogram section; middle panel, structure of the polyribosome (the head of the 40S subunit is shown in red, the body of the 40S subunit in yellow, the 60S subunit in blue, the P-stalk in pink); right panel, schematic representation of the putative mRNA path in the polyribosome. The orientation of the mRNA strand in each ribosome is shown with an arrow (from the entry of mRNA into the ribosome towards the
exit); the putative mRNA path through ribosomes is shown as a dashed line. The asterisk shows a possible site of interaction of mRNA ends.
Adapted from the article [31].
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Fig. 4. Structure of the densely packed 3-D helical polyribosome. Side view (a) and the view on the helical axis (b) (scaled up 2-fold); (i+n) –
the number of a polysomal ribosome in the direction from 3′- to 5′-end of mRNA. c) Regions of contacts between adjacent ribosomes (i) and
(i+1) of a helical polyribosome presented on panel (b). Adapted with modifications from article [32].
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of polyribosomes and their loading with ribosomes after
different times of translation, has been proposed: (1)
short (≥100 nucleotides (nt) of mRNA per ribosome) circular and zigzag polyribosomes are formed initially, (2)
increase in the loading of polyribosomes with ribosomes
(≤100 nt of mRNA per ribosome) leads to the formation
of small structural elements of the 3-D helical organization, resulting in the de-circularization of circular polyribosomes and their transformation into linear zigzag
polyribosomes, (3) upon further loading of zigzag polyribosomes with ribosomes they are transformed into the
densely packed 3-D helices (30-60 nt of mRNA per ribosome). Such a tight ribosome packing is likely to cause
the low translational activity of helical polyribosomes
[33].

STRUCTURE OF MEMBRANE-BOUND
POLYRIBOSOMES
Unlike cytoplasmic polyribosomes, polyribosomes
bound to membrane structures are localized in a 2dimentional space of the membrane surface that restricts
the possible ways of inter-ribosomal contacts in them.
The structure of membrane-bound polysomes is defined
especially by the interaction of the nascent peptide with
the translocon. The structure of membrane-bound
polyribosomes has been studied by cryo-ET in preparation of microsomes from dog pancreas [35] and in thin
lamellas produced from HeLa cells by a cryo focused ion
beam technique (cryo-FIB) [36]. As expected, the ribosomes were found universally directed towards the membrane by the side where the exit from the ribosomal tunnel is located. The extension segments ES27L and ES7L
of 28S rRNA are involved in contacts of the ribosome
with the membrane. Each next ribosome is usually turned
relative to the previous one, and the ribosomes are
arranged along the mRNA in a round-shape configuration, so that the mRNA entry and exit sites of adjacent
ribosomes form a smooth pathway [35]. In general, the
mutual positioning of ribosomes resembles the shape of a
planar spiral, which agrees with data of the early works. A
similar organization of membrane-bound polyribosomes
was also found in yeast mitochondria. Interestingly, in
this case one of the contacts of the ribosome with the
membrane is also formed by the extension segment 96ES1 of the 21S rRNA [37].

CONCLUDING REMARKS
The use of cryo-ET for studying the structure of
polyribosomes made it possible to determine the topology of mRNA in circular, double-row, and helical polyribosomes and to describe the details of the interaction
between ribosomes in polysomes. The results obtained
BIOCHEMISTRY (Moscow) Vol. 83 Suppl. 1 2018
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also allowed to make essential functional conclusions and
assumptions.
It turned out that the cap-structure and the poly(A)tail of mRNA are not necessary for the formation of circular polyribosomes, in contrast to what was assumed earlier within the conventional model of “circular translation”. This leads to the existence of another, perhaps more
general, mechanism of circularization. For example, the
mechanism might be based on the interaction of the components of initiation and termination or post-termination
complexes. A possible candidate for such interaction is the
ABCE1 protein, which participates in ribosome recycling,
interact with terminated 80S ribosome [54] and, probably,
has affinity to initiation factors eIF2, eIF3, eIF5 [55, 56].
Moreover, the possibility cannot be excluded that specific
positioning of mRNA entry and exit sites on the ribosome,
inducing the turn of each downstream ribosome by a certain angle in a polyribosome (as found in the structure of
membrane-bound and cytoplasmic polysomes) [29, 35,
36], can by itself promote the formation of a circular configuration. In general, all three mechanisms can operate at
the same time, providing the dynamic circular state of a
polyribosome necessary for effective reinitiation and circular translation.
3-D helical polyribosomes are a type of organization
revealed by cryo-ET in both prokaryotes and eukaryotes.
The dense packing of ribosomes in such polysomes can
determine their reduced translational activity, which can
serve as an element of regulation of translation rate or, if
necessary, its complete stopping for conservation and a
subsequent fast restart. “Stopped” polyribosomes were
found recently in sarcoma cells using fluorescence
microscopy [57]. The temporary arrest of translating
polyribosomes can be important for transferring the
polyribosomes to a specific cell compartment where they
can be reactivated. Such mechanism was suggested for
polyribosomes translating synaptic mRNAs in neurons.
The advantage of this mechanism is in the fast local synthesis of proteins involved in synaptic signal transduction
[58]. In addition, a similar model can be realized in
polyribosomes translating dendrite-specific mRNAs. It
was shown that the transport of mRNA with 3′-UTR of
the Arc gene, which defines its dendrite-specific localization, occurs only after polyribosomes have formed on it
[59]. Formation of the 3-D helical polyribosomes was
previously observed during viral infection, linking their
formation with a decrease in the level of translation in the
infected cells [25].
The polyribosome, as an assembly of several translating ribosomes, can provide cotranslational formation of
oligomeric protein complexes with polypeptide chains
being synthesized by adjacent ribosomes. Such a mechanism is assumed to be involved in the formation of the βgalactosidase tetramer [60] and in the formation of socalled “vault particles” consisting of 78 copies of MVP
protein (95.8 kDa) [61].
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The modern development of cryo-ET technology provides new technical solutions to increase the resolution
(phase plate, direct electron detection cameras, new software for analyzing structural data). New techniques
become available to study cellular structures in situ (cryofocused ion beam) and combine fluorescence and electron
microscopy in one instrument (correlative microscopy).
This will undoubtedly ensure rapid progress in the study of
the mechanisms of the formation of three-dimensional
organization of polyribosomes and of their contribution to
the regulation and localization of protein synthesis in a cell.
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