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Ribosome heterogeneity is a paradigm in biology, pertaining to the existence
of structurally distinct populations of ribosomes within a single organism or
cell. This concept suggests that structurally distinct pools of ribosomes have
different functional properties and may be used to translate specific mRNAs.
However, it is unknown to what extent structural heterogeneity reflects
genuine functional specialization rather than stochastic variations in ribosome
assembly. Here, we address this question by combining cryo-electron micro-
scopy and tomography to observe individual structurally heterogeneous
ribosomes in bacterial cells. We show that 70% of ribosomes in Psychrobacter

urativorans contain a second copy of the ribosomal protein bS20 at a
previously unknown binding site on the large ribosomal subunit. We then
determine that this second bS20 copy appears to be functionally neutral.
This demonstrates that ribosome heterogeneity does not necessarily lead to
functional specialization, even when it involves significant variations such as
the presence or absence of a ribosomal protein. Instead, we show that
heterogeneous ribosomes can cooperate in general protein synthesis rather
than specialize in translating discrete populations of mRNA.

Over five decades ago, researchers discovered that cells have the
remarkable capacity to modify the molecular composition of their
ribosomes'™. This occurs through the expression of paralogous ribo-
somal proteins and rRNA*™, chemical modifications of these ribosome
components?™, or variations in the stoichiometry of ribosomal
proteins>*'°'8, As a result, organisms ranging from bacteria to humans
can express structurally distinct ribosomes.

These findings have evoked the idea that structurally distinct
pools of ribosomes have different functional properties and may be
used in a functionally specialised manner to translate specific mRNAs’.
Over the years, this idea was supported by many correlative studies.
For instance, some types of ribosome heterogeneity were found to

accompany normal progression of cells and organisms through stages
of lifecycle®”. Others occur conditionally, in response to environ-
mental factors, including starvation®’, antibiotic treatments®, or viral
infection'®”, suggesting adaptive functions. Furthermore, ribosome
profiling analyses revealed certain structurally distinct ribosomes may
have uneven distribution on cellular mRNAs*. Together, these find-
ings have led to the increasingly popular hypothesis that cells can
express distinct populations of autonomous, functionally specialized
ribosomes that fulfil dissimilar activities in protein synthesis' .
However, other studies support an alternative hypothesis: that
many types of ribosome heterogeneity are stochastic and functionally
neutral, or are related to control of ribosome biogenesis* . Structural
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studies have revealed that most variations in paralogous rRNA or ribo-
somal proteins are located outside the active centres of the ribosome,
excluding these variations from having a direct impact on protein
synthesis. Furthermore, evolutionary analyses indicate that variations in
ribosomes within the same species are subtle compared to variations
between different species that share the core mechanisms of protein
synthesis”?*. Additionally, certain paralogs of rRNA and ribosomal
proteins are mutually interchangeable and dispensable for cell function.
For example, the parasitic eukaryote Plasmodium falciparum was shown
to produce dissimilar rRNA at different developmental stages, including
A-type rRNA during the asexual phases within vertebrate hosts and
S-type rRNA during the sporozoite stage in the mosquito vector, which
encouraged the idea of specialized ribosomes®. However, subsequent
genetic experiments showed that when Plasmodium parasites lack
individual isoforms of rRNA genes, they are able to complete develop-
ment in both the vertebrate and mosquito hosts, demonstrating the
redundant nature of these rRNA isoforms”.

Thus, despite unambiguous evidence for ribosome heterogeneity,
the field remains controversial*’, largely due to the limitations of cur-
rent tools in observing individual and structurally dissimilar ribosomes
during protein synthesis in vivo. Consequently, the following key
questions remain unanswered: Do heterogeneous ribosomes differ in
their core activities during protein synthesis? And if so, can organisms
segregate structurally dissimilar ribosomes to enable their specialized
functions within single cells?

In recent years, advances in cryo-electron tomography (cryo-ET)
have made it possible to directly observe the distribution, composi-
tion, and activity of individual ribosomes within the natural environ-
ment of a cell’. Here, we use this powerful technology to directly
visualise structurally heterogeneous ribosomes during protein synth-
esis within single bacterial cells.

In this work, we identify and investigate the ribosome hetero-
geneity generated by the ribosomal protein bS20. This protein, dis-
covered in Escherichia coli in the 1970s, was initially thought to
represent two different proteins, S20 in the small ribosomal subunit
and L26 in the large ribosomal subunit™. Later, S20 and L26 were shown
to be identical, and renamed as protein S20/L.26%. Since then, S20/1.26
has been repeatedly observed in both the large and the small ribosomal
subunits isolated from E. coli cells**~’ or assembled in vitro*’. However,
when ribosome structures were determined through X-ray crystal-
lography, S20/L26 was found only in the small ribosomal subunit of E.
coli and other bacteria**>. Hence, despite the biochemical evidence,
the apparent presence of bS20 in the large subunit was annotated as an
artifact of ribosome isolation***’. Since then, studies of bacterial ribo-
somes were conducted with the assumption that this protein binds only
a single site in the ribosome**’. However, using cryo-EM and cellular
cryo-ET analysis of ribosomes from the bacterium Psychrobacter ura-
tivorans, we show here that protein bS20 in the large ribosomal subunit
is not an artifact of ribosome isolation but an actual component of a
subset of ribosomes in bacterial cells.

Results

bS20 is a structural component of the large ribosomal subunit
We identified heterogeneous ribosomes as an unexpected outcome of
our studies of the ribosomal stress response in P. urativorans, the cold-
adapted y-proteobacterium typically found in Arctic ornithogenic
soil*:. During cryo-EM analysis of P. urativorans ribosomes isolated
from cold-shocked bacteria (Supplementary Figs. 1 and 2), we
observed an additional, previously overlooked small protein on the
solvent side of the large subunit, in the vicinity of protein ul4
(Fig. 1a, b). To identify this protein, we revisited our mass-
spectrometry analyses of the isolated 70S P. urativorans ribosomes
but did not find any additional ribosome-binding proteins, besides
previously described ribosome partners®. Therefore, we took an
alternative approach by manually building the backbone and using

FoldSeek®® to identify proteins with similar predicted structures.
Independently, we used ModelAngelo® to automatically build a model
de-novo for the unknown protein. Our FoldSeek search revealed that
the unknown protein showed significant similarity to only a single
protein in the P. urativorans proteome, specifically to ribosomal pro-
tein bS20 (Supplementary Fig. 3, Supplementary Table 1). Consistent
with this designation, ModelAngelo predicted a primary sequence
highly similar to bS20 for the most well-resolved segments of the
unknown density (Supplementary Fig. 4). Our subsequent docking of
the bS20 structure revealed that, compared to the previously identi-
fied bS20 molecule in the small subunit, the newly identified bS20
molecule in the large subunit has a disordered N-terminus (residues 1-
18), but the rest of the structure is nearly identical, as evidenced by a
Co-atom R.M.S.D. of 0.97 A. Collectively, these analyses show that
protein bS20 can simultaneously bind to two distinct sites in the 70S
ribosome (Fig. 1a).

To test whether bS20 binds to the large subunit of ribosomes
constantly or only in response to stress, and to exclude its binding as
an artifact of ribosome isolation, we determined the structure of
P. urativorans ribosomes using cryo-ET of non-stressed, exponentially
growing P. urativorans cells (Supplementary Fig. 5) thinned by cryo-
Focused lon Beam (FIB) milling. Our classification of active states
confirmed that virtually all ribosomes were associated with a P-site
tRNA and translation factors instead of hibernation factors like Balon
or RaiA, consistent with active translation in our cryo-ET samples. This
analysis confirmed the presence of an additional copy of bS20 in the
structure of the large subunit of ribosomes observed inside the bac-
terial cells (Fig. 1c, d; Supplementary Fig. 6).

An additional copy of bS20 is present only in a subset of cellular
ribosomes

Our cryo-ET maps of ribosomes visualised within exponentially growing
bacterial cells indicated that the bS20 signal in the large subunit was
weaker compared to other ribosomal proteins, suggesting substoichio-
metric binding. Therefore, we estimated bS20 stoichiometry at both of
its binding sites by performing focused classification. Our analysis
showed that bS20 is present in 100% of the small subunits but only in
approximately 67% of large ribosomal subunits. This occupancy is
consistent between different cells (standard deviation: 3%) (Fig. 2a, b;
Supplementary Fig. 6, Supplementary Fig. 7). We also performed a
similar analysis on our cryo-EM dataset of purified P. urativorans ribo-
somes. This revealed similar proportions of bS20 (-77%) bound to the
large subunit, indicating that this binding is biochemically stable and
likely independent of the growth conditions, because similar levels of
bS20 were detected in ribosomes from cold-shocked and actively
growing cells (Supplementary Fig. 1). Thus, we found that P. urativorans
cells contain two populations of structurally distinct ribosomes, with
one population carrying one copy of bS20 (1xbS20), and the other
population carrying two copies of bS20 (2xbS20).

Two types of ribosomes are used interchangeably and coop-
erate in protein synthesis

We next asked whether exponentially growing bacterial cells use these
structurally heterogeneous ribosomes interchangeably or in a manner
consistent with functional specialization. To answer this, we assessed
several key functional characteristics of ribosomes in situ, examining
the structure and behaviour of ribosomes in the cytosol of P. urati-
vorans cells using molecular-resolution cryo-ET. We first measured
ribosome distribution between functional states throughout the
translation cycle, including aminoacyl-tRNA binding, and pre- and
post-translocation stages of elongation. This analysis revealed that
1xbS20 and 2xbS20 ribosomes have the same proportions of each
functional state (Fig. 3a; Supplementary Figs. 6 and 7). We then mea-
sured ribosome association with Trigger Factor to assess the in vivo
binding of ribosomes to this factor of co-translational protein folding.
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Fig. 1| bS20 is a structural component of the large ribosome subunit. a Cryo-
EM structure of 70S ribosomes isolated from cold-shocked P. urativorans
demonstrates that ribosomal protein bS20 can bind to both small and large
ribosomal subunits. Close-up views show the maps and molecular models of
bS20 in the 30S ribosomal subunit (left) and the 50S ribosomal subunit (right).
b Location of the novel bS20-binding site on the large subunit. bS20 is located
on the solvent side of the large subunit, far away from the ribosome functional
centres, such as the nascent peptide exit tunnel and the binding sites for factors

b 505 (solvent side view) 505 (L1 stalk view)
W 3

nascent peptide
exit tunnel

of co-translational protein processing and folding (trigger factor (TF) or protein
deformylase (PDF)). c Slice through a representative tomogram depicting an
exponentially growing P. urativorans cell. The inner (IM) and outer (OM)
membranes and representative ribosomes are indicated. Scale bar: 200 nm. In
total, 28 tomograms were analyzed in this study and showed similar results.

d Cryo-ET reconstruction of 70S ribosomes within exponentially growing bac-
terial cells confirms that this previously unknown bS20-binding site on the large
subunit is utilised in vivo.

a With bS20 in 505 Without bS20 in 505

bS20in 30S

Type 1xbS20
(33%-82A)

Type 2xbS20
(67%-7.8A)

Fig. 2 | bS20 creates two distinct ribosome types in cells. a Cryo-ET maps cor-
responding to focused-classified 70S ribosomes with (left) and without bS20
(right) in the large subunit. b Cryo-ET imaging of P. urativorans cells from

@ 1xbS20

@ 2xbS20

exponentially growing cultures illustrates the spatial distribution of 1xbS20 (blue)
and 2xbS20 ribosomes (green) in bacterial cells. The inner (IM) and outer (OM) cell
membranes are indicated.

This analysis revealed that both 1xbS20 and 2xbS20 ribosomes had
identical ratios between the bound (-88%) and free state (-12%), high-
lighting that the second copy of bS20 did not influence ribosome
association with Trigger Factor (Fig. 3b; Supplementary Figs. 6-8).
Next, we tested whether structurally heterogeneous ribosomes
can cooperate by translating the same mRNA molecules. During pro-
tein synthesis, ribosomes associate into large supramolecular assem-
blies, termed polysomes, in which multiple ribosomes simultaneously
translate a single mRNA molecule to produce proteins®. In recent cryo-
electron tomography studies of ribosomes, the native structure of
polysomes was inferred based on the analyses of relative orientations
of neighbouring ribosomes (Fig. 3¢)****. Following a similar approach,

we implemented our own polysome-tracking algorithm to locate
polysomes in bacterial cells and quantify the distribution of 1xbS20
and 2xbS20 ribosomes in polysomes in situ (Methods). This analysis
revealed that both types of ribosomes co-formed polysomes, with
average ratio of 2xbS20 ribosomes of 67% (+/- 22% standard devia-
tion), which mirrored the occupancy of bS20 in the large ribosomal
subunit of all cellular ribosomes (Fig. 3d).

In addition, we also measured the distances separating mRNA exit
and entry sites of neighbouring polysomal ribosomes to indirectly esti-
mate the apparent relative elongation rates of 1xbS20 and 2xbS20
ribosomes. We assessed pairwise distance distributions between the
mRNA entry and mRNA exit of all neighbouring ribosomes to trace
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Fig. 3 | Structural variations caused by bS20 are functionally neutral. a In situ
classification of ribosomes according to their functional states shows that 1xbS20
(blue) and 2xbS20 (green) ribosomes have the same distribution along the elon-
gation cycle. b In situ classification of ribosomes according to their binding to the
Trigger Factor (TF) shows that 1xbS20 (blue) and 2xbS20 (green) ribosomes have
the same propensity to bind the Trigger Factor in situ. Ribosomes from 28 tomo-
grams were analysed. ¢ Cartoon representation of two adjacent ribosomes with the
mRNA exit-to-entry trajectory underlying polysome tracing highlighted (see
Methods for detailed description). d 3D visualization of two representative
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polysomes from cellular tomograms illustrates that 1xbS20 (blue) and 2xbS20
(green) ribosomes co-occur on the same mRNA molecules. Red spheres indicate
the position of bS20 on the large subunit of 2xbS20 ribosomes. e Distribution of
distances between the mRNA exit of any ribosome to the mRNA entry of its closest
polysomal neighbour in P. urativorans cells. The mRNA exit-to-entry distance was
plotted for each possible neighbour combination of 1xbS20 and 2xbS20 ribosomes.
Dashed lines indicate the 5% and 95% confidence intervals derived from cell-to-cell
variation (measured using 28 individual cells). a-e were obtained using exponen-
tially growing P. urativorans cells. Source data are provided in a source data file.

polysomes in 28 individual cells of P. urativorans (Fig. 3e). We reasoned
that if ribosomes bearing one or two copies of bS20 move at significantly
different rates along the mRNA, we would expect to see collisions on
polysomes containing both types of ribosomes. For example, if 2xbS20
ribosomes are translating slower, we would expect to find 1xbS20 ribo-
somes accumulating behind 2xbS20 ribosomes - thereby changing the
distributions for pairwise inter-ribosome distances on all polysomes in
the cell. Indeed, ribosome queuing (disome and trisome formation) has
been demonstrated on ribosome quality control (RQC) substrates and at
frameshift sites in bacteria and eukaryotes™ . However, we did not
observe these collisions, or any statistically significant differences
between inter-ribosome distances (Fig. 3e). Instead, we found that the

presence of bS20 in the large ribosomal subunit has no measurable
impact on inter-ribosome distances, suggesting that 1xbS20 and 2xbS20
have identical elongation properties in protein synthesis. Overall, these
analyses provide direct evidence that heterogeneous ribosomes can
cooperate during protein synthesis on the same molecule of mRNA, and
that the presence of bS20 in the large subunit represents a functionally
neutral intrinsic variation to ribosome structure.

The bS20-binding site in the large subunit is highly conserved in
proteobacteria

Finally, we asked what governs the preferential binding of bS20 to the
small subunit and whether its binding to the large subunit is conserved
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in other bacteria. To answer this, we first compared the bS20-binding
sites in the large and small subunits by measuring the ribosome-buried
area for both bS20 copies. We found that bS20 makes nearly twice as
many contacts in the small subunit as in the large subunit (2510 A?
compared to 1325 A% (Fig. 4a-c). Our mapping of the ribosome-
binding residues of bS20 showed that 43 residues of bS20 form direct
molecular interactions with the small subunit. However, when bS20
binds to the large subunit, only 15 of these 43 residues bind the ribo-
some, with the remaining 28 no longer involved in ribosome recog-
nition (Fig. 4). This difference suggests a weaker affinity of bS20 to the
large subunit, thus explaining its preferential binding to the small
subunit.

Furthermore, we found that the interactions of bS20 with the
small and large subunits have different physical natures. In the small
subunit, bS20 interacts exclusively with rRNA, but in the large subunit,
bS20 interacts largely with another ribosomal protein, uL4 (628 of 1325
A? of the bS20-binding interface). These interactions are electrostatic
and mediated by the basic residues in bS20 and the acidic residues in
ulL4 (Fig. 4d, e). Our evolutionary analysis shows that the bS20
sequence is highly conserved in bacteria, but the bS20-binding resi-
dues in protein uL4 are conserved only in proteobacteria (Fig. 4f, g).
Thus, bS20 binding to the large subunit is likely a hallmark feature of
proteobacterial ribosomes, distinguishing them from ribosomes of
other bacteria.

Discussion
Heterogeneous ribosomes do not segregate but cooperate
during protein synthesis
In this study, we were able to directly observe individual structurally
heterogeneous ribosomes during protein synthesis within single bac-
terial cells. We have determined their molecular composition, func-
tional states and cooperative behaviour in situ. Through this
comprehensive analysis, we found that heterogeneous ribosomes do
not segregate into separate populations; instead, they function
equivalently and cooperatively while co-occurring on the same mRNA
molecules in situ. Thus, ribosome heterogeneity does not necessarily
lead to functional specialization, even when it involves significant
variations, such as the presence or absence of a ribosomal protein.
This finding provides counterevidence to the prevailing view on
heterogeneous ribosomes. Since their discovery more than fifty years
ago, the field has been dominated by the notion that if ribosomes are
structurally heterogeneous it suggests that ribosomes may be func-
tionally heterogeneous as well’. However, these ideas are difficult to
reconcile with many key characteristics of ribosomes. For example,
heterogeneous ribosomes produced by a given organism exhibit much
smaller variations compared to those observed across species. In
eukaryotic organisms such as Saccharomyces cerevisiae, two alter-
native isoforms are expressed for 31 ribosomal proteins, and these
isoforms are considered potentially specialized®®. However, many of
them differ from each other by only a single amino acid substitution;
for instance, isoforms of protein uL4 are 99.7% identical. In contrast,
these isoforms contain 88 substitutions compared to ulL4 from
another yeast, Candida albicans (75.4% sequence identity). Never-
theless, ulL4 is regarded as functionally conserved, not specialized,
between these two yeast species. At the same time, synthetic biologists
have shown that natural ribosomes require substantial unnatural
modifications to achieve the functional autonomy of heterogeneous
ribosomes in terms of spatial segregation and preferential binding to
mRNAs®**, These modifications include mutations of the anti-Shine-
Dalgarno sequence and the chemical tethering of ribosomal subunits.
Consequently, the idea that naturally occurring heterogeneous
ribosomes can act in a specialized manner within a single cell lacks
direct examination, due to a previous gap in technologies for obser-
ving individual heterogeneous ribosomes in situ. Here, we provide this
direct examination and demonstrate that, in contrast to specialization,

ribosomes can withstand even significant structural variations, such as
the presence of an additional protein, and retain their core activities
in situ. Thus, cellular ribosomes can tolerate fluctuations in their
molecular structure without losing their essential and cooperative
activities required for ribosomal protein synthesis.

Ribosome structures indeed have a variable stoichiometry in
single cells

Our discovery of bS20 variations reveals a mechanism for the variable
stoichiometry of ribosome structures. Currently, two contradicting
lines of evidence exist regarding the molecular composition of ribo-
somes. On one hand, structural data suggest that ribosomes maintain a
strictly defined stoichiometry, with each ribosomal protein present in a
single copy per ribosome (with the exception of proteins L7/L12 and
P1/P2, which are found in four or six copies)*. Conversely, biochemical
and proteomic studies indicate that certain ribosomal proteins can
exceed a single copy per ribosome?**>*¢, Whilst older methods lacked
quantitative precision, the technologies for protein analysis have
developed significantly during the last few decades® *°. Furthermore,
advancements in quantitative proteomics have revealed that similar
variations may occur in eukaryotic ribosomes”'®, Nevertheless, the
origins and mechanisms of these variations remain unknown, and it is
still debated whether they are even structurally possible. Conse-
quently, the following key questions remain unanswered: How do
ribosomes achieve stoichiometric heterogeneity to contain more than
one copy of a certain protein? And if this occurs, do these stoichio-
metric variations affect the ribosome activity?

In this study, we resolve this mechanism and the controversy for
protein bS20. In contrast to previous studies suggesting that occa-
sional observations of bS20 in the large subunit are a misannotation or
a ribosome isolation artifact**™*’, our work shows that bS20 is a gen-
uine component of the large ribosomal subunit in P. urativorans, and
likely also in other proteobacteria. More generally, our work illustrates
one possible way in which variable stoichiometry of a ribosomal pro-
tein can be achieved structurally. We suggest that the underlying cause
for this heterogeneity may be related to excess ribosomal proteins in
bacterial cells. Previously, the expression of ribosomal proteins was
shown to be tightly regulated to ensure their production in a 1:1 ratio
relative to each other’. This regulation helps prevent the accumula-
tion of free ribosomal proteins, which can cause stress due to their
non-specific interactions with negatively charged molecules within the
cell. However, achieving a 1:1 production ratio is a non-trivial challenge
because ribosomal proteins are encoded by 18 different operons’. Our
finding of bS20 in the large subunit shows that bacterial cells may
deposit excess bS20 directly into ribosomal structures. Therefore, it
will be intriguing to test in the future if this bS20 binding allows bac-
teria to sequester free fractions of ribosomal proteins to prevent
deleterious effects on cell function.

Methods

Cryo-EM analysis of P. urativorans ribosomes

To analyse bS20 association with the ribosome, 10 pL aliquots of crude
ribosome samples were isolated from ice-treated P. urativorans (ATCC
15174). Actively growing P. urativorans cells (ODggo ~ 0.3) were chilled
on ice for 30 min, centrifuged at 5000 g for 10 min at 4 °C, and 1g of
cells were resuspended in 1 ml of buffer A (50 mM Tris-HCI pH 7.5,
20 mM magnesium acetate, 50 mM KCI). The suspension was trans-
ferred to tubes with 0.1 ml zirconium beads (Sigma-Aldrich BeadBug)
and disrupted using a bead beater (Thermo FastPrep FP120 Cell Dis-
rupter) at 6.5 m/s for 30 s. After centrifugation at 16,000 g for 5 min at
4 °C, the supernatant was collected and centrifuged again to remove
debris. To isolate ribosomes, PEG 20,000 (A17925-0B, Thermo Fisher
Scientific) was added to the lysate (0.5% w/v), and insoluble aggregates
were removed by centrifugation. PEG concentration was then
increased to 12.5% (w/v) to precipitate ribosomes using centrifugation
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Fig. 4 | The bS20-binding site in the large subunit is conserved in proteo-
bacteria. a, b Close-up views of the molecular interactions of bS20 in the small
subunit (a) and the large subunit (b), as observed in the high-resolution cryo-EM
structure of the P. urativorans ribosome (Fig. 1a). ¢ Details of bS20 amino acid
residues that mediate interaction with P. urativorans ribosomes. Residues are color-
coded based on whether they are involved in binding to both subunits “30S and 50S
binders” (purple), only the small subunit "30S binders” (red), or only the large

subunit “50S binders” (yellow). d, e Electrostatic surface potential of bS20 (d) and
uL4 (e) based on structural models of the proteins in the ribosome. The uL4/bS20
contact area is shown as dashed outlines. f, g Multiple protein sequence alignment
illustrates sequence conservation of bS20/uL4-interface residues. uL4-binding
residues of bS20 are highly conserved across bacterial species (as shown in f), but
the bS20-binding residues of uL4 are conserved only in proteobacteria (as shown
ing).
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at 16,000 g for 5 min at 4 °C. The ribosome pellet was dissolved in 50 pl
of buffer A, and the solution was purified using PD Spin Trap G-25
columns (GE28-9180-04, GE Healthcare), yielding a ribosome con-
centration of ~500 nM. Aliquots were stored at -20 °C for cryo-EM
analysis.

The ribosome sample was thawed on ice and an aliquot of 2 pL
was applied onto glow discharged (20 mA, 90s, 0.26 mBar, PELCO
easiGlow) Quantifoil grids (R1.2/1.3, 200 mesh, copper). Grids were
blotted for 1s (using blotting force -5) at 100% humidity, 4 °C and
vitrified using liquid nitrogen-cooled ethane in a Vitrobot Mark IV
(Thermo Fisher Scientific). This grid was then used for data collection
with a 200 kV Glacios electron cryo-microscope (Thermo Fisher Sci-
entific) with Falcon 4 detector located at the York Structural Biology
Laboratory, University of York, UK. For each movie a total dose of 50
e-/A? was applied to the grid across 7s. A nominal magnification of
150,000 x was applied, resulting in a final object sampling of 0.934 A
pixel size. 3706 micrograph movies were recorded in aberration free
image shift (AFIS) mode using defocus targets of -1.25, -10,
-0.75, -0.5 pm.

Cryo-EM data for the P. urativorans dataset was processed as
summarized in Supplementary Fig. 1 and Supplementary Table 2. In
brief, using RELION 3.1” a total of 303,839 particles were picked from
3707 micrographs using the Laplacian of Gaussian picker (160 - 300 A;
0.9 standard deviation threshold). Particles were then extracted using
a 450 px box with no downscaling. After two rounds of 2D classifica-
tion were carried out to clean the dataset, 23,366 “good” particles were
selected for 3D refinement. This resulted in a map at 4.5 A resolution.
Subsequently, CTF refinement (per particle), aberration correction
and postprocessing was carried out to generate a map at 3.2 A reso-
lution. This map clearly showed heterogeneity around the bS20-
binding site in the large ribosomal subunit due to partial occupancy of
bS20. To resolve this, using RELION 5.0”* angular assignments from the
previous refinement job were used to carry out masked classification
without alignment focusing on the bS20-binding site in the large
ribosomal subunit. This separated particles into four groups corre-
sponding to differential factors of occupancy: classes 1 and 2 -small
subsets of bad particles; class 2-large subunit bS20(occupied); class
3-large subunit bS20(vacant). The final particle subsets of “large sub-
unit bS20(occupied)” and “large subunit bS20(vacant)” were selected
for masked 3D refinement and postprocessing resulting in maps with a
3.2 and 6.7 A resolution respectively. Finally, sharpened maps weigh-
ted by estimated local resolution were calculated. All reported esti-
mates of resolution are based on gold standard Fourier shell
correlation (FSC) at 0.143, and the calculated FSC is derived from
comparisons between reconstructions from two independently
refined half-sets (Supplementary Fig. 2).

Model building, refinement, deposition

The atomic model of P. urativorans ribosomes was retrieved from the
Protein Data Bank (PDB ID 8RDS8). The model was then modified by
deleting the ribosome ligands, such as EF-Tu, Balon, and RaiA, due to
their partial occupancy in our cryo-EM map. The density correspond-
ing to bS20/L26 in the large ribosomal subunit was initially modelled as
a poly-alanine chain in the single-particle cryo-EM reconstruction of
the P. urativorans ribosome (at 3.2 A resolution) to determine the
backbone structure. This poly-alanine backbone model was then used
to find proteins with similar fold in the Alpha Fold bank of predicted
structures using the FoldSeek tool for tracking structural similarities of
macromolecules®. To create the final model of bS20 in the large
subunit, the starting atomic model of bS20 was extracted from the
structure of P. urativorans small ribosomal subunit (PDB ID 8RD8) and
edited using Coot v0.8.9.27*. The obtained structure of P. urativorans
ribosome bearing bS20 in both the large and small ribosomal subunits
was refined using Phenix 1.20.1”° and deposited in the Protein Data
Bank (PDB ID 9HC4).

Automated model building

To provide additional validation of our annotation of the unknown
protein as bS20, we used ModelAngelo v1.0.13* to automatically build
a model into the unidentified density in the large ribosomal subunit.
The region of interest in the postprocessed cryo-EM map was masked,
and, to avoid bias, ModelAngelo was run without any input sequences.
ModelAngelo produced a partial model of bS20, corresponding to
three helices. Sequence alignment using the EMBL-EBI sequence ana-
lysis tool® against the bS20 sequence as a reference indicated that
these helices correspond to residues 17-35 in the a1 helix residues 47-
49 and 57- 66 in the o2 helix and residues 72-74 and 81-83 in the a3
helix. ChimeraX v1.8”7 was then used to superimpose the partial
ModelAngelo model with the structure of bS20 in the small ribosomal
subunit (PDB ID 8RD8). RMSD values were further used to assess the
structural similarity between both models, as reported in Supple-
mentary Fig. 4.

Sample preparation for cryo-ET

P. urativorans cells were cultured in nutrient broth #3 (Beef Extract
3.0 g/L Peptone 5.0 g/L) at 19 °C with shaking at 130 rpm until plunge
freezing once the culture reached an OD¢go = 0.58. For plunge freez-
ing, EM support grids (Cu R2/1, mesh 200; Quantifoil) were glow dis-
charged using a Solarus 950 plasma cleaner (Gatan) for 30 s under
oxygen atmosphere. 4 pL of cell suspension were applied to the carbon
side of the grid inside the chamber of a Vitrobot Mark IV
(Thermo Fisher Scientific) that was kept at 19 °C. Excess liquid was
removed by blotting for 2 s using a filter paper facing the backside and
a Teflon sheet facing the carbon side of the grid. Electron transparent
lamellae where prepared by cryo-FIB milling using an Aquilos 2
microscope (Thermo Fisher Scientific). Grids were screened using the
software Maps (Thermo Fisher Scientific) and milling positions were
chosen at positions with clusters of cells in sufficiently thick ice.
Samples were coated with an organometallic platinum layer using a gas
injection system for 40 s followed by sputter coating with platinum at
30 mA and 10 Pa for 10s. Milling was performed using the software
AutoTEM (Thermo Fisher Scientific) to thin the positions in four steps
followed by two steps of polishing to a target thickness of 140 nm.

Cryo-ET data collection

A total of 39 tilt series were acquired in two independent sessions from
14 lamellae on 2 grids. Data was collected on a Titan Krios (Thermo
Fisher Scientific) operated at 300 kV, equipped with a Gatan K3 direct
electron detector and a Quantum Gatan Imaging Filter (Gatan) with an
energy slid width of 20 eV. Tilt Series were acquired using Tomo5
(Thermo Fisher Scientific) at 33,000x magnification corresponding to
a pixel size of 2.589 A. The acquisition was started from the lamella
pretilt of 9°-12° and a dose symmetric scheme with 3° increments from
-50° to 60° was applied resulting in 38 projections per tilt series with a
total dose of 136 e-/A%> and a dose rate of 26 e-/px/s. The nominal
defocus was varied between -3 to -6 pum.

Subtomogram analysis of P. urativorans ribosomes

Data were processed as summarized in Supplementary Fig. 6. Indivi-
dual micrographs were motion corrected using MotionCor2’® with 5 x
5 patches. Subsequently, CTF parameters were estimated using Warp”®
and image stacks were created for subsequent tilt series alignment
using IMOD version 4.11.19%. The alignment parameters were used to
reconstruct binned tomograms with a pixel size of 20.712 A in Warp.
For particle localization a template was generated using fast rotational
matching alignment implemented in PyTom® from approximately 500
manually selected ribosomes. Template matching was performed as
implemented in PyTom. The top 2000 cross-correlation peaks were
extracted per tomogram, and obvious contamination was removed
manually in UCSF Chimera. Subtomograms were reconstructed in
Warp (2.589 A/px) and classified in RELION 3.1’ to remove non-
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ribosomal particles. This yielded 40,853 ribosomal particles which
were used to correct the tilt series for local deformation in M version
1.0.9% prior to reconstructing corrected subtomograms (2.589 A/px).
These subtomograms were subjected to focused classification on the
30S subunit using a smooth shape mask to sort for rotational states.
Rotated (6245 particles) and unrotated (31,444 particles) 70S ribo-
somes were subclassified separately by focusing on the factor and
tRNA binding sites to assign specific translational states. For the
translocating state, two EF-G states were observed (pre- and post-GTP-
hydrolysis) and pooled for analysis. Low quality classes were excluded
at each classification step, leaving 37,352 high quality particles.

To identify the number of ribosomes with a second copy of bS20
bound to the 50S subunit, 3D classification was focused on the 50S
subunit binding site of bS20 with a small spherical mask and providing
a reference without bS20 on the 50S subunit. To assess ribosome
association with Trigger Factor, a smooth shape mask was generated
covering the Trigger factor binding site in vicinity of the ribosomal
tunnel exit. Focused 3D classification using this mask yielded one class
lacking Trigger Factor and several classes with Trigger Factor in dif-
ferent conformations, which were grouped for analysis. All final
classes were subjected to multi-species refinement runs in M followed
by post-processing in RELION 3.1 (Supplementary Table 3). Custom
scripts used for cryo-ET data analysis can be found in Supplemen-
tary Data 1.

Polysome tracing and analysis

Polysome tracing using Python scripts followed a similar approach as
published earlier®. In cryo-ET, individual mRNA molecules cannot be
resolved. It is therefore a standard approach in cryo-ET**** to compu-
tationally infer whether adjacent ribosomes are part of the same
polysome or come into random proximity by analysing their relative
orientations. If they are on different mRNA molecules, they will adopt
rotational poses that are unconstrained (i.e. all relative orientations are
equally likely). If they are on the same mRNA molecule, the mRNA exit
site of the leading ribosome will be more aligned towards the mRNA
entry site of the trailing ribosome.

All particles to be analysed were assigned a sequential unique
identifier in the input STAR file. Two user-defined markers corre-
sponding to the ribosomal mRNA entry and mRNA exit sites were
defined in the coordinate system of the subtomogram average and
mapped back into the coordinate system of the tomogram based on
positions and orientations of particles as determined during template
matching and subsequent 3D auto-refinement. For each mRNA exit
site, the closest mRNA entry site among neighbouring particles was
identified and registered (‘ConStarLation_Particles.py’), if the distance
between the two points was below the cut-off distance (polysome
tracing: 25nm; elongation rate analysis: 50 nm) (Supplementary
Data 1). If multiple particles shared the same neighbour, only the
shortest link was considered. If linked particles formed a closed circle,
the longest link was removed. To assign particles to polysomal chains,
the first unit of each traced chain was identified as a particle that has an
upstream but no downstream neighbour. From the first unit onwards,
particles were chained until no upstream neighbour was detected
anymore (‘StarChainer.py’). Each traced polysome chain received an
identifier and the polysome length and sequence of particles within the
polysome were registered in the output particle STAR file for further
analysis. Based on the sequence of particles within polysomes and the
class assignment to ribosomes with one or two copies of bS20, we
computed the fraction of bS20 containing ribosomes per polysome.
Traced polysomes were visualized with ArtiaX®* using a reconstruction
of the 70S P. urativorans ribosome generated in M.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The atomic coordinate file for the structure of P. urativorans ribo-
somes with two copies of bS20 generated in this study has been
deposited in the Protein Data Bank (PDB) with the accession code
9HC4. The associated cryo-EM maps generated in this study were
deposited to the Electron Microscopy Data Bank (EMDB) with the
accession codes EMD-52036 (cryo-EM reconstruction of 2xbS20 ribo-
somes), EMD-52351 (subtomogram average of all ribosomes), EMD-
52352 (subtomogram average of 1xbS20 ribosomes) and EMD-52354
(subtomogram average of 2xbS20 ribosomes). A representative
tomogram has been deposited to the EMDB with the accession code
EMD-52842. Source data are provided with this paper.

Code availability
Custom scripts used in this study are available as Supplemen-
tary Data 1.

References

1. Aronson, A. |. & Holowczyk, M. A. Composition of bacterial riboso-
mal RNA: Heterogeneity within a given organism. Biochimica et.
Biophysica Acta (BBA) - Nucleic Acids Protein Synth. 95,

217-231 (1965).

2. Bickle, T. A, Howard, G. A. & Traut, R. R. Ribosome heterogeneity:
the nonuniform distribution of specific ribosomal proteins among
different functional classes of ribosomes. J. Biol. Chem. 248,
4862-4864 (1973).

3. Subramanian, A. R. Copies of proteins L7 and L12 and heterogeneity
of the large subunit of Escherichia coli ribosome. J. Mol. Biol. 95,
1-8 (1975).

4. Forget, B. G. & Jordan, B. 5S RNA synthesized by Escherichia coli in
presence of chloramphenicol: different 5'-terminal sequences.
Science 167, 382-384 (1970).

5. Selker, E. U., Stevens, J. N. & Metzenberg, R. L. Heterogeneity of 5S
RNA in fungal ribosomes. Science 227, 1340-1343 (1985).

6. Gunderson, J. H. et al. Structurally distinct, stage-specific ribo-
somes occur in Plasmodium. Science 238, 933-937 (1987).

7. Nanamiya, H. et al. Zinc is a key factor in controlling alternation of
two types of L31 protein in the Bacillus subtilis ribosome. Mol.
Microbiol. 52, 273-283 (2004).

8. Vesper, O. et al. Selective translation of leaderless mRNAs by spe-
cialized ribosomes generated by MazF in Escherichia coli. Cell 147,
147-157 (2011).

9. Kurylo, C. M. et al. Endogenous rRNA sequence variation can reg-
ulate stress response gene expression and phenotype. Cell Rep. 25,
236-248.e6 (2018).

10. Mizuno, C. M. et al. Numerous cultivated and uncultivated viruses
encode ribosomal proteins. Nat. Commun. 10, 752 (2019).

1. Chen, L. X. et al. Phage-encoded ribosomal protein S21 expression
is linked to late-stage phage replication. ISME Commun. 2,

1-10 (2022).

12. Ruvinsky, |. & Meyuhas, O. Ribosomal protein S6 phosphorylation:
from protein synthesis to cell size. Trends Biochemical Sci. 31,
342-348 (2006).

13. Singleton, R. S. et al. OGFOD!1 catalyzes prolyl hydroxylation of
RPS23 and is involved in translation control and stress granule
formation. Proc. Natl Acad. Sci. USA 111, 4031-4036
(2014).

14. Sharma, S. & Lafontaine, D. L. J. View from a bridge":a new per-
spective on eukaryotic rRNA base modification. Trends Biochem
Sci. 40, 560-575 (2015).

15. Chaillou T., Zhang X., McCarthy J. Expression of muscle-specific
ribosomal protein L3-like impairs myotube growth. J. Cell. Physiol.
231, 1894-1902 (2016).

16. Blanco, G. et al. Synthesis of ribosomal proteins during growth of
Streptomyces coelicolor. Mol. Microbiol. 12, 375-385 (1994).

Nature Communications | (2025)16:2751


https://doi.org/10.2210/pdb9HC4/pdb
https://www.ebi.ac.uk/emdb/EMD-52036
https://www.ebi.ac.uk/emdb/EMD-52351
https://www.ebi.ac.uk/emdb/EMD-52352
https://www.ebi.ac.uk/emdb/EMD-52352
https://www.ebi.ac.uk/emdb/EMD-52354
https://www.ebi.ac.uk/emdb/EMD-52842
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57955-8

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Slavov, N., Semrau, S., Airoldi, E., Budnik, B. & van Oudenaarden, A.
Differential stoichiometry among core ribosomal proteins. Cell Rep.
13, 865-873 (2015).

Emmott, E., Jovanovic, M. & Slavov, N. Ribosome stoichiometry:
from form to function. Trends Biochem. Sci. 44, 95-109 (2019).
Norris, K., Hopes, T. & Aspden, J. L. Ribosome heterogeneity and
specialization in development. WIREs RNA 12, 1644 (2021).

Chen, Y. X. et al. Selective translation by alternative bacterial ribo-
somes. Proc. Natl Acad. Sci. USA 117, 19487-19496 (2020).

Xue, S. & Barna, M. Specialized ribosomes: a new frontier in gene
regulation and organismal biology. Nat. Rev. Mol. Cell Biol. 13,
355-369 (2012).

Genuth, N. R. & Barna, M. Heterogeneity and specialized functions
of translation machinery: from genes to organisms. Nat. Rev. Genet.
19, 431-452 (2018).

Gay, D. M., Lund, A. H. & Jansson, M. D. Translational control
through ribosome heterogeneity and functional specialization.
Trends biochemical Sci. 47, 66-81 (2022).

Culviner, P. H. & Laub, M. T. Global analysis of the E. coli toxin MazF
reveals widespread cleavage of mRNA and the inhibition of rRNA
maturation and ribosome biogenesis. Mol. cell 70, 868-880 (2018).
Haag, E. S. & Dinman, J. D. Still searching for specialized ribosomes.
Dev. Cell 48, 744-746 (2019).

Ferretti, M. B. & Karbstein, K. Does functional specialization of
ribosomes really exist? RNA 25, 521-538 (2019).

Ben-Shem, A. et al. The structure of the eukaryotic ribosome at 3.0
A resolution. Science 334, 1524-1529 (2011).

Melnikov, S. et al. One core, two shells: bacterial and eukaryotic
ribosomes. Nat. Struct. Mol. Biol. 19, 560-567 (2012).

Van Spaendonk, R. M. et al. Functional equivalence of structurally
distinct ribosomes in the malaria parasite, Plasmodium berghei. J.
Biol. Chem. 276, 22638-22647 (2001).

Karbstein, K. et al. The promises and pitfalls of specialized ribo-
somes. Mol. Cell 82, 2179-2184 (2022).

Nogales, E. & Mahamid, J. Bridging structural and cell biology with
cryo-electron microscopy. Nature 628, 47-56 (2024).

Kaltschmidt, E. & Wittmann, H. G. Ribosomal proteins, XIl. Number
of proteins in small and large ribosomal subunits of Escherichia coli
as determined by two-dimensional gel electrophoresis. Proc. Natl
Acad. Sci. USA 67, 1276-1282 (1970).

Wittmann, H. G. Components of bacterial ribosomes. Annu Rev.
Biochem 51, 155-183 (1982).

Oen, H., Pellegrini, M., Eilat, D. & Cantor, C. R. Identification of 50S
proteins at the peptidyl-tRNA binding site of Escherichia coli ribo-
somes. Proc. Natl Acad. Sci. USA 70, 2799-2803 (1973).
Wittmann, H. G. & Stoffler, G. Altered S5 and S20 ribosomal pro-
teins in revertants of an alanyl-tRNA synthetase mutant of Escher-
ichia coli. Mol. Gen. Genet 134, 225-236 (1974).

Moore, V. G., Atchison, R. E., Thomas, G., Moran, M. & Noller, H. F.
Identification of a ribosomal protein essential for peptidyl trans-
ferase activity. Proc. Natl Acad. Sci. USA 72, 844-848 (1975).
Robertson, W. R., Dowsett, S. J. & Hardy, S. J. S. Exchange of ribo-
somal proteins among the ribosomes of Escherichia coli. Molec
Gen. Genet 157, 205-214 (1977).

Subramanian, A. R. & Van Duin, J. Exchange of individual ribosomal
proteins between ribosomes as studied by heavy isotope-transfer
experiments. Molec Gen. Genet 158, 1-9 (1977).

Butler, P. D. &Wild, D. G. Ribosomal protein synthesis by a mutant of
Escherichia coli. Eur. J. Biochem 144, 649-654 (1984).

Herold, M. & Nierhaus, K. H. Incorporation of six additional proteins
to complete the assembly map of the 50 S subunit from Escherichia
coli ribosomes. J. Biol. Chem. 262, 8826-8833 (1987).

Wimberly, B. T. et al. Structure of the 30S ribosomal subunit. Nature
407, 327-339 (2000).

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Harms, J. et al. High resolution structure of the large ribosomal
subunit from a mesophilic eubacterium. Cell 107, 679-688 (2001).
Schuwirth, B. S. et al. Structures of the bacterial ribosome at 3.5 A
resolution. Science 310, 827-834 (2005).

Wilson, D. N. & Nierhaus, K. H. Ribosomal proteins in the spotlight.
Crit. Rev. Biochem. Mol. Biol. 40, 243-267 (2005).

Ramaswamy, P. & Woodson, S. A. Global stabilization of rRNA
structure by ribosomal proteins S4, S$17, and S20. J. Mol. Biol. 392,
666-677 (2009).

Tobin, C., Mandava, C. S., Ehrenberg, M., Andersson, D. I. & Sanyal,
S. Ribosomes lacking protein S20 are defective in mMRNA binding
and subunit association. J. Mol. Biol. 397, 767-776 (2010).

Gong, X. et al. Disruption of the rice plastid ribosomal protein S20
leads to chloroplast developmental defects and seedling lethality.
G3: Genes, Genomes, Genet. 3, 1769-1777 (2013).

Bowman J. P. The genus Psychrobacter. The Prokaryotes (Dworkin
M., Falkow S., Rosenberg E., Schleifer K. H. & Stackenbrandt E.,
eds). Springer, New York; 2006.

Helena-Bueno, K. et al. A new family of bacterial ribosome hiber-
nation factors. Nature 626, 1125-1132 (2024).

Van Kempen, M. et al. Fast and accurate protein structure search
with Foldseek. Nat. Biotechnol. 42, 243-246 (2024).

Jamali, K. et al. Automated model building and protein identifica-
tion in cryo-EM maps. Nature 628, 450-457 (2024).

Warner, J. R., Knopf, P. M. & Rich, A. A multiple ribosomal structure
in protein synthesis. Proc. Natl Acad. Sci. USA 49, 122-129 (1963).
Xue, L. et al. Visualizing translation dynamics at atomic detail inside
a bacterial cell. Nature 610, 205-211 (2022).

Xing, H. et al. Translation dynamics in human cells visualized at high
resolution reveal cancer drug action. Science 381, 70-75 (2023).
Saito, K. et al. Ribosome collisions induce mRNA cleavage and
ribosome rescue in bacteria. Nature 603, 503-508 (2022).
Cerullo, F. et al. Bacterial ribosome collision sensing by a MutS DNA
repair ATPase paralogue. Nature 603, 509-514 (2022).

Bhatt, P. R. et al. Structural basis of ribosomal frameshifting during
translation of the SARS-CoV-2 RNA genome. Science 372,
1306-1313 (2021).

Hill, C. H. et al. Investigating molecular mechanisms of 2A-
stimulated ribosomal pausing and frameshifting in Theilovirus.
Nucleic acids Res. 49, 11938-11958 (2021).

Smith, A. M., Costello, M. S., Kettring, A. H., Wingo, R. J. & Moore, S.
D. Ribosome collisions alter frameshifting at translational repro-
gramming motifs in bacterial mMRNAs. Proc. Natl Acad. Sci. USA 116,
21769-21779 (2019).

Komili, S., Farny, N. G., Roth, F. P. & Silver, P. A. Functional speci-
ficity among ribosomal proteins regulates gene expression. Cell
131, 557-571 (2007).

Hui, A. & De Boer, H. A. Specialized ribosome system: preferential
translation of a single mMRNA species by a subpopulation of mutated
ribosomes in Escherichia coli. Proc. Natl Acad. Sci. USA 84,
4762-4766 (1987).

Rackham, O. & Chin, J. W. A network of orthogonal ribosome-mRNA
pairs. Nat. Chem. Biol. 1, 159-166 (2005).

Orelle, C. et al. Protein synthesis by ribosomes with tethered sub-
units. Nature 524, 119-124 (2015).

Thaenert, A. et al. Engineered mRNA-ribosome fusions for facile
biosynthesis of selenoproteins. Proc. Natl Acad. Sci. USA 121,
€2321700121 (2024).

Wada, A. Analysis of Escherichia coli ribosomal proteins by an
improved two dimensional gel electrophoresis. |. Detection of four
new proteins. J. Biochem. 100, 1583-1594 (1986).

Wada, A. Analysis of Escherichia coli ribosomal proteins by an
improved two dimensional gel electrophoresis. Il. Characterization
of four new proteins. J. Biochem. 100, 1595-1605 (1986).

Nature Communications | (2025)16:2751


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57955-8

67. Chen, S. S. & Williamson, J. R. Characterization of the ribosome
biogenesis landscape in E. coli using quantitative mass spectro-
metry. J. Mol. Biol. 425, 767-779 (2013).

68. Sashital, D. G. et al. A combined quantitative mass spectrometry
and electron microscopy analysis of ribosomal 30S subunit
assembly in E. coli. Elife 3, e04491 (2014).

69. Rabuck-Gibbons, J. N., Lyumkis, D. & Williamson, J. R. Quantitative
mining of compositional heterogeneity in cryo-EM datasets of
ribosome assembly intermediates. Structure 30, 498-509 (2022).

70. Shajani, Z., Sykes, M. T. & Williamson, J. R. Assembly of bacterial
ribosomes. Annu Rev. Biochem 80, 501-526 (2011).

71. Aseev, L. V., Koledinskaya, L. S. & Boni, . V. Extraribosomal func-
tions of bacterial ribosomal proteins—an update, 2023. Int. J. Mol.
Sci. 25, 2957 (2024).

72. Zivanov, J., Nakane, T. & Scheres, S. H. Estimation of high-order
aberrations and anisotropic magnification from cryo-EM data sets in
RELION-3.1. IUCrJ 7, 253-267 (2020).

73. Burt, A. et al. An image processing pipeline for electron cryo-
tomography in RELION-5. FEBS Open Bio. 11, 1788-1804 (2024).

74. Lohkamp B., Scott W. G., Cowtan K. Features and development of
Coot. Acta Crystallogr. Sect. D: Biolog. Crystallogr. 66, 486-501
(2010).

75. Adams, P. D. et al. PHENIX: a comprehensive Python-based system
for macromolecular structure solution. Acta Crystallogr. Sect. D:
Biol. Crystallogr. 66, 213-221 (2010).

76. Madeira, F. et al. The EMBL-EBI Job Dispatcher sequence analysis
tools framework in 2024. Nucleic Acids Res. 52(W1), W521-W525
(2024).

77. Pettersen, E. F. et al. ucsF cHiMERAX: Structure visualization for
researchers, educators, and developers. Protein Sci. 30,

70-82 (2021).

78. Zheng, S. Q. et al. MotionCor2: anisotropic correction of beam-
induced motion for improved cryo-electron microscopy. Nat.
Methods 14, 331-332 (2017).

79. Tegunov, D. & Cramer, P. Real-time cryo-electron microscopy data
preprocessing with Warp. Nat. Methods 16, 1146-1152 (2019).

80. Mastronarde, D. N. & Held, S. R. Automated tilt series alignment and
tomographic reconstruction in IMOD. J. Struct. Biol. 197, 102-113
(2017).

81. Hrabe, T. et al. PyTom: a python-based toolbox for localization of
macromolecules in cryo-electron tomograms and subtomogram
analysis. J. Struct. Biol. 178, 177-188 (2012).

82. Tegunov, D., Xue, L., Dienemann, C., Cramer, P. & Mahamid, J. Multi-
particle cryo-EM refinement with M visualizes ribosome-antibiotic
complex at 3.5 A in cells. Nat. Methods 18, 186-193 (2021).

83. Ermel, U. H., Arghittu, S. M. & Frangakis, A. S. ArtiaX: An electron
tomography toolbox for the interactive handling of sub-tomograms
in UCSF ChimeraX. Protein Sci. 31, e4472 (2022).

Acknowledgements

We would like to thank Bert van den Berg and Wyatt Yue (Newcastle
University, UK) and Yuri Polikanov (UIC, USA) for their critical and
encouraging comments on this manuscript. The authors acknowledge
support by the state of Baden-Wirttemberg through bwHPC and the
German Research Foundation (DFG) through grant INST 35/1597-1
FUGG. The authors gratefully acknowledge the data storage service
SDS@hd supported by the Ministry of Science, Research and the Arts
Baden-Wiirttemberg (MWK) and the German Research Foundation (DFG)
through grant INST 35/1503-1 FUGG. We would like to acknowledge
access to the infrastructure and support provided by the Cryo-EM Net-
work at the Heidelberg University (HDcryoNet), which is funded and
supported by the German Research Foundation (DFG), the Federal
Ministry of Education and Research (BMBF) and the Ministry of Science
Baden-Wiurttemberg, among others, within the framework of the

Excellence Strategy of the Federal and State Governments of Germany.
This project was undertaken on the Viking Cluster, which is high-
performance compute facility provided by the University of York. We are
grateful for computational support from the University of York High
Performance Computing service, Viking, and the Research Computing
team, and support from the Newcastle University Structural Biology
Laboratory. We also acknowledge the York cryo-EM facility supported by
Wellcome Trust (206161/Z/17/Z). This work was supported by the New-
castle University Overseas Research Scholarship and the Scientific
Exchange Grant by the European Molecular Biology Organization (both
to K. H-B.), the BBSRC Doctoral Training Programme (BB/TO08695/1 to
L.I.C.), the European Research Council (ERC-StG ‘RiboStress’ to S.P.), the
Aventis Foundation (to S.P.), the ‘Chica and Heinz Schaller’ Foundation
(to S.P.), a Wellcome Trust and Royal Society Sir Henry Dale Fellowship
(221818/2/20/Z to C.H.H.), and the Royal Society International Partner-
ship Grant (IES\R2\222173 to S.P. and S.V.M.).

Author contributions

K.H.-B., S.K., S.P., C.H.H., and S.V.M. designed the study. K.H.-B. col-
lected and processed the cryo-EM data. S.K. collected the cryo-ET data
and analyzed it with assistance from S.F.. L.I.C., S.B., and M.H. assisted
with bS20 identification. A.B. assisted with cryo-EM data storage,
transfer, and processing. All authors contributed to the writing of the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-57955-8.

Correspondence and requests for materials should be addressed to
Stefan Pfeffer, Chris H. Hill or Sergey V. Melnikov.

Peer review information Nature Communications thanks Célia Plisson-
Chastang who co-reviewed with Paulo Santoand the other, anonymous,
reviewer(s) for their contribution to the peer review of this work. A peer
review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Nature Communications | (2025)16:2751

10


https://doi.org/10.1038/s41467-025-57955-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Structurally heterogeneous ribosomes cooperate in protein synthesis in bacterial cells
	Results
	bS20 is a structural component of the large ribosomal subunit
	An additional copy of bS20 is present only in a subset of cellular ribosomes
	Two types of ribosomes are used interchangeably and cooperate in protein synthesis
	The bS20-binding site in the large subunit is highly conserved in proteobacteria

	Discussion
	Heterogeneous ribosomes do not segregate but cooperate during protein synthesis
	Ribosome structures indeed have a variable stoichiometry in single cells

	Methods
	Cryo-EM analysis of P. urativorans ribosomes
	Model building, refinement, deposition
	Automated model building
	Sample preparation for cryo-ET
	Cryo-ET data collection
	Subtomogram analysis of P. urativorans ribosomes
	Polysome tracing and analysis
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




