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Abstract

During assembly, ribosomal particles in bacteria fold according to energy landscapes comprised of multiple parallel pathways. Cryo-electron
microscopy studies have identified a critical maturation step that occurs during the late assembly stages of the 50S subunit in Bacillus subtilis.
This step acts as a point of convergency for all the parallel assembly pathways of the subunit, where an assembly intermediate accumulates in
a 'locked’ state, causing maturation to pause. Assembly factors then act on this critical step to ‘unlock’ the last maturation steps involving the
functional sites. Without these factors, the 50S subunit fails to complete its assembly, causing cells to die due to a lack of functional ribosomes
to synthesize proteins. In this review, we analyze these findings in B. subtilis and examine other cryo-EM studies that have visualized assembly
intermediates in different bacterial species, to determine if convergency points in the ribosome assembly process are a common theme among
bacteria. There are still gaps in our knowledge, as these methodologies have not yet been applied to diverse species. However, identifying and
characterizing these convergency points can reveal how different bacterial species implement unique mechanisms to regulate critical steps in
the ribosome assembly process.
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Ribosomes in bacteria are formed rapidly and accurately to
support cellular growth demands and ensure proper trans-
lation of the genetic code. Recently, significant advances in
our understanding of the bacterial ribosome assembly pro-
cess have been made possible through the use of cryo-electron
microscopy (cryo-EM). This technology has allowed for near-
atomic resolution structures and a better mechanistic under-

tures of ribosomal particles captured at various stages of as-
sembly provide increasingly detailed models of the assembly
process and a precise description of how multiple trans-acting
proteins, called assembly factors, mediate critical steps of the
process.

The bacterial 70S ribosome comprises two subunits: the
small (30S) and large (50S) subunits. It consists of more than
fifty distinct ribosomal proteins (r-proteins) and three ribo-
somal RNAs (rRNA) that have to fold and associate in a
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time-coordinated manner. The process of assembling the ri-
bosome starts with transcribing a single rRNA precursor tran-
script containing the three rRNA molecules for the two sub-
units. The 30S subunit contains 16S rRNA, while the 50S sub-
unit contains 23S and 5S rRNAs. Initially, RNAase III splits
the three rRNA fragments, and then additional RNAases re-
move the remaining nucleotides in both their 5" and 3’ ends
(precursor sequences), resulting in mature 16S, 23S and 35S
rRNA molecules (1).

The 30S and 50S subunits assemble independently before
associating as a functional 70S ribosome. The folding of the
rRNA components for each subunit starts immediately af-
ter transcription commences and even before the rRNA is
completely processed. The initial folds adopted by the rRNA
motifs are rapidly bound hierarchically by r-proteins (2,3),
stabilizing these local RNA structures and inducing subse-
quent conformational changes that create new binding sites
for other r-proteins to enter the assembling particle (4,5). The
r-proteins typically assist early folding stages of the rRNA
molecules (6-9). However, additional proteins called ‘assem-
bly factors’ are also required to catalyze the folding of the
rRNA at the late stages of assembly (10). As the rRNA folds
or once the folding is completed, another group of enzymes
introduces modifications, mainly involving methylation (11)
and pseudouridylation (12) of nucleotides located in the ribo-
some functional sites, the decoding center in the 30S subunit
and peptidyl transferase center (PTC) in the large subunit. Im-
portantly, when considered separately, none of the individual
rRNA modifications are essential for cell survival despite their
high degree of conservation among bacterial species.

In the assembly of the 50S subunit, which is the focus of
this review, the 23S and 5S rRNA molecules are thought to
fold according to a funnel-shaped energy landscape similar to
those driving protein folding (Figure 1). This energy landscape
reflects the multiple parallel pathways that outline a process
with built-in redundancy, ensuring efficient ribosome assem-
bly even under non-favourable conditions (13,14). Initially, it
was postulated that the 50S assembly is a parallel process from
beginning to end, and all assembly pathways converge in the
mature 50S subunit. However, recent work in Bacillus subtilis
has revealed that, at least in this species, the parallel assem-
bly pathways converge into a critical maturation step (15-17).
This step represents a merging point where all parallel assem-
bly pathways of the ribosomal particles converge (Figure 1).
The assembly intermediate accumulating at the convergency
point exists in a ‘locked” state, and its maturation is paused.
Unlocking this intermediate and completing its maturation re-
quires the coordinated action of multiple assembly factors.
These factors license further maturation steps to convert this
particle into a mature 50S subunit. In B. subtilis, factors acting
at the convergency points are essential, and in their absence,
cells die due to a lack of functional ribosomes to synthesize
proteins.

Whereas the existence of ‘locked’ convergency points in
the 50S assembly pathway of B. subtilis has been established,
it is still unclear whether they also exist in other bacterial
species. Below, we will review the various methodologies re-
cently employed to capture 50S assembly intermediates and
enable their structural characterization. These methods vary
depending on how closely they mimic the cellular environ-
ment where ribosome biogenesis occurs. These approaches in-
volved studies in B. subtilis and E. coli, the model organisms
for Gram-positive and Gram-negative bacteria. Gaps do still
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Figure 1. Overview of the 50S subunit assembly process in B. subtilis.
The 50S ribosomal particles at the early stages of assembly follow
parallel assembly pathways that converge into a critical maturation stage.
The assembly intermediate that accumulates is ‘locked’, and its
maturation is paused. RbgA, YphC and YsxC act on this intermediate to
‘unlock’ it and complete the maturation of the ribosomal particle. The
rBRNA in the cryo-EM maps is colored in light gray, and the rproteins are
shown in red. This figure was prepared from EMD entries 16 497, 16 500,
16 509, 16 506, 16 503, 16 504 (30), 20 435 (17) and 6306 (56).

exist, as each methodology has yet to be applied to these two
model organisms and other organisms evolutionary distant
from B. subtilis and E. coli. Here, we will review the available
structures observed with these methods to summarize what
is presently known on the existence of ‘locked’ convergency
points in the 50S assembly pathway of B. subtilis and E. coli.
We will also analyze how different species use distinctive sets
of assembly factors to regulate the locking mechanism and
eventually license the last maturation steps, which enable the
50S subunit to associate with the 30S subunit and initiate pro-
tein synthesis.
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Methodologies used to structurally
characterize the maturation process of the 50S
subunit and what they provide

Actively growing bacteria are highly efficient in assembling
ribosomal subunits (18,19). Consequently, an intrinsic chal-
lenge in studying the ribosome assembly process is the tran-
sient nature of assembly intermediates, making them short-
lived and difficult to capture in sufficient amounts. In the last
decade, various groups have used several approaches to trig-
ger the accumulation of assembly intermediates. Conceptually,
the various methods differ in how much each relies upon the
environment of a living cell to generate the ribosome assembly
intermediates. Using these methods, researchers find a trade-
off between the detailed studies achievable through i vitro
experiments focused solely on assembly (20), and the less pre-
cise but more biologically relevant studies carried out in living
cells (21).

The genetic approach is the most commonly used method
within purely in vivo studies that generate ribosome interme-
diates in living cells. This approach has been instrumental in
dissecting the function of specific assembly factors that mainly
assist the late stages of assembly. The approach relies on the
creation of single knockouts (for non-essential genes) (22,23)
or deletion strains (for essential genes) (15,16,24) for genes
encoding specific assembly factors, causing bacteria to slow
down their ribosome assembly process significantly. Under
these conditions, cells accumulate a complex heterogeneous
mixture of ribosome assembly intermediates that are informa-
tive on the maturation reaction catalyzed by the assembly fac-
tor. These studies have shown that some of the intermediates
in the mixture can be bound by the removed assembly factor
when provided in trans, indicating they represent their actual
substrates (25,26). Importantly, these studies also showed that
the immature particles that accumulate can evolve into func-
tional mature subunits, and they are not dead-end assembly
products (15,27).

Fully in vitro studies in ribosomal assembly are also pos-
sible because of the remarkable property of both ribosomal
subunits to assemble in the complete absence of any addi-
tional cellular factors except from its purified rRNA and r-
protein components (2,3). These reconstitution experiments
leverage Nomura’s paradigm that the blueprint of ribosome
assembly is inherent to the participating rRNA and protein
molecules. However, ribosome in vitro reconstitution assays
require extended incubation times, high salt concentrations
and elevated temperatures to overcome those energy barriers
typically catalyzed by ribosome assembly factors. In the case
of the 50S subunit, the reconstitution reaction has two main
steps (20,28,29) (Figure 4A). In the first step of the reaction,
the r-proteins, 23S and 5S rRNA molecules are mixed and
incubated at 44°C for 30 min. At the end of this incubation,
41S and 48S intermediates are formed. In the second step, the
magnesium concentration is adjusted to 20 mM and the mix-
ture is incubated at 50°C for 90 min. During this step, the
41S and 48S particles convert into the mature state and be-
come functional in protein translation. In vitro reconstitution
assays are valuable because they provide a minimum system
for studying the assembly pathways intrinsic to the ribosome
components.

Assembly factors in vivo provide speed and directionality to
the assembly process by catalyzing the formation and matura-
tion of assembly intermediates along a few selected pathways
from the myriad of possibilities in the folding landscape. These
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so-called ‘canonical’ pathways are the most efficient routes to
ensure that assembly is efficient and that the number of parti-
cles becoming trapped in dead-end assembly intermediates is
minimized. In vitro ribosome reconstitution assays allow us
to explore the assembly pathways that the ribosomal particles
can follow without assembly factors to reach the mature state.
In a first approach, 50S iz vitro reconstitution assays com-
bined with cryo-EM analyses yielded high resolution struc-
tures of 50S assembly intermediates at the medium and late
stages of their assembly (20). However, more recently, limit-
ing the incubation time in the i vitro reconstitution reaction
to just 3 minutes enabled the capture of structural snapshots
of pre-50S intermediates at very early stages of their assem-
bly. These intermediates comprise as few as 500 nucleotides
of rRNA and 3 r-proteins in a folded conformation (30).

Finally, the method merging the advantages of ribosome as-
sembly in vivo approaches with the flexibility of the in vitro
systems is the integrated rRNA synthesis, ribosome assem-
bly, and translation reaction (iSAT). This method was ini-
tially described in 2013 (31) and is an iz vitro system since
the reaction occurs outside a cellular environment. However,
unlike the in vitro ribosome reconstitution assays described
above, the primary rRNA transcript is transcribed during the
incubation period in the presence of processing enzymes, r-
proteins and assembly factors provided in trans. Under the
iSAT reaction conditions, the assembly of the particles occurs
co-transcriptionally, mirroring the process in the cell. Never-
theless, the efficiency of the assembly in the iSAT reaction is
lower than that observed iz vivo, most likely because the tran-
scription rate, r-protein and assembly factor concentration are
more tightly regulated inside the cell than under the conditions
of the iSAT reaction. In contrast to the classical reconstitution
protocols, the iSAT reaction does not require drastic changes
in the incubation temperature, and the reaction is typically
maintained at 37°C (31-34) and 10 mM Mg?*. Even though
the concentration of free Mg?* in the bacterial cytoplasm is
lower than 10 mM Mg?* (~1-2 mM) (35), the incubation
conditions of the iSAT reaction are more similar to the cy-
toplasmic environment in bacterial cells. Importantly, the re-
action incorporates the translation of a reporter, such as GTP
or luciferase, to monitor the production of active ribosomes.
The iSAT reaction has recently been shown to be an extremely
powerful tool to generate 50S assembly intermediates at early,
intermediate, and late assembly stages that have been charac-
terized by cryo-EM (36).

The 50S assembly pathways of Bacillus
subtilis contain convergency points before
reaching the mature state

Cryo-EM analyses of 50S assembly intermediates purified
from B. subtilis RbgA, YphC and YsxC depletion strains (16)
have revealed that the late stages of maturation in the large
subunit involve the folding of the central protuberance, the
L1 and L7/12 stalks and the functional core (A, P and E
sites) (Figure 2A). The 50S assembly intermediates that ac-
cumulate upon depletion of these three GTPases are called
45SRpga> 45Syphc and 44.5Sygc and show that these regions
are still immature. The r-proteins ul16, bL27, bL28, bL33,
bL35 and bL36, which are located at the base of the cen-
tral protuberance have not been incorporated into any of the
three assembly intermediates (Figure 2B, C) (15,16). An im-
portant finding was that the 45Sgpa, 45Sypnc and 44.5Syqc
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Figure 2. Convergency points in the 50S assembly pathway of B. subtilis. (A) The late stages of assembly in the 50S subunit involve the maturation of
the central protuberance (CP), the L1 and L7/12 stalks and the functional core (A, P and E sites). Panel A shows these landmarks overlaid in the
structure of the mature 50S subunit. The rRNA helices comprising the A, P and E site are indicated. The components of the central protuberance, 5S
rRNA and H80-88 are also indicated. (B) The assembly intermediates that accumulate under depletion of assembly factors RbgA (45Sgpga), YphC
(45Svypnc) and YsxC (44.5Sye,c) present depletion of rproteins ulL16, bL27 bL28, b33, b35 and b36. The panel shows the location of these proteins in the
mature 50S subunit structure. Panels (A) and (B) were produced from PDB 3J9W (56). (C) Cryo-EM structures of the 45Sgpga, 45Sypnc and 44.5Syg,c
particles showing that these assembly intermediates are structurally similar. The rRNA in the cryo-EM maps is colored in light gray, and the rproteins are
shown in red. Structure representations were prepared from EMD entries 20435 (25) (45Sgpga) and (67) (45Sypnc and 44.5Svygc).

assembly intermediates are identical in the r-proteins they con-
tain (16) and remarkably similar in structure (Figure 2C).
They are also ‘promiscuous’, and every particle can bind in-
dividually to each of the GTPases. These results suggested
that particles assemble through the multiple parallel pathways
comprised in the folding landscape of the rRNA. However, re-
gardless of the individual maturation pathway taken by each
individual particle, they all end up evolving into a convergent
assembly intermediate (Figure 1). RbgA, YphC and YsxC are
essential (37,38) for this convergent assembly intermediate to
mature further and become a functional 50S subunit. In the
absence of any of the three factors, the 50S subunit does not
complete its assembly, and cells die due to a lack of functional
ribosomes to synthesize proteins.

Among these three essential factors, the role of RbgA is the
best understood. Upon binding to the 455y, particle, RbgA
induces rRNA helices forming the P-site (the functional site
housing the tRNA that holds the growing polypeptide chain of
amino acids during protein synthesis), and the A site (binding
site for the charged tRNA molecules during protein synthe-
sis) to adopt their mature conformation. RbgA binding also
has an overall stabilizing effect in the r-protein ul6 and the

rRNA helices forming the L1 stalk, H38 and central protuber-
ance (25) (Figure 3A). Importantly, GTP binding is required
for RbgA to recognize the 45Sgp,,a particles. However, energy
from GTP hydrolysis is unnecessary for triggering any confor-
mational changes that evolve the particle towards the mature
state.

One significant aspect of the maturation reaction catalyzed
by RbgA is that most of the maturation steps performed
by assembly factors can still occur spontaneously but with
less efficiency. However, the presence of RbgA is essential to
the maturation process of 45Sgp,a particles. A genetic study
from the Britton’s lab suggesting a functional interaction be-
tween RbgA and ribosomal protein ulL6 (39), provided the
first hint on the essentiality of RbgA. This study showed that
a strain expressing the RbgA-F6A variant generates sponta-
neous single-point mutations within the N-terminal domain
of uL6. Each suppressor strain accumulated a novel 44S ri-
bosomal particle that matured into 50S subunits. The cryo-
EM structures of the 44S particles from two ul6 suppressor
strains, 44Sp3c and 44Sg7op revealed that these 44S particles
are identical to the 45Sgj,,a particles, except that the incorpo-
ration of uL6 R3C and uL6 R70P variants in the 44S particles
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Figure 3. The essential role of RbgA at the critical maturation steps of the 50S subunit in B. subtilis. (A) This panel shows how RbgA binding to the P site
in the 45Spygn assembly intermediate triggers the folding of critical rRNA helices in the A site (H91 and H92) and P site (H93), all colored in cyan. RbgA
binding also stabilizes the L1 stalk (colored in dark blue), H38 (colored in purple) and the binding of rprotein uL6. The remaining rRNA helices are shown
in light gray and all ~proteins are shown in red. Structure representations were prepared from EMD entries 20 435 and 20 441 (25). (B) The rRNA helices
H97 and H42 in the 45Sgpgn particle are latched together through the atomic interactions shown in the panel, locking the maturation of the intermediate
and making it dependent on RbgA to continue its maturation process. (C) This panel shows how H97 and H42 are linked in the cryo-EM structure of the
4B5Sgpga particle. The binding of rprotein uL6 stabilizes this interaction. The lack of uL6 incorporation in the case of the R70P uL6 variant or the
incorporation of the uL6 R3C variant into the corresponding 44S particles causes H97 and H42 to remain unlatched, making the 44S intermediates less
dependent on RbgA to continue their maturation. Structure representations were prepared from EMD entries 29 437 (44Sgac), 24 950 (44Sg70p) (17) and
20 435 (45SRpga) (25). (D) The panel shows the canonical maturation pathway of the 45Sgpga particle where maturation of the functional A, P and E sites
occurs after the central protuberance (CP). Binding of uL6 and the dependency of RbgA for this maturation steps ensure this specific order for the
maturation of this critical structural motifs of the 50S subunit. Structure representations were prepared from EMD entries 20 491, 20 435 and 20 441
(25) and 6306 (56). (E) In the 44Sgsc particles, incorporating the R3C ulL6 variant allows maturation to evolve through an alternative pathway. In this case,
the maturation of these intermediates is less dependent on RbgA and the maturation of the functional sites is possible before the central protuberance
develops. The 44Sg70p particle matures following a similar pathway but it is not shown in the panel. Structure representations were prepared from EMD
entries 24 940, 24 960, 24 962 (17) and 6306 (56). In panels (C)—(E), the rRNA in the cryo-EM maps is colored in light gray, and the Fproteins are shown
in red.
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prevented the stabilization of helices H97 and H42 near the
binding site of uL6 (Figure 3C). These two helices are latched
together in the 45Sg;,5 particles containing wild-type uL6,
forming a stable structural motif that pauses maturation (Fig-
ure 3B, C). The 45Sgp,a particles require RbgA binding to con-
tinue their maturation process and follow a precisely defined
maturation pathway that ensures that the A, P and E func-
tional sites always mature after the central protuberance (Fig-
ure 3D). In contrast, we found the 44Sg3c and 44Sg7op parti-
cles, where the helices H97 and H42 are not latched together,
pursue alternative maturation pathways in which assembly of
the functional sites occurs ahead of the central protuberance
(Figure 3E). Furthermore, the 44Sg7op particles mature spon-
taneously in a completely RbgA-independent manner.

These studies revealed that RbgA is essential for the 45Sgp,a
particles to continue their maturation process because it ‘un-
locks’ the conformation imposed by uL6 binding. RbgA is like
the ‘key’ that opens the H97-H42 ‘lock’ imposed by ul.6 bind-
ing. Binding of RbgA licenses further folding of the functional
core of the subunit, but only in particles with a fully assem-
bled central protuberance. By this mechanism, RbgA ensures
that the maturation of the functional sites occurs last and only
after the central protuberance has been formed (Figure 3D).
In doing so, RbgA ensures ribosomal particles only engage in
translation when their maturation is completed. This is impor-
tant for cell survival, as immature ribosomes generate toxic
proteins caused by translation errors (40). An additional role
of RbgA is to keep the assembling particles in the matura-
tion pathway with the highest efficiency and with a lower fre-
quency of generating dead-end intermediates that fail to com-
plete maturation.

Regarding YphC and YsxC, the other two essential factors
for the late stages of maturation of the 50S subunit to be com-
pleted, their exact role is still uncharacterized. However, these
two factors likely assist the folding of the other rRNA helices
in which RbgA does not participate. The three factors may
also assist in the recruitment and stabilization of the r-proteins
that are still missing from the 45Sgpga, 45Syphc and 44.5Syqc
particles (Figure 2B, C). How they participate in the unlocking
mechanism of the 458 particle is still unknown.

Are convergency points in the 50S
subunit assembly process common among
bacterial species?

RbgA, YphC and YsxC are widely distributed in the genomes
of Gram-positive and Gram-negative bacteria genomes, in-
cluding important human pathogens such as Vibrio cholerae
and Neisseria meningiditis (37). However, RbgA, YphC and
YsxC factors are absent in important model bacteria (i.e.
RbgA is absent in E. coli), and even when these factors are
present in a bacterial genome, they are not always essential
genes like in B. subtilis. Consequently, it is still unknown
whether the convergence point observed in the 50S assembly
process in B. subtilis also exists in other bacterial species. If so,
how is the locking mechanism implemented for species lack-
ing RbgA, YphC or YsxC proteins?

In E. coli, researchers have used in vitro reconstitution re-
actions of the 50S subunit from purified components (20,30),
the iSAT reaction (36) and the genetic approaches (41-44)
to visualize assembly intermediates using cryo-EM. Below, we
describe some of the intermediates structurally characterized
in these studies and compare them to the 45S particles in
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B. subtilis to analyze whether convergency points do exist in
the 50S assembly process of E. coli, the model organism for
Gram-negative bacteria.

Time course cryo-EM analysis of the in vitro 50S reconsti-
tution reaction from purified components (Figure 4A) was per-
formed without any assembly factors (30). The study identi-
fied a total of 16 distinct precursors of the 50S subunit, includ-
ing the earliest intermediate described so far (Figure 4B). This
particle consisted of only the first ~500 nucleotides of 23S
rRNA domain I and three ribosomal proteins (uL22, ul.24
and ul.29). This intermediate is referred to as d1. The authors
introduced a new nomenclature, where the early assembly
states are named according to the 23S rRNA domains whose
cryo-EM densities they exhibit (i.e. d1, d12, d16, etc). Using
this new naming system, states with similar folded rRNA do-
mains but with additional r-proteins were named by extend-
ing their name with the additional elements (i.e. d1_L4/L23).
Domains I, I, IIT and VI of the 23S rRNA along with their
interacting r-proteins constitute the core of the 50S subunit.
Late intermediates with these 23S rRNA domains folded are
referred to as state C (for core) particles. Subsequent mat-
uration states, characterized by the emergence of additional
prominent domains like the central protuberance (CP) or helix
68 (H68), are denoted as C-CP or C-CP-H68 (Figure 4A, B).
Previous ribosome assembly studies named individual states
simply by ascending numbers (state 1, 2, etc.) (20) or subse-
quent combinations of letters and numbers (state B1, B2, C1,
etc.) (36,41,44), which impedes comparability among studies.

In addition to proposing this new nomenclature, Qin et al.
(30) found that the d1 intermediate evolves into the C state
using two parallel routes, d126 or d136. State C subsequently
matures the central protuberance (CP), becoming the C-CP
intermediate. Then the L1 stalk develops, reaching the C-CP-
L28/L2 state, and finally, the functional helices in the A, P
and E sites start evolving a defined density. This intermediate
is termed C-CP-H68, which still requires additional folding
of the rRNA helices in the functional core before it becomes
a mature 50S subunit (Figure 4B, C).

Contrary to the assembly pathways observed in the B. sub-
tilis 50S subunit using the RbgA depletion strain (Figure 3D)
(25), it was found that in the iz vitro reconstitution reaction
of the 50S subunit in E. coli, incorporation of the 5S rRNA
and folding of the 23S rRNA domain V (H80-88) to form
the central protuberance was possible in the absence of a fully
assembled core (30). Intermediates d12-CP and d126-CP are
two examples of particle intermediates following this assem-
bly pathway (Figure 4B). However, these types of intermedi-
ates, which develop a central protuberance without a complete
core domain, were not present among the assembly intermedi-
ates purified from the B. subtilis RbgA depletion strain (Figure
3D) (25) or in the iSAT experiments with E. coli components
(Figure 5A) (36). The fact that the iSAT study also described
early and mid-assembly intermediates, but these types of inter-
mediates were not observed suggests that the assembly path-
way favoring the establishment of the central protuberance
before the core is not preferred in an iz vitro reaction in the
presence of assembly factors. Nevertheless, a state comparable
to d126-CP was observed in studies using E. coli cells lacking
the DEAD-box helicase DeaD or ribosomal protein bL.17 (44),
indicating that it may also exist in an iz vivo scenario.

We also noticed a unique aspect in the 50S maturation pro-
cess in the iSAT reaction (36) and this is the chronology of
maturation of the A, P and E site functional sites. In the in
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Figure 4. Assembly intermediates from an in vitro 50S reconstitution reaction from purified E. coli components. (A) Schematic of the 50S in vitro
assembly assay, consisting of two steps. Under conditions indicated 33S, 41S and 48S precursors form during step 1. In step 2, the 48S precursor is
converted into an active 50S subunit under the influence of heat (55°C) and 20 mM Mg?*. (B) 50S assembly map based on the Nierhaus map (58),
refined by Williamson (59). In contrast to the classical assembly map showcasing the order in which proteins bind to the RNA and the protein’s
interdependencies, this map orders the precursor states obtained by cryo-EM analysis from material subjected to step 1 of the 50S reconstitution
protocol (30). From left to right 5°of the 23S rRNA to 3; from top to bottom order in which proteins were found to bind to the LSU in vivo (time). Particle
densities in the cryo-EM maps are colored according to the architectural domains of the 23S rRNA they belong to. A 23S rRNA 2D map shown as insert
appears in the same color code. All ribosomal proteins on the y-axis appear in the same color code. Structure representations were prepared from EMD
entries 16 509 (d1), 16 508 (d1_L4), 16 507 (d1_L4/L23), 16 506 (d12), 16 505 (d12_L23), 16 502 (d12-CP), 16 503 (d126), 16 501 (d126-CP), 16 504
(d136), 16 499 (C), 16 498 (C_L2), 16 497 (C-CP), 16 496 (C-CP_L28), 16 494 (C-CP-H68) and 16 495 (C-CP_L28/L2) (30). (C) Nomenclature of the
precursors. Early intermediates in this reaction are named according to the 23S rRNA domains whose cryo-EM densities were exhibited. Later, these
intermediates extend their names by adding the name of the additional structural elements which density appears, such as L28, L2 or H68. Late
maturation stages containing all domains of the core of the LSU (I, II, Ill and VI) are called C particles. The formation of the core demarcates the end of
early 50S assembly. From there, particles that exhibit the central protuberance, add CP to their names. Different routes lead from state C to state
C-CP-H68 (48S), the end point of step1 of 50S in vitro assembly. * Proteins not resolved in the cryo-EM maps.
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core

Figure 5. Assembly intermediates from an in vitro 50S reconstitution the iSAT reaction reaction from purified E. coli components. Cryo-EM maps
obtained from the 50S assembly intermediates that accumulate in the iSAT reaction (36). Intermediates are named in this study using a subsequent
combination of letters and numbers. The name of each intermediate is indicated in their upper left side. Key rRNA helices forming the P (H69) and E
sites (H68) are indicated in intermediates where they become first apparent. The location of the A site, still partially immature is indicated in the most
mature intermediate (E6). Structure representations were prepared from EMD entries 29 056 (B1), 29 042 (B2), 29 058 (C1), 29 059 (C2), 29 060 (C3),
29 061 (C4), 29 062 (E1), 29 063 (E2), 29 064 (E3), 29 065 (E4), 29 066 (E5), 29 067 (E6) and 29 057 (G1) (36).
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Figure 6. Convergency intermediates observed in B. subtilis and E. coli using various experimental methodologies. Structurally similar intermediates
representing convergency points in the assembly process isolated using a RbgA-depletion B. subtilis strain (17,25) (A), an in vitro reconstitution assays
with E. coli purified components (30) (B) and iSAT also with E. coli elements (36) (C). The name of the intermediate using the original terminology in each
study is indicated below. The lock besides the name indicates that these three intermediates may represent a locked convergency point, requiring the
interaction with assembly factors to progress into the mature 50S subunit. The assembly factors regulating the locked assembly point are still unknown
in E. coli likely different from those described for RbgA in B. subtilis. In the three panels, the rRNA in the cryo-EM maps is colored in light gray, and the
rproteins are shown in red. This figure was prepared from EMD entries 20 435 (25) (45Sgpga), 16 495 (C-CP-L28-L2) (30) and 29 063 (E2) (36).

vitro reconstitution assays with E. coli components (Figure
4A) (20,30), and the in vivo studies with the RbgA, YphC and
YsxC depletion strains (Figure 3C), the three sites of the func-
tional core in the 50S subunit always assemble last and after
the central protuberance has been assembled (15,17,25,45).
Intriguingly, in the iSAT reaction, a class with the core region
formed but without central protuberance, named C4 particle,
exhibited partially mature P and E sites with the long H68 al-
ready formed. Three additional classes also showed partially
mature P and E sites while in the process of having the cen-
tral protuberance still assembling (classes E3, E4 and E5) (Fig-
ure 5). Consequently, under iSAT experimental conditions it is
only the A site, but not the P and E sites, the one functional
site that is left to mature before any other structural motif.

Structurally, the E2 state in the iSAT reaction (36) and the
C-CP_I.28/1.2 state from the 50S in vitro reconstitution study
(30) are the closest to the 45S intermediates isolated from the
RbgA, YphC and YsxC depletion strains in B. subtilis, except
for the L7/112 stalk, where helices 97 and H42 near the bind-
ing site of ulL6 are not latched together (Figure 6). The C-
CP-L28/L2 particle, similar to the 45S particle in B. subtilis
is inactive in translation unless subjected to high Mg”* con-
centration (20 mM) and thermal energy (50 °C) (20,46). This
treatment transforms them into mature 50S subunits suggest-
ing that the C-CP_L28/L2 and C-CP-H68 intermediates may
represent a locked convergency point, requiring the interac-
tion with assembly factors to progress into the mature 50S
subunit. The assembly factors regulating the locked assembly
point are still unknown in E. coli and the locking mechanism
they implement are likely different from those described for
RbgA in B. subtilis.

Genetic perturbations have also been employed to study the
assembly process of the 50S subunit in E. coli. In three sepa-
rate studies, cells were depleted from the DeaD cold shock
protein (44), SrmB helicase (42) or ribosomal protein bLL17
(41,43). In all cases, the assembly intermediates that accumu-
lated resembled those observed using the iSAT reaction, and

they could be arranged following similar parallel assembly
pathways, suggesting that the iSAT reaction closely recapit-
ulates the 50S assembly process in vivo.

How is the locking mechanism implemented
in convergency points during the assembly
process of the 50S subunit in E. coli?

The 50S in vitro reconstitution experiments (30), iSAT stud-
ies (36), and genetic approaches described in the previous
section were important in identifying the potential existence
of convergency points in E. coli. However, a study from the
Suzuki group (47,48) suggested that in E. coli, the locking
and unlocking mechanisms of the convergency intermedi-
ate are regulated by methylation. They found that RImE, an
S-adenosylmethionine-dependent methyltransferase catalyzes
the 2’-O-methylation of uridine at position 2552 (Um2552)
in helix 92 of the 23S rRNA. Deleting the rlmE gene in E. coli
results in slow growth and accumulation of 45S particles. This
particle is a genuine intermediate that can evolve into the ma-
ture 50S subunit and become a functional 70S ribosome (47).
The study showed that the actual Um2552 modification, not
the binding of RImE to the methylation site, is important for
the 45S intermediate to progress to a mature subunit.

The structure of this 45S particle from E. coli was obtained
by cryo-EM (49) and showed that this intermediate co-exists
in three states (I, Il and I1I) (Figure 7). The three states showed
an assembled core and central protuberance. State 1 was the
most similar to the B. subtilis 45S intermediate with densities
for the L1 stalk and helices comprising the A, P and E sites
(H89-93 and H68-71) not appearing in the cryo-EM map.
However, unlike the 45S particle in B. subtilis, H97 and H42
in the L7/12 stalk were not latched (Figure 7, left panel). State
IT and III seemed to have passed the locked state and displayed
density for the rRNA helices in the functional core. H97 and
H42 in the L7/12 stalk were also latched in these two states
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Figure 7. 50S assembly intermediates from an E. coli ArimE strain. Cryo-EM structures of three 50S assembly intermediates purified from an E. coli
strain lacking the rimE gene. The panel in the right shows the cryo-EM structure of the mature 50S subunit purified from the same strain. The rRNA
helices forming the A, P and E functional sites that are still not formed in state | are indicated. These helices adopt a mature conformation and show
density in the cryo-EM maps for state Il, Il and 50S subunits. H42 and H97 forming the L7/L12 stalk are also indicated in each class. These two helices
are unlatched in state | but latched in states 2 and 3 and the mature subunit. The rRNA in the cryo-EM maps is colored in light gray, and the rproteins are
shown in red. This figure was prepared from EMD entries 30 214 (state 1), 30 213 (state Il), 30 212 (state Ill) and 30 215 (mature 50S) (49).

(Figure 7, middle panels). The main difference between state
II and III was the density of the r-protein uL16, which was
absent in state II but present in state III.

These results suggest an important role of the U2552
methylation in licensing maturation of the functional sites in
the 45S intermediate. However, the absence of RImE does not
fully prevent this step, as is the case of RbgA, YphC and YsxC
in B. subtilis. In this case, maturation of the functional sites
still proceeds. Therefore, it is likely that if a locking mecha-
nism exists, additional factors are necessary. Three other fac-
tors, DbpA (50), ObgE (51) and EngA, also cause the accu-
mulation of 45S-like particles when depleted from cells. Fur-
thermore, the cold-sensitivity phenotype and accumulation of
435S particles in the ArlmE strain were alleviated by overex-
pression of obgE or engA (52). All these data suggest that in
E. coli, the combined activities of these four factors implement
the locking mechanisms in the 45S convergency. The details of
this implementation are still unknown.

Interestingly, in the B. subtilis 45S particle H42 and H97
are critical for the locking mechanisms of this convergency
intermediate. The binding of uL6 locks H42-H97 in a confor-
mation that is released by RbgA, YphC and YsxC to continue
the maturation process (Figure 3D). In E. coli, the intermedi-
ates with the closest structural similarity to the B. subtilis 45S
intermediate, include the state I from the ArlmE strain (Fig-
ure 7, left panel), the E2 state in the iSAT reaction (Figure 5)
(36), the E state in the genetic approach (41,43), and the C-CP-
L28/L2 state in the 50S in vitro reconstitution study (Figure
4) (30). Conversely to the B. subtilis 45S particle, all these in-
termediates exhibit unlatched L7/12 stalk with H42 and H97
adopting a flexible conformation.

U2552 methylation promotes interdomain assembly be-
tween domains V (central protuberance) and IV (P and E
functional site helices) and, promotes the incorporation of r-
protein bL36 (47). The bL36 r-protein sits between helices
HA42 and H97, and its binding stabilizes these two helices (Fig-
ure 2B) and promotes the entry of uL16 and subsequent matu-
ration of the central protuberance and the rRNA helices in the
functional core. This is the process that states II and III from
the ArlmE strain described (Figure 7, middle panels). Conse-
quently, it seems the locking of the 45S particle in E. coli is

implemented opposite to B. subtilis. When the 458 particle in
E. coli is locked, the H42 and H97 helices adopt a flexible
conformation. The action of RImE and likely other factors
(DbpA, ObgE and EngA) promotes stabilizing these two he-
lices, releasing the lock and licensing progression of the 45S
particle to the mature particle (53).

The existence of what seems to be an opposite locking
mechanism of the 45S convergency point in B. subtilis and E.
coli is consistent with the absence of a homolog of RImE in B.
subtilus and the fact that the U2552 in its 23S rRNA remains
unmethylated. It is also consistent with the observation that
RbgA is absent in E. coli, suggesting that these two opposite
mechanisms do not coexist in one single species.

Altogether, existing literature suggests that convergency
points in the 50S subunit assembly process may exist in mul-
tiple bacterial species. However, the locking mechanisms in
these convergency assembly points differ between species.
Mechanisms range from binding specific factors and r-
proteins to the convergency intermediates, as observed in B.
subtilis, to 23S rRNA modifications, as described for E. coli.
Most likely, there are many other mechanisms still waiting to
be discovered.

Do essential assembly factors acting
at convergent assembly intermediates act
independently, or in conjunction?

Recent cryo-EM structures of assembly intermediates from
mitochondria in the human parasite Trypanosoma brucei
showed that Mtgl, mt-EngA and mt-EngB, the mitochondrial
homologues of RbgA, YphC and YsxC, bind simultaneously
to the maturing large subunit along with 23 additional fac-
tors (Figure 8, left panel) (54,55). This finding strongly sug-
gests that RbgA, YphC and YsxC in bacteria may also work
coordinately to assist the assembly of the 50S subunit in bac-
teria. Given the structural and compositional similarities be-
tween the 45Sgpa, 45Sypne and 44.5Sygc particles (Figure
2) that accumulate in the cell upon depletion of each one of
these factors, it is possible that the assembling particles arrive
at the convergency point represented by the 435S particle. The
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Figure 8. Assembly factors assisting convergent assembly intermediates in bacteria may act in conjuction. Left panel: Cryo-EM map of a mitoribosome
large subunit assembly intermediate from Trypanosome brucei (EMD 11000) (left panel) (54) with assembly factors Mtg1 (RbgA homologue), mt-EngA
(YphC homologue) and mt-EngB (YsxC homologue) bound simultaneously to the interface area of the subunit. Middle panel: Cryo-EM map of the B.
subtilis 45Srpga particle with RbgA, colored in yellow, bound to the P site (EMD 20441) (25). The binding site of RbgA in the subunit is equivalent to the
binding site of Mtg1 in T Brucei. Right panel: Cryo-EM map of the E. coli 50S subunit with EngA bound in the E site (EMD 6149) (60). The binding site of
EngA (YphC homologue) in the subunit is equivalent to the binding site of mt-EngA in T. Brucei. There are no structures from protein homologues of
mt-EngB bound to bacterial ribosomal subunits or assembly intermediates. In the three structures r-proteins are colored in red and rRNA is colored in
light gray. Assembly factor mt-EngA and EngA are colored in dark blue and mt-EngB is colored in cyan.

three factors, RbgA, YphC and YsxC, may bind to the single
intermediate and work in conjunction before the particle is li-
censed for further maturation steps, in which the A, P and E
sites become functional. Whether binding of RbgA, YphC and
YsxC occurs sequentially or simultaneously (as in the mito-
ribosomal particles) is still unknown. They may bind sequen-
tially with each factor binding, performing its function inde-
pendently and being released before the next factor binds. Al-
ternatively, they may bind simultaneously and work together
to catalyze the last maturation steps. According to binding as-
says, it has been discovered that RbgA, YphC, and YsxC are
not very selective in their binding properties. Each of these
factors can bind to any of 45S particles (45Sgpga, 45Syphc and
44.5Sysc). Additionally, it is also possible for more than one
of these factors to bind simultaneously to the particles (16).
However, further structural analyses are required to elucidate
if they exert their functions simultaneously or sequentially.
This is an important aspect to be resolved, given that the pre-
cise mechanisms of action of these factors at this convergent
intermediate will determine whether the maturation of the A,
P and E sites follows a precise sequence.

Conclusions and remaining questions

Using powerful image classification tools, recent cryo-EM
studies allowed us to visualize dozens of ribosome assembly
intermediates in multiple bacterial species. As a result, a more
defined picture of the ribosome assembly process is emerging.
A relevant question is whether critical steps exist in the riboso-
mal assembly process. In B. subtilis, one of these critical steps
was recently identified and characterized (17). This step rep-
resents a merging point where all parallel assembly pathways
of the 50S ribosomal subunit converge. Whether the assem-
bly process of the 50S subunit exhibits convergency points in
other bacterial species is still unclear. In other model bacteria
such as E. coli, cryo-EM has identified a locked convergency
point, but in those cases, the locking mechanism seems to be

different from B. subtilis and how factors regulate this mat-
uration step still needs to be fully revealed. For other bacte-
rial species, experiments similar to those done in B. subtilis
and E. coli have not yet been done. These studies are essential
to figuring out whether convergency points in the maturation
process of the 50S subunit are a common theme among bac-
teria and how their locking and unlocking mechanisms are
implemented. It will also be important to elucidate whether
convergency points are present in the assembly pathways for
the small 30S subunits. Finally, a fascinating avenue will be
to perform targeted experiments to analyze the existence of
these intermediates in the assembly process of the cytosolic
and mitochondrial ribosomes in eukaryotes.
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