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ABSTRACT

Cryo-electron microscopy (cryo-EM) had played a
central role in the study of ribosome structure and
the process of translation in bacteria since the de-
velopment of this technique in the mid 1980s. Until
recently cryo-EM structures were limited to ~10 A in
the best cases. However, the recent advent of direct
electron detectors has greatly improved the resolu-
tion of cryo-EM structures to the point where atomic
resolution is now achievable. This improved resolu-
tion will allow cryo-EM to make groundbreaking con-
tributions in essential aspects of ribosome biology,
including the assembly process. In this review, we
summarize important insights that cryo-EM, in com-
bination with chemical and genetic approaches, has
already brought to our current understanding of the
ribosomal assembly process in bacteria using pre-
vious detector technology. More importantly, we dis-
cuss how the higher resolution structures now at-
tainable with direct electron detectors can be lever-
aged to propose precise testable models regarding
this process. These structures will provide an effec-
tive platform to develop new antibiotics that target
this fundamental cellular process.

INTRODUCTION

X-ray crystallography and cryo-electron microscopy (cryo-
EM) have been key techniques used to understand the struc-
ture and function of the bacterial ribosome. In the year
2000, the groups of Venki Ramakrishnan, Tom Steitz and

Ada Yonath published atomic resolution structures of the
30S and 50S ribosomal subunits (1-3). This historical land-
mark culminated a long quest aimed at solving the structure
of the ribosome that started in the 1970s in Harry Noller’s
laboratory when the secondary structure of the 16S and 23S
rRNA was elucidated. In the time span between these two
historical landmarks, many groups contributed to slowly
define the topography of the bacterial ribosome. To name
a few, significant progress was obtained by the Stoffler’s
group (4,5) using immune electron microscopy to define the
spatial arrangement of the ribosomal proteins (r-proteins).
Cross-linking approaches in the Brimacombe’s group (6-8)
allowed to reveal r-protein-rRNA and r-protein contacts.
Peter Moore and Don Engelman used neutron scattering to
determine the relative positions of the r-proteins in the 30S
subunit (9) and comparative sequence analysis was also in-
strumental to infer the higher order structures adopted by
the 5S, 16S and 23S rRNAs (10-15).

All along, but especially after the development of the
specimen vitrification process by Dubochet et al. (16) in
1984, cryo-EM has contributed significantly to the joint ef-
fort of determining the structure of the ribosome. Initially,
low-resolution cryo-EM maps of the ribosome, mainly from
Frank’s group (17), provided the envelopes to dock high-
resolution structures of individual r-proteins and fragments
of RNA that several groups were busy solving. Around the
1990s, it was believed that this divide and conquer approach
would eventually render the atomic resolution structure of
the 70S ribosome (18). However, in the latter half for the
1990s solid progress in ribosome crystallization and con-
current improvements in synchrotron radiation sources led
to the structural determination of ribosomal subunits at
atomic resolution from entire particles.
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The contributions of cryo-EM to ribosome biology are
not only limited to structure. An important part of our un-
derstanding of the protein synthesis process is also derived
from cryo-EM. An important challenge in this effort has al-
ways been that the ribosome is a molecule in constant mo-
tion and that fluctuates between different states during the
process of protein translation (19-21). Most of these states
constitute transient structures that are difficult to trap in a
crystalline form, and consequently challenging to be solved
by X-ray crystallography. However, mixtures of complexes
populating the ribosome work cycle and coexisting in the
same sample are not a limiting factor for cryo-EM. Image
classification approaches (22-25) have long been used to
separate particle subpopulations and build 3D reconstruc-
tions for each conformer in the mixture.

Until recently, the drawback of this approach was that
the resolution of the resulting reconstructions was limited
to ~8 A resolution in the best cases (26,27). Atomic reso-
lution models were only attainable when all the individual
components of the complex were known to atomic resolu-
tion and it was possible to dock them unambiguously into
the limited resolution cryo-EM maps (28). Recent advances
in direct electron detector cameras (direct detectors) have
dramatically changed the resolution limit that is now attain-
able by cryo-EM (29-31). These detectors have opened a
much easier way to gather atomic resolution information on
translating ribosome intermediates that are extremely chal-
lenging to crystallize. The avalanche of ribosome structures
in the 3-4 A resolution range that have recently been pro-
duced from these new detectors (32-36) demonstrate that it
is currently possible to retrieve the entire inventory of states
co-existing during the work cycle of the ribosome and gain
a complete portrait of the protein synthesis process in three
dimensions.

These recently published structures of mature ribosomes
provide little insight into ribosome biogenesis. The next
frontier in the ribosome field is to understand the assem-
bly process. Ribosomal subunit assembly has been the sub-
ject of >50 years of investigation that began with seminal
studies by the Nomura (37-41) and Nierhaus (42-44) lab-
oratories in the late 1960s and early 1970s to map the re-
constitution of the 30S and 50S subunits in vitro. Structural
interest in this field has resurfaced in the last several years,
sparked by the publication of several cryo-EM structures of
ribosome assembly intermediates (Figure 1A) (45-51) and
complexes of ribosomal subunits with protein assembly fac-
tors (Figure 1B) (52-55). All these structures were produced
from electron micrographs collected either on photographic
film or standard charge-couple device (CCD) cameras. Con-
sequently, the obtained resolution in these structures was
~10 A or lower. The advent of direct electron detectors now
offers the possibility to study these assembly intermediates
and complexes at atomic resolution, which will most likely
transform our understanding of the ribosome assembly pro-
cess.

In this review, we briefly describe how in light of recent
progress in direct electron detector devices, cryo-EM rep-
resents now an ideal tool to study the process of assembly
of the ribosome. We also summarize the main contributions
that cryo-EM so far has brought in combination with chem-
ical and genetic approaches to our understanding of this
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Figure 1. Cryo-EM structure of 30S subunit assembly intermediates and
complexes of the 30S subunit with assembly factors. (A) Gallery of cryo-
EM structures of immature 30S subunit that accumulate in Escherichia coli
strains lacking one or multiple assembly factors. The assembly factor that
has been knocked out in the strain is indicated in the label. A density map
of the mature 30S subunit is at the top of the panel for comparison pur-
poses. This structure was obtained by applying a 20 A low pass filter to the
atomic structure of the 30S subunit (PDB ID: 2AVY). All these structures
were obtained at resolutions ranging from 11 to 17 A resolution and from
images recorded on a CCD camera or film. (B) Cryo-EM structures of the
308 subunit in complex with either YjeQ or RbfA. These structures were
obtained at 10 and 12 A resolution, respectively. Images for the 30S + YjeQ
complex were recorded in a CCD camera and the images for the complex
with RbfA were recorded on film.



process in bacteria. Finally, we discuss the potential that
the new direct electron detectors will provide into how ri-
bosome assembly occurs.

OVERVIEW OF THE RIBOSOME ASSEMBLY PRO-
CESS IN BACTERIA

The bacterial 70S ribosome is a ribonucleoprotein complex
composed of a large 50S and small 30S subunit. The 30S
subunit is responsible for the decoding of the mRNA and
consists of the 16S rRNA molecule and 21 r-proteins named
from S1 to S21 (with a u or b prefix) (56). The 50S subunit
contains the active center where peptide bond formation is
catalyzed and it is made of two RNA molecules, the 23S
and 5S rRNAs and 34 r-proteins designated from L1 to L36
(with a u or b prefix) (56). The three rRNA molecules form
the core of the particles, whereas r-proteins mainly sit on the
surface of the structure.

Bacterial ribosome assembly commences with the tran-
scription of rRNA as a single precursor transcript contain-
ing the three rRNAs for the two subunits (along with one
or two tRNA molecules) (57). RNase III performs the pri-
mary processing that separates the three rRNAs. The re-
sulting fragments are called precursor rRNAs and contain
additional nucleotides at both their 5 and 3’ ends called
precursor sequences (57). The coordinated action of mul-
tiple RNases removes the precursor sequences to generate
the mature rRNA molecules. After transcription, the rRNA
molecules undergo covalent modifications and form local
secondary structures that are rapidly recognized and bound
by r-proteins. Vintage studies by Nomura (37,38,40,58),
Nierhaus (59,60) and more recent experiments from the
Williamson and Woodson laboratories (61,62) have defined
the hierarchy of binding of r-proteins and the forces shap-
ing rRNA and r-protein interactions during subunit assem-
bly. The binding of r-proteins is designated as primary (di-
rectly to the rRNA), secondary (dependent on primary r-
proteins) or tertiary (dependent on secondary r-proteins).
Evidence to date suggests that r-protein binding to the
rRNA drives folding that stabilizes local RNA structure
and induces conformational changes to create new binding
sites for secondary proteins (63,64). Likewise, these stud-
ies suggest that, at least in vitro, ribosome assembly appears
to occur via multiple parallel pathways without significant
rate-limiting steps, outlining a process of large complexity
and built-in redundancy to ensure efficient assembly even
under unfavorable conditions (62,65).

Mainly through genetic approaches and through the slow
assembly of ribosomes in vitro, the field came to realize that
in cells the assembly process is extremely efficient because of
being assisted by many assembly factors. These factors in-
cluded enzymes responsible for the processing and covalent
modifications of the rRNA and ribosomal proteins, rRNA
chaperones, GTPases and helicases (66-69). However, for
most of the factors their precise functions in ribosome bio-
genesis are still uncharacterized (70).

CRYO-ELECTRON MICROSCOPY AS AN IDEAL
TOOL FOR STUDYING RIBOSOME BIOGENESIS

Similarly, to the protein translation process, all aspects of
the ribosome assembly process involve dynamic events. The
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assembling ribosome is a complex in constant change. New
r-proteins are incorporated and its rRNA is being cova-
lently modified and processed as it fluctuates between dif-
ferent conformations. The complexity and dynamics inher-
ent to the ribosome represents a major limiting factor for
the crystallization of ribosome assembly intermediates and
thus, their study using X-ray crystallography (71). In cryo-
EM, the assembling ribosomes are embedded in a thin layer
of vitreous ice and remain in a fully hydrated state (16,72).
Ribosomal particles are not forced into any crystal lattice
or subjected to steric constrains, therefore, in principle cryo-
EM allows for the visualization of the entire dynamic course
of the assembly process. One limitation to keep in mind is
that because multiple copies of assembling ribosomes that
have the same structure must be averaged to produce the 3D
structure, the assembly states that are more easily observed
are those that represent long-lived intermediates or local
minima conformations within the free-energy landscape of
the ribosome assembly process.

All the existing chemical or genetic approaches presently
used (see below) to capture assembly intermediates in bac-
teria invariably produce a heterogeneous mixture of com-
plexes that must be sorted out. In the last decade sev-
eral image-processing packages for cryo-EM images (73—
75) have implemented maximume-likelihood (ML) classifi-
cation approaches (22) to sort out the particle images into
structurally homogeneous subsets. This methodology has
been proven to be very robust for classifying noisy cryo-EM
images. Once the different subpopulations have been identi-
fied and separated, individual 3D reconstructions at atomic
resolution can be generated for each of the individual as-
sembly intermediates.

Until recently cryo-EM images from the electron micro-
scope were recorded in photographic film. Subsequently, the
field transitioned to the use of CCD cameras. These cam-
eras allowed for the development of automation during data
collection and offered the possibility to produce more and
significantly larger data sets that allowed for higher resolu-
tion 3D structures and to study structurally heterogeneous
assemblies (76,77). However, the attenuation of the signal
and blurring of the image resulting from the indirect detec-
tion of the electrons in these devices often resulted in struc-
tures that were limited to ~10-15 A resolution (Figure 2A).
The recent development of direct detectors has transformed
cryo-EM into a much more powerful technique. These de-
vices record electrons directly with little or no noise. Im-
ages collected in these detectors contain much higher con-
trast and have better preservation of the high-resolution sig-
nal (Figure 2B) (29,78). Images obtained in a detector are
capable to produce 3D structures to much higher resolu-
tion (Figure 2B) (<3 A in many cases) that those obtained
from CCD cameras (Figure 2A). Direct detectors also have
extremely fast image read-outs, which produce ‘movies’ in-
stead of single snapshots. Movies produced by these detec-
tors allow compensating for ‘beam-induced motion’. This is
the movement that the particles in the specimen experience
because of the energy deposited by the electron beam while
the image is being collected, resulting in blurring and res-
olution degradation (79,80). Collecting multi-frame movies
instead of single snapshots allows for an effective tracking
and correction of this movement efficiently restoring the
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Figure 2. Direct detectors produce images with better preservation of the high-resolution information. (A) Cryo-electron micrograph (left panel) obtained
in a CCD camera showing immature 45Sgpga ribosomal particles obtained from a depletion strain of Bacillus subtilis lacking the RbgA protein. The right
panel shows a 3D reconstruction of the 45Sppga particle obtained from CCD images similar to that displayed on the left panel. This 3D structure was
refined to 13 A resolution. (B) Cryo-electron micrograph (left panel) of a similar immature ribosomal particle (44.5Sysc particle) obtained in a direct
electron detector. These particles were purified from a depletion strain of B. subtilis lacking the YsxC protein. The contrast and structural details in this
image are significantly higher than in the equivalent micrograph from a CCD shown in panel (A). Direct detector images similar to that shown in this

panel, produced a 3D structure at ~5 A resolution.

high resolution in the images (30,81,82) (Figure 3). Over-
all, direct detectors represent a quantum leap for the ca-
pability of cryo-EM to deliver atomic resolution (27) and
recently published ribosome structures (34,83-85) consti-
tute outstanding examples of what is now possible using
cryo-EM. These structures illustrate the current potential
of cryo-EM to gather atomic resolution structural informa-
tion of the ribosome assembly process.

Therefore, because of major improvements in both soft-
ware and hardware, cryo-EM can now deliver atomic res-
olution structures. These advances make cryo-EM an ideal
tool for the structural understanding of dynamic processes
such as the assembly of the ribosome. Cryo-EM is defini-
tively posed to bring a flood of new biological insights into
this complex biological process in the upcoming years.

CHEMICAL AND GENETIC APPROACHES TO CAP-
TURE IN VIVO ASSEMBLED RIBOSOMAL SUBUNIT
INTERMEDIATES FOR STRUCTURAL STUDIES

The Williamson lab was among the first groups to analyze
bacterial immature ribosomal particles using electron mi-
croscopy (86). In this pioneer study, 30S subunits were as-
sembled in vitro from purified 16S rRNA and ribosomal
proteins. As the assembly reaction was allowed to proceed,
aliquots were removed and imaged by negative staining elec-
tron microscopy. Using this approach, it was possible to ob-
serve many 30S particles at different stages of the matura-
tion process. More importantly, this analysis showed that
image classification approaches were effective in sorting out
the multiple subpopulations of intermediates existing at the
various time points without the need for biochemical pu-
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Figure 3. Restoration of high-resolution information by beam-induced correction. (A) Micrograph showing 30S ribosomal subunits obtained by merging
the 30 frames from a movie obtained in a Gatan K2 direct electron detector without previous beam-induced motion correction. The micrograph (left)
and particles (center) extracted from this micrograph are clearly drifted. The disappearance of the “Thon rings’ in the power spectra from the micrograph
reveals the loss of high-resolution information due to drifting. The power spectra are obtained by calculating the Fourier Transform of the micrograph.
(B) Performing beam-induced motion correction of the movie frames prior to generating the merged image recovers the high-resolution information in the
micrograph (right panel). This is demonstrated by analysis of the power spectra of the corrected micrograph that shows clearly defined “Thon rings’. Both
the micrograph and extracted particles also do not show any sign of drifting after the beam-induced motion correction was applied.

rification. These results also provided specific structural ev-
idence for the existence of parallel assembly pathways in
vitro. However, the question remaining was whether the ob-
served structures recapitulate the assembly intermediates
existing in vivo.

A significant challenge faced to structurally study the ri-
bosome assembly process in vivo is that bacteria are highly
efficient in assembling ribosomes and the process occurs in
a timescale of just a few minutes. Consequently, ribosome
assembly intermediates do not naturally accumulate in sig-
nificant amounts in bacterial cells (87). To date, structural
biologists have leveraged mainly two types of approaches
to trigger accumulation of assembly intermediates: chemi-
cal and genetic.

The essence of the chemical approach consists of using a
small-molecule inhibitor to disable or slow down a specific
step in the ribosome assembly process, leading to the ac-
cumulation of immature subunits that can be purified and
characterized (Figure 4A). Using small-molecule inhibitors
as probes for studying a complex biological process has
advantages. For example, the chemical compound can be
added or removed easily from the cell system and the inhi-
bition effect appears in a time scale of minutes (88).

This type of approach was instrumental in the dissection
of the protein synthesis process. This was possible because
there is a plethora of chemical probes (antibiotics and other
small molecule inhibitors) that affect this process (89,90)

and they were used extensively to capture ribosomes in nu-
merous conformational states during protein translation.
Unfortunately, presently there is a scarcity of chemical
probes that could be used to study the assembly process
of the ribosome. Some of the antibiotics inhibiting transla-
tion cause accumulation of 30S and 50S ribosomal subunit
precursors (91). However, to date, only lamotrigine, a drug
that is also used as an anticonvulsant, has been confirmed
as a specific inhibitor of bacterial ribosome biogenesis by
targeting a still uncharacterized function of the translation
initiation factor IF2 in ribosome assembly. This effect only
takes place at cold temperatures but not at 37°C (92). In
eukaryotes, only three other compounds have been shown
to inhibit specific factors in ribosome assembly in eukary-
otes (93-95). These examples clearly shed light on the po-
tential of small molecule inhibitors as probes to study ribo-
some assembly and to uncover the role of new assembly fac-
tors. Therefore, even though chemical approaches in com-
bination with cryo-EM hold tremendous promise and offer
unique advantages for the study of the ribosome assembly
process, current progress is hampered for the limited num-
ber of available probes. Nevertheless, the moment is ripe for
a collaborative effort to identify specific chemical inhibitors
of ribosome assembly that will be of great use as probes (92).
Instead, genetic approaches have been extensively used
to investigate the role of assembly factors in ribosome bio-
genesis. The main approach has consisted in creating single
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Figure 4. Chemical and genetic approaches to capture in vivo assembled ribosomal subunit intermediates. (A) The diagram represents the assembly line
of the 30S subunit. Chemical approaches use small-molecule inhibitors to block a specific step in the ribosome assembly process, which leads to the
accumulation of immature subunits. These particles can be purified and characterized using biochemical or structural methods including cryo-EM. (B) In
genetic approaches single-gene deletion strains are created by homologous recombination where the open-reading frame coding region of the gene for an
assembly factor is replaced with a marker cassette. Absence of a particular assembly factor causes a slowdown of the specific assembly steps assisted by
this factor, which eventually leads to accumulation of assembly intermediates that are possible to purify for subsequent analysis.

(or double) deletion strains for one of the assembly factors
to disable or slow down the ribosome biogenesis process.
These strains accumulate immature subunits in sufficient
amounts to be isolated and characterized (Figure 4B).

The foundation of this experimental approach is that
the ribosomal particles that accumulate upon single dele-
tion of one of these protein factors are informative on the
maturation reaction catalyzed by this enzyme. An impor-
tant premise for this statement is that the ribosomal par-
ticles that accumulate constitute the actual substrate for
the factor (45-51). However, it is not trivial to confirm this
assumption because genetic perturbations cause a steady-
state in which, the actual particles that accumulate may have
evolved and do not necessarily constitute the actual sub-
strate for the assembly factor. Instead, they may represent
particles that have transitioned into a local energy minimum
that are thermodynamically stable and off pathway. Ideally,
these particles should also be able to mature into functional
subunits to rule out that they are not simply dead-end as-
sembly products (Figure 5). It is only recently that a couple
of studies (see section 6 below) (96,97) have asked which of
these potential scenarios concur in single deletion strains
used to capture assembly intermediates.

Despite these caveats, biochemical and structural stud-
ies of particles accumulating in single gene deletion strains
of assembly factors have provided a great deal of informa-
tion regarding the function of a group of assembly factors,
mainly those involved at the late stages of maturation (45—
51). In the next section, we summarize these studies and the
significance of their findings.

WHAT HAVE WE LEARNED FROM STRUCTURAL
STUDIES OF RIBOSOME ASSEMBLY INTERMEDI-
ATES PURIFIED FROM DELETION STRAINS?

Several studies have been published in the last few years
where single deletion (or depletion) strains of assembly fac-
tors were used to trigger accumulation of assembly inter-
mediates for purification and analysis by cryo-EM. Struc-
tural characterization of several late 30S assembly interme-
diates that accumulate in Escherichia coli cells lacking either
YjeQ (RsgA) (45), RimM (46,49), KsgA (48) or both YjeQ
and RbfA (50) assembly factors revealed that the immature
30S particles that accumulate in these null strains are at the
late stages of the maturation process (Figure 1A). Most of
the structural motifs of these ribosomal subunits resemble
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Figure 5. Diagram describing the nature of the immature ribosomal particles accumulating in bacterial cells depleted from assembly factors. In the presence
of assembly factors, ribosomal assembly progresses normally to produce mature 30S subunits. In the absence of one or multiple assembly factors, it is
possible that the assembly intermediate, which represents the actual substrate for the factor remains as such and accumulates (on-pathway intermediate). It
is also plausible that the true on-pathway intermediate may be thermodynamically unstable and end up evolving into a more energetically favorable state.
This particle then progresses into the immature particles that are observed accumulating in the null strains and eventually into the mature 30S subunits. A

fraction of the particles could also be targeted for degradation.

those of the mature 30S subunit, however they all present a
severe distortion at the decoding center that renders these ri-
bosomal particles unable to associate with the 50S subunit
and engage in translation. These observations, along with
cryo-EM structures of either YjeQ, RbfA and Era (another
30S assembly factor) in complex with mature 30S subunits
(Figure 1B) (52-55) postulated that these assembly factors
bind immature 30S particles at or near the decoding center
to assist in the folding of this functional core.

These studies highlight significant differences regarding
the late stages of maturation of the prokaryotic small ribo-
somal subunit with respect to that in eukaryotes. During the
late stages of 40S maturation in yeast there are seven sta-
bly bound assembly factors: Tsrl, Rio2 and Dim1 bind to
the subunit interface, Pnol and Nobl to the platform and
Enpl and Ltvl to the mRNA opening channel. Together,
these factors provide a multi-pronged approach to prevent-
ing premature translation initiation (98,99). This is neces-
sary because pre-40S particles can bind mRNAs, transla-
tion initiation factors and 60S subunits that are present in
the cytoplasm at high concentrations. Therefore, these seven

assembly factors cooperate to inhibit each step in the trans-
lation initiation pathway.

In bacteria, assembling 30S subunits at the late stages of
maturation are also exposed to high concentrations of tR-
NAs, mRNAs, translation factors and large ribosomal sub-
units that are present in the cytoplasm. When YjeQ (52,53)
and RbfA (55) are bound, they are positioned to block bind-
ing of the translation initiation factors IF1 and IF3 (Fig-
ure 1B). Similarly, Era binds the anti-Shine Dalgarno se-
quence at the 3’ end of 16S rRNA (54), thus likely prevent-
ing mRNA recruitment (Figure 1B). However, in the 30S
subunit ligand blocking is also achieved by the structure of
the rRNA itself. The cryo-EM structures of the immature
30S A rimar and 30S 4 0 subunits (45,46,49) revealed that the
upper domain of helix 44 is dislodged (Figure 1A). Thus,
inter-subunit bridges cannot be formed, and the decoding
site helix sterically blocks joining with the 50S subunit. Fur-
thermore, the rearrangements of helix 44 distort the decod-
ing site, which is then unable to provide the minor groove
interactions critical for productive recognition of amino-
acylated tRNA and translation initiation. It is also unclear
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whether YjeQ, RbfA, RimM and Era test the functionality
of nascent ribosomal subunits by mimicking elements of the
translational cycle, as it is the case for some of the eukary-
otic assembly factors assisting the maturation of the small
ribosomal subunit (98). Therefore, based on what cryo-EM
has revealed, several significant differences seem to exist in
the way prokaryotic and eukaryotic cells prevent ribosomal
subunits from being engaged in translation before their mat-
uration has been completed.

Similar work has also been done with assembly factors in-
volved in the biogenesis of the 50S subunit, including RbgA
(47,51), YphC or YsxC (96). These factors are all essen-
tial GTPases (100-103). Using Bacillus subtilis strains in
which one of these three proteins was under the control of
an inducible promoter, it was possible to purify incomplete
50S particles that accumulated in the cells under depletion
conditions for these factors. Characterization of the imma-
ture particles by cryo-EM (Figure 6A) and other techniques,
including quantitative mass spectrometry (qMS), revealed
that these factors primarily play a role mainly at the late
stages of maturation of the 50S subunit. Their role is related
to the maturation of the central protuberance and peptidyl
transferase center of the 50S subunit (47,51,96).

Overall, analysis of these assembly intermediates revealed
that the functional cores of the 30S and 50S ribosomal sub-
unit are the last structural motif to adopt a mature confor-
mation.

Most of these assembly factors acting at these late stages
of the process bind to the maturing functional site of the
subunits to likely assist their folding. Their coordinated ac-
tions also prevent immature particles from prematurely en-
gaging in protein synthesis. The mechanistic insights on
how each assembly factor assists in this process and their
precise functions remain largely unknown.

Even though most of these structures were obtained be-
fore the direct detectors were available and the resolution of
these structures is moderate (>10 A) (Figure 1), these stud-
ies clearly illustrate the potential of cryo-EM to visualize in
three dimensions the ribosome assembly process.

LIMITATIONS OF USING RIBOSOME ASSEMBLY
INTERMEDIATES ACCUMULATING IN DELETION
STRAINS FOR CRYO-EM STUDIES

An important question underlying the use of assembly in-
termediates accumulating in single deletion (or depletion)
strains as samples for cryo-EM structural studies on ribo-
some assembly is whether these particles can progress to a
mature subunit that can associate and form functional 70S
ribosomes. In addition, it is also essential to understand the
nature of these particles and whether they constitute on-
pathway assembly intermediates and true substrate for the
assembly factors (Figure 5).

The first study addressing the question of competency
for maturation of these immature particles chose to ana-
lyze an incomplete 50S particle (45Srgpa ) (51) purified from
a B. subtilis strain in which the essential assembly factor
RbgA had been depleted (100). Pulse-labeling experiments
followed by quantitative mass spectrometry (qMS) demon-
strated that the 45Sgepa particles that accumulate in the
cells under RbgA depletion conditions are competent for

maturation and progress into functional 70S particles. This
initial finding provided reassurance that at least some of the
particles that accumulate in these depletion strains do not
represent a dead-end product of the reaction and thus, they
are likely informative about the function of assembly factors
(Figure 5).

More recently, a second study (97) performed pulse-chase
experiments to test whether the 30S, j.q and 30S 4 imm par-
ticles, accumulating in single deletion strains of the YjeQ
and RimM assembly factors progress to mature 30S sub-
units. In these experiments, a discrete population of 17S
rRNA that accumulated in the AyjeQ, ArimM and wild
type strains was labeled by adding *H (tritium)-uracil to the
growing culture and the 17S/16S rRNA ratio was used as a
proxy to estimate the proportion of immature 30S subunits
that progressed to mature 30S subunits. The obtained re-
sults were consistent with the progression of at least a sub-
stantial proportion (~50%) of the 30S4 .o and 30Sa inm
particles into mature 30S subunits (Figure 5).

Surprisingly, the same study (97) found that affinity bind-
ing of assembly factors YjeQ, Era, RbfA and RimM to the
30SA 70 and 30S 4 v immature particles is weak and that
binding would not occur at physiological concentrations. In
alignment with these results, mass spectrometry analysis re-
vealed that in vivo the occupancy level of these factors in
these immature 30S particles is below 10% and that the con-
centration of factors does not increase when immature par-
ticles accumulate in cells. These results suggest that in the
absence of these factors, the immature particles evolve into
a thermodynamically stable intermediate that exhibits low
affinity for the assembly factors (Figure 5). It also implies
that the true substrates of YjeQ, RbfA, RimM and Era are
immature particles that precede the ribosomal particles ac-
cumulating in the knockouts strains.

This conclusion aligns well with a presumed role of these
factors in chaperoning the folding of rRNA. It seems likely
that these assembly factors may play a role in stabilizing
specific rRNA motifs at or near the decoding center in cer-
tain conformations (52-55,104). In the absence of any of
these factors, the conformation of the rRNA motifs that
these factors should bind may transition into a local en-
ergy minimum that is thermodynamically more stable. The
proposed model from this study (97) is that in the sin-
gle deletion strains the on-pathway intermediate that con-
stitute the real substrate for each factor progresses to a
downstream assembly intermediate that exhibits low affin-
ity to the factors. Indeed, recent studies (45,46,49,50) found
that the 30S4,j0 and 30Sa i particles accumulating in
the ArimM and AyjeQ null strains are structurally similar.
Therefore, it seems that in the knockout strains the different
on-pathway intermediates that are recognized by the spe-
cific assembly factors may be progressing into a structurally
similar local energy minimum intermediate (Figure 5).

A similar study (96) investigated the nature of assembly
intermediates in the 50S subunit in B. subtilis strains de-
pleted from RbgA, YphC and YsxC. In this study, it was
found that these assembly factors bind specifically to the im-
mature particles that the depletion strains accumulate. This
result is different from what it was found for the 30S sub-
unit assembly intermediates that accumulate in the absence
of YjeQ and RimM (97). These results suggest that the 50S



Nucleic Acids Research, 2017, Vol. 45, No. 3 1035

Mature 50S subunit _50A 45Svphc

bt U

‘\-”L"‘ Ay I,
~ :

»”~

\ Class | Class I |
1
44.5SstC
50A
L7/L12 h68
h69
h71

Class | Class Il
45Svphc L

T
44 5Svysxc

Figure 6. Cryo-EM structures of ribosome assembly intermediates obtained using direct electron detector cameras. (A) Gallery of cryo-EM structures from
assembly intermediates of the 50S subunit from B. subtilis. These intermediates accumulate in the cells of B. subtilis strains depleted for assembly factors
YhpC (45Sypnc) and YsxC (44.5Sysxc). (B) The cryo-EM structures obtained with a direct detector are at sufficient resolution to allow identification of
individual rRNA helices still remaining in an immature state. This panel shows rRNA helices in the P and E site of the 50S subunit that are not adopting
the mature conformation. A corresponding density for these helices is not observed in the density map. The atomic model of the B. subtilis 50S subunit
(PDB ID: 3j9W) was docked onto the cryo-EM map to indicate the conformation of these rRNA helices in the mature 50S subunit. This figure is a modified
version of that in the publication from Ni ez al. (96).
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immature particles constitute either the actual on-pathway
substrates or their conformations have not diverged signif-
icantly and they are still recognized by the factors (Figure
5). Therefore, the structural differences existing in these im-
mature particles compared to the mature 50S subunit are
likely more informative of the function of the assembly fac-
tors than those inferred from the 30S assembly intermedi-
ates. These two studies (96,97) also indicate interesting dif-
ferences in the thermodynamic stability of the assembly in-
termediates of the 30S and 50S subunits.

The fact that assembly factors acting at late stages seem
to be playing a role in the stabilization of transient RNA
conformations introduces an interesting functional analogy
between assembly factors and bona fide r-proteins. Should
further research provide mechanistic details of the role of
the assembly factors as an RNA chaperone, it may suggest
that the function for the assembly factors is not substan-
tially different than the function played by r-proteins. An
intriguing difference between the two groups of proteins is
that bona fide r-proteins remain bound to the ribosomal par-
ticle, but assembly factors fall off or are removed once their
chaperone function has been completed. The fact that their
binding site overlaps with important intersubunit bridges
that are essential for the association with the 50S subunit
(52-55,104) makes necessary their release and it may have
driven this functional divergence.

Overall, in vivo assembled immature particles accumu-
lated through genetic approaches present several limitations
when used for cryo-EM studies to infer about the function
of assembly factors. However, particles characterized up to
date have still provided a great deal of functional insights
about assembly factors and the late stages of assembly.

OVERCOMING EXISTING LIMITATIONS FOR THE
STUDY OF THE RIBOSOME ASSEMBLY PROCESS
IN BACTERIA

All assembly intermediates that have been structurally char-
acterized by cryo-EM so far have been purified from single
deletion strains or depleted strains lacking individual as-
sembly factors. In addition, most of these structures were
obtained from electron micrographs captured either on film
or in a CCD and thus, they were only obtained to moderate
resolution. Consequently, our current understanding of the
function of assembly factors and how these functions are
performed in three dimensions is most likely vague at best.

Recent developments in hardware and software for cryo-
EM has made possible to obtain the first structures of as-
sembly intermediates in bacteria at a level of detail ap-
proaching atomic resolution. An example of the use of these
new advancements is a recent publication (96) presenting
the structure at ~5 A resolution of two 50S immature par-
ticles obtained upon depletion of YphC and YsxC, two es-
sential assembly factors (Figure 6A). Different from previ-
ous moderate-resolution (~10-15 A) cryo-EM studies (45—
47,49-51), the structures obtained from direct detectors al-
low visualization of individual rRNA helices in the inter-
mediate particles that are still in an immature conformation
(Figure 6B). Consequently, these structures are generating
testable models regarding the function of protein factors in
assembly.

With the technology to obtain atomic resolution struc-
tures using cryo-EM of immature ribosomal particles now
available, developing methods that have the capability to in-
troduce immediate perturbations in the assembly process
and allow rapid capture of these intermediates are much
needed to move the field forward. Certainly, chemical ap-
proaches and the use of small inhibitor molecules against
assembly factors (Figure 4A) hold great promise and are
uniquely suited to contribute to our structurally under-
standing of the sequence of events that leads to assembly
of the mature subunits with high temporal precision. The
ability of small molecules to target specific functions and
to produce perturbations with basically no-lag phase allows
for a much simpler interpretation of the structures and the
information they convey regarding the function of the tar-
geted factors. Similarly small molecule inhibitors of rRNA-
ribosomal protein interactions or rRNA folding events also
have great potential for isolation of other structurally valu-
able intermediates (88). Unfortunately, they do not repre-
sent at this moment a realistic option due to the scarcity of
effective small molecules available to inhibit specific steps of
the ribosome assembly process in bacteria (88).

On the other side, the intrinsic thermodynamic instability
of the assembly intermediates that accumulate in cells us-
ing current genetic approaches (96,97) requires modifying
and extending these methods to be able to achieve purifica-
tion of the on-pathway assembly intermediates that consti-
tute the true substrate for particular assembly factors. Hav-
ing these purification methods in place will allow obtaining
snapshots of the entire spectrum of states existing in the cell
during the ribosome biogenesis process by cryo-EM. How-
ever, to what extent the protocols for extraction, purifica-
tion, and cryo-EM specimen preparation will allow us to
obtain an unbiased description of these intermediates states
is also an open question that needs to be addressed with
considerable urgency.

Recent structural work using direct electron detectors
for the structural analysis of ribosome assembly interme-
diates in yeast (105) is providing examples for potential ap-
proaches that could be applied in bacteria and they would
likely capture the on-pathway assembly intermediates rep-
resenting the true substrate of particular assembly factors.
In this publication nucleoplasmic pre-60S ribosomal parti-
cles were purified by tandem affinity purification after in-
troducing a TAP tag (Figure 7A) in the assembly factor
Nog2, which associates with nucleoplasmic pre-60S ribo-
somal particles. The structure of the purified Nog2 par-
ticles was solved to ~3 A resolution using cryo-EM and
showed over 20 different assembly factors bound mainly
to an arc region extending from the central protuberance
to the polypeptide tunnel exit and the domain called inter-
nal transcribed space 2. Guided by chemical cross-linking
of proteins coupled with mass spectrometry, it was possi-
ble to build the atomic model for 19 of the assembly factors
bound to the assembly intermediate.

Considering that in this work the TAP-Nog2 factor was
expressed at close to physiological concentrations and that
in the tandem affinity purification the tagged factor recov-
ered under native conditions along with associated partners,
it is quite likely that this remarkable structure has a close
resemblance to the on-pathway assembly intermediate that
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constitutes the true substrate of these assembly factors and
that bacterial studies have endeavored to capture, so far with
much more limited success.

Tandem affinity purification (Figure 7) was initially de-
veloped in yeast, but has been subsequently employed suc-
cessfully in the analysis of protein—protein interactions and
protein complexes in other organisms including mammals,
plants, Drosophila and more importantly for the work dis-
cussed here, also in bacteria. At this point, only a limited
number of examples exist in the usage of tandem affinity pu-
rification for characterization of protein complexes in bac-
teria. A few instances include, Gully et al. that first used
this approach to isolate native protein complexes (106) and
Shereda et al. (107) that employed this method to purify the
RecQ complex and identified three new heterologous pro-
teins that associate with this complex. The most relevant
example for the prospects of using tandem affinity purifica-
tion for the study of ribosome biogenesis in bacteria was
work from the same laboratory (108) that discovered the
formation of a specific ribonucleoprotein complex between
SrmB, a DEAD-box protein, and ribosomal proteins ul4,
ul24 and the 5’ region of the 23S rRNA. All of these exam-
ples provide exciting prospects for the use of this purifica-
tion method for capturing on-pathway assembly intermedi-
ates that constitute the true substrate of particular assembly
factors.

The incorporation of tags in the rRNA has been a recent
successful approach for the purification of in vivo assem-
bled immature ribosomal particles in bacteria. Gupta et al.
(109) devised a strategy for purification of pre-16S rRNA-
containing assembly intermediates of the 30S subunit. In
this approach, an MS2 bacteriophage RNA stem—loop was
placed at different positions in the 5’ or 3’ precursor se-
quences of the 17S rRNA and used for affinity purification
using beads pre-bound with MS2 fusion protein. The differ-
ent location of the MS2 tag led to the purification of three
intermediates, each one of them containing different length
of the 5’ or 3’ precursor sequences.

Exploring the conformation of the precursor 16S rRNA
in these intermediates using chemical probing revealed, sim-
ilar to the cryo-EM studies from single deletion strains of
assembly factors (45,46,48,49) that these particles are at the
late stages of maturation and all lack mature functional
sites. Similarly, they were also depleted of some of late bind-
ing r-proteins that enter late in the assembly; in particular
uS2, uS3 and bS21 were severely underrepresented in all of
these intermediates. An important conclusion of this work
is that the 17S rRNA acts as a major scaffold for 30S sub-
unit biogenesis, which occurs following multiple assembly
pathways. More importantly, this MS2-tag based purifica-
tion method also offers a number of in vivo snapshots of
assembling 30S subunits, however they have yet to be char-
acterized by cryo-EM. Only then, it will be possible to de-
termine their potential to contribute to our understanding
of the late stages of maturation of the 30S subunit and the
structural aspects related to the processing of the precursor
sequences of the 17S rRNA.

Finally, a recent review paper (88) has also proposed the
idea of using small molecule inhibitors as affinity purifica-
tion tags for low abundance ribosomal intermediates. Once
effective small molecule inhibitors of the ribosome matura-
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tion process become available, this approach will certainly
represent an exciting alternative to the tandem affinity pu-
rification method described above for purification of on-
pathway immature particles indicated above. The small size
of molecular inhibitors makes them less likely to introduce
structural artifacts upon perturbations in assembly.

FUTURE PERSPECTIVES AND CONCLUSION

Since the development of the vitrification process by Dubo-
chet and colleagues (16) in 1984, cryo-EM has been an es-
sential contributor to the structure and function of the ri-
bosome. The recent developments in hardware and soft-
ware and new emerging methods to capture on-pathway ri-
bosome assembly intermediates in complex with assembly
factors are currently positioning cryo-EM to make tremen-
dous contributions to the understanding of the ribosome
assembly process in bacteria. Undoubtedly, the rich struc-
tural information contained in the structures that cryo-EM
will produce in the upcoming years using these new devel-
opments will provide an extremely valuable framework for
the dissection of the molecular roles and function of assem-
bly factors involved in the maturation of the two ribosomal
subunits. Furthermore, these structures will provide an ef-
fective platform to develop new antibiotics against this fun-
damental cellular process and pave the way to use these as-
sembly factors as antimicrobial targets. Finally, the fact that
some of the bacterial GTPases functioning as assembly fac-
tors have eukaryotic counterparts (69) ensures that some of
the new insights brought by cryo-EM about the assembly
process in bacteria will also provide new therapeutic oppor-
tunities for cancer.
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