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RNA/protein composition:

Proteins:

RNA:
• rRNA 80%
• tRNA 15%
• mRNA 2-5%



RNA synthesis: The road from the nucleus to the cytoplasm
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antibiotics. This might have the advantage that no natu-
rally occurring resistance activities will exist to seed the
development of drug-resistant pathogens.

Structural understanding of eukaryotic ribosomes is
lagging far behind that of their bacterial counterparts;
the best structure available at present is a 1.75-nm struc-
ture of the yeast 80S ribosome47.However, the high con-
servation of the rRNAs means that the mechanisms and
structures involved will be fundamentally similar. Initial
steps will be computer modelling or ‘threading’ of the
eukaryotic rRNAs into the bacterial structures, followed,
presumably,by crystallographic structures.

The synthesis of ribosomes is not directly addressed
by the recent structural data.However, an understand-
ing of the mature subunits is likely to be crucial to
understanding the assembly pathway. The analysis of
smaller regions is already revealing that many sequential
steps lie on the pathways by which the entire, amazing
structure comes together.

Links

DATABASE LINKS EF-Tu | Rex1 | Rex2 | Rat1 | Xrn1 |
Crm1 | Rpl10 | Nmd3
FURTHER INFORMATION Tollervey lab
ENCYCLOPEDIA OF LIFE SCIENCES Ribosome structure
and shape | Bacterial ribosomes | Eukaryotic ribosomes

Several pre-rRNA processing activities remain to be
identified,particularly in the yeast S. cerevisiae (indicat-
ed by question marks in FIG. 3).Notably, all of the nucle-
ases indicated in FIG. 3, from both E. coli and yeast,
process other RNAs in addition to the pre-rRNAs. It is
likely that, when the enzymes responsible for the
remaining processing activities are identified, they too
will be found to process other substrates.

Perspectives
The continuing structural analyses are greatly increas-
ing our understanding of how ribosomes work. In the
immediate future we can expect to see direct tests to dis-
criminate between alternative models for catalytic activ-
ity. A clearer understanding of the interactions between
the ribosomal subunits should also emerge, with direct
tests of models for the movement and functional inter-
actions between the subunits. But it will be a long time
before we fully understand the way in which these intri-
cate machines are put together and how they function.

Recent structural analyses have given clear insights
into the mechanisms of several antibiotics, and more
analyses can be expected, leading to the development of
new,design-based drugs. The characterized antibiotics
bind at many sites and inhibit various steps in the trans-
lation cycle. A particular virtue of future, structure-
based antibiotic design will be the ability to target addi-
tional sites and activities not targeted by existing

Box 3 | Key steps in eukaryotic ribosome synthesis

After transcription of the pre-ribosomal RNAs, most steps
in eukaryotic ribosome synthesis occur within the
nucleolus. Here, the pre-rRNAs are processed to yield the
mature rRNA species (FIG. 3), which also undergo extensive
covalent modification. In bacteria, rRNA modifications are
made by conventional enzymes, but in eukaryotes most
modification involves methylation of the sugar 2! hydroxyl
group (2!-O-methylation) or pseudouridine (ψ) formation,
which occur at sites that are selected by base pairing with a
host of SMALL NUCLEOLAR RIBONUCLEOPROTEIN (snoRNP)
particles55. Human cells contain over 100 species of
snoRNP, and each pre-rRNA molecule must transiently
associate with a member of each species. During pre-rRNA
transcription and processing, many of the 80 or so
ribosomal proteins assemble onto the mature rRNA
regions of the pre-RNA. Many mutations known to inhibit
ribosome synthesis in yeast are believed to act mainly at the
level of ribosome assembly, but this process is poorly
characterized.
During maturation, the pre-ribosomal particles are

released from association with nucleolar structures, and
are believed to diffuse to the nuclear pore complex (NPC). In yeast, nuclear export of pre-60S particles is mediated at least in part by the small
GTPase Ran and the export factor Xpo1/Crm1, which binds to the ribosomal protein Rpl10 through an adaptor protein, Nmd3 (REFS 56–58).
Export of the pre-40S subunit also requires Ran59, but no specific export factors have been identified. Passage through the NPC is likely to be
preceded by structural rearrangements and the release of pre-ribosome-associated proteins, including processing and assembly factors. It seems
likely that further ribosome synthesis factors will be released during late structural rearrangements in the cytoplasm that convert the pre-
ribosomal particles to the mature ribosomal subunits. Failure to reorganize the pre-ribosomes and the consequent deficit in recycling of
processing factors might underlie the observation that almost all mutations that lead to the under-accumulation of cytoplasmic 60S subunits
also inhibit early pre-rRNA processing steps60,61. Names of specific factors are taken from budding yeast, Saccharomyces cerevisiae, but we predict
that the steps are conserved throughout eukaryotes.
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Ribosome biosynthesis



Ribosome synthesis rates

• In yeast ~70% of Pol II transcription is devoted to making ribosomal 
protein mRNAs and 80% of all RNA in the cell is ribosomal RNA

Ribosomes Division time Ribosome/min

HeLa 3,300,000 24h = 1,440 min 2,300

S.cerevisiae 200,000 100 min 2,000



The Ribosome

The ribosome is composed of 
ribosomal RNA (rRNA) and ribosomal 
proteins.

~ 200 non-ribosomal proteins
~ 100 snoRNAs
~ 80 ribosomal proteins



Prokaryotic vs Eukaryotic Ribosome
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tive RNA helicases39–41, indicating a requirement for
extensive structural reorganization.

Functional bacterial ribosomes can be assembled in
vitro from the rRNAs and proteins, although specific
conditions are required42,43. The analysis of in vitro
assembly revealed a well-defined order of addition of
the r-proteins and substantial cooperativity in r-protein
binding, with assembly nucleated by a small number of
primary rRNA-binding proteins44,45. For the 50S sub-
unit, clear evidence was obtained for a structural
rearrangement, which required incubation at an elevat-
ed temperature43. The assembly pathway has, as yet,
been largely unaddressed by structural analyses.
However, in one example, binding of the S15 protein
was shown to reorganize and stabilize a complex struc-
ture in the rRNA that was required for the subsequent
binding of two other r-proteins46. It is very probable
that many other such cycles of structural rearrangement
and stabilization, followed by specific protein binding,
will occur during ribosome assembly.

In addition to processing, the rRNAs in all organ-
isms undergo extensive covalent nucleotide modifica-
tion at sites that cluster near the active core of the
ribosome. Although not yet reported from structural
studies, these modifications will probably aid the
observed tight packing of the rRNAs through TERTIARY

INTERACTIONS.

(snoRNA), rather than to the pre-rRNA spacer as seen
in E. coli. An RNA helicase associated with the U3
snoRNA might participate in this activity39. Strikingly,
yeast ribosome synthesis involves no less than 17 puta-

Figure 2 | Conserved organization of the pre-rRNA. The pre-ribosomal RNAs (rRNAs) are
collinear in most organisms from all three kingdoms. The small subunit rRNA (16S in bacteria
and archaea; 18S in eukaryotes) and large subunit rRNA (23S in bacteria and archaea; 25S/28S
rRNA plus 5.8S rRNA in eukaryotes) are co-transcribed as a polycistronic precursor. In the pre-
rRNA, the mature rRNA sequences are flanked by external transcribed spacers (5! ETS and 3!
ETS) and separated by one or more internal transcribed spacers (ITS). Although there are many
exceptions, the 5S rRNA is generally present in the common rRNA precursor in bacteria and
archaea, but is independently transcribed by RNA polymerase III in eukaryotes. In eukaryotes,
ITS2 is inserted into the 5! region of the ancestral 23S rRNA, separating the 5.8S rRNA from the
25S/28S rRNA. In many bacteria and archaea, the ITS region contains a transfer RNA (tRNA),
the 5! end of which is cleaved by RNase P. Eukaryotes lack the tRNA but retain a cleavage site
for a homologous endonuclease, RNase MRP, at this position (see FIG. 3).
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Figure 3 | Conserved features of pre-rRNA processing in bacteria and eukaryotes. The pathways presented are for the
two best-characterized organisms, the bacterium Escherichia coli and the eukaryotic budding yeast Saccharomyces cerevisiae,
but extensive conservation is expected throughout bacteria and eukaryotes. In both cases, the mature ribosomal RNAs are
generated by sequential endonuclease cleavage, with some of the mature rRNA termini generated by exonuclease digestion.
Some components are clearly homologous between bacteria and eukaryotes: first, the double-stranded endonucleases RNase
III and Rnt1; second, the endonucleases RNase P and RNase MRP, which are themselves ribonucleoprotein complexes; and
last, the 3!–5! exonuclease RNase T is related to Rex1 and Rex2. The transfer RNA can be 3! processed by any one of several
3!–5! exonucleases, although RNase T and RNase PH are probably the most effective; these are collectively designated as
RNase X. Scissors with question marks indicate that the endonuclease responsible is unknown. 5! processing of E. coli 23S and
5S rRNA is assumed to be endonucleolytic as no 5!–3! exonuclease has been identified in E. coli, in contrast to the roles of the
5!–3! exonucleases Rat1 and Xrn1 in yeast. The mechanism of 3! processing of the E. coli 16S rRNA is not known and several
steps in yeast pre-rRNA processing involve cleavages by unidentified enzymes. In yeast, an alternative pathway generates a
minor 5! extended form of the 5.8S rRNA; for simplicity this has been omitted from the figure. For further details, see REFS 60–64.
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(ETS and ITS). Regions of the
ribosomal RNA precursors that
do not form parts of the mature
rRNAs or ribosomes, and are
removed by processing.

SMALL NUCLEOLAR RNAS

(snoRNAs). A set of small,
stable RNAs, from 60 to 600
nucleotides in size.Most species
form base-paired interactions
with the pre-ribosomal RNAs
that select sites of modification
of the rRNAs. A smaller
number (including U3) are
required for processing of the
pre-rRNA.

TERTIARY INTERACTIONS

In addition to stem structures
formed by base pairing, RNAs
can interact using alternative
interactions between
nucleotides. These are
important in the overall folding
of RNA molecules, and are
collectively known as tertiary
interactions.

Ribosomal RNA Processing

• rRNA genes of both eukaryotes and bacteria are transcribed as larger 
precursors and must be processed to yield rRNAs of mature size

• Several different rRNA molecules are embedded in a long precursor 
and each must be cut out
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tive RNA helicases39–41, indicating a requirement for
extensive structural reorganization.

Functional bacterial ribosomes can be assembled in
vitro from the rRNAs and proteins, although specific
conditions are required42,43. The analysis of in vitro
assembly revealed a well-defined order of addition of
the r-proteins and substantial cooperativity in r-protein
binding, with assembly nucleated by a small number of
primary rRNA-binding proteins44,45. For the 50S sub-
unit, clear evidence was obtained for a structural
rearrangement, which required incubation at an elevat-
ed temperature43. The assembly pathway has, as yet,
been largely unaddressed by structural analyses.
However, in one example, binding of the S15 protein
was shown to reorganize and stabilize a complex struc-
ture in the rRNA that was required for the subsequent
binding of two other r-proteins46. It is very probable
that many other such cycles of structural rearrangement
and stabilization, followed by specific protein binding,
will occur during ribosome assembly.

In addition to processing, the rRNAs in all organ-
isms undergo extensive covalent nucleotide modifica-
tion at sites that cluster near the active core of the
ribosome. Although not yet reported from structural
studies, these modifications will probably aid the
observed tight packing of the rRNAs through TERTIARY

INTERACTIONS.

(snoRNA), rather than to the pre-rRNA spacer as seen
in E. coli. An RNA helicase associated with the U3
snoRNA might participate in this activity39. Strikingly,
yeast ribosome synthesis involves no less than 17 puta-

Figure 2 | Conserved organization of the pre-rRNA. The pre-ribosomal RNAs (rRNAs) are
collinear in most organisms from all three kingdoms. The small subunit rRNA (16S in bacteria
and archaea; 18S in eukaryotes) and large subunit rRNA (23S in bacteria and archaea; 25S/28S
rRNA plus 5.8S rRNA in eukaryotes) are co-transcribed as a polycistronic precursor. In the pre-
rRNA, the mature rRNA sequences are flanked by external transcribed spacers (5! ETS and 3!
ETS) and separated by one or more internal transcribed spacers (ITS). Although there are many
exceptions, the 5S rRNA is generally present in the common rRNA precursor in bacteria and
archaea, but is independently transcribed by RNA polymerase III in eukaryotes. In eukaryotes,
ITS2 is inserted into the 5! region of the ancestral 23S rRNA, separating the 5.8S rRNA from the
25S/28S rRNA. In many bacteria and archaea, the ITS region contains a transfer RNA (tRNA),
the 5! end of which is cleaved by RNase P. Eukaryotes lack the tRNA but retain a cleavage site
for a homologous endonuclease, RNase MRP, at this position (see FIG. 3).

5! ETS 3! ETSITS

5! ETS 3! ETSITS1 ITS2

16S

18S 5.8S 25S/28S

tRNA 23S 5S

Bacteria

Eukaryotes

Figure 3 | Conserved features of pre-rRNA processing in bacteria and eukaryotes. The pathways presented are for the
two best-characterized organisms, the bacterium Escherichia coli and the eukaryotic budding yeast Saccharomyces cerevisiae,
but extensive conservation is expected throughout bacteria and eukaryotes. In both cases, the mature ribosomal RNAs are
generated by sequential endonuclease cleavage, with some of the mature rRNA termini generated by exonuclease digestion.
Some components are clearly homologous between bacteria and eukaryotes: first, the double-stranded endonucleases RNase
III and Rnt1; second, the endonucleases RNase P and RNase MRP, which are themselves ribonucleoprotein complexes; and
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Ribosomal RNA Processing



Eukaryotic rRNAs contain expansion segments (ES)



Ribosomal RNA expansion segments and variable regions

Ben-Shem et al Science 2011



Ribosome biosynthesis:

Ordering
Positioning
Quality Control (QC)

?



Ribosome assembly: the Nucleolus

RNAPI transcription



The nucleolus

electron micrograph

Ribosome assembly: the Nucleolus



The nucleolus is liquid droplet

Hnisz et al Cell 2013

Ribosome assembly: the Nucleolus



Basic mechanisms of transcription

• Catalized by RNA polymerases
• Composed of initiation, elongation and termination
• Determines fate of mature transcripts

Viral



Pre-rRNA transcription

RNA polymerase I transcribes rDNA transcription

RNAPI-specific transcription factors 
(UAF, CF, Rrn3)

Variable cleft architecture

Rpa12-mediated cleavage



Pre-rRNA transcription

rDNA transcription unit 



Ribosome assembly: the Nucleolus

Ribosome assembly and rRNA processing occurs co-transcriptionally



Ribosome assembly: the Nucleolus

Ribosome assembly and rRNA processing occurs co-transcriptionally

SSU processome LSU processome

Co-transcriptional:

70% of A2 cleavage
Rnt1 cleavage

Base modifications
R-protein association



Modification of rRNA by snoRNPs

Ribosome assembly: the Nucleolus



rRNA processing

Phipps et al, WIRERNA., 2010 Boisvert et al, NatRevMolCellBiol., 2007

Endonucleases:
Rnt1, Upt24, MRP, 
Las1, Nob1
Exonucleases:
5’-3’ 
Rat1, Xrn1, Rrp17
3’-5’ 
exosome: Dis3, Rrp6
Rex1-3, Ngl1



Ribosome assembly factors

High resolution cryo-EM revealed 



Ribosome assembly factors

Small subunit (SSU) processome



Many “assembly” factors are required to build a ribosome
Most of these have an unknown function.

Ribosome assembly factors

ATPases, GTPases, helicases



Ribosome assembly: structural maturation

5S RNP rotation in 60S ribosome biogenesis

In pre-60S particle the 5S 
rRNA and its associated 
ribosomal proteins L18 and 
L5 (5S ribonucleoprotein 
(RNP)) are rotated by almost 
180° when compared with 
the mature subunit



Many overlap with sites where translation initiation factors bind

Some overlap with sites where other assembly factors bind 
(to provide order of assembly)

Ribosome assembly factors



Translation initiation factors binding sites

Ribosome assembly: the Cytoplasm



Ribosome assembly: the Cytoplasm
Model for translation initiation in eukaryotes
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Two pathways of pre-rRNA proccesing: GTP and ATP-dependent

GTP dependent pathway – GTPase eIF5b ATP dependent pathway – ATPase Rio1 

Late pre-40S maturation has a proofreading role

Ribosome assembly: the Cytoplasm



Figure 2 Ribosome synthesis and diseases



The size of nucleoli correlates with rRNA synthetic 
activity, and nucleolar hypertrophy
is a diagnostic marker for cancer.

Annu. Rev. Pharmacol. Toxicol. 2010. 50:131–56

Ribosome synthesis and cancer



Pre-rRNA transcription as a target for 
anticancer drugs

Ribosome synthesis and cancer
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Ribosome synthesis and diseases



Selected physical abnormalities seen in ribosomopathies

Narla A , Ebert B L Blood 2010;115:3196-3205
Hannan et al. Biochimica et Biophysica Acta 1829 (2013) 342–360 

- Congenital disorders
- Haploinsufficiency 

Ribosome synthesis and diseases



The functions of DDX21 are linked to rRNA synthesis levels and altered by TCS-associated 
perturbations

Calo et al. Nature 2018

Xenopus laevis cranial cartilages

Ribosome synthesis and diseasesRibosome synthesis and diseases

(E)9.5 mouse embryos

Neural crest cells are 
sensitive to p53 stabilization



Potential mechanisms for the cellular 
consequences of ribosomal haploinsufficiency

Narla A , Ebert B L Blood 2010;115:3196-3205

Ribosome synthesis and diseases



Synthesis of tRNA



•All tRNAs share a common cloverleaf secondary structure and L-shaped 
tertiary structure.
• L shape maximizes stability by lining up base pairs in the D and anticodon 
stems, and base pairs in the T and acceptor stems

tRNA molecule



RNAPIII transcription

TFIIIC recognizes internal promoter elements
TFIIIC recruits TFIIIB

TFIIIB recruits Pol III -> all together constitute initiation complex of Pol III

D Ψ

tRNA biogenesis: transcription



tRNA biogenesis: RNAPIII transcription cycle



tRNA biogenesis: processing

Nucleus:
5’ end endo cleavage – RNase P
3’ end endo cleavage – RNase Z
3’ exo trimming Rex1-3
CCA addition by Cca1

Cytoplasm:
Splicing SEN complex

•tRNA travels between nucleus and 
cytoplasm during processing steps
•mature tRNA can be imported to the 
cytoplasm by retrograde pathway



endonuclease 
complex kinase

direct 
ligatio
n

ligase 
cofact
or

Weitzer et al, WIREs RNA,2015

Introns in tRNAs in yeast:
- are dispensable 
(can be deleted)

- may control some tRNA modification
(pseudoU in anticodon in tRNAIle)

- ensure proper growth at some 
conditions
(deletion of some introns results in slow 
growth in respiratory conditions)

- may affect codon-anticodon pairing

tRNA biogenesis: splicing



tRNA biogenesis: processing and charging

Base modifications:

Suzuki 2021 Nat Rev Mol Cel Biol

tRNA aminoacylation

Schurer et al 2001 Biol Chem

Aminoacylation by tRNA aminoacyl synthetases
two classes: class I and class II (aminoacylate 2’-OH and 3’-
OH of A, respectively)

Can occur in the nucleus and in the cytoplasm



tRNA biogenesis: surveillance



tRNAs and stress

Kirchner and Ignatova, NatRevGenet, 2015 



Thank you


