
TRANSLATION
How to make proteins?



tRNA charging by tRNA sythetases

tRNA charging occurs in two steps:
1. AA + ATP à Aminoacyl-AMP + PP 
2. Aminoacyl-AMP + tRNA àAminoacyl-tRNA + AMP

Is catalyzed by aminoacyl-tRNA synthetases
There are at least 20 aa-tRNA synthetases, one for each amino acid
Aminoacylation accuracy is very important for translation fidelity  



One synthetase for each amino acid
a single synthetase may recognize multiple tRNAs for the same 
amino acid

Two classes of synthetases  
 - bind to the acceptor stem and the anticodon loop of tRNA
 - have different 3-dimensional structures
 - differ in tRNA side they recognize and how they bind ATP

Class I - monomeric, acylates the 2’OH on the terminal ribose
 Arg, Cys , Gln, Glu, Ile, Leu, Met, Trp Tyr, Val

Class II - dimeric, acylate the 3’OH on the terminal ribose
 Ala, Asn, Asp, Gly, His, Lys, Phe, Ser, Pro, Thr

aa-tRNA synthetases



High fidelity of aa-tRNA synthetases

• Accuracy is achieved by two active sites: one that charges tRNA (synthesis 
site) and one that hydrolyzes mischarged aa-tRNAs (editing site)

• Isoleucine IleRS discriminates 50 000-fold for Ile over Val 
      (Ile and Val differ by one methylene group)



tRNA charging by tRNA sythetases



Two levels of control to ensure incorporation of the proper amino acid:
1. charging of the proper tRNA

Translation fidelity



2. Matching cognate tRNA to mRNA
Incorporation of the correct aa-tRNA is determined by base-pairing 
between the tRNA anticodon and mRNA

Translation fidelity



Wobble position
• Allows for more flexibility, broader specificity and genetic code 

degeneracy, that one tRNA can recognize more than one codon
      There are 64 codons but only 40 tRNAs
• Important for tRNA charging by synthetases (via structure)
• Minimizes the damage that can be caused by misreading of the code
• Helps faster dissociation of tRNA from mRNA
• Modification of the wobble position affect translation elongation and 

fidelity, especially during stress



-  tRNA structure
-  the charging reaction
-  aa-tRNA synthetases and tRNA recognition
-  proofreading mechanism

tRNA charging: the second genetic code



The Ribosome



Schmidt, PhD thesis 2017

An additional protein/rRNA layer in eukaryotic 
ribosomes with the  increasing complexity

The Ribosome



Three tRNA binding sites
A site = amino-acyl
tRNA binding site
P site = peptidyl-tRNA
binding site
E site = exit site

The Ribosome
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Cryo-EM structure 
of the human 80S 
ribosome

The Ribosome



Schmeing and Ramakrishnan, Nature, 2009

Translation cycle
Cryo-EM structures
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Ribosome is a ribozyme with a peptidyl
transferase (PT) activity

• No ribosomal protein with a PT activity
• Drugs (chloramphenicol) that inhibit PT bind to the 25S rRNA (PT loop)
• Mutations that provide resistance to these drugs map to the PT loop
• Nearly all (99%) of proteins can be stripped from the large subunit and it still 
retains the PT activity
• Only RNA chains are close enough to the PT center (X-ray structure)
• Ribosomal proteins are important for ribosome stability and integrity, but NOT 
for catalysis



Peptide bond formation is catalyzed by the large subunit rRNA. 
Mechanism:  α-amino group of aa-tRNA nucleophillically attacks 
the ester carbon of the peptidyl-tRNA to form a new peptide bond.

Catalysis



Peptide bond formation

Schmeing and Ramakrishnan, 
Nature, 2009



See the movie by Martin Schmeing and Rebecca Voorhees in the Venki 
Ramakrishnan lab at the LMB Cambridge, UK

https://www.youtube.com/watch?v=qOojy0QBF8g

Schmeing and Ramakrishnan, Nature, 2009

Catalysis



Eukaryotic mRNA

AAAAAAAAAAAAAm7GpppG AUG UAA
5’ ss 3’ ss 50-200 nts

INTRON5’UTR 3’UTR

ORF- Open Reading Frame
encodes a protein

UTR-  UnTranslated  Region

AAAAAAAAAAAAAAUG UAA
50-200 nts
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mRNA t1/2 = few minutes to 2 hours (yeast) 
to >90 hours (mammals)

ORF



uORF- upstream ORF
- regulates the efficiency of ribosome re-initiation
- affects mRNA stability (via NMD)
- regulates gene expression via biding of protein factors
- its translation may generate regulatory cis-acting peptide
- regulates gene expression during stress

IRES – Internal Ribosome Entry Site
- a structured RNA region within 5’ UTR
- allows for cap-independent translation and initiation of translation inside RNA
- often used by viral mRNAs and a few cellular mRNAs (some of them can also 
utilize the scanning cap-dependent mechanism, this may be regulated by the 
intracellular concentration of eIF4G)

Eukaryotic mRNA



eIF3
40S met

UAC

40S met
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eIF4G

• eIF4E interacts with m7G cap to form 
translationally active mRNA

• circular mRNA protects agains degradation
and stimulates translation

• eIF4E/eIF4G/PAB recruits small ribosomal
subunit 

•  tRNA-bound 40S scans mRNA to locate
START

CAP-dependent translation by scanning



Translating mRNAs: circular or not?

Adivarahan et al, Mol Cell, 2018

Metkar et al, Mol Cell, 2018

Pre-translational mRNPs form 
linear rods

Single-molecule mulit-color smFISH using 
fluorescent probes for different mRNA regions 

Translation does not occur in a stable 
circularized mRNA conformation

extended

compacted

separated 
5’ 3’ ends



Jacson et al., Nat. Rev. Mol. Cel. Biol., 2010

CAP-dependent translation by scanning



Jacson et al., Nat. Rev. Mol. Cel. Biol., 2010

CAP-dependent translation by scanning



=EF-1 Proper reading of the anticodon - the 
second translation quality control step

Elongation factors introduce a two-step
kinetic proofreading

Translation cycle



A second elongation factor EF-G/EF-2 
drives the translocation of the ribosome 
along the mRNA

GTP hydrolysis by EF-1 and EF-2 drives
protein synthesis forward

Schmeing and Ramakrishnan, Nature, 2009

Translation cycle



Termination of  translation
is triggered by stop codons

Release of the protein causes
the ribosome disassociation

Release factor enters the A site and triggers 
hydrolysis the peptidyl-tRNA bond leading to 
release of the protein.

Translation cycle



Translation cycle

Schmeing and Ramakrishnan, Nature, 2009

Initiation

Elongation

Release

Recycling



eRF1 tRNA

Release Factor is a molecular mimic of a tRNA
Crystal structure of the 
70S–RF2 complex

Prokaryotes

RF-1 = UAA, UAG

RF-2 = UAA, UGA

RF-3 = GTPase

Eukaryotes
eRF1 = UAA, UAG, 

UGA

-

eRF3 = GTPase

Termination factors

Translation termination



Translation termination

Franckenberg et al., Curr Op Struct Biol 2012 

Binding of eRF1, 
eRF3 and GPT

Translocation/Structural 
rearrangement

GTP hydrolysis

Peptide release Splitting ribosome 
subunits



mRNAs translation on polyribosomes

mRNA

sucrose gradient



Heck and Wilusz, CSH PerpspBiol, 2018

Translation regulation

stress

IRES

miRNAs
mRNAmodifications
m6A, m1A, pseudoU



Sonenberg and Hinnebusch, Cell, 2009

by STRESS via kinase cascade (mTOR)
nutrients, DNA damage, heat/cold shock, hypoxia, oxidative 
strss

General control of translation initiation
Nutrient availability 
(amino acids/carbohydrate) 
low nutrient downregulates translation 

Growth factor signals
stimulation of cell division 
upregulates translation

Phosphorylation of eIF2
Phosphorylation of eIF4 
binding proteins
eIF4E availability

Translation regulation
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Translation regulation



3’ UTRs: facts and gossips

• are usually much longer than 5’ UTRs
• contain many regulatory protein-binding sequences
• regulate mRNA stability
• direct mRNAs to appropriate sites in the cell
• affect the efficiency of translation 
• control timing of translation
• size in yeast:  20 (min)- 300 (av)- 1000 (max) nts
  size in humans: 20 (min) – 1000 (av)- 10000 (max) nts



Fabian et al., Annu.Rev.Biochem., 2010

by miRNAs
and 3’UTR

Translation regulation



Fabian et al., Annu.Rev.Biochem., 2010

by miRNAs and mRNA degradation

Translation regulation
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5’ UTRs play contribute to translation efficiency of several cell cycle regulated proteins
eIF-4E can increase translation of poorly translated mRNAs (e.g. of growth factors) 
with GC-rich secondary structures in long 5’ UTRs (>1,000 nucleotides). 
eIF-4E is an proto-oncogene, its over-expression causes malignant transformations. 

by 5’ UTR
Translation regulation



Leppek et al., 
Nat Rev Cell Mol Biol, 2017

by 5’ UTR
5’UTRs as platforms for RNA structure

Translation regulation



Strong translation mRNAs: PABP-eIF4G interaction stabilizes PABP binding to 
poly(A) allowing for poly(A) pruning to a defined length.
Weak translation mRNAs: not protected by translation, poly(A) tails are shortened 
by deadenylases recruited to PABC, which triggers decapping and 5’-3’ decay

newly transcribed mRNAs

long poly(A) tails > 200nt 
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are typical for highly expressed genes

Translation regulation



by viruses

Cougot et al., TiBS, 2004;
Cullen, Nature, 2009

• cap snatching
• IRES-dependent translation
• destroying cellular mRNAs
• inhibition of translation via 
viral miRNAs

Translation
regulation



Huand and Richter, Cur. Op. Cell Biol., 2004

Localized translation



Das et al., Nat Rev Mol Cell Biol, 2021

Localized translation



Codon optimality, mRNA stability, translation

Chen and Coller, TiG, 2016; Chen and Shyu TiBS, 2016
Radhakrishnan, et al., Cell 2016
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Hanson and Coller, NarRevMolCellBiol, 2017

Codon optimality, mRNA stability, translation



uORF- upstream ORF
- regulates the efficiency of ribosome re-initiation
- often represses expression of the main ORF
- affects mRNA stability (via NMD)
- regulates gene expression via biding of protein factors
- its translation may generate regulatory cis-acting peptide
- regulates gene expression during stress

IRES – Internal Ribosome Entry Site
- a structured RNA region within 5’ UTR
- allows for cap-independent translation and initiation of translation inside RNA
- often used by viral mRNAs and a few cellular mRNAs (some of them can also 
utilize the scanning cap-dependent mechanism, this may be regulated by the 
intracellular concentration of eIF4G)

Eukaryotic mRNA, alternative options



Alternative
translation

Norris et al, WIREsRNA 2021



Wethmar WIREsRNA, 2014

uORFs



Puyeo et al,  TiBS, 2016

sORFs, sPEPs, smORFs = small ORFs



sORFs
sPEPs

Couso and Patraquim
Nat Rev Mol Cell Biol, 2017



Functions of  sPEPs
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Andrews and Rothnagel, 
Nat Rev Genet, 2014

Functional
sPEPs



sPEPs and lncRNAs

Some ncRNA code for 
sPEP with a functional 
potential.
Dual function as a 
ncRNA and a peptide.
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IRES
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IRES, uORFs, UTRs in stress response

Sajjanar et al, J Termal Biol, 2017

In stress 
Translation of house-keeping proteins is 

inhibited but selected proteins are 
translated more efficiently via 

IRES - cap-independent translation
uORFs - 40S leaky scanning initiation
stable RNA structures
miRNAs
AUBPs (AU-rich BP) 

RNA regulatory elements in UTRs in stress 



Sajjanar et al, J Termal Biol, 2017

A. Cap-dependent translation of the
main ORF, normal conditions (eIF2α)
B-F. Or under stress (eIF2α-P)
B. uORF reduces translation of the main
ORF under stress, but...
D-F. Translation of the main ORF in
stress can be also stimulated by uORF
by re-initiation (d), IRES (e) or
a peptide encoded by uORF (f)

mRNA stability can be regulated in
stress by AUBPs (AU-rich BP)

IRES, uORFs, UTRs in stress response



Noncanonical
translation initiation
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non-
AUG

AU
G

AU
G

Noncanonical translation initiation
non-AUG START codon

Protein isoforms

MTS

AUG

AUG

non-AUG

non-AUG

canonical

N-terminally extended

N-terminally truncated

eIF2A-dependent



Norris et al, WIREsRNA 2021

Specialized ribosomes and specific ribosomal protein paralogs may control 
translation of specific proteins

Alternative/specialized ribosomes



Alternative/specialized ribosomes
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Ribosome protein composition following nutritional shift in yeast (RPL10 
RPS1A/B, RPL8A and RPL8B)

Specific ribosomal protein paralogs control translation of mitochondrial proteins 
in yeast (RPL1b, RPL2b, or RPS26b)

Ribosomes containing m6A modified 18S rRNA by METTL5 preferably translate 
5’TOP mRNAs (mRNAs with 5’ terminal oligopyrimidine motifs) via promoting 
RPL24 and 18S rRNA interaction and 80S assembly 

A male germ-cell-specific ribosome controls male fertility. RibosomeST, 
assembled with the male germ-cell-specific protein RPL39L, RibosomeCore 

assemble with RPL39. RibosomeST predominantly cotranslationally regulates 
folding of a subset of male germ-cell-specific proteins that are essential for 
sperm formation.

Alternative/specialized ribosomes



triplet code - three potential reading frames

Ribosomal frameshifting

https://viralzone.expasy.org/860



-1 Programmed Ribosomal Frameshifting
-1PRF SARS-CoV-2

ssRNA (+) genome, 27-32kb size
capped, polyadenylated
ORF1b translated by -1PRF

- slippery site
- attenuator hairpin

Processing of pp1ab gives RdRp

https://viralzone.expasy.org/785



Ribosome pausing
Ribosome stalling
Ribosome collision
Disomes

Collart and Weiss, NAR, 2020

Ribosome Quality Control

disome



Yip and Shao, TiBS, 2021

Ribosome stalling



TAKE-HOME MESSAGE
• Eukaryotic translation:

- is 5’-cap dependent 

- uses a scanning mechanism

- energy is delivered by GTP hydrolysis (all steps)

- occurs on polysomes

• The ribosome is the ribozyme

• Translation fidelity is ensured by charging the proper tRNA 
and recognition of cognate tRNA::mRNA, 

• Translation is regulated by general and specific mechanisms, 
including stress, growth factors, miRNAs, viruses (IRES), 
metabolites 

• Alternative processes- non-canonical initiation, frameshifting, 
leaky-scanning, stop codon readthrough


