
Aminoacyl-tRNAs

• amino acids are “activated” for protein synthesis.

• aminoacyl-tRNAs = tRNA attached to an amino acid

• aminoacyl-tRNA synthetases = catalyze the formation 
of aminoacyl-tRNAs
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Reading Frames in the Genetic Code

• reading frame = method of dividing nucleotides such that 
a new codon begins every three nucleotide residues
– established by the first codon
– no punctuation between codons
– in principle, any given ssDNA or mRNA sequence has 

three possible reading frames
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Trinucleotides That Induce Specific 
Binding of Aminoacyl-tRNAs to Ribosomes

• isolated E. coli ribosomes bind a specific aminoacyl-tRNA 
in the presence of the corresponding synthetic 
polynucleotide messenger

Table 27-2 Trinucleotides That Induce Specific Binding of Aminoacyl- 
tRNAs to Ribosomes

Trinucleotide

Relative increase 
in 14C-labeled 

aminoacyl-tRNA 
bound to 

ribosome:
Phe-tRNAPhe

Relative increase 
in 14C-labeled 

aminoacyl-tRNA 
bound to 

ribosome:
Lys-tRNALys

Relative increase 
in 14C-labeled 

aminoacyl-tRNA 
bound to 

ribosome:
Pro-tRNAPro

UUU 4.6 0 0
AAA 0 7.7 0
CCC 0 0 3.1
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Effect of a Termination Codon

• three codons disrupted amino acid coding patterns when 
they occurred in a synthetic RNA polymer
– synthesized dipeptides or tripeptides

• these codons were identified as termination codons

termination codons
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“Dictionary” of Amino Acid Code 
Words in mRNAs

• 61 codons code for 
amino acids

• 3 codons (UAA, 
UGA, UAG) are
termination codons

• 1 codon (AUG) is the 
start codon (as well 
as the Met codon)
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Several Codons Serve 
Special Functions

• initiation codon (AUG) = signal the beginning of a 
polypeptide in all cells
– also codes for Met in internal positions of polypeptides

• termination codons (UAA, UAG, and UGA) = normally 
signal the end of polypeptide synthesis
– also called stop codons or nonsense codons
– do not code for any known amino acids
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Initiation of Protein Synthesis is an 
Elaborate Process

• initiation of protein synthesis in the cell relies on initiation 
codons and other signals in the mRNA

• in retrospect, the experiments to identify codon function 
should not have worked without initiation codons
– experimental conditions caused the initiation 

requirements for protein synthesis to be relaxed
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Open Reading Frame (ORF)

• open reading frame (ORF) = a reading frame without a 
termination codon among 50+ consecutive codons

• long ORFs usually correspond to genes that encode proteins 
– a typical protein requires an ORF with 500+ codons
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The Genetic Code is Degenerate
• degenerate = an amino acid may be specified by more 

than one codon
– degeneracy of the code is not uniform

• each codon specifies only one amino acid
Table 27-3 Degeneracy of the Genetic Code
Amino acid Number of codons Amino acid Number of codons
Met 1 Tyr 2

Trp 1 Ile 3
Asn 2 Ala 4
Asp 2 Gly 4

Cys 2 Pro 4
Gln 2 Thr 4

Glu 2 Val 4
His 2 Arg 6
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Wobble Allows Some tRNAs to 
Recognize More than One Codon

• when several different codons specify one amino acid, the 
difference usually lies at the third base position
– for example, alanine is encoded by GCU, GCC, GCA, 

and GCG

• the third position in each codon is much less specific and 
is said to “wobble”
– this allows certain tRNAs to recognize more than one 

codon
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Pairing Relationship of Codon 
and Anticodon

• anticodon = a three-base 
sequence on the tRNA that 
base pairs with mRNA 
codons

• base pairing occurs via 
hydrogen bonding

• the alignment of the two RNA 
segments is antiparallel
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Inosinate in Anticodons
• the anticodons in some tRNAs include the nucleotide 

inosinate (designated I)

• inosinate can form weak hydrogen bonds with A, U, and C
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The Wobble Hypothesis

• the wobble hypothesis = proposes the third base of 
most codons pairs loosely with the corresponding 
anticodon base
– permits rapid dissociation of the tRNA from its codon 

during protein synthesisZANICHELLI
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The Relationships of the Wobble 
Hypothesis (1 of 2)

• the first two bases of the 
codon form strong Watson- 
Crick base pairs with the 
anticodon
– confers most of the 

coding specificity

• the first base of the 
anticodon (read in the 
5′⟶3′ direction) determines 
the number of codons 
recognized by the tRNA
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Components Required for Protein 
Synthesis in E. coli
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The Ribosome Is a Complex 
Supramolecular Machine

• each E. coli cell contains 15,000+ ribosomes 
– ~25% of the dry weight of bacteria

• bacterial ribosomes:
– contain ~65% rRNA (forms the core and catalyzes 

peptide bond formation) and ~35% protein
– have two unequal subunits (30S and 50S)

Table 27-6 RNA and Protein Components of the E.coli Ribosome

Subunit Number of 
different 
proteins

Total number 
of proteins

Protein 
designations

Number and 
type of 
rRNAs

30S 21 21 S1–S21 1 (16S rRNA)

50S 33 36 L1–L36a 2 (5S and 23S 

rRNAs)
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Ribosomal Subunits are Identified 
by Their S Values

• S (Svedberg unit) values = sedimentation coefficients that 
refer to their rate of sedimentation in a centrifuge

• bacterial ribosomes have 30S and 50S subunits 
– the combined sedimentation coefficient is 70SZANICHELLI
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Bacterial Ribosomal Structure

• 50S and 30S subunits 
come together to form a 
cleft through which mRNA 
passes

• there is no protein within 
18 Å of the active site for 
peptide bond formation

• high-resolution structure 
confirms that the ribosome 
is a ribozyme

ZANICHELLI

Copia riservata a soddi@unite.it



Eukaryotic Ribosomal Structure

• eukaryotic 
ribosomes 
have a similar 
structure to 
bacterial 
ribosomes 
with 
somewhat 
increased 
complexity
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Summary of Eukaryotic Ribosomes
• overall very similar to 

bacterial ribosomes

• eukaryotic ribosomes:
– are larger (~80S) and 

more complex than 
bacterial ribosomes

– have two subunits (60S 
and 40S on average)

• chloroplasts and 
mitochondria have simpler 
ribo
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Transfer RNAs Have Characteristic 
Structural Features

• in both bacteria and eukaryotes, tRNAs are small and 
consist of 73-93 nucleotide ssRNA
– mitochondria and chloroplasts contain smaller tRNAs

• common structural elements:
– 8+ residues have modified bases and sugars (many 

are methylated derivatives)
– have a guanylate (pG) residue at the 5′ end
– have the trinucleotide sequence CCA(3′) at the 3′ end
– have a cloverleaf shape in 2-D and a twisted L shape 

in 3-D
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The Amino Acid Arm and Anticodon 
Arm of tRNA

• amino acid arm = 
carries a specific 
amino acid esterified 
by its carboxyl group 
to the 2′-OH or 3′-OH 
group of the A residue 
at the 3′ end of the 
tRNA

• anticodon arm = 
contains the 
anticodon
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The D Arm and TψC Arm of tRNA

• D arm = contains the unusual nucleotide dihydrouridine (D) 
– contributes to overall folding of tRNAs

• TψC arm = contains ribothymidine and pseudouridine (ψ) 
– ψ has an unusual carbon-carbon bond between the

base and ribose
– contributes to overall folding of tRNAs
– interacts with the large-subunit rRNA
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3-D Structure of tRNAs
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Aminoacyl-tRNA Synthetases

• aminoacyl-tRNA synthetases = esterify the 20 amino acids 
to their corresponding tRNAs
– specific for one amino acid and 1+ corresponding 

tRNAs
– most organisms have one enzyme for each amino acidZANICHELLI
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Aminoacyl-tRNA Synthetases Fall 
into Two Different Classes

• aminoacyl-tRNA synthetases fall into Class I or Class II
• no evidence of a common ancestor
• based on differences in:

– primary and tertiary structure
– reaction mechanism

Table 27-7 The Two Classes of Aminoacyl-tRNA Synthesis

Class I Class I Class II Class II
Arg Leu Ala Lys
Cys Met Asn Phe
Gln Trp Asp Pro
Glu Tyr Gly Ser
Ile Val His Thr
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The Reaction Catalyzed by 
Aminoacyl-tRNA Synthetases

•  the reaction catalyzed by an aminoacyl-tRNA synthetase is 
amino acid + tRNA + ATP →	Mg2+

aminoacyl-tRNA + AMP + PPi
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Proofreading by 
Aminoacyl-tRNA Synthetases

• Ile-tRNA synthetase has a 
proofreading function to 
distinguish between Val and Ile

• Val-AMP fits into the hydrolytic 
(proofreading) site of Ile-tRNA 
synthetase
– Val-AMP is hydrolyzed
– tRNA does not become 

aminoacylated to the wrong 
amino acid
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A “Second Genetic Code”
• individual aminoacyl-tRNA synthetases must be specific 

for a single amino acid and for certain tRNAs

• “second genetic code” refers to the interaction between 
aminoacyl-tRNA synthetases and tRNAs

• nucleotides in tRNA that confer binding specificity are 
concentrated in:
– the amino acid arm
– the anticodon arm
– the nucleotides of the anticodon itself
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tRNA Recognition by 
Ala-tRNA Synthetases

• a single G=U base 
pair in the amino 
acid arm of tRNAAla 

determines tRNA 
recognition by Ala- 
tRNA synthetases
– true across a 

range of 
organisms, from 
bacteria to 
humans
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Unusual Amino Acids in Peptides

• selenocysteine = formed 
after charging a UGA- 
recognizing tRNA with 
serine in both bacteria and 
eukaryotes

• pyrrolysine = directly 
attached to its tRNA that 
recognizes UAG(stop) 
codon in some archaea
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Stage 2: A Specific Amino Acid 
Initiates Protein Synthesis

• the AUG initiation codon specifies an amino-terminal 
methionine residue.

• all organisms have two tRNAs for methionine:
– one for when (5′)AUG is the initiation codon
– one when a Met residue in an internal position in a 

polypeptide
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The Two tRNAs Specific for 
Methionine in Bacteria

• fMet-tRNAfMet inserts N-formyl- 
methionine (fMet) at the amino- 
terminal end
– added in response to the

(5′)AUG initiation codon

• Met-tRNAMet inserts methionine in 
interior positions
– added in response to the

interior (5′)AUG codons
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The Formation of fMet-tRNAfMet

• fMet-tRNAfMet is formed in two successive reactions:

Methionine + tRNAfMet +ATP →
Met-tRNAfMet + AMP + PPi

N10-formyltetrahydrofolate + Met-tRNAfMet →
tetrahydrofolate + fMet-tRNAfMet
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tRNAs Specific for Methionine in 
Eukaryotic Cells

• in eukaryotic cells:
– a specialized initiating tRNA inserts methionine at the 

amino-terminal end
– Met-tRNAMet inserts methionine in interior positions

• polypeptides synthesized by mitochondrial and 
chloroplast ribosomes begin with N-formylmethionine
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The Three Steps of Initiation
• initiation in bacteria requires:

– the 30S ribosomal subunit
– mRNA
– the initiating fMet-tRNAfMet

– three initiation factors (IF1, IF2, and IF3)
– GTP
– the 50S ribosomal subunit
– Mg2+
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Formation of the Initiation Complex 
in Bacteria, Step 1

• IF3 prevents the 30S and 
50S subunits from 
combining prematurely

• Shine-Dalgarno 
sequence = region of 
mRNA that guides the 
initiating (5′)AUG to its 
correct position
– the mRNA is 

complementary to a 
sequence in the rRNA
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Bacterial Ribosomes Have Three 
Sites that Bind tRNAs

• the aminoacyl (A) site = site where incoming aminoacyl- 
tRNAs (other than fMet-tRNAfMet) bind
– IF1 binds and prevents tRNA binding at the A site 

during initiation

• the peptidyl (P) site = site where amino acids are added 
to the growing chain
– only site where fMet-tRNAfMet can bind

• the exit (E) site = binds uncharged tRNAs
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Formation of the Initiation Complex 
in Bacteria, Step 2

• the anticodon of 
fMet-tRNAfMet is 
correctly paired with 
the mRNA’s initiation 
codon at the P site
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Formation of the Initiation Complex 
in Bacteria, Step 3

• the initiation 
complex = a 
functional 70S 
ribosome containing 
mRNA and the
initiating fMet- 
tRNAfMet
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Initiation in Eukaryotic Cells

• eukaryotic mRNAs are bound to the ribosome as a 
complex with specific binding proteins

• eukaryotic cells have at least 12 initiation factors
– eIF1A is a functional homolog of IF1
– eIF3 is a functional homolog of IF3
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Initiation of Protein Synthesis in 
Eukaryotic Cells, Step 1

• eIF1A blocks tRNA binding to 
the A site

• eIF3 prevents premature joining 
of the ribosomal subunits

• eIF1 binds to the E site
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Initiation of Protein Synthesis in 
Eukaryotic Cells, Step 2

• a complex containing 
charged tRNAMet, 
eIF2, and GTP binds 
to the 40S subunit, 
along with eIF5 and 
eIF5B
– creates a 43S 

preinitiation 
complex
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Initiation of Protein Synthesis in 
Eukaryotic Cells, Step 3

• the eIF4F complex 
contains:
– eIF4E (binds 5′ cap)
– eIF4A (an ATPase 

and RNA helicase)
– eIF4G (a linker protein)

• mRNA binds to eIF4F
– mediates its association 

with the 43S preinitiation 
complex
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Circularization of mRNA in the 
Eukaryotic Initiation Complex

• eIF4G binds to the 
poly(A) binding pro- 
tein (PABP) at the 3′ 
end of the mRNA, 
circularizing the 
mRNA
– facilitating the 

translational 
regulation of gene 
expression
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Initiation of Protein Synthesis in 
Eukaryotic Cells, Step 4

• addition of the mRNA 
and associated factors 
creates a 48S complex

• the 48S complex scans 
the mRNA until AUG is 
encountered
– may be facilitated by 

the RNA helicase of 
eIF4A

ZANICHELLI

Copia riservata a soddi@unite.it



Initiation of Protein Synthesis in 
Eukaryotic Cells, Step 5

• the 60S subunit associates with the 
complex

• eIF5 promotes eIF2 GTPase activity 
–  eIF2-GDP complex has reduced

affinity for the initiator tRNA

• eIF5B hydrolyzes GTP and triggers 
dissociation of eIF2-GDP and other 
factors
–  homologous to IF2
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Protein Factors Required for 
Initiation of Translation

Table 27-8 Protein Factors Required for Initiation of Translation in Bacterial and Eukaryotic 
Cells
Factor Function

Bacterial

IF1 Prevents premature binding of tRNAs to A site

IF2 Facilitates binding of fMet-tRNAfMet to 30S ribosomal subunit

IF3 Binds to 30S subunit; prevents premature association of 50S subunit; enhances specificity of P site for fMet- 
rRNAfMet

Eukaryotic

eIF1 Binds to the E site of the 40S subunit; facilitates interaction between elF2-tRNA-GTP ternary complex and the 
40S subunit

elF1A Homolog of bacterial IF1; prevents premature binding of tRNAs to A site

eIF2 GTPase; facilitates binding of initiating Met-tRNAMet to 40S ribosomal subunit

eIF2Ba, eIF3 First factors to bind 40S subunit; facilitate subsequent steps

eIF4F Complex consisting of eIF4E, eIF4A, and eIF4G

eIF4A RNA helicase activity; removes secondary structure in the mRNA to permit binding to 40S subunit; part of the 
eIF4F complex

eIF4B Binds to mRNA; facilitates scanning of mRNA to locate the first AUG

eIF4E Binds to the 5¢ cap of mRNA; part of the eIF4F complex

eIF4G Binds to eIF4E and to poly(A) binding protein (PABP); part of the eIF4F complex

eIF5a Promotes dissociation of several other initiation factors from 40S subunit as a prelude to association of 60S
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Stage 3: Peptide Bonds Are Formed 
in the Elongation Stage

• elongation requires:
– the initiation complex
– aminoacyl-tRNAs
– elongation factors (EF-Tu, EF-Ts, and EF-G in 

bacteria)
– GTP
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Elongation Step 1: Binding of an 
Incoming Aminoacyl-tRNA

• an incoming aminoacyl-tRNA 
binds an GTP-bound EF-Tu 
complex

• the aminoacyl-tRNA–EF-Tu–GTP 
complex binds to the A site of the 
70S initiation complex

• after GTP hydrolysis, EF-Tu– 
GDP complex leaves the 
ribosome
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Elongation Step 2: Peptide Bond 
Formation

• the N-formylmethionyl group is transferred to the amino 
group of the aminoacyl-tRNA in the A site to form a 
dipeptidyl-tRNA
– α-amino group of the amino acid in the A site acts as 

the nucleophile

• tRNA shift to a hybrid binding state
– the 3′ and 5′ ends of tRNAfMet are in the E site
– the 3′ and 5′ ends of the peptidyl-tRNA are in the P site
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Peptidyl Transferase Activity

• the 23S rRNA has peptidyl transferase activity that 
catalyzes peptide bond formation
– catalyzes the reaction by binding and aligning the 

tRNAs in the A and P sites in the proper orientations

• a highly conserved active site A residue in 23S rRNA may 
facilitate the reaction by general base catalysis and 
transition state stabilization
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Elongation Step 3: Translocation

• in translocation, the ribosome moves one codon toward
the 3′ end of the mRNA
– shifts the anticodon of the dipeptidyl-tRNA from the A 

site to the P site
– shifts the deacylated tRNA from the P site to the E site
– leaves the A site open for a new aminocyl-tRNA

• ribosome translocation requires EF-G and energy 
provided GTP hydrolysis
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The Structure of EF-G Mimics
the Structure of the EF-Tu–tRNA Complex

• EF-G binds the A site and displaces the peptidyl-tRNA
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The Eukaryotic Elongation Cycle

• elongation cycle steps are similar to those in bacteria

• eukaryotic elongation factors have analogous functions to 
the bacterial elongation factors
– eEF1α is analogous to EF-Tu
– eEF1βγ is analogous to EF-Ts
– eEF2 is analogous to EF-G

• when a new aminoacyl-tRNA binds to the A site, an 
allosteric interaction leads to ejection of the uncharged 
tRNA from the E site
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Proofreading on the Ribosome

• the GTPase activity of EF-Tu contributes to the rate and 
fidelity of protein synthesis

• EF-Tu–GTP and EF-Tu–GDP complexes exist for a few 
milliseconds before dissociation
– incorrect aminoacyl-tRNAs dissociate from the A site 

during one of these periods
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Stage 4: Termination of Polypeptide 
Synthesis Requires a Special Signal
• termination is signaled by a termination codon in the 

mRNA (UAA, UAG, UGA) occupying the A site

• termination factors (release factors) = the proteins RF1, 
RF2, and RF3 which function to:
– hydrolyze the terminal peptidyl-tRNA bond
– release the polypeptide and the last uncharged tRNA
– cause dissociation of the 70S ribosome into its subunits

• eukaryotes have a single release factor, eRF
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Termination of Protein Synthesis 
in Bacteria

• ribosome recycling factor (RRF) 
and energy from GTP hydrolysis 
aid in ribosome dissociation

• IF3 promotes dissociation of the 
tRNA

• the complex of IF3 and the 30S 
subunit is then ready to initiate 
another round
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Energy Cost of Fidelity in 
Protein Synthesis

• at least four high-energy phosphate equivalents are 
required to generate each peptide bond
– aminoacyl-tRNA formation uses two high-energy 

phosphate groups
– a GTP is cleaved during the first elongation step
– a GTP is cleaved during translocation
– ATP is consumed each time an incorrectly activated 

amino acid is hydrolyzed during proofreading

• the energy investment is required to guarantee fidelity
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Rapid Translation of a Single 
Message by Polysomes

• polysome = cluster of 
ribosomes

• in bacteria, transcription 
and translation are tightly 
coupled

• expressome = a 
complex of ribosomes 
and RNA polymerase 
that begins translation 
during the transcription
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