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Protein synthesis divided into the three stages: is joine d by 505 subunit and aminoacyl-
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Initiation involves the reactions that precede
formation of the peptide bond between the first two
amino acids of the protein.

It requires the ribosome to bind to the mRNA,
forming an initiation complex that contains the first
aminoacyl-tRNA.

This is a relatively slow step in protein synthesis,
and usually determines the rate at which an mRNA
is translated.
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[nitiation 305 subunit onmBEMNA binding site
i5 joine d by 205 subunit and arminoacyl-
tRMA binds

Elongation includes all the reactions from synthesis of
the first peptide bond to addition of the last amino. acid.

Amino acids are added to the chain one at a time. EIEngzne RIZ0E0ME MOEE BMT6 G il

and length of protein chain extend s by
transfer from pepticy-tRMNA to am inoacyl-
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This is the most rapid step in protein synthesis. gl
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[nitiation 305 subunit onmBEMNA binding site
i5 joine d by 205 subunit and arminoacyl-
tRMA binds

Termination encompasses the steps that are needed to Elangation R hosome moves 2iong mRNA

release the completed polypeptide chain and dissociate - andlengthof pratein chain extends by
transfer from peptidyl-tRRA to am inoacyl-

the ribosome from the mRNA. o
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elF2-GTP
tRNA;Mst

@ GTP
elF2 ol 30 complex
o3 (TC)"

0%
%/

&. elFs1,1A  [tRNAjMet Binding

Different sets of accessory factors assist the
ribosome at each stage.

Energy is provided at various stages by the
hydrolysis of GTP. pelef e g l mRNA Binding )

Accessory factors are not 'covalently linked to
Ribosome (proteins or RNA).

Scanning/
GTP elF5 GTP hydralysis

(GAP)

— ¢lF2-GDP

T (elF3 JAUG AAA
48 G g
elFs 60S ribosome TR
j ¢IF5B, GTP Subunit joining
a80s
complex



Initiation in bacteria needs 30S subunits and

accessory factors

Initiation factors (IF in prokaryotes, elF in eukaryotes)
are proteins that associate with the small subunit of
the ribosome during initiation,

Initiation of protein synthesis is not a function of intact
ribosomes, but is undertaken by the separate
subunits, which reassociate during the initiation
reaction.

elF2-GTP

l, tRNA;Met

elFs 4F, 4A, 4B
PAB, mRNA

48S
complex l

elFs j

808
complex

"3° complex
(Tc)”

elFs 1,1A GmmMetBlndfﬂg)

Scanning/
GTP elF5 GTP hydrolysis

(GAP)

60S ribosome
elF5B, GTP
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Virtually all eukaryotic /

Promotor

MRNAS are monocistronic. A
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The average mRNA is 1000-2000 bases long
Methylated cap at the 5’ terminus

100-250 poly-A at the 3’ terminus.



Initiation of protein synthesis in
eukaryotes is similar to that in
prokaryotes.

The order of events Is
different, and the number of
accessory factors is greater.

O 40s Ribosome Subunit

O elF3 -} ~

Q OMEI
LE fRNA
Cannot dissociate if

elF2:GTP
O elF2 is phosphorylated.
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Complex scans mRNA to find
the start codon.

s Ribosome Subunit

>

N\ eIFZ GDP + Py
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Initiation complex, with tRNA™in the P site.




The nontranslated 5’ leader is -
relatively short, usually <100 _— | ‘

bases. 4&Lv—vw_v—’
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The first feature to be recognized during translation of a

mEMA has two features recognized by nbosome

eukaryotic mMRNA is the methylated cap that marks the 5’
end.

et GCCA CCALGE

ﬁtmﬁlated cap| Ribuaume-bindingﬁ

Messengers whose caps have been removed are not
translated efficiently.

Binding of 40S subunits to mRNA requires several initiation
factors, including proteins that recognize the structure of
the cap.

AUG 586;

Coding region
AUG

743

1 small subunit binds to methylated cap

& GCCA CCAUGG

2 5mall subunit migrates to binding site

€ 'y

— :’ GCEEIECAL GG

3 If leader is long, subunits may form gueLle

£ )
i
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5'-caps are placed on all cellular or
viral mRNAs and are essential for
their translation in eukaryotic
cytoplasm (but not for
mitochondria).

The sole exception: poliovirus are
not capped; only these exceptional
viral mMRNASs cah be translated
without caps.

Poliovirus infection inhibits the
translation' of host mRNAS.

This is accomplished by interfering
with the cap binding proteins that
are needed for initiation of cellular

MRNAS, but that are superfluous for

the noncapped poliovirus mRNA.

Poliovirus replication cycle

@
Pore- medlated
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"scanning" model supposes that the 40S subunit
initially recognizes the 5' cap and then "migrates”
along the mRNA.

In many mRNAs the cap and AUG are farther apart,
in extreme cases ~1000 bases distant.

Yet the presence of the cap is still necessary for a
stable complex to be formed at the initiation .codon.

mRMNA has two features recognized by ibosome

o™ GCCACCALGS

ed cap| |Fibosome-binding sit

1 Small subS@it binds to methylated cap

GCCA CCAUGG

2 Small subunit migrates Webinding site

:* GCIEC AL GG

3 If leader is long, subunits may form gueue

& & mgmé
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Scanning from the 5’ end is a linear process.

mRMNA has two features recognized by ibosome

o GCCACCALGS

Qetmﬂated cap| |Fibosome-hi ndingﬁ

1 Small subunit binds to methylated cap

o GCCA CCAUGE

2 Small subunit migrates to binding site

&€

o e G CAL GG

3 If leader is long, subunits may form gueue

& & mgmé
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When 40S subunits scan the leader region, they

melt secondary structure hairpins with stabilities
above -30 kcal.

Hairpins of greater stability impede or prevent
migration.

Predicted
Secondary Structure

Human prion mRNA
2587bp

conserved region
:. 1973-2021

o —..'"". bttp: A/miold2 . gustl. edu/“micld frmafforml  ocgl




Migration stops when the 40S subunit encounters
the AUG initiation codon.

Usually, although not always, the first AUG triplet
sequence will be the initiation codon.

The AUG triplet by itself is not sufficient to halt
migration; it is recognized efficiently as an initiation
codon only when it is in the right context.

The optimal context consists of the sequence
GCCA;CCAUGG “Kozak Consensus Sequence”

mRMNA has two features recognized by ibosome

o GCCACCALGS

Qetmﬂated cap| |Fibosome-hi ndingﬁ

1 Small subunit binds to methylated cap

o GCCA CCAUGE

2 small subunit_migrates to binding site

&

:* GCIEC AL GG

3 If leader is long, subunits may form gueue

£
-_

a_-.
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*Kozak Consensus Sequence”
GCCacCCAUGG

The purine (A or ) 3 bases before the AUG
codon, and the G immediately following it, are the
most important, and influence efficiency of
translation by 10X ; the other bases have much
smaller effects.

mRMNA has two features recognized by ibosome

o GCCACCALGS

Qetmﬂated cap| |Fibosome-hi ndingﬁ

1 Small subunit binds to methylated cap

o GCCA CCAUGE

2 Small subunit migrates to binding site

€ 'y

:* GC!CAUGS

3 If leader is long, subunits may form gueue

£
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mRMNA has two features recognized by ibosome

P2 GCCACCALGS
Qetmﬂated cap| |Fibosome-hi ndingﬁ

1 Small subunit binds to methylated cap

When the leader sequence is long, further 40S

subunits can recognize the 5’ end before the first & BCCA CCAUCS
has left the initiation site, creating a queue of
subunits proceeding along the leader to the 2 small subunit migrates to hinding site

Initiation site.
4 N
:* GC!CAUGS

£
-_

f
"
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The process of initiation in
eukaryotes is analogous to that in
E. coli.

Eukaryotic cells have more
Initiation factors than bacteria

The factors are named similarly to
those in bacteria, given the prefix
e’ to indicate their eukaryotic
origin.

AUG

— O olFt g J
79

sembles on

Complex as

— ATP

N 20 P,
\J

Complex scans mRNA to find ,/O

the start codon ;

5| 60s Ribosome Subunit

N p—Q olF2
Om
-~

O 40s Ribosome Subunit
D y

20
Q 0 Met
Q I/
tRNA

QEIFZIGTP
GTP

,_’. _: k\_ elF2B
‘GDP + P, Q

Cannot dissociate if
elF2 is phosphorylated

Initiation complex, with tRNA™'in the P site.
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We have dealt with the process of initiation as though the ribosome-binding site is
always freely available.

However, its availability may be impeded by secondary structure.

The recognition of MRNA requires several
additional factors; an important part of their
function is to remove any secondary structure

( ) in the mMRNA.

4 AUG 3

22



The factor elF4F is a protein complex that regulates key events in recruiting
ribosomes to mRNA.

It is not clear whether it preassembles as a complex before binding to mRNA or
whether the individual subunits are added individually.

TeAGGAGAG A c It includes the cap-binding subunit elF-
’ : 4E, the RNA-dependent ATPase elF-

4A, and the "scaffolding" subunit elkF-
4G.

elF-4F
elF-4A

elF-4G

elF-4E ————
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1.- elF-4E Recognizes the 5' Cap on mRNA.
2.- elF-4G Recognizes elF-4E boundto the 5' Cap on mRNA.

3.- elF-4A Binds to elF-4G and helps unwind immediate secondary structure (first
15 bases).

------------------

elF-4F
elF-4A

elF-4G

=

elF-4& Q—— :




1.- elF-4E Recognizes the 5' Cap on mRNA.
2.- elF-4G Recognizes elF-4E boundto the 5' Cap on mRNA.

3.- elF-4A Binds to elF-4G and helps unwind immediate secondary structure (first
15 bases).

------------------

elF-4A
elF-4G

oiFar e

AUG 3
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Meanwhile, elF-1A & elF-3:stabilize small subunits.

elF-3 is a'very large complex, with 8-10 subunits;

elF-4A
elF-4G

elF-4£ ——
5' m G

AUG

elF-1A
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Meanwhile, elF-1A & elF-3:stabilize small subunits.

tRNAiMet
elF-3 is a'very large complex, with 8-10 subunits; elF-2
tRNAIMeis bound by elF-2 (ternary'complex)
elF-4A elF-1A
elF-4G
elF-4¢ < — atSe

5'mG



Ternary complex contains Met-tRNA;, elF2, and GTP.

The complex is formed in two stages.

tRNAijMet

elF-2

1.- GTP binds to elF-2 which increases the factor’s affinity for Met-tRNA,

2.~ Met-tRNA: is then bound.

elF-4A
elF-4G

elF-4F (e —
5! m G

elF-1A

AUG
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The reaction is independent of the presence of mRNA. (RNAjMet

The Met-tRNA initiator must be present in order for the 40S

subunit to bind to MRNA . elF-2

elF-4A
elF-4G

elF-4E e — —
5! m G

elF-1A




Ternary complex is stabilized with elF-1 & -5

tRNAMet
elF-5

Q elF-2

elF-1

elF-4A
elF-4G

elF-4E e — —
5' m G

elF-1A

30



Ternary complex + elk-5 elF-1 are loaded unto small subunit.

elF-4A
elF-4G

elF-4£ ——
5! m G

elF-1

tRNAiMet
elF-5

elF-1A

AUG
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Small subunit'is loaded unto elF-4G/elF-4A complex
elF-4G binds to elF-3 associated with the small ribosomal subunit.

This provides the means by which the 40S ribosomal subunit binds to elF-4F.

tRNAiMet
elF-2

elF-5
elF-1

elF-1A

elF-3

AUG
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INITIATION COMPLEX
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elF-4B Is recruited to the initiation complex to denature further secondary
structures:.

34



Once all secondary structures have been melted the initiation complex “scans” for
a start codon.

This process requires energy in the form of ATP

ADP + Pi

ATP

35



Once all secondary structures have been melted the initiation complex “scans” for
a start codon.

This process requires energy in the form of ATP

ADP + Pi

ADP + Pij

ADP + Pi \

<« 3

5'
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Initiation in eukaryotes almost always uses AUG as the start codon.

Start codon recognition by ternary complex displaces elF-2 by hydrolizing GTP to
produce elF-2-GDP + Pi.

elF-2 removal necessary for 60S to join 40S.

elF-2+GDP

Y .

3!
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elF-6 is required to maintain large subunits in their dissociated state.

elF-2, elF-3 & elF-6 are released when the large subunit joins the initiation complex
(60S will not load otherwise).

GTP

elF-5B
elF-6

GDP + Pi

38



This is mediated by elF-5, which is a GTPase.

elF-5

DP + Pi

elF-6

‘eIF-B

39



All of the remaining factors are released when the complete 80S ribosome is

formed.

O O
4~‘\\\!
('Af

elF-6

‘eIF-S
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The initiator tRNA Is a distinct species = tRNAivet

tRNAiMet
At initiation At elongation elF-2
tIF.{NA species Prokaryotes tRNA,"™ FRNA M
(moiety) employed Eukaryotes tRNA,M

Methionine not formylated.

Difference between the initiating and elongating Met-tRNAs lies solely in the tRNA
moiety, with Met-tRNA; used for initiation and Met-tRNA,, used for elongation.

41



Two unique features of the initiator tRNA;Met in yeast:

1.- it has an unusual tertiary structure

42



Two unique features of the initiator tRNA;Met in yeast:

2.- 1t 1Is modified by phosphorylation

of the 2' ribose position on base 64

(if this modification is prevented, the initiator can be
used in elongation).

So the principle of a distinction between initiator and
elongator Met-tRNAs is maintained in' eukaryotes, but
its' structural basis is different from that in bacteria.
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The presence of the 3' poly-A tail
stimulates the formation of an
initiation complex at the 5’ end.

The poly(A)-binding protein
(PAB1P in yeast) is required for
this effect.

Pablp bindsto elF-4G, which in
turn is bound to elF4E.

This implies that the mRNA must
(transiently) have a circular
organization, with both the 5’ and
3’ ends held in this complex.

Ll messenger RNA (mRNA)

poly-A-binding
protein

ied, % '
polypeptide g q @
chain | |
100 nm
(A) (B)

Figure 6-75. Molecular Biology of the Cell, 4th Edition.

Go to Harvard video now!
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Once the complete ribosome is formed at the initiation codon, the stage is set for a
cycle in which aminoacyl-tRNA enters the A site of a ribosome whose P site is
occupied by tRNAMet,

Any aminoacyl-tRNA except the initiator can enter the A site.

Its entry is mediated by an elongation factor (EF-Tu in bacteria eEF-1 or eEF-T In
eukaryotes ).

The process is similar in eukaryotes & prokaryotes.

3!

45



In eukaryotes, eEF-1A is
responsible for bringing
aminoacyl-tRNA to the
ribosome, in a reaction that
involves cleavage of GTP.

It is homologous to its
prokaryotic counterpart (EF-
Tu).

It is regenerated by eEF-1B,
an EF-Ts homologue.

ribosome

Polypeptide chain

ribosome
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The peptidyl transferase reaction involves
elongating the polypeptide chain by transferring the
polypeptide of the P-site-tRNA to the A-site-tRNA.

Peptidyl transferase is a function of the large (50S
or .60S) ribosomal subunit.

The transferase is part of a ribosomal site close to
the upper ends of both tRNAs.

Both rRNA and 50S subunit proteins are necessary
for this activity.

Peptide chain L,

Peptide chain

CH
HM %77

R

|
GH
HM - - 4'2?"“’!““5&[:
| |
A
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After transpeptidation, the ribosome must move (translocate) one codon towards 3'.

First the aminoacyl ends of the tRNAs (located in the 50S subunit) move into the

new sites (while the anticodon ends remain bound to their codons in the 30S
subunit).

At this stage, the tRNAs are effectively bound in hybrid

sites, consisting of the 50S E/ 30S P and the 50S P/
30S A sites.

3!
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Then movement is extended to the 30S subunits, so that the anticodon-codon
pairing region finds itself in the right site.

49



Translocation expels the uncharged tRNA from the P site, so that the new
peptidyl-tRNA can enter the A site.

In bacteria the discharged tRNA leaves the ribosome via another site, the E site.

In eukaryotes it is expelled directly into the cytosol.

3!
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Another model hypothesizes a dissociative movement of subunits

51



Translocation requires GTP and another
elongation factor, eEF-2.

This factor is a major constituent of the
cell; it is present at a level of ~1 copy per
ribosome (20,000 molecules per cell).

Ribosomes cannot bind eEF-1A (EF-Tu in prokaryotes) and eEF-2.(EF-G In
prokaryotes) simultaneously; it's'a two-step process!

52



eEF-2 is a protein and not a special kind of
tRNA.

Exhibit remarkable similarity to tRNA.
Convergent evolution !

eEF-2 mimics the overall structure of the aa

complexed with tRNA in the ternary complex.

This creates the immediate assumption that
they .compete for the.same binding site
(presumably in the vicinity of the A site).

ternary complex of
aminoacyl-
tRNA:EF-Tu:GDP
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EF-G binds to the ribosome to sponsor translocation; and then is released following
ribosome movement.

The hydrolysis of GTP causes a change in the structure of EF-G, which in turn
forces a change in the ribosome structure.

eEF-2 :GDP + Pi

V eEF-2:GTP

3!
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The steroid antibiotic fusidic acid "jams" the ribosome in its post-translocation state.

Fusidic acid stabilizes the ribosome:eEF-2:GDP complex, so that eEF-2 and GDP

remain on the ribosome instead of being released. I P (VI Tl d - S
B o e
No further amino acids can be added to the chain. - eTa 4ie e, f‘} 1

Use as antibiotic! ‘\'\ t\ >4 #’AX%,P!' ,3'..
. O - ""\.
Contrarily, % %,;

ﬁ‘" lz::"

h tf-

eEF-2 is very susceptible to diphtheria toxin.

EF-G (the prokaryote version) is not.




Only 61 triplets are assigned to amino acids.

The other three triplets are termination codons
(or stop codons).

UAG = amber codon
UGA = opal codon

UAA = ochre codon

First
position
15 end)

U [ A G

| LG = LIA UGl | mye | U

. Phe . T'!‘I[ D]-E
UUE": UCG Sare WA ru[iri_-.- . C
UUA ) g, |HUCA ST FFFH% lr-"T L A
UG UcG—  WUAG  SlpMIGG TP | G
CLL = CouU r A.U Hig | CGUT] 0
CUC | ey |C0C | prg CGC | ag | C -
CUA GGA LAA:IUH CoA a || Third
e ceE — CAG GG & p;sutm;
AL ACL — AU acn [AaGUTT o T U ey
AUG |lle [ACG | g [AAC_ AGG_L " &
Al ACA A Lys AGA:I arg | A
AIG ACG AAG AGG G
GUUT GCU T GAUT o | GGUT u
GUC |y [GCC | Ma |GAC GGC (g | ©

¥

GLA GCA C‘M:IG,U GGA A
GG _ GCE GGG €]

Amino acid names:

Ala = alanine

Arg = arginine
AN = asparagineg
Asp = asparlate
Cys = cyslaina

Gin = glutamine
Glu = glutamaie

Gly =

glycine

Hiz = histidine
lie = lsoleveine

Leu = leucine
Lys = lysina

Met = methicnine
P = phenylalanine
Pro = praline

Sar = serina
Thr = threonine
Trp = tryplophan
Tyr = Tyrosine
Wl = valing

In bacteria UAA is the most commonly used termination codon in eukaryotes its

UAG.

There appear to be more errors reading UGA, which result in the continuation of
protein synthesis until another termination codon is encountered.
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In E. coli two related proteins catalyze termination.

They are called release factors (RF), and are
specific for different sequences.

RF-1 recognizes UAA and UAG.
RF-2 recognizes UGA and UAA.

The factors act at the ribosomal A site and require
polypeptidyl-tRNA in the P site.

stop codon t\l&
The release factors are present at much lower levels than initiation or elongation
factors;~600 molecules of each per cell (1 RF per 10 ribosomes).

catalytic centre

RF1
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FPolypeptide chain still
attached to tRMNA

RF1 and RF2 recognize the termination codons and
activate the ribosome to hydrolyze the peptidyi
tRNA.

Release
factor

Reaction analogous to the usual peptidyl transfer,
except that the acceptor is H20 instead of
aminoacyl-tRNA.

Stop codon at A site
(UAG, Usd or UGA)

RF1 or RF2 are released from the ribosome by RF-
3, which is a GTP-binding protein related to EF-G.

Release
factor

RFE3 resembles the GTP-binding domains of EF-Tu
and EF-G, and RF1/2 resemble the C-terminal of
EF-G, which mimics tRNA.

— = Ribosomal
| subunits
s

Free tRMNA

3
mB~A
54

Copyright © 2005 Pearson Education, Inc publishing as Benjamin Cummings
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FPolypeptide chain still
attached to tRMNA

Release
factor

Two stages are involved in ending
translation.

The termination reaction itself involves
release of the protein chain from the laSt

tRNA.
Stop codon at A site
JAAGGA _ : . (UAG, UAAOr UGA)
The post-termination reaction involves mANA
release of the tRNA and mRNA, and
dissociation of the ribosome into its ) -i
subunits. -

Release
factor

=, Ribosomal
] subunits

None of the termination codons is
represented by a tRNA, they are recognized
directly by protein factors!

Copyright © 2005 Pearson Education, Inc publishing as Benjamin Cummings
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Stress signals induced by viral infection

arrest translation of both cellular and viral @@%%
MRNAS. Stress Cytokines & ll,:* l!ﬂ
In order to inhibit viral replication. g \ ; j

il PKR dsRNA side productofmral ;

transc riptiond/replication

Host PKR activated by dsRNA, dimerizes, \
autophosphorylates and phosphorylates

elF2a
elF2-a translation initiation factor. pi <’ }Em o —+ (DD + Caspans +

elF2 phosphorylation arrests translation. ar2a? R

inhibition ~{ ,ﬁiﬁ..; INK /'m 5 .ﬁ
Viruses have evolved different strategies to ~ °ftransietion . - \0 '
avoid complete arrest of translation. qe,-~__;\,~mﬂ_.ﬁ_ . @ =
1.- Directly modulating PKR activity ' Py, 'J'“‘-

‘[ Antiviral Genes

E——

- Inhibiting phosphorylation of elF2-a
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