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DNA, RNA, and Protein

Synthesis
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Translation: From mRNA to Proteln

Protein

tRNA

Ribosome
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Genetic Code: 3 ntto 1 amino acid

9’AUG CGC AUC UAG UCG 3

» Codon
* Reading Frame

20 amino acids in nature

Codon (nt) Amino acid
1 4
2 16

3 64



First base

Genetic Code: 64 Codons

iece_

Second base
A
1
UUU_Phenyl- 'UCU™ UAU Toros UGU :
vuc alanine  |UCC | ¢ . UAC} YIS0 uec]’ Cysisne
UUATL | cucin ' UCA UAA | Stop codon| UGA | Stop codon
uuc ) -°"“"®  |ucad UAG | Stopcodon| UGG Tryptophan
CUUT CCU™ CAU]_ e CGU™
Histidine
cucC y CCC ; CAC CGC y
CUA Leucine | CCA Proline CAA CGA Arginine
CUG. | CCG_ CAG]—Gmmmme CGG.
AUU ACU" AAU]_AS N —
AUC |-Isoleucine |ACC | AAC PAREN | a0C |
—Threonine
AUA _ ACA AAA AGA
AUG Methionine || ACG _ AAG ]—Lysine AGG_—Arginine
start codon
GUU ' GCUT GAU™ Aspartic GGU™
Guc | ., . aec |, . |GAC S acid GGC | ahcine
GUA [~ Valine ' GCA [~Alanine QAR critail: | GGA [ lyci
GUG GAG | acid GGG-

OH>>0C O>0C OHOPOC O>0C

8seq payL
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Structure of tRNA: transfer RNA

e /310 93 nt
 Unusual modified bases

’ tRNA —< l/kf H A
C ~ @ "

two methyl groups added to G two hydrogens added to U
(N,N-dimethyl G) (dihydro U)
S
/ H N ~H
C G A anticodon /k </ )\

G C U codon
TN BN

m R NA sulfur replaces oxygen in U deamination of A
(4-thiouridine) (inosine)
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Structure of tRNA

attached amino
acid (Phe)

3’ end

acceptor

SPCCNON>NN>

Y: pyrimidine nucleotide

D: dihydrouridylate

anticodon a clover leaf

Y. pseudouridylate
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Wobble Hypothesis

tRNA

Nonstandard base-
paring between the
first base of anticodon
and the third base of

wobble position

5’ 3’
codon
bacteria
U A,G,orl
C Gorl
A Uorl
G CorU

eucaryotes

A G, orl

Gorl

O >» Nn C
c
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Wobble Base-paring

c
- HC® ~C=0
Uridine [
N\ ./N\
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O A
H Ao
R Vit ‘_.N%
(I: & /CH Guanine
Pt N aiain
H,N N N
C,
H H
c*C‘C/N\H
Cytidine : 0
NN |
Ci ¢ By G . N
Il N sl ¢
0 [ CH Inosine
HC\\-\\N/C‘-.Ni
C,

C,~N

Adenosine

J

H
C==|\; |I|
N Ifff'c\ﬁ/N\H
0
“C’N”H ¢
H SN AR
| [ CH
HC. _C—./
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C,
c
HC™ ‘$=o
C"/N\C/N\H.
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H
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l CH
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Inosine

Inosine



Prokaryotic tRNA processing

(a) RNase P and other endonucleases cleave (b) RNase D trims the 5" end. (€} (RNA nucleotidyl transferase adds CCA
the primary transcript. to the 3’ end.
RNase D
RNase P digestion OH 2CTP+ATP

cleavage site

IRNA
nucleotidyl-
translerase

1

|

1
¥

\ Q B¢ q YW} ccA .
5 sequence

51

3PP,




Ribosome: The site of protein synthesis

70S

MW 2,500,000

MW 4,200,000

s/

/ \.\_\ \ 40s

MW 2,800,000

MW 1,600,000 MW 900,000
55 rRNA 23S rRNA 16S rRNA
‘ = =
;| ==
120
nucleotides 2900 1540
nucleotides nucleotides
34 proteins 21 proteins

PROCARYOTIC RIBOSOME

/ \\\ MW 1,400,000
5SrRNA | 28SrRNA 5.8SrRNA 18S rRNA
== =
120 160
nucleotides nucleotides 1909
nucleotides
4700
nucleotides
~49 proteins ~33 proteins
EUCARYOTIC RIBOSOME
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Processing of E.coli rRNA

16S rRNA 23S rRNA

MI6 — (RNA

RNase —
I11

N 55 RNA



Assembly of 30S ribosomal subunit in E.coli

M16 —

RNase Il —

ES‘ - 218 particle

Complete 308 subunit



Structure of 50S Subunit

inV

domain VI

(A) (B) Q)
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Four Steps in Translation

m 1. Activation
Adding an amino acid to tRNA (amnoacyl-tRNA)

m 2. Initiation
Assembling players : ribosome, mMRNA, aa-tRNA

m 3. Elongation
Adding new aa's

m 4. Termination
Stopping the process
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Activation of Amino Acid

R OH
| 0

HN—C—c?”
|  NoH
H

m amino acid

R
2® | o
H,N —C —C

| ‘ E
H @}u adenine

adenylated amino acid

/\

(B)

(o}
O§ /
C
H—C—R aminoacid

NH,
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Structure of Aminoacyl tRNA Synthase

AminoacyltRNA

Synthase
. P
H,N—CH—C—O~ A
- | C Anticodon -[
CH, €
aminoacyl-tRNA synthetase
7 "NH ﬁ specific for histidine Amino acid
N:/

attachment
/ site
ﬁ binding site for

binding site for tRNAHIS
histidine




= B
Translational Initiation

m Prokaryote

Binding of small ribosomal subunit to mRNA by
Shine-Dalgarno (SD) sequence

Binding of initiator fMet-tRNAMet
= N-formylmethionine
m Release of formyl group (deformylase) after protein synthesis

m Eukaryote

Assembly of small ribosomal subunit and initiator Met-
tRNAMet

Scanning along the mRNA until the complex
encounter AUG start codon
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Translational Initiation

Prokaryote

mRNA

Small
ribosomal

subunit Initiator

fMet-tRNAMet

Met

Large
ribosomal
subunit

Initiation
complex

Eukaryote

Met
Initiator Met-tRNAMet

Smal

ribosomal

subunit
mRNA
Met

Large
ribosomal
subunit

mRNA

¢

&



RNA Binding Sites in the Ribosome

(B)

large subunit small subunit

A-site

large
ribosomal
-~ subunit
E P A
small

ribosomal
subunit

mRNA-
(D) binding site




Initiation in Prokaryote (1)
Assembly of 30S Ribosomal Subunits with mRNA

308 | ¥ A
Subunit §
Nt

o mRNA

@ Initiation v mRNA

« SD sequence

* IF-3 prevents binding of
the 50S subunit

« Shine-Dalgarno
sequence in the mRNA
guides AUG to correct

position

* tRNA Binding Sites
A site: Aminoacyl site

P site: Peptidyl site
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Ribosome Binding site: Shine-Dalgarno Sequence

(a)
o e L |
Lipoprotein ~~WAUCUAGAGGGUAUUAAUAAUGAAAGCUACU

RecA “"GGCAUGACAGGAGUAAAAAUGGCUAUCGw~

GalE “wwAGCCUAAUGGAGCGAAUUAUGAGAGUUCUGw
GalT “"CCCGAUUAAGGAACGACCAUGACGCAAUUUwW
Lacl “CAAUUCAGGGUGGUGAAUGUGAAACCAGU AW
LacZ ~~mUUCACACAGGAAACAGCUAUGACCAUGAUUM

Ribosomal L10 “CAUCAAGGAGCAAAGCUAAUGGCUUUAAAUw
Ribosomal L7/L12 ~~~UAUUCAGGAACAAUUUAAAUGUCUAUCACUw

(b)
3" end of 16S rRNA
HO AG
U
A C

A
YuccuycC

J\_,—J‘

fMet IThrI lMct| Illc]
5 £ Ayl 4 [ |
"N"UUCACAC:‘\G(}/\AACAGCUf\U(]ACCAUGAUl{"‘MmRNA

Shine-Dalgarno Do
sequence ~MUA Cn
Anticodon
of fMet-tRNA M

5! ribosome-binding sites o
P PP& mRNA

AUG l AUG l AUG l

protein o protein 3 proteiny
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Initiation in Prokaryote (2)
Assembly of fMet-tRNA™et and 50S Ribosomal Subunit

& )‘ /n'-‘z‘\
&= ! GTP

,i.f. » Binding of GTP-bound IF-2 and

U A tRNA W)

gocs G the initiating fMet-tRNAMet
5'?!\};@,. . b
P (EYEN
S * Assembly of the 50S ribosomal
Subunit  }
s GDP + P, . . .
L subunit with simultaneous GTP
i A AL A
& S hydrolysis and release of all
" ’;’;jiﬁ’ initiation factors
50S —/ ©)
Subunit | E UAC
d  DECEEN 0
P A ) Next
"\ o Nt codon
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Elongation (1)
Binding of Incoming aminoacyl tRNA

Initiation /,/ Ff»:
complex 7 \')«2\\‘__
(708) ©)
SOS‘/ i CT\‘ .
\__ (& [ulalel,
g .I....
(i e . A A Next

\;"}—5:'—‘;-’/’ = - Binding of aa-tRNA to GTP-

G bound EF-Tu (elongation factor)

“’kh\ * Binding of aa-tRNAto A site

'ru/"q:s .‘
\ j * Recycling EF-Tu by EF-Ts
@
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Elongation (2)
Peptide Bond Formation

E site = Pasite A site

fMet-tRNAMet
Aminoacyl-
tRNAy

[* J{* ) » Transfer of carboxyl group of aa

\/E\EEEET T | in P site to aa in A site

Peptide bond ‘Pepdidyl transferase activity in

formation

Esite Psite A site 508 SUbunlt

Deacylated
tRNAMet

Dipeptidyl-
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Translocation

 Translacation of peptidyl-tRNA

S to P site

Dipeptidyl-
% tRNAy

e GTP-bound EF-G: translocase

«TEPG GTP
fnla < gpn— * Translocation of MRNA and 30S

E site A site

subunit

Incoming
aminoacyl-tRNAy

) g + Ejection of empty tRNA
Y |

LSk o
IAC
5 AoTGl 11 LT 3
1 P ‘. " 1
Direction of - T

ribosome movement
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Termination and Release

m Terminating Codons
UAA, UAG, UGA

m Termination or Release Factors
Termination codon in A site
Release factors (RF1, RF2, & RF3) :
» Hydrolysis of the terminal peptidyl-tRNA bond
m Release of the free polypeptide and the last tRNA

m Dissociation of the 70S ribosome into the 50S
and 30S subunits
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Termination and Release

oY
\\ E ACC‘I"i

ACUGGUAG

H>N

AN
Ca)
Acc UL

ACUGGUAG ucaG

3' 5' 3!

H,0 _'ﬁ

TERMINATION

' 2@
Met L B ° \ )
w Q)

NH, y AUGAACUGGUAGCGAUCG

A |
A o
Acc [}
3'

ACUGGUAG UCG

sl
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Translation Initiation in Eukaryotes

elF2

initiator tRNA

small ribosomal
subunit with
initiator tRNA
bound

AAAAAAAA iy,

]
elFAG g
: mRNA

elF4E 5' cap

additional
initiation factors

. | mRNA =2
5'k 3’ ' 4
AUG . E "
INITIATOR tRNA
m MOVES ALONG
P, + [aop] RNA SEARCHING
FORFIRST AUG AMINOACYL-
7 tRNA BINDS

(step 1)

BOND FORMS
(step 2)

l FIRST PEPTIDE

elF2 AND OTHER ( e)
INITIATION FACTORS h
DISSOCIATE

LARGE

RIBOSOMAL
.. SUBUNIT
|| BINDS

i l
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Translation

m  Energy cost
ATP hydrolysis for the aminoacyl-tRNA formation

GTP hydrolysis during the elongation and
translocation step

m [ranslation rate
15 amino acids/sec

Rapidly growing E. coli
s 20,000 ribosomes/cell - 30,000 polypeptides/min

s Average molecular weight of bacterial protein

1 kb structural gene - 333 amino acids - 35 kDa (105
D/amino acid)



Polysome: 10to 100 ribosomes on a single mRNA

messenger RNA
a (mRNA)

R

o

protein

Polypeptides

Ribosomes
polypeptide
chain |

A ® Direction of
(A) ) (b) translation



" N

Inhibitors of Bacterial Translation

tetracycline

chloramphenicol

erythromycin
streptogramin B

small ribosomal subunit large ribosomal subunit



