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The Protein Factory:

Ribosome



Growing peptide chain
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From Joachim Frank

Production Line During protein synthesis, incoming tRNA (purple)
carrying the next amino acid (blue sphere) enters the A site if its
anticodon (three "teeth" on its bottom) is complementary in
sequence to the codon on mRNA. The reaction (not shown)
between A-site tRNA and P-site tRNA (orange) extends the peptide
chain by one amino acid unit.



In all organisms, the
structure of the ribosome
is conserved
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Bacterial ribosome
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Ribosome Composition (S = sedimentation coefficient)

Ribosome | Whole Small Large
Source Ribosome Subunit Subunit
E. coli 70S 30S 50S
16S RNA 23S & 5S
21 proteins RNAS
31 proteins
Rat 80S 40S 60S
cytoplasm 18S RNA | 28S, 5.8S, &5S
33 proteins RNAs
49 proteins

Eukaryotic cytoplasmic ribosomes are larger and more
complex than prokaryotic ribosomes. Mitochondrial and
chloroplast ribosomes differ from both examples shown.

From Joyce J. Diwan



Secondary Structure: large subunit ribosomal RNA - 5° half
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Ribosomes are mostly
RNA:
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Front View of the

Archaeon Large Subunit
(~2x10% Da)

T.A. Steitz
(Science 2000)

Tunnel (not shown) that
leads out the back side:
polypeptide exit



Proteins Within
the Ribosome

Have Unusual,
Extended Shapes:

They play a supporting
role and stabilize rRNA

tertiary interactions




Ribosome composition 1: Small Subunit

¢+ In the translation complex, mRNA threads through a
tunnel in the small ribosomal subunit.

+ tRNA binding sites are in a cleft in the small subunit.

¢+ The 3' end of the 16S rRNA of the bacterial small
subunit is involved in mRNA binding.

¢ The small ribosomal subunit is relatively flexible,
assuming different conformations.

E.g., the 30S subunit of a bacterial ribosome was
found to undergo specific conformational changes
when Interacting with a translation initiation factor.



The 30s Subunit - Ada Yonath (Cell 2000)




Small
ribosomal
subunit of a
thermophilic
bacterium:

rRNA in
monochrome;
proteins in
varied colors.

The overall shape of the 30S ribosomal subunit is largely determined
by the rRNA. The rRNA mainly consists of double helices (stems)
connected by single-stranded loops.

The proteins generally have globular domains, as well as long
extensions that interact with rRNA and may stabilize interactions
between RNA helices.

From Joyce J. Diwan

spacefill display - " ribbons



Ribosome composition 2: Large Subunit
The interior of the large ORI
Large

subunit is mostly RNA. Ribosome
Subunit

Proteins are distributed
mainly on the surface.

Some proteins have long
tails that extend into the
Interior of the complex.

These tails, which are
highly basic, interact

with the negatively

Charged RNA. "Crown" view with RNAs blue, in
spacefill; proteins red, as backbone.



The active site domain PDB 1FFK
for peptide bond Large
formation is essentially | ~oosome
devoid of protein.

Peptidyl transferase is
attributed to 23S rRNA,
making this RNA a
"ribozyme."

A universally conserved
adenosine base serves as
a general acid base

rin i N "Crown" view with RNAs blue, in
du g-pept de bona spacefill: proteins red, as backbone.
formation.

From Joyce J. Diwan



Protein syn_theS|s | SDB 1FFK
takes place in a cavity -.H
within the ribosome, ' Tienkd
between small & large
subunits.

Nascent polypeptides
emerge through a
tunnel in the large
subunit.

The tunnel lumen is
lined with rRNA helices
and some ribosomal
proteins.

Large ribosome subunit.

From Joyce J. Diwan Backbone display with RNAs blue. View
from bottom at tunnel exit.



Movie 1: Ribosome in Action

Based on crystallographic studies, Yonath's group,
The Weizmann Institute, Rehovot, Israel,
and Max-Planck research Unit, Hamburg, Germany




Whole Story:

Protein Biosynthesis



DNAs: Provide the blueprint of life,
the genetic information that is passed
on from one generation to another.

RNAs: Provide the molecular machinery
to transcribe the genetic information,
gene by gene, and translate the
information into proteins at the
ribosome.

Proteins: Provide the molecular machines
of the cell
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Protein Expression

Beginning of protein
(amino terminus)

A -

Nearly completed protein

mRNA

Ribosome ¥

3/

FIGURE 3-4
Messenger RNA carries genetic information from the DNA to the ribosomes, where it is

translated into protein. The polypeptide chains are elongated as ribosomes move along the
mRNA molecules, with the 5" ends of the mRNA being translated first.



Protein Synthesis

tRNA anticodon binds
to mRNA codon

tRNA

Ribosome moves to next codon
ot Lo

Ribosome moves to next codon
bt L
3

N4

FIGURE 3-6
At the ribosome, the codons of a messenger RNA molecule base-pair with the anticodons of
transfer RNAs, which are charged with amino acids.



Crick Predicted tRNAs Existed Based on the

Nature of Genetic Material
3 3

This is TRNAAla A Site for amino acid
(if attached to alanine: Ala-tRNAAl) c attachment

5 ‘
tRNA

Anticodon

mRNA 5'

Anticodon
(a) triplet



Secondary Structure of tRNA

Added after
transcription in
eukaryotes

Total Length:
73-93 nuleotides

Contains e @ | [VExtraarm

two or three - Variable in size,

D residues e nol present in
at different * all tRNAs
positions « _: —
Pu Antlcodon
Wobble V Always 7
position ., \ unpaired

Antlcodon bases



Tertiary Structure of t1RNA

Amino
TyC arm acid arm

D arm
(residues
10-25)

Anticodon
arm

(a) (b)



The Genetic Code



Three Nucleotides Needed To Specify 20 Amino Acids
Second letter of codon
U C A G

UUU Phe |UCU Ser | UAU Tyvr |(UGU Cys

U UUC Phe | UCC Ser | UAC Tyr |[UGC Cys

UUA Leu | UCA Ser | UAA Stop |UGA Stop

UUG Leu | UCG Ser | UAG Stop |UGG Trp

CUU Leu | CCU Pro| CAU His |[CGU Arg

C CUC Leu | CCC Pro| CAC His |CGC Arg

i CUA leu | CCA Pro/ CAA Gn |CGA Arg

1rst CUG Leu|CCG Pro|CAG Gln|CGG Arg

letter of

codon AUU Ile | ACU Thr| AAU Asn | AGU Ser

8 AUC Ile | ACC Thr| AAC Asn |AGC Ser
(5" end) A

AUA lle | ACA Thr| AAA Lys |AGA Arg

AUG Met | ACG Thr| AAG Lys |[AGG Arg

GUU Val | GCU Ala| GAU Asp | GGU Gly

G GUC Val | GCC Ala| GAC Asp | GGC Gly

GUA Val | GCA Ala| GAA Glu | GGA Gly

GUG Val | GCG Ala| GAG Glu | GGG Gly

Codons are “read out” by the anticodons of tRNA;
one tRNA can read out up to three codons ( thanks to the “wobble™)



“Wobble” Readout of C6X (Arg) Codons

3 2 .1 2 1 o 2 1
Anticodon (3)G C-1 G-C-1I G-C- 1(5)
Codon (5)C G—A CGU CGC(3)

I: 2 8 1 2 3 L 20 ia

(b)



tahle 27-5

How the Wobble Base of the Anticodon Determines the Number of
Codons a tRNA Can Recognize*

1. One codon recognized:

Anticodon (3') X-Y-€ (5) (3") X-Y-A (5")

Codon (5') Y-X-8B (3') (5') Y-X-U (3")
2. Two codons recognized:

Anticodon (3') X-Y-U (5') (3') X-Y-G (5

Codon (5") Y-X-A (3") (5") Y-X-§ (3'
3. Three codons recognized:

Anticodon (3") X-Y-1(5°)

Codon (5') Y—X—g (3")

*X and Y denote complementary bases capable of strong Watson-Crick base pairing with each
other. The bases in the wobble positions—the 3’ position of codons and 5’ position of
anticodons—are shaded in red.
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Figure 26-15. U « G and | « A wobble pairs,
Copyright 1999 John Wiley and Sons, Inc. All nghts reserved.



mMRNA editing



mRNA Editing (as opposed to processing)

Insertion of U (guide RNAs)
example: cytochrome oxidase

Cytosine Deaminase (CAA->UAA)
Example: Apolipoprotein B-100 (liver)/
B-48 (intestine)

ADARs (Stop->Trp: 6In -> Arg)
Examples: Hepatitius Delta Virus early to
late phase transition, AMPA receptors



mRNA Editing by ADAR2

Editing

Pre-mRNA

51

Cytoplasm

Coding

Splicing

mRNA
A—1

Protein
Q—R
N—S
N—D
D—G
S—G
Y —C
E—G
R—G
T—A
K—E
K—R
K—G
STOP—W?

Nucleus
AG 9"
N
Glutamate
Golgi Receptor Subunit
N
Assembly
C

Trafficking

Channel function/
density

ell
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Seeburg - Neuron, Vol 35, 17-20, July 2002



Variations in the Genetic Code

tahle 1

Known Variant Codon Assignments in Mitochondria

Codons*
AGA
UGA AUA AGG CUN CGG

Normal code assignment Stop lle Arg Leu Arg
Animals

Vertebrates Trp Met Stop f

Drosophila Trp Meat Ser -+ -
Yeasts

Saccharomyces cerevisiae Trp Met - Thr -

Torulopsis glabrata Trp Met + Thr 7

Schizosaccharomyces pombe Trp + + + +
Filamentous fungi Trp + + + +
Trypanosomes Trp - - + +
Higher plants + + + + Trp
Chlamydomonas reinhardtii ? | } 7

*A question mark Indicates that the codon has not been cbserved in the indicated mitochondrial
genome; N, any nucleotide; +, the codon has the same meaning as in the normal code.

Frameshifting: Used to evade stop codons (example: RF-2)



Charging of tRNAs with
Amino Acids



tRNA Synthetases Charge tRNAs
with the Appropriate Amino Acids

3" end of tRNA
|
Adenine | H

Therefore, it is —OH .
saidr Ttuar"r these Q III Resulting ester

enzymes are , i l —R AG‘°=I"1kzaggT( J .
truly the ones CH, H O *NH,

responsible for (|) L

reading out of ) | groupy
the genetic code 0—P=0 :
and for ensuring (|)

fidelity. =

9" | Amino acid
PG arm

D TyC
arm arm
Anticodon

arm




Net Reaction:

amino acid + tfRNA + ATP --»>
aminoacyl-tRNA + AMP + PP,

Therefore, two
high energy
phosphate bonds
broken for
every amino acid
activated
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Kinetic Proofreading



Proofreading (~one mistake in 10,000):

- Active site optimized for amino acid

- Sometimes a proof-reading site (ex: Ile vs. Val)

- Abortive hydrolysis of ester (reverse rxn) favored
for incorrect matches

COO~ COO™
+ I + |
H,N C—H H;N C—H
H—C —CH, H—C —CH,
CH, CH,
CH,

Valine Isoleucine



Movie 2: Antibiotics targeting ribosomes

Based on crystallographic studies, Yonath's group,
The Weizmann Institute, Rehovot, Israel,
and Max-Planck research Unit, Hamburg, Germany




Proteins Fold into 3-
Dimensional Structures



Renaturation of
unfolded, denatured

ribonuclease
(Anfinsen, 1950s)

The amino acid sequence of a
polypeptide chain contains all
the information required to fold
the chain into its native 3D
structure.

|

|

addition of
urea and
mercapto-
ethanol

removal of
urea and
mercapto-
cthanol

. Native state;

catalytically active.

Unfolded state;
inactive. Disulfide
cross-links reduced to
yield Cys residues.

Native,
catalytically

> active state.

Disulfide cross-links
correctly re-formed.



Levels of Structure in Proteins

Secondary Tertiary Quaternary
structure structure structure

Amino acid residues a Helix Polypeptide chain Assembled subunits



Structural Biology

The laborious tasks of growing protein
crystals and determining their three-
dimensional structures by x-ray
diffraction, or introducing 3C- and *°N-
labelled amino acids into proteins for
structural determination of proteins in
solution by high-field NMR.



The Canonical Amino Acids



Polar, uncharged R groups Nonpolar, aliphatic R groups
il il Lo C00" CO0~ C00"
i + g
H,N—C—H  H,N—C—H  HN—C—H . y ;|
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Nonpolar, aliphatic R groups

?oo—
H31¢I—(|J—H
H

Glycine

COO~

.
H3N—(|3—H

CH,

|
CH

LN
CH; CHj;

Leucine

?oo—
H31<T—(|J—H
CH,

Alanine

COO~

HSKI—(IJ—H
CH,
CH,
5

|
CH,

Methionine

(EOO_

H,N—C—H

|
CH

7. N
CH; CH;

Valine

(|JOO_
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H—(|3—CH3
CH,

|
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Isoleucine




Aromatic R groups

COO" COO" COO"
H,N—C—H  HN—C—H H,N—C—H
CH, CH, CH,
- / C—CH
i | "  NH
o \_/

Phenylalanine Tyrosine Tryptophan




Polar, uncharged R groups

?oo—
Ihﬁ—?—H

CH,OH

Serine

Proline

CO0~
H31tI—(|J—H
H—0—OH
CH,

Threonine

?oo—
Ihﬁ—?—H

Asparagine

COO™

+ |
IkN—?—H

CH,

|
SH

Cysteine

Glutamine




Positively charged R groups

CcCOO COO CcCOO
H,N—C—H  H,N—C—H H,N—C—H

CH2 CH2 CH2

CH, CH, C—NH

\CH
CH, CH, /
C—N
CH, NH H
+NH3 CzﬁHz
NH,

Lysine Arginine Histidine




Negatively charged R groups

COO™ COO™
H.N—C—H  H,;N—C—H
CH, CH,
(‘300— (|3H2
00

Aspartate Glutamate




The "21st” Amino Acid

COO
+
H3N—(|3H
i
Se

Selenocysteine H

Inserted at special UGA codons (thus relies on “"contextual” signals)



