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Quick recap
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o KNA processing
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RNA splicing

human Factor VIII gene introns

1 5 10 / 14\ 22 25 26

® Protein coding seguence (exons) in eukaryotic
! min w1 m L 1 n o . |
| T T N T T TR I 11 1 o genes is interrupted by non-coding segquences
ook (introns)

200,000 nucleotide pairs
(B)

¢ Both introns and exons are transcribed into BNA
* [he introns are removed through RNA splicing

e Before splicing, the mRNA Is called precursor-
MRNA (or pre-mRNA)



RNA splicing

(A)

_—intron sequence

e -ach splicing event removes an intron and joiNs two exons

5" exon 3" exon
sequence / f\_\ sequence
- — "z — 3 * [he removed part is called a lariat
l * [he machinery is complex and consists of 5 RNA molecules (small
nuclear RNAs) called U1, 2, 4, 5, ©
e —ach snRNA is complexed with at least 7 proteins to form the small
OH A nuclear ribonucleoprotein or snRNP
5 — \ E— 3’
® [he complexity ensures the accuracy of the splicing and flexibility to
l accommodate all seguences
////Ianat
A 3"
+ ~OH



RNA splicing

How does this work’?

. . ® [he splicing machinery needs to recognize 3
sequences required for intron removal

sequences (the &' splice site, the 3’ splice
— ‘ T~ site and the branch point)

| | | |
5 .
_— _ AG GURAGU —-S S-- YURAC — - — YYYYYYYYNCAG G — — — Eﬁg’:rr;,‘t’:aiscript -
N/ e Sequence recognition happens through

exon 1 intron exon 2 base-pairing with the snRNAs.
INTRON REMOVED

e Seqguences are highly variable - difficult for

portion of sclientists to predict the exact sequences
MRNA

5’ 3’
---AGIG---
exon 1 exon 2



RNA splicing

5’ splice site 3’ splice site
BBP U2AF
exon 1 . \ / exon 2
intron y
5'_ A . 3
/
U1 snRNP U2 snRNP
BBP
U2AF
U2 snRNP
intron \
5" A I 3

U4/UbeU5 “triple”snRNP

U4/U6 snRNP
5/ E— ~——

LARIAT FORMATION
AND 5’ SPLICE SITE
CLEAVAGE

NV 1y

A
I 3

U5 snRNP

U1, U4

portion of a
pre-mRNA
transcript

The U1 snRNP forms base pairs with the 5’
splice junction (see Figure 6-29) and the BBP
(branch-point binding protein) and U2AF
(U2 auxilliary factor) recognize the
branch-point site.

The U2 snRNP displaces BBP and U2AF and
forms base pairs with the branch-point site
consensus sequence.

The U4/U6eU5 “triple” snRNP enters the
reaction. In this triple snRNP, the U4 and U6
snRNAs are held firmly together by base-pair
interactions. Subsequent rearrangements
break apart the U4/U6 base pairs, allowing
U6 to displace U1 at the 5’ splice junction
(see Figure 6-29). This creates the active site
that catalyzes the first phosphoryl-
transferase reaction.



RNA splicing

lariat

U6 snRNP

N

, OH A
s'd\/—y

3" SPLICE SITE
[ ] CLEAVAGE AND
exon junction JOINING OF TWO
complex (EJC) EXON SEQUENCES

\ excised intron sequence

in the form of a lariat

A 3 (intron RNA will be degraded

. OH in the nucleus; snRNPs will
be recycled)

+
. .
5/ I 3 po;ﬁzn 2l
exon 1 exon 2 L

Additional RNA-RNA rearrangements create
the active site for the second phosphoryl-
transferase reaction, which then completes
the splice (see Figure 6-25A).

Figure 6-28 The pre-mRNA splicing
mechanism. RNA splicing is catalyzed by

an assembly of snRNPs (shown as colored
circles) plus other proteins (most of which are
not shown), which together constitute the
spliceosome. The spliceosome recognizes the
splicing signals on a pre-mRNA molecule, brings
the two ends of the intron together, and provides
the enzymatic activity for the two reaction steps
required (see Figure 6-25A and Movie 6.5).

As indicated, a set of proteins called the exon
junction complex (EJC) remains on the spliced
MRNA molecule; its subsequent role will be
discussed shortly.



RNA splicing

How does this work’?
o ATP is used for the assembly and re-arrangements of the spliceosome
e Accuracy Is increased because the splicing is coupled to transcription (prevents from skipping splice sites)

e Details are not fully understood



3’end of the eukaryotic mMRNAs

RNA p?lymerase encoded

]
® position of the 3" end is specified by signals encoded in the genome 51 > @
e these signals are transcribed into RNA and recognised by RNA-binding- N (| Geaage
proteins and RNA-processing enzymes ; o cleavs

poly-A polymerase
(PAP) ;»

e CstF and CPSF bind their recognition seguence on the emerging RNA P RNA

molecule i
protein {

CPsF oap

e BNA Is cleaved from the polymerase POW®

AAUAAA AAAAAAAAAAAAAAAAA

V

* PAP adds ~200 A nucleotides at the end of the sequence, creating the poly- oy Lingr | pob-Abmding
A tall REGULATION protein
.

e poly-A binding proteins bind to it —.-.~\

1
|
I
4
200AAAAAAAAAAAAAA _ »

mature 3’ end of
an mRNA molecule
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Mature mRNAs are exported from the nucleus

oL

-

8 N

»
>
l.
"

-

%

» - NUCLEUS n’ CYTOSOL. ~
e How to distinguish® &
S,
v cap-binding complexes *
Y exon junction complexes :f'
v polyA binding proteins il
(B) | 200 nm |
e Processed mMRNAS are guided through nuclear pore complexes
(NPCs), where they are exported
nuclear pore
“export-ready” complex
RNA
RNA as it emerges
from RNA
polymerase
/ NUCLEUS CYTOPLASM

chromatin TRANSCRIPTION —>»
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Plan

o RNA

® [ranscription

® [ranscription initiation

® RNA processing

® Non-coding

SNAS
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DNA replication
DNA repair
genetic recombination

DNA
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3, - _ - -- Il Il -5,

I
RNA synthesis
(transcription)

RNA
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Non-coding RNAs

peripheral heterochromatin

o 30% of the cellular RNA is ribosomal RNAs (fRNAS)

nuclear
envelope

e Produced by RNA polymerase | in eukaryotic cells

nucleolus

e Does not have a Ct tail (which explains the lack of cap and poly-A
tail of the rBRNAS)

e Multiple copies of rRNA genes (~200 in humans) that encode
'BNAs to have enough ribosomes (no amplification at the translation
level)

e Ribosomes are assembled in the nucleolus

2 ' S 2 o B
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Ribosome assembl

loop of chromosomal DNA

—

rRNA gene

/
TRANSCRIPTION

\ \

45S rRNA

NN\ precursor

-
MODIFICATION .rf\j, sNORNAs voe
AND PROCESSING oo
0 o” OF rRNAs proteins
%00 o g N involved in

ribosomal processing

proteins large of rRNA

made in ribonucleo- ..{-\,

cytoplasm protein .:.;P

particle ‘e
RECYCLING OF RNAs
%MG-, - AND PROTEINS
5SrRNA — R INVOLVED IN
NUCLEOLUS rRNA PROCESSING
—
telomerase  tojomerase
proteins RNA
r\b immature large
subunit
telomerase —
NUCLEUS \ large .
subunit
g small
CYTOPLASM subunit
TRANSPORT AND
FINAL ASSEMBLY
OF RIBOSOMES
405 § 60S
subunit \Lb' subunit
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Plan

DNA replication

- | I_DNA repa!r |
—-rom QNA -tO DrO-teln <genet|c recombma’uor)
DNA
® [ranslation - HH-H-HH-HHEHEHEHH
RNA syr?th_esis
® J[QNAS (transcription)
| RNA

2 IIIIIIIIIIIIIIIIIIIII| 3

protein synthesis
(translation)

® RIbOosoMmes Y PROTEIN

HoN =00 0= === === COOH
N/

amino acids

® Polypeptide chain
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Translation

e — conversion of information from RNA into proteins

¢ /4 nucleotides and 20 amino-acids — genetic code

e Used in all organisms (some small variations)

e A sequence has three reading frames

5’ 3
CUC AGC GUU ACC AU
—Leu ——Ser Val Thr —

, a|UCA ||GCG ||UUA||CCA |hU

Ala Pro—

Leu

— Ser

CU, CAG, CGU UAC | CAU
3 I e e S —

— GIn Arg Tyr —— His —
AGA UUA AGC
AGG UUG AGU
GCA CGA GGA CUA CCA UCA ACA GUA
GCC CGC GGC AUA CUC CCC UCC ACC GUC UAA
GCG CGG GAC AAC UGC GAA CAA GGG CAC AUC CuG AAA UUC CCG UCG ACG UAC GUG UAG
GCU CGU GAU AAU UGU GAG CAG GGU CAU AUU CUU AAG AUG UUU CCU UCU ACU uGG UAU @uu UGA
Ala Arg Asp Asn Cys Glu GIn Gly His le Leu Lys Met Phe Pro Ser Thr Trp Tyr Val stop
A R D N C E Q G H | L K M F P S T W Y Vv

The genetic code is redundant (64 possible combinations for 20 amino acids)

16



tRNAS

¢ the codons (triplet) is not directly recognised by an amino-acio
e franslation depends on adaptors = transfer RNA or tRNA

e 580 nucleotides with 3D structure

attached amino ¢

acid (Phe)
Al 3" end
C
C
A| acceptor
5"end|{gHEC| stem
=G
= C
U
U
= A
A

anticodon
loop

anticodon a cloverleaf

(A) (B) (©) (D)

17



tRNAS

e anticodon region: 3 nucleotides that pair with the complementary codon in the mRNA molecule
¢ 3’end region: binds the corresponding amino-acio

e (Genetic code is redundant: some amino-acids have more than one tRNA: some tRNAs allow a
mismatch (wobble) at the 3d position

attached amino &
acid (Phe) \

tRNA

3" end

acceptor
stem

5" end

anticodon
| |

3’ ¥
[l ||l F—wobble position

anticodon
loop

| |
codon 3

!
1 5
anticodon a cloverleaf

(A) MmRNA

18



tRNAS

o synthesized by RNA polymerase lll as larger precursors
¢ {rimmed to produce mature tRNAS

e some have introns which must be spliced out by a cut-
and-paste mechanism (different from mRNA)

o all tRNAs are modified chemically: 1 in 10 nt is an altered
version of the initial ribonucleotide (>50 types of
modifications are known)

19

e

two methyl groups added to G
(N, N-dimethyl G)

sulfur replaces oxygen in U
(4-thiouridine)

O
N H
N
> yd
N N [\|l
CH3

1, A,

two hydrogens added to U
(dihydro U)

L
@

deamination of A
(inosine)




tRNAS

R OH
| O |

HN—C—C
H

ATP amino acid

P P | /O

— — /
1 H,N C| C 2
O

P — ribose - adenine
H |
adenylated amino acid | O
H |
aminoacyl-
tRNA
P — ribose - adenine >

AMP

/ N\

OH

tRNA

/ N\

20

e amino-acyl-tRNA synthetases covalently couple each
amino acid to their corresponding tRNAS

® reaction coupled with energy-releasing hydrolysis of
ATP



tRNAS

amino acid

H
(tryptophan) \

H,N—C

CH,

i
N/CH

H

e

tRNA synthetase
(tryptophanyl
tRNA synthetase)

H H

O O
4 7
HyN—C C\ high-energy HyN—C _C\
O/ bond %)
CH, : CH,
.C .%
|
CH CH
N e
H H
ATP AMP + 2P.
U . e
: : . A C C 3A C C 5
linkage of amino acid tRNA binds to its 1T 1l || base-pairing
D UL codon in RNA U 6 G
5' 3’
MRNA

NET RESULT: AMINO ACID IS
SELECTED BY ITS CODON

21



tRNAS

(A) .
Incorrect

amino acid

/editing site
will be
@ removed

5’ 3
synthesis
site

incorrect \
amino acid tRNA
synthetase

EDITING

SYNTHESIZING

anticodon

How to ensure that the right amino-acid is selected”?

e Correct amino acid has larger affinity

e Larger amino acid cannot fit in the catalytic site of the
enzyme

e -Or similar size amino acids, the covalent linkage can
happen

e Further tested in the editing site - if it fits, it is not the right
amino-acid

® [he enzymes also need to recognize the anticodons of
the tRNA

22



Polypeptide chain

e Formation of a peptide bond between the carboxyl group at the end of a growing polypeptide chain and a free
incoming amino acid (assembly from N-terminal to C-terminal)

R4 O

I V4 H O R, H H O R4 O
e e e -~ INetet L L L

- —C=C=<N=-C=C =N=C—=C =N —-(C -
HN-C-CIN-C=C-N-C-C<T—~__7 | 0 S O R S N BN
R, HHO R, ®) R4 H H O R, H H O
Oty
peptidyl-tRNA attached to ?&T\:Roacyl_
C-terminus of the growing
polypeptide chain tRNA molecule freed from
4 its peptidyl linkage

new peptidyl-tRNA molecule
attached to C-terminus of
the growing polypeptide chain

23



Ribosomes

e perform protein synthesis (maintain the correct reading frame and ensure accuracy)
e made of >50 proteins and ribosomal RNAs (rfRNAS)

e millions of ribosomes in the cytoplasm of a eukaryotic cell

e consists of a large and small subunit, each assembled in the nucleus

¢ the two subunits are exported to the cytoplasm, where they join on an mRNA molecule

24



Ribosomes

50S (large) subunit/

70S

MW 2,500,000

\ 30S (small) subunit

MW 1,600,000 MW 900,000
5S rRNA 23S rRNA 16S rRNA
120 E E
nucleotides 2900 1540
nucleotides nucleotides
\ \
34 proteins 21 proteins

BACTERIAL RIBOSOME

80S

MW 4,200,000

60S (large) subunit/

MW 2,800,000
5S rRNA 28S rRNA 5.85 rRNA
120 160

nucleotides nucleotides
4700
nucleotides
Y
~49 proteins

25

EUKARYOTIC RIBOSOME

\ 40S (small) subunit

MW 1,400,000

/

18S rRNA

=

1900
nucleotides

y
~33 proteins



Ribosomes

e /4 binding sites for RNA:;
e 1 for mRNA E site P site A site

e 3 for tRNAs (A, P and E sites)

large

///—ﬁbOﬂnnal
subunit
E P A
e o tRNA is kept In A and P sites if its anticodon forms & __1__1__I small
' ' —— ribosomal
pbase-pairs with a complementary codon - - / _________ .
subunit
e A and P sites are close enough to accommodate MRNA-

adjacent codons (maintains the correct reading frame) (D)binding site

26



Protein synthesis

e Step 1: tRNA binding

e Step 2: peptide bond formation by the peptidyl
transferase in the large subunit

e Step 3: large subunit translocation

e Step 4: small subunit translocation

growing polypeptide chain

STEP 1

i newly bound
1~ © ~3 4  charged tRNA

HoN~
| |/
E 3 4
SN | O [ -
S’ﬁﬁﬁ*?
E site P site A site
STEP 2
2 — 3
7 N
HoN~ ! 4
|
E 3 4
I
5' 3’
STEP 3
1 7 TN »
HoN — 4
|
3 4 A

S'A:B'

27

STEP 4
2 —
17 N
HoN ~ 4
|
S
| V. ~— 4 A
ejected tRNA T
S’Ag'
STEP 1
: 3 newly
— bound
e
S ~ oy charged
H2N | tRNA
E

4

5' 3’



Elongation factors

e Make translation more efficient and accurate

e EF1 and EF2 in eukaryotes; EF-Tu and EF-G in bacteria

28



Where to start protein synthesis?

e important as it sets the reading frame for the whole
protein

e starts with at AUG codon and a special tRNA to start
translation, which carries methionine

¢ all proteins start with methionine

e {he special tRNA is recognised by initiation factors

/eIFZ
Met
GTP
i GTP

— initiator tRNA

small ribosomal
subunit with
initiator tRNA
bound to P site

AAAAAAAA ~
> q

o
-
elFdAE  5'cap

MRNA

Met additional

/ initiation factors
Y

AUG

'ATP INITIATOR tRNA

ATP MOVES ALONG

5) + JADP . ] RNA SEARCHING
Y

FOR FIRST AUG

Met
|

GTP

5' 3

AUG

29

p +[GDP

elF2 AND OTHER

~—

INITIATION FACTORS SR

DISSOCIATE

A

Y LARGE
RIBOSOMAL

Met SUBUNIT

5!

| BINDS

3!

AUG

dq

h /
AMINOACYL-

tRNA BINDS

Met aa (step 1)

E

5/ 3
AUG
FIRST PEPTIDE
BOND FORMS
(step 2)
y
Met N
aa
I
5/ Qe 3
AUG

etc.



Where to start protein synthesis?

e |[n bacteria, no cap but a specific ribosomal binding site (called the Shine-Dalgarno seguence)
e this sequence is recognised by the 16 rRNA, which positions the ribosomes properly to read the first AUG

e pacterial MRNAs are often polycistronic

ribosome-binding sites
5' 3/
P PP MRNA

AUG l AUG l AUG l

protein o protein 3 protein vy

30



Where to stop protein synthesis?

e [he end of the sequence is signalled by stop codons

(UAA, UAG or UGA)

e No tRNA and amino-acid but signal to the ribosome to stop

translation

e Binding of release factors

Asn
Met Trp

H,N’

E A

ACC
AUGAACUGGUAGCGAUCG

5 AR R 5

|

Asn _ BINDING OF

Met Trp RELEASE
e | FACTOR
H,N* TO THE

A SITE

ACC
AUGAACUGGUAGCGAUCG

5 R 5

TERMINATION

A

ACC
AUGAACUGGUAGCGAUCG

5 R LR 5

DISSOCIATION

pCE

AUGAACUGGUAGCGAUCG

5 LR 5



Proteins are made on polyribosomes (=polysomes)

messenger RNA

L ) (mRNA)
e o g/elF4G /
y ‘ . 1 5' ca
o 5 P
s | 70
\ elF4E / o
':.sz-""-. stop start ~
codon codon
poly-A-binding
protein
e000®
.@".’"u
"
!

growing £, o
polypeptide o
chain |

(A) (B)
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Bacterial synthesis as a target for antibiotics

tetracycline | (

¢‘ chloramphenicol
spectinomycin A .
X, *

\
-
-
[ 4
v
.
- ' -
‘
B '
0\ g
~ .

v . >
LJ/ erythromycin

-

. d hygromycin B
&Nt
"A)Y streptomycin

streptogramin B

small ribosomal subunit large ribosomal subunit
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Quality control mechanism

* Nonsense-mediated mMRNA decay eliminates defective mRNA before they move away from the nucleus

e active when an mRNA has a stop codon at the wrong location

start codon in-frame stop codons noyl stop codon
\AUG UAA/ \UGA UAA
N
pre-mRNA intron intron
I I
NORMAL SPLICING ABNORMAL SPLICING
AUG - UAA AUG UAA - UAA
e \ m— AAA e — AAA g
exon junction complexes (EJCs)
/nuclear pore NUCLEUS
— |
CYTOSOL Upf proteins
v
AUG UAA AUG UAA& UAA
® | I m— AAA 00 e | m— AAA,
—ribosome ribosome — . .
[ ] | iIf the ribosome reaches a stop codon
) 1 while EJCs are still bound
\J
MRNA SURVIVES, EFFICIENT TRANSLATION Upf TRIGGERS mRNA DEGRADATION
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Protein folding

e Polypeptide chain must reach its 3D structure 10 be active as a protein
e All iInformation needed is part of the sequence

e Hydrophobic core

e Conformation with lowest free energy

® [FOr some proteins, folding occurs as soon as the chain emerges from the ribosome

folding of protein
completed after
folding release from ribosome

C-terminal

folded domain
N-terminal
domain

growing
polypeptide
chain
N -
7 </ B

\

mMRNA ribosome

35

nascent polypeptide chain

folding and
cofactor binding
(noncovalent
interactions)

covalent modification
by glycosylation,
phosphorylation,
acetylation etc.

binding to other
protein subunits

mature functional protein



Molecular chaperones

e Some proteins require the help of molecular chaperones to properly fold and would otherwise aggregate
® Recognise incorrect folding by exposure of hydrophobic surfaces

e Called heat shock proteins (hsp)

e \Major families are hsp60 and hsp70 + associates

e Jse ATP to bind and release unfolded proteins

36



Hsp/0

® hsp70

@® machinery
oU 00

machinery
ADP ¢
(1)

hsp70

correctly folded
protein

incorrectly folded
protein

ribosome

e Acts early in the protein life

e Binding and release of the substrate

37



GroES cap

incorrectly or hydrophobic é
incompletely protein-binding
1 folded protein sites —\ \ s correctly

/\ protein

me B R\=/'

ADP + (P

hsp60-like

(A) protein complex

e Acts when the whole protein is synthesized

¢ |solation chamber for the folding process
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Quality control choices

protein
aggregate
correctly folded correctly folded incompletely
without help with help of a folded and
molecular digested by the
: : : chaperone proteasome
Increasing time .

39



Proteasome

e | arge protein complex
e Destroys aberrant proteins

e Present IN many copies in the cytosol and nucleus

40



Proteasome

e Central cylinder, with some proteins acting as proteases

e [arget proteins are unfolded as they move through the cap (made of unfoldases), exposing them to proteases

e Destruction mark is the covalent attachement of the small protein ubiquitin

e Also allows to ensure the short lifetime of certain normal proteins (e.g. cell cycle)

(A) % A target protein with (B) ubiquitin
==5 polyubiquitin chain
oo

target protein with
receptor

polyubiquitin chain

— \ % biquitin
Q “‘ ﬂ écllfcl;:ase
unfolorlfarfg zf‘) ‘::.' 937 Q»\\ / |
R V ) } l cap ?\

central active sites

cylinder >

—

: > =
(protease)

My

- o ®5

unfoldase
cap

ring
5' [
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Recap: from DNA to proteins

/introns\ exons
3 :I DNA
3 I I ]

l INITIATION OF TRANSCRIPTION

r
3

\ CAPPING,

ELONGATION
SPLICING

-
—

CLEAVAGE,
POLYADENYLATION,
AND TERMINATION

@/ AAA mMRNA
I

EXPORT poly-A tail

NUCLEUS

CYTOSOL

@ £ AAA mMRNA

W
TRNA DEGRADATION @ Y 4

 /

INITIATION OF PROTEIN SYNTHESIS (TRANSLATION)

¢r wmmm—/ /A

AND PROTEIN FOLDING
NH,
COOH
PROTEIN DEGRADATION

l COMPLETION OF PROTEIN SYNTHESIS

NH,
COOH
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Have a nice week off!



