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Fidelity in protein synthesis

DNA replication and transcription are based on complementarity and correctly
matched base-pairing.

During translation, each tRNA is covalently bound to an amino acid in
order to be accomodated in the ribosomal A-site due to
correspondence of codon (on mRNA), anticodon (on tRNA), and

amino acid.

Three strategies ensure a balance between velocity (3-5 aa/sec)
and accuracy (error rate ~104):

1. Editing (tRNA/amino acid) --------------------mrmmmmeees Aa-tRNA synthetase

2. Kinetic proofreading (codon/anticodon)--—, -,
----- ibosome

3. Induced fit (codon/anticodon) -------------------- =




Kinetic proofreading

Accommodation/
Initial Codon GTPase activation peptidyl transfer o -
- binding ___ recognition GTP hydrolysis Ks + Kpgp “ 3
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Initial Selection

Proofreading
tRNA Cognate Near-cognate Non-cognate
anticodon
stem-loop
(ASL)

AAG GAG AAG
mRBNA 111 ol

codon — SUUU® — YUY — 5AAAY —



Kinetic proofreading

Non-cognate
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Cognate
aa-tRNA
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Translational reprogrammed genetic decoding
(RECODING) during protein synthesis

Recoding: regulatory mechanisms of protein expression that include several
non-canonical events, opposite to the DNA — RNA — Protein central dogma of biology

Recoding was found to be associated to elongation and termination phases:

Elongation phase  * +1 Frameshifting
-1 Frameshifting

« Ribosome hopping

Termination phase « Stop codon Readthrough
(frequency: 104)

Cobucci-Ponzano et al., Molecular Microbiology, 2005



Translational reprogrammed genetic decoding
(RECODING) during protein synthesis

Recoding: regulatory mechanisms of protein expression that include several
non-canonical events, opposite to the DNA — RNA — Protein central dogma of biology

2 D Elongation phase
! - . -
S— ] B Ribosomes switch to an alternative
(-1) Programmed frameshilting fl‘ame (:l: 1) at a SpeCifiC Shlft Site
[ . >
=)
N Ribosomes suspend translation
[ "LJ" hﬂ Ribosome hopping gt @ certain site and then

resume translation downstream

Cobucci-Ponzano et al., Molecular Microbiology, 2005



Pepltidyl-tRMNA
cleavage

Translation termination

In-frame stop codon (UAG, UGA, UAA)
enters the ribosome A-site

Recongition of the stop codon by

release factor eRF1

\ eRF1
--ﬂ\,_f“'« srﬁf‘

Molecular ¢ @

- - __44: — v /
mimicry and hg
competition

(Robertus et al., Nature, 1974) (Song et al., Cell, 1974)

Hydrolysis of the P-site-bound peptidyl-tRNA
and release of the nascent polypeptide




Translation termination

In-frame stop codon (UAG, UGA, UAA)
enters the ribosome A-site

- Recongition of the stop codon by
l/ eRF1 + eRF3.GTP release factor eRF1

|

Molecular
mimicry and
competition

Termination phase

H'Iil]l'

> Stop codon readthrough Translation is continued
beyond the stop codon




Translational READTHROUGH

A regulatory mechanism of gene expression, extensively used by ssRNA
viruses, which provides the differential production of more than one
polypeptide from a single mRNA

65 4903 _ STIIZ

4017 57107 6189

AUG AUG UAA UAAAUG UGA
—A AR BA [ -
126 KDa _
p 126 (methyltransferase, helicase)
..................................................... -~

p 183 (replicase)

—
p 30 (movement)

_....._'..
p 17.5 (cp)

Beier and Grimm, Nucleic Acids Res (2001)



Translational READTHROUGH

A regulatory mechanism of gene expression, extensively used by ssRNA
viruses, which provides the differential production of more than one
polypeptide from a single mRNA

69 4»9:33 , STIIZ
1
! T ! T
3417 4917 5107 6189
AUG UAG AUG UAA UAAAUG UGA
—A & AS §A .
\/
126 KDa _
p 126 (methyltransferase, helicase)
"""""""""""""" p183 (replicasey 0™
-
183 KDa p 30 (movement)
—_—l
p 17.5 (cp)

Beier and Grimm, Nucleic Acids Res (2001)



Termination codons can be “Leaky” stop signals

Virus Cenus "Leaky" Readihrough product/
termination function
Enterobacteria phage Qp Alldlevivirus Coal protein extension;
assemby
Murnne leukemia virus (Mul V) Gammaretrovrus Reverse Transcriptase
Sindbis virus (SIN) Alphavirus Replicase
T omato Dushy stunt winis (T B3WV) Tombuswinus Feplicase
Camation mottie virus (CarbAv) Carmovinis Replicase
Tobacco necrosis virus (T MY Meoromirus Replicase
Maize Chiorctic moitle virus (MCMY) Machlomovirus Replicase
Barley yellow cwarf wirus (EYDV) Luteovirus Cost protein extension:
aphid transmission
Potato leafroll virus (PLRV) Polerovirus uAG Coet protein extension;
apnid transmission
Pea enalicn mosaic virus (PEMVY) Enamovirus
RhA-A [§T=TY Cost protein extension;
- aphid lransmission
ﬁ Tobacco mosaic virus (TMV) Tobamovirus uaG Regplicase
Tobacco rattle virus (TR Tobravirus
RNA-1 uGA Replicase
FPeanut clump virus (FCV) Fecluvirus
RMA-1 uGa, Replicase
Soil-borne wheat mos aic virus (SBWMW) Furovirus
RMNA-1 E Replicase
RMNA-Z Coat protein extension;
fungus transmiseion
Potato mop-top virus (PAMTV) Pomowirus
RMA-T Replicase
RMA-3 Coat protein extension
Beet soil-bome virus (ESBY) Pomovirus
RMNA-1 M Replicase
RMA-Z ; Coat protein extension
Broad bean necrosis virus (BBNWY) Pormowirus
RNA-2 UAA Coat protein extension
Beel necrotic yellow velin virus (BNYWW) Benyvirus -
RMA-2 UAG Coat protein extension;
o fungus transmission
Turnip yellow mosaic virus (TYMY) Tymovirus UAG Replicase sxiension 7

Beier and Grimm, Nucleic Acids Res (2001)



Ribosome Decoding Site

Region located within the A-site in the ribosomal small subunit

The Decoding Site contains two adenine nucleotides (A1492 and A1493)
that monitor codon/anticodon base pairing

Structure of the
308 particle
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C
T (1410) A —

0OC®O
Il o [l [l
QC O
OCOO

Il e Il Il

QcCc o

(1410)

A site

Prokaryotic 16S Eukaryotic 18S
cytoplasmic



The decoding site switches to a “closed” conformation
when the correct (cognate) aa-tRNA enters the A-site

“open” conformation “closed” conformation

. ~ !1
‘\c1054 (Helix 34) Qf ASL \ -

G530 (Helix 18)

When the codon and a tRNA-ASL bind in the A-site, A1492 and A1493 flip out
to monitor the codon-anticodon interaction

Ogle et al., Science (2001)



RNA (2000), 6:1044—1055. Cambridge University Press. Printed in the USA.
Copyright @ 2000 RNA Society.

Aminoglycoside antibiotics mediate
context-dependent suppression of termination
codons in a mammalian translation system

MARINA MANUVAKHOVA,"* KIM KEELING,? and DAVID M. BEDWELL"2

Experimental model: synthetic constructs bearing different termination
signals are translated /n-vitro in the presence of [3°S]-Met/Cys and
the resulting [3°S]-labeled polypeptides are analyzed by SDS-PAGE

Size of 35kDa
Translation :
Product 25 kDa
Z
Construct
TGA N
TAG N
TAA N

ATG CAC GGA TCC|CAM CAA NAT | GCA AGC TTC GAT CCC
H G s Q Q A s F D P

=N
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Readthrough is influenced by the sequence context

The termination signal is recognized as
an extended tetranucleotide
comprised of the stop codon and the
first nucleotide that follows



35 kDa 4
25 kDa | ==

Readthrough (%)

Readthrough is influenced by the sequence context
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%0 Readthrough:
25 KDa product

(25 kDa + 35 kDa)

UAGA
UAGC
UAGG
UAGU
UAAA
UAAC

x 100

UAAG
UAAU

The termination signal is recognized as
an extended tetranucleotide
comprised of the stop codon and the
first nucleotide that follows



35 kDa - RS ond BRI
25 KD | “

Readthrough (%)

Readthrough is influenced by the sequence context

%0 Readthrough:

25 KDa product
x 100

(25 kDa + 35 kDa)

—

alla

LUAAA

UAAC
UAAG
UAAU

The termination signal is recognized as
an extended tetranucleotide
comprised of the stop codon and the
first nucleotide that follows

Basal Readthrough:

| UGA-C  3-4% Min t(?r_mination
efficiency

UAG-U 1.6% Intermediate efficiency

UAA(N) ~0.5%



35 kDa - RS ond BRI
25 KD | “

Readthrough (%)

Readthrough is influenced by the sequence context

%0 Readthrough:

25 KDa product
x 100

(25 kDa + 35 kDa)

e

alla

LUAAA

UAAC
UAAG
UAAU

The termination signal is recognized as
an extended tetranucleotide
comprised of the stop codon and the
first nucleotide that follows

Basal Readthrough:

| UGA-C  3-4% Min t(?r_mination
efficiency

UAG-U 1.6% Intermediate efficiency

UAA(N) ~0.5%

Termination efficiency

|UAA > UAG = UGA |

—

READTHROUGH




The occurrence of a basal readthrough prepares the
ground for the use of molecules that are able to decrease
the efficiency of translation termination, thus increasing
the efficiency of readthrough itself

tRNA Near-cognate
anticodon
stem-loop
(ASL)
G
mRNA |11 ol
5 3’ ' 3’

codon — “UUU? — — UUU? —



Aminoglycosides
A group of molecules belonging to the class of antibiotics

Aminoglycosides bind the decoding site within the A-site in the
ribosomal small subunit

o Mechanism of action

HO. = 6" Stabilization of the decoding site (A1492 and A1493) in a
OH  conformation similar to that induced by the incorporation
HoN 17 © NH., of a cognate tRNA (loss of proofreading capacity)

O f} i They alter the capacity of ribosome to
Hﬂrl‘jq i discriminate between cognate and near-cognate
E aa-tRNA, thus leading to mis-incorporation of

amino acids instead of binding release factors

Geneticin (G418)

near-cognate tRNA X cognate tRNA

/)



Aminoglycosides bind the decoding site and reduce ribosome fidelity

Normal

- tRNA

- mRNA

Decoding site

Ogle et al., Science (2001)



Aminoglycosides bind the decoding site and reduce ribosome fidelity

Normal Aminoglycoside- bound
- tRNA
- MRNA
Aminoglycoside-bound
+ tRNA Decoding site
+ mMRNA

Decoding site

Ogle et al., Science (2001)



Aminoglycosides bind the decoding site and reduce ribosome fidelity

Normal Aminoglycoside- bound
.3 B

C1054 ".
- tRNA \ N

G530
- MRNA
+ tRNA
+ mMRNA

near-cognate tRNA = cognate tRNA

Ogle et al., Science (2002)



Treatment with aminoglycosides (G418) enhances readthrough

The context and/or stop codon with the highest basal readthrough (UGAC or UGA in
general) display the most efficient G418-induced readthrough.

A basal B /basal C
/ 4 iy
Fkha] - - - - Pl cmm —- = - 35 kD -
. - \
Vi aassesSesape 25 KDz | s o A = a0 = - 25 010 . s
= o s T T I T T ; O MWD e 29w D ) i = . = = _
pml S2 5324224320 ppml 3 2532532538 23 pml 3 S33253S 452 4
UGAA UGAC UGAG UGAU UAGA UAGC UAGG UAGU UAAA UAAC UAAG  UAAU
e 4 FIE
T::u 40 - Eﬁ 401 ‘;;_ 40+
E £ E
of = 3
= = = 2
0 04 0
= oW ool : ! ; = ™ oin TR R . S oMo NN D Wi o :
il 324524324320 wgml 2 -4 2Z25Z20EZC 4 bgml 2 2424324224

UGAA UGAC UGAG  UGAU UAGA UAGC UAGG UAGU UAAA UAAC UAAG UaAU




Treatment with aminoglycosides (G418) enhances readthrough

The context and/or stop codon with the highest basal readthrough (UGAC or UGA in
general) are those with the most efficient G418-induced readthrough.

A Basal: C
33 kDa- el | — - - — - Sk &
BIEEE AT BT T T | UGAC 3'40/0 :;m1.-,-------..
peml S2 S SJ)IE 243 24 VS pml | 5 S5S2 G552 8523
UGAA | UGAC JUGAG T1)GAU TAA JAS I AAU
I UGAL UAA(N) ~ 0’50/0 UAAA UAAC UAAG  UAAL
604 &0
= 404 ERR
: v :
E G418-induced: E
e e
20+ 20
UGAC 63%
VS
0 0
el 32 SIS GS T 522G UAA(N) 6-18% pml| 2 2082282203227
UGAA |UGAC JUGAG UGAU UAAA UAAC UAAG UAAU




Parte II Metodologie Sperimental



The readthrough process

ATG TGA

[‘ Promoter

f

‘ Transcription
AUG UAA
UGA
s | (A)
Translation

NoDrue + Drug o 0 (Ammoglycosndes)

&
GA

Short peptides




The coagulation cascade

"“Tissue Damage”

Tissue Factor

CONTACT FACTGA PATHMAY
(intriadle Patdrvayh

Protein G Inhibitor %‘ @ la_

5

/ Antithrombin / [
&

«{Heparin Cofactor Il /

o Fibrin Monomer

fesineetiner
e——— % e

Y i ot J

\



Workflow

1. Creation of expression vector(s)

2. Expression studies in eukaryotic cells
- treatment of cells with readthrough-inducing drug

3. Analysis of protein isoforms

4. Evaluation of (pro-coagulant) activity



Workflow

1. Creation of expression vector(s)



1. Creation of expression vectors - Site-directed mutagenesis

| 415 aa (55 kDa) |
| |
Factor IX cDNA @A
1 I
| FIX
MV promoter
(e
cmMv nega’
— neo’/ampr EIX |

Nonsense mutation inserted: CGA - TGA
+ C-A-G-T (4*" nucleotide)



1. Creation of expression vectors

Mismatch prinmer

CHZ CH3

template
veshor

3

e e
CH3
CH2 mutagenesis
primer annealing
CH3
{H3

mUtagenesis
primer elongation

Cy

- Site-directed mutagenesis

CGA > TGA

| Factor IXcDNA [————————

CH3



Workflow

2. Expression studies in eukaryotic cells
- treatment of cells with readthrough-inducing drug



2. Expression studies in eukaryotic cells - Transfection

Human Embryonic Kidney (HEK) cells

Lipofection

Cationic Lipid
Transfectinn Reag ent

DHA-Eatmnlc lipid
complex farmation

Interaction of the complex with
the mammalian cell line

Expression following
successful transfection

Lipid

DNA displacement and release

(4)




2. Expression studies in eukaryotic cells - ELISA

=

[ - G418
Bl + G418

2

Protein levels (ng/ml)

fad
il




2. Expression studies in eukaryotic cells - ELISA

g Praduct
htrate

4

Enzyma

1250 250 4
| T _
E 1000- E 200- [ - G418
- -
2 2 B + G413
» T150- % 150
r r
] -]
@ 2
= 500 = 100 -
2 - 2 -
2 2504 2 504
o o ﬂ
iRl LTl - -

& TGA-C TGA-A TGA-G TGA-T



Workflow

3. Analysis of protein isoforms



3. Analysis of protein isoforms — Western blotting

4t nucleotide C A G T
G418 -+ -+ -+ -+
Full-length FIX s [ ) j; - Z - = - 62
(55 kDa) ol - gg ::

28
17




3. Analysis of protein isoforms — Western blotting

4t nucleotide C A G T
G418 -+ -+ -+ -+
1 62 1 1
Full-length FIX m - i; | - 25 | —— °2 g |
i i 49 ! 49
(55 kDa) f 38 g 38 | 38 | :
28 ! = ' *
17
O - G418
mm + G418

_________________________________________________________________________________



3. Analysis of protein isoforms — Sequence context effect

° 4th nucleotide C A G T
G418 = & = 4 = % 5 &

62 62 62
Full-length FIX = — . &E
(55 kDa) 9 -l 49 a9

17

a UGA

4* pucleotide G ﬁ C

30 1 - G418 30 -
= ] +G418 =
E 25- E 25- T
2 2
~= 20 ~= 20
o o
4] 4]
E 154 T E 154
£ 104 £ 104
3 3
2 5 2 5
o o
u T T u T T
TGA-G TGA-C



3. Analysis of protein isoforms — Sequence context effect

° 4th nucleotide C A G T
G418 = & = 4 = % 5 &

62 62 62
Full-length FIX = — . &E
(55 kDa) 9 -l 49 a9

17

a UGA

4™ nucleotide G ﬁ C

G418 - + _ 7
62 62
o o
49 49
38 38
30 4 30 -
o 1 - G418 o
E 254 ] +G418  E 25 T
{=)] {=)]
£ 20 £ 20
o o
E 15- - E 15-
£ 104 £ 104
3 3
2 5 2 5
o o
01— : oLl :
TGA-G TGA-C



Workflow

4. Evaluation of (pro-coagulant) activity



4. Evaluation of (pro-coagulant) activity

aPTT 1
2 /mdium

L | N (FFIX)

Coagulation
Activator

+Ca? IXa + Villa FIX-depleted
l plasma

Phospholipid

lla




4. Evaluation of (pro-coagulant) activity

aPTT

2

f’

Coagulation
Activator
+ ca 2+

1

—

IXa + Vllla

|

Phospholipid

lla

Misurazione

(sec) W

Medium
(rFIX)

FIX-depleted
plasma

@

Time to clot formation (sec)

—

]

(=]
]

100+

==
(=]

Standard curve with rFIX-wt

50 100 150 200 250
ng/mL rFIX-wt



Time to clot formation (sec)

4. Evaluation of (pro-coagulant) activity

aPTT

2

/

Coagulation
Activator
g Ca2+

1
Medium

I \/—:FIX)

plasma

U

—
=9
(=)

—

o

L= ]
1

=]
(=]

TGA-A -G418
TGA-A +G418
TGA-C -G418
TGA-C +G418

® O 49

50 100 150 200 250

ng/mL rFD{-wt

Standard curve with rFIX-wt

—

]

(=]
]

100+

Time to clot formation (sec)
(== w
i it

==
(=]

50 100 150 200 250
ng/mL rFIX-wt

Despite TGA-C displayed the
most effiecient readthrough,
the increase in activity after

treatment is low....
Why??



Factor IX cDNA

Creation of
vectors

In-vitro ~

. E
expression E
£

g

2

s

g

I

Summary

Bl I

TGA-C TGA-A TGA-G TGA-T

4t nucleotide C A G
G418 -+ - & - 4
Full-length FIX — | - j; - Z -
(55 kDa) = - %

28
17

Evaluation of protein
levels and isoforms

49
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Time to clot formation (sec)
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TGA-A -G418
TGA-A +G418
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TGA-C +G418
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0 50 100 150 200 250

ng/mL rFIX-wt

Evaluation of activity



