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TBP-«@
. \OTFIID
TATA box

TFIIAQ\‘/ e direciona RNA pol TranSCI‘i(jéO pela
oo F{J\J/Q\F)][I

~ TFIF
helicase il

Formagao do complexo
Vo basal (ou de pre-inicio)

E: fosforila CTD ser5

H: heI|case/elongag;ao/reparo Fosforllagao (P) do dominio

carboxiterminal (CTD) da
RNAP

Escape do promotor e
sintese do RNA




(Genes eucarioticos sao interrompidos por introns

Genomic DNA

Exon1 Intron 1 Exon 2 Intron 2 Exon 3
—A B S C
| | |
| |
A-B B-C
mRNA
Exon 1 Exon 2 EXon 3
— A B C
| [} |
| |
A-B B-C

@ The Nobel Prize in Physiology or Medicine 1993
Richard J. Roberts, Phillip A. Sharp
The Nobel Prize in Physiok

logy or Medicine 1993

‘%

A

Nobel Prize Award Ceremony

Richard J. Roberts

 Ex ' :regides codificadoras

 Introns (intragenic regions)
» presentes no DNA, mas nao no mRNA

Richard J. Roberts Phillip A. Sharp

L] L] .
» removidos do RNA precursor (splicin e Nobel Prize i Physioogy of Medlcine 1968 was awarded oty fo Richard
Roberts and Phillip A. Sharp "for their discoveries of split genes"




Yo

/ \ Processamento do
Y \ RNA

DNAI—— :
I.
Transcrito ' Transorigdo
primario S' m— — —3'
do mANA §  dssoecare « Adicdo do 5°- CAP
CAP cauda de poli(A) L ~
P ————— « Splicing — remocao dos
| oo N | mtr.ons |
\ 235‘& @ 11 / - Adicao da cauda poli-A
Y (poliadenilacao)

’ Transporte para o citoplasma

\ ' Tradugéo /
\‘-— Proteina @ —

—rr




Trés eventos de processamento do RNA

* Adicdo do 5'CAP
» protecao contra nucleases
» sinalizacao
« Splicing
» remocao dos introns
» pode gerar mMRNAs maduros diferentes

* Adicao da cauda poli-A no 3°
» protecao contra nucleases
» sinalizacao

Ocorrem simultaneamente a transcricao




Enzimas envolvidas no
processamento do RNA
sao recrutadas pelo CTD

da RNAP Il

Diferentes estados de
fosforilacao do CTD

RNA polymerase
\

capping
factors

5' cap
N
'Q Rugoné L\ . s =t e

3’ end processing
proteins




Sintese do CAP

 Enzimas associadas ao CTD
fosforilado, durante pausa no inicio da

transcricao

* Adicao do CAP promove elongacao
do transcrito

Z(P)

Cap-
synthesizing

complex

(P)
OxQ,

Figure 26-13c¢
Lehninger Principles of Biochemistry, Fifth Edition

© 2008 W.H.Freeman and Company



CAP na extremidade
5°do mRNA

» Ligacao fosfodiéster 5>
5" de uma guanosina ao
pre-mRNA

»Metilacao na posicao 7

* Protege mRNA da
degradacao

» Sinal para a traducao

5’ end of
prlmary transcrlpt

HO OH

CH2 P-P-P- CH2
/ 5'-to-5’
N® triphosphate
I bridge

Figure 7-16b Essential Cell Biology 3/e (© Garland Science 2010)

CH;
| |
7-methylguanosine

5’ cap




Mecanismo de
adicao de 5'cap

3'-HO

3'-HO

7 methyl

3-HO

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Benjamin Cummings.




Genes eucarioticos sao interrompidos por introns
(Interrupting sequences)

promoter
region
o intron 1 2 3
enomic
e @ ) D S

exon 1 2 3 4

noncoding

ltranscription
region

5' leader
1 1 2 3 4 1
pre-mRNA Y — | I I w13

lsplicing

spliced MmRNA I 3’
o 1 2 3 4 X UTR: regio
3'UTR nao traduzida

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Benjamin Cummings.

5'UTR




Introns podem corresponder a maior
parte do gene

OW
< 7,700 bp S

< - : >
L 1 2 3 4 5 6 7
pNna I A B clibl = Hr G N
Transcription and
5’ capping Extra RNA
i L 1 2 3 4 5 6 7 }
rimary , ,
transcript 5 A Bl C[D b F G 3
Cap
Splicing, cleavage,
| and polyadenylation
Seven introns . Extra RNA

L123456 7

Mature
S RNA - AAA@),
1,872

nucleotides




exon 1 exon 2

- Exons codificam
l dominios proteicos e
5 E— foram misturados por
l recombinacao para

produzir Novos

domain 1 domain 2

l genes/proteinas ao
To e | longo da evolugao

dimerization

D1 D1 DNA binding

C

common
ancestor

W, F, H ) & P
— %C) ()Br [JcCh Dan <>sw12 ~  HMT

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Benjamin Cummings.




ieving”
T

7,700 bp

“A beautiful case of seeing is bel

™
=
g

AL
e

APLSE NI RIS R Sis
RS LA PO Y
ﬁ.‘ " f..\-tWt. ey b
3 - ‘o ’f\a)."-. iy, $3 s
Rador TR Sy Fo £
3 H N&af X J%rs_,uua.—.-‘..nh\p .—WW.’W‘?{ A
RPN e LI o p R SRR e
B thei S L X9 .....ma.u.ln..w”..mﬁ.z“« R LRI bt

(b)

(a)

ao do segmento de DNA do gene com mRNA maduro:

idizac

Hibr

Ha segmentos que nao hibridizam (nao anelam) — os introns!




Como os introns sao removidos do pre-mRNA?

* Dois mecanismos
» Spliceossomo — nucleo

» self-splicing — mitocondrias e cloroplastos
— (nao vamos tratar na disciplina)




O spliceossomo € uma magquina molecular

L O
" s
SR ey SN, U2-SF3b
»12 MDa T ,JQ’ A Ta &}

5 snRNP (small nuclear

Complexo maior que o ribossomo

ribonucleoproteins):

» U1, U2, U4, U5 e U6

» SNRNAs pareiam com pré-mRNA

fatores de splicing

Proteinas com funcdes em outras

Native spliceosome

etapas do processamento/transporte




Como os introns sao removidos do pre-
MRNA pelo mecanismo do spliceossomo?




As bordas e uma peqguena sequéncia no
interior do intron sao conservadas

5' exon intron 3' exon
T I |

! oooc A eeccooe XX !
5 BOeGulAGuU YNYURI/\Y Y11NC AG[cTE3

Y = pirimidina (U ou C)

* Acontecem duas reacoes de transesterificacao:

» quebra de ligacao fosfodiéster e religacao em outra
posicao



a pre-mRNA spliceosome

Spliceossomo

* Formado por cinco
ribonucleoproteinas pequenas
nucleares (SNRNP ou snurps)

» U1, U2, U4, US e UG

 Cada snurp e composta por
> 6-10 polipeptideos l
> 1 pequeno RNA nuclear (snRNA) ~ °He==

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Benjamin Cumming




5\ U2AFes (35
5'@ (B—?E = (3_3'

S pl |CeOSSOmO @ Proteina auxiliar de U2
- | o 5'@snRNP @_ﬁ_{(\ )
* Reconhece o sitio 5'de splicing * e
e o sitio de ramificagao . —
* Aproxima esses sitios no f -
momento correto

» Catalisa a quebra e ligagéo do r )
RNA -
—or—
» O sitio catalitico (U6+U2) se C?

forma durante o processo N




Como o spliceossomo reconhece
os sitios de splicing?

« Pareamento dos snRNAs com o pre-mRNA
» sitios de splicing
» sitio de ramificacao




Complementariedade entre RNAs das snRNPs e
sequéncias nos introns garantem a precisao do splicing

5' exon intron 3' exon
T | |

5N T|GURAGU eeceece YNYUR AY oo YisNCAG[cLI3

4

exon 1

5 MU GUAAGU 3




Sequéncia de eventos do splicing




1. Reconhecimento dos sitios 5’ por U1 e de
ramificacao por U2

5' P e
i

snRNP =
5'@ @ @_3,
&




snRNPs
U6

2. Complexo formado por
UG, U4 e US se liga ao intron

3. U6 reconhece a mesma
sequéncia que U1 e a
desloca do spliceossomo

I 3




4. Reorganizacao do
spliceossomo
» U4 se desliga

5. U6 e U2 se aproximam e
snRNAs interagem

» formacéo do sitio ativo para
transesterificacdo

6. Catalise mediada por RNA

S’ I

- ~oo»0c®0C




Mutacoes podem alterar sitios de
splicing e causar doencas geneticas

mRNA B-globina GUU GGU GGU GAG GCC CUG GGC AG GUUGG%J.....UUAG |G CUG CUG GUG
ntron

Val Gly Gly Glu Ala Leu Gly Arg Leu Leu Val
Val Gly Gly Cys Trp Ser
intron
mRNA Talassemia B* GUU GGAG | GUGAGGCCUGGGCAGGUUGGU............. UUAG |GC UGC UGG UGG

» Talassemia
»Gene da subunidade 3 da hemoglobina



Coordenacao do splicing

ﬁ/ﬁj com a transcricao

\CTD

| + Spliceossomo também interage
——= com CTD da RNA polimerase |l

N

* Aumenta especificidade do

@%ﬁ splicing com as extremidades
corretas
ool ‘i

'7//20/—} » Animacao:
http://www.dnalc.org/resources/3d/rna-splicing.html

Figure 26-17¢
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company



Processamento do mRNA

h M pré_m RNA

Exon Exon Exon

Splicing
Poliadenilacao

‘ AAAAAAAAA ...até 150-250 A
MRNA




Template Polll

DAL, e Adicao da cauda de poli-A

5' x

(poliadenilacao do RNA)

Sequéncia sinal para

N

poliadenilagao @ . _
Enayme * Acoplada com a terminacao da
= transcricao
5

Cauda poli-A afeta estabilidade

@ do mMRNA e inicio da traducao

endonuclease

N2 A

5’ —OH(3’)
O .o * A poli-A polimerase nao precisa
polyadenylate . ~ ’
polymerase N, pp de molde: cauda poli-A nao é
codificada no DNA
5' —AAA(A),—OH(3’)

Figure 26-18
Lehninger Principles of Biochemistry, Fifth Edition

© 2008 W.H.Freeman and Company




poly-A signal
sequence in Db\lA

Mecanismo de s
adicao da ‘
cauda poli-A

~ Sequéncia sinal para
poliadenilacao:

Clivagem do RNA \_ cs
9 - @ Cetr CstF: cleavage stimulating factor

' _cpsF
S'CAP ™= 3

Poli-A polimerase (PAP) B—

CPSF: cleavage and
polyadenylation specificity factor

y
_PAP

5'CAP gl 353
Proteina ligante de poliA (PAB) © —

\

5'CAP w0 e o PAB: mondmero de 70 kDa
adiionalpoy-a- - | ligado a cada 10-20 nt da
binding protein TN cauda de pOIl-A

5'CAP

Copyright © 2008 Pearson Educatio



O splicing e a poliadenilacao podem apresentar
variantes alternativas, dependendo do tipo cellular
e das condicoes




Um gene, um transcrito?

 Um gene - multiplas variantes de splicing e de
sitios de poliadenilacao!!

* > 90% dos genes de mamiferos tém splicing
alternativo

» Geracao de variantes ou isoformas de proteinas




Splicing Alternativo

—> Exon1 Exon 2 Exon 3 Exon 4 Exon 5
DNA RN <D DO PRI P DO RN <0 O DX DM D DD DO T
Exon 1 Exon 2 Exon 3 Exon 4 Exon 5

RNA

Proteina A Proteina B Proteina C

Gera combinacoes variaveis de éxons




Splicing Alternativo

o m
S'’HEEEEmS O I NN BN EEEE 3':|DNA
3’ B BN I I BN EE NN 5’
N A )

Transcricao, splicing,
5 cap, poliadenilacao

o o™ N SAANAA s Mésculo estriado
5’ “/\W\—y Musculo liso

5’ -/\-/\MWA/\—B’ Fibroblasto

5’ -/\-/\W\_3’ Fibroblasto

5’ -/\-/\MW\J\-/\—s' Cerebro

Isoformas de mMRNAs ou variantes de splicing

Depende de proteinas acessorias




Splicing Alternativo

Table 1 Comparative genomics of splicing levels in several well-studied metazoans®
Human® Mouse? Fly© Worm*
Genome size 3,300 MB 3,300 MB 165 MB 100 MB
Protein-coding genes 22,180 22,740 13,937 20,541
Multexonic genes (percentage with 24 21,144 (88%) 19,654 (63%) 11,767 (45%) 20,008 (25%)
isoforms)
Isoforms (average number per gene) 215,170 (3.4) 94,929 (2.4) 29,173 (1.9) 56,820 (1.2)
Average number of unique exons per 33(26) 22 (15) 75 8.6 (6)
gene(median)
Average number of unique introns per 28 (21) 19 (12) 8.7 (5) 7.2 (5)
multexonic gene (median)
Average exon length (median length) 320 bp (145 bp) 323 bp (141 bp) 494 bp (272 bp) 222 bp (157 bp)
Average intron length (median length) 7,563 bp (1,964 bp) | 6,063 bp (1,693 bp) | 2,068 bp (642 bp) 561 bp (354 bp)
Genes (all) 63,677 39,179 15,682 46,726
Isoforms (all) (average number per gene) 215,170 3.9 94,929 (2.4) 29,173 (1.9) 56,820 (1.2)

Annual Review of Biochemistry 84:291-323, 2015




Poliadenilacao alternativa
também pode originar
MRNAs diferentes

Sitios alternativos
de poliadenilacao

|

Proteinas diferentes

Poly(A) sites

A, A,
DNA ¥y v
Primal:y A1¢ A,
transcript
V27
Cap
cleavage and cleavage and
polyadenylation | polyadenylation
atA, atA,

V- aaam, W

—AAA(A),

Mature mRNA

Figure 26-20a
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company



Processamento (poli-A) alternativo

Poly(A) site Poly(A) site

Exon Intron Calcitonin CGRP
Primary 3
transcript B
cleavage and cleavage and
polyadenylation polyadenylation
Thyroid

2" 3 4
ZA__EH -AAAR),

lsplicing

ARA(A), Neuronios

AAA(A), Mature mRNA

Ti re 6 i d e Mature mRNA

translation translation
: v v , .
Calcitc ~—”’ ~—r” Peptideo relacionado ao
Hormonio que Prozease Prozsase gene da calcitonina
- action action
concentracao ) v (CGRP)
=
sangue Calcitonin CGRP « vasodilatador
o i 3 Figure26-21 === c =

Inlbe a agao Lehninger Principles of Biochemistry, Fifth Edition ° Papel n a tran Sml Ssao da

© 2008 W.H.Freeman and Company

dos osteoclastos dor



Alternative exon
* L TTT-AnAA),
DODCi\\/DO[I S [ER-Aaas,
Alternative 5’ splice sites
*
I
KICEOKN —<
Alternative 3’ splice sites
*
I [-AAA),
DODCEODOD S ER-Aaas,
Intron retention
" I
KR AN —<
Mutually exclusive alternative exon
: DET-aam),
KIEBKN —< pig-ma,
Alternative promoter and first exon
* b1 [FAAAA),
IM — B [-RAAR),
Alternative poly(A) site and terminal exon
* *
I AAAR),
WM ( I I_AAA(A)n
Figure 26-22

Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company

[-AAA),

B [-aaam,

[FAAA(A),

[FAAAA),

Multiplas alternativas
para processamento!

* Regulacao tecido-
especifica
» Diversidade estrutural

» Proteinas diferentes com
funcdes diversas

» Altera propriedade dos
MRNASs
» Abundancia
» degradacao



Slides extras




“RNA
ymerase |

/

capping
enzyme components of polyadenylation
splicing machinery and cleavage
factors
b phosphorylation stage of RNA processing
state of CTD tail transcription factors recruited

N —’ C reinitiation T
L P
1 2 3 4 5 6 7

N—' C romoter escape cappin

v S P T s P ¥ 3 PPINg
1 2 3 4 5 6 7

N c——/ o C elongation splicing

Y S PTS P S
1 2 3 4 5 6 7

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Benjamin Cummings.

CTD = dominio carboxiterminal da subunidade Rpb1 da RNAPII




5' site 3’ site
GU UACUAAC AG Sitios conservados nos introns

Pygo N Pygg Pyg; Pusg APygg

Animal consensus e Jun (;693 GU-AG

Cut at 5’ site and form lariat by 5’2’ bond connecting (~98% dQS intronS em h u manOS)
the intron 5'-G to the 2’ of A at the branch site

)
@

U

G
YR C 3+ Regiao interna UACUAAC

UACUAAC AG

» Sitio de ramificacao

Cut at 3’ site and join exons; intron released as lariat

Q_ — bases envolvidas na formacao do laco
UACUAAC AG
" 1 - » Sitios de ligagcao dos snRNAs dos

spliceossomos, por complementaridade
de sequéncia

Debranch intron

5" GU

—

UACUAAC AG 3’



intron

5’ exon sequezr’me 3’ exon
sequence o o:_‘_\_ A sequence
laco
OH A

Reacoes de
transesterificacao

» Ligacdes fosfodiester sao desfeitas
e refeitas em outra posicao

 Removem intron e ligam as pontas
dos exons



iy excised intron :
5’ exon \ sequc;r,\ce 3’ exon XCI 1 i
sequence Y sequence sequen.ce in form __II
of a lariat

| HOZA,
o~ "\l 5

5’ end of intron L|gaQaO 2 ’ 5
/sequence entre A e G
o

3’ end of intron
sequence

*Molecular Biology of the Cell (© Garland Science 2008)




A G 3 Montagem do

5" (GU|
fp U enine spliceossomo -1
A4 - U2 snRNP
wor +pif  Regides de transesterificagéo
5" /?—%}@ J ficam proximas
” :r U4/U6 + U5 e |ntera c;é")es
. » RNA-RNA
i g » Proteina-RNA

» Proteina-proteina

 Requer ATP para mudancas
Active . . ~
splicacioins conformacionais, mas nao
—— para catalise

5'

U6 U2

Figure 26-17b part 1
Lehninger Principles of Biochemistry, Fifth Edition

© 2008 W.H.Freeman and Company




Montagem do
Active spliceossomo -2

spliceosome

5'——6U A~ g3’

ve 12 » Primeira reacdo de
I . ~
f:lr:\tatlon transesterificacao
O »Formacao do laco
CSnt
>’ _ AG—3' » Segunda
v transesterificacao
A . ~ .
U6 5 IAG » liberagao do intron
Intron release » ligacao dos exons

5' 3!
Figure 26-17b part 2
Lehninger Principles of Biochemistry, Fifth Edition

© 2008 W.H.Freeman and Company




nuclear pore
complex

“export-ready”

RNA as it emerges RNA
from RNA
polymerase r T o

chror’natm TRANSCRIPTION —> NUCLEUS CYTOPLASM

Complexos proteicos nos poros nucleares reconhecem mRNAs

scorretamente processados (e associados a proteinas). Esta € uma etapa
de “controle de qualidade”. mRNAs que nao foram processados
corretamente e nunca chegam ao citoplasma

*Figure 6-39a Molecular Biology of the Cell (© Garland Science 2008)



5'Splice site 3'Splice sites Poly(A) site

Splicing alternativo pode

. . DNA
originar mRNAs NN
diferentes Primary i
transcript
I D\
yyn : Cap cleavage and
Sitios alternativos lpolyadenylation
de splicing i e Ara),

l splicing

Proteinas diferentes

N
TR ges-AAa ), HTEEES-ARAA),

Mature mRNA

Figure 26-20b
Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company
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eIntrons tem tamanho muito variavel

- % introns

20
15
10

20
15
10

5
20

15
10
5

1 5§ 10

15 20  25/~30

eTamanho do intron em kpb Vﬁ

eExons tem tipicamente 100-200 pb

SN WE OO aNWEOD AN @A O

Y% exons

eLevedur

100 300 500 700

eTamanho do exon em nucleotideos




‘Numero de genes codificadores de proteinas

P [N o R

O

AN

: ~~
17 S

< ( ©
-

B S~~~
o

g sl _ S
- § AN
; \ E
:
o
>
‘ E. coli 87
9

)

()

=

Pos o & 8
’Jﬁ; Influenza %
=
o

=

<

[ )

*Splicing alternativo seria a solugcao para
explicar



*Alguns fatos...

» Tecido nervoso € caracterizado pela
maior diversidade de eventos de AS
(splicing alternativo)

* AS contribui para caracteristicas
especificas da funcao do cerebro humano

* AS esta associado com diversas doencas
genéticas hereditarias




