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RNA POLYMERASES

| RNAPol | | 'RNAPol Il

Core subunits
(similar in all)

Common
subunits
(same in all)

+ 4 others

+ 2 others

RNAs: MRNA , most snRNAs

ribosomal RNA
35S precursor contains

18S, 5.8S and 25S rRNAs U112, U4atac), shoRNAs,

tRNA, 5S rRNA, U6
(U1, U2, U3, U4, U5, UM,

[RNA Pol Il

+ 5 others

Zbigniew Dominski, lectures 2008

snRNA, U6atac snRNA,
7SK RNA, 7SL RNA,

microRNAs, telomerase RNase P RNA,
Additional plant Polymerases RNA, ncRNAs RNase MRP RNA
[RNA Pol 1V| [RNAPol V|

siRNAs

Involved in transcriptional gene silencing

IncRNAs  (*)



Yeast Pol li Rpb10 Rpb12 _
Rpb3 |

* 12 subunits

- core by specific Rpb1-3 and 11

* Rpb5-6, 8, 10 and 12 - shared by Pol I-lll

- specific subcomplex Rpb4/7 not essential
- associated factors RAP74, RAP30 (TFIIF)

Mammalian Pol Il

Gnatt et al, Science, 2001

DNA
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Berneckyet al, 2016, Nature
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Pol Il (RNAPII) in the cell

Higher-order structure

P
DNA-binding factors r’\ Histone variants

CpG methylation

ATP-dependent Histone modifications

nucleosome remodeling
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Pol Il (RNAPII) in the cell
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Mediator
subunits
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B-catenin

Transcription
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NF4, ER, GR

ACT - trx activator
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Nuclear receptors:
GR, HNF4, PPARy

S Bjorklund and Gustafsson, 2005, TiBS; Danino et al. BBA, 2015



Pol Il (RNAPII) in the cell

Transcription factor wmsm Regulatory sequences
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LLPS, droplets

Liquid-liquid phase separation
Transcriptional condensates are formed
by phase-separation self-assembly driven
by IDR (Intrinsically Disordered Region)-
containing proteins (e.g. CTD in Pol II)

‘0-----0----' v
LLPS with
LCD-LCD

interactions

Initiation ~ RNA Elongation

CTD-driven phase separation

Activators recruit/nucleate Pol || hubs near
promoters. Initiation-coupled CTD
phosphorylation removes individual Pol |l
enzymes for transcription elongation.

Lesne et al.,2019 Genes
Boehning et al, 2018, Nat Struct Mol Biol



Pol Il C-terminal domain (CTD)

non-consensus CTD @
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consensus CTD
modifications

26 (yeast) - 52 (human) repeats

Goodrich and Kugel, Nat. Rev. Mol. Biol., 2006

Ko,

Cis/trans Cis/trans

Saunders et al, 2006, Nat.Rev.Mol.Cel.Biol

Pol Il
structure

Mobile CTD p-spiral
linker model
(90 amino acid

S
Meinhart and Cramer, 2004 Tyr1éerzPro3Thr4Ser5PrOGSer7



CTD CODE

« Transcription termination
» Specific genes induction

« Dissociation of GTFs
*» pre-mRNA 3’-end processing

A

* Promoter clearance
* pre-mRNA 5'-capping

A

» Early stages of transcription of snRNA/snoRNA

* Processing of snBNA
» CDK2 stimulation
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» Transcription elongation/termination
* RNAPII CTD stabilization
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« Induction of growth factor
response genes
» Early stages of transcription

» Degradation of Rpb1
« Transcription initiation

» Prevention of RNAPII | | « Scaffold for CTD-modifying
degradation and binding proteins

Srivastava and Ahn, Biotechnol Adv 2015



NASCENT TRANSCRIPTS

Nascent transcript = during formation, newly formed, still bound by polymerase

« nascent RNAs couple RNA processing with transcription elongation and chromatin
modification

« nascent RNAs modulate binding of proteins to regulatory elements (chromatin)

 regulatory effects of nascent transcripts can be enhanced by gene looping
 high concentrations of nascent RNAs can initiate formation of nuclear bodies

« sometimes the function is conferred by nascent transcription (activity) and not the

transcript itself
Turowski et al., Mol Cell, 2020



Li and Manley, Genes Dev, 2006

CO-TRANSCRIPTIONAL PROCESSES

Transcription

Transcription elongation franacuplaon

initiation termination
: 5’-capping packaging splicing i 3’-processing
: CE . cpP
Capping RNP Splicgosome : Cleavage&
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MRNA export
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POST-TRANSCRIPTIONAL PROCESSES

tRNA PROCESSING tRNA MODIFICATION &/

-5’ end by RNAse P
- 3’ end by tRNase Z or
- by exonuclease Rex1 and Rrp6
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by RNA modifying .
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tRNA CCA ADDITION p,y trNA nucleotidyl-

transferase

tRNA SPLICING

In the cytoplasm on the mitochondrial
membrane (YEAST!!)
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Hopper and Shaheen, TiBS,2008 iy
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GENE LOOPING
Pol Il (also Pol I)

Recrutment of PIC

PIC
Preinitiation

Complex T —

Terminator

Scaffold 1 Initiation of Transcription

transcription
factors

(TFIID, A, E, H) @ —

Reinitiation of Transcription 1

RNAP Il

CF1, CPF
Cleavage and
Polyadenylation
Complex

Ansari and Hampsay, GDev, 2005; El Kaderi et al., JBC, 2009

Loop formation requires interaction between factors at the promoter (THIIB)
and terminator (Rna15 from CF1) /in mammals: transcription factors, nuclear
receptors, insulators, chromatin remodellers, Polycomb, architectural proteins/

Loop function: facilitation of transcription reinitiation of Polll, but also
repression of gene expression (PcG, DNA methylation)



GENE LOOPING
via Mediator and enhancer RNAs (eRNAs)

Some eRNAs (e.g. LUNART near the IGF1R locus) mediate
chromosome looping between enhancers and nearby genes

via Mediator or MLL protein complexes Quinn and Chang, Nat Rev Genet 2015;
Lai and Shiekhattar, Curr Op Gene Dev 2014



R-LOOPs -

DNA::RNA hybrids formed during b
transcription before RNP packaging DNA tomplate

A Transcription associated R-loop formation

mRNA biogenesis
topo- mutant
P / mutant
hnRNP @4 Rna RNAP hnRNPi RNAP
B

RNAP roadblock

R-loops
- accumulate in RNP biogenesis mutants (tho, sen1, mRNA export)

- negative effects: polymerase stalling, termination defects, replication fork
stalling, DNA damage, genetic instability

- prevented by topoisomerases, helicase Sen1, THO complex, resolution
(cleavage) by RNase H

Aguilera and Garcia-Muse, Mol Cell, 2012



SPLICEOSOME

5 snRNAs: U1, U2, U4, U5, U6

Core Sm or LSM (U6) proteins 1.7 - 3 MDa
Specific snRNP proteins
Splicing factors

Complex A ‘@
o Exor@—@- 3' Exon Q ‘

tri-snRNP 35 S U5 snRNP
excised intron

Complex B 5 Exon]3"Exon
3 Exon MRNA Post-splicing
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=1
1St step

Complex C

Warf and Berglund, 2010, TiBS; Reddy, Ann.Rev.PlantBiol., 2007



SPLICEOSOME - &
Cryo- EM Leat
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Galej et al, Nature, 2016
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SPLICING: co-transcriptional process

E 1 E 2 .
—>L°" Intron = - spliceosome assembly (Ser5-P)
= - majority of splicing (up to 70-80%)
cap pliceosome
ore-mRNA . Munoz et al., TiBS, 2009

DNA wraps around
nucleosomes into
chromatin structures

Pol Pol
1l

4ddo W

(e
&
Complex A \
RNA Splicing occurs by step-wise binding of Complex 8 o\°§ ( <] o~
snRNPs and results in exon ligation and the &
g ComplexC Lariat

removal of the intron as a lariat
Wong et al., TiG, 2014



Co-trx vs post-trx splicing

Environmental/developmental

Nucsear re‘tevntm?npf PN signals Post-transcriptional splicing can release
containing transcripts Negative —L l Positive mRNAs into cytoplasm without new transcription

Splicing-related factors
(such as PRMT5, SKIP)

l

Splicing of pts intron

»
>

Nanopore-based profiling of chromatin-bound RNA

Incompletely spliced and polyadenylated transcripts are detected on chromatin
They are not released and exported to the cytoplasm and undergo post-
transcriptional splicing

Splicing of these introns is regulated in response to various environmental signals
It represents additional layer of stress-related gene expression reprogramming
Alternative introns are less efficiently spliced than constitutive introns

Alternative introns are more often removed post-transciptionally
Jiaet al., Nat Plants, 2020



CPA Cleavage and Polyadenylation

MRNA | | hcRNA — Cleavage and

polyadenylation
complex

Jacquier, Nat. Rev. Genet, 2009 Zhang et al, Mol Cell, 2019

yeast
CPF

CFIA
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Cleavage by CPSF-73 (human), Brr5/Ysh1 (yeast)

Millevoi and Vagner, NAR, 2008



CPA: mRNA 3’ end formation

transcription termination at mRNA genes

Recruitment of the

CPF-CF complex

Elongation
CPFCF . factors Di S fth All A T
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_ elongation complex
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polyadenylation - /

Poruua, Libri, Nat Rev Mol Cell Biol, 2015



POL Il TRANSCRIPTION TERMINATION

MRNA hybrid allosteric- torpedo model

ncRNA |CTD
Pp P
AL A -
/ \\‘\\~\
ol S -“5,p04 CP - Cleavage and
& polyadenylation complex
"F/J Ra:lnx'm (recruited at Ser2-P CTD)
- D’\/\_/\/AAUAA“""M.
Nrdl_Nab3_Sen Nrd1/Nab3/Sen1-dependent termination

ncRNA \complex TRAMP (recruited at Ser5-P)
mRNA \ * sn/snoRNAs

Exosome

* CUTs
* short mRNAs (< 600 nt)

<l kb

Lecture on transcription termination by Michat Koper

Luo and Bentley, Gene Dev, 2006

Jacquier, Nat. Rev. Genet 2009



RIBOSOME

3.3 MDa (yeast) — 4.3 MDa (humans)

‘Ribosome is a ribozyme

* No ribosomal protein with a peptidyl transferase (PT) activity
* Drugs (chloramphenicol) that inhibit PT bind to the 25S rRNA (PT loop)
* Mutations that provide resistance to these drugs map to the PT loop

* Nearly all (99%) of proteins can be stripped from the large subunit and
it still retains the PT activity

* Only RNA chains are close enough to the PT center (structure)

* Ribosomal proteins are important for ribosome stability and integrity,
but NOT for catalysis



TRANSLATION CYCLE

post-decoding:
post-dissociation (7%) classical PRE (8%)

Cryo-EM of dynamic
ribosomal processes
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Brown and Shao, Curr Op Struct Biol, 2018



Next lecture

RNA enzymes and complexes
RNA granules and subcellular structures

RNA decay



