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RNA PROCESSING and DECAY machinery: RNases

Protein Function

Characteristics

Exonucleases 5’ 3.3’

Xrnl cytoplasmic, mRNA degradation
Ratl
Rrp17/hNol12

Exosome 35’ multisubunit exo/endo complex

nuclear, pre-rRNA processing

Rrp44/Dis3 catalytic subunit

Rrp4, Rrp40 pre-rRNA, sn/snoRNA processing, mRNA degradation
Rrp41-43, 45-46 participates in NMD, ARE-dependent, non-stop decay
Mtr3, Ski4

Mtr4 nuclear helicase cofactor

Rrp6 (Rrp47) nuclear exonuclease ( Rrp6 BP, cofactor)

Ski2,3,7,8 cytoplasmic exosome cofactors. SKI complex

Other 3’—=>5’

Rex1-4 3’-5’ exonucleases, rRNA, snoRNA, tRNA processing
DXO 3’-5’ exonuclease in addition to decapping

MLEXO 3’5’  mitochondrial degradosome RNA degradation in yeast
Suv3/ Dssl helicase/ 3’-5’ exonuclease

Deadenylation

Ccr4/NOT/Pop2 major deadenylase complex (Ccr, Caf, Pop, Not proteins)
Pan2p/Pan3 additional deadenylases (poliA tail length)

PARN mammalian deadenylase

Endonucleases

RNase llI

-Rntl pre-rRNA, sn/snoRNA processing, mRNA degradation
-Dicer, Drosha siRNA/miRNA biogenesis, functions in RNAI

Ago?2 Slicer MRNA cleavage in RNAI

SMG6 MRNA cleavage in NMD

RNase P 5’ tRNA end processing

RNase MRP pre-rRNA processing

RNase L rRNA degradation in apoptosis

ELAC2/Trz1 3’ tRNA endonuclease

Utp24 Nobl Lasl pre-rRNA processing at sites AO, D and C2

processsive

nuclear, pre-rRNA, sn/snoRNA, pre-mRNA processing and degradation

subunits organized as in bacterial PNPase
Exo/PIN domains, processsive

DEAD box
RNAse D homolog, processsive
helicase, GTPase

RNase D homolog

DExH box/ RNase Il homolog

Ccr4- Mg?* dependent endonuclease
RNase D homolog, poly(A) specific nuclease
RNase D homolog, poly(A) specific nuclease

dsRNA specific
PAZ, RNA BD, RNase Il domains

PIN domain

RNP complex

RNP complex, similar to RNase P
oligo 2-5A dependent (ppp(A2’p),A)
PDE motif and Zn2*-binding motif



Eukaryotic auxiliary factors

Protein Function / Characteristics

5'—-3’ decay: decapping

Dcpl/Dcp2 Dcp2- pyrophosphatase catalytic activity, Nudix domain, Dcpl- protein binding
Hedls/Ge-1/Edc4 decapping cofactor, WD40 domain

Edc1,2,3 decapping enhancers, stimulate cap binding/catalysis, Edcl1-2 (yeast), Edc3 (all eykaryotes)
Dhhl DexD/H ATPase, decapping activator by translation repression

Lsm1l-7 decapping activator, heptameric complex, binds mRNA 3’ end-U rich tracts

Patl decapping activator by translation repressio

DXO pyrophoshohydrolase, 5’ decapping endonuclease, deNADding, 5’0OH hydrolase

TRAMP complex: nuclear RNA surveillance, polyadenylation-dependent degradation

Trf4/Trf5 nuclear alternative poly(A) polymerases
Mtr4 DEAD box helicase
Airl/Air2 RNA binding proteins, also nuclear exosome cofactor

Nrd1-Nab3-Senl complex: Polll termination of small RNAs, TRAMP-depdendent degradation
Nrdl Pol Il C-terminal domain (CTD) binding, RNA binding

Nab3 RNA binding

Senl RNA helicase




Core—

'EXOSOME: 3’5’ decay machinery

Route 2

Central
channel

RNA degradation

Dis3 PN |- cso1_[cspz
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« 3’ = 5’ exol/endo nuclease complex;
* 10 core components (RNA BP)

« catalytically active exo hydrolytic Dis3/Rrp44 (RNase II)

* PIN domain with endo activity

* nuclear cofactors- RNA BP Rrp47, nuclease Rrp6 (RNase D), RNA helicase Mtr4

 cytoplasmic cofactors- Ski2-3-8 complex (RNA helicase Ski2), GTPase Ski7
* subtrates- processing and/or degradation of almost all RNAs

Lecture on the exosome by Rafat Tomecki

Dziembowski et al, Mol.Cell, 2008; Nature, 200&Kilchert et al, Nat Rev Mol Cell biol, 2016



EXOSOME: 3’5’ decay: FUNCTION

NUCLEAR: Rrp6 and core components have partly separate functions
-3’ end processing of 5.8S rRNA, sn/snoRNAs, tRNAs, SRP RNA

» degradation of pre-mRNAs, tRNAS, sn/snoRNAs

» degradation of other ncRNAs: CUTs, PROMPTS

CYTOPLASMIC:
« generic mMRNA decay
 specialised mMRNA decay pathways: NMD, NSD, NO-GO decay, ARE-

dependent decay mRMNA turnover .\

nqﬂmﬂwn.ﬁ.ﬁhﬁm.ﬂ.hﬁ
pre-mAN A pra-snRM ASEncRM A p-rla “IRHA
gy —-—Eh
|'5D]El1l ! ip .I. sF l
H'“'-. —. D_ !53
Clemsag e ‘x .-__ u'ﬂ . :—:Hﬂﬂmhtlnn
w

*Pﬁmm\\\
rm#“‘ ".% Ex0 50 ma
Hul:lu:tﬁf’ —i

s NASaRNA ‘:-‘-“5

3 =nd

‘ e WA -@
Im1 p ExpsDme




TRAMP - EXOSOME COFACTORS (yeast)

TRAMP = Trf4/5 + Airl/2 + Mtr4
polyadenylation  poly(A) RNA binding RNA DEVH

complex polymerases proteins helicase
YEAST
some RNAs
degraded by
Ratl/Xrnl
aberrant recruitment polyadenylation recruitment of complete
RNA B TRANIE Ly Trk4iTrto the exosome degradation

Polyadenylation-mediated nuclear Interacts with

discard pathway for defective RNAS - exosome via Mtr4

- hypomodified tRNAs - Nrd1/Nab3 complex
* CUTs (Cryptic Unstable Transcripts)
* NCRNAS: sn/snoRNAs, rRNAs, some mRNAs

LaCava et al., Cell, 2005; Vanacova et al., PLoS Biol. 2005; Wyers et al., Cell, 2005; Lubas et al. Mol. Cell, 2011



NEXT and PAXT - EXOSOME COFACTORS
(humans)

Nuclear Exosome [
Targetting ;
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* ZFC3H1 (Zn-knuckle protein) links MTR4 with
PABPNL1 in PAXT

« ZFC3H1/PABPN1 and RBM7/ZCCHC8 (NEXT)
interact with MTR4 in a mutually exclusive
manner

. d d d ) . ; ‘ Nucleus
< PAXT and NEXT directdistinet Rua species - S88 803300086

Cytoplasm

Polyadenylated nuclear RNAs
e.g. spliced SNHG transcripts

* PAXT targets tend to be longer and more
extensively polyadenylated than NEXT targets | .5 etal. Mol cell, 2011: Meola et al., . Mol. Cell, 2016



TRAMP ©

EXOSOME with TRAMP, NEXT, PAXT

CBCA

ZC3H18
x PAXT
NEXT R
| TRAMP s PABPN1
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- EXOSC10

Nine-subunit RNA
exosome core

Nine-subunit RNA
exosome core

Schmid and Jensen, Nat Rev Genet, 2018



NNS-TRAMP-exosome

snR65 gene
P Tl T2
Nrd1/Nab3 Poly(A) site
biding sites
Rntl
oo
- EHE-E- AAAAAAAAAAA
T1
Rntl
Rn& Il site
| site e

——1 H AAAAAAAAAAA

Sylwia Szczepaniak, PhD thesis

Recruitment of

the NN5S complex 0 Phosphorylated Ser5

| [
DNA MNrd1- and
MNab3-binding sites

Poruua, Libri, Nat Rev Mol Cell Biol, 2015

sn/snoRNA processing

(yeast)



INTEGRATOR

SNRNA processing
(metazoa)
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RNAPI

INT - Integrator complex
- recruited contransctiptionaly to snRNA promoter

- interacts with Pol Il CTD (Ser7-P/Ser2-P dyad)

- cleaves pre-snRNA at 3’box (endonuclease Int1l)

-involved in transcription termination at SnRNA genes

- contributes to transcription termination at mRNA genes (intronless in particular)
- promotes transcription elongation by nascent transcript cleavage (Polll release)



stalled ribosome

%

NMD FACTORS

SURF complex
SMG1-UPFs-SMGs-
Release Factors

DECID (decay inducing)
phoshoSMG1-UPFs-EJC

Llorka. Cur. Op. Chem. Biol. 2013

R
Yeast Nematodes Human
(Saccharomyces cerevisiae) (Caenorhabditis elegans) (Homo Sapiens)
UPF1 SMG-2 (UPF1) UPF1
g‘e’{:&c UPF2 SMG-3 (UPF2) UPF2
UPF3 SMG+4 (UPF3) UPF3a, UPF3b
SMG-1 SMG1
Homology
Ganshe SMG-5 SMG5
Screen SMG-6 SMG6
SMG-7 SMG7
SMGL-1 NBAS
SMGL-2 DHX34
NGP-1 GNL2
x NPP-20 SEC13
RNAi
Screen AEX-6 EJC components
a2 PGB Interaction
NOAH-2 SMG9 Studies
o 23?/231/2
Hormologgy SMG-9
MOV10

Hug et al., NAR, 2016



XRN family: §’—-3’ processive exonucleases
R — A

Xrnip

Kastenmayer and Green, 2000, PNAS

Crystal structure of S. pombe £ ux
Rat1l/Rail complex (G T Ny | &_J

NUCLEAR * ol

Ratl/XRN2 with Rail activator (5’ -ppp pyrophosphohydrolasé = P

and phoshodiesterase-decapping nuclease) G

-5’ end processing of 5.8S and 25S rRNAs, shoRNAs

» degradation of pre-mRNAs, tRNASs, sn/snoRNAs

» degradation of some ncRNAs: CUTs

* transcription termination of Pol | and Il (torpedo mechanism)
Xiang et al, 2009, Nature

CYTOPLASMIC XRN1

« generic mMRNA decay

 specialised mMRNA decay pathways: NMD, NSD, NO-GO decay,

ARE-dependent decay
» degradation of miRNA-dependent mRNA cleavage products (in plants)
» degradation of some ncRNAs: CUTs, SUTs, XUTs



DCP/NUDT- DECAPPING ENZYMES

* Dcp1/Dcp2 complex participates in mRNA 5’ decay

- catalyses the reaction m’GpppX-mRNA -> m’GDP + 5’p-mRNA
* Dcp2is the catalytic subunit (pyrophosphatase Nudix domain)
* Dcplis required for activity in vivo, interacts with other proteins
* Dcpl/Dcp2p is regulated by Pabl and activating factors
i e (yeast Lsm1-7, Dhhl, Patl, Edc1-3, Upfl-3)

)\ Dep2
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o o o
Wang et al. PNAS, 2002 DcpS

NUDT proteins (22): in vivo decapping Nudtl6, Nudt3 (mammals)
In vivo deNADding Nudtl2 (mammals), Nudt7 (plants)

* DcpS: HIT pyrophosphatase (,,histidine triad” on the C-terminus)
* catalyses the cleavage of m’GDP -> m’GMP + Pi remaining after
decapping during mRNA 5’ decay

> e cooperates with the exosome during mRNA 3’ decay
(m’GpppX-0ligoRNA -> m’GMP+ pp-oligoRNA)

- functions as an asymmetric dimer Gu et al.. M.Cell. 2004




DXO/Rail family

Cellular activities cap surveillance deNADding
pyrophosphohydrolase 5’ 3 exonuclease deNADding
decapping nuclease _ nuclease
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Additional activities:
- 5 OH RNA hydrolase

- FAD and CoA
decapping nuclease

A. Kwasnik, PhD thesis, 2019



DXO/Rail family

Cellular activities cap surveillance deNADding
pyrophosphohydrolase 5’ 3 exonuclease deNADding
decapping nuclease _ nuclease

F’M Nﬂpﬁ.-—"""‘a.-"ﬂ““-
PPN~~~ DXO/Rail
E > e DX0/Rail NUDIX
Capping o
Mppi Np
- -=-_ g e
3 GpppN - =
rnethl,'lath:rﬁ l XRMs
m’GpppN Dxo
W Do g
M GREPN = L
P _—
DCP2 -c-
m’Gpp ’

Additional activities:
- 5 OH RNA hydrolase
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decapping nuclease

A. Kwasnik, PhD thesis, 2019



RNP granule assembly
by protein-protein and RNA-RNA interactions

Assembly promoted by:

® [onger RNA length

® High local concentrations

® RNAs with increased ability to interact
® Multivalent RNA-binding proteins

Granule

Treeck and Parker, Cell, 2018



Formed by unstructured
disordered protein domains
around RNAs

Organize several cellular processes:

Phase transition
Droplets, MLOS (Membraneless Organelles)
Liquid-Liquid Phase Separation (LLPS)

RNA binding

High concentration
triggers LLPS

Heterochromatin structure (HP1)
Transcription (Mediator, Pol Il CTD)
Processing (nucleolus, spliceosome, SR proteins, Cahal bodies)
RNA retention and storage

(Nuclear speckles, Paraspeckles, P-bodies, Stress Granules)

RNA decay (degradosome)

Protein modificarion and degradation (autophagosome, proteasome)



Paraspeckles
Nuclear speckles

Paraspeckles

NEA T1
\Q

AIuISINE ’

’/
. "
SN
.y £

T

T = Y,

B LS
e ¥ ) 7 \ \

e \1{"_\ (s

\ J L

O :

CE :

T & .

(¢ v(..]\f-\ < |
-r;‘v' \1'/\._ A, ‘In"?/* '
™ ‘)V\' “~ -Lv):‘

e v

o - oy & P oS
£ GO 44
%) -y = > %
- | { b -

- organized around IncRNAs:

- regulate gene expression

Wegener and Mdiller-McNicoll, Sem Cell Dev Biol 2018 by MRNA N u Clear retention



Cajal bodies

Perichromatin fibrils
(mRNA splicing)

scaRNP
_ Nucleolus
" (rBNA processing)
snoRNP m’G 3 l
Telomeres
teRNP (telomere maintenance)

CB

Matera and Shpargel, Curr. Op. Cel. Biol., 2006



Cytoplasmic P-bodies and Stress Granules

?

Dynamic biomolecular

6O NOT1
R0, ,;‘./ccm condensates
= * 50 3 Form by phase separation of
MARD1 55 (AS) PTB D : :
S0 . & | ecapping  esiGY - RNAs and proteins
TFiss 5P - Df:;zﬂ:g ----- » (s, swy Rolein translational control
EDCAN w PAT % @, and proteome buffering upon
£ translational arrest (PB) and
@ / 5'-3' degradation stress (SG)
PB 3

Processing Bodles
MRNA storage
MRNA decay

SG: global translation halts upon
stress, mRNAs bound to the
translational machinery and other
proteins form SGs.

PB: translationally stalled mRNAs
devoid of initiation factors shuttle
to PBs.

Chantarachot and Bailey-Serres, Plant Phys, 2018

SG Stress Granules

HSP101 'MRNA storage

D mRNA storage
PABPs

iﬁBF’ 45, ATARRARAA(N)




MRNA DEGRADATION in the CYTOPLASM

m’G pPpp d@
Translation

initiation

complex

AAAAA

m’Gppp

Rounds of
translation

m’Gppp A"

Inhibit
initiation
Decay

&
.vvv@ MRNA DEGRADATION in

P-BODIES

Recruit
Dcp1/Decp2

MRNA
DEGRADATION on
POLYSOMES

Balagopal and Parker, Cur.Op.Cel.Biol., 2009



MRNA general decay In the cytoplasm

-
DCP2
"DCP1-
.

g, General : é‘&
LapdAAp A~ | MRNA decay | o RS Decapping
) 1, b4
D 14 7
; RNA\L dp) AAA
Translationally '™ g
active mRNA ) ’ /
5 to 3" decay

3" to 5’ decay

Norbury, Nat Rev Mol Cell Biol., 2013



MRNA general decay In the cytoplasm

Exonucleolytic
Deadenylation

CCR4-NOT
or PARN

53 decay 35 decay
Lsml—?
@ L S——— @

L

[}ecapping Scavenger Exosome

decapping

DCP2
m’'G

Endonucleolytic

Exosome G AAAA
SMG6

q -_
XRNI
»5" decay
Garneau et al, Nat.Rev.Mol. Cell. Biol. 2007 o
m'G ——{I b,
¥
[

Exosome

m

DCF

% ab

RNA is also degraded in the nucleus:
- unspliced, unporcessed or unexported mRNAs
- aberrant ncRNAs, unmodified tRNAs, excessive rRNAs and tRNAs



Coupling between transcription and mRNA decay
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Transcriptional machinery regulates mRNA translation and decay in the cytoplasm

- Polll and promoters regulate cytoplasmic post-transcriptional stages

- Rpb4/7 subunits of Polll regulates trx initiation, elongation and polyadenylation by
binding to the emerging transcript and remaining associated throughout its lifecycle:
(i) mMRNA export; (ii) translation initiation via interaction with elF3; (iii) deadenylation
and decay by Xrnl and exosome via interaction with Patl/Lsm1-7 complex




Inada, TiBS 2016

MRNA quality control decay in the cytoplasm

NMD — Nonsense Mediated Decay (mRNAs with premature STOP codon)
NGD — No-Go Decay (ribosome stuck on an obstacle)

NSD — Non-Stop Decay (mRNAs with no STOP codon)
Problems with a stalling ribosome during translation

(A) Improper termination

IL']

UPF1

m (UPF2/3
EJC)

(B) A lack of termination
h Dom34/Pelota
m?ﬁ—ﬁ-‘—b 1 -
o Hbs1/hHsbl

(C) Ribosome stall

'“‘-\‘I
- Dom34/Hbs1?
(Rackl, Hel2?)

e

NMD UPFs facilitate
degradation of

SMG6 (Endonuclease)  tryncated (unfolded)
Exosome, xrnl products
NSD RQC
Exosome
mTs —(TJ;L
—
Ski
complex
NGD RQC
Endonucleolytich,

cleavage 9

mrG BAAA
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RIBOSOME QC
(RQC)

(Ses )
Truncation 5 AUG
& & Stalling can trigger
= o pathways for:
Obstruction 5 pUG — AAAAA .
or damage w " > Lad mRBMA degradation
- - Hibosome recycling
aa-tRNA { ) . .
nsufficiency 5 HMG\@ Protein degradation
Stress response(s)
Poly(A)in ORF g h‘-ﬁ_"“--.___,‘;@“ Ribosome degradation?

Nascent Poly-Ub
protein ’Zl
60S Recognition ] RQC assembly Extraction and
and splitting | and ubiquitination disassembly Proteasomal
tR —_—
‘ ‘ " degradation
; i Ltn1 ;
mRMNA -:mE X Rqc2
Interface and Recycling of
Recycled \
Yeast  Asci Hel2 Dom34 Hbs1 RIi1 Rqcz Ltn1 Rgc1 Cded8-Ufd1-Npld
Mammals RACK1 ZNF5987  Pelota Hbs1 ABCEA1 MEMF Listerin TCF257 VCP complex?

Facilitates stalling?

Brandman and Hegde, NatStrMolBiol 2016

Ribosome splitting Mascent-chain ubiguitination MNascent-chain extraction



RQC in NSD and NGD

{A) NSD (Nonstop decay)

Step 1

Step 2

Step 3

Step 4

MNanstop mRMNA
m7aE
Dom34 /Pelota
i e
Hbs1l/hHsb1
Nonstop mRMA L
mAGE
& Rli1fABCE1
A
Nonstop mRNA -
m7G - ol

RQC é e O
>

mmmun%lﬂ Exosome
Ski
complex

Inada, TiBS 2016

(B) NGD (No-go decay)

Step 1 m7G AAMA
l \Subun'rt dissociation
?ﬂaﬂ"' .
Q) ree
Endonucleolytic
cleavage
Step 2 m7G ARAA
5'fragment ’
[n{:nst{:p mRNA] 3 fragment
Step 3 @ &—MM Step 4
“““-"‘f"e'““'-f Subunit
Hbs1/hHsbl U\_ dissociation
RIiL/ABCEL
Ski complex Exosome Xrnl
GG 11] @ 6 @H 01 I A0,
NSD RQC



Co-translational protein and mRNA QC

Polypepﬁde Nasc___gnt p_Q'VQ_e_pﬁde_
folding defects \

Protein

Stalled polypeptide .
. Stalled polypeptide —> destracticn

PROTEASOME

RNA decay

\

mRNA defects /1NUCLEASES

rRNA defects

mRNA

Lykke-Andersen and Bennett, JCB, 2014



Ribosome collision in RQC during NGD

» Stacked or colliding ribosomes are required to elicit NGD
« Ubiquitination of RPS3 by HEL2/ZNF598 triggers RQC

* RQC during aberrant translation/ribosome
coII|S|ons IS initiated by ubiquitin ligase ZNF598

Ribosome stalls

mRNA

. Colllded di-ribosomes is a minimal target for

translation arrest in 2 ZNF598-dependent manner

Trailing ribosomes - | -
stack behind it slow fast

pause E3Ligase
) ZNF598
=
Ub
B \ translation arrest
= & quality control

- collision!
I//)\ e

) b
—. & 8

e \L‘a
Simms et al, Mol Cell 2017; Juszkiewicz et al, Mol Cell 2018

ubiquitination of RPS3
by HEL2

mRNA is cleaved, ‘

;“5\>\ g L2 \F
Wyl e, B - ) 2\
NN e 3O\ collided

di-ribosome

7

Ubiquitin



