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RNA processing and decay machinery: RNases

Protein Function Characteristics
Exonucleases 5°—>3’

Xrn1 cytoplasmic, mRNA degradation processsive

Rat1/XRN2 nuclear, pre-rRNA, sn/snoRNA, pre-mRNA processing and degradation

Rrp17/hNOL12 nuclear, pre-rRNA processing

Exosome 3'~>5’ multisubunit exo/endo complex subunits organized as in bacterial PNPase
Rrp44/Dis3 catalytic subunit Exo/PIN domains, processsive
Rrp4, Rrp40 pre-rBNA, sn/snoRNA processing, mRNA degradation

Rrp41-43, 45-46 participates in NMD, ARE-dependent, non-stop decay

Mtr3, Ski4

Mtr4 nuclear helicase cofactor DEAD box

Rrp6 (Rrp47) nuclear exonuclease ( Rrp6 BP, cofactor) RNAse D homolog, processsive
Ski2,3,7,8 cytoplasmic exosome cofactors. SKI complex helicase, GTPase

Other 3’—>5’ and 5°—>3’

Rex1-4 3’-5’ exonucleases, rRNA, snoRNA, tRNA processing RNase D homolog

DXO 5’-3’ exonuclease in addition to decapping

ERI1 3’-5’ exonuclease, rRNA processing, histone mRNA decay

MIEXO 3'—>5’  mitochondrial degradosome RNA degradation in yeast

Suv3/ Dss1 helicase/ 3’-5’ exonuclease DExH box/ RNase Il homolog
Deadenylation

Ccr4d/NOT/Pop2 major deadenylase complex (Ccr, Caf, Pop, Not proteins) Ccr4- Mg2+ dependent endonuclease
Pan2p/Pan3 additional deadenylases (poliA tail length) RNase D homolog, poly(A) specific nuclease
PARN mammalian deadenylase RNase D homolog, poly(A) specific nuclease
Endonucleases

RNase il

-Rnt1 pre-rRNA, sn/snoRNA processing, mRNA degradation dsRNA specific

-Dicer, Drosha siRNA/miRNA biogenesis, functions in RNAI PAZ, RNA BD, RNase lll domains
Ago2 Slicer mRNA cleavage in RNAI

SMG6 mRNA cleavage in NMD PIN domain

RNase P 5’ tRNA end processing RNP complex

RNase MRP pre-rBRNA processing RNP complex, similar to RNase P
RNase L rRNA degradation in apoptosis oligo 2-5A dependent (ppp(A2’'p),A)
ELAC2/Trz1 3’ tRNA endonuclease PDE motif and Zn2+-binding motif

Utp24 Nob1 Las1 pre-rRNA processing at sites A0, D and C2



Eukaryotic auxiliary decay factors

Protein Function / Characteristics
5’—>3’ decay: decapping
Dcp1/Dcp2 Dcp2- pyrophosphatase catalytic activity, Nudix domain, Dcp1- protein binding
Hedls/Ge-1/Edc4 |decapping cofactor, WD40 domain
Edc1,2,3 decapping enhancers, stimulate cap binding/catalysis, Edc1-2 (yeast), Edc3 (all eykaryotes)
Dhh1 DexD/H ATPase, decapping activator by translation repression
Lsm1-7 decapping activator, heptameric complex, binds mRNA 3’ end-U rich tracts
Pat1 decapping activator by translation repressio
DXO pyrophoshohydrolase, 5’ decapping endonuclease, deNADding, 5°0OH hydrolase

TRAMP complex: exosome cofactors, nuclear RNA QC, polyadenylation-dependent degradation,

Trf4/Trf5 (hTRF4-2) nuclear alternative poly(A) polymerases
Mtr4 (hMTR4) DEAD box helicase
Air1/Air2 (ZCCHC7) RNA binding proteins

NEXT and PAXT complexes: exosome cofactors, nuclear RNA QC

hMTR4 DEAD box helicase
RMB7/ZCCHC8 NEXT RNA binding proteins
ZFC3H1 PAXT RNA binding protein
PABPN1 PAXT nuclear polyA binding protein

Nrdi-Nab3-Sen1 complex: Polll termination of ncRNAs, TRAMP-depdendent degradation

Nrd1 Pol Il C-terminal domain (CTD) binding, RNA binding
Nab3 RNA binding

Seni RNA helicase

CBCA-NEXT, CBCA-PAXT and RESTRICTOR complexes: nuclear RNA QC
CBC CBCA nuclear cap binding complex

ARS2 RNA binding, Pol Il transcription, termination, RNA decay
ZC3H18 NEXT, zinc finger protein

ZFCH1 PAXT nuclear polyA binding protein

ZC3H4, WDR82 RESTRICTOR Pol Il termination, RNA Decay by NEXT and exosome complexes



EXOSOME: 3'—=5’ decay machinery

™ Rrp4 b Route 1
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- RNA degradation |
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e 3’5’ exo/endo nuclease complex

e 10 core components (RNA BP)

e catalytically active exo hydrolytic Dis3/Rrp44 (RNase Il)

e PIN domain with endo activity

e nuclear cofactors- RNA BP Rrp47, nuclease Rrp6 (RNase D), RNA helicase Mtr4
e cytoplasmic cofactors- Ski2-3-8 complex (RNA helicase Ski2), GTPase Ski7

e subtrates- processing and/or degradation of almost all RNAs

Route 2

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



EXOSOME: 3’5’ decay machinery: functions

NUCLEAR: Rrp6 and core components have partly separate functions

e 3" -end processing of 5.8S rRNA, sn/snoRNAs, tRNAs, SRP RNA

e degradation of pre-mRNAs, tRNAs, sn/snoRNAs

e degradation of other ncRNAs: CUTs, PROMPTS

CYTOPLASMIC:

e generic mRNA decay

e specialised mRNA decay pathways: NMD, NSD, NO-GO decay, ARE-dependent decay

mRNA turnover
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TRAMP - exosome cofactor

] east
TRAMP = 'Ilf4/ 5 + Alrll 2 + Mtrd
polyadenylation poly(A) RNA binding RNA DEVH
complex polymerases proteins helicase

aberrant recruitment polyadenylation recruitment of complete
RNA of TRAMP by Trf4/Trf5 the exosome degradation

Polyadenylation-mediated nuclear discard pathway for defective and excessive RNAs

* hypomodified tRNAs, pre-tRNAs
* ncRNA:s:

sn/snoRNAs, rRNAs

CUTs (Cryptic Unstable Transcripts)
* some mRNAs

TRAMP interacts with
- exosome via Mtr4
- Nrd1/Nab3/Senl complex

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



TRAMP + Exosome = nuclear RNA surveillance

Mtr4 — DEAH box RNA helicase
Airl/2 — RNA binding proteins
TRAMP Trf4/5 — poly(A) polymerases

complex

Substrate specificity conferred by Trf4/5
Ail/2 are highly redundant

| Mir4
- SUBSTRATES &
TRAMP 4-2: mRNA, ncRNA

(' A
TRAMP 5-1: pre-rRNA P s

s
Mir4

TRAMP 4-1: mRNA, introns &
TRAMP

e interacts with the exosome via Mtr4 - role in degradation

e role in sn/snoRNA 3’ end processing together with the exosome

e interacts with Nrd1/Nab3 complex - role in ncRNA Pol Il termination
e role in transcription silencing in S. cerevisiae and S. pombe (Cid14)




NEXT and PAXT - exosome cofactors

Nuclear Exosome
Targetting mammals

MTR4- associated complexes

nucleolus

ZCCHCS8
Zn-knucle
RMB7

RNA binding
EXOSOME

PAXT

PolyA tail eXosome Targeting
connection

e ZFC3H1 (Zn-knuckle p
PABPN1 in PAXT

* ZFC3H1/PABPN1 and RBM7/ZCCHC8 interact

. . . Polyadenylated nuclear RNAs

e PAXT and NEXT direct distinct RNA species o 8
for nuclear exosome degradation 88888998988

Cytoplasm
* PAXT targets tend to be longer and more

exten5|ve|y polyadenylated than NEXT ta rgets Lubas et al. Mol. Cell, 2011; Meola et al., . Mol. Cell, 2016



EXOSOME with TRAMP, NEXT and PAXT

“ PAXT

NEXT .*° .
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Nine-subunit RNA
exosome core

Nine-subunit RNA
exosome core

Schmid and Jensen., Nat. Rev. Mol. Cel. Biol. , 2018



EXOSOME with TRAMP, NEXT and PAXT

Adaptor complexes

.
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Core exosome

PAXT connection

Ogami and Suzuki., Int J Mol Sci, 2021
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Xrnip

Kastenmayer and Green, 2000, PNAS Crystal structure of S. pombe

NUCLEAR Rat1/XRN2
with Rail activator (5° -ppp pyrophosphohydrolase

and phoshodiesterase-decapping nuclease)

e 5 -end processing of 5.8S and 25S rRNAs, snoRNAs

e degradation of pre-mRNAs, tRNAs, sn/snoRNAs

e degradation of some ncRNAs: CUTs

e transcription termination of Pol | and Il (torpedo mechanism)

Rat1/Rail complex

CYTOPLASMIC XRN1

e generic mMRNA decay

e specialised mRNA decay pathways: NMD, NSD, NO-GO decay,
ARE-dependent decay

e degradation of miRNA-dependent mRNA cleavage products (in plants)

e degradation of some ncRNAs: CUTs, SUTs, XUTs

XRN1 and Rat1/XRN2 have deNADding and deFADding activity

Sharma et al, Nat Comm 2022; NAR 2922

Xiang et al, 2009, Nature



DCP/NUDT- decapping enzymes

e Dcpl/Dcp2 complex participates in mRNA 5’ decay

e catalyses the reaction m’GpppX-mRNA -> m’GDP + 5'p-mRNA

e Dcp2 is the catalytic subunit (pyrophosphatase Nudix domain)

e Dcpl is required for activity in vivo, interacts with other proteins
e Dcpl/Dcp2p is regulated by Pab1 and activating factors

CH3

?L (yeast Lsm1-7, Dhh1, Pat1, Edc1-3, Upfl-3)

She et al. Wat.Struct. Mol. Biol, 2004
j\ | > Dcp2
X Base 1
VA ."‘ Z ﬁ i
Box A Nudix BoxB o P 'Bllp_o—llp_O
Fold o o
Wang et al. PNAS, 2002 Dcp
OH OH O O(CH3)

NUDT proteins (22): in vivo decapping Nudt16, Nudt3 (mammals)

in vivo deNADding Nudt12 (mammals)
e DcpS: HIT pyrophosphatase (,histidine triad” on the C-terminus)

e catalyses the cleavage of m’GDP -> m’GMP + Pi remaining after
. | decapping during mRNA 5’ decay

ya:] TNy ~%~ e cooperates with the exosome during mRNA 3’ decay
(m’GpppX-oligoRNA -> m’GMP+ pp-oligoRNA)

(]
functions as an asymmetric dimer Gu et al., M.Cell, 2004




Sm motif.

U6 snRNA

U4/U6.U5
tri-

snRNP
nuclear

v/ncp:
Dcp1 Pat1
2 Xrni

5'-m/

mRNA

<
> )g

cytoplasmic

LSM proteins

Achsel et al, EMBO J, 2001

Involved in pre-mRNA splicing
e associates with U6 snRNA

e required for U6 RNA accumulation and
U6 snRNP biogenesis

e interacts with the U4/U6.U5 tri-snRNP

Functions in mRNA decapping and decay
e activator of decapping

e interacts with components of the mRNA decapping
and degradation machinery (XRN1, DCP1/2, PAT1)



NNS - TRAMP - exosome

snR65 gene
Nrd1/Nab3 Poly(A) site Recruitment of
H | biding sites the NNS complex| _o Phosphorylated Ser5
" Rntl
Rnt ‘ Il site

Isite >Q
o— '—_:l-_Fl-I-AAAAAAAAAAA
1
Rntl | Fa
Fa% Il site DNA Nrd1- and

- HH——1T] AAAAAAAAAAA Nab3-bindingsites  _. g
Poruua, Libri, Nat Rev Mol Cell Biol, 2015

sn/snoRNA processing
yeast

Exosom
Sylwia Szczepaniak, PhD thesis S



INTEGRATOR

snRNA processing
metazoa

promoter

Baillat and Wagner, TiBS., 2015
Pfleiderer and Galej, Mol Cell, 2021
Sabath and Jonas, CurrOpStructBiol 2021

RNAPII

Integrator complex
- recruited contransctiptionaly to snRNA promoter

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

- cleaves pre-snRNA at 3’box (endonuclease Int11)

- 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)



NMD factors

SURF complex
SMG1-UPFs-SMGs-Release Factors

DECID (decay inducing)
phoshoSMG1-UPFs-EJC
5'

Llorka. Cur. Op. Chem. Biol. 2013

stalled ribosome

'\'0 ——
Yeast Nematodes Human
(Saccharomyces cerevisiae) (Caenorhabditis elegans) (Homo Sapiens)
UPF1 SMG-2 (UPF1) UPF1
(éz_n:et'c‘: UPF2 SMG-3 (UPF2) UPF2
UPF3 SMGH4 (UPF3) UPF3a, UPF3b
SMG-1 SMG1
Homology
ol SMG-5 SMG5
Screen SMG-6 SMG6
SMG-7 SMG7
SMGL-1 NBAS
SMGL-2 DHX34
NGP-1 GNL2
NPP-20 SEC13
RNAI
Scree AEX-6 EJC components
PBS-2 SMG8 Interaction
NOAH-2 SMG9 Studies
o BHeS R
mology SMG-9
MOV10

Hug et al., NAR, 2016



DXO/Rail family

Cellular activities cap surveillance deNADding
pyrophosphohydrolase 5" -3" exonuclease = deNADding nuclease
decapping nuclease,

NppA — "~
p/\/\
PppN —"~~"~ DXO/Rail
T P DXO/Rai1 NUDIX
Capping ppoN
NppA
V' DXO/Rail s
GpppN —""~" P DXO -"'-
GpppN B
methvla:ijzz XRNs
m’GpppN DXO
M7GpppN —" " -
e - -
DCP2 - >-
m’Gpp

ACTIVITY SUBSTRATE MmDXO | At DXO1 o o
Additional activities:

[SESIStGrBoRUEIESE I IFRNARN RN RN o o jnA hydrolase

- FAD and CoA

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
Verdile et al, Front Genet, 2019



Phase transition

Droplets, MLOs (Membraneless Organelles)
Liquid-Liquid Phase Separation (LLPS)

Condensates
Formed by unstructured protein %’
domains around RNAs

IDR - Intrinsic Disordered Domains
PLD - Prion-Like Domains

RNA binding

High concentration
triggers LLPS

Organize several cellular processes:
 Heterochromatin structure (HP1)
 Transcription (Mediator, Pol Il CTD)
Processing (nucleolus, spliceosome, SR proteins, Cajal bodies)

RNA retention and storage

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

RNA decay (degradosome)

Protein modificarion and degradation (autophagosome, proteasome)



Membraneless Organelles
DHCECEN Super-enhancer formEd by LLPS

Co-activators

Paraspeckle

Cajal body

Verdile et al, Front Genet, 2019




Cellular Condensates
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Paraspeckles
Nuclear speckles

Paraspeckles

NEATI\\ ! [
,\--Qb

ISy

- organized around IncRNAs:
NEAT1 (PS) or MALAT1 (NS)

- regulate gene expression

by mRNA nuclear retention
Wegener and Mtiller-McNicoll, Sem Cell Dev Biol 2018



Cajal bodies

Perichromatin fibrils
(mRNA splicing)

scaRNP
Nucleolus
(rRNA processing)
snoRNP
Telomeres

teRNP (telomere maintenance)

m’G

- contain CB-specific scaRNA

- sites of snRNA modification (capping,
2’0-Me, pseudoU)

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



Cytoplasmic P-bodies and Stress Granules

?
<G NOT1 CAFJ
aaty COR4

T2F 0214
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TSN :
MARD1 sjo AS2 o PTB / Decapping  psiG
#5 _ Decapping..___
TAFIQ) DC DC &« " Complex PA;‘ lS‘f") SMG7
‘EDC4 HWA @y
m'c g .> .
@ / 5°-3’ degradation
i
, - AA
PB K
Processing Bodies
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

Dynamic biomolecular
condensates

Formed by phase separation of
RNAs and proteins

Role in translational control and
proteome buffering upon
translational arrest (PB) and
stress (SG)

SG Stress Granules

HSP101 'MRNA storage

D mRNA storage

PABPs

PABPs =
(RBP4§/47 A AAAAIN)
.;nummg 7 49 17F
D ® oz,
4E ——~ : 40! 80 MARD
mG @ .



P-body

PB SG o

-~

MRN PS /’-\é,\'/ etc.

Regulatory functions

Histone methylases
Splicing factors
E3 ligases, deubiquitinases
elF2A subunits, translation regulators

N /’\’,
.~ o
AN 2

Stressed cell

Reversible storage /-\’/

mNV!A\

_ Translating mRNAs are —

"~ excluded from granules

Untranslating mRNPs
+are moving in and out
of granules

Stress—induced
mRNP granule

Guzikowski et al, WIRESRNA, 2019;
Standart and Weil, TiG, 2018



Translation in SGs

5TOP mRNA
(translating)

ATF4 mRNA
(translating)

9/\/__/
5TOP mRNA
(silent)

e e T

ATF4 mRNA
(silent)

e

Mateju et al., Cell, 2020

Stress granule

nontranslating mRNAs are
preferentially recruited to SGs
MRNAs in SGs can undergo
translation (complete cycle)
translating mRNAs can enter,
leave, or stably localize to SGs
translation in SGs mainly, but
not only, occurs on mMRNAs
enhanced under stress

(shown using single-molecule
mMRNA imaging, SunTag)



MRNA STABILITY

Elements in cis:

(1) Extent of m6A modification (1) poly(A) site selection via
alternative polyadenylation (APA)

\ | < > < >
| cUTR aUTR

() Optimal codon content Key:

T :mea
pPAS: proximal poly(A) site
dPAS : distal poly(A) site
W W ©: RNA regulatory elements

Chen and Shyu, TiBS 2016



MRNA general decay in the cytoplasm

Exonucleolytic

: Deadenylation

5'—3’ decay
Lsml—7
m7G S ——
-Decappin
DCP2 - ,
5'—3’ decay
DCP1 PA 7

Garneau et al, Nat.Rev.Mol. Cell. Biol. 2007

CCR4-NOT
or PARN
\’_)5’ decay
i —
Scavenger L—‘
decapping Exosome
Endonucleolytic
m’G AAAA
SMG6
3'—5’ decay 5'—3’ decay
o c— T oS [ AAAA
Ta X
|
Exosome XRNI



MRNA degradation in the cytoplasm

N
PAT1-
LSM1-LSM7 L
?7

DCP2

LGeneral

B4 44 o~ | MRNA decay e
o
Translationally  MRNA
active mRNA /

. \Ex\osome 5" to 3" decay

3"to 5" decay

Norbury, Nat Rev Mol Cell Biol., 2013



MRNA degradation in the cytoplasm

m/G PpPP d@
Translation

initiation

complex

m’Gppp AAAAAA

Rounds of
translation

A10 m7

Aggregate
 —
AAAAAAA €¢———

P-body mRNPs
Inhibit

0 riboskmes S
Recruit
D

mRNA DEGRADATION
in P-BODIES

Balagopal and Parker, Curr. Op.Cell Biol., 2009

cp1/Dcp2

mRNA DEGRADATION
on POLYSOMES

DEADENYLATION == RELEASE OF RIBOSOMES == RELEASE OF TRANSLATION FACTORS
== RECRUITMENT OF DECAY FACTORS == RNA DECAY



mRNA 5°-3’ decay

.....

Lsm2-8p complex
(stimulates decapping)

Rat1 P and cofactors
(5’-3'exonuclease)

mRNA 3'-5’ decay

nuclear exosome
(3'-5" exonuclease)

TRAMP
(exosome cofactor)

mRNA retention at gene locus

nuclear exosome
(3’5" exonuclease)

Sac3/Thp1/Sus1 complex

(mRNP components)
RNAPII
anchoring of mRNP
Mip1/Mip2/Pmi39
(NPC components)

NPC

RNA decay in
the nucleus

Unspliced pre-mRNAs

3’-end unprocessed pre-mRNAs
Unpackaged mRNAs

(wrong mRNPs)

MRNAs retained in the nucleus
(export defect)

Transcripts retained at chromatin
Aberrant ncRNAs

Unmodified tRNAs

Excessive rRNAs and tRNAs

Schmid and Jensen, Chromosoma., 2008



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

y NMD UPFs facilitate

UPF1 degradation of
m SMG6 (Endonuclease)  tryncated (unfolded)
(UPF2/3 Exosome, Xrnl products
EJC)
(B) A lack of termination
NSD RQC
h Dom34/Pelota _Lxosome
o Hbs1/hHsb1 Ski
complex

(C) Ribosome stall

NGD RQC
Endonucleolytic’,
Dom34/Hbs1?
'“’“'_g ;_ “44  (Racki, Hel2?) cleavage ‘Ié {! g

miG ALAA



UPA bridges EIC to
terminating ribosome
-
AAAA
mG
SMGI phosphorylates
UPA
AAAA
mG

mRNA decay

strong RNA

5 UTR ORF structure 3 UTR
G —— I I AAAAAAAAAA

stalled

translation
NGD Dom34/Hbs1 Cue2

endonucleolytic
cleavage

m'G AAAAAAA AAA

/\

V4% [ —— AAAAAAA AAA
o

G —— (I ;.
fa

Exosome® xyn{

PABP
5 UTR ORF
m'G

ribosome
N S D stalls on
poly(A) tail
+ o o_oPABP Ski7
6 — (A

Ski7 recruits
the exosom
= alternative
pathway

6 —— (>
—o-

Exosome€
- [T ——AAAAAAAAAA
]
Xrni

Hel2-Asc1-Slh1

2002 [0! '[8 "|ONA8Y 1eN ‘e 18 neauler)



rRNA surveillance
NRD- Nonfunctional rRNA Decay

Mature aberrant ribosomes are eliminated in the cytoplasm

Proteasome

(iii) 255 NRD (i) 18S NRD
Dom34

LA LY

A Mms1 o Rit101 Hbs1

A
A
A
An

_,_
Vkekedalalel M

. |
SRR Ra T T PRE

<— m'Gppp ' Gppp °Sk‘7 o
{
. . 5
_ _ _ =2 mutations in Ca
mutations in peptidyl = decoding site  ? PHpﬁng

transferase centre ‘ Rrpa4/Dis3
Xrn1 Exosome
Mmsl & Rtt101 Dom34 & Hbs1
subunits of E3 ubiquitin ligase complex factors involved in NGD and NSD

Lafontaine, TiBS.,2010



Decoding error 185 N R D

Ribosome stalling due to decoding error
Recognition of the stalled ribosome

* Ribosome ubiquitination
K212 of RPS3 is monoubiquitinated by Mag2
followed by polyubiquitination by Hel2 or Rsp5

= Up K63-linked . . . e
Ub  Ribosome dissociation

Subunit dissociation by the Ski2-like RNA

RQ@Eplex helicase Slhl in the RQT complex

60S subunit

e 18s rRNA degradation
SPSiEu by Xrnl or exosome

Ub . :
G K63-linked 18S NRD factors are also involved in RQC
Inada, NAR.,2020 o



1. Mag2 tags slow ribosomes

rRNA surveillance

18S NRD versus RQC
B)) )\ h))
* g — 48 =W Mu Poly-Ub
(Mag2 _/ Wono-us —" RQC/NGD

)

Fap1-Smu2-}

18S Non-functional rRNA Decay

2. Fap1 senses individual stalled 80S ribosomes

Li et al, Mol Cell.,2022

Hel2 responds to collisions

18S NRD

- detects non-functional ribosomes
(mutation in the decoding center 18S rRNA)

- or stalled monosomes

- stalled ribosomes recognized by Mag2
E3 ligase, RPS3 monoUb Fap1 E3 ligase,
RPS3 polyUb

- non-functional ribsomes are degraded

Ribosome Quality Control - RQC
- detects collided ribosomes

- stalled disome recognized by Hel2 E3
ligase, RPS10-polyUb
- ribosomes are released and recycled



Sov ) Ribosome stalling

Truncation 5. AUG
N z Stalling can trigger Ribosome stalls
| - R pathways for: i} A g
Obstruction 5 —AUG upAA—AAAAA... ,
or damage N mRNA degradation
,« - Ribosome recycling ‘
7 N
miﬁffggjr:\cy 5 ‘——AUG\© UAA-AAAAA... Protein degradation Trailing ribosomes
stack behind it
Stress response(s)
Poly(A) in ORF g Aw\@u Ribosome degradation? 5 ¥

Slow ;
Stable RNA wobble Poly-lysine Damage adducts mRNA s cleaved,

structures decoding tracts ubiquitination of RPS3
W by HEL2

g Jog @ gel (WA (AL o ,
N e —8. 8%

)
W"g j -\-\-"u‘\ \ *’
' Poly(A) sequences ®

Stalled ribosome . MAAR e Stacked or colliding ribosomes
are required to elicit NGD

Truncation ®

 Ubiquitination of RPS3 by Hel2
triggers RQC

AAAAA

Ribosome defects .___‘, : '

Brandman and Hegde, NatStrMolBiol 2016; Sitron and Brandman, AnnRevBiochem, 2020; Kim and Zaher TiBS, 2021



Ribosome stalling and collision

Collision
(seestlucgle below)
1 Helzl_zr:Fsgs N Lﬁ((/ — \}),/*(\/

(intemal)  ribosome ribosome ¥ e
ri e i
405, mRNA ﬂ .
605-peptidyl
tRNA
P-site tRNA ﬂ r
(stalled ribosome) \‘
A/P-site tRNA WO w0 R N Downstream

(collided ribosome) eS10 B\ oA PR T RQC steps
(collided N\

Ribosome stalling —>
Ribosome collision —
Recognition by the E3 Ub

ligase Hel2/ZNF589 —
Ubiquitination of ribosomal
proteins (RPS3, RPS20, RPS19)

Sitron and Brandman, AnnRevBiochem, 2020

But ribosome stalling does
P/E-site tRNA

{colided colded  pack stalleariosome : not always leads to collision



Ribosome stalling and sensing Ri b O So m e re Sc u e

mMRNA
cleavage

Ribosome collision

AAAA Recognition by Hel2/ZNF589

Cleavage

()
\ Ubiquitination of RPs (RPS3, RPS20, RPS19)
Ribosome splitting and mRNA degradation
3’ end stall Internal stall on mRNA
Endonucieolytic cleavage Endonucleolytic mRNA cleavage by
generates 3'end stalls
Cmmm——— Cue2/NONU-1

Ribosome splitting/dissasembly

- by Dom34-Hbs1-Rlil

/ (Pelota/HBS1L or GTPBP2 /ABCE1)

or

- RQT (ribosome quality control trigger)
complex Slh1, Cue3/Rqt3, and Rqt4

40S recycling

€~
’ MRNA 2

X1 Exosome complex

Obstructed 60S

MRNA degradation (optional)

Vind et al, NAR, 2020




Nascent chain
degradation

Vind et al, NAR, 2020

senses
exposed tRNA

v. VCP/Cdc48
extract
nascent chain
and tBRNA is
released by
ANKZF1/Vms1 QG

RQC

iv. Nascent chain
ubiquitination by
Listenn/Lin1

may add CAT tails

to expose lysine

residues

vi. Proteasomal
degradatnon of nascent

L

©6OS recychng

Recognition of tRNA-obstructed
60S by Rqc2/NEMF component of
RQC. Recruitment of Ltn1/Listerin

Ubiquitination of the nascent chain
Lys residues by E3 Ub ligase
Ltn1/Listerin

Alernative: CAT-tailing by Rgc2/
NEMF to expose Lys residues
buried in the ribosome

Recruitment of ATPase Cdc48/VCP
by ubiquitination

Extraction of the nascent chain by
Cdc48/VCP and tRNA by Vms1/
ANKZF1

Delivery of the polypeptide to the
proteasome by Cdc48/VCP.
Polypeptide degradation.

60S recycling



b Nascent-chain Polyubiquitin

ubiquitylation RQC
W

The canonical RQC CATylat|On

) a is preferred.
‘D I\ If ubiquitylation of the

Proteasomal nascent polypept|de fa”S,

degradation

Ubiquitylation

tkinl:Rael) Proteasome  CAT tail is added by Rqc2
' to extract the polypeptide

CAlylation @)
and ) \

T i . .

D “dfn”{-yrﬁc'zc; % CATylation results in
—_— .
' o - Ltn1-dependent degradation
Ltn1 N .
Rc2 © of the nascent peptide

No Lys exposed CAT-tail Ubiquitylation as
to Ltn1 elongation Lys becomes exposed

- nascent chain aggregation
CAlylation

(Rqc2) CATylation only - activation of stress signaling
' ~> Stress signalling

L—> Elimination
(via autophagy?)

A J
A /

N> Preventing aberrant
proteins from interfering
Thi with cellular components

addition Aggregation Toxicity when in excess

Joazeiro, Nat. Rev, Mol. Cell. Biol. 2019 CAT tail - Ala and Thr extension



Co-translational protein and mRNA QC

Polypeptide Nascent polypeptide
folding defects \

. Protein
2talied polypepuae i
Stalled polypeptide —> destruction
PROTEASOME
RNA decay

rRNA defects

mRNA defects /7NUCLEASES

MmRNA

Lykke-Andersen and Bennett, JCB, 2014
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NEXT LECTURE:

Global analyses of RNAs and RNPs



(1. Recognition of stalled ribosome) ~ Rotated state Empty A-site

RIBOSOME QC
(RQC)

Ribosome stalling
m7Gppp

Ribosome ubiquitination

(2. Ribosome splitting) 465 r— 4% RQT ?mplex
(NGD(mRNA celavage)) /\/

b
Ub 60S subunit
u

v 4. CAT-tailing by NEMF (Rqc2)

(8. Proteasomal degradation )

ub
ub

NEMF (Rqc2) NEME (Roez). VIA/THFIRNA

VCP/p97 (Cdc48)

tRNA release , =
by ANKZF1(Vms1) , '

ANKZF1 (Vms1 )

‘ Inada, NAR.,2020

ANKZF1(Vms1)



RQC pathway

Nascent Poly-Ub
protein ’%
60S Recognition ) RQC assembly Extraction and
g { and splitting { % and ubiquitination / disassembly Proteasomal
t ' —_— '
\)\— ™~ > ‘ ™ > degradation
“w Ltn1
mRNA 40S X Rqc2

\_/_\' Interface and Recycling of
tRNA exposed |

Degraded d components
Recycled \
Yeast  Asci Hel2 Dom34 Hbs1 Rli1 Rqc2 Lin1 Rqc1 Cdc48-Ufd1-Npl4
Mammals RACK1 ZNF598? Pelota Hbs1 ABCE1 NEMF Listerin TCF25? VCP complex?
l':acilitates stalling?' | Ribosome splitting INas'cent-chain ubiquitina'tion' Nascent-chain extraction .

Brandman and Hegde, NatStrMolBiol 2016



RQC mechanism

Rescue
e N N\
Lys
Amino acid 2
60S ribosomal ~ @
subunit / ' @
tRNA-
mRNA Nascent-chain
- . ubiquitylation
40S ribosomal—/E"‘ = SToP
subunit
e | o e
o Sthi subunit splitting
Ribosome stalling # N . i
and sensing -
* Dom34/PELO 405 Rqc2/NEMF
* Hbs1/HBS1L RQC complex
or GTPBP2 ) g assembly
« Rli1/ABCE1 & e \’_‘,‘ N etrictad 605
% Exosome Vms1
mRNA complex \
degradation
tRNA
Light release
RQC
Nascent-
polypeptide
e , extraction
Nascent- ( ‘.’ (' : — - /
polypeptide > )
degradation Proteasome %

Joazeiro, Nat. Rev, Mol. Cell. Biol. 2019



RQC mechanism

Stepl - — Dom34-Hbs1-Rlil1 or Hel2-Asc1-Slh1
facilitate subunit dissociation of stalled ribosomes
Dom34/Pelota .
Hbs1/hHsb1 - RQC proteins assemble on 60S
RIi1/ABCE1 :

- Ltn1 Ub ligase ubiquitinates the nascent peptide
- Rgc2, Cdcd8 and cofactors remove nascent

peptide for proteasomal degradation
Ltn1/

Step 2 isterin -Alternative pathways: via addition of CAT-tail
(Ala and Thr extension)
i ladil CATylation
AI /Thr-tRNA H H
adiis il The canonical RQC is preferred
e (Ltn1 deletion) but if ubiquitylation of the
nascent polypeptide fails, CAT
Step 3 tail is added by Rqc2 to extract
the tra '
CDCag/vCP l Oligomer pped p0|ypeptlde
Npl4-Ufdl \l aggregates CATYlatlon_rESUhS IN

- nascent chain aggregation
- activation of stress signaling
Proteasomal Inclusions . . .
Inada, TiBS 2016 ~ de8redation gequeIRtoD - nascent chain proteolysis

"é - Ltn1-dependent degradation
Step 4 of aberrant proteins
/.

Chaperon



