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2-1-8. URY = LZ NI BEDORRIROERITERT DR A VAR Y — L

2-2 BHY 110

2-3 FER 112
2-3-1. UARY —ALF /37 B uS3 D K212 55 IEITH T 5= B F 2 1ki% 18S NRD D%
BIZHHATH D

2-3-2.E3 2 F%F Y H—E Mag2 (FuS3 &F /22X F kT 5 Z & T 18S NRD
ZHETD

2-3-3.Mag2 IZ X %5 uS3 DE / 2 EFF AT K63 AR Y = % F U HOTE % (et
T5

2-3-4. 18S NRD (2351} % Mag2 |2 X % uS3 DE / % F Akid Hel2 12 L % K63 Y
RN 22X F U EHOBRICHETH D

2-3-5.E3 L E%F U H—F Rsp5 IZ Hel2 & [FRIERIZ > OFMNAYIC 18S NRD (2B 54
%
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2-4-2. 18S NRD |Z351F % uS3 D= % F AT D B3 V H—8IZ L 5 ZEME G
THV, ZTHICL D K63 FARY 2 &% F U HOFAS 18S NRD DEMIZMETH 5
2-4-3. HEEEAR AR Y AR Y — AT uS3 D B X F U AUKFICY T = MEEEL . 40S
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ETIE VRY—LFUNRIBESTDEFF U ALEI LI
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DOFEAIE, 2 FUZBEE KA L7z mRNA 2RI 555

3-3-7.Notd |2 £ % eS7T D= X% F L 1kiL. Not5 @ N RKuifdik ? E-site ~DFEAIZ

3-3-8. Notd (2 £ % eS7T DF / 2 F FAbH, = RUEREIKIE L 72 mRNA 5 fiF
IZETH D

3-3-9. Not4 IZ & % eS7T D= B % F 1 {k & Not5 D N Kkl E-site ~D#E & 1%, Dhhl
DY RV —E~DOFEEITHMETH D
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. T¥ ¥ v BV G EI LT- mRNA 53 % Jifl 92
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3-4-1. Cerd-Not HEMIT, = RUEEEIKA L2 Y R Y — AOBREEE(L 2 € =
S—FHrEE LY —THD

3-4-2.Notd IZ L DU ARY =L /37 H eST D EXTF AL, Hix 72InE 2 B EEIC
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FBLVeS10 Z# K63 AR Y 2% F 1T 5
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4-3-7. hRQT A KIL K63 FUR U = & F L $HIRAFICETZE U R Y — L OfEREC B 53
%
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0. EF

EWaToAE D #2787 1L DNA Z @ & L TG S 4172 mRNA 728 U 7R Y —
LIZ Ko TEMICHRSND Z L THEASND, ZOEBFIHBOEFE TIX
DHETTI—PNELTLEI N, 20X T—2HRIM LT, EESh
FLH mRNA RFAVHR DR - 7o~ 7' F R A M 6 GE TR E 3 2 A
LT, AR EHEEENMED > T D, A ERSCTIE. BEERRO
WEER A G, MNTEL 5 YR Y — L OB EACICRIE LI 287205 fiF
WREICE R LT 21T - 7=,

Z X7 B O RO TH DFIRREUG T, EERK72 RNA-Z VX7 BHAEKRTH
HURY—hick->Tirbihvd, VAR Y —24aid, OmRNA (23— KESh-#Es
o R ERREN D3> CTiggt L, @7 2 Ve~ BT 52 &
TRTF FHEAKRT 5. EWOBRRUSCUA R 2 DOIEEELR>, Tk
T, FEEA7e mRNA OFIFRICE Y . & L <IZZNHRORTF FEHOFEIC L
> T, kil LZZFRRIGEMENRE Shv, VAR Y —A0ME T 5 &0 9 BIR DS
SN TE7z(Inada and Aiba, 2005; Dimitrova et al., 2009; Yanagitani e al., 2011;
Chandrasekaran et al., 2019; Shanmuganathan et al., 2019), mRNA _ETD U ARV — A
DIEIEIE, £ O mRNA RO F R EORTF REMBPEE SR WTET Tt
VEBD VR Y — ML DFREEET 272012, fiflaict > THEHETH S,

Z D=8, HMIBENIZIX Ribosome-associated Quality Control (RQC) & FEIEAL 5 5
BELEAE )M - TRV . RQC IFE IR EDOTF N & s 253 fif 2 7554
HOHIEHT AFIE LI U AR Y — L& fflEd 2 2 & TREFROMINZH N T
W5, ZIET, RQC O/ FHIEICOWTIE, FICHIEREREE FV CHFZED
HHNTEY, ZORE, RQC OEEITIT, FIL LY R Y =L L&ko VR

V= LDWEENBVETH D Z ERH LN > TS (Matsuo et al., 2017,
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Juszkiewicz et al., 2018; Ikeuchi et al., 2019), & 52, H¥FFEETIE, VHR Y —L4
Dt —E LTE 22X F L U —ETHD Hel2 BNY AR Y — LK LN
7B uS10 IC K63 AR Y 2% F U gHEMET D2 & T MREFEIZHho 7Y R
V=ML L CHEIZ DT A Z & 2 L7=(keuchi et al., 2019; Matsuo et al.,
2020), =D, uS10 O EFXF UAUIKIFHIZ, 1E21E Y R Y — A Ofif#EZ 5
RQT EAMEKNY 7 b— b Sh, fREE#% D 60S 7 2=y NaBH L LT, Ak
& L ORTTF NEEN iR~ & 758 S 4 5 (Shao and Hegde, 2014; Shao et al., 2015;
Shen et al., 2015; Matsuo et al., 2020), Z D X 512, RQCIZBWTIE, VAR Y —2A
X TF ARG EE L7 FIEY R Y — LAOfREE L A& LT F NEE
DOERFE S, BEFRPFHIND ZERH LN > TND,

| Ribosome-associated Quality Control ( HHEFE:R ) |

$6

COLLISION

|Uﬁv—Aoﬁi\ﬁ%:>h&o®mmﬁlei¥vﬁ>4 mn§a¢w£5ﬁ§;>ﬂ FERTF FRDHE >
X 1. HIEEERIZEIT D RQC 24 L= BIERIE 1L D fRH g
A TIZ, IZUHIZ, VR Y — 2D EXF AbDOFERM TOHELFEMHIZOW

TR EITo 70, ZHVE T, WFLIEMIEIZIT 5 RQC OWFEIE, HEFERHCE
WTCHE SNTERTFREOEEN AT 7 ZRETDHETICEEES>TEY, £
DIFHEIZ OV TIEIAR RGN E L E ST, £ 2T, WIEED RQC ZHIREL
F| & U CRIE S 7z Xbplu mRNA(Han et al., 2020) ETD VR Y — LDEIEE in
vitro THEL L., 2 E TIZREE L7z Hel2 DRE v 7 CTh % ZNF598(Garzia et al.,
2017; Matsuo et al., 2017; Sundaramoorthy et al., 2017; Juszkiewicz et al., 2018), RQT
BAKEEWRTR Y —%F> ASCC3-ASCC2-TRIP4 = # 1 &{A(Hashimoto et

al., 2020)l2V T, RQC SO RIS E 1T 5 = & TS OIFHEFF %1772 -

10
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Too T ORER, WFLEMIZB VN TYH, Xbplu mRNA ECEIELZZY AR Y — 24
X, RO VAR Y — L EEHET L LA OLMNT LTz, £z, HEFEER: Hel2 &
[FERIZ, ZNF598 1&, 22U R Y — Akt La bt F o8 BRIZS17 5 2
&L EOBERNT IR Y —LZ 37/ uS10 BED eS10 THLHZ &, SHIC
ZNF598 [T X VRV Y AR Y — LD ZEZ LR & L, uS10 12 K63 TR Y v F
VEHERET D L AR LD, & 512, ASCC3-ASCC2-TRIP4 M5 7 5 =1
AIRD ZNF598 IZ X D Bk &7z K63 BIAR Y 2 % F U HITRIF L2 U R Y —
LDV Ta=y MEBEZITH) ZEEM LN LTz, ZOX5ICLT, VARY—
LD FFUALE G| &4 LT 5 RQC 4 LI- B FEROMIMEIL, HEERRED

O IR FLEARIIY &£ <, FEE T < R AF S 4L TV 72 (Sugiyama et al., unpublished data),

| Ribosome- assomated Quality Control ( FEZLAEART ) |

3
; .
ﬁ% ! ii :

ZNF598 uS10 uS10
mmwm & ™
Z Z hRQT complex
|2 (Tri-, Tetrasome ZREFE)>{uS10 D K63 B+ F hRQT FAHKIC & B8 FERTF CRDSR >

X 2. RFLIEMIMIZ 1T D RQC 2 L7 BHaRE L OfFTEHEE

CTHE TR mRNA o7 F FEIC X 0 FRREESE S, YR Y —
APMEIETDHNCE R LTEER, URY —LAAFOEEARICL>THZED
REELENEEIND EEZEADND, KIZ, 3 RUMRHHIIHLAR Y RY — LD
FEMEH T3 5 Decoding Center(DOWI AR A H L, FHFRIEMH A 2% 5T 50
REARNE Y AR Y — LTI RZ 2 T, SR THIEIC L0 | HEFREREIC ISV T DC ICZ
H AR U AR YV — A RNA(rRNA)(E, 18S Nonfunctional Ribosomal RNA Decay (18S
NRD) & FEIEHL B RREEIC & > T, AN RIS R BN it & 520 5 2 &
S X Tz (LaRiviere et al., 2006), ZD7=%, 188 NRD (ZEW\T1% RQC

BRI, VR Y =D xF AMehBEES 5 EME LT 217072, £ D

11
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B 18S NRD O##EITIE, VAR Y — A 87 B uS3-K212 D2 v F o
EBMIHATHDHZ LN LTz, SHIZ, 188 NRDIZEKIF D uS3 Db
FoAbIE, FEF IR ZBEBEROSTH Y . B3 U —E Mag2 ICL»>TE/ =
B F oAb &7z uS3 ZHEIZ LT, E3 U F—8 Hel2 X° Rsp5 73 K63 B Y =
EXFALZATO ZE WL L, £io, BHFEETIE uS3 D FF
EDPHRER RV R Y — 2DV T 2=y MEBHIMEATH D Z 2 50T

BO, ZOXIC LT, MEBEOERZAET D 40S 7 2= FHdD 18S rRNA
WX LT, FERAYIC RNase 287 7 B A L, BRI OMENATREIC 2 D, &5 %

5 4L 5 (Sugiyama et al., 2019),

| 18S Nonfunctional Ribosomal RNA Decay( HiHER ) |

0"A
v

w e } )
@ uS3 uS3 uS3 ’f"
DE@CT z o % D
@ Ub)

2 “" RQT complex 2

[URY—LoBREERE >{ussDKe3B1P+F > RaT E’Wkk;aﬁﬂﬁ_} ERE RNA DD >

X 3. HIEEERHZIIT S 18S NRD 24 LI-BRIEHAEY R Y — b DO fREEE
UARY =2 K AFEREINE—EDOBHE TIE 72 <, BERAa%EDSIT TiThbi T

W5, ZOFFEEIZ TV RY —L~DT 2 ) T RNA DY 7 L— b D LR
T ICEAFLTEY, ZORREEFa Ry E#EEL L TERSTLNATND

(Pechmann and Frydman, 2013), & HIZHEATHIFEIC K- T, = R A MK < F#
AU EE 3B IE U 72 mRNA DL EME T IR Z &R HE S Tniz
(Presnyak et al., 2015), L2xL7e3 D, EDO XD R FEEN Y AR Y — AOHEL
ftZzE=%—1_L., mRNA REFHET50NIIA SN2 > TR oz, K
WIEOFER., VAR Y — AOFIFREERIE L, & 882 L 5
Cerd-Not A RDIERLAL /Y TdH 5 Nots O N K uifEIkIZ L W S s Z & 38
LMl oTe, EZ T, FIRGEBENELZV AR Y —ADa X F U 1RIZER L

12
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FENT 2T > 7245 R, Notd 128D VR Y —ALZ LRI E eST D EFF AL,
Not5 D N KEGFEIKZ I L7z U R Y — A~ORZEREE. BLOENZ L DIEE
# mRNA O RICBIS 95 2 E BB BN/ o7z, S HIT, Nots O N ARk
A LT U AR Y — AOFEA X, mRNA S iEEMHLK 1 Dhhl O U 7 v— s &4
HLTEY, 2D —EORINZ L > T, 2 FUBEEEIKIE L 72 mRNA 53

NHEIND 2 &M BT 72 o 72 (Buschauer et al., 2020),

|Codon optimality-dependent mRNA Decay ( HE B4R} )|
A ik

o _ An o— A oy
(Nota ) § y
. 3 r
® SLOW
[ eS7TDE/ACFF AL _S[3FE0 FVIc & BEBREE > Cord-Not AAIC L BBl > ETEmMRNADDR >

X 4. HSEEERHNZ I 2 BHERBIEIZ AL 5 FEE T mRNA O 5 fFHktE
LLbED X 91z, ABFZETIE, UR Y —AORFEER, FiRA4e, dERLE,
EV o TR BOSITIRF L CHEE SN DT F N RNA 73,
mRNA 33, VARY —LADabexTF Auic L ERIND Z EEZHALMTL

Ccr4-Not complex

oo ZOXIIT, TRNETELEFRAOBBRICBIT SFR~ L LTHLR

SFEICNETAHEOIC, BHIC=2E
FFUHEWD AR Z DT 5 Z LT BRERERICH - 72 mRNA-Y 7R Y — L84
T T REEAEROFIEAMIANICE HE, 24D ORI DGR 72 55 i &
BETDHZENRPH LN T,

TWE U R Y —A0, filuNTHEL B
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1-1. HBEME %2 5 RNA/Z V737 B DAy ik

1-1-1. BETFREOEMREZRIET 5 W E S S
& R EERAE 32— 95 DNA 13, BENIZBWTRNARY X7 —8|T X

D mRNA IZERE S5, 55 SV AR mRNA (X, 5K ~0 Cap #i&E DS
RS 3K ~D poly(AEHDOMINAEZ T, S HIA Y MRV OREEEI AT Z
A THEDT a7 ERET, R mRNA & 72 0 LA 8 > Tl s
(ZHEIEN D, MREISEIEN 7. mRNA 1L, EK72 RNA-Z VX7 BEAERTH
LIFREEE Y R Y — LI Lo THREN D Z &L TH NI EBEHR SN D,

R OARTE R Z IEMEICHERF, [T 5 2 ENUHTH L —F T, DNA D
RLEFE CTIE 1/10°, mRNA ~OHE S LT 1/10°, mRNA OFHFRIERE TIE 1/10* &,
OOHBETZ T —=PAELTNDLZENHLNT NS, b, EFfThh,
H R REC K B %2 F V7= Deep proteomics Dl e, BRBHEF DO = F —3#7 25000
HBEEIZ 1 EE SNTWEDISH L, FIEREFO = Z —13£7 1000 7 </ f&(Z 1 [ali
Z5HEND T EMNB SN TS (Traverse and Ochman, 2016; Mordret et al.,
2019), 2D X DI BB FREOBR TIX. HLHEDOT T —23 i & | F % mRNA
BRORFE L N TEREASND, BlZIE, mRNA OBEEEWLIZ L >TY
WA a— R ha RoUnikiba R~ BT 57t RER HHE
WCEVRRDZT I VBIEREND I AU AER X51C, mRNA FO—
AL LKIEIRKICEY 32 PR ELLTLE) 7L—A VT ME
REZRLY, BREEMNAELDL, ZNOOREEML, Mialicl > THETH
HAREMER B Y . AR EN T U % o 72 B IEY O 0 iR % 5553 2 W S B
%, EROEEMEZAMERT 2 ETHRHTH 5,

At LERSCTIE, BRSNS IRERIC I T 2 B P B 2B LT, FEAIhT

Hw mRNA 2% O mRNA HR DGR 727 F R, & 5121, FIER A2 -

15
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ZURY—LHEERET HHEMEA L L TCOMEEHBEIC OV TERT S,

FENE 13 U CTHBIRT 20N, o AERIC L AR L 0 b BRI KIE =
RUBHET 5 2 & TREFIERKHE 29 % mRNA |%, Nonsense-mediated mRNA
Decay (NMD)Z LV | F£72, EhH kOB % > /37 E X, Nonsense-mediated
Protein Degradation (NMPD)IZ £ U i IZ S ivd, S HIT, iz K DR
Jlz L0 ASKREIER S 13T D20 mRNA O 3 KIIZAFEET 5 poly(A)SH
RSANTLED /A M w7 mRNA IZ, Non-Stop Decay (NSD)IZ L V. Z4LH
Sk & 2R 7B 1%, Ribosome-associated Quality Control (:RQC)IZ X - THAEN A
birESh D, Eiz. FRRAZL mRNA BAI0T X/ BRESI O S D <7
F FHOGHBFE T, VAR Y — AP HRE L TH LI HHD LT REFIELE
A iZiE, 20 &9 2 BE RIS OMEHE O 72 D12 FIER STV 72 mRNA 13,
No-Go Decay (:NGD)IZ & Y NEREIEr & 52 1 CHfEsiE S, GaGE EOF A~
7'F REHIE. Ribosome-associated Quality Control (RQC)IZ L - TR ITAIKAN >
BEREIND, Al U7oBENE, ARNICHEET 2 08 PR O — #0208 &
T 2D O RMEOMINC WIS TFED IR IR T TS

1-1-2. mRNA S fiiiE
BRZAYTIE. N0 2FRE . mRNA O 5K ICIE Cap #idE, 37RKIRIC
1% poly(A)#HZ A L TH Y . ZH51E mRNA D% EAL & BFRBUS O % 57

%o S HRIGD Cap #1E1T, FHARBALAIN T eIF4E 23, 3°KiHD poly(A)EHIZITZ D
fEa s /NI EThDPABP G T 5, TNOWMEBEZRLGZ VXV EThHD
elF4G MBI T2 L O I L THAEERZ KT 5 Z &£ T, mRNA i closed loop &
FEIN D BRIIEEZ L 5 2 LB TWNWD, 2O XD RiEEE & 52 LT,
FHFGEAS RN & FHRRBAAEE, 2 22 M S, FRRERE 2 L2 U R Y — A
. WOBRRBIBRIG~EEE ) A 7 V&5 2 & T, BRSO
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B LTW%, &HIT, closed loop DIEHLR Cap #§1E, poly(A)SHDATINIE, mRNA
D ARIFEN D DTF Y X7 LT —BIL LD 0RZEFE, mRNA A ORZEME%
MERF L, BEZROBIGFRBUIKRESFEL TV

Z D=, mRNA O fiEZ4T 9 121%, mRNA OREHIAIN STV 5 Cap 1
ER poly(A)YHZBRET D2 MENH D, —MKHINT, mRNA SRR OADE PG
poly(AHDEEHIL (777 =L —1 = v :deadenylation) TH ¥ | #il T, Cap 1%
EDOBRE(T ¥ v v BV idecapping)NEEZ D, T 77 =L — =3 Ui poly(A)
PHIAES T 2 EHE ¥ VNI ETh D PABP OfEA Z ) S, mRNA OBk
bxFED L Z LT, FFRBAMGEEZ KT S E 5, £D%, Cap HiEITF5 O mRNP
(messenger RiboNucleoProtein) DREENZ L L, Tx v v B 7 MEESIND,

— 972 mRNA O REFEICI VT, poly(A)EEDIRT 5T 7 F =1L —3 3
IR T H D, BHRRIESHEIA T eRF1-eRF3 11, FRRIEAERFZ T T R %
figifE9 2IEMEZ2 B, & 512 eRF3 O N K K A A 21 poly(A)dH LD PABP &
MAEHTZ2Z LT, BB LT T T2 —v a VOB EHIE L
TW5, BEEAEMICBNT, 75— g U A BRI 4 FAEEL T

. (DEETFRBLZ A < Hli#H3 25 ZHEEE AR Cerd-Not DFERLIA 1 CTh 5
Caf1/Pop2-Cerd, (Q)HHEHIFIHIBFED T 77 =L — a V53 % PAN 5
AR Pan2-Pan3, (3)poly(A)FrEH)—F Y X 7 LT —E Th %5 PARN
(Poly(A)-specific RiboNuclease), (4) Cafl-Cer4 L [RIU EEP X7 L' 7 —¥ Th 5
Nocturnin = Angel1/2 281 541 %, Cerd-Not } OV PAN AR, HIZFEEREC B

FaED, ZOEBAEMIIBONTREIN TV D FEREETHY | FHEH%
W77 T=b—a i TH 57T PARN EIHFAEML TRA SN
TWL DD, MOEZAEMIZEBNTHRFESN TV DI NEH LI R>TW
72\ \(Yamashita et al., 2005; Funakoshi et al., 2007; Goldstrohm and Wickens, 2008;

Norbury, 2013; Shirai et al., 2014; Bresson and Tollervey, 2018; Yi et al., 2018), 7 7
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=b—va VOBREIR, KEL 3200 INTEY , ZOWMIERE Cld, PAN
BARDHK 100 HEHRFLE £ THEF< poly(A)EHE R T 5, PAN BHAEIKIL, Pan2
J OV Pan3 M HAERK S CH Y, Pan2 /X RNaseD 7 7 2 U —|Z@ T H =%V X7
L7 —B RAAL %S 5, Pan3 X Pan2 IZAH AER T 2K 1 & L CRIE I LTV
%o Z OMBFE Tl Pan2 & A AAEH T 5 Pan3 23 H & @ PAM2 (PABP-binding Motif
2)% 41 LT PABP @ C Kl N A A4 > LA L, PABP IZHS A9 5 BHARKEAS A
FeRF3 L ANEDL LI LT IR L R LR RNWT 7T =1L —3
VEBHET D LD T IUNEE STV % (Funakoshi ef al., 2007), % Dk,
Ccr4-Not (Carbon Catabolite Repression4-Negative On TATA-less complex)#E & 1A D
IR - Cd B Cafl/Pop2-Cerd 3T 77 =L —3 3 > % 1T 9 (Collart, 2003, 2016;
Denis and Chen, 2003; Collart and Timmers, 2004; Collart and Panasenko, 2012; Miller
and Reese, 2012; Shirai et al., 2014), Ccrd-Not EEKIZIT 7T =1L —2 a v O I7g
57, B FRIAZASHIET ORFHETH DL, FEMITE 3 ETrRET 5,
FT T = L—3 3 VilafE Tl Cafl/Pop2 I PABP 3 A L CUWN 22 W iElE % | Cerd
1% PABP 2356 L T DIk 2 Fr FRAYICHI D AT Z & TUIZIEARTO poly(A)$H.
M OZNITHET D PABP DFREZAITH, Z DOFRIZIX, Pan2 7% Pan3 271 L T
PABP L MHAAER$ 5 Z & & [ABRIC, Cafl IX Tob & FEIEN DK F %/ L C PABP
EFHHAERN T 5 Z & T PABP % poly(A)$H L2 BN <& 5, Pan3 & [FIEKIZ, Tob
SOFERKEHEINFTH D eRF3 H PAM2 EF—7Z2F L, 215 DKFIE PABP
EDFERIZBWTHABERICH 5, Z D722, FlERKEHE BUMMI VY eRF1- eRF3
75 PABP 22 Bl 5 &, Zhigl &4 L 72> T Pan3 & 5\ Tob 7 PABP &
24 L. poly(A)SH /0 fifl% % CTd 5 Pan2 X° Cafl A mRNA iV 7 v— K &b,
ZDOEIIZLT, TT7T7=b—varyPalEEIsn0b, 5&fF Lz 3K
25 SKI-E %V Y — AEARSCDIs3 =%V X 7 L7 —E 13 3°-5 [~ & mRNA

D431 % #E 8 % (Houseley, LaCava and Tollervey, 2006; Halbach et al., 2013; Labno,
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Tomecki and Dziembowski, 2016), Z Df#IZIX, TUTase & MEEIL D EERRED TR AT
L7z poly(A)#HZ 7 U Db d % Z & THRfsZRET L2 L b D, =F Y
V—AE, e ES I0FEOY T 2=y B E KRR Y NI BEAKR
THY N0FEETOY 72=y N335 F Y X7 L7 —EflE%% $ o,
FroMRERICBNTE=X Y Y — AOMBIA T & LT SKI EAERMBIFIE L,
DExH RNA ~ U 5 —¥ T 5 Ski2-Ski3-Ski8 #H A A, KLU GTPase iH1tE% &>
EF-lo B0 Ski7 23, =% ¥ ¥ — A2 X % mRNA fRICHEETH 5, Ski2 iX RNA
AU =8 L LT, Ski3 1L SkiHERD RS /37 & L THEE L. WD repeat
RAA % &0 Ski8 1E Ski2 XU Ski3 LM AN T 2HRH SN2 > TV D,
ZOEIIC LT SKIEGHERDET D~ I —BIHFHIZ L - TIE D472 mRNA
i, =X YV —LADFOX 7 LT —BIEEIC Lo GREIZfiES LD,

mMRNA N T 77 =b—va raxin e, -3 KO- HroRFmnsGo
mRNA 3R PNEE LSS, 2D 6, 53 HROSFENFEERRK T
D SR E T Cap EEDFRE & TAUTMED 5533 =F Y X7 LT —
BTHD Xl 1282 mRNA O ENEZ D, LEDZ b, 53 KN3-5
T ORIFIA 735 D mRNA SRR PNFET 250D, EHHITR L THAR
FOSIE, 3 KimdD poly(A)YBEDERETH D Z LR BTN D,

mRNA OF % v v B2 71X, Depl & Dep2 (2 & W ATau, Cap fEEAHLY BR»
o, 0%, 53TF X7 LT —ETHD Xml IZ X > T mRNA D5 fif A e
735, 7% ¥ v B JWEHIL. Depl & Dep2 D2 ODH T = kb7 0,
Dep2 236y 7' =~ T % (Song, Li and Kiledjian, 2010), % 7=, Dcpl 1% Dep2
[CEBERSS L, s A RET D2EEE D, 77T =L — g VD
PABP & & % (T eIF4F 78 mRNA 7 SRS 2 & Depl-Dep2 #51K7 mRNA (2
fEG L. NTOLA F AL S iz Cap A & R AIZ38R L. m’GDP % fififf <&

Do
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1-1-3. B U837 B favkks
HIRNIZIB W TCARIE R X X i 2 T 0 a2 T, EERx N

=

SRR L LTt X F oS uF 7 Y — L% (Ubiquitin-Proteasome
System: UPS)23db %5, 707 7 V—Ah, X F L AbI Nz o7 B E2ER
E LT LADMST 5, 2 X F L ALIC K DIERZ X7 B ORERILZ X7
BFOMHEFEEHERCB W TIERICEETH D,

L EFF UL EI(= B F UEHALEESR), E2(2 B X F URTABER), E3(
EXFUBRBER: X T ) A —B)D 3EOBEER OB X2 XV E#EERIC
IO R IR IS NBIE L Z D Z L TH U NI INE D, E3 2%
F U H—=BIE, EHE R TEOY P UEREOT R ) Kila v RTF o
MAESELAEEEAL, AL TF o) VUERIc, EbliaexT
VM BIEEE RO, ZOX I L TERENSGRY 2 F UHIT, £
NS 528 F o F A ORISR L CRIIBNIC S SRR >
TTNEARET Do ZFllE 1-1-4 THRIBRT D08, 28X F o FHD48FHD
U UBREEN L CHAE L KA AR Y 2 B F %, 7 u7 7 YV —LAIT &
DRI 5 X B ROFR S 7D, B3R TF U H—EiX
B hCIE 700 FEU EAETE L, 2B X F UEERICIEIT DB O HRNE & R
P2 hiEdT 2 EEREETH D, SHICE32EXFF U T—Pid, ToiFHEd
DOREEIZ X > TRBIE I, HECT &, RINGH, UK > 7 A®D 3 7 )v—T(C
I D,

TaT T YV —AX, EIZKSHARY 28X F AL SN AE Z R E %R
R fT 5, BEEDOT a7 7 V—20%, W%, REERO 208 7 a7
TY—AELTHIBNICFELTEY . ENENTHEOY 7 2=y Fh DAk
ENbal)ZEBU TN appa DIEICEA LIZMHBEROMEZ LTV 5, fil
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BRI 208 7' 7 7 Y — MIFRERRL - D 19S HEKRNESHET D Z & T, ATP
W7 2T 7 =B CTh HIEMELR D 26S 70T TV — L L7 5,198 EAEKD
FLJEHRIE ATPase 1§ 2 & B ATP MK RIZ IR 2 =3 0% — % J W TR
BN EOREEEENSEDH LT, ENERE RN T 0T T Y — ANE
ETCORELEESED,

1-1-4. ZEREREE O X F AUEH

X FUnFILT6O T I VBN DIR LN F A NI ETHY, 2 EXTF
LERIL, EREAMICB VTR REFESILTE Y 2R R L R,

A EFF UL Bl 2 EFTF AGMEESE D AT A UERIEICH A L, E2 2 B

FFURAMRDY AT A REIIZTESND, E213, B3 X%F U T—
PLEDRAAL ZHES L. E3-E2BEA LIRS D, ZOEAKIE. B3 &L
THE S R IBERMAE L, BBARLGETHI L TE2NLIEED Y VUi
I X TFUNHIMEN5 (R 1-1A), FEFITH 2B TH D0, HEIc L - T,
E4 2 X F UHMREMENEEICHEA L 22N L TR 2 FU#HE I 5
HhET2Z2EbH 5,

ZEXRF T, HEX NI EOEILY VUL, VX TF U0 TEED
U P URRECN RO A F A= EIRICHAT D, £/, 20X I L TEK
SNTARY 2 EFF IS, £ ORI T T, M1 8, K6 $4, K11 85,
K27 $4, K29 84, K33 #4, K48 #{, K63 $i -t 5 (B 1-1B), TNENDRY
AEFFUHIT LIS, TIRANEIBESND VT TNRRRD | KA8HIARY 2
FF IR, F NI ERRERE IR THL T 0T T Y — DL DR Y
TFNETeB—T, K3BARY 2 % F U EHIL, B FRBHEC Y 7 )L
mEE, A= 77V —FLFETLEINTWD, TDD, LEIZETT,
EA RO B3 BNEEA~L V7 L— b EN, BEROSHDE/ 28X T LT
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RY 2 X TFUHZAMN, MR 2508, MINIGE ZHlE9 5 ETHHETSH

Do
Ub— Ei
E2 =H
Ub— Eo E2
E3
E3
‘h‘lb
us
- ‘@ ©
FSAEFFAE TAFIN RULEFFE
E/AEXTFAE

B—R) 1EXF 8

e o s
:Ejg :
i _ & L ue
- -

K6EH K118 K278 K208  k33EM  k4e8M  ke3EH DEA (M2EH)

DNAJETE ? AR oKz ? ? SR FREE  nFxe
T DNAYELE Eitik
5 WPTAST S

\ T —taf) A E £ F 8
AEFF

§ﬁt1t’£9’->f§ﬁ q’ u
- &‘u @ zusiiom
O

S{=Em e El REm SR

1-1. AEFFUIED k1T
A) IEFFUERIGIIEHDEREFICL P ERIGRIGICEIOTE S,
B) RUIEXFUEHDF DHMAED S HRIE B EDERHRX(CIKET 5. RRBEFHRE

MR EEERHAEZE HP LN51/H)
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1-2 BHERAZ IR 4R TF L 72 A PN RS RE fhil 481

1-2-1. ERT7 VX b

IHET, MBS EF DX N7 B IE, DNA-mRNA %50 L B S -
HEHZ S LIRS, FIRREUSENTE T L7120 HICHEEMN 2 i 2 Rk L,
ERNTHEEET 2, EEBXONTE Tz, Lol s, T, kit —r v
P —ZBfE L 7= Ribosome profiling /£ % H W fEMTIZ Lo T, R E RS
T L —EHRETIERS, MEL 2T TEITLTEBY, FICIT—FEIET5 2
EVHABMNTR S TETZ, B REZ LT, KB A W7 MR <k
Mg D 8 FILLED Z /7 EOEHIBER T, VAR Y —24708 1 B EEETS
Z & NEE STV D (Chadani ef al., 2016), & ST, BIERO —BpE1RE, vp 2
By DORBEREF L R BOEBFICHRT DX R EEESS, BAR
FNLUAEMH T a— U ZEREIND Z &P HE STV 5 (Liu, Han and Qian,
2013; Shalgi er al., 2013),

— 5T, BB L THEOAMIGE —FHE (T LA M &5 Z L TRKS
WD ERGET O ESRT T RSN, MENOBREFEGICED S Z L BRESN
T % (Tenson and Ehrenberg, 2002; Ito, Chiba and Pogliano, 2010; Wilson and
Beckmann, 2011; Ito and Chiba, 2013; Chiba, 2018), LA IR L 912, LS
IRT VA SNRTFRP, T BESURFRNZ Y R Y —LO~TF FHA b~
FILRVEMEI T db D PTC (Peptidyl Transfer Center) & FHAAEH 92 Z & T, B
R SO & — R IR S, MIRA N O BAR 7 FELHIE . BEREROHIEE 21772 > T
HZEMRBINT WD, ZHICEITHHRO—RHEIRIE, FERBOS & 364
LTeRENTF RO T +— T ¢ o 7R LA RE L, Ml @7 8.
BICEISTHE VW) RTURATHY, FHTHNICERDOHLIBRTHL LB X
HiLD, HEREVMERIFUEIIC T 2REM I L LT, RETIE X VX7 Eoy
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WERIBIZ BT D SecM-SecA mRNA (Oliver et al. 1998) & . UPR (Unfolded Protein

Response)|ZF51F 5 XBPIu mRNA [ZOWTHliiL 5,

1-2-2. SecM mRNA Z Uz Z L% 7 B A bt A8
HIE CAR SN0 X LRI NL, I T B 4R A A L CHl

gk~ L ik & L 5 (Park and Rapoport, 2012), KIGHE O SecM 1%, #fo & o /3
JEYWEN R =X — L, TOBEENRE LIZHAICHE R Z BREI T 5 SecA
ATPase DRI ZFHEEST 5 2 & T MIEORF O WEEE —ELL EIZHERF L T 5,
KIGEIZEB T 2 T2 W TH D Sec b7 > Ar a2 &4 L7z Sec iR IKIZH
WT, SecA [THH D ATPase IHMEZBREE L, 73U /™37 B 2 M D> 6k~
ELHETE—F—2 "7 BH L LTEL, SeeM @ ORF (X, SecA ® LjfiiZ =
— RENTEY ., ZONEBFRD SecM (2 X 5 SecA Z 4t L= 4 > /7 B4y UkGE
HEZ ATHEIC LTV D, FREAEMICERIT 2 BIRRBASE Tld, VAR Y — A0
Shine-Dalgarno(SD)AC 4!z i2ik 325 = & BNMLEEZAN, s, SecM-SecA mRNA I
ZOSDESNEET L DI L TAT LA—FHEELZTER L TS, SD Blsl
ZNLIEVRY =LY 71— bR ENT, SecA mRNA OFHEREHAAIIILE S
TW5b, LLAND, SecM X, N RUHICHERSEICE 595> 7 s, #&
k= RFRTO C REGREEIZFER T VA &gl 27 VX MNdE2HF T %
7=, FIRE LD VAR Y — A, SeeM mRNA EIZEE YD AT LV —THEED
R A PRE LA S5, 20X 5 2FEEAREIERBUSIZ K D . SecM mRNA @
TIRICAZE T 5 SecA mRNA 76 OFIFREA LGS AT HE & 72 > TV % (Nakatogawa
and Ito, 2001), = DOFIFRIZIEFISIE, SecM DHF AT F RS SecA 24T L 7= %
RS ISIT L BT -8R b D Z & THRERINL D Z &6, Mifnd sk
TEERE O E Z12E, SeeM OFFRIEILIZ T ERFETHY . ZHITIRF L2

SecA DFMRUNMTDBEIZHEE 720, —J7 T, WEEIMEV & Z1TiE, SecM D
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FRIF L 1T RIS KO, SecA DRSS MEE SN D, L3> T, SecM
FRIERIE EOIRRE T, B H O3 WET L O SecA 1T LV 5] o0k b2 ¥ Hirg 1 H
2R, MR WATEME A A L, FHUCALE T % SecA OFIFREIE A 1T © H6E
T LA RRTF RELTHLNTNS (K 1-2A),

ZOREER Y AR Y —LADEIRIT, 166 FH D Pro = K3 A-site T
ProrylRNA S FHAMEH L72IREETIR Z 0 | GEGRT OFAERT T RER, VAR
V= AD_TF FHO h xR R Y — AR OIEENL TH 5 PTC & AHAANE
MTHZLTHEESNDZEVRHESNTND, 20X, URY—LD
TF RN b IOV ER BB b LTI < BRI B ST D

22 FERE R 5 C & 5 (Nakatogawa and Ito, 2002),

A
SecA
SVINVE
7-~
YIIEH ¢§lo§EDﬁT ( =
 yySD
SecM mRNA SecA mRNA
l FEEDET

SecA HEigL SecA
5l oRD AHLMET yyNUE

BERR7ZL A b

'S J

>
1-2. SecM mMRNA &4v U8 VI ND'&E 435 5 14 il 15
A) SecM (FFIFRE LDIKEET, BB DR MHEH LU SecA [CEDEI25RHN 2 Y ERRI{E
AICED. HRaD S i EEERREL., TRICAET 2 SecA OFEREIHEEITOHERETE Y
LARRTFRELTHEILDN TV,
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1-2-3. JREBAEMIZIBIT D ZOMOENET VA FXRXFF K

1-2-2 128V T, KIFE SecM mRNA ([ZBIT 57T L A MEFRIR X 37 By
WA DFIFNZ DWW Chi Uz, MBI BIEY L X 7 B OREA~D Y AL R
WATEBOBRENH 575, FERBEIT W LR L Sec hF v Ama gy
L7zt D TH D, —F T, Sec ITIKIF LW EEX > X7 B OFF AR & LT YidC
TR D3 5 71T % (Kuhn, Koch and Dalbey, 2017), YidC (%, FEF v R AR D5
BYIALEETHY . MEFEICBW TUIEFMICHEIT S Spolll] &, Z DFHL
PMET L7z & 2 BFE SN D YidC2 735 5 (Rubio, Jiang and Pogliano, 2005),
ZDORBIFEEIT O O MifM mRNA DL ERINDT VA RTF R THD
(Chiba, Lamsa and Pogliano, 2009; Chiba and Ito, 2015), SecM-SecA & [RIAEIZ.,
MifM-YidC2 (X[ UA~m & BIC/FE L, MifM mRNA (BT 5FFRT LA MZ
LoT. AT 2A—FIZLVE STV YidC2 @ SD BesI3BAZL L, &4
% Z & T, YidC2 mRNA OFERBAMGAA FREIC 2 D, & HIT, MifM @ N Kl
WUIEE® R A A &AL, YidC RFIZEf A S D 2 & T, MifM mRNA
ETOT VA NREREN DA D, SecM-SecA DL ERELLLTWD, 2Dk
212 LT, Spolll) DIEHENARNRET 5551213, MifM mRNA RIZEBITLHT7 VA b
MNERHMER ST, YidC2 OFBLN EH$5 2 & T, FiEEIX YidC OFRBLD
P 5 M Z A FHF L TV 5 (Chiba, Lamsa and Pogliano, 2009; Chiba and Ito, 2015),

Fo, WEFEEE T U AEICBT S VemP b, X NI BHSWICE T 5T L
A k&5 &L Z 9 (Ishii et al., 2015), VemP %, SecM &[RRI /3 WERENA T
% SecDF2 KD B & 2 L, M EE Y 7 U A E PSSR BHRIRE ORE
(IS T DIDICHHATH D Z ENIME SN TV D, SecDF2 (X, (KT F U 7.4
A FVBREEICE W THIIME T 925 SecDF1 OFEREZ 4 5 /oWt & L CHElL
FHEEINDH, 21 SecM mRNA <2 VemP mRNA (23517 2FIFR 7 L A k L3

L7ZBERIC L v 5IEEZ s b,
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P ED X 51z, SeeM, MifM, VemP [T\ 1% N RIgfEIKIZRFEY 7%
A L. Sec /WK YidC JEff ARRIEOIE & L CHRET 5 — 5 T, C KilitH
WICT VA NEF—T7 %D, TNOHDT VA REF—TIZBITDHIVRY—A
D—WREIEIc LY, [Fl—F e bila— Ranz MROBE TR 2FHE S
DT EMHESNTND, 7 T4 FEFBME L MO Tf#t 5, SeeM mRNA
IZBITLHFRT LA ML, ZOFESTF FHE VAR Y =207 F FHO b
Y HR PTC fHlE & DALY | XTF OV RIS RE SN D T2
|Z. (Bhushan et al., 2011), MifM mRNA X°> VemP mRNA OHA121E, [FERIZ LT,
VAR Y —2A A-site ~DT X J T 2V RNA OFEADFLE S5 72912 (Sohmen et
al,2015), FRENDZ EIRBENTVD, WTHOBREICEH, AR EOH
AT F REBEGECIEFA SHRE L, WEIICT LA T F RH5]
SIEHNDZ LN, R VA FOMERICHNATH D, DED, DX 5745
SRV IBET 9 HDMENT A T A ThHIVUX, RHMOT LA MXTF REHL
T AB R NBERE R N FATE T 2 ATREMEDN 8 D

VI Eoiz s HIlaN h U 7 b7 7 CREEE =X —F 5 RIGE TeaC(Gong et
al., 2001)X°, PUAWE & Bom LKA R T 2755 5 7 7 ARt car B
+(Alexieva et al., 1988; Rogers et al., 1990)° KIGE cmlA 5T (Gu et al., 1994),
ermA. ermB. ermC. ermD 3&{5¥-(Nora, Celine and Alexander, 2008; Ramu, Mankin
and Vazquez-Laslop, 2009) %, AN AEHMK 0 TIL &M % B L CRIER 7
ANEG|EEITZETHLNATND,

1-2-4. Xbplu mRNA Z U7z & X7 B WiE M
T VA RRTF ROLL L, BEDORMNE T CHERO —IFEILZFHR L, Rk

L4792 L THIRMA OB L — & LCRIET 5. — T, T ICRT
Xbplu mRNA (Tt P —& LTHEET 201 T3 < FIRRO —Ks 1k 2 1754
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ZFA L. BH O mRNA Z/MakiE b~ LR SET0n 5

BARNVAFIZLSTCIRT A= NT A T a2 SR L2 R 7 E DN
FARIZERE L, /MaEA P LARETEHEITIE, 7y Xn o ORE X v
NI BEDORRIRERFORBLAFEL ., A L RAEREMT 58 TH 5/ Malk
A K LA (Unfolded Protein Response : UPR)S AL X415, 2 UPRIZL Y
RHHE SN HERETEMALIKNF D —->5 XBP1 T 5 (Yoshida et al., 2001), XBP1
DHIEEAR mRNA T D Xbplu mRNA (213,26 EEN S5 14 v huarngEh
TR, EOTFICIEEGE=Z RAZX L, -1 7 b— 20T i CiREYE
ML RAAL R a—RanTnb

INIEAR A N U R RE BRI, R Xbplu mRNA WA T Z A 2 T h5%07T,
AV MR YBRESND Z & T, BV Xbpls mRNA BEAEIND, ZO XD
IZL T, AT T4V 7w R mRNA ~E S s Z & ¢, Bth= K
YDA R T L —AEREEEE R A A v Oa Ry 7 L—AR—% L, 5
PR T- & L CoiEEERETE 2 L 910/ b,

LED X 572, Xbplu mRNA D AT T A 2 70%, /MAEA b LR RERC
EMEE S D/ R 2 2 X 78 IRE a i LV iThbiv s, /IMaRE EIZFEET 5
IRElod, /MaEA b L AIZ L > THERR) U Uikl LOR T ZERMET 5
L TEME L, TR IRElalE, B S OMBEM N A A 23 F 3% RNase &
PEZBRET 5 Z & TXBPIumRNA DAT T4 2 T 54T,

Z D=, Xbplu mRNA BRNRDORB WA T T A 20 T a5 H7=9121%, IRE
a DMLE T 2/ NAERBGI G B L SN D MER S D, Xbplu mRNA Of& Ik =
RUBERNZE, VAY —LZEIEESEL2T VA MET—TINRHFEL, S HIT
Z®D N KN IX HR2 & PRI 2 BUKMEY X 7 BRFR RIS ATCi 2 £, 2
DOFEIIT SRP ARAFHNT MR~ & JRfES 2 &EI 2 5, DF 0, FERE
URY =2 b RN HRIE A~ L & L7z HR2 (2 K0 /N R o~ & 2 —
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FoT 47 STz Xbplu mRNA-Y R Y — L-F/ESTF RENL 25 ZE5E
Ek%E, TVAMET—7 ETOFRRT LA ML ERFRIHMERFT 5 Z & T,
NEO LN E~DRITELE FNIC LD AT T A4 2 7 & ARRIZ LT

% (Yanagitani et al., 2009, 2011; Han ef al., 2020), £AMIX5 4 = CTim U 5,

1-2-5. EFAMIB T 2HEET LR FXTFF N

BEEAEMIZBW TS, FEMEOFIERT LA M &2FIH L2 < D2 O HHfa B
RERIEEI S H LTV D

T AR TE arg-2 1%, THAX =2 OAEBREFCHEEET DIV AEA VY VR

AR O/ T =y hEa— KL TW5b, ARG2 1T, flEN T L X= 80D
RIEZFIN L CTHRFE S, BEIZRGAEIIIERAIE SN, arg-2 O LR
IZ1%. upstream ORF (WORF)23F7E L T3 V. AAP(Arginine Attenuator Peptide) &
FEEIND 24 7 X VB RH_TF Gl 505, 7% = A pES:
TiX, VAR Y —2A% Assite [CHIEa RUZE S ERN DRRRERE T2 2 L7
< {814 % (Wang and Sachs, 1997), Z OfEH., uORF D FIZNLE T D arg-2
mRNA OFERPPAEFEIND, DX 5 G L. 7 D ED R
53, MBSO RFEESNTE Y, uORF 28T D VAR Y —ADEIRIZL S
main ORF OFFRILED A2 5 1-5 THIE T2 NMD I & - T mRNA 75fF &
58 XN 5 (Gaba, Jacobson and S. Sachs, 2005),

JFEEAEM O, EJED ORFIZEBIT 5 U AR Y —AO—REIRI%, o
ORF @ SD Bl & & &, BHERBAMA A EICHIE 225, ZAusx LT, B
AEPNZIBNTIE, T ORF DA ¥ ¥ =2 7% FHE L, FRRBHLA A A HIAE
%o ZAUE, BEREAEMORERBAG TIX U AR Y — 2708 SD Bdd 278k LTV 71—
NEND—F T, BEEEMIZBWTIL KD Cap BIEICU R Y —20B U 71
—hIN, ZOBAF Y = T EBIIGET 5 & D FIERBAMAHEE OE W & S
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2020 1R

LIERERTHDLEEZEZ DINLD,

EHIT, YA RXFTAF CGSIIZ, FIRRT VA FEFH L TATF A= AARK
R ZHE L TR, AFA=F8IKTHS S-adenosyl-L-methionine (SAM
L < 1% AdoMet)iZ L 0 #BLHH 251 5, CGSI \ZEBF 5 SAM KGRI FIER 7
VA MI, BRI R F DA 69, %142 mRNA OUIF2 b ER T 52 &
T, AFF = AEGHREOPIMZHE 5 CGS1 AR OGHELR TS ED

(Haraguchi et al., 2008),

1-2-6. BIFZ —4 v FE LTOBRT VX b

2017 RIS @ LDL 2V AT e — L2 K TFSE ke E LT
PF-06446846 3 ¥ 75 S 17, PF-06446846 (%, M4EFH @ LDL 2 LV A7 1 —/L &%
1ELZ 114~ 5 PCSK9(Proprotein Convertase Subtilisin/Kexin type 9)% =— K94 %
PCSK9 mRNA (23T 2R8I ]IER T L A N & 55389 5 PCSK9 RS & Al FE
EHLE L TERIN, B ATFa— LMEOREEE L CHfFSLTn5
(Lintner et al., 2017), HHJZ "7 B OFEDNEEESCET — 7 BN E T 5
BUROAIMET 7' —F Tk, FrREOBOERZFE, AT 5 2 L BNEEET
HDHMN, FIIRT VA R W) TOHORMBMIRBIRIC T 7 —F 35 Z &5,
ABEOBLEIZIB W T2 2810 NI D TR & 5,

1-2-7. FEREHEZHER T H2BRT U X FEFI DR
ZHIVET, Ml OBRERE S MEREREET VA R TF ROV TR LT

XN, EENICITEA 2T LA NET—TRNGFEELTEY, THEKDY R
Y= LORFAEIENRETREBINT 20 7TV E R D T EBA LN T
W5, 112 1ZRR L7z X 912, #&ik = R 2 KK L7252 mRNA 2RSS
&L EDTICA 7 L—ATHRIEa RUBFIELZRWBRY . mRNA @ 3K
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IZAFET 2 poly(A)YBEHMBFER SN CLE H, T D X 9 72 poly(A)SHOFEIR &1L
MR CREFR E R I N D7D, 2D A b 7 mRNA OFFRA I
ENb ZENH SN/ - TS (Inada and Aiba, 2005), & 51T, U DU iRESC
TV = FR N UMY X BB A OFIERIL. EEm A RO Y
VO RRYTNF = RTF RapEAT D, EASNIZIEE M TF Ré
BrAERTF REBWIBT DV R Y — A h R VNFEZERKT D rRNA OAERN
DEREMMHEERNZAC D720, FRRMERE EE 2SN TVD
(Ito-Harashima et al., 2007; Lu, R.Kobertz and Deutsch, 2007; Lu and Deutsch, 2008;
Dimitrova et al., 2009; Kuroha et al., 2010),

Flo, VLT ARy AL —IZBWTHRIRT LA MR IND, LT =
R, 7/ LI HB T 2B ENMELS . S 61183 RIS T D tRNA D5y
TR D7 R AR, HIFERICEB W T, CGA = B UATKIST
% tRNA (21E. 588D RNAAE (UCG)DMEE L7, #liiiE tRNAATE
(ACG)BEEAE IS tRNAAE (ICG)ZEH L THIERZ D 5, L LN 5,
fRNA 7> F =2 R b—F DA 7 2 ()it wobble it & 720 CGA = Rv D7 T =
(A E DHBEAERNEI, £DT2H, mRNA RIZ CGA = RUNHELT 5 &8
R EEENBILE L, S5I2CGA 2 RUpHifE Ly 7 AX —%2kT 5 L, B
RT LA %5 & Z 4 (Doma and Parker, 2006; Chen ef al., 2010a; Letzring et al.,
2013),

Sz, FIRRT LA NI, AT A —7HEE 77 = o W BEHEEE 2 5 TeiR
[f T2 E 72 mRNA ¥k ##%i&(Doma and Parker, 2006; Kuroha et al., 2010; Tsuboi et
al., 2012). BR{LIERAT % 32 ) 7= RNA(Simms et al., 2014)=° inhibitory di-codon pairs
EMEINDFIRR Z HE T % 2 N OGO (Gamble ef al., 2016)I2 K> Th
LD, £7-. 7 2/ EHLHK(Guydosh and Green, 2014)<° tRNA O & (Ishimura et

al., 2014), (LA b L A (Simms et al., 2014)Ci8 572 H(LaRiviere ef al., 2006)1Z
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Lo THLHIRT VA MBFERSND ZERHBN TN D,
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1-3 HZERERFIZ 1T A Ribosome-associated Quality Control
(RQO)D 75 T-E% 1%

1-3-1. YR Y — L DEFIZ L VBRI 2 HEEEEHE: ROC & NGD

ATl L7z SecM mRNA <X° Xbplu mRNA (235 1F DFEEEME T L A M i, BRBEE)G
BOWB 25| oY NI K> THEREN D, L LR b, BT 2
L. UARY —=LMEIE LZBRICIL, ZOHRE 2D BEFRZ R, BRET D
VERH D, ZOBITIE, E LY R Y — N3RS, AR EO# AL
TFRHITT BT T Y — MR, BE mRNA ZX 7 L7 —BIC R i e
J5, ZOXIRRERRICED VAR Y —L20EIRCER Lz, A& Lo
HRTF REE DL ER 1L, RQC (Ribosome-associated Quality Control), ¥ % mRNA

D43 fiERIE. NGD (No-Go Decay) & FEEN 5,

1-3-22. Y A Y —LDEZE, Bike E3 2 X%F U —F Hel2

YKRO17C, YDR266C |FEERHMAANDO & A h & o Ry B EEHIET 25 E3 =
ExF U H—BEL LTHRESN. ENEi e A 2 E3 Y 5 —1¥ HEL(Histon E3
Ligase)l. HEL2 L 4 &iU7-(Singh et al., 2012), & A k> X R 7 G R @B
FESILD & HIE Il e A b Z oo BN AR S, & oM
PEEIZ Lo ThE X 72 2 L /R 7 B2 RNA, RNP & A U IEH 7o MRS RE (B
X7 EZOND, BREAEFEENT-E AN HIYHAIZE3 22X F o U H—F
Hell, Hel2, Pep5. Snt2 ([Z kD2 X F L vfba32if, Yo7 7V —LIZLD0
fREIHZSZ T 52 LT, B A M Z U EORBEIIRE ICHE SN TV

Hel2 X, RINGBIE3 =% F 2 U H—ETHY, RING KA A %4 LTE2
R TF UREA ISR Ubcd O Ubes LT %, F£72. Hel2 IX RNA fEG ¥

NRIBFELTOERSBE L, invivoUV 7 R 7 FEESHITZ W T- 8RR
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IRENTIC L D . BHER O mRNA <° 18S rRNA EMEMEHT2 2 &0, VR Y —
LB N7 Ascl R 18S IRNA EFHAA/ET 5 2 & TLEIZ Y AR Y — A 408
Ta=y MUEART 22 EARENTVWA(Winz et al., 2019), & B, HHFZE=E
TIE. Hel2 130 L7 EEMET X BRECARAFRO 722 ]HER T L A M ZH R R+
ThbdZ L% nad BEMA 7 V—= 712X Y [EE L. Jonathan S. Weissman #ff
geEE & OILFRMFFIC L 0 #iE L TV A (Brandman et al., 2012),

YRR TITOIVTz nad BEEA 7V —=27 Kk Win vivo |28 5 BEFH)
fEAT OFE R, BMRRT LA MCWRHZRR L LTI R Y — L F 37 Ascl &
E3 2% F U H—F¥ Hel2 BEIE SN, HIZ, ZH1E RQC LT NGD
DFBIZHMHETH D 2 E DB L 725 T b (Kuroha et al., 2010; Brandman
et al., 2012; Letzring et al., 2013; Matsuda et al., 2014; Saito, Horikawa and Ito, 2015;
Wolf and Grayhack, 2015; Matsuo et al., 2017; Sitron, Park and Brandman, 2017;
Ikeuchi et al., 2019; Ikeuchi, Izawa and Inada, 2019; Inada, 2020),

F9° LA F Tl Hel2 X° Ascl @ RQCIZHIT 23EMEIZHE B LTl U 5, Hel2 11,
L EFF AU W THEERREZRET HE3 2% F o U T—EB L LT
OIEMEZH L, Hel2 @ E3 {EMEIFFIRR T L A M X 0 & S5 8 R PR
RQC DO#FE|ZMIE T 5 (Matsuo et al., 2017), Hel2 X, FHiRF D U R Y — AiZ
fia L TR, HEoh MRS FIIT ORRN G, Hel2 (ZURY —Lb K
X7 uS10 LT uS3, eS7T Z2 X FALTH I ERHLNIT/R-Te, TDD
B Hel2 {2 £ % uS10 D K6/8 2 F1T 5 K63 AR U = &% F 8Dk A3 RQC
DFBEIZMETH D Z & 2 HiE L= (Matsuo et al., 2017; Ikeuchi et al., 2019), F 7=,
Ascl X, VARY —LEMHERT DX NIED1DOTHY, Hel2 D2 FF 1k
R TH 2 uS10 <° uS3 DITFHINLE T D, Ascl I, BEEAWTILSRIFS N
TV WD40repeat 7 7 X U —D 1 D TH Y, & MIFIFH RACKI(Receptor for

Activated C Kinase 1) HZFEERERE B 7 Td H(Nilsson et al., 2004), S 52
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Ascl 1L, B7 BT H#1ED WD40 repeat 73 7 O, 1FIE SR IR A 72 Ak O
1% % HL Y (Sengupta et al., 2004; Coyle, Gilbert and Doudna, 2009), Z#iZ k- T
BRxIpZ R TB RAA L EDREGREZFFHOZ LT, axDT 7TV 7B
TFLRGE NI E LTHRET HZ L THLND,

IFEOBEY, BEFIFTRNG, TUARY —ADMEZE] 28 RQC DF| &4 &
RHEBZHENTWD, RBENMTCRE 7 T A A 8B BIREE A T T iR
HrofEd, HERRICBW TR VA MEEETHI LT aRraagk, R
TNX=r%a— R 5H(CGACCG)repeat #FIRR L7V R Y —2E, 2 DO U R
YV — LD EZE LT disome (di-ribosome)iiE A TEAT 5 Z E B LT R o7
(Ikeuchi et al., 2019) (& 1-3A,D), Z D5 b, JEBHTIFM L2 U A~ Y — L(leading
ribosome) |Z tRNA % P- & OY E-site |2 & # ., A-site 2842 T& 5 classical
POST-translocation state CTd ¥ . ZAULIZHZE L 7= tkfe D U 7R Y — A (colliding
ribosome) (% A/P-} TF P/E-tRNA & 9 Hybrid tRNAs % & ¢ PRE-rotated state % &
T 5 Z EREAE S NTZ(K’ 1-3B), — 5T, Hel2 RIS NS VAR Y — A0
hybrid tRNA % 7 ¢¢ PRE-rotated state & JEAK L CU /2 Z & 7> 5 (Matsuo ef al., 2017),
Hel2 (%, hybrid tRNAs % & T¢ colliding ribosome % 4f A Cidik. #&4 L. RQC %
FHETHIENRBINTWD, £, nad BERKA 7 ) —=2 72 LV [AE S
N7 9 —DODHERTFTHD Ascl ITOWTH, 7 T A A 8B FBIREE A H T AT
25 disome NTENZEND U R Y —LF D Ascl [AHANEHEFHEAIEA L T D
Z & MBS T 7 o 7= (Ikeuchi ef al., 2019) (K 1-3C), L7=23-> T, [URY—L4
DOTEZE 1N RQC 2 F R T D2 MERMAETH Y | 21T L VI S 415 hybrid tRNAs
k& 1042 iE 7% PRE-rotated state, M N2 OFICH RIS SN D Ascl-Ascl D
E4EFA BAEM Z . Hel2 28FF BAYIZERGRT 5 2 & TRQC 3T 5 Z L VRIS
nTns

INEIFT DX OIT, HEFEERET A & — N &2 W73 NI R &l
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BN EXTF AERE & 5% S FEBCR TIE, Hel2 1%, 57 L72 leading
monosome & bl L C. {22 L 7= collided disome (2% LA U = B F 5 2 T2 K

T 5 EMPREIN T D (Ikeuchi et al, 2019) (K 1-4A),

A B C

ribosome leading ribosome

colliding

1-3. DA EFHEMIRICLSERYNY - LD H

A-C) L7J RV ETHEZE L Disome, (Ikeuchi et al., 2019) L3I,

D) poly(A) £ Cf& 2 L Disome, (Tesina et al., 2020) £ND5|H,

E) A7 RQC Z/EE 5 SDD1 mRNA L T2 L Trisome, (Matsuo et al.,
2020) £P3IH.
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1-3-3. BT R Y — AOFEREL RQT A
1-3-4 TRk 553, RQC IZHBWTHERTF REHOGRIZMIEAL B3 =%

F2 U H—F Linl 1L, BEGEEOFENRT T RENBEE SN 60S 7 2= v
MxE LR RICHE AT 5, LIeo> T, HelR Ik o TR F o baiizV
RY =2, ATOENOEEIC L > T, ZnENDOT T 2=y NMIRRET 203
DD,

RQC |23 2 RBER 7O REE Bg L L, YAFJtER R, Hel2 & 30K
HINDZ o RIBEREBRERSIICIVMEN L. RQC OFHICEET 5
RQT(Ribosome-associated Quality control Trigger) 8 & A& % [Fl€ L 7=, HZFEEREICE
75 RQT #HAIKIL., ATP &1 RNA ~VU 7 —F¥ TH 5 Slhl, b FF U HEH
R A A > %A Cueld. FEREARZND yKRO23W 725 72 % (Matsuo et al., 2017; Sitron,
Park and Brandman, 2017), “Z#VE 3D KKK Z H O T2 B8R FRIMRNT OF5 . Slhl
IZ Hel2 & [RIFREEIZ, Cue3 & yKRO23W X Hel2 & Fb#E LTIV 5 E RQC D
FEICMETHDL ZENHALMNI ST, ThHDORETIE, uS10 D EFF
BICIZBAG-ET, S 51T, Slhl @ ATPase i&fE, Cued D= &' F A TEMED
RQC OFFEIIMETH D Z D, RQT HAMIL, uS10 D= B F F ALK TFIZ
VR Y — L OfREEES B 545 Z & ARIE X 7= (Matsuo et al., 2017),

F72.1-3-5 THIBT 253, YFZEE Tldk, RQC ONTEMEARIELSI & L T, SDDI
#Z[AE LT 5, SDDI mRNA % F 7= 5RBR S N AR AR SEBR O 5 5. SDDI mRNA
AR LIZU AR Y —LF, 35DV R Y — L) E 22 L 7= trisome(tri-ribosome) % 1
L CHE Y, Hel2 I trisome H DY R Y —LH 7 uS10 ZHRIC2 B
F AT B ZERHLNITR 5 7-(E 1-3E), & 52, RQT #HAMIL, Slhl @
ATPase FMEKTFIZ, Hel2 IZL > TR Y 2B FF A b Sz trisome F10>, JEHA
Tf5iH L 7= leading ribosome % 40S & 60S D455 7 == v MIfifdkE <& HiEM %

Ffo(Matsuo et al., 2020), L7=7-> T, RQT #HAMKIL, uS10 LDORY =% F
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VEHAE BENCRH., A L. BH D ATPase [HMEZBE L T, {F L7 A Y —
LS E 5 2 & T, Tt RQC A~ LB JEMEN D 5 Z L3 B2
2> 72(K 1-4A),

EY:

cotTidion
| URY—LOEZ | [ URY—LOIEFF AL | | URY—Lomet |
Lys
A Ala or Thr
| | CAT-aiing |

| 7077V —Lic &30 |

| R7F P05 ERE |

iy
N — )\ —[usrzuvs ]
| tRNA kig0fEE |

X 1-4. D1 ABFIBMEEICLBEE)RY—LO%H
A) HFER(CH15 RQC D7 FistE,
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1-3-4. BB LEOFESNTF FEOHEL RQC BHEEK
G RGE LD ERT T NEHAZ B LB D 60S 7 =  ETIL,RQC
BEKRNIER SN D, RQCHEAEKRIE Linl, Rqel, Rqe2. Cdcd8 2»HHpk S5

(Shao, von der Malsburg and Hegde, 2013; Shao and Hegde, 2014), Ltnl (%, FH¥LZH
MWW TH LISTERIN & LTRIFENTEY . TOLERS T ATHD lister
mice | &, HEEIFRREIEE O A 5] & Z 97 (Chu ef al, 2009), Ltnl (%, RING
RAALAEFATDHE3 XTI AT—EBThHY HAESTTF FEHIZ K48 BIAR Y
AEXFFUEREMET LI LT, Tu T 7Y — MEIFWN R~ L E L
(Brandman et al., 2012; Defenouillere et al., 2013, 2017; Shao, von der Malsburg and
Hegde, 2013; Shao and Hegde, 2014; Shao et al., 2015; Brandman and Hegde, 2016),
ZORIEE Z 0 ERRE AT O 72z, RQC HEAKR ORERLIAFI1%, IR
IORFER 72 2 4H 5 (B 1-4A),

Rqc2 1%, B D 60S 7= F DT F UL (RNA FEIHEA L. 408
Y7 a=y FEOBEIGEPSIET TIER, I HIZ60S 7=y h~0D Linl
DY 7 — b &AL TV D (Lyumkis et al., 2014; Shao et al., 2015), F7-. Rqc2
IX CAT(Carboxy-terminal Alanine and Threonine residues)-tailing (Z M4 ZH 72 K T &
%, CAT-tailing 1%, mRNA FEHI5° 408 7 = FIERIFMNC, fiREER D 60S
Y7 a=y N EOBRGE EOFESTF FEO C RiGICT 7 =0 AL A=
RIEDMMENDBIOETHY . O RHIE L THEEET 2. RQC #EFA DI
G Co 5H(Shen et al., 2015), CAT-tailing (21X, FHEXTTF REHO U V5% 1
RN =Dk RV BAIE A~ E BRI LIH9 2 & T Linl I2K 58T
EXRTF FHOAEXF MO RE2EHD LKEN N DD, LBEZLNTVD
(Kostova et al., 2017; Osuna et al., 2017), Ltnl (2 X % 2 % F AL & 5 1) 7= Hi A
7'F REHIZIZ. AAA+ATPase ThH D Cded8 N 7 v— hSh, a7 7 7 2 —T

B2 Ufdl O Npld & & 112, Cded8 N2 B X F AL EN7=X7F K% 60S
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YT a=y "nbEl&EkE, 70T 7 Y — A L D5~ L E < (Brandman ef al.,
2012; Defenouillére ef al., 2013; Verma et al., 2013), Rqcl 1%, Sl EFF AL &

7= 60S RNC(Ribosome-Nascent chain Complex)iZ Cdc48 % U 7 /L— b5 Z &

D3RR &3 TV 72 23 (Brandman et al., 2012; Defenouillére et al., 2013), 2 T, Ltnl
Ik DX F AL EZTUET S Z & (Osuna ef al., 2017), Linl (kb2
FF O A K48 AR Y 2 B'F F UG IRET DMREZ & O Z LA S

ATV 5 (Kuroha et al., 2018), LA ED X 52 LT, Rqc2 M3~ % CAT-tailing
IZ X BHENRTTF R E Linl OZERPEHE S Rqel IZX A28 XFF EHOR
ERRFIZED . 60S 7 2=y MIFEE L7z Linl 138 K AT F N
A xF AT DH, TDOXIIZ. ARE LOFHENTF FEHIL 60S 7=

v b D Cded8 IC X - THIE DI, 7rT T Y —AILK O fREnbs—F
TRAF LT T T VIV RNA BT T REERY) D B S 2RIV T

BN o TR ho T2,

HRUEHER 7 Cd 2 eRFI EFRL L7 RAAL VA HT 5 Vmsl 1X, X7 F R
ZURY =5 ENBEIYEET T F DL (RNA OIKSEEESE L L THESh
(Verma et al., 2018; Zurita Rendén et al., 2018), =D, tRNA = KX 7 L7 —+F
& L TOIEMENHAE X4 7=(Kuroha et al, 2018; Su et al, 2019), Vmsl I,
CAT-tailing #4272 Rqe2 % 60S 7 2= " L5 BT L 512 LT, [AEED
FEANMEICY 7 b— &, VR Y —2A Asite EHHAVERAT 5, F£7=. ATPase
EEEFF>a 7 7 7 #—Th % Arbl 1T E-site IZF5G L. Vmsl-Arbl (2X - T
P-site [ZAFAET D7 F /L RNA ZHkAIATe K 512 LT, tRNA O 3Rl fF
MME TS CCA KD Sl Z FE RO+ 2, 2O X oL T, XRTFV
JVARNA 722 B 810 B ST AT F FEHIT, Cded8 IT L > TU AR Y — 4 hrx
NS E|E I D Z LN AREIZ 22 D (Su et al., 2019), WFLEAMAL ClX, CCA K
SN BRE STz t(RNA OEEEESR & LT TRNTI1 X° ELACI BNRIE I TED |
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ERE ST RNA LT 2 7 7 b &2 520 B EERIRR SO IR S 40 5 (Yip et al.,
2019, 2020), LA ED K 512, ZEDK T K D80 0> 25 b 70 ROGS O L -
T, B LY R Y — b EOABER EOFHAESNTF FEO SRR RQC AHET T3
5, 612, Bl L7z RQC BHEA 7-#EIL, HZFEERED O ALEMIRICE S £ T
IR PRSI TW D (R 1-5A),

— 55T, JFEEAMDOEAIZIE, Rqe2 OIERERFR TR 7 THh D RqeH 23, #Hiik:
AN 7F REEHD C Kl Alanine-tail % 113 % (Lytvynenko et al., 2019), Z Ui
CAT-tailing ® X 9 (2, mRNA EFI<° 408 V7 2= v FIFEFHISATINE 5 203,
CAT-tailing & 135720 . (& 72 Alanine-tail 287 7' > & U Cfihx . B
fROY 7 F NI D, EDID, FEAMICIE Linl I X DHEXTF FEDO
BT ALD X D RS IFETE L7V, Alanine-tail OFF NS IZB 595 K1
& LT, YabO NEESNTEY . 2T CRIWITT 7 =M/ <7F
TV RNA OBEZ . YabO HEH D U R Y — A~DFEA & R L > THIET 5
Z LT, LM RaeH (X 5 Alanine-tail 101 )& 2 2 L T\ 5
(Crowe-McAuliffe ef al., 2020; Filbeck et al., 2021), % D%, Alanine-tail & 1)1 &
NTFHERTF FHIZ, 777 Y — A5 TiE7e< ClpXP L IEEIL D ATP {K1FM:
DT T T —=BOEAEIZLY, BRESND,

41



2020 1R

A
HEE HEES | Wi
FRURY—LDIEFFLICEITS E3 BR Hel2 ZNF598
HRYRY —LDIEFFUEICEITS E2 R Ubc4 UBE2D3
BHRURY —LICHE T2 HROBEER Ascl RACK1
RQT #&#HD RNAANY H—F Slh1 ASCC3
RQT BEGFDIEFFU#EE Cue3 ASCC2
RQT EEFHOREERMEF YkrO23w| TRIP4
oY1y NALTOBREMEE. Ltnl YUY J)L— k. CAT-tailing Rqgc2 NEMF
Cdc48 MU 7JL—k, Lin1 IE&2IEFFULRE, IEFFV#EDRE Racl TCF25
URY —L R YRILDSDFERTF REDS| ZREICHTS AAA+ ATPase | Cdc48 | p97/VCP
UIRY —L MY RILDS DFERTF RED|EREICH T IHEAF Npl4 NPLOC4
URY—LRYRILDSOFERTF REOS| ZREICH T IHATF Ufd1 UFD1L
HERTFREOIEFF ML Ltn1 LISTERIN
HERTF R E tRNA O CCA RinDUIMICHIFZ tRNA TV RXIL7—E | Vmsl ANKZF1
HMERTF R E tRNA @ CCA KinD BT IC & 1T 2 #HEF Arb1 ?
PIEfiE D tRNA RKimd 2° 3’ >p ZBET % tRNA OERER ? ELACI1
I D tRNA Kimlc CCA ZE{119 % tRNA DIEERER ? TRNT1
MRNA OYJBflc &3 2T RXIL7—E Cue2 N4BP27?
BIET# D mRNA B OFRiRD ) V(L Tril ?
UIli#ED mRNA BiFO KU S 2 Dxo1l ?

1-5. RQC/NGD EF O B B ILIEMMICH 12 R

42



2020 1R

1-3-5. HIERERNIZEBIT 5 RQC O NFEHIZERELS] SDD1
ZIVET, HEFEEREAE AV 2 RQC O TR OfEBNICIZ, VT a Ry o7 F A

42— T 5H(CGA)repeat P L7 IEEMET X/ BRECYITH D poly(A)EN T A
FEFIE LTHWONTE R, Ll b, RQC OWNTEMIERIBLA L FE &
NTHELT, RQC DAEHZEHNEROMHIINETH -7, TDId, L=
(B TIT b2 CGA-CGA di-codon 1275 H LIZHUREIIA 7 U — = 7 DA,
RQC DOEERIELSI & LT SDDI mRNA 73 [FIE & 4172 (Matsuo et al., 2020), =51
fEAT A < D mRNA OFFRIREA 3% ribosome profiling YEDRE K. SDDI
mRNA EIZBW T FRFO VAR Y —AE, 3 2O U R Y — L3S L7 trisome
R L TLRECIFIELTEY . 24T Hel2 241 L7z uS10 D2 % F 10
RQTHEAKIZ X DEHE. Ltnl 12 X 5 RQC DIERY & 725 Z & A BN 72 - 72(H]
1-3E), 1WA 2R/ MEB S LT, 196-FFYEDYLIFDCRAKRRK-212 O7 X
J BEECHIAEE &4, SEHEO U R Y — A0k, 210 F H D R(CGA) = K78 P-site,
211 & H D R(CGA) = K5 A-site | ZALE L 72 BRIZ, CGA-CGA inhibitory di-codon
ETE#R LT D Z &L NI - 72 (Gamble ef al., 2016; Tesina et al., 2020),
£, 7 T A AEF BB L O TR ERRAT OKE R, SDDI mRNA _E T L7
VAR Y —ADH 5 JLIAD leading ribosome |E P-site (227" F /L tRNA % 5 #,
22D A-site & FF> POST-translocation state, ZAUCTEZE L7z 2 {H., 3 FHD
colliding ribosome {3, 3£(Z A/P-& OYP/E-site |Z hybrid tRNA % & ¢ PRE-rotated state
Tholze, ZORRIZ, disome Z T 5 (CGACCG)repeat mRNA % FHER R IZ 4%
L2 AR Y — AOBEFFT R E B L TBY, RQC DEE LD VAR Y —
LD ZE O BRI IL. Yt 8H @ leading ribosome X %€ @D A-site & fF O
POST-translocation state, fi{%% L 7= colliding ribosome (% hybrid tRNAs % & ¢
PRE-rotated state Z %9 5 Z & N B 272 > 72 (B’ 1-8E), — 5 C. disome /&

OB FHIA) T d - 7=, JEIAD leading ribosome H1 D Ascl & %% L 7= colliding
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ribosome D Ascl D EFEAHAAER L, trisome TR DG EIZIZ2 DB E 3 2HD
18722 L 7= colliding ribosome DD THE Z - TV /= (K 1-8E), & 5T, iR
Brofssd, 7 2 7 BRSO NARBEFE A K E W 197-FY-198 1%, VAR Y —LDT
F R A bk ORRAEENANLET D U AR Y — b HF /37 B ul4 Roul22 &
FEAEAERA L, 211-RK-212 D H 5 CGA?'' & AAA?2 DD A 1%, 18S rRNA H
® C1623, A1756 & six-base = -stack i % 2k 7 5 (Chandrasekaran et al., 2019;
Tesina et al., 2020), LA EZZUHE LT, 1I8SIRNAHDOT a—F 1 TR ¥
—(Decoding Center: DC)X° 25S IRNA H DT F N KT AT = F7—BE X
—(Peptidyl Transferase Center: PTC), ~~7'F NHIO kRO FAETAL & SDDI
mRNA & U (ZZNHROFHAERTF FHEMR, Fe R 020 ) 7288 AAEH % 4
el & T, URY —LDIFHNEZ 5 2 ENEHE S,

S 51T, SDDI mRNA Z JHW 7o 3l E N sk 2B O A5 . SDDI mRNA % ]
RL7ZU R Y —A0%, 35D U R Y — LD EZE L7 trisome(tri-ribosome) & L L
TEY ., Hel2 I3 trisome DY RY =LK L7 E uS10 ZHRAIC2EFF
6T 2 Z ERNHLNITR -T2, S HIC, RQT HAMIL, Slhl @ ATPase IH KT
12, HeR IZ X o TR Y 2B % F AL I 7 trisome H D, SEEH TIEH L 72 leading
ribosome % 40S & 60S DEH 7 = MIFHESEDIEREZFFOZ L ARE S

U7z (Matsuo et al., 2020)
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1-4 HZERERFIZ T 5D No-Go Decay (NGD)D 4y F ks

1-4-1. mRNA 453 FHNEIEF; NGD
ZINET, VRV — OB GFEMITE Y FTAERT T REDO O EIE RQC #R 1K %

TLTTOND Z L Zm L C& e, — 5T, RSN TV 5 2 E mRNA (3 NGD
RRIRIZ L0 R fR SN D,

NGD 1%, L& TH 2l 7 mRNA ZIRHE Td D X7 L/L— 7HE1E 2 mRNA
AT D Z L TRASN, VAR Y —ADREE T mRNA 9% b 2
& M B2 72 o 72 (Doma and Parker, 2006), % D%, AT LL— T D78
53, L7 a Ry 7 IRz — il LMY X BRELY). ZE 7 mRNA &
Uk EChH D 7T = UEHMEE, 8-oxoguanosine & FEIEAL 5 mRNA DR
EIZXH-oTH, NGD NEE IND Z &R S 7= (Doma and Parker, 2006;
Kuroha et al., 2010; Tsuboi et al., 2012; Simms et al., 2014), #% . mRNA (X 5 Kl
D Cap HEIER 3" KD poly(A)FHIZ L » T, =F Y X7 LT —EIZL 5D mRNA
K7 & Oy fiRz kL TW DA, FIRRET O U AR Y — AR REIEILE L2856
WZiE, EH LU AR Y —ADIETmRNA ATy KX 7 LT —BIZ X > THE
ik & 5217, mRNA BT 5 6 ST A1 3K b SKI-= % Y Y — A GK
IR0 AT IE SRS Xl 12 L Y L BB L7 mRNA K5 % v X
I LT —RBIZL o TR g, U Si7z mRNAWTR O 5 6, 3l o 5°
Kol Fex IV ERBHLTRY ., g U CmbBgsR Trll 28V b
% Z & T Xl (2 X DR hMiEdE &b Z & (Navickas ef al., 2020)X°, Xrnl ik
b el Tl 5°-3"RNase {& 1 4 72 Dxol 23 3T 5" K26 kU 79
% (Chang et al., 2012; Doamekpor et al., 2020; Navickas et al., 2020) = & %5, #0172
ST TR HE STV D, 2D K 5 72 mRNA ONERUIN 2 1 5 % mRNA 7>

IZ NGD LRI TV 5, NGD I3, HEFRERZ W TRA SN, NTOEY
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ITIFRIF SN TND Z EBRA LN > T DA, MFLIEMIRIC T 2 R
WZOWTIE, RIEH S IZ 72 - T2V (Passos et al., 2009; Szadeczky-Kardoss et
al., 2018),

AR L7z RQC IZHZHETH 5 Hel2 TN Ascl I, NGD (2B TH AR R 7Z2[H
FTHY. ZHHOKREERIZE W TIiE mRNA OB Z & 72\ (Kuroha et al.,
2010; Ikeuchi and Inada, 2016; Simms, Yan and Zaher, 2017; Ikeuchi et al., 2019), Z
D7z, RQC EREEIZ HeR IZ LD VAR Y — LD EXF AL, NGD O
ICMHATH L EEZLNTEY, M 14-2 THRIKT 5,

1-5-2 ({28 W Tk % Dom34-Hbsl AR NGD oA ICE 535,
Dom34-Hbs1 |%, FHFREAEIN 7 CdH 5 eRF1-eRF3 L HEiEMFEIMEZ 7R L, mRNA
R TR L2V AR Y — LA OREEZAT O K7 & LTHE SN TS, NGDIZE
WT . Dom34-Hbsl (&, FIERT L 2 MCHE S mRNA 73 7N U 2 e L NGD
DOFER L UTEA S SAIB A O 3R TR LT U R Y — L& S 5
ZET WL R Y =LKV HFSNTWEZ, A2 vy 7" mRNA @ 37K
arBHSE, =XV Y ALK ERESE L Z AP LRI RTY
% (Kobayashi et al., 2010; 1zawa et al., 2012; Tsuboi et al., 2012; van den Elzen et al.,
2014), L L7225 5. DOM34 =° HBSI O /RKIFRIZHB VT H . mRNA O NERIKT
15 Z 2 ST 272, Dom34-Hbsl 1, NGD (23T mRNA O Y)W (&

ET 2D HDODMHATITRNZ & DR STV S (Kuroha ef al., 2010; Brandman et

al.,2012; Tsuboi et al., 2012),

1-4-2. NGD 2B} 5 Hel2 DHBE L Bl DRI D 2 DD NGD
mRNA % 3’025 5° HNIZ R 2% SKI #H A KON CTh D SKI2 KT
I T 3’'RACE 21772 o 7=iEIC L B & KEBDy O S 7= 58] mRNA K

k. BERIEEEAL O B~y B 7 SN2 b, U R Y — A OEEAL
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BT 28D U AR Y — LAOFFED ., 5172 NGD 2 iE T 27224
WCHDH I & AERE LTV (Simms, Yan and Zaher, 2017), ZiH & —E L C,

U R Y — BDEREALA, BAth =2 K235 1050t BLE Fii T/ iF X, mRNA
InIBlEZ SN g, 512, mRNA IRV Y R Y — AEEZ 7257 rpllb 8 %
FRIZNGD 232 H BT S5 2 & 234 S 72 (Simms, Yan and Zaher,
2017), LA EDHEDS | U AR Y —LDOFEHZ 51 i Z L7 mRNA O4rF NIk
T BWEETY R Y — L0 #%E, EHLEBRICHEESND ZERH LR
STW5,

INET, NGD OftriZ, V7 a K7 AL —%kE&te LR—4 —#in T
Z AW TIT O T E 7223 T4, 5° hydroxyl RNA sequencing (5°OH-seq)=X° ribosome
profiling & FEIXAL B MEREDIAENTIC LV . NTEMED mRNA B 23t S v T b
(Peach, York and Hesselberth, 2015; Guydosh e al., 2017; Ibrahim et al., 2018), £ 7=,
BR LIRS % 1) 72 mRNA [T RIC R E 2 & 72 L, BliEEA 2L -
b, BEE N7 mRNA IZOWTH NGD IZ X D EIWT 2521 5 2 & 3
ZHL TV 5 (Simms et al., 2014),

Ak L7z X 912, 2D &7V R Y —L0REEH L Z SRR D E 221,
Hel2 3385k L., = EXF A& 1T7o FHE & L THE S CTu 5 (Matsuo et al.,
2017; Sitron, Park and Brandman, 2017; Ikeuchi et al., 2019), Z L& —% L T, Hel2
? E3 {EMEIL, NGD OFEICHETH Y | mRNA DZZEMEIZ S TFE L T
(Sitron, Park and Brandman, 2017; Ikeuchi et al., 2019), F£7-. K63 AR U = &% F
VEHE TR T X 72\ ubi-K63R 28 BERIZ O TiE, RQC L [AERIC NGD &8 <
NIRNZ EnDS . NGD OFEEICH Hel2 IZX 5 K63 AR Y = &% F U HO K
DI T & % (Ikeuchi et al., 2019), Z #UIX,NGD 7&K S HEELA N L ZARFIZ,
YR Y —BH R ERLFRIN 4D K63 AR Y = % F AL Ui 5 #Hsh

& —E L TV 5 (Silva, Finley and Vogel, 2015),
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RQC OEEIZBWT, HeR 12X D VR Y —L K /X7 uS10 DB FF o
EDRMHATH 72— T, NGD IZBWTIT uS10 D EFF U BT L=
B T U ALENL D ZE BAK uS10-K6/8R 1T H mRNA OYEIW XA L Tz, Ll
B, En7eb /—F 7 vy FX primer extension (2 X AMEHT ORER, BFAE
FRIZH T 2 BIWT A3 & it L C uS10-K6/8R FRIZHS T 2 UKL U 7R Y — A ofE ik
PETEENS EFE (HNIZT 7 RLTWAD Z ERHLNTRSTND, 5
(2. RQCITFHE L7273 NGD X558 % Hel2-(1-315)Z RS, RQC 2BV T
15 L2 U AR Y — A OEREAZAT 5 SLHI O KABRIZIB N T | GIFLE O i~
DYT7 FPBESN TN D, ULEORENS, RQC 3 Z 572V TIE NGD
(Z X DO R BT ICS 7 P52 EABLNICRD . RQC E3Z LT
NGD (LA F, NGD-RQC+) & RQC & /346454757 L 72 NGD(LL T, NGD-RQC-)
EWOHUIWIEDORIND 2 DDX AT D NGD BFEET LI ERHESNT
(Ikeuchi et al.,2019; Yan and Zaher, 2019), F£7=, & 572 Hf#HTIZ L VU . RQC-NGD+
TIE, uS10 @ K6/8 FRFEITI1T 5 K63 AR Y 2 % F U BHOMMNMAETH D
—J7C.RQC-NGD-Ti, UR Y —AL ¥ /7 eST D K83/84 LTI 1T 5 K63
BARY 28X F UEHOBRBNETH D Z & BB DI > T H(Ikeuchi et
al.,2019) (& 1-6A,B),

VR =B R ST 1E, VARY =2/ VT a=y MY /7 BT
HY . HFENNDLE FPETEIRFEISNTWD D, JFEAEWIZITIARER 773
TFIEL 72\, eST1E eSTA & eSTB D 2 DD 3T 1 bR 41, eS7T-ORF N

—HHREBWERTCEATELRT Ty 7 77 VEIMDBA)ZRIET S Z &
S5, VARY—AREDOMELRBINTND, HFHFF~IIZBNTIE, 2095
eSTA 7 E3 22X F L U H—ETHDH Notd IZE V2 FF b
(Panasenko and Collart, 2012; Preissler et al., 2015; Panasenko et al., 2019; Matsuki et

al., 2020),
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In vivo X O in vitro TOSTRNTIZ E VD | eST D= B X F ARIFIER IFFG D
ZEBERIGTH D Z EMP BT/ 5T 5, Notd (X eS7T ZE / X F 1k
TOIEMEAFF D, Hel2 13 Notd FE/FATE T CIERIS TE 22V, L L7225, Hel2
[ENotd [IZE D E /) 2 X F oAb S 47z eST ITx LT, K63 AR Y = % F L84
R TE D, L7235 T, NGD-RQC-IZEBIT D ST Db XF kix. Notd
& Hel2 IZR DZBRILTH D Z LR S Llz, FERIC, RQC-NGD+4% i
T&E 72 RQC-NGD-Z#HE T& % Hel2-(1-315)2 E(R1%, uS10 [T FF
ETERVR ST 22 EFF AL TE 5, SHIZ, uSI0 KT eST D EFF
fEAE & 7o HEFBE RS AR IC BV CiE, 3 L < mRNA Ok i &AM T3
HZEDREINTND,

UL E D55 S & primer extension D FEM 72w @S K25 . RQC &z L /-
NGD-RQC+TlX, Hel2 /% uS10 % K63 IR Y = &% F kL. disome NETD
mRNA Y 235595 — 5T, RQC & I3 L7z NGD-RQC-IZE W\ Tik, Hel2
IENod IZ LV E /) 2 X F A I 72 eSTH KO3 A Y L % F 21k L, disome
LV ERANCER LEZ YR Y —20MICBI 2025845 2 L ARES

T % (Ikeuchi et al., 2019; Yan and Zaher, 2019),

1-4-3. = KX L7 —F Cue2

Hel2 (2 X% NGD OFEEMEICONWTIZ, 2O X HIC L THLRICR->TE T
3. EFLIZ mRNA 2O+ 2B IOV TIE AR EE Th o7, NGD IZ U R
Y — LD K D2 IAERIC Z VG E L D, LW O RIBRZRHRE S &
- 7273 (Simms, Yan and Zaher, 2017), 174+, Rachel Green #/F522£7> 5 NGD (231
HMRNA = RXZ7 L7 —EBE LT, 28X F UG RAS X7 LT —8
TEMEERAL % FFD Cue2 M FEIE S 72 (D Orazio et al., 2019), Cue2 (X, N KIiZ 2

OO CUE2EF T URERAAS 2L, TSI R T S R AL
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VEHEN S NDENLE 2 oETe, 2D X DT, Cue2 IFFH4 oD X T UAES
RAAL A, EHIZ CEREFZ SMR KA A V& FFD, SMR RAA U ix, A
277 U7 @ RNaseE &G FHNEHEIL THB Y, RNA T FX 7 L7 —BiEHE
A7 5 AREME AN RIE X 3T D (Fukui and Kuramitsu, 2011; Zhou et al., 2017),
Cue2 ® SMR R A A X, N7 7 U7 OFFRBALAE T IF3 O C Kiig KA A > &
BWRER =2 R L TEY IF3 EFEERIZU R Y — LD P-1 L <I1T A-site [ZHE
ATDHZENHEESND, FEFEIZ, Cue2 D SMR RAA %, LT a kv
A H—% T mRNA O NGD [Z#ZHTh Y | ribosome profiling X° in vitro Bl 7
VA DFERNS HEZE LTZ Y R Y — LD A-site ¥T1% T mRNA Z G425 Z &
DS S4L72(D’Orazio et al., 2019), & HIZ, WIEMD / > A kv 7 mRNA Th
% RNAI4 mRNA <X° YAP] mRNA EIZ3 W TH, Cue #77ED mRNA DI
HENTEY, VAR Y —2OEH, H22ICEA L7- mRNA BIEi#iE C&H 5 NGD
IZ Cue2 BWMZHETH 5D Z & M STV 5 (D Orazio et al., 2019), HZEEERED Zx
BT RRBIZET D Cue2 DFRERZ ThH NONU-1 1L, NGD (281} 5 mRNA
BIWTIZ B 535 2 & A aRss 4TV B (Glover et al., 2020)— 5 C, Cue2 OVWFLIE
AR I T D AT R ZIENABP2 & STV DY, BUK TIIIEMEIZ DWW THEIT

VAN
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A B
RQC & 3 LT mRNA 18 RQC EMILT mRNA 87
(NGD-RQC*) (NGD-RQC-)
U
Up

1-6. 2F2%EM NGD,

A) RQC &34 L% NGD (&, uS10 OIEFFUEICIKFF L. BE mRNA [ fEi# LY
N —LORAER TSNS,

B) RQC &337 L% NGD (3. eS7 DIEFFULICEREL. BE mRNA &8 UEUR
Y- LOETYIEENS,
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1-5 iR EFEICERT 5 MEEEEE

1-5-1. Nonsense-mediated mRNA Decay: NMD

TR AERIT, T BICHST L UK RAZEBRLTLE
VERTHDL, T AERIZE VAU KL RUAERERAKLE =2 Mo
(Premature Termination Codon: PTC) & IE(E4L, PTC £V Tk OFHFRNAE L7 < 72
HE, FHER K ORIENELEINDZENDL, IABUVALRR LG TH
VR B ORRERIBIEIC L > THBORZWERTH S,

BARMER B OKIT0%13 T ' v AEENFEK TH D & & (Mendell and Dietz,
2001), 7 4 V= U XMF A br T 4 =Y T I T, ARMERLEZ 3R
#ZH & L CTHIT 55 (Atkinson and Martin, 1994), Bk L7= & 912, & &
BRIZL DBEEEREIZ, 2EZ VNI BITIEFE L TOETESE KA A4 U035
RINIRNT & T, MO X BN EEREE K> TV D), ik T HmRNA

rmll

Ah B BB ONMDIC X > TmRNAD M E S 4L, Z o7 BB BIRNCED L
TLED ZLENWIEDH R E SN D,

BUE, TR AERAFR LT OBEMEBE LT, TrFEy2AFY A
X7 VAF Fefnlcnxy U 2AF vy B 70 — R ALV—AIR51C X HPTC
DFEATIE LA, FFE OBMERBICB WO TR L~V THRERH 5 Z & 23
H &N TV D (Goyenvalle et al., 2004; Welch et al., 2007), L»2L., U— KA/L—
EPEIE 2 R ORI L TRES B DL, MBEALFELERL
IZIEE S TW7220Y,

NMD %, RO b b F TEBEAEMITIA S RTFE SN DB RERN7Z mRNA
B EEETH D, Upfl, Upf2, Upf3 H 5725 Up-framdshift (UpfH)#E &1,
F o AR A RO mRNA 28k L, IO T 5 & T, BEX LR

HOREBZIH L T D,
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NMD O3 FHEET NV E L TCAT T A 2 JEIFD EIC model & A7 T A v
v 7 AT O faux-3"UTR model 23485 STV 5, EJC model (3, BEREZFSUNT
¥ H Z 3u(Gonzales et al., 2005), € DHEMFLIAICISVTH EJC model 232 F S 4
7-(Isken and Maquat, 2007), mRNA D AT Z A 3 v ZJRERIZBW T, =F V-
TR Y UAEA DRI 20~30 HEEE BRI Y14, MAGOH, barensz % T A4y &
T % EIC BB S LD, IEH 72 mRNA OFFRICBWT, VAR Y — A3y OFH
ARCmRNA EIZJEAL S 172 EIC 2 mRNA L2 SERE L7 SFIRR 2D 5 A3,
EJC O#E4A L7z exon-exon junction @ 50-55nt LA_E B4 U7z PTC THIR 23 #&
T 2%a. FOEBICHABRESNTIERFLTLEY, ZDEICITKTFT S
ETIVTIE, B&A v br D SSHERM E ERICKIEa ROBFEET 255
(2. BRRREAEIFIC 81T D EIC DA FZ2 55 L8k L. NMD OfFR) &2, VR
V— A&k a R E CRIERT 2% & NMD O #l#I[K 1T 5 SMGI1(Suppressor
of morphogenetic protein kinase), UPF1(Up-frameshift 1), BIFR&ASEAF TdH 5 eRF1,
eRF3 72572 5 SURF(SMG1-UPF1-Release Factor)fE & K73 U AR Y — A _EICE R &
% (Yamashita ef al., 2001; Amrani, Sachs and Jacobson, 2006), U 78 >/ — A-SURF
BAEERLIY b 3N EIC 3MF(ET 256 . SURF EAAH d UPF1 2% EIC 1o
UPF2-UPF3 L #5695 2 & TIGMEAL L 720 | U 7R Y — A-SURF-EIC AN 5
72 % DECID (Decay Inducing) #4187 mRNA T &%, DECID #HAK
FERAIZ, NMD OHSEEECH 5 SMG1 12 X 5 UPF1 @ VU VL2355 E S 4,
Z DY UER{klX UPF1 @ ATPase IEMEK AN Y 1 —BIEMEZTEHALT 5, U
L UPF1 I%, EICIZU 7 b— F &Ny RX 7 L7 —BIEMEZ F> SMG6
& 5T SMG5-SMG7 L HHAAEH %2 5 Z & T mRNA 43~ & 3E < (Amrani,
Sachs and Jacobson, 2006; Kashima ez al., 2006), SMG6 % L < 1Z SMG5-7 1, U >~
FRILM UPFLIZHS A L. BV bz g9 25 Z & TUPFI DU ¥ A 7 L 21T 5
TWb,
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—J5C, EJC IZ&FF L72\) Faux-3°UTR model 23MEE STV 5, ZOET )L
TIE, B 72 FRR KA & bhl U C PTC 23 U 725G I3 RHIZ 3°UTR 23 R84
b3 22 L &2FIH LT, #&ika Ruond 3RO poly(A)EH £ T iEEfED B %
Ak L, B2 IEa R & PTC 2 X519 % (Linde ef al., 2007; Hogg and GofT,
2010), #EHK L7 3°UTR % H > mRNA (%, BEREZIZLHEL T, B b, va v
Va AT FEPICEBEWNTE NMD OREE L 725 Z &R bI TS, IEFHER
BAEIZB W T, &b RV 2Lz Y R Y — A2 7 v— h S5 EIRK
FEIR T eRF3 & AR U A SHICHEA L7z PABP MHEAER T 228, AkofKika R
&0 b EfO ORF I CTERFE RFFREH N AEL D & IEFRTROSGE & T
3IUTR MBEFICEL 725, HEERTIE, 3UTR OE#H(IcE D, VAR Y —A
IZU 7 )v— K &7z eRF3 & PABP 3FHAEH T& 72 <72 0 | Upf K7 7% eRF3
AT HI L TPTC 238 L. NMDABEZ 5 EEZ BN TWS, Lzdio
T, Faux 3’UTR model TiE, #&ik=a K> & PABP & OHBiOE AR L, 7
HRRRRERE 20 i 2 L7z mRNA 20~ L8N TN 5 EEX LR TWD
(Muhlrad and Parker, 1999; Amrani ef al., 2004), ¥T4F Tl1%,3°UTR O E#{ki. PABP
EHFEN T OME/ERZBET 57200 Tldle < Bis T REE2 T 508 %
£ microRNA @ 3’UTR ~DFEENHRE@mD D, LWV I HE S H Y (BUEL R~
7207 T REREDMEE S LTV D (Park et al., 2019),

Upfl IZ,. AT A EEAFVUICEL CH RAA U ETLTE2 2% F
OISR TH D Cde3d EFHANEHT S Z LR HIL TV 5D, NMD (244287 Upfl
OHCTEXTFAIZIT Upf3 EOMBEANRKLETHDL ZEBRRINTND
(Takahashi ez al., 2008), %7, Upfl IXCH KA A > ZNLTCYRY —LHZ 37
'H eS26 & HEZEMAALMEN L. ZOMAIEMND NMD OFRICH SLHTH 508,
NMD (23T 5 = B F F AUTEH OB EMEILI 578 - TV,
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1-5-2. Nonsense-mediated Protein Degradation: NMPD

UBFICEITIS T 5 HEFEEREZ W TZF28I2 K 0 Upf # v X7 R o X
R A GTe BE mRNA O RO 72 5 25 mRNA fROFEER & R 7]
DIFRIZ S MIETH D Z & D3 B DT 72 - 72 (Kuroha, Tatematsu and Inada, 2009),

ZOEEM & R D 5y R R 1L, Nonsense-mediated Protein Degradation
(NMPD) & FE[EIL %, NMPD [E, PTC (ZHKT 2% 30 BB O R &
3’UTR OEHICH KT 2 NMD O GIKFE LR TH D Z &3 68T
2o THEY, Upfl RZOERICHEATH D, £/, NMPD OIEE & 72 2 g%
Z X B EEYIC Hsp70 M3 A LT D 2 & AR & TV 5 (Kuroha et al,
2013), Hsp70 IFMREM R v Xm0 THY, HlANTH U XTED T 4 —
VT T EAB T D EEE A o, Hsp70 7 7 2 U —i%, (REMRE 3 v 7 ¥
VORI THY, BUNRTEDT 3 —IVT 4 TR g v 7 ISE ORI L
2% 7o BEHE % 5O (Saibil, 2013), Hsp70 1FEAA L AIZ K W BEBINFEI D —
05, KERE R OBEBEDS IR I CEEEL L7 Hse70 1M TIERAICHBLL TV 5,
HEFRE B W T HIREM Ry T v Xr & LT, MFIAD Hse70 I8H 725
Ssal, Ssa2 X° Hsp70 (Z&H7- 25 Ssa3, Ssad, S HIZU R Y —AIZHEAT D
Ribosome-associate complex(RAC)IZ & 415 Ssbl, Ssb2 72 EMRFFIEL TV 5
(Willmund et al., 2013), Hsp70 (%, ATP/ADP L FAHAANEH T 5 X7 LA F RiEAH
L. 2oV BEEMAEMERT LEERATNLO 2 DOFER R A A k&
PIIZCBHBHEDOEWY U —TERINTND, DY v 2a 3R (=
¥ X U )DFLEIC L > CTIEFICHET 2 Z &b TW\W5, HSP70 IZHEA L
TIE7=6< vy Xm & LT, HSP40 & NEF(Nucleotide Exchange Factor) 73%H
BTV D, HSP40 [ THE L e L7tk AAE % HSP70 ~V 27 /L— | L, HSP70
O ATPase G ZAEHE L X L NV BED T =T 4 V72 @HLTND L EZD

LTV D (Kelley, 1998), EAEMIZE T 5 NEF OREHZE 71X HSP110 7 7
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IU—=T&dhY. ATP & ADP DAH#aZATH Z & T HSP70 DiGMEZ I 5
(Harrison et al., 1997; Polier et al., 2008; Schuermann et al., 2008), H2ERERHZ BT 5
HSP110 7 7 2 U —® Ssel X, HSP70 DX 7 L A F NiEA LI B0 B AEH
T5HZEDRHLNIEIIN TS, YHF5EEE Tl Hsp70 &2 O*Hsp110/Ssel 73 NMPD
DOFBICGT5Z 25T L, ATP #5547 Hspl10/Ssel 1%, Hsp70 CHEHY
T DB R B EMANENT HZ LT, RXTTF RO REMELHMER L
NMPD #1425 Z & 2445 L7=(Sugiyama et al., 2017), L7=23> T, &5F v
N THDH Hspl0 1k, =27 77 X —Td 5 Hspll0/Ssel LW d 252 & T, 4=
BT F REY) T —NT 4 T T HOHRRLT, DREbHETH T LR
B X LTV 5 (Sugiyama et al., 2017), HSP70 2420 & L7-FHEA] & LT, BEICIK
DFALEWHRF RS TE Y HSP70 FREAIN TSR 2 "4 #iE b ST
V% (Galluzzi, Giordanetto and Kroemer, 2009; Leu ef al., 2009), &7 D Ji K25 H
DRF¥Z DD T v AE R XD REEOIRIFICIAIT T, HSP70 DOFHEHID
IBPRIEBI R O — BN 72 D I REMEN B D,

1-5-3. Non Stop Decay: NSD

NSD 1%, #&ik=2 R &2 K& L7 2% mRNA O WEEHEE CH D, Kika R
VERK LT mRNA L/ VA K7 mRNA EMEEN, ZNEFRT 5 U R Y
— 0%, mRNA O 3> RIEHIAFINE TV 5 poly(A)EE £ CTEIFRE RS 2 #t T 5
D, KT RUDIFE L2 W T2 OISR RS TE RV, B2, poly(A)
LRSS &, RV U P UBBINEGREINDTOIT, ZOFHAERTTF N

DIEEM & VAR Y — b b xVNEOAER & OFFEM AR DO R Y
—APMERT L ZLAMESNATVDS, —H T, mRNADOT nEey v 7Dxs
—|Z X D ORF &1 T D poly(A)EHD FE IS, mRNA D451 NYJWr s R4

U5 5H S > ARy mRNA O—FETh 5, iR L7~ mRNA BEE B
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P&t NGD (2815 © mRNA 75 INEIEre, siRNA (2 K DR mRNA QY7 &
CEVAELD SRS /A by mRNA TH Y | 2 b OHAEITIE, A-site
I3 RUBTFAEL 2L e B 720l Y R Y — ARBRFEILET D, ZhbD/ A
K7 mRNA X, NSD (Z & 0 Hu#EIZ53fE S 41 % (Frischmeyer e al., 2002; Hoof et
al.,2002), NSD (X, Ef}DH b FETELSAESN WD T, FEAEWT
FRR T DR A ORI K> THIFUS L2 T 5 2 &b, BE-AEMICB W
T, B2/ A by 7 mRNA Z i3I0 ES 5 2 LT, FHROREZ )
BH O R IEIT 2 EEHD, EEAICES S & B X 515 (Isken and
Magquat, 2007),

JFRAEDIZ BV TIE, mRNA O 3R TREEIE LY A Y — L2k L, 1
537 T tRNA & mRNA O[5 OME & FF-5% 2 74k D tmRNA
(Transfer-Messenger RNA)72S U 7 /L— F &4, tmRNA 32— R$ 54 J X7 F R
OFIRZRET 2 Z LT, HERTTF FHO CRIGIZ Y 7T F RS s
(Keiler, Waller and Sauer, 1996; Himeno ef al., 1997), tmRNA |37 > F =2 R & §F
72722 tmRNA ISR ERJICHE G5 SmpB 287 F = B AT S &
ZAHO tmRNA OT X T b RtE S 510, 7 X/ 7 3L tRNA IZHERR
LTCURY —LD A-site (IZH5ET D Z & 23 541 TV % (Karzai, Susskind and
Sauer, 1999; Hanawa-Suetsugu ef al., 2002; Bessho et al., 2007), Z D K 9 72 its % |
N7 ARNT AL — g & MO (Huang et al., 2000; Kurita et al., 2007; Moore
and Sauer, 2007; Himeno, Kurita and Muto, 2014; Huter et al., 2017), Z #UI¥ mRNA
DORIFGTIEMH LI R Y — DL AF 2 — L L THLNATWND, EHIC
J A Sy 7 mRNA FERASHICZ O 37K 2> D RNaseR (2 &> T, FAE~STF
RFEIZ tmRNA [Za2— RSN b & VX7 F ROMINc L > TFer 7 —8IlZ &
STHfREND, £7-. tmRNA-SmpB RED N> 77 o THERE L LT,

ArfA(Chadani et al., 2010)<° Yael/ArfB(Chadani et al., 2011; Handa, Inaho and
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Nameki, 2011)Z 41 L 7= BHFRAS I O fEEEE S STV 523, tmRNA-SmpB
RIE TIL Y AR Y — L OIFWERIRE S 7, DR E mRNA L OSHAETF RN
IR T B DITHT L, ArfA FRIESC Yael/ArfB f( I Cld, U AR Y — L OEHN
fRESND DB T, FESTF FEITSRI NV, FEEMTIIZOL I
mMRNA OKUFTO VR Y — LD BEE R L3 DORFRI 2 EEEEZ A L
TV % (Goralski, Kirimanjeswara and Keiler, 2018; Inada, 2020),

JFEZAEMICE T D tmRNA-SmpB O X 912, EZAEMIZBNTH, /A by
7" mRNA RIS ITZZED A-site Z@8ik T 52 & CLIEMHLIEYV AR Y — L%
fRE LR 72 ) A b v 7 mRNA O RZFHFET LR FRRESNTWD, H
FIEREZ IV T mRNA O 3 R 245 L7280S U AR Y — LA DZED A YA M
XYY —AFEGRETTH D Ski7 D C K KA A > (CTD : C terminal domain)
IZ X VRS ND Z &3S S 7= (Frischmeyer et al., 2002; Hoof et al., 2002),
Ski7 1%, UARY—LD A YA Faidikd 2R R F 1A (eEF1A) ORI A& HE
[K¥(eRF3)IZ& £ 45 GTPase N A A AZHABL L 7-MiE 2 FF>, eEF1A 1%, Bl
REIBRRICBWNT U R Y —LAD Assite ICE > A= RUNIEEL TWAIREES
eRF3 X, FHFKESHIBARIZI VT Asite ITHE I =2 R DMFEE LT 2 R AE 4 585%
L. #Ha7T %, £z, Ski7 &L OMHAAFEHN KB Lo Y YV — LEFRIL, NSD
DERICKBEZRTZ ENMRES N TS Z L) (Hoof et al., 2002), Ski7 D C
Kt RAA E, /A 7 mRNA ETIEHLZ Y R Y —LAFDZED A-site

87k L. eEF1A X° eRF3 L [AIEEIC A-site IZfEART5H Z & T, SKI-=F% Y V— A
BEKEY 72— R L/ A v 7 mRNA OSfREZFET L EEZ 5T
72

L L2226 SKI-= 3 Y Y — MEAIRIE, 3R D 5 R 7 [~ mRNA
IR EARHET 5723, mRNA O 3 HRIBITIFER LIV R Y —ABRHFEEL, X7 b
T—EDOT IV EAEEEL WD ENBEZLND, 2FD, J VAT
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mRNA OHGE 72 /3R % AIREIZ T A T2 DITIE. S K D D REAT 9 1>, =3
L7 ARY — L% fRBET 50 /Ay 7 mRNA 25 FRUIT5 2 & T
mRNA ORIGEZ TN IEL LR BETHDL B HND, FATHIEIC LY
NSD (%, SKI-=¥% YV YV — A EAKIZ L D 35O HRIET TR, 5 Rumaht
IMEINTWD Cap HEEDRRE(T ¥ v v B )& Lz -3 A0 53R S [RIREC
19 Z 1280, mRNA OWRNED D OB IR iR & ST LT D Z & B3 iE
TV % (Inada and Aiba, 2005), #F(Z, ik L7z Ski7 241 L 72 mRNA 73 fif 2 PR
L7EBRIC, T % v B 7% Lz -3 O R < IEHEIL ST . W
T & DIRIEVED | Bh=RIIDDOMEH 7R/ A b 7 mRNA DOFRZE % AJREIC
LTWAHZ R,

F7o. FATHIFRIZ LV | Ski7 O C RumfHI A mRNA 0 37 Kdm TIE# L7z Y R
VL ERWM U S5, E VW) ETANEBINTWER, —F T, Zh
T DRERITEE S QR o T, BE ORISR IC BV T, B
FHEHER FTd D eRF1-eRF3 H AL RUZFZEHR LTI AR Y — 20
A-site ([ZHEE L <7 T FEMEESUS 21T 9 2 & TRIRRERE P E Z 5, Z D720,
J VA N7 mRNA OFfRIEFRIZIBV T, mRNA ORGE TIER L2 Y A Y — A
RS SR FREORIEZ HE L, BHFEEICBW T, HCUIBNEEZ §
Oy v—r~y RURFA L% O THIFNIZ A b 7 mRNA & 2h% &
HBLIE D RMPHELE S, eRF1-eRF3 G K & A IEFA R % 7~ 3 Dom34-Hbsl
BARD NSD IZH T DHEREREAT M T Tz, T OFER. BHRKEHER T eRF1 &
JAWL U 7-#1E % & T Dom34 & GTPase 1§14 & -0 Hbsl ODEARIKIL, GTP & F
¥ — Y L72RET mRNA @ 3> R TIEHF L7 U AR Y — A2 U 7 b— k&,
NSD OFEMIZHHATH L Z EDBH LN R o7, £DFf%, Hbsl 12X D GTP ©
SRS AK AT L C. Hbsl 23 Dom34 2> [iiEfEd 5 Z & T, Dom34 [£%20 A-site
ISREBT 5. ISR, ATP (KFE~Y 1 —E Th % RIII/ABCEL % U AR Y —
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27— L, RELICE VIR L2 U AR Y — A X mRNA I OFRES 2 2 &
D3RS & 7~ (Inagaki and Ford Doolittle, 2000; Carr-Schmid et al., 2002; Inge-
Vechtomov, Zhouravleva and Philippe, 2003; Kong et al., 2004; Doma and Parker,
2006; Jackson, 2007; Lee et al., 2007, Passos et al., 2009; Kobayashi et al., 2010;
Becker et al., 2011, 2012; Tsuboi et al., 2012; Matsuda et al., 2014; Preis et al., 2014;
Young et al., 2015), Z DOFEF. /A v 7 mRNA O 3 RKiglXEgH L, 3K
O SKI-=F VY —LMEERDT 7B AR ) A k7 mRNA O 7255k
AREIC /2 D T E DB 5T 72 > TU 5 (Tsuboi et al., 2012), Z D—EHD
Dom34-Hbs1-Rlil %41 U 7= fFBESUES I in vitro ICE W T HHEH S, ME ST
% (Shoemaker, Eyler and Green, 2010; Pisareva et al., 2011; Shoemaker and Green,
2011), Ak L 72 Dom34-Hbsl #HAKIZ LD /7 A b v 7 mRNA O fiFahE %,
NGD OfR & LTEL S Sl ElicB W THIEHA L THY . mRNA OANET
i LI2 U R Y — A2 A-site Z PS5 Z & 28, Ski7 O C Rk K AT
? Dom34-Hbsl Z 4t L7 U R Y — LD BFEEROMMICHEATH D Z ENHDL
DT 78 o 7= (Tsuboi et al., 2012), & B fiREfER DB A7 F FEH-60S EEHIX
Ltnl 212 & 0 583k 41, Al L7z RQC BRIKIC K - THAERT T FEO G FEIME
ESNDZEBLHLMNIR->TEY, FH LU R Y —AIMEES LD & R
(2. /AR v 7 mRNA K OVE RS VT AE T T FEIT & S ISR I fig %
2T DT EDRIREINTND

Z D& 912 LT, Dom34-Hbsl #AK1%, mRNA O KRG CTIEH L7z U AR Y — 2
ZfREBES 2 72O THH 7T, mRNA OWNEEIN A2 2 = & bk
STV 5 (Passos et al., 2009; Chen et al., 2010b; Kuroha et al., 2010; Tsuboi et al.,
2012), DOM34 RIE¥EE GO, FRIT AZH LT U AR Y — A OfRBEDPRE S =5
T CiE. mRNA KU TER L7V R Y — A OEFIZE N T, (EHALE O L
fNZHIT 5 /7 A b7 mRNA ONFGIEr  AMetE S o Z & bRan TR Y,
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ZOUWHZIZ Y R Y — L Z N7 Ascl WB5T 5 2 ERHE SN TV D
(Tsuboi et al., 2012; Ikeuchi and Inada, 2016),

F7o. /U ANy mRNA OFEARRIERR &R HEEbME SN TND,
LA ZWHEIZ BT D mucopolysaccharidosis Il, A 7 K7 Z v 7 7 7 UL
23T 5 RPS19 Bin T, R TIEIZIRIT D GPR B F72 EIZB W T, #ik=
RUBERDOERIZEY /A 7 mRNA BELEASND Z ERHEINTE
¥ (Chatr-aryamontri et al., 2004; Lualdi et al., 2006), / > A | v 77" mRNA O ¥l
FNIAEENTRAIR THD Z ENRBINTND,

Z DX 912, Dom34-Hbsl AR Ski7 O C KUK AT L2V R Y — LD
<>, U R Y —ANZ LRI Ascl DZETH D mRNA NEYIEHC X - ¢,
EH L) R Y — AL D ARE SN TV D mRNA OERGGSFEH L, SKI-T &
V= LEEERL Xl =% Y X7 LT —E &2 L ) B D mRNA ZfiE)s
REIN TS, /2, /A by 7 mRNA HERO A SN HENTF FEH
IZ.RQC BRIKIC L W i S5 2 & T MBI EF TR OMRZ1T70 > T\ 5,
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F2E
YRV —LZRIBuS3 DEFF U ALEMN LI
HRER LY R Y — LD SRR
18S Nonfunctional Ribosomal RNA Decay (18S NRD) D f#4fT
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2-1. fF&a

2-1-1. VAR Y —LDIEHEEBRIZBITSEEMS
YR Y —AiE, mRNA ([Za— RSN BEk s 2fifba L, X /N7 Ba Ak
THHETHD, KN2oDH Ta=y bk EIND, 26 R Y —2A

4 237 'E (Ribosomal protein: r-ptoein) & U 7R/ —< /L RNA(Ribosomal RNA:
IRNA)DESIKTH Y | /72 & L TUIKRBEGE TIX 2.7MDa, W#iFLE Tl 4.6MDa
I K5, B IFREER/AEMR)ICB N TX, M Ta=y b ThD
40S 7= MI 1D I8STRNA & 33FED VR Y — LK LI
(Ascl/RACK1 Z&Tp), KV 7 2= FTH 5 60S 7= MI3FD 255/28S,
5.8S. 5STRNA & 46/47FED VR Y — X LRI ENLHEREN S (K 2-1A),
EIEMEC i I, MRS FEE T, B L FuIk% L TiThind
Z LMD, iE S mRNA TSI RIER S, B8 20 7 X R &V 9 IEH
(CEFLSATF MEHAEGHR STV, — 5T, BEEAEMICRONTE, Ll
JUEPEIE TR TON TR Y | BN TG SN2 mRNA 2MEM 25 1T 72705 & Al
JaE~LlEISh, VAR Y =206 5MEF THRMTOND 2D, Ff) 2-4
TIHBENIFBEEM L TYo< U LIZEHETXTF FRERIN D,
URY—=2F, a2 FACKHE LT 2 VBA2F v —Y LT D t(RNA &R L
OL, ZTOEGEHFRT LI Ta RUFREMG L, SRS T&ERT 3
JWRENTF REE L CHRESECH AR BRT D, O G % il
T 5, WEMEEALE LTI, P T a=y MZa R 27 L mRNA & tRNA O
a N7 UoFa RUBERELT O 2 R Ui H L(Decoding Center: DC), K7 =
=y MZT X TIIVRNA DB RTFULRNA ~D T X/ RO % fillit L |
RTF NG DI AEAT 9 <7 F V)V EESE H .0 (Peptidyl Transcerase Ceenter:

PTONGHIET D, T ODIEMEREIZIE, VAR Y —L X NI ETIERL, B
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EAZHT O T2 F U7 tRNA 23 H0UD Ay 7145858 2 FHu | SEBRIC, DC Tid 18S rRNA,
PTC Tl 25S rRNA OFfE DI EEF O L L THHER TS (B 2-1B), 20
LI RNA WIEHEZRFE L CTWVD—FT, VRY—ALHX N TEITENHD

S B OB 2l 2 - T D,
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50S
23S rRNA
5S rRNA
34 URY—LIVINVE
30S
16S rRNA
21 YRV =L VINVE
1 70S
FED ( ) 60S
25S5/28S rRNA
5.8S rRNA, 5S rRNA
(46/47 YIRY —LHVINVE
40S
18SrRNA 5 S8
BURY—LIVIIHE O
BEREY  HEFES / E ~ (80S)
B zEn iR B =xamon
B rzsmoH [ s@e e oH

B D

FaA—-74>vJt>%— (DC) RZFINWRFYRT7 27—tV — (PTC)
[#8E] Ok &z [#RE] X7 F REEETER

[#fi] 18S rRNA (40S #71=v k) [&fi] 255 rRNA (60S ¥ 71=v k)
2-1. FIREEIRNY - LOBELTEN
A) ERENSIVEREYICHITZURY - LOEEHRR (Ban BI3EE HP £D51A.
BE),
B) UiNY— LOFHRIEMEERGL, JEHFREL rRNA LICHFEAEUVEIRBRICLELBREZ

#H5,
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2-12. BIRRYP A IV VR Y —A

BRI BT DERY A 7 VL, (IRNA DT 2/ 72Uk, Q)FIER
PAG, G)RIERMER. (HFHERFHE D 4 BelfED 572 278 ARETIIRERM R FUSIZ
DWW 5, VAR Y —LA1E, Asite, P-site, E-site ® 3 2D tRNA FEAHL
ZHLTED A-site (2137 I 7 7 2L tRNA, P-site (213X 7"F /L tRNA ., E-site
21X T 7 2V RNA 23567 5 (B 2-2A),

FP. TIBEF Y —U LT X T VIV RNA S GTP A R RR R IX
F EF-TulZ & > T A-site [ZIEIXIV ARNA 7 > F 2 K08 A-site IZ)LE T 5 mRNA
a R LRI ET D, 2O, 2 Ro-TrFa RrolEaniE LT
X, VARY =20/ 7 o=y b OEENEE, EF-Tu A L7z GTP
1L GDP ~E KRS IV, 72X 7 7 UV tRNA % A-site (258 L C EF-Tu (X VU R
V= A BREET D, LU S, ZORENIEL L Z2W4E . EF-Tu I2fEA
L7z GTP I IR i % %03, (RNA & & HIZ EF-Tu X U AR Y — A0 b il
o ZZTOMYT =y FOWEEEITONTIE, 2-1-3 THRRD,

a R-T T a RO EE T T, BRRO IEMEE /0 ICRFET & 72
W2, 2O X 512 EF-Tu lIFlEROFEE & 15 60 H 5 2 4H - T\ %, filbk L7z
Lo, HWEREGNEMRGAIE, VARY —AIAGOMEZELSIED 2
& T, EF-Tu ® GTPase N A A & fEHMAL L., K& L7z GTP Z KR+ 2 Z &
TEF-TuDa 74 A= g RIS TT I/ 7 2V RNA & O
A % Wi S, EF-Tu-GDP AT Y R Y — A0 SR 25, EF-Tu OfREfE%
7 X ) 7 VIV RNA 1T A-site DIRSIZAD AT, T X ) 7LV RNAICTF ¥ —
ST X BRI Psite ISTHET 5, L LR G, AN DA EMRG A
I%. EF-Tu @ GTPase {EMENTEMEL ST, Hif S L7z GTP MK R S g2
FCTIER< EF-TulN 7 2 ) 7YV IRNA M OH BB L 722 & T, 72 /T b

tRNA 7% A-site (252U FE D NEIS i (accommodation) DifE % b HET 5, Z
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DOfEF. EF-Tu-GTP-7 X / 7 L /L (RNA A RIL (RNA /G LI EE U AR Y
— A ENBIEEET 2, b X oiC, a Ru-7 v Fa R OERIHER O EffE
PEX, VAR Y =2/ 7=y MO DC OHEEZEDH72 57 EF-Tu #4° L
72 Assite IR DT 2/ T UV IRNA OLZEIC L > THIRFES N TV D,
EELWa R v a ROl Toh S & PTCIZEBW T, P-site
EORTF N RNAIZHES LToAR Y R_TF REED C KD B LR F 2 L Hn
tRNA 2> B AL, Assite LT 2 7 7LV IRNA ICHEA L7272/ BRD N KD
TR EEHTICHERE BT D, NTF NEBRISHRBZ D&, NPT
2=y FAMERFT S mRNA X LK 7 = FAEEE LRI 5 2 & T, /b
VT a=y FOD Pssite & A-site (TAF(ET D 2 DDKAT LFEA, 7 Fa R
VAT LN EZEDEEIZ, ENEFNRY T =y | BEssite & P-site ~ & BE)T
%, &I, GTP A TUERRH R R 1 EF-G 23, A-site IZf5A 7 % & EF-G-GTP
IZ tRNA OB ENEE L #is)8 i (translocation) 2338 Z %, Z D K 912 L T, tRNA
DT rFa R E mRNA K LT, /M7 2=y FReOREEIZEEET 5
TLET3IXIULATRA a2 RAYGBEIL, 77 Vb &7z E-site ICTFET S
RNA VXV ARY —ANGREET 2, 2O A 7 ARBViRSdZ & T, XTF
FEEBEE LTV,

PLETIE, IR ER T ZFEEM O TR0, BEEEMIZB N T
EF-Tu /% eEF1A & LT, EF-G I eEF2 & L TIRIFIN T D,
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POST-translocation state = O K V&5
(Empty A-site) (Decoding)

EF-Tu
s AV ¢ TS

(Translocation) ._-W_An ._-w_,_\n (Accommodation)
Gorg

.—.ﬁbﬂ—/\n o K&—An
->

EF-Tu

GDP @
EF-G j
“GTP PRE-rotated state RTF REESHER
o= An (Hybrid tRNAs)  (Peptide Transfer) o= il

D -

B
GTP#AMEF-Tu& EF-Tu DWBZILE FI/ZYILRNAD
PO ranslocation 734 7'=1 LIRNAD 7S/FPUILIRNA ~ REGIEGE
pty A-site ICfES S DR P-site NDif#E
EF-T
-GTPg .EGFDTp”.

“&—An .—-i —An .—-i ﬁ

o i z
.—-A —An  @-E —An .—-A An

R YRy — L
FEHERIORNY - e EF-Tu ® GTPase @
FyFarvEEspm IS E MO mpEs GTP oikss

2-2. FIRRfBRREYI1DI

A) EREMCHIZEREBET 1D, KEC4 DORIGEEDIRT ETEHRBERR
[CEIEFEC. hOMBICHESH TV,

B) JRVERFDEFEMZRILT2HE, URY—LO/INT 12y b OEEERIENTI)T
V)L tRNA O A-site \DIEIGZIRET S,
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2-1-3. YR Y —A Assite IZBIT D0 TFAA v F & LTD Decoding Center

FRROBRRIC R DRFERIL 110 L SN THBY, EF-Tull k7 /77
tRNA DERIOH72 59 VARY — L6 B OMEZZ A LT, B
KB A2 RFE L TV A (R 2-2B), =t Ry -7 o F a RUoiiEddit, = Ful
XTR-TrFaRy3XTFALEA RV 2 TFR-T > Fa R 2RI Y
-7 Uy VRIOERREES AT 52— T, a K3 FR-T o Fa Ry
1 L5 B 1X Wobble fi7 & FETIL, S A~y FHEEMZTRTDHZ ENMLA TN
5 GERTE 3 BTk 5),

LT TCiE, =2 RUfRae D EMErE 2 RS D28 12DV CL JFEZAES O 16S
RNACERZAEMZEI1T D 18S rRNA)Y & HIIZk %, Z DIEMEZ 2 K ffHi % Al BE
IZLTWD D0, Assite EfED/NY 7 2= MM T 5 16SIRNA ThH D, =
UL, RNAZPFAA v F & LTHIE, 73/ 7 2V tRNA 7% A-site (2T T
< % &, 16STRNA DIEMEFERILTH 5 A1492 15 LT A1493 DS Z A1 T AR TR
PEIREE DS | AMAlZ VW T IEMRIRIE~ L B 72 2 > 7 o A —3 3 V(L& B &
EZL, akRr-7orFa Ry AT LAEi#T 5 (0gle et al., 2001, 2002) (X
2-3A), ZDa T F A= a VELOERIZE o T, AMUE W ST T = U5k
HiFxa R 7oFabbfrolFH E2FHOBBENEN T NV -7 U v 7RO
WEXITTH 2D Z & 2RI G HERR L. BHER O IEMEME A #ERF L TUv 25 (Ogle
et al., 2001, 2002), JEMRBICINTIZ, 3 F AL v FHRIMAIN LIRS K 95 (1
LCarv7gA—a N b L, 16SRNA O A1493 L= K 1 U5 H-
TrFaRy3IXFRE, AN FEREIT2 R 2 XFR-T v Fa R 2 FH
WXL, 2 RUVEOT o TFa RerolFoX 7 LAY REOHD 2 Rue v
HEKBRAEKLL, 2 Ro-7 v Fa RUBORERIZTEE L TWDH, £,
16STRNA 1D G530 Kb, 2 RV 2 XFR-T > Fa R 2 CFAFOmX 7
LAY RHOREO 2 RrX UL AR LTEBY, £/2, =2 N3 XFH-
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TrFa Ry XFHIT Wobble i2 & LTHLATIEWNWD DD, Z D G530 5%
ERVRY =L 2RI EeSSRETZTHYRY =L L AL MTEoTLES
NTnWab, ZOX22, 2 Rv-TrFa oG o EmEs, 7=
= POWEZLE NS, 16S IRNA OIRIFHH(A1492, A1493, G530)
DIETERI HFRFRT 5 2 & THERF L TW A (A v A T—HMAAEH & L

%)(Ogle et al., 2001, 2002) (K 2-3B,C).

ARy U ZyFaARy ,. A
sy - ﬁ@—a' Oxzh) . (0xE)
I ? | ? G Acu F=——15' -4 /\
g=g 8=8 mRNA [- _ \ \ W \K
1405 — 1405 — d \ o
U O U mos| tRNA U O U 1es 5[ ¥V FIEEN (Phe) f&
C=@G — C=G | ....lo... £ \ _
hAﬂ 14 A--}E sU—A d 16S rRNA
A "GA“:: ¢ A 'gA-di.gzU:.A.:.g;.’ Z (A1493)
- = O G a , - o LS XS
1410 i—LIJ 1490 1410 i—LIJ 1490 C3¢ v (zlzh;EL; J~-i(a;:\)!1|:$/§$35A
A A 3 “ F} Q A/
NIFYF NIFUF x G/*A—s' S \Y
A-site OFF 1£#E A-site ON ik#E é:ﬁ;j 5 R
\ / %&\ 16S rRNA
I 2Ty FEEL (L 16S rRNA (G530)
c SAXYY L) (A1492)
KIBE (FEZEY) bbb, HFBEE (EREY)
CcC=aG C =G 170
1405 G =— G=
U O U 1495 Uou
A A
1645
A A 1492 G A 1755
C=¢G C A
1410 A — U 1490 Uu—A
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2-3. TA—TAVTEVA—-DEHREEN UL VRGO IE ORI

A) TA=T1o0EI3—DESETEETHS 18S rRNA-A1492/A1493 FEEDI D TAA—
vavEiE ((Ogle et al., 2001)Z5|H).

B) FA—T4JtVA—DFMHBKRELIARY-FUFIRVEDHEEER (BAERES
5% 51, 145-521, 2009 o511 . RE),

C) BEREMEERENOTI-T10TU—DORILLE (BARERESHE 51,

145-521, 2009 o5 A, RZE),
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FEEIZ, N7 TV T RYGEDOIRFICHN LN T R ) 7Y ay RRHIAEYE
X, A OV R Y — LD A-site D3 T AA v FIEHA L, @mWEEREE
RTZETHMOHND, ZNHOHAEMEIL, A-site DAL v FONEHAL—TF

ik LTRSS L, LT X ol UTiEEEAL 24MUliz i TEE L, A A
v T EIEEIRBEICIRET 5 2 & TLREBICH A LRV - 72 (RNA % b 521 AL,
RIEZ1T 2T, tRNA O Z2 Hk7R < SE L7200, # "7 G obaEe M et
S D, & BIT, R EE T W ENVE — 7 1 o TR ORI R O A-site
DAL v F o TET a—=T 4 T2 2 20T 7 = VIR OEEE LD I
TEBIHDIZH L, BEZEMO A-site DA A v F o ZITITR X REEZE G0 &
TTHY, IV ZLL DRV —ZNELT L LRRALMNIRo7, LR
ST, AT, ARV AA v F o 7 2EN L CRER Y R EE
pE BT 5 — 07T, BEAMTIE, WA A v F o 7 &40 L TIERM
PHEDOENZ NI FEREFEBLTWHZERRBEINTND, 7 /7Y
¥ RRUVEWE L. A D A-site 771 A A v F 2 IEHIRERICHEE L, FHER
DIEMEMEZ B IR T SE 2 — 5T, B-EAEMD A-site 731 AA » FITiE, i
A L3Ry | BIREICREEREISHE T 22, fiaLline Ity
%, A-site 53T AA v F 2 ARTEMRIRIBICEET 5 & BIERBUS TR E 1T ERELZ 72
DM, Assite ~DT X J T TV RNA Of G RRPNEEZ 220 | BHERO D388
FIRT T8N TND, 20D, BEEYHD A-site 53 1 AA v
FATK LT, BREDRD 5 < AMESOTEMEWGUEYE AT~ A ¥ i3
BETRERPITIE R S AME~OTERIERF IS EMEE Y NB33 (ZARTEHIR
RBICEET 2 Z EBHLNICRS>TVND, ORI RIEMEIZLY b6 S

RIVERIZ. A-site D53 F A A v F & RIGHERREICEE S, IGHERE~DY])
DB ZMHET D E L HIT, NEHEE A-site 73 F A A v F R Y R Y — LOERHE
BB 2 VR Y — L2 X7 8 eS12 OIEMREEZ LT Z & T, HEA T
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FELY NG ETERIFILEE L2 ETHER D EEZ BN TV D,

2-1-4. Nonfunctional Ribosomal RNA Decay: NRD

UR Y —ADOERMITIE, FEFICEL O FX—=PNNIE L2720, Ml
TSNV R Y — L RYIFE NI 5, BIET ORI TIE, HE VI
URY — AOREMNDENTZDIZ, D0 fF% FERICBIERT 52 LITIEEA
ERFRETH D, LLRND, ZOXITLERY ARV —Lb, LB
(TN R SN DR A MIIIF 2 T D —BlE LTk, Ao
TR IC BT D HREGRERICE T, YR Y — LA BIEEE K,
WHER 2 L oG Th D, DL RVAY—AE, +oiEaRbAe
DETWRWOIZ, RIS Z BT TER2WIEIT TiER <, mRNA _ETEIE
LTLESLY, VR —L0ETZELZY, BRICEL > TIIAEFR
BANEZIER L CLE D AIRMERZE X b D, O XD AR Y RV — 24
IZ. Nonfunctional Ribosomal RNA Decay (NRD)IZ L > THAARHN I & HUE | FRrE &
ND, WD 2-1-5, 2-1-6 Tl 2 FHHD NRD BRI SOV TR T 5,

EFRIEEZRFO U R Y — A b RRINL5E503H 0 . 2 ORIFHZ2BNLH
B OGAE TH D, KERSHEB LIZGE, M) A Y —L&E2 D S
52 ETRRIOZ T EEMREMFIT DL L BT, SHELIZYRY =005
REFR A U, A FICRARRMA R FORRRICIEN T2 £ E 26T,
KEHRLSMC S, LA b L AR/PAEA R L ADGEIZE VAR Y —LD5)
fRafRET 2 2 LT H N EAEMETHI L TV D & STV D, RED 2-1-7
TIE, ZOEIRA N VAFMHEICBIT DY R Y —LDOSREFRITOWTHEIZ
WD,

Melissa Moore #7828 Cld, HFRERZ HW T, EEE Ko TR R Y A Y

— AN TN RS LA Z & 234y L. Nonfunctional Ribosomal RNA
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Decay (NRD) & 4 £} 1} 7= (LaRiviere et al., 2006), izt L7= X 92, Ak, EF7AR
BEBE A FFD 18S IRNA X° 25S tRNA (X ZFNE DT 7 = MIEVAE I, i
D TEREICFEL, FIREITS, L L7205, 18S rRNA <° 25S rRNA O FEE
IRIEMEERAIZ B W TERZFFO RNA X, G, Ty 7220, £
NENOY 7=y MIRVIAENDIZTHEDL LT, EFRRBERATE RV
DITHEFEN CTHGRIZ iR S LD 2 & D3R STV D (LaRiviere et al., 2006) (]

2-4A), ZORKZ, T T U &k, 80S VR Y —AlZ/ioRETH 72 L
Th, BEBMTCE oW T o=y MIgMez b+, BEMTHL YT a2=y
N DBDRINEN iR 2 52 1T B 2 & DiE S 40TV B (LaRiviere et al., 2006,

Cole and LaRiviere, 2008), fit> T, Z DX 5 I[CHIfIIHEEE AR/ 572V R Y — 4
IR L., T 5 MEEHEEEAHA TR, ZOMEE B IR
7=y NOD RNA O3 fR%Z FIREICT 72O, 7 2= N ORBERIG
VHETHDEEZHLND, LLF T, 25S rRNA D PTC 2 %2> 60S 7
2=y hORFRTEH S 258 NRD & 18S rRNA D DC (T F % FFD 408 7

2= FOFEFZTEH S 18S NRD IZDW TR A,
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Time (minutes)
0 10 20 30 40 60 120 wiﬁﬁﬁ’—c"
L T T TP
S - = 2
o] [MewR
0 10 20 30 45 60 120 258
§m.2ss
3”..““ 18S H
—An < s 188
1 g o
T MR- 2
k=
® 18S:A1492C
01
0 10 20 30 40 60 120
; I - s
. 258
E @ s
£
® 258:U2585A
(18 1 I S S

20 40 60 80 100 120
time (minutes)

2-4. WEEAR2URY—LDO7D %R NRD DFR
A) ZER (RNA 25OURY—- LY T 12y O3B HAEIE ((LaRiviere et al., 2006)
hb5IA).
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2-1-5. 25S Nonfunctional Ribosomal RNA Decay: 25S NRD

258 NRD /Z, 25S rRNA OIEVEENL T D X7 F Vi EESE H.0(PTC)IC

B R A FFO RNA/ Y R Y — LD 53 fiE 5% Td % (LaRiviere et al., 2006), ZiLE T,
258 NRD OfiEHTIZIX, PTC & L THERET 5 25S tRNA DOIEMEERAL A2451 <°
U2585(KIGHIC R T Do "= U 72 OEEEPMEH S TE T, 258
rRNA:A2451 <° U2585 1%, PTC IZBWCTHM TAL RESNZEETHY ,
T REGRICEERE S 3T 5 Z &R EE S LTy 5 (Nissen et al., 2000;
Cannone ef al., 2002; Hansen et al., 2002), %7z in vitro (ZF\ T, 255 rRNA:A2451
R U2585 OEFA RNA Tik, 77U SNDIZHELLT, FFRIEMHENE
b D Z L DVURE STV = (Youngman et al., 2004), & B2, THDER A
FFORGHEIZBIETH D . PTC IZBIT HIEMHMERHITAMICE > THUHATH L Z
& D3 5 72 72 > T 7=(Green, Samaha and Noller, 1997; Muth, Ortoleva-Donnelly
and Strobel, 2000), Melissa Moore #9828 Tid, A2451G £ ¥ 25S rRNA 1%, 1E
WA, 7Ry Le0b, MlaN CTHufIc a5 2 & @t Lz
(LaRiviere et al., 2006), F7-. BF/ER 258 rRNA ITHIAE (ZHEH L TV = DT %t
L. ZHA 258 rRNA:A2451G X° U2585A I1d, AARE 2B\ TEEEL O foci 12
FHET D Z EAREN TV B (Cole et al., 2009), ZEFLT 258 fRNA &V AR Y
—AE, PTC ICEBREZEL, XRTFUNGRBRIGICEENEL S LEESRD
72D, 2FBEDOa RATKTHT X ) 7 UV RNA N A-site (L E L, X7 F R
W KT IEI, VARY —ADEIENRERIND FREESE W EZ BN
Do

258 NRD Tl%, PTC ZF% 258 rRNA %G EEERE Y R Y — A0,
Rtt101-Mms1-Cdc34 Culin 7 E3 U H—FIZ L > T X F L1t %% 1T 5 (Fujii et
al., 2009), ZDOERZIX, 77 WY —4r1 & LT Crtl0 23 Rtt101-Mms1-Cdc34

BIRICHE G LT, REREMAEIT 9 LR S LTV (Sakata et al., 2015), =B
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F AL &7z 60S Y7 = i Cded8-Npld-Ufd1 {KFFIZfiRifE L, 60S 7 .=
v hEERT DV R =D F R ER2 X F T aTT ) —LRICE ST
IREND Z & T, B LR 258 rRNA AN O RNase (2L 0 iHiH 2
REEZIT D, VD ETIANRER STV D (Fujii er al., 2012) (B 2-5A), SEFE
(27 a T T Y — AHESRMETIE, BEERE 60S V7 2=y MRERET L2 LD
5. 258 NRD IZHWT, a7 7 YV —A75 tRNA OSRICHNERKRFTH D =

E1EW 52 T B (Fujii eral, 2012), LALLM 5, 25S NRD IZHIT 5 U R Y —
LD X F ACOFEMRERAL, BRI, 7 = MREE & O BE N

WZDWTIEEA B2 72 o TN gLy,

A P
25S NRD J@
J b, @ 29
An =—p- -
o~ @<
B @

RQC

Y N
Hﬁ'@wﬂ“*
®®®

18S NRD

-

v

A L
.—w-An ‘ \

2-5. NRD &£ RQC DLt#%
A) 25S NRD. B) RQC. C) 185 NRD D% FH#E(COWVTHE Z 1727,
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2-1-6. 18S Nonfunctional Ribosomal RNA Decay: 18S NRD

188 NRD /%, 18S rRNA DOIEHINL Th D 2 R fiFge (DO F % R
RNA/ Y R Y — LD 53R T & 5 (LaRiviere et al., 2006), ZiLE T, 185 NRD D
fEMTIZIZ, DC & L CHERET D 18S rRNA DIEMEERNL A1492 R° A1493, G530(K
WBHEIZB T DT o= v T2 OERKPEH S TE 7, 18S rRNA:
A1492 <2 A1493, G530 (X, DC IZBWCHM CTL REFESNZEETHY, =
RN UREFEZ I T D MM DORFEICRE G425 2 & 23ldE STz (Ogle et al,
2001, 2002; Cannone et al., 2002), = 7= in vitro {23\ T, 18S rRNA:A1492 < G530
DOEFA RNA TlI, 77V INHICHELLT, 7I /70 tRNA O
A-site ~DFEENHELOND Z EDRRBIN TV, BT, TNHDEREE
DORGEITIBIETH Y | DCIZBIT HIEMHMER T AMICE > THUHETH DL Z &0
B & 22 72 - T 7= (Powers and Noller, 1990, 1993; Yoshizawa, Fourmy and Puglisi,
1999), Melissa Moore iff9E=E Ti&. A1492C & A 18S rRNA (%, [EFIZERK.
TN LD, RN TR oL 2T D 2 & A LTz (LaRiviere et
al., 2006), W VAR Y — NIFEFICLKERBEIRTH D P, A1492C ZZHA 18S
RNA Z B DR RY RNY —LD 55, BRAZHFT 5 18S rRNA [Fl# (25 fiF
BT DN, FOERE/X— M —TH 5 258 RNA IFIEF TR ETH D 2 L HH
LIRS TND, ZD7dI, ZRA18SRNA (X, 80S VAR Y —AIZETT
7V LEOBLIZ, L0 TY 7 2=y MiEiE 2T, fREE% O 408 4
Ta=y MIXLTHIH RNase 37 7 v A3 5 L FHINS (K 2-5C), 22 HA
18S IRNA |F, =F VX7 L7 —ETH5H Rip6 X° Xtnl, =F YV —LT 7 )L—
FMATTHD Ski7T DRIETFRLaT =XV —ALTHD Rrpdd OFRIBINHI T T&
ELLTEZ EnD, ZTUHDRTFICK YV 5iREZIT TWHZ ENRENTND
(Cole et al., 2009; Limoncelli, Merrikh and Moore, 2017), —/5 C, 'ma7 7 YV — A

PREAITH D MG132 MLBRFIC | 2258 18S rRNA (T{KAR L L ToHfiFEa =T T
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W2 Z &N, 258 NRD L3 EA Y 18S NRD (X7 0 7 7 Y — A IEKIFE 255 iR
FRTHDZ ENPH SN > T (Fujii et al., 2012), & B2 XRNI K4 T Tl
BF A7 18S rRNA [ZAIARE FIZHER L TV = DITkf L, 257 18S rRNA (HHifE
B2 foci ZIER L CERET D (Cole et al., 2009), E£7-. 18S NRD DI 1%, [FkE
IZ Xrnl ITHRAE L7250 R T % NGD(H 1 32 B IR) O HE R0, P-body (T 5 i i
TRETHT X ¥ v B VL Dep2 EHRBELT-Z Enn, AHA18S rRNA
I RNA OGO L LT b5 P-body (ZRFEL. Xml (X0 5% T 5
Z & DA B AMT 72 o Tz (Parker and Sheth, 2007; Cole ef al., 2009), £7-, ZH
B 18STRNA Z#&Te U AR Y — A, o RUMHISICRENAE LD EBEIND
7=, Bt RN P-site, 2 HHD 3 KA A-site [S)LE L7ZFIC, A-site |2
BT a—F7 4 ZRHRTIC, VAEY —2OEIENERL S5 ATREMED &
WEEZBHND, 188 NRD ORE L NGD D IE & [[FEEIC P-body TSN D
Z LT A T, RQC/NGD IZBWTHZHER Y R Y — LH X7 Ascl RV R Y
— L DfREEZ 0 5 Dom34 <° Hbsl (2 DWW T4 Z8HA 18S rRNA D4Rz 54
5 2 E RS X T 5 (Cole et al., 2009; Limoncelli, Merrikh and Moore, 2017),

51T, BIERMMELERTH D Cycloheximide DAL TlE, 2K 18S rRNA
DIRNBAFICHE SN D Z 205, 188 NRD ICIFFIERFREGAMNETH D
AIREMEDS RIBE S VTV D, BLEDZ &5, 18S NRD IZIZILFIFRAY 72 mRNA
BEMHLEFEREOR NS L TR, FIRMEEEFICER T2 Y ARY —20
FLEAEMHCHEE IR 45 RQC/NGD & 18S NRD O B3E M A3 /3142 X 41T 5 (Cole et al.,

2009) (K 2-5B,C),

2-1-7. ZDMD U R Y — b DFERER

VR Y —AMZ, BEHEZICENICBWT, 7227 U LRI 408 R 60S 7 =

= FORBGERRIITHIE IR W T, EFR T at A &R o =B ) R
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Y — MR R EE I LD SN ZERmbN TS, KHTIE, 7
BT UNRET LS VAY—AIE THANTOHNICHED LT o4
FAENCERET H72. 7' 7 U LETOSEFRIZONWTEEIET 5 (K2-6
F— R 77 U, MRAHERIREL AT T A oIcACEkT 22 T
BREHERT OHECTH S, ZoBEETIE, Mk, ElE 3 52ENDS
FaA— 77 A =L EFHINDRIC L > TREEL, U Y Y — A9 E

>

)o

#HE

v

O, 595, BEEHE BTN, MR E DX NI EZ2T I /BRI
fEd D2 LT, TRAF RS LR EEROFT- e E LAY S

HEEMEIO U YA 7 VR E L TambN TG, Z0—FfE LT, URY—A
DA— 7 7 V—Toh DV RT 7 P —(Ribophagy) N & S 41TV 5 (Kraft et al.,
2008) (B 2-6A), F2ERIC, EHRTFHUER T TIE, VAR Y — A0NEIICEITH TR Y |
i &% F L ALEESE TdH 5 Ubp3 X° BreS NF NI ET 25 Z L biESnTn
% (Kraft et al., 2008), & 512, EBRWFHERT TlL, VAR Y =L Z T EDH
7253, RNA R b REZT 5 2 ERH LN > T D, RINICAEES
% RNase T 5 Rnyl IX, A — b 7 7 U—RREKIZ L » TRIZIZE X7 rRNA %
L, X7 LAy ROEEOE TR A~ STV D 2 L AVRIBEINT
V5 (Huang et al., 2015), L2 L7273 5, Z @ RNA 43fi#% Ubp3 <° BreS5 (ZITKAF
FF. VART 7 =D TR A RBEN RS LTV 5,

BIESL, VAT 7 V=W TEEZHOMM RN S THE Y, RQC IZHWT
BENTF FEOZEXF ALEITI B3 U —E Linl ICX D VR —Lx
RIBUL2 DX T AR, VAR 7 7 Oo—nb VR Y — L& R#E LTS D
&0, Ubp3 & BreS 132 DX F U HARETHZ LTI AT 7 U— %354
LTW5AZ &b &N TV 5 (Ossareh-Nazari et al., 2014), V7R Y —AiZ%EL D
B NI RGy & RNA By 2 G TR B O @WVIEERTH D 2 L6 BRI
(ZHHRLS R BERRAEMHI L2 MR E Y A 2 L LTe D 5 AT,

102



2020 1R

M & > TY R Y — DI H A DDA RTHDL EEZ BN D,

F£7-. TOR ZHFET L Z & TREIM 7TV E2RKEET 5T 3~ A DML
Hix, BIRRBBOMESCA — 7 7 V—0fFE, VAR Y —LAO5KAERE %
HET D, TN A T UDOMBRIZE 5 Th, rRNA X EZ T 50, 2
NETICBRTEF FHEEFEGET, VA7 7 V=L IdRIRE TH D Z LR
AL TV % (Pestov and Sheherbik, 2012), & 512, @FRL/KELEEE OR{EA R LA
RFIZ 1L, AT O RNase Téh D Rnyl (FEa» HfilREHicBe L, A— 77
—IERTFIZ rRNA <° tRNA % YJ#79~ 5 (Thompson and Parker, 2009), Z® X 5
KBRS A b VARHZIE, A— M7 7 V—RKEFICHIFHRFIC S VAR Y — L0
RS ID, AT, PLo A VARERZIT RNaseL 23(Wreschner et al., 1981;
Hamajima ez al., 2013), /MafRA b L ZRERFHZIE Irel 23(Iwawaki et al., 2001),
rRNA ZUJr 2 Z &Moo Thy | VAR Y —A3kx 2 /ifE2s U Coita

ZF, MIRANO X VR BAROFEICHE T 5 EE2 6 THDNN, 4% b
PR R AL L ST D
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A

; BOOGOS 0N AN Bk
m%&ﬁ???ﬁm ¥ &5 ¥ 55
$ NN 'RNA 9__79(7) AN
TRAMP #&kic &% =2
I L 2 ¥ 7utu} R
= A~ Bikg

BREMZHLBVRERSYRY —LR
80S UMY —AKFTZEYTVEhicD5IC
Nonfunctional Ribosomal
RNA Decay (NRD) k&> THEEh3

~)
f 'An
= M
= PAUSE

2-6. UK -LmEEE, S REBO—HI
A) INY-LEIZIRICHES REEREZ(THREANRTTI(ERESER),
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2-1-8. VAR Y — AL EZ U RIJBEORRIRRERIZERTIER: VAR Y —AF
URY =L, VR Y — L& T R -CAEARIZED AR DERIC

LK~ 5 5 B T & % (Draptchinskaia et al., 1999; Narla and Ebert, 2010), G651 & L
T UTNICET XA TEY RT T v 7 77 VA, e RIEARRIERER.
M —=Fx— - al U REGEHERDH D, WTILh VAR Y —LDAEGICEE T
LB DNREEE & LCRIES NN TWD R, RSN E RS LT
% (1 2-7A),

FATEY T T w7 77 Al (Diamond-Blackfan Anemia; DBA)IZ RPSI9,
RPLS Zhgh & LI U IR Y — L2 X EOERIZ L > TRIET 5, FITE M
DO RFNAET . FRIMERORBFEDLEIC X 2 HAEREEHAMZ £ 28R
PREBTHY, VARV —LOEGHRNEBORRIZIL D Z NP 0Tk T
B A DT & % (Draptchinskaia et al., 1999), DBA 1L, ‘B TOFRIFERR DML
FEAERONAT, B A7 bEWNI ETHLILTWD A, EIUIAERAZR
JEAHIR - Ch D ps3 LUVRY—LZ NI HELEOREEENFRERTHD Z L2
RIBEITN D, pS3 1L, ZHRRARA N L ZAOMIRBREE DO ZLIZ N LTk~
YT I NEFRETHZ L THIROEMILEZIT O XEIZH->TH Y | p53 BH X
E3 U —ETHD MDM2 2T L TS D 2 &R HE STV e, ZRET
IZ MDM2 ([ZFEAT 2 U AR Y — LK /X7 & LT RpLS X° RpL11 2D 8 FifHD
GUNTEPRESNTNDLZ ENE, —HDURY —LZ T BEOREIC
FoTYVRY—=LEGHRENET L, REIOVRY =L F NI ENELESH
HE. ZDH B RpLS, RpL11 728 MDM2 IZH5E L. £ ® E3 U U —EBiEME% R
YL LT 5T, p53 A MDM2 (2 X B HIERN SRS, ZElLEnT-
p33 MNT AR b= 2% LICHMIRAEFH ELFHET H 2 & AR S L7z (Lohrum et
al., 2003; Dai and Lu, 2004; Chakraborty, Uechi and Kenmochi, 2011) (X 2-7B), 7=

DBA ETNVET T 7 4 v aflizBWnTaA v i X 2FEREME LI X -
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TIERDFEF I L2 D, VAR Y — MESRR I X 2 TFUEME DR T
BFRIEICEE 592 FIRBME S /RIER S 41TV 5 (Payne ef al., 2012),

e RME AL EIE R (Dyskeratosis Congenita; DKC)i3, TN ZEki0 f i o .55
WA, KD R 70 & ONHPEROM, &R ECEE e EOBEERIER D
ETHEBEATH L, ERFERBERTE LTE, B/MEZ I ETHD DKCI
DAEE STV 5 (Heiss et al., 1998), DKC1 138/ IMAERSYF RNA T 5 snoRNA
IZREE L, EIZ RNA DY a— R U DAL EMEEN D 7 U ¥ U o Bkl
(2B % K 7T % (Knight et al., 2001), rRNA 7 U ¥ AL {EAfIX IRES(Internal
Ribosome Entry Site){&kK 17 mRNA OFHFIZLEETH D . 245D mRNA OFIER
RO T NIFE TH 5D & F % 5L TV 5H(Yoon et al., 2006),

Y —F ¥ — - 2V o XJEWRE(TreacherCollins Syndrome; TCS)IE. HE <> %
DIGEIAER A FHRK IR EFRIERORFE LGN 2 3R TH Y . TCOF] M
it & L CRE SN TV 5 (The Treacher Collins Syndrome Collaborative
Group et al., 1996), TCOF1 | rRNA D#i55 (Hayano ef al., 2003)<> 18S rRNA ¢ A
F AL E A LT #b(Valdez et al., 2004; Gonzales et al., 2005253 5,
TCOFI Bin 1A N7 R AR LI~ T AT AT, VR Y —ADOERENHE
DD L L BT, MIRRSMREECHIR RIS OB I S D T E A BT
V% (Dixon et al., 2006),

ULEOBIZ Iz, VR Y —LNROBIEFIIZEHRESNTEBY, VARV
—LH R B O RNA ORI FIZ Lo C, i, N, KE»OE
IR D E ThRA R C, ZRAEBZE T2 LB 6MNTR - TET,
DFEY, —RAEAAHFELTWA I IICAZ DY A Y =2 b 2 EN) mRNA
IZxt LIEREZ R o TR Y . ZORRMENSMEHERE 72T v d A
REMENTRIEEINTWVWS, IFFETIE, Z0XL21C, W—It/hxsb00, Ak
HIAENTWDITTOY R Y —LH T EHDOREKRY, AKEAIAEINL TR
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WU R —LZ U RTBEORES. FT2VRY—LH NI EDO)RT a7 OIFE
HAZ K0, MR EEE T U R Y — AR, BEORRR S AT S Z &
IRENTEY ., 20X 5 IHHEH7 ) R Y — AT F & T Specialized Ribosomes
& FEE AL TV 5 (Xue and Barna, 2012; Dinman, 2016; Guo, 2018),

Specialized Ribosomes ®—f] & LT, DBA Z#3 T2 VAR Y —ANRZE T 5
%, mil L72 X 512, DBA IR ML ERAAAG OO PE AL BE 5 A R & 5 2 @R AR
BHEIMTHY  BI/ETIE, DBA DJFAZER L LTIHHEDO YR Y —L 7 R
JEDONT aERG L ITRAEKROREDRESNTND, ZT, 2EFD
55%ICbAY L, TO0FRBEOMANIFFSNTHD8, ZOX 57 )R Y —
DAERLA Sy DI SO RS, e IR M BRAR AR SRR 2 O T B I
2o TR ST, AT, VAR Y — N EIXEBILR 7 GATAL #1517 DN FRIK B s 1
& LCRIE S, ##am % M:A CU 5 (Sankaran ef al., 2012), GATA1 (332 1L ER A
B CHRBLT 28GR - Ch v | ARIMER, ERZER, BBk RiEHMAL O 477
EZDMUITHIETH DN, VR —LZ LRI EO T R4d, 40S 6 L<
X608 Y7 2=y hOAKELE T SEAGRAEF 25X 3720 Tidel,
ZD XD NTa REY RY —AX, GATAI mRNA OFIFRIEMEZ B I S
HDHIENHLENI -T2, ZNETOHENS, GATAI mRNA @ 5°UTR (F9
FICHE, 22 OFFR72 RNA ZIRIBEZ ZATND Z &b, 2O X ) s
FFO mRNA D3N T B R U AR Y — ATk LRI EZ Z TR0 0 2 &0
LM > TS, ZOXHICLTDBADFRERLE LTHMLRENT BA
YRV =A%, BIZ7 a2 —UVICHFREEZ KT SE SR TIER < ER
(2. I OBHFEIC GATAI mRNA FEDOFERIGME AR T S ¥ L, Zo7oHic, =5 H
1 GATA1 OFEABPIRIZHAD L, 2 O FHO R MERATEMAL, JR i ERAIEL O
PEAEIZWZE T2 mRNA DRRBERLZ RO Z RV E OB N bbb, 20
Lo, RV R Y — L5 LRy B O R RKOFEN R FRED
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GATAI mRNA OFFRIEEDOIR T 28 X | JRIMEGHIIRFERANICRENELD &5
Z BV TV 5 (Cmejlova et al., 2006; Boultwood and Pellagatti, 2014; Ludwig et al.,

2014; Lahtvee et al., 2017; Khajuria et al., 2018) (X 2-7B),
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=8 RE®ETF 'ERG B KA BE B
JEE RS S ROV RYPYUIRY—L 185 rRNA A1555| FA—F 4V J5EE | ALARFES
FATEVK T390 7R |y — 15 SRS 8ME 10 B, Garar| YR/ —LIVIoE| 0 | o °
SXRMEALRLE DKC1 rRNA DOfE8f ©|o|©
URY—LY VIO E,
5q fERE RPS14 "RNA o7y v | @ | ©
REEEERR RMBP 56SrRNAQEH ([0 | o [0 |0
VaNYIN\IY « T4 T EY RIERE SBDS ,gﬁ‘kg%’%f% ©|o ©
T fHfaRE ) >/ R ME RPL5, RPL10, RPL22 YRY—LYVINVE| © | © ©
NJ—Fv—- 3Y 2 IERE TCOF1 UiRY —LOEERK ©
OTOTOS DNA OOSNS
Bk ¥ &5 ¥ &5
NSNS 2 NN
rRNA Frvy
v 7OtyvY KAVERF
N -
A=) * {}. #HER
70ty vy
iR '\’; + @ 50
VT Le =
e v Se
KED
JTok® +
YUIRORE 4 BREQET | Fmiratic
I -’ GATA RNA An = 'Z‘ﬁég'ém
1
o @ | "

2-7. HA7EVRIZvD 77y EMICHE B UE)RY — LRDFIEANZI L

A) URY—LEDEI, 54 7EY KT 5vD 77V BMIEURY — MROETIVERBEL TR A
[CHZEENTIVD,

B) 44 7EVRISvD 77V BMMDHEIEANZI Lo VRV —LOEERENETOHEH
T HENG mRNA OFFREHOEIENRERREELTHON TS,
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2-2. BEHWY

AR TIX, 7 3—T 4 V7 IEEEZ R VEBRER 2 Y R Y — A OEMRE
BRI OWTHIIT 21T o 72, AR L72 & 912, A1492C ZBHM Y R Y — AT,
aA—F 4 T ORI R Y — A A-site D51 AA T K DFRROK EFERED
SERIZKDNDTETTIERL, /M7=y hoar 7 A—va VEENE
5L RBTEMIT, EF-Tud 7 2/ 7 3L tRNA 720 6 412, BRR 6 H
EPEIT LR RD T EMZEZXLND, FATHIZEIC LD | ZHET A1492C-18S
rRNA % G TeMREAR 2 Y R Y — A%, 80S UAR Y —AIZETT Y7 U &, #l
REUSIZBIM L T=0b  BEREGT 5 40S 7= F D 18S rRNA D Fx /)35
RN IND Z LR RE SN TVD, ORI ED T2 121%, mRNA
Fl2U 70— F SNTHERER RV R Y — A0NVRR LA CAREE L . 40S 7 2= |
L RRRRE I, 60S 7 = NIV VA 7 ARRICMVIAENLMERNH D &
EZbD,

PLEDZ &t A1492C BRI Y R Y — AT, FlREEZ - 720 el
mRNA ECTEHR L, ThERELEMEND 2 LT, FFRNR Y R Y —LOfiF
BELOGZ 2T D Z LM EETE S, £D7-), 18SNRD (X, % 1 # TR L7-
RQC R L EEL LI IS TH D AIRBIENR B X D Z enn, VR Y —AD
vxFAIZEH L, 8T %217 > 7=(Sugiyama et al., 2019) (& 2-8),

F o AR U A VA - BAERFEMITET O KB e N Z$7 . LB EBhEIC
AR THEH L7 7 A FE, B EFREIEITO PR _BER £
R BFEMEEITIT, AFETHEA L 7T 23 FB L O EZ S5 L

TTEVV =,
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RQC

BERLVRY —LORREEIYRY —LDIEFF U LICEKEFT 20D
BER2URY—LRBEDESICEESINDIDD

2-8. AARDEE
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2-3.

2-3-1. YRV —ALZ N8 uS3 D K22 BEIZBITAEXTF L 1KiT 18S

NRD OFEEIZLNATH 5

RQC I, mRNA AT F FEORFII D VAR Y — 2O REFIL, #5E
(CERT 26 80E EOFAERTF FMEHO SR THDH, VR Y —LORERE L
E22X, 20' Y —ThbH E3 U U —E Hel2 |12 L > Tillak S 41, Hel2 (3782
YR —LEWET DY RV — L5 7 uS10 O K6/8 73T K63 TLD AR Y
AEFFUHATEMT HZ & T, BREMRTO U R Y — LI LHHIZ DT %,
RQC #EIKICBWTIL, VAR Y —2Da2 b XxF AkiL, T Fiid RQT BEEK %

LT RY =LY T a=y MEHHZMNEATH Y . fEEEZ O 60S 7 2=
N ETIEH AT T FEHOSMRPFE SN D,

I8SNRD (IZBWTH, VA Y —LOFFRIEEARRIZL Y, mRNA L TRFE
1L, 80S UARY =¥ Ta=y MENFEIND LRBESNDZ LD,
RQC L[AARICY R Y — LD X FANF| EE&ERDLOTIIR VN EE X,
BFRDNA Z 21— 45 LAR—F =Rz FOBERIARZ W27 ) —=
YT EAT oI,

AWFFETIZ, 1I8SNRD ZE=F —F 570DV R—F—BIn & LT, HT
7 N—AFE T CIEHFEIND GAL7 7' 0E—H —O FiitlZ, 18S rDNA
WT/A1492C-5.8S rDNA-25S rDNA % 22— R 577 23X R& 7= (B 2-9A),

F£72. 18S NRD DFFEIC M2 B X F AIEROFRIEZ B & L7
FEOFmWAZ ) —= 7 %795 1201, MFEMEx AW ) AREEIT &
MANT, VRY =2/ T a=y Pl d 58V R —LZ " IHEDCR
W 3HA 2 72N LT HEFRERR 7 4 77 V — A5 LT, 245 0 3HA 4

=

T HFEEERERIZ G U, 18S rDNA-WT & U < 1% 18S rDNA-A1492C % 21— K9 5 L
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R—F =BT E2EER L, 777 h—AREHCHR, BEHER%RICERL
72o TCAILERIZ Ko TfE, L=V T NVE7 774 L, JLHA JilkE H
WIZD R RZ Ty T 4 74T 9 T LT Mg THXTAYICZA S 18S

RNA-A1492C O3Bl E%Z FH S EFRIC, 28X FALRTLET LV R Y — L4
ZoNIEORER B LTz, TORR, VARV —LF 37 uS3 O C R
(2 3HA # 7 %A L7z uS3-3HA fRIZEBWT, 77 A3 RIZ X B5MAME 18S

rRNA-A1492C OEFIFHEIIZ L D | uS3 O EFF AL LUV 1724 SN
T2 ENH BN o7 (H 2-9B), AfEHTIL. GAL7 7' mE—4 —|Z X D
RHRTHDHN, FMAND 185 rDNA O = ¥ —%r & ZHIZH K95 18S rRNA D
FBLRIIIEFIZZ N DI, 77 A I FHKO 18S IRNA-A1492C OFRHUIZ LY
B SNBSS NEZZ BN D, — T, 18S rRNA-A1492C DiEREIFHLIC
LoTh, DYV RY =L Z U RIEOAEXF AL L~UVTE LR Do T2,
L72i3> T, 225 18S IRNA Z G TeREAR 2 Y 7R Y — AL TlE, uS3 D E'FF

AEDITCHE LT D ATREPE DSV RIR S V72,
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A

GAL7 promoter
18S 5.8S 258
MS2 bs

A1492

@

- =~ -~ @ < @ ~ —~ - =
— - = < o o v % o ® Db < o ~
<< —~ < m —~ o © [9Y) — (3 [8Y) ~— bl T e B o o (Y]
S ® o o N N - O ? 17 B B ) T <« D < @< @~ = =
D B O Lo, B B P R W Qo Q a T8 9NN 3 e 2 2y
& & - cccec gggggaggecees
- = = =~ =~ =~ - o© - < < n [« o o o
N o ¢ 0V ©® O = = - = = = - © © N N © ®© = =
N B D QD B D D BB O O O » N D D D OB DD D A
=] =] =] =] =] =] 3 3 =] > = 3 =] [} [) [) [0} [] [ [ [ [ O
O O O O O O O O O O
& ] | R R & 81 R S 8 88888 88888
o o O o 0 9o O 9O O o O 9 O 2 2 2 2 2 2 2 Q2 Q2 2 g9
R R T T YT SIS T YT 185/ANA
3333 3331344333 333134 S<2cZc3 <3< < <3 <3 <3<
(kDa) (kDa) (kDa) (kDa)
100- 100- 100- 100-
70- 70 70- 70
55- —a 55- 55- 55-
45- —— 45- 45- ;:
35. 35- 35. e .
30 - ). e =t - 30- 30- ----_'_; -
20- 20- —adl 20- - 2
15- 15- o 150 o me= 15- -
123456 7 8 9101112131415161718 1920212223242526 2728293031323334353637383940414243444546
I1B: HA
< @ @oO@o @O < << o ~
N N © - ¥ § U © ®© O o =
-~ -~ -~ [aV] (oY) (oY} N N [aY) (5] (3] @
[} 122 [} [%2] 12} 123 12 172 (%2 [%2] 172 [z}
g g pegegage g g g
N N O - ¥ F O © ® O o -
- - - (8] (8] (9] (8] [V (39 (3] (3] (3]
N N N N Hn DN O 0 N [ 7]
S R B R R SO P SR
O O O O O O O O O O o O
N N N A (8 (8 o N N N N (8
o O O 9 2 9 O O O O o o
FY Y YT TS Y 718SrANA
o §<§<§<§<§<§<§<§<§<§< (kDa)§<§<
100- 100~
70- 70-
55- 55-
45- 45.
35- 35-
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1B: HA

2-9. BEEFEUNY—LDUYRY—LRV)IDE uS3 TRIAEFF LN TTHETS

A) AR THLVE rDNA 75A3F, GAL7 7JOE—3—DOTiRIC18S IDNA ZE A L.
J=YU7OYMILBREADRREMAATE I CHEMBRAD MS2 BEFI & A UL,
B) ZE£%! A1492C-18S rRNA D@FIFERICLSHETEIRY - LOIEFF LR
HIAD)—Z0T , FE R 18S rRNA DB RIFFERELERLT, ZER18S rRNA OF
HEEERFCIE uS3 MIEXRF LN TTHELT,
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YRV —=LBZ 7B uS3 D CRin7 A /ME, VARY —LOR@ICEH LT
B, HRZEMEZTDEINTHWD (B2-10A), uS3 DX F ALIZEBIT
% C R¥i7 A NVOBREMZHF SN T D720, 28R 18S rRNA Z i FIARE L
ToBETERE D ul23-FLAG 24 LT 80S U AR Y — A%, v ax 7y
RN&E1T o7z, uS3 @ C K7 A MTIT 212 FH & 223 FHHIZ 2 2DV VUi
WIFET D53, uS3 D212 FHD Y VU EIEAZ T NAXF = VR EICER L2 X T
AEMRHEZ SN E DI EE T uS3-K212R ERMRICB W TIT uS3 % F o
ENFFFZRITHER L, 2O b, uS3 @ K212 F&HIE K223 FR K & g
LCEERIEXT AL TH S Z EDRH LN -7 (B 2-10B), £/t
K63 BIA Y 2 X FUHiiR S L < IIPL K48 BUAR U = v F U Hifk & Fl 7= fifdT
IZED, uS3 DEHERARY 2B F U 8IT K63 B Th 5 AlgetEnimg 7= (K
2-10C),

FEFRIZ, uS3 D K212 T BT 52 B F AL AL 18S rRNA DAMFEIZ
VEATH D0 ZHRFT 57280, tRNA OFFHIHIEEZIT 572, 18S rRNA D4
WEWET DI, VAR — X —BE T2 BB LBk AE T 7 7 h—2X
B CHEE, BEHEL-0L, Fla— A LA AT S5 2 & Tk
BHEWT 21T o T2, T D%, REFICY > 7  F E4T0 RNA HhHt:, 7 —3
Y7y MaE{Tolc, WIEMED rRNA & XBI LT, 77 A I RHKED rRNA D H
HRFRAICGHNT 5720, LAR—Z —BIEFHIC X JESIERFA L, 2t
T 5L T —T AV TRINETTS T,

B AERRIZ I WU, BPAE 18S rRNA [LFEF 1T E T dH - T2 (tip>4hrs)— 7 T,
R HR A1492C-18S rRNA [FIEF A ZEE T o 0 I /3 fif S 4072 (112=0.7hrs),
LU B, uS3 N B F Al 21T 720 uS3-K212R ZEBIRIC B VT,
A 18S rRNA DIEHITEIE TH o T2 (tip>dhrs) 2 LTz, A HRA

A1492C-18S IRNA & 73fif 2 52 1T 37, FEH 1T E Td - Iz (tip>4hrs), L7223 > T,
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uS3 D K212 FRIED 2 B F AUIKAFIZ AT 18S rRNA D433 A ST
% LB ANC 2 5 7~ (K 2-10D).,

PLEDOFERNG, RQC OFEMIL, E3 U T —E Hel2 ICXL AV KR Y — LD
uS10-K6/8 ZEH:D = v F AKITIAFT 2 —77 T, 18S NRD DA, e~ 4
URY—=ADuS3-K212 FEIHD 2 X T ALIKFT D 2 DR &7z, Hel2
IZE 22X T ALER & LTuS10 DIEA, uS3 H¥E SN TV =2y, uS3 D
ZEFF AKIE RQC DA G L Z v h ., Z OREREIC DU TIIR AR
T > 7=(Matsuo et al., 2017; Simms, Yan and Zaher, 2017), & Z C, RQC DO#FE
|2 WZE 7R B2 %35 Ubcd, E3 3% Hel2 @ 18S NRD ~D LI >\ THET 1T 9
72, ZZHA18S rRNA O HIHIE 21T > 70, BFAERK(t1o=1.3hrs) & HLik LT
hel2AIZB W TNV B b KRB 278 U(tip=1.3hrs), #O0MICH G52 &
MR E T, F72, ubcdAIZIBNT, ZFAY 18S rRNA X0 N FERITHNZ 6
MBI 2 EL L TR Y (tip>4hrs), Ubcd X 18S NRD (2R B2 R CTH 5 =
EH BT 572 (B 2-10E), L7273 > T, Hel2 2 & O -85 E3 3578 18S
NRD (28517 2 uS3 D2 EFF AMUICBE L TWD Z ENE R b,
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§ § & &
~ =~ AN =N -~
s ¥ ¥ ¥ > uS3ApuS3-X-3HA
0O O O O O
N N N N N
2.2.9.%.2 oo
& - - - - -
§§<§<§<E<E< L
(k?‘ag -+ + + + + + + + + + puL23-FLAG
140°
100-
v
R - Ub2
45- - —Ub
35- M — uS3-3HA

C-terminal tail 30- e _ ,S3(1-211)-3HA
212 223 240
KEEEPILAPSVKDYRPAEETEAQAEPVEA
20-
IB:HA
- e e e e - 23-FLAG
IB:FLAG
123456789101
CBB HA Ub K48-Ub K63-Ub 1B
& & & & &
§ & 5 § 5 § 5 § 5 § usaapussxsHA
O (@] O (@] (@] (] (@] (] (@] O
N [\ A A N A A A S\ A
222, 2. 2. 2,.2.2.¢
EEcEcEcsxszEcEcEcEcEcesAm
(kDa)-++++++++++++++++_++++puL23-FLAG
210- « 4 o
140-
100- fntant | |
o TR 2| — uS3-3HA-Ub4
= - TR - we— US3-3HA-Ub3
b L e —es___ EEEEE = uS3-3HA-Ub2
s —uS3-3HA-Ub
35- —uS3-3HA
30- -
20- ————
1234567 8 9101112131415161718192021
18S:WT 18S:A1492C 18S:WT 18S:A1492C
0124 0 1 2 4 Halflife (hr) 012 4 0 1 2 4 Halflife (hr)
US3 .-y . 0.7 £0.08 W303 W e b 0 >4 0.4 £0.11
100 35 13 10 100 29 14 17
US3-K212R W et et >4 W - >4 hEI2A wet et et bt >4 WM W 133024
100 73 76 71 100 72 37 5
UDCAA " W >4 ———— >4
100 106 103 83
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2-10. HEERLVRY—LOVRY—LAVIDE uS3 M K212 XA TIEIEFFEh
TIETD

A) URY—LAVIOE uS3 OYRY—LEICHIFTREIE . K& PDB: 4V88 &ML
PyMol [CE>THERL LTz, uS3 [E5EE R . uS3 MH5 C RimTM I ZE B K212 K& %
e URY—LAVINDE Ascl BALYIBTRUE,

B) UKV —LAVIDE uL23-FLAG %41 U7z 80S UiRY — LOFEHIC LD uS3 DAEFTF
ELRILDLEES , uS3-K212R ZEKRICH VT uS3 N AEFF UL ZEEAEZ TN
CENRIESNTZ,

C) URY—LAVINDE uL23-FLAG Z 41 Lz 80S UiV — LDFEEUICLD uS3 D1EFF
MELARIVD LS, S EWER K63 BARUIEFFUMAEEAVEYIZAA Y TOY ML
NEEMTTHE. uS3 N2 (FBHRUIEFFUIEIE K63 B THICENTRIESNT, (HHARE
MR EEBRT—H)

D) uS3-K212R Z=E#¥(CHTEEE R A1492C-18S rRNA D FHAEIE . uS3 D
K212 BENIEFF L EZ (T uS3-K212R EEKICHVTIE. 18S NRD Hi5E £
(CREE SN,

E) RQC BEERF hel2A% ubc4AICH T35 EE A1492C-18S rRNA O Gk 2RI TE
ubc4NZH VT, 18S NRD HAEL(CBAESNZ—A T, hel2ACH L TIE., Ein MG xR
BRAMERUC(AHARE T8 ZEHRX BRI NN Z8T-4).
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UHFRE 2%, BREAREY R Y — AICBIT 5 uS3 D X F i ALDTTH#EIC D
W, FEICIRIT 21T 5 72, LR — 4 —B{5 7D 18S rRNA H1 D 9es3b region
IZ& 7 KITERONTE MS2 binding site AT 5 Z & T, EEARY AR Y —20
R FLAORS R 24888 L 72, MS2 binding site Zff A L 72 L AR — % —i&is -k D
MS2-18S rRNA % FHA3A A 72 80S U 7R Y — A%, FLAG % 7 &£l L7z MS2 #
R B B G A SH 72 Anti-FLAG Agarose Resin 2/ U CHRFEEMITHE R4 5 Z &
NTE SH(E2-11A),

FEC, BEEARY R Y — L ORRIERZN L TuS3 D FF o b
NWERRFILIZE 2 A, BARTITEAR Y AR Y — A L g U TR Y R Y —
LZBNTuS3 DT AR BEEIZITTHE L T\ e — T, uS3-K212R KB %
RICBWTIEBARM Y R Y — o, BERMYRY —LONGITEBNTuS3 Dt
FF AITIFIEERICTHELR LTz, E72. 9es3b region ZHiE 35 RT-PCR ik
(2 &0 FERPEY ) MS2 binding site & T2 MS2-18S rRNA DA TH H = L Zfif
BLTND, LTEn-T, BEREY R Y —AIZBWT, FFRMICuS3 D2 e
X T ALNTCHET D Z ERH LT/ > 72 (B 2-11B), FRZ, BEEERE Y AR Y —
LZBT DR 2 X F ALOTTEITHE TH - 7=,
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(kDa)

210 —
140 —
100 —

35—
30 —

20 —

2020 FETEAGR

Purification of MS2 protein
by FLAG resin

FLAG-tag

MS2 protein @)™ 4. Anti-FLAG
anitibody resin

Ribosome with

MS2 binding site Purification of ribosome
by MS2-bound FLAG resin
‘@
Elution by FLAG peptide
uS3A
CBB 1B:HA
Input (x1/10) Elution Input (x1/10) Elution
WT K212R WT K212R WT K212R WT K212R puS3-3HA

(@] (@] [&] [&] Q [&] [&] [¢]

N Y N « N « «

Lo L9 L9 .9
EEZEZEEZETEEZIEIEEIEZ 1esmwA
-+ + 4+ + -+ + + + -+ + + + - + + + + MS2bs

E= E

Poly-ubiquitinated
uS3-3HA
-uS3-3HA-Ub2

- - - -uS8-3HA-Ub

R . e - US3-3HA

12 3 45 6 7 8 9 10
IB:ul14 o o« g . ~ o-uL14

11 12 13 14 15 16 17 18 19 20

120



2020 FE1EA5R

2-11. BEERLURY—LDUIRY—LAVINDE uS3 O K212 BRETIHFEMICE
FFUENTTETD (BHRRE F BLHN)

A) MS2-bs &/ LIARET £V — LOYFERIF R R MS2-Tagged RNA Affinity
Purification (MS2-TRAP), FLAG #JZ{tmUL7z MS2 AV )\DE %1 FLAG k74
O-ALYVICEEASE. TNENLTMS2-18S rRNA &8 80S Uy — LA RHIC
FRELE,

B) MS2-TRAP (CENFEEEN T 80S URY—LHF D uS3 DAEFFUELNILDLLE,
ZE R A1492C-18S rRNA ZELHRER £)RY— LD uS3 D K212 A TEIBHFAR
URY— LEE U TAEFFUENRTTELRYIEFF o ESN TV,
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232 E3 22X F LY N —F Mag2 i3 uS3 2/ 2% F 135 L T18S
NRD 2FET 5

2R F AT, ELTEMACEESR . E2 iBEESR. E3 U U —E bR 5EHO
BERTEC L D2 LT SE TH D, ZHE TORERD D, 188 NRD DA IZIE,

uS3 D K212 FBIHD L X F LALRMIEATH D Z ENHL N >T-— 5T, Hi
THOFERIC LV . RQC DA E3 Y 57— Hel2 7% 18S NRD (2% LE#B4Y
BNCBIS-4 2 Z EIREN TV b DD, = B F L ALRIG D R Ry Bt % vk

EDTHE3 Y AT—BOREICITE > TV o7,

YRR TIZE3 VT —BIEEZ AT D FAA 23— N LT 75 OIFLZEE
BTFDKO T7A 77V ERWEEEBEFHAY Y —= T %475 Z & T, 188 NRD
DFEFCITMIEZR E3 U A —F¥ & LT Mag2 #[RTLTW5, EFEZ, rRNA D
WHE 21T - 7o kG5, S HIR A1492C-18S rRNA 23 AERRIZ 35\ Tl (2 /o i
T2 (t12=0.4hrs)— 5 C. mag2A\ZF N TIE ubcdA L [RIARIZ iR A 52 2P0
2 B IWBFIZZENT D (tip>dhrs) 2 E DR LT > T D (R 2-12A), F7-,
Hp A 18S rRNA (2 DOWTHIW T DOZE BRIV T L E T o 7= (tip>4hrs),
L7=285 7T, E3 U H—¥ Mag2 I%. E2i#5% Ubc4 & [AEEIZ 18S NRD (ZMZH TH
HZENRHEMNIIRoT2, L LR E, 188 NRD IZH1F 5 Mag2 DIEA AU
B 527> T iRiro T,

X HIT, HHFEE INERIE, BREER Y R Y — AORF RIS A S LT uS3 D
2 EFF AR D Mag2 OIEREZ T L7, T ORER, AR TAEL Tt
BERER AU R Y — A2 BIT 5 uS3 D B F AL D TTHE L, mag2AIC BV T4
IZTHR LTz, mag2AZ 31T 2 RERIT uS3-K212R 28 Fpk L JEFIZHELI L T
B, Mag2 IC X 5 uS3 D K212 FEH D2 X F L AbDTTHEN, HEEREY R Y

— ADGFRICHETH D Z LB BT 72 (E 2-12B),
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A

18S:WT 18S:A1492C
01 2 4 0 1 2 4 Halflife (hr)
W303 e s W 0 >4 - 0.4 +0.11
100 29 14 17
hel2A we we W b >4 . 1.3 +0.24
100 72 37 5

- - >4
100 106 103 83

UDC4A e v >4 (kDa)

140-

MAg2A we e >4 - - >4

100 108 105 70

70-

A
iii}

2020 FETE LG

100 -

uS3-3HA
Input (x1/10)  Elution
3 3
O ©
s & & E

D
E 525 xE X 18SrRNA-MS20s

Poly-ubiquitinated

55~ uS3-3HA
45" —— — - uS3-3HA-Ub
as- e aman US3-3HA
30-
1 2 3 45 6 7 8
IB: HA

2-12. E3 U#i—t Mag2 I3 185 NRD [CH(7% uS3 DIEFFULICHATHD (&

MRE Mk BLmX)

A) mag20H T3 ZEEE A1492C-18S rRNA D FEAAIE . mag2AH VT, 18S

NRD H'5E£(CfEFSNT,

B) mag2AIc$(13 MS2-TRAP [CENFEEIEN T 80S JikY—LH D uS3 DAEFF Uik
LAILDLEER , ZEE T A1492C-18S rRNA 22 HHERER 2 UiRY — LD uS3 ICHIF31

EXFIEDITTEN mag2ACLNRESNE,
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ARFFEIZF T 18S NRD D& 2 MZH R K- & L CRIE & 4172 Mag2 1%
RING-Finger F10> E3 ) 7—¥ T& 5 (& 2-13A), < Z T, 18S NRD X uS3 M=
X F UALICE T D Mag2 @ E3 {EMED EEM (ZOW TR 21T 272, rRNA @
PIHIE 24T > 72 & 2 A, mag2AlZ BT 18S rRNA 150 fif % 5% 11
FIZZEAL S VT (tip>4hrs)— 5T, BFAER Mag2 ZfHffi S &5 2 & TAR
7 18S rRNA TG I /0 ff S 4172 (t12=0.46hrs), L2>L72H 5, Mag2 @ RING K
A AV DRI FBARARING)LTENEH DD g8 BAR(C195/1988) & R B ST hH
FAAEHES, 28580 18S rRNA (390 fif 2 52 1T 72 7o T2 (ti2>4hrs) (K] 2-13B), 4L &
—HTBH LT, uS3 DA EFF AL LAULIZHOWNWT G, BT Mag2 3% D#
B 2k L 72— 5 C. BEBIARING X° C195/198S Tl CTE Aeho 72 (K
2-13C), L7213 ->T, Mag2 IZH & ® RING B E3 iEME&E AL, VAR Y —A
BRI BUS3 X FALTHZLIZL Y, 18SNRD ##i#L T 5 Z & 38
BT Tz,

B2, uS3 D B F L AKIZBIT D Mag2 OFIEMIZOW T, invitro = B 5%
FACEOGE DN TRT 24T o 72 WIEMED uS3 2 B X F AL A B 7220
ubc4AuS3-3HA ¥R 5 80S U AR Y — L ARER L CSHEE A, Vv fh v b4
VX7 E U CRIBE D Mag2 R° Ubcd 25 2 k58 L BERRE A2 T L7 (X
2-13D), L EFF LALBUGNMIMZER ATP, =% F 2, El, E2 & L T Ubc4,
E3 & LT Mag2, #E &L LTHERLZ80S VAR Y —AZtSE=0b, H1HA
iR EZ Wz 22Ty hEITH ZETuS3 DX F oAbzt Lz,
ZDORER UM MIAIR BT Oy e FOS SETZFRIZ DA Mag2 [T uS3 I &
XF 1% 1O L7=(E 2-13E), £7=. NTEMED uS3 =X F LB AL
720N mag2MuS3ApuS3-3HA #7215 80S U AR Y — AR L CTHE L L, RO
JGE AT -T2 A AR Mag2 12 uS3 #E / % F AL L7=—F T, ARING

K2 C195/198S O X 5 72 B3 1M % - 72 2 B Mag2 1306 TE 2o 72 (K
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2-13F), L7=MR->T, Mag2 IZBEH D RING KA A %L, uS3 2k L TE/
X FACETOESEEETH I ERP LN o7, —5 T, Mag2 I3 uS3
ZARY X F AT DIERITA S edo T,

A D E

1 195 250 670 (a.a.) R His-ubiquitin
Mag2 | F LTy B
RING s + + - + + + E2(Ubc4
(kDa) = + + + - + + E3(Mag2)
191- kpa) + + + + + - ribosome (US3-3HA ubc4h)
C195/1988 i
Mag2 JISIJ:LSEEPVAP...LCG 64- = -rMag2 210-
Hel2 CVICARKLTYVS...ICR 140
Notd4 CPLCOEPMDITD...ACR 511
Ltnl CAICYSILHAVD...LCR =
100-
28.-
70—
19-
B 14- 55—
18S:WT 18S:A1492C 5 w=  -uS3-3HA-Ub
pMAG2 0 1 2 4 0 1 2 4 Halflife (hr) "
EV e s >4 o e >4 asm ~uS3-3HA
100 78 85 58 - ——
WT ™ - >4 - 0.46 +0.12 12 3 45 6
mag2A 100 26 8 5 1B: HA
ARING " v ww s >4 wm v o o >4
100 66 75 71
C195/198S ww w v i >4 ww ww W v >4
100 87 77 70
uS3A puS3-3HA
WT __mag2a - 4+ 4+ + + + + + His-ubiquitin
%) + - + + + + + + E1(hUBE1)
3 + + - + + + + + E2(Ubcq)
[ORE~ + + + - + - - + E3(Mag2 WT-FLAG)
Z 3 - - - - - % - - E3(Mag2 ARING-FLAG)
wo D255 pMAGZ-FLAG - - - - - - + - E3(Mag2C195/198S-FLAG)
+ + + + + + + - ribosome (mag2auS3A puS3-3HA)
100~ (kDa)
70- N 210-
Poly-ubiquitinated
55~ uS3-3HA 140~
B e - -uS3-3HA-Ub el
35— M— - LS 3-3HA 70-
30-
55—
1.2 3 45
3l p - -uS3-3HA-Ub

— ___=m» —WT, C195/198S

Tie g s TAANG ~ SESNENE 5o

I1B: FLAG 1 2 3 4567 8
1B: HA
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2-13. E3 J#i—t Mag2 B &® RING FASVEMNLTuUS3 £#E/1EFF LTS
A) Mag2 O FA V&R, RING FXMVZEF & RING-Finger & E3 JH—FTHREFSN
LEF-JeRBTRUL

B) MAG2 ZEKRICHITHEER! A1492C-18S rRNA OB HABIE . Mag2 ) RING
RALDDGEMKFEIC 18S NRD WERESNSCEN RSN, (BIRE Nk B
X)

C) MAG2ZBH£(CH(33 uS3 DIEEFUELAILDLEE, Mag2 @ RING KX VD3E
PERTF(C uS3 MAEFFULESNBIENRENT, (BRE Mk BLHX)

D) UdYEFY bt Mag2 3V N0 EDFERE . KimE ¥ Rosetta-gami2(DE3)ICH LV THIR
FELz Mag2 258 L. CBB £a(cEDi&H Uz,

E) Mag2 Z RV In vitro IEFF V4L R . ubc4AuS3-3HA BB kN oFEEL LT 80S
URY—LZ2HEBEL, AEFTFUERIGICWHZAER ATP, IEFXF . E1. E2(Ubc4).
E3(Mag2): RGBT, RISEWEH HA FUAICEZHII AR TOYMILDEH L,
uS3 DIEFF UL LA ZEEFE Lz, Mag2 (& uS3ICx LE/ IEFF UL EITOCEERL
I

F) Mag2 2Rz In vitro IE¥ F UL R IE . mag2AuS30MpuS3-3HA BE Btk nE 3L
L7z 80S URY—LZEREBEL, IEFFUERIGICHZAR ATP, AEFFU E1.
E2(Ubc4), E3(FFARE KIEERE Mag2) e RIG S, RISEYER HA HuikICE
BUIARVTOYMIENEH U, uS3 DAEFF UL LANIVEFEE Lz, Mag2 (F uS3 (Cxt
URING FAMVICH%RT S E3 FIEEREFNICE/ IEFTF UL EITICEER LU
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2-3-3.Mag2i2 X B uS3DE / 2 X FUAKIT K63 BAR Y 2 X% F VOB E
RS

AIEOFE RS, Mag2 1ZuS3 2F / 2 X F AT 21EMEZH TS 2 &0
ST TR, BEEERE Y R Y — ADORRAERIOFE RN S| HEER S

URY = LD uS3IZIFR Y 28X F U HMIET 52 L £72, PLKe3 R Y
X FUBERER WY = A Z T ay ROFRERI D uS3 IZIE K63 AR Y
X T UEBNHRET D ATRREARIE STV,

FT, K63 AR Y = &% F A R BAYIC TR T & 72\ Ubi-K63R 25 SRRk
ZAWT, EBRZuS3 EIC K63 TR Y 2% F U BB I D 00, &t
L7z, Ubi-K63R 28 BEEFE T, MilAN O X F U Bis -4, 2T K63 BlR
U2 XF A ME TE 2\ Ubi-K63R \IZEB L TN D72, K63 BIRY =&
FFUEHOEENEE S NS, T ORE, Ubi-WT B ARV T, uS3 (1
FEROZEXT U T RMMENTZRY 28X F UEHBRER S LD 2 LA
ST oTn, £72, uS3 DR U 2 EXF UHOEAKIL, Mag2 <° K212 7 HEZ
AF LT e, S BIZ, Ubi-K63R ZERFERKICE N TIE, 2 hr—LTHD
Ubi-WT B EBERIRR & el L C, AR U 2B F U EHRMEE L, £/ 28X F 5
FPRAEL TN &6, uS3 TR SR Y 2 B3 F 81T K63 AR U
AEFFUEHTHLH I EEZ R LTINS, L7 -> T, Mag2 i3 uS3 d K212 F& K
IZKO3 IR Y 2 X F U EHNER SN D T2OICHNEHTH D 2 &M S iz (H
2-14A),

WIZ, uS3 D K212 IO KR U 2 B % F AT xtd 5 Mag2 OFfl 728 5% B
HMTT D7D, FLAG # 7 &4 L72ul23 24 L7=80S YR Y —LDT 7
4 =T 4 —fEFRLE His6 # 7 &MLz 8XxF o2 Lz X% F A b & 2o
JBEDOTNVE Y GG DY, X TF AN R Y — L5k
L, uS3 DX F L ALOMmHZ AT (E 2-14B), ZDfER, uS3 D= v F
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FoAblE, BAERR L R L T, uS3 I B X F AR A B 720 uS3-K212R R°F
) A EXRFALRAS R mag2 AT B W TR T 5 2 LR ENT-(F
2-14C), 5|2, 22 bu—/ L Lkl L T, Mag2 OimBEIRERICIX, T/ 28
FF AR uS3 DA BT AR Y 2R F AR uS3 NEEE M LT, 72,
K212 73S0 Mag2 ICFHRAF D2 B F F bR uS3 &, FEFITD AN S bR
e,

VI EO#EREZ bW, EERE Y R Y — A0 uS3 O K212 F I 1T K63 R
VX F UENER S, ZOR Y 2B X F ORI IE Mag2 12 X 5 uS3
DE ) 2EFF AERMEATH D RN R RIS TWN D,
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CBB 1B: HA

ub-K63R  ub-WT  ub-K63R Ubiquitin genes

mag2A
mag2A

puS3p-uS3-3HA
puL23-FLAG

= HEg Poly-ubiquitinated
- uS3-3HA

—uS3-3HA-Ub

- -—
- . - S3-3HA

12834567 8 910111213141516

Anti-FLAG
anitibody resin

FLAG

His6-ubiquitin

0N p© O
His&ubiquitiRexms

Ni-NTA beads

{

HA
His6-ubiquitin i

Affinity purification of
FLAG-tagged 80S ribosomes

Denaturation of affinity
purified ribosome

Affinity purification of
His6-tagged ubiquitinated protein
Elution with Imidazole

Detection of
ubiquitinated uS3
with anti-HA antibody

129

IP: FLAG

IP: FLAG and HIS
IB:HA

uS3A

US3A  magon

123 456 7 8 910111213 141516

uL23-FLAG
His6-ubiquitin
Mag2 O.P.

Poly-ubiquitinated
‘ uS\’;/-aH,I(\:I

-uS3-3HA-Ub
-uS3-3HA



2020 FE1EA5R

2-14. UiRY—LAVIIDE uS3 ) K212 FEE (L Mag2 &K 7FIC K63 ZR)1EFFY

Lz%Z13%

A) URY—=LAVINIE uL23-FLAG Z4 Lz 80S Uik — LDFERICLS uS3 D1EFF
MELARILDELE:, K63 BRUIEFFUIHER R TERLL Ubi-K63R EEKERALVTE
WZITICET. Mag2 (& K212 FREICH (T3 K63 BRUIEFFUEHDRZ RICIHETHD
cEERUz,

B) Serial Affinity Purification, YRy — L2/ 98 uL23-FLAG %4t L7z 80S Uiy — L
D¥EH% . RNase P 7 IVIERIEE MOV THERRY - LEEHSE, BREIZRRLE
AEFFUO0 His6 30 %4 LT Ni-NTA E—=XICENAEFF UL RY - LAV D BEEfE S
L7z,

C) Serial Affinity Purification (&% uS3 O1EFF L LAILDEEAE, uS3 M K212 5%
E(2F Mag2 Ik FICR)IEFFUEMIThh S CEM RSNz,
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2-3-4. 18S NRD IZBI7 5 Mag2 iIZL B uS3 DE/ 2 FF L 1kiZ HeR IZ X 3

KB3EBRY 2 X F U EHOERIZHETH D

ZHETIZ, 18SNRD IZRH5T 5 E3 U —E L LT Mag2 & Hel2 B[AE S
A7z, 188 NRD DAFLIZISVTIEL, uS3 N K63 AR Y v F b3 b e
PERIRIZ XL CUW2— 5T, Mag2 (FuS3 DEF J 2B F F U MLiEEDO L E2HT 5
ZEND, uS3 D EFTF AUIZIIT D Hel2 DEEREIZ DV TR L 7=,

£, Mag2 X° Hel2 ZBRIFH TS5 Z LI2L D uS3 D EFF b ~D %
et Uiz, £ ORER., Mag2 OmRRFEBUZ L o> TLXFEIZE / 2 B FF AERIT
HEL72—F T, Hel2 OBREIFHIUZ L > TEIFIZARY 2 8F F AL TTHE LT,
X HIT, 2O Hel2 DiBFIFHEIUC L 5 uS3 OARY X% F AbDTLikIL, £/ =
EXF AR Z 522 mag2AR L B X T AN OEBMETH D uS3-K212R
TIIAELCR»-7TZ 5, Hel2 1285 uS3 OAR Y B X F 1biX Mag2 (1T &
2 K212FREEDE ) 2 B F F AUIKFT L 2 LR S iz (K 2-15A,B).

Mag2 12X 5F / 2 EX FAUIKTF LT Hel2 ICL DR 2 e FF 1 bl
9 e L7 ZEERE RG22 AT D728, in vitro 2 X T AURISEIT o T2,
BRI RIAEPE ST D BHIZT 7 4 =7 4 — kL L7z Hel2 R RIGE 2
THAFEIE Mag2 2T, FFR L7 80S VAR Y —A & s ¥ 7-(H
2-15C), Rib L7z R L —# L, Mag2 OBMEISIZ LD uS3 13F / 2% F o
fbE&NT—F T, Hel2 & HMTEA L7ZBRIZIZ uS3 D=2 B X F ALRSITE
Signolz, LLZRARES, Mag2 & Hel2 2SS 25 2 LT uS3 mghR &
ARV abeXRF AL N-(B2-15D), = HIZ, 2B ORI, E &3 % 80S
URY —LELT, uS3 @ 212 BHOU VUi E 7 VX = VR RICER LT
uS3-K2I12R VAR Y — L FHWTEBRIZITR Z 72 o 72, L7235 T, Mag2 IZ &
NE/)2EXFUALEITz uS3 ZREIZ LT, Hel2 (X uS3 @ K212 FREEIZA Y
AEFFUEHEMET DI EDBH LN R o7,
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X 51T, Hel2 28 uS3 12T 2R ) 2 & F o HomfEEc >0 Tt &
To720, KISRIZEMT 522 xF o & LTERMa X F U2 Hn,
DOFEFE, Mag2 & Hel2 OIIGERHT, AR EXF o &2 HW MR & el L
TKO3HARY 2 FF U HAMETE RV KO3R 2 X F U2 HW D & RIS
RINPAZ IR T L7=(K 2-15E), L7723 - T, Hel2 1Z, Mag2 Ik V£ /2%
FoAbENTZuS3 1T L, K63 AR Y e F U a4 25 B4 BEH L LT
BT 52 RPN ST,

A uS3-3HA B uS3A
WT mag2A WT  K212R puS3-X-3HA
[N [N Sy S
g o > (,:2 m > < o > < m|
a) @ = T =T kpa) W =T W=T
100~ 100~
70- Poly-ubiquitinated 0 Poly-ubiquitinated
i US3-3HA - g uS3-3HA
45~ mm = —US3-3HA-Ub 45— -uS3-3HA-Ub
35~ AR S 3-3HA os- SN - 1S3-3HA
1 2 3 4 5 6 12 3 4 5 6
1B: HA 1B: HA
Ribosome (mag2AuS3A, Ribosome (uS3-3HA ubc4A)
g g:
= WT K212R S3-X-3HA
& —— == % 8 Mag2+Hel2 E3
S -+ + - - 4+ Mag2 =
wy £ woo © T T T HelbFLAG GEEEEBE . o
bl 210- - 0 E E g E ggogdgsgyg Hsubiquin
97 - a;
140— =
o4 100 = Poly-ubiquitinated 210- ) nam -- !
W -Hei2-FLAG ; US3-3HA o =
51- 70- o : - e Poly-ubiquitinated
39- b . uS3-3HA
55— 70—
28-
19- e -— -uS3-3HA-Ub 55- Y =
14-
35— - - US 3-3HA 46-1 - andb GHES D 6 & ®= == - uS3-3HA-Ub
—_—— *
12345678 15- DD ERED Eees & & &s S 80 & - US3-3HA
IB:HA  +ATP, His-Ub, E1, Ubc4 1234567 89101112

IB: HA  +ATP, His-Ub, E1, Ubc4
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2-15. E3 Ufi—t Hel2 (3 Mag2 [CENE/1EFFUibehiz uS3 ZEEICLT K63
BR)IEFFUHERR TS

AB) £IEZEKICH(TD Mag2 *° Hel2 D:BEIFIRAEHT, Hel2 (X Mag2 FETICH
LT uS3 M K212 B E(SRUIEFF UL EITOICEN RSN,

C) YAVEFV bk Hel2 3V B DHESEL, Hel2-FLAG =B E| RIS B H F B Rk H
FLAG #7%4r LT Hel2-FLAG Z#58L. CBB R & (LD H LT,

D) Mag2 & Hel2 Z U\ In vitro 1EXF UL RIG . mag20uS3ApuS3-3HA ¥ LI
puS3-K212R-BHABE B R AR L7z 80S iKY —LEEFEL. IEFF UL RIEIC
813 ATP, AE$F V., E1, E2(Ubc4), E3(Mag2. Hel2)® ki &7, RIGEMEH
HA HURICEBDIAAYTOY MCEDIERH U, uS3 DIEFF UL LA 25 EI L. Hel2
(¥ Mag2 [CEDE/AEFF UL SNz uS3 M K212 R E (T LiRUIEF FUEEHR R TS
CEERLIZ,

E) Mag2 & Hel2 2Rz In vitro AEFF UL R G . ubc4AuS3-3HA BE Rk o FE EL
L7z 80S UKV —LZEEHEL, AEFF UL RIGICHAR ATP, AEFFUEEAKEL.
E2(Ubc4). E3(Mag2. Hel2)z R it & BT, RIGEMZEH HA FuRICLSVI ARV TOY
MILDERH L. uS3 MAEX FUE LAV EFTAMI L7z, Hel2 3 Mag2 [CLDE/IEFTY
fESNTz uS3 M K212 HE(Cx L KeIERIEF FUHERETHLERUE,
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2-3-5.E3 2 EXF U H—F Rsp5 iZ Hel2 & FHRRIZH>OFEINEYIZ 18S NRD T
B54 5
VL EOFERD D, uS3 X Mag2 IZ L BE / L B X F LAk, ZHITIKTE LT Hel2

WZEDRV 22X F M D EDBHALNCRoTz, LLens, AR

7 A1492C-18S rRNA D432 TdH 5 188 NRD (ZHW T, Mag2 IIMETH D —
Ji T, Hel2 1ZF DO RIBIZ LV IEFITTIOWRBI 273 2 & B E B 53
HEEBEZHLNTWe, £D7, Hel2 EHIIINCHERET HRFIED E3 U I —E
PIFET 5 EHE L, WAEETICEREZ Y T, iz iEn i,

ZORER, FATHFIEICEB N T, VAR Y —AICER L, $4k7e % v /37 B2 K63
BARY 20X F U HETERT 28HEHI O H 5 Rsp5 1275 B L 7= (Kwapisz et al.,
2005; Kraft and Peter, 2008; Shcherbik and Pestov, 2011), MZH & {5 D38 B 4| %
RREOEZ D 7= %, DAmP (Decreased Abundance by mRNA Perturbation) i & FEIE
N5 MREHATZ o, DAmP 5 TIE, BRSO L2 R oE#
(2 ERANMHE B AR T 2 FH R 2 A2 L > THIA L, FEXHIC 3°UTR O S & iEE:
EH5Z LT, NMD 24 L7-ER mRNA O3 R FHE L, SEEIGFOFH
BRERKTIED,

18S NRD DA FLIZ E3 U 4 —F Rsp5 B G-T 2 D0, ZMitT 5729, rRNA
DI E 24T - 7=, 2857 A1492C-18S rRNA I, BFAERRIZ I T4y
fif % 52 1T TN (t12=0.6hrs) — 7 T, BEIHIK TH S rsp5-DAmP 12BN TITE
LS LEL L7z (t1p=2.8hrs), & HIT, AR L7IZAER K U | hel2AIZ I\ T HRY
A1492C-18S rRNA N T2 L T 2 (tip=1.3hrs) A3, —EHEBRKKTH D
hel2Arsp5-DAmP (\ZFB W TIFBINCZEL L TE Y (tip>4hrs). mag2AX®
uS3-K212R 7R BKK & [RIFRIZE DR 2RI 2 BTz (B 2-16A), L7223 - T,
Hel2 & Rsp5 (X 18S NRD (ZFBVTHSZIZBE G- L, AHINAIICHERES 5 Z & 3B &

N7,
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RIZ, uS3 D FF ALK T D Rsp5 DB GIZOWTHRET AT 72, £
NZENDOKR T OEFEIREL T2 5 uS3 D B X F AL LUz DWW THEFT L
Tro TORER, RepSs DIBEFIRIUC L > TuS3 DRV 2 X F AR L TH
D, T mag2AlTBWTRZ B2 -7 2 025, RspS X Mag2 172 uS3
RV ZEXTF AT HZ ENRBINZ(E 2-16B), ZDOFRBMIL, uS3 D=
B X T ARIZH T D Hel2 ORERE EESEL L T3 Y L 18S NRD OEALIZFU T Rsps
75 Hel2 EAHMBYICEERES 2 2 & & —&T 5,

I, THETIZISSNRDICHEGTH5Z ETRIELZ3DDE3 U H—F
[ZDOWT, BERKIZIEVT MS2 BLFI 25T L 72BERE R U AR Y — A O K AN
FAITH Z & TUI8S NRDIZE I D uS3 D B F 1L & DR &2 /gt L7z,
BPARRICIBWT, BB AR R A Y — Ao uS3 IIEFICE L 2 X F 1k
ZZAT TN, mag2AlZBWTIE, uS3 DE /) 2 X F L AbD R bR
EXF AL S ERICHE LTz, ZORRIL Mag2 IZK 5 uS3 OEF / B % F
B3, RV 2R F VHDOBRIZ b MLHATHD Z 2R LT D, —J5 T\ hel2A
IZBW T, uS3 D B F AL L~UUTIRIE AL 72 v o 7273, Rsp5 DFEH
HHIRETH D rsp5-DAmP (2B TlE, uS3 DR Y 2 BT AL BEF T L
TEY ., Rsps WEEREARE Y R Y — 2D uS3 IZH LAY 2 FF A %E2179 =
LA B9 72 o 72 (B 2-16C),
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18S:WT 18S:A1492C
012 4 0 1 2 4 Halflife (hr)
W303 s ww ww o >4 - 0.6 +0.26
100 36 10 7
hel2A we we v ww >4 - 1.3 +0.24
100 72 37 5

rSp5-DAMP we we w s 3.8 +0.37 - - - 2.8 +0.57
100 105 64 29

hel2Arsp5-DAMP s ww ww s 3.6 £0.52 we ww w e >4
100 103 98 104

B uS3-3HA C uS3-3HA
WT mag2A 18S: A1492C-MS2 bs
- Input (x1/10) _ Elution

N N
cyp oy@ & =
Ss<uUn><Un £ S
ka) WS T X LSTc Q = a =
Na? Na?
2l >N W >N 9
a0 E 83 9 I3 2
ka) 2 E £ @2 E < @
100- 100-
70+ Poly-ubiquitinated
uS3-3HA L Poly-ubiquitinated
55- - 55- uS3-3HA
45—
—— - -uS3-3HA-Ub i
R B e . @@ @& -US3-3HA-Ub
o N ° < s dRan R -
. = ' 35 - P - S 3-3HA
1 23 4568678
I1B: HA 30~

1 2 3 45 6 7 8
IB: HA

2-16. E3 Ji—t Rsp5 (& 18S NRD [CH VT Hel2 EFITIC, hDOFEMNBIICHERET D
A) rsp5-DAmP IZH 173 % £ & A1492C-18S rRNA O F & #1 Al & .
hel2Arsp5-DAmP IZH5 1\ TlE, 18S NRD h'E £ (CRE SN,

B) RIEZEMICHTD Mag2 ¥ Hel2, Rsp5 D:BE|FIRARHT, Rsp5 & Hel2 EEIHk
(C Mag2 FETICHBVT uS3 ([SRUIEFF UL EITICEN RSN,

C) rsp5-DAmMP (25133 MS2-TRAP (CEN#E S &N 80S UKY—LE( uS3 MIEF
FUELANIDLLER , ZE R A1492C-18S rRNA ZETHEEER 2RV — LD uS3 ICH
(T2 RUIEFF UL DTTHED rsp5-DAmMP [CENRRE SNz,
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2-3-6. E3 2 % F V) H—F¥ Hel2 & Rsp5iE, Mag2 IZ L BE /a2 FF 4k
SN uS3 ZHEEHL LT, BEBEORY 2 X F ALRIEEIT D
ZNETIZ, E3 U —F Hel2 i, Mag2 IZL VD E /2% F AL X7z uS3

AEBEIZLT, KB3RARY 2XF U HA BT 522 L 2B 6N LTV D,
Z ZC. 188 NRD (Zxf LT Hel2 & MNZ DA HERES 2 2 & CTRIE L7
E3 U 77—+ Rsp5 7%, Hel2 & FROZEFELUNIC LD uS3 2R Y 2 B F 8
EICALT D DD, invitro = € ¥ F UALKG & W TRT 21T - 72,
HEELTRHRMLAESS UARY —AL | 28X F UALRISIZHMAER ATP, =
E'XF Bl B, B2BEE & LT Ubc4, E3 U 7—1E & LT Mag2 X Hel2, Rsp5
A2 IO A DB TGS, Hel2 1%, HAFBERHBRIAZE S 2%ICT
T4 =T 4 —FEREITH T & T, Mag2 ° Rsp5 1%, KIGHE CTHIGFE I E7-%
TN HE T EATH T & T AT 12(B’ 2-17A),

NETORFE—EL T, Mag2 OFMESTlHuS3 23 E / 2 EFF kS
AU, Hel2 1Z Mag2 LN EEDH & TuS3 2RV 2% F 1 b Lz, £z,
Hel2 O HMEUS T uS3 I B F AL Z 572722 72—75 T, Rsp5 DHM
FOSTIZuS3 BRARY 2% F b E N7, £ 2T, Rsp5 & Mag2 Z L S+
7L Z A, Rsp5 OHIMKGH & el LT, #7272 uS3 DR U = B F AL
MT&E/eled, Vo AZ T ay MBI D USEYOKBIEDE NP D, =
X F UBOIRIEE1T 72 o 72 (K 2-17B), Mag2 & Rsp5 OISR TE 7=
20D EFTFT UHED I L, HRIIICKE 723 K TH 5 Upper-Ub 1%, Mag2
& Hel2 DEERHIER SNz X F U ER U XY — 2 THDH— T,
KN/ NS 728 R TdH D Lower-Ub [, Rsp5 O HMGHRHIK S iz B
XF B E R CkE) N F — &R LT, L7223> T, Upper-Ub IX Mag2 (2L %
T X T ALKTF LAY 2 8% F 85, Lower-Ub (X Mag2 ([ZFERAFD
R aAEXRFUEHTH DL Z NP LN T,
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Hel2 1% uS3 @ K212 7Tk LT, Mag2 (IZ Xk B5F / 2 B FF AUIKIFEICR Y
X FUBEEERT D, AR LIEAR Y 20X F U HOKBIEOE N, 2
X TF A OZBIZL VAT T D EHEL, RUSORE & L TuS3 D K212
BRI X F AEDA S22 uS3-K212R V) R Y — L& AWV THii 217> 7,
ZORER, uS3-K212R V AR Y — A% HH & L7 SOE Tl Rsps O BIMEGRREZ
TERL &N 5 Mag2 [ZHEKRAFED Lower Ub DBAMRH T& 72— 57T, Mag2 D HAl
FOSKFIZIERR &AL 5D uS3 D / 2 X F L 1{L°Mag2 & Hel2 $ L < X Rsp5 D3k
FOSHFIZIERL &5 Mag2 [ZRAF D Upper Ub 13 T & 2o 7=(K 2-17C),
L7z > T, Mag2 12K % uS3 DF / B F 1k, Upper Ub & L CIRIE SN D
Mag2 (2 L 5E ) 2 X F U AUITIKF L72 Hel2 ° Rsp5 (12 L D uS3 DR Y = &%
FABIZUS3 DK212F5FITAE L TWVD Z ERH B MNIT/e 572, & 512, Lower Ub
& LTOIRIE S5 Mag2 (ZIEEAFED Rsp5 12X D uS3 DR Y = &% F ki uS3
D K212 FRFLLAN DI AE L TWD Z EBH LN o7z,

TN E CTOMATHREFRI S, uS3 O K212 FEFEICBIT D Mag2 ICk B5E / 2%
F U AMVIHRTFE L 7= Hel2 R RspS I K DR U = B F 1k (Upper Ub) 1%, 18S
NRD (ZMHTHDH Z LITHLNTH S, £ 2T, uS3 D K212 FRILLSMIAEL S
Mag2 ([ZFEMAFED Rsp5 (2L DR Y 5% F 1L (Lower Ub) 7%, 18S NRD (2
53200, BitEiTo72, £, Lower Ub 3E U 5 = B F L ALEL % [F €
T 570, FERREMEZ =I5 LD H 5 uS3 O C Kim7 A /WIZHEH Lz,
Rsp5 DO BMBGEOFE R, FAER Y R Y — AR uS3-K2I12R VAR Y — A TIEIAR Y =
EXFUEHNER ST — T, CRIET A /(212240 7 X /iR & KBS -
uS3-N(1-211) Y 7R Y — L 2 B LTS B IIIROS A E Z 672> 72 (B 2-17D),
L7235 T Mag2 ([ZFEKTFD Rsp5 12 K DA U % F {t (Lower Ub) (%,uS3
D CRIHTAND D H, K212 FELSDEAATAEL TWD Z ERREB ST,
CRIGT A MIEEN, 2 X TFACOERI LR 52V DU, K212 7%

138



2020 1R

LR BFEHERORTHD Z L35 uS3 D K223 FRFEITHH L THT 2D 7=,
Rsp5 O BMBGEOFE R, FAER Y R Y — AR uS3-K2I12R VAR Y — A TIEAR Y =
BT AR SN2 C, uS3 D K223 EEEIC A B X F AR AL R
uS3-K223R V 7R ¥ — A°uS3-K212/223R V 7R V) — L % BB L2355 IR 2
B B7roT (B 2-17E), L7235 T, Lower Ub & L T /@ S 4172 Mag2 (23
KIFD RspS IZ L DR Y 28X F 1bld, K23 FRKITAETTWD Z B 6
Il oz, EBIT, BAMY R Y — AIIKT 5D Mag2 & Rsp5 DTSRI TEA
STV 7z Upper UbB L O Lower Ub D2 /8% — L DR Y X F D 5 B
uS3-K212R V 7R Y — A TIE Mag2 (2447 L 7= Upper Ub 23{H &, uS3-K223R U 7R
Y — A TIE Mag2 IZFEK TR D Lower Ub 23H &, uS3-K212/223R V 7R Y — ATl
Upper Ub 33 X TF Lower Ub D 525145 L 7=,

VL EDOFRERD D D7 < &b ARWIETIT 2 72 in vitro = B % F U ALKOG H T,
uS3 D K212 FEIZ T D Mag2 12 & HE / = B % F AKICHEAF L 7= Hel2 ° Rsp5
IZE DRV 2 xF 1k (Upper Ub) & K223 7L E 1T 5 Mag2 (ZFEKIFED
Rsp5S 12 L BARY 2 EXF 1L (Lower Ub)RNAE L TWD Z ENRHALNI -T2,
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Ribosome (uS3-3HA ubc4A)

Ribosome (uS3A puS3 K212R-3HA)

9 - - - + + + Mag2 - - - + + + Mag2
7] - + - - + - Hel2-FLAG - + - - + - Hel2-FLAG
«oa) T - - + - - + Rsp5 s + - - + Rsp5
191- - a
(kDa) A
« "N BR = Al N
—-rRsp5 aC 1 =52 Poly-ubiquitinated ) ! | Poly-ubiquitinated
G 100~ »—E’- “¥8| 533HA 100- 17 I7|uS3K212R-3HA
51- - - s
. 7o B wi 70- .o -
-— _—— 55— = o
28- S-HHs
19- 5. £ .. o 5)uS3-3HA-Ub

-

14-
— —

1B: HA
100-— — oy
- T
70- . SRR
— -
55- &4 B B
123 456

I1B: HA enhanced

+ATP, His-Ub, E1, Ubc4

Ribosome
uS3A
puS3-X-3HA

N(1-211)
N(1-211)

Poly-ubiquitinated
(L uS3-3HA

S50 |uss-3HA-Ub

SS4MMMS #mes  -UuS3-3HA
30-
- & -uS3 N(1-211)-3HA

IB: HA +ATP, His-Ub, E1, Ubc4

-dependent Ub

1 23 | uS3 K212R-3HA-Ub
T F B

IB: HA
100- - -
independent Ub 70~ - == [ Mag2-independent Ub
— —
55
123456

I1B: HA enhanced
+ATP, His-Ub, E1, Ubc4

Mag2+Rsp5  Rsp5 E3
o o
@ o
& &
TTS T TS Ribosome
E3 R £y NN (uS3DpuS3-X-3HA)
X X X X X X
(kDa) o
2|0—. U ” ’""“
g | Lo |Polyub d
. i B2 oly-ubiquitinate
- BEE =N ussana
-— - -
70— = - - .-
s-s RN

45— 5 o 55 52 o s |US3-3HA-Ub

= AN 5 oA

I1B: HA
LS ot Sad i batntad
E | 5%l 1T Magzz-dependent Ub
70- W= - - —-Mag2-independent Ub
B

12345678
I1B: HA enhanced
+ATP, His-Ub, E1, Ubc4

2-17. E3 U/i—t Hel2. Rsp5 & Mag2 [CLDE/IEFFUbENn uS3 #EEICL

TRUIEFFUEHERRT S

A) YIVEFU b Rsps 3VIN\DEDFER . KEZE# Rosetta-gami2(DE3)ICHVTHIR
B U Rsp5 28 L. CBB & ICLNRH L,

B) Mag2 & Hel2, Rsp5 &RV In vitro IEFF UL RIG . ubc4AuS3-3HA BBk
DFER Lz 80S ViKY —LZEEEL. IEXFF UL RIGICHZATE ATP, AEFFV, E1,



2020 FE1EA5R

E2(Ubc4). E3(Mag2. Hel2, Rsp5)z Rt S Bz, RIGEY i HAKICESDI AR
V7O MIEDRE L. uS3 DAEFF UL LA EEEM LT, Hel2, Rsp5 (& Mag2 (24D
E/AEFFUAESN uS3 ISR UIRUIEFFUHEMR TS EZRLIZ—A T, Rsp5 (&
Mag?2 JEKFFE(CERUIEFFUEHERELE,

C) Mag2 & Hel2, Rsp5 #A L\ In vitro 1EFF UL RIG . uS3AuS3-K212R-3HA B
BN oER U80S UNY - LR EHEL, AEFF UL RISICHER ATP, AEFF U,
E1. E2(Ubc4). E3(Mag2. Hel2, Rsp5)& RIGSE, RIGEMEH HA HuikICL3Y
IZAAYTAYMIENERE L, uS3 DIEFF UL L AILEEEE L. Hel2 % Rsp5 (C£3
Mag2 IR FEDRUIEFFUAEIE uS3 M) K212 FREICEUTLV=—AT. Rsp5 (23
Mag2 SEKFDOR)IEFFUIEld K212 FRE LS OERALICAE UTIVSCEN BRI
I

D) Rsp5 ZHLE In vitro IEFF UL R, uS3AuS3-WT-3HA.
uS3AUS3-K212R-3HA. uS3AuS3-N(1-211)-3HA BB DEEBL LT 80S UIKY— L
EEBEL. AEFFUERIGICHZAT ATP, AEFF Y E1, E2(Ubc4). E3(Rsp5)Z &
ek, RIGEYMER HARKICESDIZAAYTOYMILDEH L, uS3DIEFF Uik
LAIVEEHEI L7z, Rsp5 [C&3 Mag2 JERKFDIR)IEFFUib(d K212 HE LIS D C
Kim T4 INCE LTS ZEN LNz,

E) Mag2 & Rsp5 £z In vitro IEFF UL R IG . uS3AuS3-WT-3HA.
uS3AuS3-K212R-3HA, uS3AuS3-K223R-HA, uS3AuS3-K212/223R-3HA B2 &tk
MofEE Lz 80S URY—LEREBEEL, AEFF UL RIGICHZAT ATP, AIEFF, E1,
E2(Ubc4). E3(Mag2. Rsp5)z RIS B, RISEYZi HA HiRICLdDII ARV TN
YMIEDIRHE U, uS3 dAEFF UL LAV EETE L7z, Rsp5 [C&% Mag2 JEiREFDRY
AEFFUElE K223 BHECA LTS CEN BN T,
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I, Lower Ub & L TIRE L7= uS3 D K223 FE LT I1T % Mag2 IZHEEAFED
Rsp5 (IC L BARY 2% F 1L, 18 NRD ICBHET 2 D0, ZHatd 5720
rRNA OEEHIE 21T > 72, £ ORER. uS3 O K223 FIhiZ 2 &% F AL A
5720 uS3-K223R R FBIRIZB N T H | ZFA A1492C-18S rRNA [F0HE (2 7y fif &
NTW=(K 2-18A), L7=73-> T, uS3 ® K223 FRIEEIZBIT 52 e F Akid,
I8SNRD IZBHE- LW Z E R BT o7, DL EDORERN G| uS3 D K212 5%
FIZBIT D Mag2 ITLDE /2 BFF MK L7c Hel2 P RspS IZ L DR Y =
B F A2, 18S NRD IZWHATH DL Z E 2N L,

A 18S:WT 18S:A1492C
012 4 0 1 2 4 Halflife (hr)
US3 K223R weemwsww >/ — 0.6 +0.15
100 38 16 12
US3 K212/223R e ws e - . ——— -

100 102 108 96

2-18. Rsp5 h¥ Mag2 JEIKTFFEICITS uS3-K223 B EICH (TR RIIEFF k(T 18S
NRD (B 5 Lg LY
A) uS3-K223R % L<IZ uS3-K212/223R |CH113ZE R E! A1492C-18S rRNA O

BURITE . uS3-K223R ZEKICHLVTIE, ZEA! 18S rRNA (LKL RSN,
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B2, 18S NRD OEEIZHZE /e = B 3% F U HOE SRR [RE & 3l A 72,
INE TOBEBOMMFERIZL Y, uS3ICADRY 2 EFF U #{F K63 T TH
HZEDRBEINTWETZD, Invitro 2 EXTF AUSIZHIINT 52 8% F
E LT, K3HARY 28X F U HOHLEZMRETE D K63(1) Bk F AR (IL%
FAWTET 2D 7=, ZOHE., uS3 D K212 FEICBIT A Mag2 Ik B5E / =
E X F U AUITHAE L 72 Hel2 R° Rsp5 (2 L DR U . B3 F 1k (Upper Ub) <2,
K223 7L 1T 5 Mag2 (ZFIEKRIFED RspS 12 L DR Y =% F 1L (Lower Ub)
DNTIUTONTH, FAERa % F 02 AW K6 & RIS, K63(1)= BT
VEREKEAWTHHELTWZZE0E, WThoaedF U8 K63 Bk
VX FUHTHD 2 EDURE S (K 2-19A),

W, FENT ORMEIE % LI 57212, uS3 @ K223 Fkic 2 B F b E T
72N uS3-K223R VAR Y — A& HE & L THU, 18S NRD OEEIZ I TH 5 uS3
D K2 FBEEICBIT L2 X TF AURIEDHEET=F— LT, TORRE, AR L
oL —H LT, Mag2 ICE D/ 2 X F UAUIKFE LR Y 2 B % F 8
I, B AR o B A W BOG & RIRRIZ, K63(1)= B3 F R HAR A FVW T
HFEL T2 &6, Hel2 °RspS 1L/ X F L b S 7- uS3 1oxf L
K63 BIARY 2% F U HAMET 2 B4R L L CTHERET 2 Z &R an - (K
2-19B),

L7 > T, 18 NRD OAEL TlE, Mag2 Ik W/ 2EF%F b &7 uS3
D K212 7% FEIZ LT, Hel2 ° Rsp5 28 K63 TR Y % F A BT 5
ZEN, MEATHDZ L EP SN LIZ(E 2-19C),
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A B

Ribosome
Ribosome (uS3-3HA mag2A) (mag2AuS3A puSS K225R-5HA)
) +Mag2 +Mag2 =
Hel2 Rsp5 & & His-ubiquitin
5535 T T g Houwiun Y
(kDa) -~ e (kDa) * PR
= b—1 a)
flg_ ax - 20- MW
B T | = Poly-ubiquitinated 140~
10 - - o= [US3-3HA 100- Poly-ubiquitinated
70- - - . uS3 K223R-3HA
55 == = 55- o
as- RE SRl uS3-eHA-Ub 45— === US3 K223R-3HA-Ub
iy 35— US3 K223R-3HA
I1B: HA IB: HA
100~ =8 100-
Mag2-dependent Ub we=se
70- —- a-" agz |ndgpendent Ub 70- == == == s=|Mag2-dependent Ub
. —— - 55— == _-.
123456789 12345
IB: HA enhanced IB: HA enhanced
+ATP, His-Ub, E1, Ubc4 +ATP, His-Ub, E1, Ubc4

C

Stalled ribosome

RA %;_‘

Vs Mutation in the

decoding center Nonfunctlonal
Mag. jnitiator 9 /> & N\ 40S subunit
Hel2eProeter < Rgpsonoat \/
Rapid Decay
(18S NRD)
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2-19. E3 Ui—t Hel2. Rsp5 & Mag2 [CLDE/IEFFUbENn uS3 #EEICL
TK63 BR)IEFFUEHER TS

A) Mag2 & Hel2, Rsp5 &z In vitro IEXF F UL RIS . mag2huS3-3HA BE Bk h
DR E L 80S URY—LEZEBEEL, AEFF UL RIGICHZAER ATP, IEFFUEEIR,
E1. E2(Ubc4). E3(Mag2. Hel2, Rsp5)& RSB, RIGEMEH HA HuiklCL3Y
IZARVTOYMIEDBEE U, uS3 DAEFF UL L NIV EEEM L. Hel2, Rsp5 (& Mag2
([CEDE/AEFFUAELSNAE uS3 (T3t L K63 BRYIEFFUEHEHBRTIEERUE,
B) Mag2 & Hel2, Rsp5 ZRU\ In vitro IEXF UL Kt
mag2huS3AuS3-K223R-3HA BB ¥ o5 S L7z 80S UiV —LEEEEL, AEFF
VL RIGIC 28T ATP, AEFFUZERIK, E1, E2(Ubc4). E3(Mag2. Hel2, Rsp5)%
REEEE, RISEYMER HATURICESDIZAYTOYMIEDRE L, uS3DIEFFY
ELAIVEEHE L7, Hel2, Rsp5 (& Mag2 [C&DE/IEFF oSNz uS3 M K212 7%
E(CxtU K63 BRI+ F Uiz MR TSz R UL,

C) RIBENLEZBRBIEFFUERIGET IV, BISRA £ %5 SR ILEHEET £URY
— L. Mag2 [CLBE/IEFF UL ZEZ(TTzD5 . Hel2 % Rsp5 (LD K63 ERU1E+
FUAL RT3, BIRICHER AT RIGURY — LOEIRE 223 BREBLHIEH T TE
REEINBTEERLTD,
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2-3-7. YR Y —bLEZ 37 'E Ascl 13 uS3 DR X F AKIZBEET S

FATHIIEICIB N T, 18SNRD IZRHGT 5 Z L THMESNTWVD VR Y — A X
278 Ascl X° mRNA B BEIK - Dom34 {22 T, 18S NRD (28T % uS3
DA FF AT T = MEHE~O A T L 72 (Cole et al., 2009;
Limoncelli, Merrikh and Moore, 2017), EFFIZ, SAF5EE Hik NI T 724
FLI A1492C-18S rRNA O =AM E D5 T, BFARR (t12=0.5hrs) & H#k L <,
asclA (t1p=2.44hrs) <° dom34A (t1,=2.96hrs) ([ZB W CTHFHNIERE L, &bl
TW=Z &5, 18S NRD OFFEIZIE, Ascl X° Dom34 N5 92 Z LAVURE
hi=( 2-20A),

FTuS3 D EFF AMUIZEIT D Ascl X° Dom34 D52 MFTT 2720,
WRIEEE BRE, ENENOEEKITHN T, MS2 Bdd A2 WA R Y R Y —
LORFRAERAITY Z & TuS3 D2 EFF AL LU Z R LTz, £ O E,
WP AR & HEIE U C dom34ATIIEALIN e o 7223, ascI AIZ3FB\WCTIERBEE I uS3
DAL XFF AL L~VLBET LTV (R 2-20B), VR Y —A K 37 E Ascl
IV AR Y —LETISSNRDIZEBITH2EX T UAULENTH S uS3 I[C#E L TR
D, kA RRISDRSGS R HE L THRET 5 Z ERHE SN TND Z &)
5. Ascl IFE3 VA —BERNY 7 b—hEnb 2% e LTS L, uS3 D%
FUACDNRITHET 2O T Win b Ex T, TD7=H, ASCI DIFETH L
IEIEFAET B80S YR Y — L Zfif L, ZNHAEEHE L inviro 2%
T ARG AT D 2 & T, Mag2 IZ L D2 B F F UALOREERIFIE 2 e L7z,
ZDRER, Ascl 5T 80S VAR Y —AEHZ L, Ascl ZE E72\180S VA Y —
LZEFONOFEE & LTBRITIE, Mag2 12X % uS3 DFE / L B F LALD IR
KT LTz (K 2-20C).

PLEDFRERING . Ascl 1%, Zh3H72 Mag2 12X 5 uS3 O/ = EFF 1kiZ
BG4 252 EBHALNIR o7, BT/ 28X F 1klZ, /2% F
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ACITHRAF L7 He2 R RspS 12 K B AR Y 2 B F U HOBE ORI HHEL
9% Z LB Ascl X 18S NRD IZEB W THIFHRM 2 B % F OB &4 3R
HZ LT, I8SNRDIZFHFELTWD EEX BILD,

— 5, LK, Dom34 1L/ A b v 7 mRNA O 3K CTER L2V R Y — 24
DFFBFEZLHRR T TH Y . Z OFEERIS 2T L TR/ A v 7 mRNA @
IR To D NSD ZRHET 5 2 & 3 HE 40TV 5 (Tsuboi et al., 2012; Hilal et
al.,2016), Z D70, EAREV R Y —LDuS3 DL EFF AL L ~VLIZE 5
L7 > 72 Dom34 (%, uS3 D2 EFF L ALD Fiit T, b L<IZuS3 DX T

AL E IS, BEER R Y R Y — L OERET 2 RREMERE 2 DL D,
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18S:WT 18S:A1492C
0124 0 12 4 Halflife (hr)
UDFIA v v e >4 0.34:0.10

100 26 15 11
AOM3BAA o v s o >4 2.96 +0.23
100 87 73 37

aSCTA ww ww ww i >4 www o 2.44 +0.07
100 83 57 29
B uS3A puS3-3HA C mag2AuS3A puS3-3HA
18S: A1492C WT asciA
CBB IB:HA

(kpa) 0 75150300 0 75150300 Mag2 (nM)

a <
4 (?) A ;r) 210-
'6 g ‘6 g 140-
E E % AS) E E % AS 100~
(kpa) - t + + + + + MS2bs
210— 70~
140 55
100—
70— Poly-ubiquitinated LY . & ®-us3-3HA-UD
55— uS3-3HA
-uS3-3HA-Ub2 35— - uS3-3HA
45— = . ==-uS3-3HA-Ub
05— B S3-3HA 35 -4 N S SRS - S3-3HA
12345678
MasE 17 IB: HA +ATP, His-Ub, E1, Ubc4
_smam e
123 4
IB: uL14 MEN——uL14
56 7 8

2-20. UiNY—LAVINDE Ascl [33EE uS3 DIEXFFUEICEEE T

A) asc1AY dom34NIHTZERE A1492C-18S rRNA DFFHAAITE , asc1AY
dom34AICHTIE, 18S NRD MHIfISNT, (BFARE i ZERR/X. BLHX.
A EEBRT—AH)

B) asc1AX> dom34AZ$H113 MS2-TRAP [CEDFEE SNz 80S Uik —LH?D uS3 D
AEFFUIELANID LS, ZEE! A1492C-18S rRNA ZEOHEBER E£UIRY—LD
uS3 [ZBFBRULEFF UL DTTHEN asc1ATIFINFIESNE, (MHAEE F BT
3)

C) Mag2 R\ In vitro IEFF UL R & . mag2AuS3MpuS3-WT-3HA £ LLI3
mag2hasc1AuS3MpuS3-WT-3HA BE B #Rh o L1z 80S UiV —LeHEEEL, OE
FFUILRIGICHZAR ATP, IEFFUERK, E1, E2(Ubc4). E3(Mag2) & RIGE
uS3 DAEFFUILICH TS Mag2 DIREKRTFEERET Uic, RICEYMEHR HA Huik(C
£39I23 70y MIENRE L. uS3 DIEFFUEL AV EEE L,
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2-4. ER

2-4-1. BBEAL VY ARV — ATV RV —AFZ U278 uS3 O K212 BEIZBWT
abFFAEN. 1ISSNRDIZE Y MEREIND

ARFZETIE, = RURHEAEITO VAR Y — L DIFEWENLTH D 18S IRNA DT
aA—T 4 e F—ICEREROBEARR Y AR Y — L O EEEIZ OV
THNTZA T Te, T a—T 4 V72 2 —DIEHFEIETH H 18S rRNA D A1492
FREIL, a R-T7 o Fa R o7 EKER-EGEKT 52 & T, Bk
MR EE=2— L, BHEOWEELEZ VRN bR EED D, D
T, EMEEILICE R 2T 5 18S rRNA-A1492C HEER VY R Y — A, T2
—F 4 ENER, BREER2ICHD EEZ LN, £2, FOERICK
S THROEMMER KRBT 20770 67F, FRRIEHEBERN KDL, #1DTT =
—F ¢V TIENE A B 5 BB AAEEIC mRNA LTRSS, b L IFBIMICE
OFFRENMET 2 LIBEIND,

BIRBEEZZ 72V R Y — L& T LT 5 R E SRS & LT RQC
WEHILD, RQCIEL., mRNA RE K S NToH BT F REHORFITKFL TV
RV — 570 mRNA LTI L2BRIZ, JeBATIFIE L7z U AR Y — DT Lig#i D
URY —LNEET L TRESND, VARY —LDM%EEH—L LTE3
X F U H—E Hel2 BREESALTHY | Hel2 3R Y RV — LD YR Y
—DH R uS10 1K L K63 AR Y 2 X F U AR TS 2 LT, B
FURRBIZMa - 72 U AR Y — MZHHIZ S, RQC &L T 5, =X F L&
72U AR Y — A, EOMEEZE S RQT EHAKN Y 71— F i, VAR Y —A
EREEET 5 2 LIk o T, ARE EOXRTTF FEHOSMAEFET D, 2D LD
2. BEBRZSIZEILEZVRY —2CH L, 2EFF U8 ARIZ O
J5Z LT, MEANICEEEHEOLEEZREL TND EEZ LD,
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ZEFR 18S rRNA Z & HERE R 2 U R Y — A2 20T, Ak L7z & 9 I2HER
AEIZKEY . mRNA ETIEIET L AREERE W E B BILD Z b, ARIFSE
XY, Ta—T g EEE RS TEEARY R Y — LD FRTH D 188
NRD (21X, UAR Y —LH 37 E uS3 O K212 FRIEIZBIT D2 B F 1L
HATHLZ EZHALMNI LT,

RQC TiZ, mRNA ® =2 —7F ¢ > ZHEIEICI W TRFEIE, BRELZ IR Y —
LNZHHIZDT 5728, uS10 Z# 2 EFF LT 55, 18S NRD IZBWTIE, #i
ARBRLARFICEIFRIS HEAR 2V 2 LE SN D Z &b, Blth= K ETF
L7 URY —LICHEZ DT 5720, uS10 TIERSRRDH VR Y —LHF N

BThHoHuS3 I X F L ALEITI EEZHILD, & HIZ RQC DEELRFIT
mRNA AT F FEHOEFIC LV FHFUSE ERNEZ 2720, VARY —LB Y
FEFETHLEEZXDND, ZOTH, FESNTF FHIZTRQCIZE Y, mRNA
IEINGD IZ X VBT H—5T, VR Y —AIofEFIic A 7 v$ 5 L HE
IibH, —H T, 18S NRD OEEKFIZIZ, mRNAIZIEF THLH—FHT, UARY
— LA DOIEEICRENH D, EDIH, mRNA (I5E T, {EERRICHE
ST VARV —ADOW T =y NERRRNICHRT 20ERH D, PLED XS
FLEOR VRV —LDELETH-TH, MEEHONRERD YRV —LD
mRNA L COGFEMEBEEZ, VARV —LDa L 73 A — a UROP/ESTF N
DA M, P-site tRNA OFLARIC K VAT 5 2 & T, 2 X% F L AbLT IR
AL ESE, RQC 275845 & H, 18S NRD &AL 9 5 & A M L5k
LTV EZEZBND,

2-4-2. 18 NRD IZB T B uS3 D EXF I AKITBEBD E3 V H—FIZ L 2 2B
FIETHY . ZFNIZE D K63 BARY 2 B F U EHOEH 18S NRD DERIZ
HThHD
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AHFFEDHER, 188 NRD IZH1F 5 uS3 D & FF AUIFEED E3 UV H—FIZ
K DR 72 B BEROR T D 2 E DA BT > 72 (B 2-21), 18S NRD DA
B TH D uS3 O K212 FFEITHIT 5 2 B % F 2 UIZ-DV Tik, Mag2, Hel2,
Rsp5 I K V1T %, rRNA O EMRIE DFERN G | 2857 A1492C-18S rRNA
O, BFAERR T t12=0.4hrs & IEFNIARLE TH>72—FH T, mag2A Tl
tip>4hrs & D EDNFERITI A O NIEF L E TH o7, £72.hel2ATIE tip=1.3hrs,
rsp5-DAmP Tl t1p=2.8hrs & B RAR TIIFIWREA TH - 72208,
hel2Arsp5-DAmP TiX tip>4hrs & L < LEM LTz, L72h > T, Hel2 & Rsp5
FIRNEIT . DA OFINAICHERE L TW D & B2 bivd, ETo. invitro 2 EXF
LS OFER DS Hel2 & Rsp5S iZ Mag2 ICE V£ /2% F L&z uS3 %
AEEIZLT, KR 2 X F U HEMRETOEEABETHL I L 2R LT,
VI EOFERD G 18S NRD IZ551) 5 uS3 D=2 B F ALK 2 B TH D | 1
Bt H O Mag2 IZ XL 5E /) 28X F MBI L o> TIEER T 2~ T HER 2 Y &
Y — LR LR R E DT RO L LT L7z b, 2 B H @ Hel2
RRspS IZ LD KO3AR Y B F L ARIZ K » TofiExige L L CoIER 2 BHEIN
DF B, 18 NRD #/ L CHRFHEIND LEZX BILD, ZOET VL MS2
FH 2 FHOTERRRER 2 U AR Y — A ORRBROMER L b B L TR, B4
BYRY =LAWL T, HEEAL2Y R Y —AICBWUIE /2 X% F (D
AT BT FRHZR Y 2 X F AR BEICTUE L T,

FEATHFRIC I T, RepS 1FRBHUERFFIZIER 72 ) AR Y — L& 3RS 5
Ribophagy (2B 534 % Z & AR STV 5 1E 73 (Kraft and Peter, 2008)., -5 725
BT CHLA— b7 7 U—IFRAFIC Y R Y — A& 5559 5 (Sheherbik and
Pestov, 2011) 2 & DA I TV D, BE KBRS T H/AaX, AHTEE
HiE <, MIENO RNase (2 & 0 #2RIZHH 5 % 51T 72 rRNA X° noncoding RNA

R iR 9 HIEMEE A L T 5 72912 (Deutscher, 2003), D X 5 IZHEMNT
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HHEGEZT T2V RY — 2 E2BREL, BED U R Y — L OH & =R ML
([CHERFT 2. 2T BERIZRpS BEET D ERBEINTND, ZOHT AT
= RALIZONTIE, AARERZHIE STV D P, FEERIC RSPS DIR LR
ZEPRICI W TR, BT RNA 38T b L, FRICERRI R R0 U AR Y — A
%7~k polysome B HA LTV D Z &, RspS IIFIRR I R B M REAT L7214
DYRY —LEREIE D 2 & 40T %5 (Sheherbik and Pestov, 2011), A
MRICEBNTEH, 22 b —/L & LT rsp5-DAmP 22 kR Tk, B4R 18S
rRNA OFHIINETARLZEN L THNDE Z EMRHER TS, 2O LI L T,
RspS IZIEH 72V AR Y — A ThHo72& LTH, fMIEAND RNase &2 X 0T 52020
BEGZ 2T 72 IRNA Z20UHICERE L, MO U R Y — L0 5E % & < HERF
LHREE AT 5 LB AN, IUEMEA 2L AT 5282 A1492C-18S rRNA D
IRRCEET S L &b 8T D, Rsp5 (FEATAFFEIZ IV T polysome 1D U 7R
Vo LhERESE, ThEAOY T a=y PO RNA ZTA{bSETn5 2
E0D, FRRBETICEEZELTE VR Y —AIZX LT 7 ®8A L, DffFHEL
TS EEZABND, £72. Hel2 13, WIFURRMFIC L Y RESIL, HEELE
UARY —AZxt LU Zb— h&#, RQCZHEETHZ &0t FifEEFHD Y
Y =D LTCT 7B AT HZEERALNTH L, ULEDZ L6, Hel2 X
RspS (XA & 22D FE THIFRBA AR FE 5> & BRI R FR 24T LT L & - 7o bRE

YRV =AU THEH L uS3 ORI 2 8FF L AbE2 /- L TY R Y —AD
HEBEITH) RGOS E L THET S B2 6N D,

VI EORRZ b, Bith=a N ETHRRARICH - 722 Y R Y — 4
X, Mag2 IZ XV ZDuS3 BNE/ 2eXF b, BIREF ZRT VR Y —2A
O L L TR SN2, O OFER T, R RIERICEIT L
RYRY — LIk LT, Hel2 R RspS BN H 75k L, uS3 & K63 AR Y = &
FF AT H LT, 18SNRD BT 2L EAbND, LNLARRL, Zh
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O ORERFRMEDOFEMIZ OV TIIRMA R AN LRI TEBY | 5% O
DHEIFF STV D,

EHIZ, B L72 X 912, RspS IZEAR Y R Y — AOENRBES 2L
THfR~EEBL ZERHESNTND, RUFETHRIE S 72 uS3 DB FF o
fbiZ, B4R 18S IRNA & U R Y — AMZBW T HENRNHA T TS Z L
MH, ZNCHMLENDERNH D B X N5, WM TIX, UV B
TR BAERED A R L ASFIZEB VT uS3 OF ) 2 B X T AL A TR
IR 545 2 & AR & TR Y (Higgins et al., 2015; Jung et al., 2017), BT Y
R =L TH> THAILNOBERLA N LA ZZITFZBICIZ uS3 D2 EFF
EIRZD FROINCEETH D LEZXBND, ZNOZEFE 2 5 L. 188 NRD
D K NTRH A SRS ZEIRIG AT, uS3 1FAR U 2 B F oAb S hu, MR
IIRET D EBESND,

S. cerevisiae

M ~

Mutation in the decoding center
ziniﬁator Mono-ubiquitination

Mag
Recycling?

A

{ Intact 60S subunit
Dom34-RIi1? m

(
uS3 ( »)
K63-linked Ratd us3
Hlinked qt4 o
Vs poly-ubiquitination 2 ?~& Nonfunctional 40S subunit
elongator
Hel2 Rs D 5elongator *
Rapid degradation

Sequential ubiquitination of uS3 is required for
18S Nonfunctional Ribosomal RNA Decay
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2-21. ARRICLIVIRIESNTZHEFR EURY - LD #EZR 185 NRD OET IV

TA-TAVTEVA-ICEREH L. BIEREMEF 2 (CHEaER £ URNY - LI, URY
—LAVINDE uS3 M K212 BREICHENTHEHD E3 V- HICLB S RIEIESFTUIER
WESNT, K63 BiRUIEFFUEHERA TS, CNE5IERICLT, HEEFEURY— L
YTAZYMEBSNBIET. ZEEF TS 40S H7T1Zy M 18S rRNA DFEIRHIG

SN AEIREICTE2 TS,

154



2020 1R

2-4-3. BSRER 2V R Y —ATuS3 D2 X F UALKGFEHICY T = NMEREL .
40S 7=y FhFDERA 18S rRNA ORI LR S5MEE FREIZ T 5

18S NRD Tl&, ZRAZFFD40S 7= MDD 18S rRNA D H 71353l % 5
. ZDOEEG/R—FF—ThHV EF 60S 7= hHF D 255 rRNA [ZIEFH I
L TE T & % (LaRiviere et al., 2006), FHFRIEMEN B2 R THERE R R U R Y — AL,
80S UARY —LIZETT B 7Y SNTERIIHEEZTHZ 0D 20T
=y MREEPUATH L EEZBND,

WP TiL, v a BBEARELEE ) —Y 7 my MEZ AV CTHERER
BYRY—LDF oA ZAEREITH Z LT, uS3 D K212 FZEICBITHEFF
AR R Y RY — 2OV T =y MERECVNETH D Z L2 L
TV % (Sugiyama et al., 2019), L7228 T, uS3 D= B FF AUICIRTE L THERE
ARV RY =L FEET D 720121, 28X F ALZEFRL T B D U R Y
— LREER TR Y 2 v— R ENDH EBZ B,

RQC OFFEEFRICB WL, HEHR IR Y =2 D YR Y —LZ 37 /E uS10
DHeR IZX>TK3AR) 2% F bzt b, ZOVRY—L LD F
FUSEEAEIE LT, VR Y —LDOMEEEZH 9 RQT HEEN Y 71— K &,
H22 Y R Y — LNFHEL BB T TF RO RS & 72 % 60S RNCs 723 pEA
&% (Matsuo et al., 2017, 2020; Sitron, Park and Brandman, 2017), RQT #& 413,
RNA ~ VU 1 —VBiEMEZ2H 95 Slhl, =X F UHEGEEE AT 5 Cued, FEREARAN
D Rqt4/Ykr023w 7 HRERL S L5, M58 TlX, 18S NRD IZH W TH, RQC
ERBRICIIRAR 2o 72 U AR Y — A58, BH O K63 HIAR Y = &% F L AUKTF
(CIREEZ 20T 5 2 LD HERER A Y R Y — A ORBERS ISR B RQT AR
DOWSBERRIT A 1T > T D,

18S NRD (Z51F % RQT EAKDOHE G2t 2720, U= hikhx, &

EERERIZEBIT AR A1492C-18S tRNA O JFHNHIE 21T/ - 1=, F Ot 5.
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SIRIAIZ BT, BRI (RNA 1350 F 2 52 T T BIBNIZ L E AL L TV (tip>4hrs),
SIhl %, ATPase iifitt%H 3 % RecA KA A v LHRREARID Sec63 KA A > % 2
B 0 IR IR AR e 7 X BBEAINC K DRSS £ D H H N Kl
il RecAl KA A 2D K316 %73, RQC IZI 1T 522 Y AR Y — LA OfREEEME
IZHHZETH D Z & DV STV D (Matsuo et al., 2017, 2020) (K 2-22A), < Z T,
SIhIABERERRICRE U, BT SLHT %77 A RICK D RBBLSE D & slhIADE
BTS2 TR S A, 28 BAY 18S rRNA [T HGE I 43 i S #U7-(t12=0.58hrs) , ©
D—J7 T, ATPase {EVEIZ RIBA /R T AR SLHI-K316R %77 A X FIZL V3
BLSETH, sthIAORBIMAMH ST, £ 18S rRNA [0 ST IR
\ZHTETH o Tz (tip>dhrs), LLEOFER NS RQCIZEBWTHEZEY R Y — LD
T o=y MEEEZIT 9 RQT AT ® Slhl @ ATPase i&M:A3, 18S NRD D%
ICHZETH D Z LD BT - 72 (K 2-25B),

F72. RQCIZEIT 5 RQT HAIKDOKERKL ST Td 5 Cuel, Rqtd/Ykr023w (T
WTh, [FERICHIT 21T o728 2 A, cue3AIZE W TIX, ZRA RNA (35 %
ZF TN (412=0.72hrs) D3 rqtd/vkr023wAIZ BT, 597208 5 ¢ 28 B rRNA
N2 EL L T2 (ti2=1.73hrs) (B 2-22B), RQC (2B TH, Cue3 <° Ykr023w
1% SIhl & Fei L CE D RBHRITFFEF ICH ORI 2 RS2 L 2D L. 18S
NRD (ZxF L Rqtd/Ykr023w (B 5- LTV, Cued IFFH G- L2, &EE2x DD,
L72HM > 7T, 188 NRD (ZEWTiL, Slhl & Rqt4/Ykr023w N5 L THY . £
573 Cue3 IS D 2 B X F U RE A FFORFIED Z R 7 B X L EEIRE TR
L. B R AN Y — L2OMBEHIHERET 2 L E X2 65, RQCIZEBWTIZY AR
V=L N7 B uS10 DA EFTF AL 1I8S NRD ICBWTIL Y R Y — LK X
JEuS3 D EFFUALNBE B LD LD, ENENOZEXRTF UHHIZ
R L L= T(2 X F T a—F )N EFEEL, TOEWL > T Ficts
EINDV T TNANNRRRSTHD EBESND, SHIZ, BHRETIE, =
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B8 P A B DR & F VT BREAR R Y AR Y — LD F = A AEREFTH Z & T,
SIh1 @ ATPase {EPENERER Y R Y — LA DIBEEICSHEATHH Z L 2B SN L
T % (K 2-22C) (Sugiyama et al., 2019), L7223 T, RQC & 188 NRD (21>
TiE, & HIZRQT EEKHF D SIhl 239 % ATPase {EMHEICE D VAR Y — LD
Tamy MEBERFEINDN, X T UALEZT HIEN L R N R
HZET, TOREERHBLTY Z7L— &N RQT EEKF O B F 4
BHNTEBRIRD LRSS,
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A Sec63 Sec63

Helicase coreWH  HLH WH  HLH
Slhi RecA\ RecA2 | Rachet FN3 'RecA1 RecA2 ! Rachet FN3
1967
RecA1
0 [ ] B | 1 1
Q | la b lc Il 1l llla
[ K316 |

Rqt2-N LICAPTGAGKTDIALLTII
Brr2-N LICAPTGSGKTNIALLTVL
Ski2 FVAAHTSAGKTVVAEYAIA

B 18S:A1492C
0 1 2 4 Halflife (hr)
EV " - w >4
100 84 89 63
SLH1 w= 0.58 +0.04
100 33 20 14
SIh1-K316R W w ww s >4
100 103 88 61
cue3A W= 0.72 +0.11
100 41 15 11
YKrO23w/rqtal we we 1.7320.13
100 63 37 14

slh1A

g S o
& "RQT complex

66@6

2-22. Slh1 0 ATPase ;&14(% 18S NRD OFBICHETHS

A) Slh1 0 FXS Vg, Ski2-like RNA helicase FAM VDRESNEEF—JEFRET
~UT,

B) RQT & B EFOEEKRICHITHEER A1492C-18S rRNA OF B HIRIE .
Slh1 0 ATPase jEMEDRIEICLD 18S NRD W2 ICEESNL(LHRE it &
ETH#HX)o

C) uS3 MIAEFFkE Slh1 @ ATPase JETEIEEER £ )INY — LOEREICHATH
Do
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LA BV T, Bl B 5 U {L#SE USP10-RNA S & % v 37 &
G3BP1 HAEKN, 2FF o AbaNiz40S V7 2=y hDYRY —LH L RT
ENnoabxFUrHEZRET L2 LT, RO 40S 7=y DU Y Y —
DX D3R AELE . TNEEERTRY A 7 0 ~EHAMN S D 2 LBRE
STV b (Meyer et al., 2020), L7253-> T, RQC & 188 NRD D M7 DRI
WT, K3 TR 28X F Uz R Y —20H 7=y MEBHIMLEATH S
— 5T, ML, fREER D 40S T =y MRS L2 uS10 B L <I1EuS3 kD
AEXFUHOBREOFEL D NIZFDX A IV TIKFEL T, VAR Y —L4H
Ta=y MUY A I NT o0, DT ZIRELTWDHREESG H D,

EHIT, /ANy 7 mRNA F O 3R CER L2 U R Y — L OfFREC R -
L. NSD IZMZHT&H % Dom34 IZ2WWThH, 18S NRD IZRH 535 Z L 2B 5
IZ L7, Dom34 %, / > A K7 mRNA O 3K CTIEM L=V R Y —LDZED
A-site IZxF LA T2 2 & 23 &40 CH Y (Tsuboi ef al., 2012; Hilal et al., 2016),
TaA—=T 4 TR —DERIZE Y PRI T REAR R Y R Y — AT
BWTH, VARY—AD Asite IZ7 2/ 7 IV IRNA WEEICHEEE T, Z0
A-site WEUDAREMENH D Z LD, ZIUTK LIERIZHESET 5 EHE 260
Do LALANRG, UARY —LOMBECEST 5 L#iEDH % Shhl & Dom34
725, 18S NRD IZHEWT ED L IS EE IR L TV D D0, 1 IRMEFITH
Do
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2-4-4. ZEBR VAV —LBEEHL VA Y —LHOREA L L TOBREERE
RIS ZAT 9 E R RNA-Z X7 BEAKRTH D VAR Y — LT, B F3E

ICBWTHAEARKFTHDH, TORBEISCHB S R0, VRY—L4
DEEHIIZILIC D20 | FEICZEDMEERIEL TV 5,

«:‘.

YR Y — A%, BERICENICENT, 787 Y LHITD 408 X 60S ¥ 7 =
= v M ORFBRRIZITMREIZBWN T, EFER T m e XA 2R BE Y R
Y — DI EE I RO IND ZERMHBNTWD, FEITHIET
DI B/ IMED S IE ~Hk S D £ TOR, rRNA 3fkx a7k 7%
ZAFT0 | EfiE T2 5 2 & TREAE RNA BNEA SIS, TDk,

URY =Y Ta=y hEe LTTRBUVTLVENDTDIC, IRNA Z &L LT
BDVRY —LZ X EPNARAEI, EfERY R — LY T 2=y FNBE
AEND, b L, BERICBWTRENE CGAICIE, 2oL ERE L.
AIBEIRY 7 2= NE BT 2 2 & T, MRE~OBITEZHE LY, rRNA
2% L C TRAMP EARIZ L U poly(A)SEZETINL, =%V Y —AIZ K B0 %
o352 8T, BREEMERET D, £lo. URY —LF X7 EHH
HIAENDT T IVBRETIE. T Oo0OF = v VR A 2V Ny FREEENT S Z
& T X DORBIBENEFITITObA TV A EERL TS, 2O L HIZLT,
EFIcTaterr 7BIOT BT Y &Y R Y — AOBRBHMAE TR
Tn5,

LR S, AR CTER LT a—T 4 v 7 2 —ICERZH LER
JEMEAR R L R THRREAR R Y R Y — L%, ZOMRBEBENIET THDH72DIT, 80S
URY —=LZT 7 E, mRNA ICHEA LR ZBAT 5 £ T, TORY
BRI hien, FamCl#LzX 2, Ta—T 1 v 7 ¥ —ICEREH
FARRERAY ARV — AT 18SNRDIZLY . RIAFINL TG AT = F5—FE

VIR AT ARREARL Y R Y — AL 25S NRD IZ LW R a2 T 5, £
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IR, BEAEMO Y R Y — MO BYLiE S 7z Expansion Segment D28 52
L DFIREFIZONTHEE ST 5, 255 rRNA H D Expansion Segment 7

BREFFOEFIMY R Y — L%, FFEEZZAT L5500, £
ROWRIC L o TH U R EHEMENFR S, MREFERLETIEL 2L

(ESTL)IZ

52> T0D, ZOERKESTL U AR Y — A% 255 NRD % [Hl#E L |
TRAP(Translational Relocalization with Aberrant Polypeptides) & FEIEA1 2 #5112 &
- T, HIFE I Foci # T 5, TRAP X, ZD X HICLTERAY R Y —
L FIREBOSITHEH LAWK S IRt T 2 2 & T, UARY —2 DB Z#ER L
TV D & & TV 5 (Ghosh et al., 2020),

T OFFRIEEAR 2% X729 rRNA OJEMRIEOZ R IT, KIGE<CH 2FiE
FHZBEWTEIETH Y, EROEFITE > THHATODLZ EIFRALNTHD
(Powers and Noller, 1990, 1993; Yoshizawa, Fourmy and Puglisi, 1999), —J5 . £t
IR BV HIRNICEE R BE RFTTa—T v 74— OER
MWHIHAILTWND, i CEER L7c K 212, 7 2 —TF ¢ » TR D B 13, A-site

DFAA T O IS IHEFT D, €O IS] 1E, B FTIIEZE
U B 2 N BENBETH HT2DIT, FEFIZ Tl A v TF
ThHhoH =T, NIT VT TEREZEALLERED X N T EAEPLETH
L0, Tpd\\ ] 2L vFiZhhoTnD, B+ I ha KU T A-site D
AIS55G AR, TDAA v F O [nfes) % TwH <) &8, RO EfErEz
KT S5 2 & CIHEEMEHIE A RIAET 5 2 & 23 7TV 2 (Prezant et al.,
1993; Hobbie et al., 2008), Z DAL, I har KU 7 TEKEIND 13 FED
2N BREPRETEARERIIEET 72012, 26 OFERO IEMHMEME
oL, MIENO ATP ARICERFEZH726F, ZHIZX o TA—/—FF
RAKREICEASH, 2 har N T7RBEREEZZT 5 2 & T, FEREE
HIEZRIET DL SN TWND, ZOMICH, URY —LORRBBIRSE I %1
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T DU R =L Z N TEORRIRERIZE > TH bl Sh D REAITEZE <
HHNTEY, VAR —LJFEMEIINTODER, 25220V T HEEED mRNA
DFIRAENEHENRFR E 72> TND Z ERFA LN TN D, 5%, %
B2 U AR Y — L OB E RO E O mRNA OFRER DA O FEMANIA 5 7>
IZAUE, ZNHEFEOCDIT L2 LT, VARV —ATESDLLEREDH -2
THRBPEEIND EHIFHFTE D,
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3-1. FFin

3-1-1. 2 R F B (Codon optimality), {& Y (Codon bias), i F#EE (Codon

usage)

mRNA (I, &7 I/ Waa—FT5a FUoZEIZ3EET TR s, =
R, A(TT =), U7 T 30), C(¥ b)), G(ZT =)D 4 >OHHD
WONLHERENTND7D, £ OMAGOEIZED ., 64 O3 K22 F
T 5, 2O KA, 20O T 2 B EFRRKERE Y 7P rpna— K&
NTWo, AICTI /VBEa— R 2HEFZ=a N3, —RRITCELSIZEZ LN
DN, B BB LIMEBEEROZERREINTND

= R %56 B (Codon optimality)lZ, = RGO LLT ) OFRIETH Y |
a R, EROARFEEZ R ThHhoThH, THIRS LD = Ko’ Assite IIFAE
T HBRIC, M E DL HWEHERIICHEY 2T I/ 7 LV IRNA % fMilaEH o
tRNA 7 53R LIEWR T & 220 1233\ T, Eiii 2 N (optimal codon) & FE=E
i = K 2 (non-optimal codon)IZ /33 S 45 (B 3-1A), ZD72h, =2 R AT,
FIARSOG OB RICEHERNCE B L 5.2 0 DIETH D Z Linb . ZEoM
FaFED 7 7 MZIXEA O 2 K OfF Y (Codon bias) BFAET D & SN TWVW5D, K
WA EERE, FRR, L a U a UNRZREZEMICEDLE T, 2 FUDOR
DX tRNA OFELE LB 5 Z & 3 40 TH Y (Ikemura, 1981; Moriyama
and Powell, 1997; Duret, 2000; Reis, Savva and Wernisch, 2004; Sabi and Tuller, 2014),
FrI, 6592 tRNA EDZ ) 3 R3, T ORFRIRLZICHRT 5 2 )

JEAERENEVEBESN, ERICEEROBLETFICEFICa—FSATH
5 Z B BT > TS (Sharp and Li, 1986; Roth, 2012), Z D X HiZ, = K
VEWEEL, BRx RAEMIBO T, FRROSICE G 2 IRER 2K F D —>T
HO., ZNHOEBFEHERIZCOWVTL, BIE L L 2iins & 2 (Gingold and
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Pilpel, 2011; Plotkin and Kudla, 2011; Novoa and Ribas de Pouplana, 2012; Quax et al.,
2015),

40 FERERTN D . 2 N EARICE T D% O = B & FHEREh =R O Bt 4
RTFRIE L LT, Eii = R Offi FISHEE (The frequency of use of optimal codons:
(Tkemura, 1981))<C[A#& = K> [l COME ABEEE D Y (Codon Bias Index:

(Bennetzen and Hall, 1982)), =3 BB IZ8BI1T 5 = K DERME(The codon
adaptive index: (Sharp and Li, 1987) LD =1 N /%9 5 tRNA Off Al HE
E(tRNA adaptive index: (Reis, Savva and Wernisch, 2004)), &\ - 7-kk % 72 TH
AL ST TE B SN TE T, L Lens, WTOHRAIZH, tRNA
FAEERT X /B, [ x D= B OFIFRNFREIZ OV TR 2D IEREIC
PN C & T FRIRIIAFEE L T o7z, £ LT, 2013 4F1T Judith Frydman A58
575 . Normalized Translational Efficiency & L C, BIfELHWVWHTWb =3 K
238 £ (Codon optimality) 73 Ff i€ #% X 4172 (Pechmann and Frydman, 2013), FEEEIC

B2 FOOFRRSRITENZ &, TOFFUEEITENZ &, 2512, ZOH
RO EMERERNZ ERHRESNTEBY, —FH T, FR#E=a FTpo-< D &
R &N D Z & VR & TV 5 (Akashi, 1994; Drummond and Wilke, 2008),

FHERAUG TIE. mRNA _ED =t R UATKIST DR ERAY 7R (RNA 28, U AR Y — 24
D A-site (T X VAT v — Y L CER LSS T 5 2 & BMEITR 5 (Petrov et
al.,2011), FFLEF O RNA OIFFERIL, tRNA BIZ 17O 2 E—4IZHBE L TE
D, iR S 2 L B2 D 72D (Tuller et al., 2010), tRNA Off F AlHEE(tRNA
adaptive index)iX. ZALE N OMIPLFEIZ IS\ THIERZhR %2 9~ 2% EE /R &
L T & CU 7= (Reis, Savva and Wernisch, 2004), — 7 C. 2013 4ELLRTIC A
SN TV =z RAZKT 2 FERER ORI, S BRI IR L 72t o
EREONTMETHDIZ LD, &2TOF 7 AZELIHEBEEITNT- L T 57,
EHICEBEHOBLGFICTE#E T RUNEEICEEN TS Z &5 (Zhou,
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Weems and Wilke, 2009), i = R AAZxf LNA T AW D) o> TWD RIREEN B
- 72(Zhou, Weems and Wilke, 2009), F7=, FRHENFRIX, 7 JBRTF v —
VENTZRNA OFBERELMIGEONT VAL TEREIND EBZOND
3, FEFBEEE D@3 RAZKHET 2 tRNA IOV L, FIRRESIZB W TZED
FFNBEZ HT2010, FOMENBVONRL RO AR S & 1 | t(RNA OIFE(E
BEOHRILLT, MM TO mRNA OFRBLESLZ IS 2K T 2 2 N ofd i
JEIZOWTHOFE TRETT DXL ERH 572, £D7=®, Frydman 5%, tRNA O
T LMIEDNT U ATONT, T ARENEMRT 52 Ry ORBlT a7
TANEEGOD TCHEMRGF L2 RUBBELZFICER L, TIT, #H5I1E,
MRNA OIF(ERN D 2 B O F#EE (Codon usage) & FEFH L. t(RNA Of i Af
RERDOFEIE T 5 tRNA adaptive index(Reis, Savva and Wernisch, 2004) & fH74 A7
52 LT, MENOa R & (RNA O EERZERI LT, 20, ZOE
F TClE. Codonusage IZX VW HEHIN/ZT I/ 7 /L IRNA OFFEEIZR L, ff
HIATREZ2 t(RNA ORAG EDSFERIIC B> 72BRIC il Ko & L TERS LD
(K 3-1B),

LLFTik, a RUEMENEEG T2 L THEOH D, FIRMEDRCRIR
B, # NI BEDT 4 —VT 4 7R mRNA S i & OB EMEIZ DU TR

X% (Hanson and Coller, 2018; Nieuwkoop et al., 2020) (& 3-2A),
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ML ..
TR I

EERNA R BHT7S /BB Fr—IUBE

PX/7VILIRNA &

- A AAA (tRNA Adaptive Index: tAl) U EEE
iv’ i{- s (Cod:'o'ﬁ é?tim’élity)
.T w w— An (gOZ;fﬂfﬁ)

m m cee AGA CCG
SLOW  FAST 66 con
B
AGA AGA
(TR -SSP
AGA CGA CGA
ML
FIIFVI aRY FIIFYI aRY
tRNA & (AR tRNA & R
i e
(Coélolr\l ggﬁ%ﬁty) ? (Coélolr: GEﬁ%Iity) *

3-1. ARVEEENER

A) QRVEBER, MRET-IVHRICHEETS7I/7 VIV IRNA OFEARREEE
mRNA EQIRVERBEDNSVAICEINEESND,

B) ARVEBEEDEEICHITE7I/)7 VIV IRNA OFZEHIEORE R,

176



2020 1R

3-1-2. = FUR EBRMBERG
AR L72 L 912, 2 RUFHERRBEZSRICERREEEZ 525 Z LRGN
272> TN D 1991 4RI JWEHET V&2 L= T 2V BROEY AL FEERIZ LD

a RUODFIRRORE B A 52 5 2 & 23R S du7z(Serensen and Pedersen, 1991),
Flo, 13 P70 OFIFREEIL, ST 25 (RNA OFFEEITEF L TE D,
IEEE = R T DFFREE OBIEIL, VAR Y — L0 A-site IZxHET 5 tRNA
PIERRE SN TL 2HRMET T 2720 TH D Z L 2URE TV 72 (Koutmou,
Radhakrishnan and Green, 2015) (K] 3-2A), H/ETliX, mRNA OFHFRENRE 2 f@5EN
2R3 5 F1ETH % Ribosome profiling HEDHENLIZ LY, T A7 VT h—
LT A R, fll# D mRNA, & BIZIEHAx D= R L~UZBiT 5 U R Y —4
O EHFREZFMT 52 LT, mRNA OFREN A EET 52 LR AREICR 5T
(Ingolia, 2014), Ribosome profiling {£Cix, MENDH HEFH TDORAF v 7=
v NEBRETHEIIC U THREMEZ RN T 2720, Fii= N OFEGE
W<, IERME 2 NOOFRGER IZEWZ SI2HEkoS< & Bila N &g LT,
FEWa R L2 EAET DU R Y —ARIFHERINICEZ N Z ENBES D, Z
neE—EHT DL, VARY—L0D A-site [IZNET HFED T KA T 5 Y
R —LOMM EAEEEZFEH LB OWEIZ LD & (RNA DIFEREE VAR Y
— LD EERITITAFRPHBENE LN TND, ZORRIL, A-site ICEHEH =2 R
VLB T DAEXIRY 7R RFRIT A < L WICIERE 2 N MLE T 5 REREIIAE R Y
WICEWZ EZRELTRBY, ZREN0a R E & FIRREOBR % Kk
L TV 7= (Gardin et al., 2014; Lareau et al., 2014; Hussmann et al., 2015; Weinberg et
al., 2016) (K 3-2A), IT4-TlZ. in vitro translation system <° real time single molecule
imaging O F TIEORKBIZ L > T, 2 FUEEE & FIRMBE R & o BEE
HOLNICINTEY, — OO RICED &, BiE= FX 1 REIC 4.9 =
RUFIRRSN D — T, FEREa RT3 a2 ROLFRERET, = Rl
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Ko TR E N 72 5 Z & %7~k L TU> % (Chekulaeva and Landthaler, 2016;

Iwasaki and Ingolia, 2016; Yan et al., 2016) (X 3-2B),

A
Wi o e
AAARA
P/ R P/ Ry
tRNA = {EFRSAE tRNA & {E SARE
Beia
(Codon optlmallty)* (Coc?oﬁ %p%%’%lity)*
=19 ARVEBE ;8
518 A-S|teZl R > L TORFRIHE &L
=L PER B REE BV
1A [ 2ERYES B
=0 YVINVEERE :R}
=10 IR D IEFE M (FREIER DRALE) ;78

BW Ta—IT 1> OERME(REGHEOILE) W

{E\y  mRNAZEEEE(EEFDhh1DOY Z)L—F BHL
=10 MRNADZEM(CSC) 1:A)

1
AM AAA AAA POSSS

f\\ f'\\ M
FAST FAST FAST

n i ® e
o= ' &9. _> {.
“ i
SLOW SLOW
3-2. JRVEHELHREENE
A) JEVEHEEGFRMEE MRNA DL EMCHIZEELREEFTHE.
B) IrRVEEERERRETFOFKBFEM FOMERE. BBICKREUVCERFRR
DH#FFICEEE T3,
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3-1-3. 2 FUZHR & mRNA OFFREh=R
mRNA OFIRIE SR T D a RUZRIZOW T, R Tl 723, Hiig
DitARETH D 3 RUDERICEZ DERITONVTIL, BUELERL RiEm1 H
Do EBIZ, 2 POV ITERBELETFTEZREINTEY ., S 612l

IR S PRAF S AVT WD Z & 33 40TV % (Akashi, 1994; Dong, Nilsson and
Kurland, 1996; Urrutia and Hurst, 2001; Yang and Nielsen, 2008), L7> L7235,
AZN—"T"y N7 T F I 7 ARBERTFHIMT OFE R TIX. mRNA OFEHL&E &
ZIHRO Z X7 BEOFRBEITFEAIIIMHEE T, LA FUofFn &
AR OB 72 BTN 2 E D BRERFIEN X L EEOT Tk
7y MZEETH D Z LRI TV (Lu et al., 2007; Kudla et al., 2009;
Vogel et al., 2010; Goodman, Church and Kosuri, 2013; Li et al., 2014), ZiL5 1%, #H
BRI R OB, BB O X v 7 B E N eSS & DD T &
— VT 4 TR OEORC, FIER & 45 L7 mRNA RIS IR 5 2 & 238
BN o TERY | FEMITKIHLIE TR 5, FFT, Bt R oEIZ R E
TLET: mRNA O YAEENTFET 25612013, FIREBGT 2 72oicmn=T
FILX—=NHUETH - 72 Y (Kudla et al., 2009; Gu, Zhou and Wilke, 2010; Tsao et
al,,2011), FEFE@E =2 K EIZBWTY R Y — L OHEFTHEE NS 555121,
Pif = RN D 2 —F 0 U VIR Y R Y — AR B Eh T 2 3E HIEIET 5
FREMEN S D Z & D Bix RBERNZ TN OFRRBMIRICEEL 5.2 9
% Z & D3 BT B (Mitarai, Sneppen and Pedersen, 2008; Potapov ef al., 2012),
INHORERIT, FIFRELRERICTH0E, = FraikifbTao e e
[FIRELS . BHERBRAABEIGLEE D mRNA O RIS 248D 5 BN H 5 2 L 2R
LCW5, SEATHIECIE, Rk L7- 27 2 B R 2 HE4 U CRIFR&R A
HEINTWedIZ, a RUOBEE L X X7 EEREICRWVEBEIN G LT

WRWWNEFE X BAVA (Tuller et al., 2010),
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— 75T, B L72 X 912, tRNA OfFERITFIERZIRICK LE R E L2 5 2
HIRTTHD, —MIIZ, FIRRKIETIE, mRNA D= K> L (RNA O 7T > F =
R 1% Watson-Crick UM AT HESW T, IEMERR A bW CH LA &
79, LIPLARRG, 640D D KX, 20/ DT X/ ah a— R 572012
TR THY | Kika FZ2BR<S 619 O = RAZKHINT 5 (RNA 25T %
eI KRR X =2 NE LT 5 LEZ D Z & D5 Crick I3 Wobble
(DO AEREL TV D, EBIC, 1HOT R /e a— K952 RUTHE
BAAELTEBY, Mx T, Znbd 1, 2FEO=2 FAFEET, 3 & H ClIi
ROMEPMEDN D, 2T, BIEH S OME LI, 1HOT I/ BRI
T2 MRNA G FEEBAE L, 2B Lo R exta TE 2D (RNA 73 FRENF
ETDHIETHED LS TND, ZO7d, EEEICe N7 APITIERELRICIERM
RRT VT TEDLRNADGFBFIELR2WGEEGH D, ZOXHICLT, A&
Ri%, L0 ahsRNZRZ R EREA R ATREIZ LT D, Fill L72@ & R T
E, 2 RO 3EELEHFET LT o Fa Roo SHEERIIMO 2 OB HEHIZ E
ZEMIHIR IR 72 < . HABREOHHRELZF-ETND, LI TH D,
COBMCEEREMERE LT, 4/ vrOnEsnTEBY, 77 IvU), T
T=U(A), YRV N(OERAETEDLZ ERRESNTVND, B 6 ZHHIHE K
I%. Watson-Crick UM FExtA & bhig U C2h= 38 < (Curran, 1995), 24L& —E7
% X 912, Ribosome profiling DFER TliX, TN H D 5L XIS E T2 2
RAZ KD A-site D EHFFRILE N &S 72 > TV 5 (Weinberg et al.,
2016), LLEDOFERNG, B2 (RNA O Al eIz, HEHER O
RINEWEE 272V R Y — LI L DHIE LU (RNA OEIRZNRA TR R DL R
IZBb L EEZBND,

% 1 Tk ~_7=7%, Elizabeth J. Grayhack AF7E5 1%, Hifid 2 2 R OMHRE

HH(Codon pair)® 9 H 17FEN Y R Y — LA DEATHEZBES TS Z L 2 WME L,
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Z 15 % Inhibitory di-codon & FE-A72(Gamble et al., 2016), Inhibitory di-codon (&,
LT 5 di-codon D9 B, D7el b 120z R b EHEESEKE L,
L L CHEERE D FUOBFET 25 5ICEL, FIRIRAEK TS E5 2
& MIRIE XL CU 5 (Coleman et al., 2008; Gamble et al., 2016; Tesina et al., 2020),
DED, A RCOMERDOHZLR LT, a RO, HFRALREDITHE
RN+ TH D,

3-1-4. A RVHREZFVRIBDOTA—NT 4T

ZHET, MEFHET—7 % 23— 725 mRNA SEICEB T 5, BEEORK
WA ROFFRIZE D ) AR Y — AOEITIHRE DR TIL, @y 7B
F =T 4 T ERET S, & 3T 7 (Thanaraj and Argos, 1996), KiGHE %
Wz T, 2 Frokfbid, 2 7O EEZTLESESL LD,
PEESNTZ T BT+ —NT AV TRENEL, IRAT 4 —AT 4~
TIRE L TCRIEMENE LK T T 5 Z &M 54TV % (Komar, Lesnik and
Reiss, 1999; Zhang, Hubalewska and Ignatova, 2009), & 512, FEE# 2 B AZ%G
T RNA G FOEIMI L >TH BRESNTZL NI EDOI AT =T 4~
7w k%4 D Z L <°(Zhang, Hubalewska and Ignatova, 2009), % > /X7 B OFEHEIZ
VRIS ZERT 2 AL > EOBOa ROz k> THIEER S X
VORTENELASIND Z EDB(Yuetal,2015), [AFEa K ThoTha KUE
HWEOEIX, EESNDZ VNI BEOa L TF A—a IR ETHZ LR
WESNLTWD, L, a2 ROzl >T, VR Y —LOMETHED
BIENHESND &, T4 —VT 4 TICRBERFERN R R T H7eHic, 20
SRTF—IT 4 U ITRFERIND L ERBLTVSH(E3-3A), S5, A
AFA LT H<T 4 7 ARBISFHIFFNT 2 BME Lo @G IC Lo TH, o
BN RS L<IEEUAEE A TERCT 2 MR FHticid, JERE o R »MFEET
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LHEMBE LS, FDO XS 73 FURBEN LR 7 +—T ¢ o 75T
% Z & DRI S 31TV D (Pechmann and Frydman, 2013; Yu et al., 2015; Zhou et al.,
2015), L7zho>T, UARY =LA, MERAAS L OTROY v A—%a— T

Lk A Pp o< D LT Z & T GRGETOXTTF NEOBEYIR T +— VT o
> 7 R A[REIZ LTV 5 (K 3-3A),

DX, HEERAA DY U —ERICITERE 2 FUOREFICEEN
DA S 5 —J7C, T TE < RAF S, HEIE OB RER I M e ik Ik
IEE 2 FUONFENLBMAH 5, Thid, Bil= B OBRBFERMNMEW 2
& &2 LTI Y (Thomas, Dix and Thompson, 1988; Dix and Thompson, 1989;
Kramer and Farabaugh, 2007; Drummond and Wilke, 2008; Huang ef al., 2009; Kramer
etal.,2010), MfIFE L) /2 =2 ROREESL =2 RUORELES T2 LT, vy
0 BRI LR W IR e 7+ — VT ¢ U 7 R FTREIZ L, a0, REIER &
B HERE R K L X B OFEED BIEE L TV D & E X Hs (R 3-3A),

S 512, Judith Frydman WFFEEE ClX, = FURBEE & ¥ L) H O ki &
D BEHEMEIZ OV T L CH Y (Pechmann and Frydman, 2013), i [E C < R S
Nica~V v 7 ZAEL T 2T, 22— R35a Ao T
b, Bl R, FEREa FromZiaEm<kFESL TV, £/2, B¥—Fh
A BT 2 I CITIEE M = RO MEFES TRV OIZH L, Eif=a K
Y ORAFMEITBEEICES LS o TV, an~l v 7 ZABEIT VR Y —L h b
WECHFIRRIIZ 7 + — VT 4 > 7 &5 M3 (Rocha, 2004; Chamary, Parmley and
Hurst, 2006), B > — MEEIL FR o P—RIc—EMER2 L, ARBIC 7 +—b
T 7 &1 5 (Dong, Nilsson and Kurland, 1996), £7-. B 3 — M&EEITIZEK
MWRRENE L Z RIS TEY, 20X 52T I/ Blsx, ¥
NITEDOEREZEE LTV, LEDORERNDG, By — MEEZza— N5,
H L <&, BUKMEEOEWWiEEZ 77— F9°2 mRNA (213, FEF CTRES SR
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WEO@mWNI FUNEATEY . FIIRZIRO U R Y — L OEITIEE £ & < HEFR
T5Z & T, EMRHRKSEREL, 72D, IRABUVAEENAELZELT
H XN DORELRTE K D 23 RUFRIZ 72 » T % (Pechmann and
Frydman, 2013), X T, A L72X 92, a~VU v 7 A&, VARV —AF
YANVHBETH IR 7 A — AT 7 EN5H 2 ETMHLENTEY, 20D
TEECIX, Bilia FULIER#Ea ool Fnm< RESR TV, 20 k)
7ma RUOBHEEOEBUVMRFEIL, SR ISNTZXTTF IR YR Y —5 il
RAT DB BT, BIERE 7 1 — VT o 7 O Z s (ST 2
7eDlZ, a RORBENSEMICRIRSNTE 2, &&EX b5 (Kim et dl,
2015; Buhr et al., 2016),

BB L7z K50, BB R b BT 58 TR = Fos, Al
NRTFROIRT F—)VT 4 7B b BT DA CIIIERRE = Ropy,
ERIZERAF S AL, BIRES N TV D, L7 - T, il = N O, EfET,
MOBRINTZ N BEOREZE . FEEE = P OB, BIEBUG &

BT T+ —NT 4 T a5, Lnolcl 9T, 2 R DR
PEIX, BUZ Y R Y — A OB IR LR RIC A 5. 2 5720 Tl <,
TNENNA— RT 52 7 EOMEHEFHZ RSO T OB —m a2 b e
PETND Z EBH LN/ > TV A (Kim et al., 2015) (K 3-2A),
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A KXY OTFRDY ¥ h—EE Tl
7A=IT 17 DRKEZHRSHEEEIRY

BERRR X1 >

REBEREAME L 7A=IT 1 VJ DEEAIGREL
FEBEIRY SR 7 A=) REDEREERIL

3-3. IFVEBEEAVINDEIF—INTAVT
A) RV EBEIFROEHEERTA—ILTAOTDREICREEELTED, BIRRShZEY
NOBDEMEHFPBERFCEVTEEETHS,
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3-1-5. I FU3hER & mRNA DR EM:

mRNA DHRE. L 3O OB RIHIEIE,. mRNA OZEMHIC KR AL, #

VRV BERBEORERR &5 Z L3 50 Th D (Presnyak et al., 2015; Boél
et al., 2016; Lahtvee et al., 2017), HIFEERHZIV T, mRNA O TE 5706
FRsfE & 24k C & 5 (Carlini, 2005; Presnyak et al., 2015; Tesina et al., 2019)723, %f it
T+ % tRNA BEAMIRIZ D220 LT 2 RO fa A L Y mRNA O &M
MBI T2 &0 ) BBEFHRNT 5 . mRNA OZEEM & TG O B
PEIRIZ X 31U C V7= (Hoekema et al., 1987; Caponigro, Muhlrad and Parker, 1993; W.
Hu et al., 2009; Sweet, Kovalak and Coller, 2012), Jeff Coller #/f5% 28 Tid. RNA 7~
U AT —B 1 ORISR 2 IV T B85 0O mRNA D% M
% RNA-seq | & U MEFEAIICE & L 7= (Presnyak et al., 2015), = DiEHR, ZE
mRNA I[ZETe 2 K> ERZE/R mRNA IZE T2 RUBFET D2 ENRHL M
720, B mRNAIZEENDZENZEND 2 R OHFE(Codon frequency) & & D
mRNA % 7E M (Transcript stability) O FHE %, Codon stability Coefficient(CSC) & L
TEF L7 (B 3-4A), CSC 1L, tRNA O ] Al GE & % /1~ 7~ tRNA adaptive index(tAl)
EHRSHBIL, ZHUCE S a FURMEE L QBEICHBE L b, B
o Rz ETe mRNA IILE T, IEEE = R Z2 & T mRNA (IR LE 2RI H
5 Z & DB 5T 72 o 7o (Presnyak et al., 2015) (& 3-4A), EEgIC, VA—F—&
BFrOa RUEREEZEBSELZ LT, mRNA OLEEEZEH, VRV —A
OHETIRE, FFZENZL L TEBY, 2 FOOEREEIT, FRIC X DR S
15 mRNA DL EMHDREIZ S G5 2 &M STV 5 (Presnyak et al.,
2015; Harigaya and Parker, 2016b, 2016a) (] 3-4B),

HEFRERECIX, = BB ICKAF L7 mRNA Z2@E MR LT,
DEAD-box TI~VU 71— D DDX6 7 7 I U —T&H Y, mRNA ® 5 RimlZI1T 5

TX Y v TR RET HHREL A9 % Dhhl OB 523 RE S 472, Dhhl [3IE
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T R ACET mRNA ECHIFGEENELS oo /2 U AR Y — L&A THEAT
% Z & A X3 T D (Sweet, Kovalak and Coller, 2012; Radhakrishnan et al.,
2016) (K 3-4C), Z#ULIZX YW mRNA DT F ¥ v B 720 LizpfnEiL S h
D LEZONDN, FEMR THHEITH 52T > T g,

F 7o, MFLEMIZ IV TS, HEK293 #ifi, HeLa Mif<> CHO i 2 FHuv
T, CSCHBEMINTEY | tAl L AT 5 Z &3 S 41TV % (Narula et
al., 2019; Q. Wu et al., 2019; Forrest et al., 2020), = 51T, MFLIEMALIZIBWV T,
mRNA OZEMEZ 2 R OB H$, a— 37 7 BRI B HER &
D IRNA EDALRL S TUHET X/ BOFEREICHIKFET 5 2 E RPN -
T b (Forrest et al., 2020), Iz T, = RNOHEIDOR Y (Codon bias)  HEH 7
HIHEIRFTdH Y . mRNA ZHERKT HEEDO GCEHEELZIILHE LT, 2 FvrE
T 5 3 FEHOWEREN G H L<IE C THIUEE D mRNA ITHRIICZE, A
H LT THIUIHAHNIALERMEA R H D, Lol o, a FrE
FERCT HHFEIZ DUV TH mRNA OLEVEIZHET H 2 L PR STV 5 (Hia
etal,2019), ZOX572a RUORY Z8i&+ 5701 LTRNAFGZ /37
B ILF2/3 S[RIE STV D 25 FEM 7R 0 FHEIZ DWW TIEAB e £ £ Th D (Hia
etal,2019), 7 X JEEHIZOW TR, ZOMIZHEERORERH Y | FrE DI
FAIZEWT X/ BeF—7°, R 70l UEOREDOT X BRI FIER S
N5 LT, FOXRTFRNRYARY—2OHO RN EDOHAEERZ 5] &
EZ L, UARY —L2DERCHROTIZzEEL 222 &b TnD
(Navon ef al., 2016; Wilson, Arenz and Beckmann, 2016; Huter et al., 2017; Verma et
al., 2019),

EDXSICLT, Bz FACK DBz FRBUL, o "V BEAlEL E
WEME 2 e RICHERF C& . F72, BFlRIC L D= VX —HE X X H ik
Zl/NRICL, 22D, mRNA 2 ZETHZ & TEDH = F—"—2Mx D
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ZEMNTE D, ILFTIE, mRNA OIS, BRI RZIHE mRNA 252 (2B 5
THZERRESNTEBY . N-ATFLTT ) RON-TETF LT VRN
FN 5 AL TUN 5 (Choi et al., 2016; Zhao, Roundtree and He, 2017; Arango et al., 2018),
&I, 3 N3 mRNA OZEMESCHRZIRE 22 LS, B FREIUTE
Brb x5 Z LIIHLNTIEH L, IR ERRREERTIER, 2 Ry
EEE D72 5T, ORF O Lt FISAFE T 2 FERHER A O BLF oM &
microRNA % OFEREM:EZIE 2/ L 72 mRNA 73/, RNA fEGHZ v /37 BEILLD
ELTHRT U AIHENT 2IRFHESE, mRNA (IO EL 2T, foflr7iE
R 3EBLO &R, Hr7eifE 2% 7 T\ b &5 % 515 (Mohanty and Kushner,
2016; Zhao et al., 2018; Menendez-Gil et al., 2020), ZDO—flL LT, avva v
NEOMRFRTIE, 2 FUEHEE & mRNA OZEMEOHBENIEF RN Z & 28
WESNTEY, B MPRGRREFRR b7 AT 2R F12 L > T mRNA
DL TEMERZE OFE AL TN D & 3E 2 515 (Burow et al., 2018),
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3-4. JFVEREEE mRNA RE %

A) JRFVEEEX mRNA ZE 48T %, mRNA O RVHEREEDRELEETE
£95$812ELT CSC 'l &EEIN T LS (Presnyak et al., 2015),

B) AMARICHVWCHFEALLIRVEBEDELS mMRNA LiR—3—&I&F, Jeff
Coller IR ZEICEVTHEESIN. ZHOHETHLLN TS,

C) JFVEBEICKEFLLZ mRNA SEDFEZRICIE, THryE VT EM{LEF Dhh1 0
B ENREBSNTIVE,
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3-1-6. 2 FUIROABEHER
INFEFTHRARZL9IC, 2 FRUEEEIX., O mRNA OZEME, VAR —A

OHEITIHRE OFFE 2 LTEBHFGIE, S HITITaR SN Z R0 EDT +—
VT 4 o TERS EL, B FRBIZMAT L D EEZLND, FEE
(2, BEREMICHELL L7 mRNA O = R U FE 3o TR0, [U LD ZlE
TRz 5 Z L NS CU D (Wang et al., 2002; Akashi, 2003; Presnyak et
al., 2015), HEFRERHCB W CREFERICBE 57 2B ERE %2 = — F9°% mRNA 1%,
WITFNLEHE 2 RUICEATEY ., mRNA ZZEL L., SHICX UV EES
RIRERT 5 2 & T Mildid, MlERBERE 21T U & T 2RI E B
BEFZORBEEELS ML WD, —FH T, 7z aTURES, Wgicxd 25—
YR EICR G35 % v B iEE 22— R9 2 mRNA (39EE# 2 FUIZEAT
WD, ZTHUE. 2D &9 Rl PR ET SO e f RIS B B D IR RE D FE B
RS ROTZDIZEE L, ZHIZL Y, mRNA BARZE L, —EMESE 2
B FRERT 5 12 DI T & 5 (Presnyak et al., 2015) (& 3-5A),

ZOX YT, ML, ERFNO mRNA 23— K95 X R0 E Ok
SE, FUNRIEORNBEEIG U RUBEBEEZES L TEZ, EEZALN
5o —H T, MRkORESTEIZ L > TN ERT D4 7 H EZDEIT
Pl 2 LB L T D, BUTF TR, BRIEA B L RSB DS =, b5
BT 5= R EEEOHHE 2T Lfl#EeE O A FRERIC OV TR D,

KIGHE TIE. B A 2036 DDOEZL D RNA I L » Tifse SiL, Zhboa R

BRI IZBEE RN DD, v A L OARKRHCIZ, B FoAckisT 5
RNAZXTT 27 XV BOTF v —VENPEFITMK T T 55T, FEE (RNA IZ
KT HT I VBROT v — VRITMAINCEL LW Z ERHRE I N TV D (EIF
etal,2003), ZOELIXENZENORA v a RAZBIT a2 RUORHEEZY)
K2, KT I I BOEAERZ R BEDY A IS T B2 R0
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Z2— R 2 mRNA IZDOWT, WFRFCIIIERRE = AR ORI LTz
WZHEHL LT, 7 BAAKIZ LY mRNA RAEE(E I, 20 OFERENHH
AN ERT D ENMbN TS, LEERno T, 7 2/ BHBKEICIX, (RNA
T=NVHOT I BT v —VRONRPBNCEL L, BEA ML RITNEL
T E 72 mRNA OFERZ 2T 5 Z & 2384 S 40TV D (Wohlgemuth,
Gorochowski and Roubos, 2013), t MalEEEMIEICENTH, Fryr—T 3N
tRNA 7 — /L7 2 BRABKIFICE(E L, 208X TF -7 asrT V) —
LRRBACB G52 X ED Y A 7 )VIRFEEORR 2 LA S % (Saikia et
al.,,2016), F7-. (RNA OEGZERMIL, 2T o Fa RUfEEKCTEL, <D
mRNA (28T 2 TR O IEMEMESL RIS BIG-32 Z LA LMNIR>TND
(Nedialkova and Leidel, 2015; Chou et al., 2017; Kimura, Srisuknimit and Waldor,
2020), FEERIC, MAEIZ Wobble {7 TORFED tRNA IZxT 2 Bl 2 BRI L S
HHZ LT, BbA b L RAEICKT D MIIEE IS M EE 7 mRNA OFIER & & Se i
(AT 541 1 %0 5 41TV D (Chan et al., 2010, 2012; Fernandez-Vazquez et al.,
2013; Endres, Dedon and Begley, 2015), Z® X 912 LT, #fdiL tRNA 7 —/L N
DT I BOTF ¥ — VR GREMAZBINEDS Z LT, mRNAD = Rz
ZOFEFIZ, TOEMEELZZIE, MRALEL T2 mRNA OFFRAZZIRE
ICHEESED 2 LT, BEA MLRIDSE L, MBANEREZER LTV
o RUEBEEIC L DHIE. A NV RAREE L EE R omMIc b, &
Y D3 ECANL D ZAIZ b BG4 %, SINE. BHAH KO mRNA 55 D REPER]
FIZKVREDHFEEINDDN, D%, BEEROET B ITITRHER 1 130)
WIS AL, BEARHRD mRNA R°F VX7 BOERRMNEMALT 5, 2Ok
MRV RS (Maternal-to-Zygotic transition : MZT)IE, #IHIIRIE A I /2L C
HY. ZOWRITE T DM mRNA O3 IL, = R 2B EIKAT L7l 2
ZTTHDLZENMONTND, BT T 7 4w afeT 7 U Y AT LA
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(ZRWT, iz 5 2 R mRNA [3IEETE = R 2 ORGSR & i)V IEDFE
BZrd ZenimEsnTtsy, Tk, AMoRERRIZBNT, a2 FU=

A7 L7 mRNA R AR E L FHE LTS Z & %R LTV % (Bazzini
et al., 2016; Mishima and Tomari, 2016) (& 3-5B),

F7o. ML, (RNA BB IO 7 v~F U2 HET 5 2 & ¢, fMlan
tRNA FEEEZZL S E D 2 & AR S 41TV % (Wohlgemuth, Gorochowski and
Roubos, 2013), 73 AMMAE % 5 TeHEFEAMAL C i, M oM [ B 59 5
HIAE B AE S 7 O FRT D (RNA &2 B3 U Sf& o i C iR 4 ] oo Bid i

(2B 5T 2 Ml A B T OERT S (RNA & EH 35 Z L@l ST
% (Gingold and Pilpel, 2011), Z D KL 512, [EEME TR E < ZET 2 TR OB
ki, FIFEN (RNA 7 — L OFREIC L > TIThIL T\ 5, BAAMKIE., %D
ML H7p 2 2 FUOEREEZHMA L TR Y | 2L RNA &0 N RO
B & 2 EEER B O "I REME 2 7RIE L T 5 (Grewal, 2015),
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A
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3-5. AFVEBENEEFHER

A) EEBEIRVIE., —BERSEEEFHICEANTHED. CORRFIEES5T S,
B) £MDRAERBEICH I EEFRBELEIC, IFVEFEEICKSE L mRNA 53
h'E8-59%(Bazzini et al., 2016; Mishima and Tomari, 2016),
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3-1-7. BB E A H#EF 5 Cerd-Not EEK
Cerd-Not AT, FEBCTIASIRFESN-ZEEEAIRTH Y | Bl F3E

%< 45 Z & TS5 (Collart, 2003, 2016; Denis and Chen, 2003; Collart

and Timmers, 2004; Collart and Panasenko, 2012; Miller and Reese, 2012; Inada and
Makino, 2014; Panasenko, 2014; Shirai ef al., 2014) (K] 3-6A), FARE H CTlT 3%/
i 7 5 = WAL F#% 3 (Deadenylase) & L C poly(A)EH D EEIL & M L 72 mRNA /) fif°
FFRINENCEE TH 5 D I 72 59 (Wahle and Winkler, 2013), poly(A)#H D EHL
(ZARAF L7 WIS IO R 22 B B I L B 572 2 L | S
TV % (Cooke, Prigge and Wickens, 2010), & 512, N TIHZ o~ F AEHi<Cls
G, RNA #ik<° DNA EEEICH 5T 5, Cerd-Not AL, HIZFEERE
IZB VT 1-2MDa 12 b K SE R & R 7 BEA T, Cerd, Cafl, Caf40, Caf130,
Notl, Not2, Not3, Not4, Not5 D9 >DaT7H 7=y MIIV#HEKEINTEHE
D, B MIBWTH, a7y 7a=y hOMFERKT & LT CNOTI-CNOTI0 A3[F]
E SN TS (Liu et al., 1998; Bai et al., 1999; Gavin et al., 2002; Morel et al., 2003)
(B 3-6A), =277 2=y hDobH, KB REVWGTEELZFFDONotl Z254¥
NIBE LUTHEGREER L., e RBEEHRTLET52 LT, 2ER
RREZ T D28, T oD H 5, HFEFRE Not4 [ b CNOT4 ZAH[RIA+- &
L. ZEXF AL ZE 72 RING B E3 U U —ViEME %2 A9 5 (K 3-6B), H
FEERHZ BT, NOT4 R Z D2 X F AUERTHD U R Y —LF R
7B eST DIEFKK eS7-4KR ZEFekRIF, BAER/AEFTHEFZ R TI LG, Z04
RNIZ I 1T D EHEME D RIR STV 5 (Tkeuchi ef al., 2019)(K 3-6C), F£7-. 2
MEREZ 1T % Notd 1d, HEH O C RimfHlkiz /i LT Notl &ffA LLEICHERK
HFIZIFET 5 & STV D2, B R CNOT4 1T, & D CRIFERA KB L TE Y |
aryra=y FOPTHE— EEERTICZEICHFELRVWEFTHD Z L

W STV D (Albert et al., 2002; Temme et al., 2010; Panasenko and Collart, 2011),
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F7-, EHORFHEIZMEE D LI3mE L TEY ., &~ CNOT3 1%, H2EEE
REIZI1T 2 Not3 & Nots ORERERIARER 7L LTHLND A, T biTesr
TLRMZFODIT TidZe <, NOT3 L iz LT NOTS O RIBIT L0 R RBU %
AT I & DS 4TV D (Oberholzer and Collart, 1998),

BT, {1 BT L ST, HIFERERHTRIT D Cerd 13,
EEP(Endonuclease-Exonuclease-Phosphatase) 7 7 X U —{(ZJ& 7 RNase TH Y, t |
TlX CNOT6/CCR4a % T CNOT6L/CCR4b & L TERIFIN TS, X HIZ, Cafl
I%. DEDD Z—/3—7 7 I U —[ZBL T Y, RNaseD KA A %2 HL, & |
CNOT7/CAF1 2 T* CNOT8/POP2 & L TIRIFEN TV D, M#E & HIT poly(A)EH
BRETAHTFTTTF 2L =2 LTOTX Y X7 LT — Vi 42O (Wang et al.,
2010), Cafl | Cerd & Not EER L ZBRE I ELEHOFELADETEBY, 2
DIERNT T T =b—a VZHEHBETHD Z &b STV b (Tucker et al.,
2002), ZHHDRFHHEDOKF~ T ANIMkx 2RI 2 R4 Z L7250 Cerd-Not
BAERITAFZICHLEETH S Z L 1T 52> Th 5 (Shirai et al., 2014),

Cerd-Not HERIL, ZAVE TN, MRENONFITHEET 5 2 L AR S
NTHEY ., ZOMEEWRIEITERERAIE & & —207 5 (Tucker ef al., 2001; Temme
et al., 2010), & 2 & TIL, Z O RIEFHEITHREHNIEAFEL. GO b L <L Gl
HIClZ Cord-Not A RITENITHTET 2 DITxt L, DNA OB E D S I
BATT RN P RTET D & STV b (Morel et al., 2003), FIEE H T,
FHRR MG 3 72 polysome _|=<° RNA U D5 T & % P-body(Processing body)(Z JTE
I 5 Z &M STV D (Teixeira and Parker, 2007; Dimitrova et al., 2009;
Panasenko and Collart, 2012), = ® X 9 12 ZBORERRL /Y %/ L T, Cerd-Not 4
RITER % 7o T CE R eie 2 BT 208, WHETIE, 7. BRICBIT L2
RvFUETY U7 EERIE, BENEE L mRNA #ik, SOV TRHTE

(RS D,
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R

P-body
(MRNAZEEDI5)

FPT=L—yav
(poly(A)EHD1aEH L)

Polysome
(EFRGBRDIR)

es7al

peS7A-WT | & &
es7bA | peS7A-4KR ||

[¥Ra]
@ /7O F VERR
@ DNAEE
@ SEHIE
@ mRNA#%
@ AMRNAGREEE

[¥HpaE]

@ poly(A)$HDEHILZE
7 ULIemRNAZMR®
BRERIME

@ MIREEERE

@ BIEIGZEDHD
ERER Fl4E

3-6. Ccrd-Not & ARD L HLEEMEE Notd (CLD eS7 AEFFUILOEE
A) BIEFRIVELEICHIET S L HAEE SR Cord-Not (3, MR E ICHLVTEIERN

SEF polysome ICEET 5,

B) E3 AEFF VA —t Not4 [FURY—LAVIN\DE eS7 DT/ IEFFUILZEITI,
C) NOT4 RIBH F B eSTHIEFF UL EZ (T eS7-4KRZE B H SF B %
(FEEEREBEEETRT (Ikeuchi et al., 2019),
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3-1-8. ENIZEBIT B Cerd-Not BEEEDHERE

FHNDNAIZ. EXA N EZUR7EBOTAED T, X7 LF Y —AIZ 8y

TV EN, IS LR v F UMEEETERKL TS, 7
RvFUUVETY UTE TEFMMER AT, U B E I LT R
FIZE DR MR, ATP RFR X 7 LAY — LOBIZEIZ L5 T
WRAELT=27 7 ADNAIWZXTHRNARI AT —EBDT 7B RAEHERICT H, &
WO RGO FIE AT LB R T RIS Td 5, NOT4 =2 NOTS DR T Tl
BB OB ELCIEMEICEE AL L, B A hv H3 KONH4 O 7 & FL{E=° H3
D RUAFIUERBEFIR T T 57201, RNARY AT —BONDOT 7 AR
R BE M2 525

oo

I

b 5. 25 2 ENE B ILTU S (Laribee et al., 2007; Mulder et al.,
2007; Peng et al., 2008; Mersman et al., 2009),

F72. Cerd-Not AL, HERMGH TH L7 vE—F —FHEICHET 5 Z
EPEESNTEY . ZHUTRG OIEMAL-CHH] & Vo 72N B 542
(Benson et al., 1998; Deluen et al., 2002; Swanson et al., 2003; Zwartjes et al., 2004; G.
Hu et al., 2009; Kruk et al., 2011; Venters et al., 2011; Venturini et al., 2012), —#] &
LT, Notl IZVF /A g X ZHEMERXR)IZ Y A > FEIERIZHEIERT S
(Winkler et al., 2006), F7-. BEIEMHAGE T Cd 5 H2FEEERE Yap1(Gulshan,
Thommandru and Moye-Rowley, 2012)X°t FZ331F % PAF1(Sun et al., 2015)i<
Notd/CNOT4 IZ L 52 EF F AUENTH L Z ENRSNTND, ZOXH R
7 — & — ik kT OBRGBR MG OFIE O 7272 577, Cerd-Not #4K1% RNA K U
A7 =B N OEATIC L DEEMRICHEG T 5, BEHREOBREICENT, &
5RO DNA BLH ETIERNA R Y AT —FB O OETHARE S, BT ~ERRED
L—FpE L35 Z & 23 5 (Backtracking & FE[EXALD), ZDFEIZ, RNAKRY A F
—E I ® Rpb4 E ¥ = — /L7 Cerd-Not E AR DR ST Td 5 Not3 & TN Not5

EHAEAEAT D Z & T, Cord-Not HAKIFIREMEF DO RNARY A F7—F1IZ
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fier Ly 2 O—IKefE 1k Z [F1EE URTG ~ LD 2 BERE % £F-O(Wind and Reines,
2000; Reese, 2013; Villanyi ef al., 2014),

BN THERE S 372 mRNA (3, MlRE A~ X IND, Z O TIL, HREN
72 mRNA DB ZHET 572012, BN mRNA O SVEE B NFIES 5, Cerd-Not
BEMRIE, THO AT OEEN poly(A)fES & > /37 & T 5 Nab2 X° Hrpl, 1%
JEFLAE A IA(NPC: Nuclear Pore Complex) DFEFEK T Td 5 Mlpl EFEAT 5 2 &
TUMEEH OGS L 7o 572 mRNA EENTF Y VY —ATHD Ripo 0Z D27
7 7 2 —"Tob % RNA~NY J1—8 Mtrd & OFFAAEH % FIHEIC L TV D (Libri et al.,
2002; Kerr et al., 2011), Z ™ X 912, Cer4-Not A AL, mRNA OHEH|HI7Z 1
TlE72 <. mRNA OMIFIE ~DHE & Z OIWMRIZH T 2 MEEHRICEET5 2

EVTRENTND

3-1-9. MRIENIZIBIT D Cerd-Not HEKDOKERE
AR ~ & #iik S 4172 mRNA (X, EFIC mRNA 23FFR &4 TV 5 polysome

EFIR STV mRNA ZATE T 5 RNA BRI 2782 2 L A LT
% (Decker and Parker, 2012), HFICHFREAIAL TIX, FRARDZ R 63 BHIRZEE O
IR CHRIRRBITON D, 2O X 5 ITHIfaE BN - HBFTco X XU E
AT H 2 JHETIRIZIL, mRNA %5 A 72 RNA FERLIC K D5 E OLGAT~D
mRNA #2523 %2H T d 5, RNA BERLIZE £ 415 mRNA TR & 415 2 & 7 < i
P4, MRS B ORI X o TR AR S 415 2 & T, mRNA @
TR DI BAAG S VR PTEIER 23 FTRBIC 72 50 FAR Z 44 T L 72 mRNA 135 #)1C P-body
& FHTI D mRNA D fiRK 72 S8 ICE T RNA BRI EI L, VET U 270
DB, FHARBAAAE - & & 1T Stress granule & FEXN 2 FHRRBIAGA 72 B &2
T RNA FERLICBE 95, £ LT, $iRA B3 2 %78 T & 7212 . mRNA |3/
FH S AVERR O FBAA ATRBIC 22 5, & ST D, 24 H D RNA JERIIE, mRNA
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Sy P AR OB L7 % o R B RED AT EE S, mRNA 7 —/LIZk4 5
TR OFFARREIZ OV COFEENEN Z 12089 2 7212, mRNA OATjskfE & LT
HEJ" % (Decker and Parker, 2012),

FEBRIZ, Cerd-Not AR D R TORAIKF 1T polysome RIZFFEL THD |
512 NOT2, NOT4, NOTS DKAB FICBWTH AL v R 7 BT KEICEET S =
& 5 3L C U D (Panasenko and Collart, 2012), F 7=, ARk & Hlk L C NOT4
R NOT5 ORI T Tl polysome F1Z7 415 mRNA OFIEGNZEL L TEY
fi#l %2 @ mRNA 512 Notd X Not5 (K- FHRR 2N H 3 1235 mRNA & T3 %
mRNA 2351 5 31TV 5 (Villanyi ef al., 2014; Matsuki et al., 2020), >F 0. D 72<
&b Cerd-Not HAMRIE, Notd X° Nots &1 L THIFRZNR X VR B D 7 4 —
VT 4 TN DO R 52 TWDHREEMNH D, F72, Cerd-Not HA K
DMEFTE O mRNA 12DV T D RNA JERL & polysome DRI DIFERSC, 7 4 —/LT «
VT EMBT 507 Xn s EOMABERICEET SRR L E X S H 0
(Panasenko and Collart, 2011; Boulon, Bertrand and Pradet-Balade, 2012), Z 415 D7
723 TRERBIZ OV T B MIT R o TR,

Not4 (X, AR L7z Y, 2 &% F AICHKHALRE3EEZ AL, VAR Y —L 4
VR eST RV R Y —LfEET Y v 1 ToH H NAC (Nascent polypeptide
Associated Complex) %z 2] & 3~ 5 (Panasenko et al., 2006; Panasenko and Collart,
2012; Matsuda et al., 2014; Ikeuchi ez al., 2019; Matsuki et al., 2020), 24 AFFE=R (251
DIATARZEIC L D . Notd IZX % eST D EFF o AkiL, U R Y —LDRFEIEH

(ZHEER L mRNA O U2 £ 5 5 E B NGD o/Mafk A~ L R SZE R OFH
REENZ B 592 Z & 23R4 40TV B (Tkeuchi et al., 2019; Matsuki et al., 2020)
(K 3-7A), F7=. VAR Y —LOBRFERICER LzBiAET7F FEOMWEE B
HEHE RQC R0, SRBHERIF O 7 1 — L 22 FHERINHNIC Notd 2305972 Z & b #
HINTWDLN, ZOBROEFF AUERIZOWTIIH S0 > T
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(Dimitrova et al., 2009; Bengtson and Joazeiro, 2010; Halter, Collart and Panasenko,

2014; Matsuda et al., 2014; Preissler ef al., 2015), $FlZ. FFHERFIZT 2 /7
AL S LT (RNA B IS L, Bkx 72 mRNA ETYU AR Y — LD — R k73
BRENDAEENEZSNDE, ZOBIZIE, Cerd-Not EAKITH AT F

REDOGIRIZEAET 2 0HR 6T, 7 F v v & Z1EMALIKF T % Dhhl & Y
7 b— K L, mRNA @ 5 KD Cap & a2 rE+ 25 2 & T, FERBAGOMHE %
HET D Z LRI S LTV D (Preissler ef al., 2015), LLED#HE NS | Not4 1%,
URY — LD REEHR 250 LR RBFTURIE DR 2 13 5 FIER Y
RINEICMHATHDLEEZEZ NS, MA T, Cerd-Not EAKRD RS /7 H
TH D Notl 1T, HED MIFAG KA A > Z N LT, Tx% v ZIEHEINT
Td» % Dhhl & EHZEFHAA/EN L. mRNA S fRoR RIS 2 (et 3 2 BERE 2 5> 2
EMBH, ZNHDISEIZIBWT Notd [FHEMTIT RS EHERE LTHIEEL TV D
&% Z2 515 (Coller and Parker, 2005; Chen et al., 2014; Mathys et al., 2014; Rouya
et al., 2014),

ZDEHIZ, Cerd-Not EAKIZZ R RHEREZ HIHT 203, R T &G
TTT=bL—AL LTD poly(A)DFEEHILTH D, 51 ETHiE L7Z@ED |
Cer4-Not A RH @ Cafl <° Cerd 73 Z OIEMEZH - TE Y | Cafl I3 poly(A)EHD
PABP A3 itA L TV RUWEIR A | Cerd 1 PABP 28%5 4 L TV D 5EIk A HI W iATe 2
& T, AR RS 12 OB Y 72 mRNA 73 229 % (Webster et al., 2018), 7.
Cerd-Not A KRIT, 1EH 22 FIFREAERFIZ 1T poly(A)#H - PABP (2L D
Cafl/CNOT7 Z4r L CU 7 b— KIS DM, T o AERITER T 2 RS
FHARASHKE R IZIX NMD [R7-CTd % SMG7 (2 & VW Pop2/CNOTS /L CVU 7 )L—
NENDHZ LT TTT=b— a3 %47 % (Funakoshi et al., 2007), & 512,
Cerd-Not HERIL, FrRARBSNTHBEAEH T2 X 5 72ffi 2 D RNA G & o)
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27 'R/ RNA T % microRNA %41 LT, mRNA OIEFRREK TH 5
FUTRICY Z— R ENDHZ LB HMBHINTN D,

W1ETIE, TT7 7= —3 3 5 mRNA DB OHGEERETHY . 7
Yy EUTIFEEOTMTEIS, ElR_R, LT LHE D EITROR, M
FERHC BT 27 F ¥ v v ZTEMAIAF TéH 2 Dhhl (X Notl D MIF4AG R A A
VEHEBREA L TEY ., mRNA EiZU 7 b— b &§7z Cerd-Not-Dhhl AR
TTT=b—=2ar e STICTHdy v B V2Rl 2 2 LR HRETH D,
ZO—flE LT, EDCI mRNA X H & ? 3°UTR IZ& T poly(U) tract IZ K> TF
TTF=l—a L R#EINTEY, Not2 X° Notd, Not5 IZIKF L7727 F v v
B T DI L 5T mRNA 3R %520 HHE & LTS STV A (Muhlrad
and Parker, 2005),
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3-2. BBy

AR L72 X 912, Cerd-Not EAKITEAS TR BLA IR < Hl3 2 ZHREE SR
Ths, MIERIZEBWTHIERDNEF 72 polysome (ZHEAT 5D Z ENHME ST
W5 =T, VR Y —AITHEA LTz Cerd-Not A ROFEMARAERE, Fia DR
P, AOVEREZH Y 7 2= MIFH I TR,

F7o. HWFFEETIX, Cerd-Not EAEKNB YR Y —LZ /NI ST X
FoAbT 52 L THMRWRREERLEBET LI L2HELTVDN
(Panasenko and Collart, 2012; Ikeuchi et al., 2019). NOT4 KIEFESC eS7T N B % F
NEEZIT 720 eS7-4KR R CliX, BERABHENE Z (B 3-6C)Z &b,
VRV =B LRI E eST DX TF U AUICIZFIZIAEL T oo 722 FIER il
HHERESFIET D & B B D,

Z 2T, AWETIE. 7 T A A BT BAME 2 HO 7 E EHIEHTC Ribosome
profiling %% H W7o FIERENRE O MR AENT . mRNA OLEMHRBRZII LD &5
BAR PRI Z A G 2 2 & T, BIRRILICE T D Cerd-Not AR D

1 72 B HE O ff B % 3 7 7= (Buschauer et al., 2020) (K] 3-7),

T, ABFEIZ I 2 v~ KPR A YY)D Roland Beckmann #F7E=E, 77— A ¥

T AL ) WP—T RKEE(T AV H)D Jeff Coller AFFEE & DILFEMFIETH 5,
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Ccr4-Not EAKIRBBIRPDOURY —LLETEDL S ICHEET B 0H
Ccr4-Not BEKIBED L SICIYRY —LICH UEET 20H
Not4 Ic &% eS7T DAEFF LR ED L SBEEEBRINICEST 20H

3-7. KtAED B
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3-3. &

3-3-1. Cerd-Not BEEIIZTFTBEMEVVI RV EO YV R Y — L EZRBHBLEST S
WHFZEE MR L Y . Cerd-Not HAMKRN ED KL 572 mRNA ZFRFH D
VDAY =Lk LisaT 200, FFURELMEBENIZHR T3 % Ribosome

profiling ¥ % AW TN S 472, Ribosome profiling %1% mRNA £ U R Y — A
O EIREZ Gl 2T FIETH 5, 80S VAR Y —=LIZL > TEPATWD
mRNA Ei51 X RNase ZLERD & (R S 415 Z & I H L. Ribosome profiling 4T
IFRMR Y — 7 = —% T OB 2 R )N D EEINIZY — 7 =
T5HZ LT, filx D mRNA OFRLV V%7 ) LU A R TE 5, AR
TIE. % D Ribosome profiling 1% & Not4 % bait & L 7- S Ikiis 2 a8 bH
7z Selective ribosome profiling 23 1T P>+ 7=, WAIEM © NOT4 |2 FTP
(FLAG-TEV-ProteinA) % 7 Z AN L7 B RERR 2 1548 L. BRI R ILEAI CTH
D U R —2I Assite IZHEE T D Tigecycline 24L& L 7= E KD 5 Cerd-Not #H A K
FEATY R Y — A2 KR L 72 (K 3-8A), Not4 (2 L - THsHL & 7= polysome H11T .
Not4 BFEA L TWRWY R Y — ARG EIL TN D AIREM A 8T 272, Notd (&
L ARBILEDRINCA > F 2= a VORAT v P2 M2 52 82k, WNIE
P RNase (Z & % polysome DR ZFHEH S, Ny 7 7T 0 RERTFIET
(K 3-8B), ZHIZ X0 157-k5RIEY) % SDS-PAGE (2 X - CykEit%. CBB %t %
179 & . Cerd-Not HAKDOERL77<° Notd (2 L 0 FHER I NV R Y — L a
T DU R =X EPRE S (R 3-12A S88), 7=, BilED L~
= BEEE EE AR OB 0 40l L7 fE 5. PNAEMED RNase 12 £ D polysome 23 fif
Bt L. monosome DIRRETHEM I N TWND Z ERfERTE, UL ED X oI LT,
WNTEMED Notd % bait & L. Cerd-Not-U R Y — AEAESNER S iz,

KR — 7 2 oY —Z AT RIT OFE R Notd (2L 0 LSz U R
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Y — LR O mRNA 1Z1%, CSC MK = R MEV mRNA 234 <
GENDHZ EBHL MR- (F 3-8C,D), £7-. mRNA L-~ULTlE7ARL a2 R
YLV TRHMET S 2 L T Notd (ISHEA L2 U AR Y — LD Assite ICH £4L5 =
ReDHT DY yF AL RE CSC KO AL 1, FEFITHRVHFAES %
R E BB BN o7 (B 3-8E), L7245 T, Notd MEA LU R Y —4
D A-site I[ZFET D 2 RAZid, CSC 2MELS, 22D tAl DMEWIERRE =2 R oA
ZEENTVDLZ EBRH LN o7z, LLEDOFERMN G | Cerd-Not AT
a RUEBEEDOKD mRNA ZFRF O U R Y — L& IFATRHAELTEYD . FRZ
Assite ([CHEBE 2 RUMLET D U AR Y — LISk LI fEAT 5 2 & 28 5 5
2725 72(B 3-9), DF V., Cerd-Not EEIKIT, A-site = N OEEE DI
LT, FRRGEEEARIE L7z U AR Y — A &AL CREA T 2 ATREME DS R Sz,
X 512, Ribosome profiling (23T, 80S U R Y — A K> TIHR#ESNDEE
@ mRNA W F 13 29mer F2 ¥ (Classical footprint) Td» 5 Z L ZEHRT, 220D A-site
ZFFO U AR Y — AH RO mRNA B 713, 21mer #2 £ (Short footprint) & 1N Z & 73
FNHILTWAD(C. C-C. Wuet al,2019), a2 ha— Lt LI URY =X Ry
B uL30 TR L RNase #LEE% 1T > 72 mRNA 7 7 (K 3-10A,B)<°, Input & LT
FH%% L7 Total lysate |Zxf L RNase LB A 1T - 72 mRNA Wr /(B 3-10C) 1213 29mer
FEJE @ Classical footprint 3% < & ENT=DIZHR L, 2 b & H#E LT, Notd (2
X 0 KR L 7= Selective ribosome profiling O3 5 Cld 2 1mer £ @ short footprint
NELHE STz, L7z -7, Notd WG LY AR Y —2F, BHE &L
T, ZED A-site ZEFTe YR Y —LNFEATEY, Cerd-Not HEMRIZ, a2 K&
AN 2 DIT, A-site ~DT I/ T 0 (RNA OFEEHRENERIE L, 220D

Assite 2 ZEe U AR Y — AT LE LSRG T 2 2 L VRS Lz,
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3-8. Ccr4-Not & AR FEFENMELVI RV Z A-site [CETURY-LERBULES
%, (BHIRZE 1A EEEN)

A) Monosome-enriched selective ribosome profiling, A-site [C#&& I %8RB KR
E#| Tigecycline A0 LI HIREH# & \D. Not4 EXEFER INBURY — LHEIERF 0D
mMRNA [LOVWTRER =D U —(CEDEEHT Lz FEBIE(C, Incubation DATYT
®INZ32ET. RTEMED RNase [CL-T polysome % monosome 1 L., Not4 EE #E#E
BULIEURY—LOKERREAITHER UL, HBRINZURY— LI U, RNase LE %
L. URY = LICEDIRESN TS mRNA $EEDAETST AV MEL. BTG
Ribo-Seq #1721,

B) Ya#E®R E HEL =D EICLD Monosome-enriched BV 7 IVDREER, INFETED
RNase [C&1D Not4-Monosome & & AN RSNz fER L,

C) DAITAF IV, Notd [CENHFER SNz Not4-IPed ribosome fraction £V bO—
JLELTZ Total ribosome fraction [COVWC ., #EESSUVBRMENS VIV TILGAENTE
TLBIENFERSNT,

D) Not4 [CEDFEELEN = Not4-IPed ribosome H'EHERHF D mRNA &, DRV EEE
D$512¢13% Codon Stabilization Coefficient (CSC)& tRNA Adaptive Index (tAl)dD
LEES . Not4 (2L 2 2 FEELUIHTD mRNA @ enrichment £Z20) mRNA [Z2LVTOD CSC
1 LI AL (B FEBE T B Cent RSN,

E) Not4 (LD FER SN 7= Notd-IPed ribosome D A-site [CEFNSIRVE, JRVE
HED$EIEET 3 Codon Stabilization Coefficient (CSC)& tRNA Adaptive Index
(tANDLLER . Not4 (CL B HFEBUCH (TP A-site (TAIE TSI RO enrichment & CSC
1 LI AL (B FEBE T B Cent RSN,
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3-9. Ccrd-Not BEHANHIEE L

=)

% CSC. tAl [FR<{HE RIS, (BATARE 12

Rl

JEAOL L

CEDEALIMI T,

A) Monosome-enriched selective ribosome profiling |

e, kE

Il
LTHH. ARV EHEEE Notd-1Ped ribosome O A-site [CEFN 3]

E@EIR

o

> @ enrichment

CEFENSIF

site |

Not4-1Ped ribosome @ A-

B RV R

BTR

F>® enrichment (358 GHEFEBI T 5 e RENT,

£FN3IRVD enrichment D HLES

o

B) CSC & Not4-IPed ribosome @) A-site |

C) tAl & Not4-IPed ribosome 0 A-site [C&FN 3T FV® enrichment DLLE,
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dm 30 g ul.30-IP Not4-IP
Q’ o d RNase RNase
gy vy
Lysate o Q
soluble fraction
Ribo-seq Ribo-seq
B C Il
EPA
0.259 Classical
; , T  0.20
031 muL3o P ¢ hh\ § o !
T @ Not4 IP Classical 8 | EPA
§ 0251 Era 8 00f  shon
= L 0.051 )
& 0.24 ( Classical »  0.00 - ] 2| . -
a 10, © 20 25 30 35
° ) T o
30151 EPA o
§ o 025
% 0.14 Short, &’ 0.201 Short Classical
g © 0.154
$ 0.051 I E  o0.10]
0l: ddul 2 005
"1819202122232425262728293031323334 0.00 5 2 o =

Read length (nt) Read length (nt)

3-10. Ccr4-Not HERIFZED A-site ZEETUNY - LENRIHEE TS, (BAHARE
NEE )

A) Fast selective ribosome profiling, YUY —LAVI)DE uL30 (CL5FERZI0 MO—
JWEL. Not4 EXEFFREINSYRY— LD mRNA % Ribo-Seq ICEDNEEHT LTz,

B) Fast selective ribosome profiling T#FoN 7z )— FROELE, IV bA—)LELLER LT,
Ccr4-Not & AN EEE LIZURY — LhMREE T % fragment Kid 21-23nt O short
length THM. ZED A-site EFELENREBEINTE,

C) Monosome-enriched selective ribosome profiling Cigbh iz )— FRDLLE, 1V
Ty et LT, Cerd-Not HERNFEE UEYRY - LN RETS fragment Kl
21-23nt M short length THD. ZED A-site EFLEN RSN,
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3-3-2. Notd ZRN LIV ARV —LF L NJE ST D2 EXRTF ki, = FUEH
EEIZHRTFE L7z mRNA HERICKHETHD

AR L7z & 912, Cerd-Not HAMIL, = R U Tl & MKV mRNA Z FiRH o
UAR Y — 2k L EEMICH AT 5 Z ENHLNIC oo, 2 RUBmMA I,
mRNA B H OZEWESCZ OFHRSIR, ZIUCHKT D4 v 7 BEREZIRE
TOHFERIEEL L THONA TS, ZORE. 2 FUBEREITMRES O

tRNA &L RSB L TE Y | Asite [IZFHERE 2 FOBFET D & &1, T
27 X/ T YV RNA OfEE AT ECEBIE U FIERP 0 U AR Y — A T2 D
A-site Z/E U5, L7243 T, Ribosome profiling D#&F1%, FEE = Ko L T%
7D A-site DFRFEIFAXIHNIER 32 & | Notd & & Tr Cerd-Not &K1 Z i %
DY RY =LK LAEET D, EWV) T EERRL TN,

ZITIE, 2 FOEEEICHKT 2 YR Y — 2O EELEZ /R L THA L
7= Cerd-Not EEMRIZ, VR Y — A ETED K 9 7eREE FFo D)y, RBFFE Tl
a N EIHAE L7z mRNA ffICE B U CHENT 217 > 72, mRNA O]
HETIE, #7727 b—AFE T TREFLEIND GAL7 7'mE— X —D Fifilc
a RUEBEEORRD HIS3 Bl a2 a— FT 5 bR—F—BzFarHni, /
—H T uy MM ETT O 72D, HIS3 i&fs 1O Ll FLAG-Tag Fic%) %
A L. FLAG-Tag mRNA BeFNZxt)sd 5 7'm—7 % T mRNA O EM L
B, EELE, ZOXIRVAR—F—BETEZa—RT577 A F&2HF
FERIERICTEE AL, T 7 4 /) — A CRISG R 2T 2%, T 7 F—REE
W CHEFHE A ToTm, ~EDWEE THEELEE, Jba— ARGz
W22 & CEREZER L, RIS T v T B ToTn, ZORER, JAT
fF7E & —E LT, BAERRICRBW T, IEE@E 2 KA L Y ik S D non-optimal
HIS3 mRNA(LLF, non-OPT-0% L 7" — 2 —) D% 2.43£0.55 min, F )72

18 B D middle-optimal HIS3 mRNA(LL T, mid-OPT-50% L 7R — & —) D -0 1%
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6.27+0.54 min, i 2 N 2 X VL S 415 optimal HIS3 mRNA(LL T, OPT-100%
LR — 4 =)D 831 17.20£2.08 min TH Y, WA LT 2 /#E%E 2— R4 2% HIS3
mRNA [ZH D 6T, Z1E1 O mRNA ZEMEIL T ROBBEEICHBE L, =2 R
S ITHRAFE L 7= mRNA 2323 g & 7= (R 3-11),

IZ, Ribosome profiling FFIZ bait & L CHEH L7z Notd 23, = K2 H i IT4K
L7 mRNA DRRIZBHGT 270 BRETT 2720, notdAMRIZRE T 5 TnThd
mRNA O 2 E L7z, £ ORER. notd MRIZEBWTIE, non-OPT-0 % 7K
— 2 —OFPHNL 7.17£0.76 min (FFARK TIE 2.4340.55 min), mid-OPT-50 % L 7~
— 2 —OFPHNL 14.17+£0.56 min (BFARK TIL 6.27+£0.56 min), OPT-100 %L 7~ —
Z— O IL 15.63£1.47 min (B K TIL 17.2042.08 min) TH - 7=,
non-OPT-0 % L 7R — % — & OPT-100% L 7R — X — O -J o =13, B AERRTIX
14.77min TH > 7= DIZHKF L, not4dARIZE W T 8.46min & 720 . = K HiifE
IZHKAE L7z mRNA 7338 L < PLE STz, FRIS, BPARRRICEH A notd MR Tl
non-OPT-0 % L 7K — 2 — O -3 A% 4.74min 2K U, FEE T mRNA 2SFEE (222 0E
LLTWEZ ED B Notd 1T = R RBIEEITKIE L7 mRNA 53 RICHNETH 5
=LA BT Ao (B 3-11),

S HIZ, Not4 IFRINGHD E3 28X F L U H—EBTHY, VRV —LF N
I8 ST HE/2EXTFTUAT D ENHESN TN D, RIC, = RUEGEE
(ZAKAF L 72 mRNA 53R IZ 81T 5 eSTDO L EF F L ALOBHIZ W TR L7z,
Notd |Z &% eS7T D= v F ALHMLIL, eST-K83/84 7T % 73 | AHFZE T,
T EETreST-KT2/76/83/84 DA4OD Y VU I A T VX = LRI EHR LTS
eS7a-4KR ZFARE 2, HEEEERED eST7 IZ1E, eSTA & eSTB D/37 1 7/ 317
TELTWD720, eS7A kN eS7TB KL SH, 77 A RTHAM eSTA-WT %
FEAH S H 72 es7ales7bApeS7A-WT #E, & L ITE R eST7a-4KR ZHBLI 7

es7ales7bApeS7a-4KR t %z T, L AR—& —mRNA O EEIIHIE 1T > 72, &
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D& F . es7ahes7bApeS7a-4KR 1K TIX. non-OPT-0 % L 7K — % — O 3 1%
8.07+0.90 min (es7aAes7bApeS7A-WT £ TlX 2.80+0.43 min), mid-OPT-50 % L 7R —
2 — O 13.53£0.60 min (es7aAes7bApeS7A-WT #£TlE 8.13+1.81 min),

OPT-100 % L R — 4% — O ¥ 1T 18.33+5.00 min (es7aAes7bApeS7A-WT ¥k Tl
21174229 min) T o7z, T B, ANR L72 notd AMRIZE T 2 REA & L <
JERLLTE Y  non-OPT-0 % v R —4 — & OPT-100 % v 75— % — DO O 7 1%,
es7ales7bApeS7A-WT #£TiE 18.37min Toh > 7= DITXF L., es7aAes7bApeS7a-4KR
RIZEB W T 1026min ToH o7, FFIZ. es7ales7bApeS7TA-WT FRIZ H A~

es7ales7bApeS7a-4KR £ TlL non-OPT-0 % v 7R — Z — O -831X 5.27min JEE L |
eS7 D EFXFF AMLDOKRIZ LV IEEHE mRNA DEEICLZEL LT\, LLE
DZEMNDL, Notd ZNLImVRY—LH T E ST DX T A bida K

LIRS L 72 mRNA RIS TH L Z E BB 60T - 72 (B 3-11),
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A 0% (non-OPT)
time after transcription shut-off Half-life (min)
0 2 4 6 8 10 15 20 30 40 60 (min.)
WT w=w- 2.43 +0.55
NOt4A  we e v 7.17 £0.76
+eS7TAWT ww 2.60 +0.43
eS7aAeS7bA
+6S7a 4KR  wa o v o 8.07 £0.90
B 50% (mid-OPT)
time after transcription shut-off Half-life (min)
0 2 4 6 8 10 15 20 30 40 60 (min.)
Wwr ees 6.27 +0.54
NOAA o e 14.17 £ 0.56
+eS7TA WT wssmesw
eS7aneS7bA A
+6S7a4KR wwmwmw e - 13.53 £ 0.60
C 100% (OPT)
time after transcription shut-off Half-life (min)
0 2 4 6 8 10 15 20 30 40 60 (min.)
WT o 17.20 = 2.08
NOAA e v v o s 15.63 = 1.47
+eSTA WT s 21.17 £2.29
eS7aAeS7bA
+6S7a 4KR wewwsm 18.33 +5.00
D The impact of codon optimality on mRNA decay rate
Z 304 14.77 min 8.46 min 18.57 min 10.26 min
= I 1 | 1 I | I |
% 25T
kS ; 20
5 1
2E
= .o 15+
=34
Tg 10+
2
3°7]
I -
Optimality (%) 0 50 100 0 50 100 0 50 100 O 50 100
WT not4A peS7A peS7a-4KR
es7ales7bA
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3-11. Not4 [C&£BVRY—LAVIIDE eS7 DAEFXFF UL, ARV EBEEIIKFLE
mRNA (L5 9%,

A) Non-OPT mRNA #HEiAIE . S5 ERT %D Non-OPT FLAG-HIS3 mRNA 0%
EME/ Y oIOv T4 VYLD FLAG BRI T3 T0—JEANTHRE Uk,

B) Mid-OPT mRNA 5 i8I %E . BrE & B D Mid-OPT FLAG-HIS3 mRNA O%&
EME/ Y oIOvT1 VYLD FLAG BRI T3 T0—JEANTHRE Uk,

C) OPT mRNA F R EIAIE . S E BT £ D OPT FLAG-HIS3 mRNA DR E 4%/ —
Yo IOvT40912ED FLAG BHIICH T2 TA—TEANTRE Lk,

D)A-C DEEHER, IRVEBEICKE L mRNA 2 f2(% Not4 (C£% eS7 DAEFF
JMEICIRET S EN BRI o7z,
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3-3-3. Ccrd-Not AR Not5 D N EKSafEkZ I L TU AR Y — AD E-site IZFE S
SR
VAR Y —2E Cord-Not EEERDFEGFERIZ SN TH L NCT 5720, T2

~ K% Roland Beckmann A48 & OILFEAFFEIZ LV . Cerd-Not AR FES
L7ZBREF DU R Y —AIZHOWT, 7 T4 A8 BISEE 2 H 7 & T
%1772, Selective ribosome profiling DEE & [FAEIZ, NIEM D NOT4 & FTP
(FLAG-TEV-ProteinA) % 7 Z AN U7 A B RERR 2 1548 L. BRI R ILEAI CTH
% Tigecycline % 4L L 72 1A 5 Cerd-Not HAMRHEATL U R Y — L& fERL L 72
(B 3-12A), =Dk, FERFEY % > 2 Fi% ARl 05 X > T monosome [Hi 5y
& polysome H53 1257 L, HEEMHT A THOIT-, £ OREE. Notd 12 L D iFR X
7z Cerd-Not-U R Y — LBEARIL, 80S UARY —ATHY, SHIZEIREZ
E T tRNA [T P-site DAITIFLE L A-site (328 Th - 72 (K 3-12B), Z OFERIX
Selective ribosome profiling D#EF & & —F L, Cerd-Not AKX, mRNA O = R
W E MK RTINS T 2 —F ¢ TERENEIE L2 7-912, 220D A-site &
BATEROS VR Y — A& LT A TREAT 5 Z L BB H NI /2572, E-site tRNA (X
A-site DNEJSIZHETITENZ LD, FEEE = R0 A-site (CALE L, X
(ZZED A-site DRFEIDMER T 5 Z & T, fif RAJIZA U7z P-site tRNA DAz Ff
(--/PP/--)80S U 7R Y — L% Cerd-Not EEKRNE#T D EE BN D,
X512, 2.8A DG E CTENTI 5 Z & T, E-site 121X, Cerd-Not A KD
f%%3 Cd 5 Not5 @ N RufafElk(2-113 7%% :N-Terminal Domain: NTD)23 5 & L C
WD ZERH BN 572, Nots D N ARIGFEB LIS DERS=°, Cerd-Not A4
DMK T DOV T, AR 7 Lx 70 Thoa-wic, RS
otz EZ 55 (K 3-12B), Nots O N RigEEIL, 3 2D a~U v 7 AD
WEASHOHE W a~) w7 A%, B0 U —NEERNEEEE LT
BO,.ZDIH3 DD aY v 7 AORPLERBKMETT 2B L, 60S 7
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=y e 40S T =y FOMIZIEMIZHAIEN T2 Z & T, Not5 D N K
FEIIE E-site ([CZEITHEAT 5. Not5 D N K uifEIEk T, P-site tRNA, 25S rRNA.,

18S rRNA, U R Y —AH /78 eS25 D N K7 A /v & BEEMAIERL TWH
722 L P-site I tRNA #2771 En7- 80S U iR Y — AN, Cerd-Not
BEAEERDOFERIIMNETH D Z &R E N7 (R’ 3-12C,D), UL EotiEx, =

W4 A Bcsz L% 0O monosome [E43, polysome [H43 DUWNT LT H R S L7,

fg j Nott [ 60S Proteins
120  Caf130 [ 5S, 5.8, 25S rRNA
* Not3
‘;_!; . Cerd [ 40S Proteins
[ 18S rRNA
% * Not5 Not4 B eS25
B RNAMet
50 L caf B Not5-NTD
40 = catao
30 o
%*:: Not2
1558
—r-Proteins
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3-12. Ccr4-Not 2 & 1K(E. Not5 D N RimpEiEZN LT, 22D A-site #EE 80S Y
iKY — L0 E-site [C§EE T3, (Roland Beckmann #fZ2Z= Robert Buschauer b)
A) Notd TLEEHENZ 80S YiRY—L-Cord-Not &K, &) LREICEST Notd (2
FLAG-TEV protease site-ProteinA (FTP)30 %40 L7z SF BB OMASHHi&‘h 5.
Ccr4-Not B EREEN[CHBEREINSGAVINDE % SDS-PAGE TikE). R LE. D
AT EFIEMBEZ AV ERITICEDSHEIC. EEDMICL L TIVIWERDIRE
BT, *EBHOMEICALE TEV protease,

B) D3AAEFHEMIR T/ONEZT VI T4YVT, Cerd-Not EEERDERA S THD
Not5 @ N XKy KA UMiRY — L0 E-site ([CFEE LTWSENBALNMIE T,

C) Not5 ® N KiffEiE)IRY — LAk 5 (tRNAMet, 18S rRNA. 25S rRNA, UiRY — LA
VIND'E eS25)DEEEFDIEE, tCM (3 tRNA-clamp motif ZR Y,

D) Not5-80S Uy — L& ADEFET L.

217



2020 1R

FZBRIZ, NotS D N KA, Cerd-Not AR E U AR Y — A DFEGITHED,
EHHITT D728, notSAIZ NOT5-HA b U< 1% Not5-ANTD-HA %3814 %~
T A NP BEi U7 3R 2 55 M OE R & . e L 7ol hih ik 2 o
2 PR AR OB IV B Le, ZD%, TCA REIC LY # X7 B
Tl L, Bt HA HilkE Wiy =22 oo ay 7 4 v 7 %175 Z LT, Nots
SN BORHER R Uz, £ ORER, AR Not5 13 monosome 4y 7> 5
polysome T2 AMT TIE < JATE L= DIokF L. N AREsAk 2 K48 L 7= 28 BA o
Not5-ANTD i3 U 7R ¥ — AZEESE, free BT FIE L= (K 3-13A), Li=235
T, Not5 @ N Kk Cerd-Not AR L VAR Y —LOFREGITHNHATHDH Z &
WIS o Tz, —FH T, Cerd-Not HAEMKE VR Y —LANHES LW
not5ApNot5-ANTD FRIZEWTH, Notd 2T L7z eS7T D B X F i ARITMEKRE L
THEZ->THEY, Notd (2L D eST DL EFF L ALIZIE, Not5 O N RURHEE & I

L7z Cerd-Not & U R Y — LDFEEITMLETIT W Z &R Sz (K 3-13B),
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A 161 — Not5-ANTD
\ — Not5-WT
\
\
1.2 \
> \
q ‘\ Polysome
0.8 \
408 GOSJ \/\/\A’\'\
0.4 \\,
NOISANTD-HA  |se v e
123465678 91011121314151617
X3dl.  Free 40S 60S 80S Pol
e _Free 40S 60S 80S ysome
-eS7-3Ub
-eS7-2Ub
- PRy ppp—— -eS7-Ub
- L —————— T —— — 'es7a-HA
-eS7-3Ub
-eS7-2Ub
- Prp—— - |-eS7-Ub
L ———— — « |-eS7a-HA

1234567 8 91011121314151617181920

3-13. Not5 @ N KA1 Z/r U7z Cerd-Not & REURY — LOFEEF . UK
Y=LAVINDE eS7T DAEXFULICEAE LW, (BMRE BK)

A) ValEZREQEREDEZAWVEZ Notb OFBEFE. HFESMEREMEHEZ
10%-50%0 V& E REICP T 71 Limib ik, DEILEY VT IVE TCALBICLDIRKE
L. #t HA iR RWED IRV TOYT4UTI2LD Nots DUINY — AADFEE B ER
H Uiz, CTNICLED Nots ) N KimtEigkIdUiNY — LEDFE S (SR TH S ENBALNMITEH
1Zo

B) YatE®E QERLEZAE eS7 DIEFFUELANILDOEFE, A)E R DT EF
D eS7 DAEFFUELANINEEBETHET. Nots & LEVINY — LOFEEEF M.

eS7 NAEFFULICEE LB LIENRENT,
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3-3-4. Cerd-Not HEWHIT, FRBEAKBEREHR OBFHBRFIEFOY R — A
IZHEEd D

Roland Beckmann #FZEERIZIBWTITONTE 7 7 A A BT BEMEIIC X 5 1EME
Hrix, Notd |2 & 0 IER S D Cerd-Not-U AR Y — AEEIR % > = B L A fidi=
DEICE Dl LI Tz HnTiThbiviz, £OR %K. monosome KT

polysome D7 77 v a bR LIEWTNOE FHEMEEZRIZE W TE, Nots
D N RIHFEIRIL Y AN Y — LD E-site IZFEA LTV e, ZORRIC, VARY—AE
[ZAE(ET %D mRNA M ONRNA 1T & L Th 5D 2 L NEE SR, B &
Z & 12 monosome [ 43 A O FE T BAIKEI B I BN TIX, P-site (IZBME A F A=
tRNA 2FEE L7-(K 3-14A), L7-728- T, Ccrd-Not A RITFHFR R IEFE D Zx
25T, FIRRBMBBRROBIICHL VAR Y —AICHEETHZ AL MNIT R T2,
T, EAULHER L, VAR Y — A Assite [IZFES T D FIRR B R BLEA Tigecycline,
U 7R Y — A E-site IZH5 6T 2R R EA] Cycloheximide % AL U 7= HZFE%RE
OFMaH 2> S . Notd THRLI 2 H1D 80S 77 7 ¥ 3 L (total) & FERL L 7= D
80S 77 7 v a(Pul)ZFHHEE L, tRNA / —V 7 avT o 7 )Mrbiviz, B
5 tRNA T D t(RNAM & (i tRNA O—FE TH 5 (RNAA |[Zxf 357 n—T7 %
FAWTHIE L72fER, KRIETo 80S U AR Y — A & bkl LT, Cerd4-Not HE KM
ALY R Y —AZB0WTid. o hr—d LTHWZME tRNA O—
T D RNAM DFEERNRICEN R S o7-—F T, Bills (RNA ThHD
tRNAMUTIHE 22 G ENTND Z AR ENTZ(K 3-14B), = D L 9 7 BHhh
tRNA D& A2 O EH 1T Tigecycline DRI Lo 72— T,
Cycloheximide DALE Y > 7 /L TIXBHFIZIR T L TWD Z E BB BT o7,
Z T Cerd-Not AN 80S VAR Y — LD Esite L THEATHZ &L —H
L THY ., Cycloheximide & Not5 @ N KRmfHIKAS E-site (ZBWTH S LT72D

2. FEERNRMET L2 AlREERZ 2 B D,

220



2020 1R

S BT, HHFIEE EEANC X V1T 7 Notd %I L7z Selective ribosome
profiling OFFRIZBWNT, Notd & MpFR I N2 U R Y —LHRDE—7 7% ORF
IR AL TWieZ &iamzx, 2y ba—AL & Lz RY —LZ NI E
ul30 (IR s 72U R Y — Ak v — 7 & g L C, Not4 |2k &< 7-
URY —LEROE— 21T, Bth=a R EICE LS EH L TV (B 3-14C,D),
L7z o> T, FIRBAGARIE DB IFRIRICB VT, AX v =2 7 %2 &2 CHth=
Ry BlgfhriE L, Bth A T4 =2 (RNA Y 7 b— b Izt d 80S U R Y —
LIZxt L. Cerd-Not AR, D7p< L b Notd AU 7 b— hENDH T LHAREE
7=, Not5 D N RKISHEK & 5 E-site & Notd N2 EFF 2 Ab9 5 YR/ —
DB NI ST, U AR Y — A BB W CIEFITE N RN B ICAFET D720,
E-site [Zf5 A L7z NotS #5Tp Cerd-Not AR L eS7T =2 X F (LT % Notd
& 1e Cerd-Not BHAMKILFE —0FThH D AREHEITIRWE B 2 6 b, S HIT,
Not4 (2L D VAR Y —LH 37 EeSTD2EFF L Akid, Not5 &4 L 7= Cerd-Not
BEKRE VRY — L L OZERFEGITIHMFE L RN &b FIRBA G D
BN T, Notd [FHAM T, & L < I Cerd-Not HEAEL LT, Nots5 ® N K
IHTEIERAEIC Y AR — A 7 — b S, UARY =L Z NI E eST %

EXF AT A LRI T, LR S, Nots @ N KunfEEk O FIEREH
TEROSIZ BT DEEBEIC DO W TITIA S 27 5 TR,
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Lysate
soluble fraction

uL30-IP Not4-I1P
¥
RNase RNase
¥ .
v v
¢
v v
Ribo-seq Ribo-seq
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3-14. Not5 M N K fB8 Z 91 LTz Cerd-Not & AE)RY — LOFE&EMER . UR
Y—LAVINDE eS7 DAEFF LIS LY, (A,B: Roland Beckmann i % ZE
Robert Buschauer b, C,D: H“#RE AEEED)

A) DA EBFBEMBETHENLT Y I TAIVTERFET IV, Cord-Not B ERDIERK
5 TH3 Nots D N Kiiii FAS VD ERA tRNA TH3 tRNAMet ) D-loop R EERL
TLBIEN BTz,

B) tRNA /—H>70vT4 05 , ZHILERZ L, UKV —L A-site [CHEE 580 ER B KA
& #l Tigecycline. JiNY— L\ E-site [C¥& & I &l ER {8 K [HE &I Cycloheximide Z L&
U7z Hi S EE R O MRE 4 H & D 5. Notd THRELT B EIM 80S 750 Yav(total) e R LT
%0 80S 770 a3y (Pull)ZFfE L. FED)RY— L2771 Uk, Bth tRNA THD
tRNAMet L & tRNA O—FETH3 tRNAA (Lt 3 70— T ALV TR LR,
Ccr4-Not & ADHEE LIZURY — LICIZRALE tRNA i E<EFN TW S IEM RSN,
C) Fast selective ribosome profiling, JikY—LAVI\DE uL30 [CL5FFE 2T O—
JLEL. Not4 EEFEEENSYRY— LD mRNA % Ribo-Seq (CLDfEHT LT,

D) Fast selective ribosome profiling C#&FoNzU— FEIEDLLE, IV bAO—JLELLEL
T. Ccr4-Not HBEANFEE LIEUIRY — LR ET D fragment [3BAa ] RV TEAZE (IS
MULTHN. Cera-Not #8 5 RS FNERFAIZ ERFE T 80S UKV — LICHE B THENRIZSN
I
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PLED X512, v o B E Al ORI £V 43 L7~ monosome B/ Z 31T 5
Cerd-Not- VU R Y — 2 G KIE, FIRRBAMBISIBROBI TH 5 Z RS
=¥, WIZ, polysome E/FZF51F 5 Cerd-Not- U AR Y — LA IR OREIERRIT 25 T
bz, TR, polysome E/3 2RV T H ., A-site 2328 TH ¥ . tRNA L P-site
FZAFLE L, E-site (2 Not5 2354 L7-E T BAMSEE 235 5 7= (E 3-15A,B),
polysome [Hj4y T5 5 AL 7= #3113, monosome [ 4y T B U7 & FEH 1L L
TPy, t(RNA SEIROMGE MK | B O BITZFED (RNA 53 F DIRA
THHEEZLNDZ LD, polysome Hi/r & £ 5 Cord-Not A RIS
L7eBIRRI RSSO U R Y — LT3k 2 72 (RNA DNEEND Z ERRB I
7=(X 3-15A,B),

FEFERIZ, monosome [HYHED VR Y —LD_XTFIONNT VAT 2T —FE
> A2 —iT Tl P-site tRNA @ CCA RIflZ A F A= VRN O & O nEih T
WD DIZXF L, polysome M5y Tlk, HENT T REHNRRTF UL NI RAT =
T—EBRUH =B RV =LA R LICHITTHRELTEY, Z0Fh
DERFRBRAAIEBFE A, BRI CH 2 Z L B3R ST\ 5 (K 3-15C,D),
KRIEDFERD B, Cerd-Not AT, FIFRBHAZI & FFRME I A Y —
LLHFEE L TEY 5D Nots Z#4r L7z E-site ~DfEA 13X Notd |12 K % eS7 D=
X T UAICBE S LW 2 E 0D, Cerd-Not AL, FIRRBALA HAIC Notd %

FLTeSTZa2EXF ALLIEDOL, FIFRMETIZIE Nots /LT AR Y — L4
O E-site (2 A9 2D AIREVED R STz,
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Not5-bound Not5-bound

initiator ribosome elongating ribosome

Not5-bound Not5-bound
initiator ribosome elongating ribosome

3-15. Cer4-Not 2 & 1K(3 . BIERFARS LUEHER B R D 80S UKV —LENOt5 DN
KinfEEENLTHESE TS, (Roland Beckmann #1%%2 = Robert Buschauer )
A,B) Not5 DFEEERRALICOVNTIIMABFEMERTHONZT VI T4IVT A)TIHEA
EREALEERRE . B) CIIENER R EEBEDYUIRY — L3t LT, Cerd-Not 2 & 1K(% Nots D N
KintBEEN LTS T2 CEN BN Sk, #k (% P-site tRNA, FR€(d Not5 D N
Kifi EA VERT

C,D) UKY—LOEERLTHIRNTF ISV ATIF—EE—(PTC)ICOLVTH A
FTEFBEMBTHRONETYIT1IYT, Not5-80S YRy —LEE RS D P-site tRNA
M CCA Kifld. C) TRRBFRTRINEAFAZVETIATIVEES ER L THN. FERE
IRERPE CTHBHCE. D) CREB TREINEHAERTF FEER AL TH)., BHREB R
THIENBHBMIET,
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3-3-5.Not5 D N RKISHEBRIZ U R Y — b F U7 E eS25 L OMEERIZL Y &
EIZ E-site IZHE ST 5
Roland Beckmann #fFZE=E1Z 3\ TITH472 Cerd-Not HAMKFEESTL U AR Y — 4

DOREGERAT OFEF LV . Nots5 O N RimfEikix, P-site tRNA EAHAERHT5Z &

DA BT 72 o 72, Not5 D N R D 5 B~V v 7 X a2 7% tRNA @ D-loop
DRy 7 R—=2 ORI, ~V w7 A a2 & o3 (X D-arm & ORITHEER DK FEHE
AEBMRL T, E5IZ, Nots @ K103-L110 7L, t(RNA OT »F 2 R
AT BN—T DY Ny 7 R— EMAEHT 5 Z LT NotS & P-site tRNA
DFEE ZZENL ST D72, tRNA clamp-motif (tCM) & 44 £ 1) 7= (& 3-16A),

ZD9H B, Not5 @ F105/A109 FEILIT VR Y — L /37 F eS25 D K25/K29
FEIEE KB EETRLTEBY, 2L > T, VARY—AHX /X7 /F eS25 D
N R 7 A /Wi, Not5 D tCM % FTE DNALEIZPRFF L. tCM & tRNA OFRAEH
I DICEELLTWD Z &R S 7= (K 3-16B), i, eS25 D7 A /L itk
EFHIZ 7 LR T ATHDLHICHED BT Nots DIF(E FIZHBWTIEL, eS25 D
N K7 A /L3 P-site Flal~E 7T 5 Z & T, eS25 2% 18S IRNA & Hi 7= IT4E
ISR TER L Tz, ZORER, Nots O N Ktk & 18S rRNA & OFH A1
MZFHEFH L. Nots DtCM & tRNA Ny 7 h— v L DORSAERET HEEZD
ns,

L7223 5T, NotsS @ N KEGfEIX, VAR Y —LH LRI H eS25 ODREELE
b, AR S— T —DOZbZ2IZ U LT 5, FEFICHRN CHME RS Ak
XU LY P-site ([TALET D (RNA & EEOMHBENEHZIER L, E-site (ZZEIC
AT DI ENRHLMNTR->T-(K 3-16C),
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J et

T

 Nitrogen
* Oxygen
Phosphorus

3-16. Not5 @ N Rimfaig(d. P-site tRNA, 18S rRNA. 25S rRNA. UV —LAY
INDE eS25 EHEERL. UiRY—L E-site (LR E(LFEE TS, (Roland Beckmann
ZE= Robert Buschauer b)

A) Not5 @ tRNA clamp motif (tCM)&Rfa tRNA TH3 tRNAMet, JikY— LAV E
eS25. 18S rRNA OEIDHEE AL OBIEE, FREE Nots d tCM. Kk &E(3BALA
tRNA. FR[EURY—-LIVI\DE eS25, HE(F 18S rRNA 2R Y,

B) A)YCRUEHEMEREMDOIS. 7UFIRVAT LIV -TEEDRFETIL,

C) A)TRUEHEERIN— M -7 FOBIE ., ERRKMNIBEREER. BRI
(SERKEHREERETY,
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3-3-6. YRV —AF LV RIE eS25 IZE VWV EEIMIND Not5 D N KUGHEIBRD
E-site ~DfEE&1X, 2 FUEBEE KT Lz mRNA SHERICEET 5

7 T A A BT IS A TSR OFEH . Cord-Not EAMIL, & OHERL
[KI7-CTd 5 Nots O N Kk # /- LT, VAR Y —AD E-site IZFERT DT &N

B 620272 572, Nots IFHEM TR REFESNTEY, & FTIE CNOT3 & LT
mRNA OZEMERENCEE 595 Z &N 5TV 5 (Muhlrad and Parker, 2005;
Suzuki et al., 2015; Alhusaini and Coller, 2016), Z M7=, Not5 @ N KimfEik 2/
L7z Cerd-Not AR E UR Y —h~DFEEN, = R Bl ICHAE L7 mRNA
IR G D03 notSAIZZE~ 7 22— B AR NOTS-HA, N RomaHiE & Kk L
122 NotS-ANTD-HA % 3B+ 575 2 3 e B LI B R 4 15 3%
L. mRNA OHIHIE Z24T o 72, £ DFER. non-OPT-0% L R — 5 — O -]
I%, notSARIEBRE Tl 6.43£0.21 min Th ¥ | AT not5ApNOTS #£ Tl 2.20+£0.16
min &AM L7 DIk L, 2B not5SApNot5S-ANTD ¥k Tl 5.83+0.12 min & A4
L7phnot=, L= T, Nots O N Kbk ix, JE%58 mRNA OifIZ LA T
b ENHLMNI T2, F2. mid-OPT-50% L R — % — O -1, not5SA
TIX 8.70£1.58 min TH Y . B4 notSApNOTS ££ Tl 7.56+0.56 min & Al L 7=
DIZxF L, B not5ApNot5-ANTD ¥k Tl 8.57+0.88 min &AM L 72 0ho 72, &
512, OPT-100% v AR — % — DML, not5SATIE 23.90+43.49 min, ¥4
notSApNOTS ££TlE 29.03+4.36 min, 25 not5ApNot5-ANTD £k Tl 25.43+4.20
min T&H 572, non-OPT-0 % L 7" —% — & OPT-100 %\ 75— 2 — O D 7513,
85 22 notSApNOTS #£ Tl 26.83min T > 7= DIZK L., notSATIE 17.47 min, &
T not5ApNot5-ANTD ££TlE 19.60 min T&H ¥ . Not5 O N KigaHlg & K&k S
% & mRNA 3R T % = R BEERFVENIH S iz, L7223 > T, Not5
O N KUHEIL, 2 B E IR L7 mRNA D fEICB 595 2 L3 &7

(272> 72( 3-17),
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A 0% (non-OPT)
PNOT5-HA time after transcription shut-off Half-life (min)
0 2 4 6 8 101520 30 40 60 (min.)
- - 6.43 +0.21
not5A NOT5-WT == 2.20 +0.16
Not5-ANTD  w=w = 5.83 £0.12
B 50% (mid-OPT)
time after transcription shut-off Half-life (min)
0 2 4 6 8 10 1520 30 40 60 (min.)
R —— 8.70 +1.58
not5A NOTS5-WT  wwww we 7.56 +0.56
NOt5-ANTD  we we e = 8.57 +0.88
C 100% (OPT)
time after transcription shut-off Half-life (min)
0 2 4 6 8 10 15 20 30 40 60 (min.)
S 23.90 + 3.49
NOtSA | NOTS-WT s e e s s 29.03 + 4.36
NOS-ANTD o e e 25.43 +4.20

D . . . The impact of
40 17.47 min 27.10 min 19.60 min  codon optimality

| 11 11 | on mRNA decay rate

T+

- n n w
] o (6] o
1 1 1 1

T

Half-life of
HIS3 reporter mRNAs (m

(6)]
Il
T

104

0 -
Optimality (%) 0 50 100 0 50 100 0 50 100
pNOT5-HA - WT ANTD
not5A
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3-17. Not5 @ N KimfgigiZz i LizURY — AADOFE&F S ARV EBEEICIKEFL

7z mRNA 2 #ICBA5 9%,

A) Non-OPT mRNA #HEiAIE . S5 ERT %D Non-OPT FLAG-HIS3 mRNA 0%
EME/ Y oIOv T4 VYLD FLAG BRI T3 T0—JEANTHRE Uk,

B) Mid-OPT mRNA 5 i8I %E . BrE & B D Mid-OPT FLAG-HIS3 mRNA O%&

EME/ Y oIOvT1 VYLD FLAG BRI T3 T0—JEANTHRE Uk,

C) OPT mRNA F R EIAIE . S E BT £ D OPT FLAG-HIS3 mRNA DR E 4%/ —
Yo IOvT40912ED FLAG BHIICH T2 TA—TEANTRE Lk,

D) A-C DEEHER ., ARV EHEEICIKTE L mRNA 2£(3 Nots O N RiffEE &L
IEUIRY — LADFEE IR FE TS e Bon BT,
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Ak L7z A A8 WS A AW e fEfiric L v, VAR Y — A0 E-site
IZAEE L2 Nots 1d, VAR Y —AHX U878 e325 CEEMAERAL TR, =
AT LY Not5 & P-site tRNA OFH EAEANZEN S ND T E DRI TN D,
Jeff Coller AFFEZIZ IV N TAT D472 mRNA H-JHIHIE OFER. eS25 13 E i =
RUACE VR S D non-OPT-0% L R — 2 — D fRICHIATH D Z E DN 5
Ml o7= (B 3-18), L7em-> T, UARY—ALZ L RI'H eS25, BLU, Zh
(Z KV LE(LS D Not5 D N RImEE & U AR Y — A E-site & DAL, = B

B E KA L7 mRNA R 2 edE3 5 2 L R ST,

60 1
[CINON-OPT

504 WEROPT
€
E 404
()]
=
= 304
[]
£
<
= 201
5 -
€ 104

Wy 98254 0'/)/774

3-18. URY—LAVIIDE eS25 (3, ARV EBEICIKTF LIz mRNA 2 RICWHETH
%, (Jeff Coller #tZE= Ying-Hsin Chen )

A) Non-OPT 54U OPT mRNA F B HAAITE . 25 &M1& D Non-OPT £ LLIE OPT
PGK1 5°UTR-Synthetic ORF-PGK1 3'UTR mRNA DR E M % 2P SR LETUF
EYAAIIROVATF RFeAWZ/ YV TAyTAVT[CENERHE Uz, EDFER . ARV EE
EICi&F Uz mBNA 2 EICR A R THS Dhhi ERIFREIC eS25 LB THI LN R
Nz,
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3-3-7. Not4 IZ £ % eS7T D2 X F L 1kik, Not5s D N KIFFEIBRD E-site ~DFES

IZHETH D

INETORREND, Cerd-Not HAMIL, (1) Notd Z/ L2V R Y — LK LR
7 eST DB F 1k, (2) Not5 O N Rtz /- L7z U RV — A E-site ~D
fae, 2179 2 & T, a FURBEIESA L7 mRNA O 2 eF8 45 2 &0
5T o Te, b L7z o = B8 ARGE OIEORE R 5 . Not5 O N Kbt
HlE. Notd 12X 5 eST DL EFXF ALIZHATIEZRWZ ENRHA SN > TV
Do 2D Notd IZ L D BFF AL THO4L HERIT, Cerd-Not A1) Nots
ZNLTYARY —AIHEA LTS DT TIERLS, ZUbiEhloZ A I 77T
DL ENTREEINTND,

Not4 12 L% eST D2 EFF AL Not5 #4 L7z U 7R Y — A E-site ~DfEA D
B2 Rt 5 720, ZEKIEME VT mRNA ORHIE 217> 72, Al
U7X 912, non-OPT-0% L R — % —O-8d01%. B AR notSApNOTS Kk Tl
2.20£0.16 min, Z 57 not5ApNot5-ANTD #£ Tl 5.83+0.12 min TH Y | T DT
3.63min 72 o7, ZHAUIK L. notdAnotSAD " HE/RKIBMRICE AR NOTS-HA & L
SIXEREB Not5-ANTD-HA % 77 A RTHRIIE, HRMHEEITY &
not4AnotSApNOTS-WT #££ TIlE 9.10+£0.72 min. not4Anot5ApNot5-ANTD #£ T i
8.97£0.63 min TH Y, T DX 0.13min & 72 -7z, LM > T, NOT4 DRI
F VIZITEFEARIT Not5 D N RIGFEO RN MG S D Z EN LN R oT,
[FARIZ . mid-OPT-50% v " — Z — O ¥ 13, B A8 not5ApNOTS 1k Tl
7.56£0.56 min, 2527 not5ApNot5-ANTD #£ Tl 8.57+0.88 min TH Y | DX
1.0lmin 72 > 72 D% L. not4AnotSApNOTS-WT ¥k TI% 18.77+1.02 min ,
not4Anot5ApNot5-ANTD ££ TiZ 19.17£2.69 min T ¥ £ D 7% 0.40min & 720 |
[FREIZ NOT4 DRKI K VIZIEFERIT NotS D N K SaaElk O hF 3 ] X iz,

£72. OPT-100% VAR —Z — O, B4R not5SApNOTS ¥R Tl 29.03+4.36
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min, 258 not5ApNot5-ANTD ¥£ Tl 25.43+4.20min TH Y . F D7 3.60min
72 o 7= O X L. not4dAnot5SApNOTS-WT #& T 1% 18.30+1.47 min .
not4Anot5ApNot5-ANTD £ Cid 18.87£0.93 min & 7210 . Z D 7L 0.57min Th >
oo TNHODORRNDL, I FUBEEDRR D LAR—Z —mRNA O¥:EHICE
W, NOT4 DRIIZ X0 58412 Not5 O N RIBTEB O B IHE S b Z &R
R EINTz, EB5IZ, non-OPT-0%V 7R—4% —& OPT-100% L 7R — 4 — @ -5
DL, notSApNOTS-WT kK TlZ 26.80min, not5ApNot5-ANTD ¥k TiE 19.60min T
& Y . Not5 @ N R fH B D %h /K2 720min ThH > 72 D% L.
not4Anot5ApNOTS5-WT £ Tlx 9.20min, not4Anot5ApNot5-ANTD #£ TlX 9.90min T
Hol-Z Linh, NOT4 DRKIZ LY NotsS d N Kk DhHE A 0.70min & I1F
EEAICHEFEINT, Lo T, 2 FUOEREEICKS L7 mRNA #1237
% Not5 O N RURGEOTEMIZ, Notd ITIEIFET 5D Z L AVRENTZ(K 3-19),

X BIIAFFETIX, Notd & FIERIZ ST D=2 EFF b Nots5 D N AKififElsk
OIEMEICMETH D Z EDRP LT LT, es7ales7bAnotSAD =F/RAEFEIT eS7
M EXF U AEEZIT IR eS7a-4KR 3 BLT 577 A I R & WA NOTS5-HA
L < IXEBA NotS-ANTD-HA % 75 A X R CHRELSY, non-OPT-0% 1 R—#
— OMFHIIE 21T 9 & | es7aAes7bAnot5ApeS7a-4KRpNOTS-HA £k Tl 9.83+1.72
min, es7alAes7bAnot5ApeS7a-4KRpNOTSANTD-HA £ T13 9.10£0.22 min TH Y |
Z D71 0.73min £ 720 | eST D EXFF UALDOKRBIZ L > TH, NOT4 KK T
ERARIZ, IZIFEEAIT Nots @O N RKIGFER O FENIH S iz, FERIC,
mid-OPT-50% VR — % — O 31L. es7aAes7bAnot5ApeS7a-4KRpNOTS-HA £ T
1% 17.43£0.78 min, es7aAes7bAnot5ApeS7a-4KRpNOTSANTD-HA #£ T3 16.27+2.16
min TH Y, ZTOEL 1.16min Tho7z, S HIZ, OPT-100% L 7 —% — D
W] 13 . es7aAes7bAnot5ApeS7a-4KRpNOT5-HA #& T 1X 16.30+0.88 min |

es7ales7bAnot5ApeS7a-4KRpNOTSANTD-HA #£Tlx 16.40+£2.11 min TH Y, £ D
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Z1% 0.10min THHo7=Z b, I RUBBEEDR/L D LAR—F—>0 mRNA O
NN T, ST D EFF UALDORIIZ L - TH5EAIT NotS D N A ifH
WOBENIH ST, £72. non-OPT-0%V R —% —& OPT-100% VL 7~R— 4% —
DO PRI D ZE1T . notSApNOTS-WT L TIE 26.80min, not5ApNotS-ANTD #£ Tl
19.60min T& ¥ | Not5 @ N RumfHIEKDOZHRAY 7.20min T -7 —77 T,
es7ales7bAnot5ApeS7a-4KRpNOTS-HA 7 S G ¢ 6.47min
es7aAes7bAnot5SApeS7a-4KRpNOTSANTD-HA #£ Tl 7.30min Th o722 L b,
eS7 DX F L ALD KIE T Tl Nots D N REGFEIE DO E2 0.83min & 1FIF5E
BICHEI N, Lo T, L EORERNS, 2 FREEICHAF L7 mRNA
SIRIZIIT D Nots O N RKEGFEIRKOTEMEIX, Notd 2 L7z eS7T D=2 FxF 1k
IIRTE L, £72. Notd 12X D eS7T Db FF 1k E Not5 4 L7z Cerd-Not #
BRE VR Y —LAOFEENRE K THDH Z LRSI ii=(E 3-19),
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not4Anot5A

eS7aANeS7bA +eS7a 4KR

B

not4Anot5A

eS7aANeS7bA +eS7a 4KR

C

not4Anot5A

eS7aAeS7bA +eS7a 4KR

D

S
?
T

9.20 min

pNOT5-HA

NOT5-WT
Not5-ANTD
NOT5-WT
Not5-ANTD

NOT5-WT
Not5-ANTD
NOT5-WT
Not5-ANTD

NOT5-WT
Not5-ANTD
NOT5-WT
Not5-ANTD

9.90 min

6.47 min

0% (non-OPT)

time after transcription shut-off
0 2 4 6 8 10 15 20 30 40 60 (min.)

50% (mid-OPT)

time after transcription shut-off
0 2 4 6 8 10 15 20 30 40 60 (min.)

100% (OPT)

time after transcription shut-off
0 2 4 6 8 10 15 20 30 40 60 (min.)

Half-life (min)

9.10 £0.72
8.97 £0.63
9.83 £1.72
9.10 £ 0.22

Half-life (min)

18.77 £1.02
19.17 £2.69
17.43 £0.78
16.27 £2.16

Half-life (min)

18.30 £ 1.47
18.87 £0.93
16.30 £ 0.88
16.40 = 2.11

The impact of

7.30 min

N N W W
S & S o
T T

Half-life of
HIS3 reporter mRNAs (min.)

—_
[&)]
1
T

0 -
Optimality (%)

0 50100 0 50100 O 50 100 O 50 100

pNOT5-HA WT

ANTD

WT ANTD

not4Anot5A

235

codon optimality
| on mRNA decay rate

es7ales7bAnot5A +peS7a-4KR



2020 FE1EA5R

3-19. Not4 [C£% eS7 DAEFFU{bE Nots @ N KiFHFEEE LiZURY — LADEE
Bl FA—ZE&TH?.

A) Non-OPT mRNA #HEiAIE . S5 ERT %D Non-OPT FLAG-HIS3 mRNA 0%
EME/ Y oIOv T4 VYLD FLAG BRI T3 T0—JEANTHRE Uk,

B) Mid-OPT mRNA 5 i8I %E . BrE & B D Mid-OPT FLAG-HIS3 mRNA O%&
EME/ Y oIOvT1 VYLD FLAG BRI T3 T0—JEANTHRE Uk,

C) OPT mRNA F R EIAIE . S E BT £ D OPT FLAG-HIS3 mRNA DR E 4%/ —
Yo IOvT40912ED FLAG BHIICH T2 TA—TEANTRE Lk,

D) A-C DEE=HER., Not4 [CLP eS7 DIAEFFU1bE Nots D N KimsEEEST LUk
Y—LADFERR. B— R THHENBHohIhT,
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KIZ, Not5 Z 4T L7z Cerd-Not HEIK L U AR Y — ADREED, Notd 24T L7z
eS7T DA EFF AUITKFT D DO E G L7z, NOTS D3RR U T- ST FER &
L C. not5AFK. notdAnot5SAEK. es7aAes7bAnot5ApeS7A-WT FE.
es7ales7bAnot5SApeS7a-4KR #R1Z, NOTS-HA #9257 T A3 NE B Els# L
7o M EERE R 2 B2 ORI 14 . %% U 7o R HR 2 o = B B A i DR IS
KV SE LTz, 20O%, TCAREBIZ I 2 o8 Y 7 e L, $it HA fiLik
EHW e AE T a T 4 T EITH T LT, Nots ¥ /37 B D RTE % i
H L7z, ZOREE. notSAKIZHR#H S 7= Not5 1% monosome 5 L OY polysome [
IYIRAE L= D% L. not4Anot SARRICFAMH S H7- Not5 12V R Y — AITHEAH
7. free BISIZRTE L72 (B 3-20A), & HIT. es7aAes7bAnot5ApeS7A-WT ¥RIZAHH
i 72 Not5 13, notSARR & [FIERIZEIER T D U AR Y — ARG Lo DITxE L
es7alNes7bAnot5SApeS7a-4KR FRIZHRAH & H 72 Not5 1Z. notdAnotSAKE & RIERIZHFIR
FD YR Y —LTHEE Ledr - 72 (B 3-20A), L72H-> T, Notd Z /- L7=V AR Y
—LH R E ST D FRF ARSI Not5 D N RKmEk A /T L7z Cerd-Not
BAEKE VAR Y —LOFREIZHEATH Y | Nots & U R Y —AD E-site DFER K
JED EFETEZ A Z ERHA LN o7z, ULEDRERE 7 T4 B IS4
W REERAT OFE R & G2 &0 FIFRBRMAEREEHIZH UV T Notd 13U 7R
VNG RIE ST R X T ALL, BRI RSUSREIZ, Cerd-Not AR
TV R Y — L OFFFMREE DI T 2 #%1 L. Not5 0 N RimfEz /L TV R
YV — A0 E-site IZFEETH I & T, 3 RUEEEITEKAF L7 mRNA 73 ff % 355
THZENHBLMNITRoT,

F72. NOT4 & NOT5 O _BEXREPHRIZBEETHDHZ &b, ZNUHREET S
a RUEBEEIKRF L7z mRNA S fEOERICE T 2 EEENRB I TVND
(X 3-20B),
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pNOT5-HA Free 4060 80S polysome
not5A + P--- ——————
not4Anot5A + h_ -
Not5-HA
eS7aAeS7bAnot5A +eS7a WT + A R e - -
eS7aANeS7bAnot5A +eS7a 4KR + T 1 Ll
IB: HA

B p416GPDp-NOT4 -URA -URA +0.5mg/ml 5-FOA
wTt +
not5A +
not4A +
not4Anot5A +

3-20. Not4 (243 eS7 DIEFF UL Nots VY — LOFEEICHETHD.

A) VaEEE AR DEERALE Nots OR7E T, HA 20 &L Nots ZF IR T
BTIAIN e EE I UL S BB B QMM KE 10%-50%0 Y3t E E D
(EPTFA LR &, S EILEY Y TIVE TCA SEBRICENEEL. 31 HA BiAZRVEDT
A8V T0YT4T(2LD Nots DURY — LADFEEEHERE Uiz, ThIZELD Nots @ N
KimfIHEURY — LOFERICIE Not4 (L2 eS7 DAEFF LN LA TH B EN B
(ChgoTz,

B) HEFEAD Spot assay, Not4 ZBEEIFKIRL. 73/ EHERI—D—&LT Uracll &
B RIE L F CThd URA3EI— T3 p416 GPDp-NOT 4% H S B B K (CRE B 8RR L
EE®. 10 EOFRRINEARLE, URA3 K- R 3A0F I UBETALRF V5—F
[FEVIIVT7FOTTHS 5-FOARRBULEMMECEIRTBTNIC. URASEELER
HRaI3. 5-FOA FE T CIREBTREEICHS, Uracil Z&FHL) SDC-Ura FL—hE,
Uracil 22 %79 5-FOA &% SDC-Ura+5-FOA JL—MIxt L. i B Eniaiz D 35 B
BREETT3ET, NOT4E NOT5 D= EREBHIIEFETHBENTREINTSE,
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3-3-8. Notd IZ K 5% eSTDE/ 2 EXF AR, a RUOEBEIZKTE L7 mRNA
SFBZSLETH D

SATHFFEICIBN T, Notd (125D eST DFE /2B xF L Akid, VAR Y —LDfE
W EEOR Y —F NI ETHD B3 X T U H—F Hel2 ITX 5 K63
IR 2 X F OB E FIREIC L, mRNA SVEE B NGD # B35 =
& DR & T B (Tkeuchi ef al., 2019), Z D72, Not5 O N Rl 2/ L 7=
Cerd-Not HEKE VR Y — LAOFRERIZNETH D eST DX F LR, £/
ZEFFUALTH DD, K63 BARY 2% F 1 b Th DD, Hitzirie-o
72

WD X F o2 a— R o8 2 TRESE, BAEMa X TF
(Ubi-WTH L<1X K63 WAV 28X F U HEER TE A WEARM 2 % F
(Ubi-K63R) % Bl S 7= I ZFFERIRIZ . NOTS5-HA KON eS7TA-HA 3B 9577
A FEPHEEH L, B OREE., 9% L oMlaihiiiz o o b E AR
HANEIC KV B LTz, ZD#%, TCA ILRIZ KLV 2 o "I B o7 e L, i
HA HilkE Wiy =22 Ta w7 4 7 %175 2 & T, Nots # 2 /37 ED
JATEL eSTA DX F AL L~ a2 LT-, ZOfE%., eSTA DR Y %
F BRI, Ubi-WT ik & Hei U C Ubi-K63R FRIZEB W CEAICIHAR LT Z &0
eSTA LTSN DR Y 2 FF I, FIZKS MR 2 FF U HTHD
ZEDBH LMo T, DI T, Not5 1% Ubi-K63R #RIZH T polysome
B MZRE LT Z £ D, Nots Z40 L7z Cerd-Not AR E VR Y — AL DOFES
I%. eS7 @ K63 IR Y 2 &% F L AICITKFE T, £/ 20X F ALK FET
% I REMEAS TR X 417- (B 3-21),
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A

Free 4060 80S polysome Free 4060 80S polysome

uB-wt Ubi-K63R +pNOT5-HA and peS7A-HA

ASLLoza | poly-ubed-eS7A-HA
- CARD D e e - e esaeee — mono-ubed-eS7A-HA
[wisleiass———— - ® Sereaesabesesapanes — cS7A-HA

ARARGS = — & o o A e |Not5-HA

IB: HA

3-21. Not4 (C£% eS7 ME/AEFFUAL(F Nots EJRY — LOFEEICILETHS,

A) DafEEEAERRDEZRAVE Nots DBTEE eS7 DIEFF UL LANILDOEET, HA
R &MU Nots & HA BT &{TinU% eS7 2RI IR TIAI FeR B iR Lz
FEFHEXOMAAMLEEE 10%-50%0 VaEREADRICTIIMLRDE. nELE
YTV TCA LBRICENIRMEL. u HA iRz AWz I ARV TAY T4 T(CLD Nots
DURY — LADFE S F R Uz, THICLD, Nots @ N KigfEiEE)RY — LD S
(CIF eS7 DRVIEFFUFEESET . £/ IEXFAENRREAETHSEN AL,
AERTE. HFBEENOIEFFUEI- R BEETERBEE. TIAIRCLNE
HERIAPEFUERBSER UB-WT #EKe3 BURIEFF U8B TELLVKE3R 1
EXFUEHBSEE Ubi-K63R #ERLVE,
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3-3-9. Notd IZ £ 5 eST D B X F 4k L Not5 D N EKIREIRD E-site ~DFEE1E.

Dhhl D U RV — A~DFESITLEATH S

ZHETIT, FEEE mRNA ECHEITHENEIE LY RNY — Lzl L. €
® mRNA O3z ER T DK F & LT 7 F v v E L ZiEMAUIAF Tdh % Dhhl
MEAESNTND, LLRRL, ARICEY, 77 7=1v—va B E
F % Cerd-Not AT D Notd J O Not5 782 K2 F 5 FE (K 770D mRNA /3= %
T2 EEZHLMNI L, £2 T, ZONHRIZET S Cerd-Not EHIK L
Dhh1 @ BRI SN THET 21T - 7=,

Jeff Coller WFZE=E12851F7 % mRNA ORHIHIE DM, BFAKTIT, B
mRNA & JEF# mRNA OZEVEICBE R 22 Shve—h T, STATafE & —
BLT, 7F ¥ v B TIEHLKF TH D dhhIAKIZEB N TIE, il mRNA &
FEFE mRNA OLEMHEZIEF L TH Y . mRNA OLEMEIZIIT L = B R
FERIF N ERICHE SN, 70, TX XY v E VTR TH D dep2AES,
Cerd-Not EARFICEENDT T T = L—AThH D pop2/eafl MER® cerd MEIZH
WTH, B E B LT, mRNA OZEMEICIRIT D = R 2R R AN R
<HflE Tz, L7eid» T, 2 RO mRNA 43f#Z1%, Dhhl (2 XV
BEINDIT XY v 7 ORI HT, Cerd-Not EAEREN LI2T 7T =1L —
Ta v bEET 52 LRI SN (K 3-22A),

W12, Dhhl D YR Y —Lh~D Y 7 )L— k& Cerd-Not KD BIHNEZ B &
MIZT B0, BEKD L IX notdA¥k. es7ahes7bApeS7-WT #H L < 1%
es7ales7bApeS7-4KR BRIZ Dhhl-HA % REL 577 A I R 2 0B s U 7o 3k
REAB538 R ORI t4 . R U 7o Ml i 22 o = % B A3z DB LT & 0 431
Lz, £Dt%, TCAWBIZ L % 7B 7 e L, Bl HA bilkE v
UIAZ LTy T 47 %ITH T LT, Dhhl ¥ /N7 EOJRTEE#HH Lz,

Z DOFEF, BFAEREIZFI VT Dhhl (% monosome 35 L O polysome 432 JRTE L 7=
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DITxE Ly not4ARRIZB W TIZ Y R Y — AICHEAE T, free B4 ICJRH7E L7Z(H
3-22B), X 51T, es7aAes7bApeS7-WT i Clid Dhhl BEIFRHF D U R Y — A LfEE

Lokt L, VARY —L X2 RXI8 ST R xTF b axxz T n
es7ales7bApeS7-4KR ZEFERRIZI T, notdABK & [RIERIZ, FIRRF O U R Y — A
IZHEA Le o 72 (B 3-22B), LA LK #7235 Dhhl & U R Y — L DFEAITIE,
Notd (2K D eST DA EXF U MEDRMEATHDLZ ENHLNZoT0, Tz, B
A notSApNOTS-WT #k & Lbie LT, Cerd-Not AR E U AR Y — AW FEA Lisn
I I pot5ApNot5-ANTD FRIZFEWT S Dhhl (FFIERF O U AR Y — KRG L7
MoT-Z M6, Notd Z4 L7z eS7T D= B X% F L AKITHKTE L 7= Not5 @ N Kifi
FEI A L72 Y AR VY — A E-site & Ofia %, Dhhl OV R Y — A~DFEEICHIE
Th s Z LR ENT(R 3-22C),

Dhhl %, Cerd-Not EEKH DR Z /37 HTh 5 Notl ICEEEEET HZ
EMME SN TWAHT, HEITHEENEIE L7- U AR Y — L% Cerd-Not FEAIRD
Witk L. Not5 728U AR Y — LA Essite ([ZfE6G3 % Z & T, Dhhl BREOEAEKF O
Notl |2V 7 /b— hSHL, TF v v B 7 %4 L7z mRNA 53R 25589 5 ml etk
DARB STz, S5, M7 mRNA DB WX, T77=b—v =3
DEESTHY, TXFxY vy T7OLERTEZ S, 72, 2O mRNA 5%
ZiX, 777 =v—ra b5 T2 EBERDL L, TTT=L—va v
DO TFHT Dhhl 2 L7E=TF 5+ v B0 7 OiEMALMEtE STV 5 ATREME S %
bbb,
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60 -
[CJNON-OPT
_.504 WEROPT
€
€ o]
o
2
= 304
[}
L
$ -
4
€ 104
0 Wy ©8as Ao, Corg , O
254 /)74 P2 4 %24
pDHH1-HA Free 4060 80S polysome
wT + CREDED =0 = -

not4A + -

Dhh1-HA
eS7aneS7bA +€S7a WT  + (DR - o b e
eS7aheS7bA +eS7a 4KR + [ Y
IB: HA
C pNOT5 Free 4060 80S polysome
NOTS-WT | == = en e onh
. 1
Not5-ANTD s .
not5A IB: Dhh1
NOTS5-WT '.i-—.‘m
— uL4
Not5-ANTD '.----- - -
IB: uL4
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3-22. URY—LAVINIE eS25 [F. IRV EEEICIKTFLZ mBNA S RICWHETH
%, (A,C: Jeff Coller #f35ZE Ying-Hsin Chen b)

A) Non-OPT 40U OPT mRNA EHABIE . Bz 5 E MM Non-OPT % LLIF OPT
PGK1 5’UTR-Synthetic ORF-PGK1 3'UTR mRNA D& E 4%, 2P S LETUF
TUAXVTAIDVAF FeRWZ) Y070y T4 oD [CENEH Uz,

B) Ya#E®E E AR L A%ZA VL Dhhi 0BT, HA 30 % 4+ U% Dhh1 251
I3TIAINeME G Uz FEEREOMIME BZ 10%-50%0DYatEEE S
BRICTTIMALEDE . FELEYYTIVE TCA SERRICENEEL., B HA LA ERLVED
IABYTOYT40T(2ED Nots DURY — LADFEE EHEERE Uiz, ThIZLD Dhh &Y
RNY—LOMEERICIE Notd (24D eS7 DAEFFUENNBETHDEN LM
Iz

C) VaEFZENE R DZEEAVE Dhh OB FHE, KB EOMIaH L &%
10%-50%0D VaEE B ARICTP T4 LR &R D EILIZY VT IVE TCALERICEDIRKE
L. #t Dhh Hiufk. $1 uld A EALVED IS Y TOYT1UFI12ED Dhhl QURY — LA
DIEREMERE Uk, ThICED Nots @ N KinfBEEURY — LO#E&(d Dhh1 )UK
Y=LADYDI— MIHZETHBEMBALNNIE T,
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3-3-10. Not4 I £ % eST D2 X F 4k & Not5 D N KIGFEIRD E-site ~DFEE
DREIF, T ¥ vy BV I RIEEN L7z mRNA 5% 055

BRI, Notd 125D eS7T Db FF (kL Nots D N Kk /i L7z U R
Y — b E-site ~DOFEED EET F v v VU T RISICURHATH 202 iERT 512

DIZ, EDCI mRNA # W TCRT 21T o 70, — ML, 77 7 =1L —a U»
mRNA SRR ORI THY, 77Xy v B TIFEOFRTEZ D, & &
NTWDH, 3-1-9 TRNE L7z X 912, BRIV TIET F v v B0 76
{LK¥Td 2% Dhhl % Notl & EHEFHAEIEMH L, mRNA EiZU 7 /b— k&7
Cer4-Not-Dhhl EAKIZT 7T =1L —3 a VAN S TICHEET v v B 7%
fleied2 Z LW ARECTH D, EDCIMRNA (X7 75T =1L —3 3 V&% 7, Notd
RONotS KT LT2T ¥ v B 7 DB % I L TmRNA DR Z 5T 5 5E
THESNTWD, £ T, HHEFRAZER L, £E. RNA ZhiHE, / —
FoTuvT 4 v 7 EFTVEDCI mRNA (KR 5 7 0 —7 % O CRHETT
STz, F DRGSR BFAERR & HlE U T notd AR not5A, dhh IAKIERE TIE, EDCI mRNA
NWEE L, ZORBEN EH L7Z(E 3-23A,B), £7-. eS7T N b X T 1%
ZAF 720N es7ales7bApeS7-4KR RRIZEB W TH, v b —/LThH D es7ales7bA
peS7-WT #k & bt LT EDCI mRNA OFELED A L7 (H 3-23A,B), = HIZ,
Not5 28 U 7R Y — A D E-site IZH5E TERWERM not5ApNot5-ANTD HRIZIS N T
He T2 b a—/LTh D EEM notSApNOTS-WT ¥k & bbis LT EDCI mRNA D¥§
BlaE» B U772 (B 3-23A,B), AT, NOT4 DRI TR eST DL EFF L AbdD
KITIZFUVTIE, Not5s D N RIm IR F L7 RBA PN BIZE SR> T2(K
3-23C,D), LA ED X 572, EDCI mRNA OF ¥ ¥ v &' 7 %4 L7= mRNA %)
IZOWTORBAT, T E TR L2 FORE#EEKFO mRNA 53 fRIZ3 10
HRETMEIEFIZE S LT\, LEER->T, Notd 4 L7z eS7T D E*F
F U ACIZHRAFE L= Not5 @D U 7R Y — A E-site ~DFEAIL, TF v v B2 FIKLF
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L 72 mRNA 7RI HIETH D Z ENH LMo T,

A eS7aA C
eS7aA
eS7bA not4A eS7bA
— @ notsA  not5A not5A
25 WT 4KR peS7A-HA
T ® = —_—
N N 4 g
439 0 n I Q Q Q Q
~ 9 Y o o < 5 =55 &5 pNOTS-HA
S88¢¢es £$3s35383°”’
- - "™ ™ - EDC1 - - » - EDC1
IB: EDC1 probe IB: EDC1 probe
8 2 8 & €& 8 EDCTmRNA level S IR Y Y L3 T L EDCImRNAlevel
S 6 - © o o (normalized by S 6 6 8 8 S & = «— (normalized by
H H H H # # WTsample) H H H H H H H H u WTsample)
SIHI3R E-23835388083
- N 1D ©O N © - = N 9 IO ™~ N O ™
<
z <
E 10 §
~_ g 13
8§ ° o= o
lu‘g' 6 §§ 6
00 4 58 ¢
2= 2 3¢ 2
pe £<
o 0- s 0
T o
E 5 ] S WTANWTANWTAN WTAN pNOT5-HA
5 ° o T pp——
. g = peS7A pes7a g
E ,t\‘: “WT -4kp PeS7A-HA
3 3 not5A not4A eS7abheS7bA
ad9g o oq
88T e not5A  not5A
® § § eS7aA s
S & € eS7bAT

3-23. Not4 [C£d eS7 DI1EFFibE Nots D N RimpEig & LYY — LD
&l TErIE VT EN U mRNA HEERET S,

A.C) EDCTmRNA DRBFENTEE, FEHFEEEIEE FE%. RNA L ET-
Tz BAEEULIZ RNA BTN ET T340, /927097400 247131, RTEED EDC1
mRNA [Zx 532 70—-J2ANTRE LE,

B,D) A,C DEEHER, Not4 [CL3 eS7 DIEFFU{bE Not5 d N KimfEEEN LY
RY—LADEESE. TFrIE VT &N Uz EDCT mRNA O EEEET 3N BN

(LT,
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3-4. BE

3-4-1. Cer4-Not HEKITZ, I FUEBEIEKELEZY R Y —A0BREER
PESA—THEHEREVY—THD

AHFFETIE, Cerd-Not HEAKN, = RUEME KT LIZY A Y — L OEE
BlbxE =4 — L, UKL L7 mRNA D% 85 2 L 2L M L,
S HIZ, ZOWFEIZIE, Cerd-Not EAEET DREALAS TH S E3 U T —E Not4

CEABUVRY =B RTE ST D EXRF AL E . RNA FES Z > 737 E Not5
12X 2 80S VR Y —LAD E-site ~DFEENEET 5 Z & 2 L7=(K 3-24),

7 T A A oA BIEE DT RERT DR RS 0 Not5 (3 H & D N Rk
I L C. 22D A-site % 5 ¢ Post-translocation state & FE{E41 5 (--/PP/--)IRFED 80S
U AR Y — L0 E-site \IZFFRAYIZHES L TH Y . £7-. Ribosome profiling Z 7=
HEFRMIFRRR BYREARNT OFEFIZ X V. Cerd-Not AL A-site (ZFEEMH = K3
fLiE L7z 80S VAR Y =L & MHATHETHIEEMBMNIT L, LEd> T,
Cerd-Not HEIRIL, tRNA O R REIZL DT a—TF 4 v VI EDRILE A
AL, FIRRIIZZE0D A-site 2T T 2REHIN R ol VAR Y — 2238 L
TREAEL TS EEXBND,

RN THERESRHE T 2 & U N VB ORBLEIL, ZEROREERIC LY EFE
ML, mRNA DOZEVECIEDWERBEEDZEIT, TNITHKT DX N7

BOBMEICHRKS KE B L KT, = FUOBEREEIL, mRNA ZEM & B
(ZHFABI LT 0 BHER S 2 < W IEEE mRNA (3 FIER 4107V =5 mRNA
& LT, URIZ /iR S LD (Presnyak et al., 2015), AAFZETIX, = K Ei
FEIZHKRTE L7- mRNA 2RI, Notd (255 eS7T D=t F L ALITIKTE L 7= Nots
O N KEGHERE N LIV R Y — A~OfEERBEET 22 260 L, 2
DM AR, FROT T T2 —2a o7 % v v B 7 2Rk
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% Z & T mRNA BfRERET 5, ZHET, TF ¥ v BV IIEHRILKTFTH D
Dhhl 23, = RUEBEIKFE L7V R Y —208E{LEE=4%—L., mRNA
DR AEFEL TWVWD EE X HITU 72 (Sweet, Kovalak and Coller, 2012;
Radhakrishnan et al., 2016), AHFFEIZ LV Cerd-Not AR Y AR Y — LAD#E)X
ZRGNL TWD Z ENB BT 72> 7- (K 3-24), Dhhl X, Ccrd-Not A KDHE
Sy ThH D, TN DRGSR HTh D Notl L EFEMAENT 5 Z &2
WA &N TE Y (Coller and Parker, 2005; Chen et al., 2014; Mathys et al., 2014;
Rouya et al., 2014), Ccrd-Not HAMKE VAR Y — L OFEAHEEIZILE LT 74— b
ENTNDZENRBENTZ, £, THF ¥ v 7 ORI 5T, FEEE mRNA
% Cafl/CNOT7 2/ LT 7 TF=b— a2 b5 Z bMBESNTEY
(Webster et al., 2018). ZL 512 L > T mRNA O RuNFEH T 25 2 & Tl 7q

mRNA S fENAIREIC /e > TV D LB X B b (K 3-24),
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Translation Initiation Translation Elongation

Optimal codon
@88 Non-optimal codon

& ,'; - ) /
[J  Non-Rolled 40S B &
B Rolled 40S
C%Nms ‘ By 75
x I

)
¥ L
G 44 G ' \~
Y r b A P
§ J7 Ve
Ccrd-Not r
(Flawed initiation?)
A-site tRNA P e v W
& \ \

¥

o  foriem, .
@ P-site tRNA 2 AN
[ E-site tRNA - S A} 3

(o= ) PR )
O Fast Process cl L ¥ BN ) Ccrd-Not

| A N Deadenylati

0 Slow Peptidyl Transfer ” Ko A N eadenylation
é Slow Decoding - ol /,

’l
5' 4 3 '/
AN > 'MRNA Decapping, ¢ )
?) 5'-to-3' degradation Dhh1

X 3-24. KBARICINRIBSNLZET IV,

FEEFEIFIICEE MRNA [ ZOAFVEFEE (K FUTHBEZTHENHRESNT
HN. COERICE Ccrd-Not EERERNE ST I EZBAOMNILZ, TA—TA4 VT HEN
EZULETIBEEFEILY LT, URY— LD A-site [CPI/7 VIV IRNA BEEETHF
TICHXMICRVEREZETBH. TOME. VIRV —LIZZED A-site ZRRL. 7I/7Y
JLIRNA DFEEEFFH#T D, Cord-Not & RDIE AR F TH3 Nots O N RimsELE (3,
A-site B'ZETH 80S UiV — LD E-site [CFEE L. Dhh1 [CEDEHIESNE T FvoEY
B Ule mBNA 2 fEZ{RHET D, SolT. Nots EURY—LOMEERAICE. ZDLERT
Not4 [CEDURY —LAVINDE eS7 HAEFXFFULSNBITENRIATHD . ChbD—ED
RISEN LT, Cerd-Not EERIFURY - LOREEALZEML. IRV EBEIKEL
e mRNA 5 f#ERTREICL TV,
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3-4-2. Notd IZ XD VARV =2 Z U NIE ST D2 EXF AT, A RIGEE
BIEIZHES T 270D, BIMEBD X 5 2RETH S AEERS S

AWFFETIX, BRI REREICB T DU R Y — LAOEREEEIZHE R L7225,
ST DFE RS . Cerd-Not EEIKITFIRRIMRIBRD 272 537 FHERBALAIE
BREHIZH 80S URY —AIHEGT 252 &R T WD, FHERBAGEFREE

HIZ 6, P-site |ZBHAG Met-tRNA %3 7, A-site & E-site 2322 CTdh 5, Cerd-Not
BAEKRDOFEAIER & 72 5 Post-translocation state ORI Z 0 9 5, Not5 23k
A9 5 YR Y —L Esite & Notd B2 EFFAbT 5 eST 1, VAR Y —LEH -
TE#ELTELT . ZhODIEEIT D Cerd-Not BHEAKITRN 3 F T % rIRENE
DMHER X% 72, BIRRBHAAIEB % HAIZ Cerd-Not HE1K73 Notd (2 L D eS7T = &
X TF oAb EH S ATREED H012E 2 55 (B 3-25), Notd (28D eS7T D= F
FoAbx, EEEFICER T2 MEEHESCA b L ZREITR T 2 FERHIE S 2
VHTHY . ZRRIDRDLTHREZ I T 2 2 &b, 3 FUBREE KT T 2
AR T HBLHIE 2 5D B 7B 2 7o AT E SUS CTd 2 ATREME N B 2 5
% (Dimitrova et al., 2009; Ikeuchi ef al., 2019; Matsuki et al., 2020) (& 3-25), > %
. 5 EME, b L ITREDOTRRIAIFIC eST Nt TF Mfbshd Z
&, MRENOFRENBIC B FRENAE U551, eST DE /) 28X F 1k
HEE L BHZ)S CTe ROSRAE G A ATRBIC L, 24D 2 BT DRTAE D K 5 7
FeRe A Fi DAl REMED & 5 (B 3-25), FEERIZ, = N R IKAF L7 mRNA 77

I, IO I E LRI AN S T2 SRR AF U TR R A e RS S 2 3585 T
% (Presnyak et al., 2015), HIFEERHCIBWT 7 = 0 VRS, FIICR4 2 —
WPYEREICR G35 % L8 BiEE 22— R9 2 mRNA [3FER = RUICHE

RLEERSIT WD, ZAUE, O X9 7o iRa P FRETCH0M 72 il 48 R 12 BE 5
LHRNFHEOFEBR LIRS ROTCDICEHETH YD, S DI —WMEINE Z Ll [T fEER
T OO MARBEFRIGE CH D, ZOENIH, REDOFiH TR~ 7
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£ 912, VAR Y = AORFEEHO/MMIER b L RAISEFELIT LD L35 KRR

—IBVEISEN I T D7D, Notd IZL D VR Y — L2 X F L ALNKAET
HHIENMESNTND, SHIZ, AFEDORER, = FUBEEIKFELT
HIENZ I T, FIRRBIAAERME C Notd 1% eS7 Z 2 % F (b &\ ) AL 2 4
52 LT, W EIE ETH - THRIEEIZ Nots 28 R Y — AIEEERH G TE D
EOITFHEE L T D AMgEtE R S 7o (B 3-25), L2 L7R723 B in vivo T OfiF
BBz X % &, polysome F1D eS7T D EFFLAUIZL DR ZENE DD
BTN EXFUAEZIT T DEDITTIERLS, bOHE TR F i
TWA(E 3-13A), 5k, eST 2 EFF A/ bahiz, b LIEER TR
R Y — ADENIOWT, 1) LT 5 mRNA 0 OMIENEE, U AR Y —
DTHEE LTERIRRIEER IS 2 T2 2 & T eSTO2EXF UL 26
TRRD T 7 T IR DR ORAN G SN D,

—J7C, FIRRBIARIE R IICIT D Cord-Not AR E U AR Y — ADOFEAIE
2 N R LB PRGN R L e B o2 R
AIREME D Z X DD, B2, FIERBALAES D O TR R RS~ DRAT 8 A L
—RIZHEE T, VA Y =N —KHEIE LE -T2 H AT, ZOMRKISZ 7R L
X 9 & Cerd-Not EEENBIMEa R I 7 b— s &5 Z & TmRNA 23R4
FHETDAREMN D D, £, —HRAYIZ mRNA X closed-loop & FEIZN 2 BRikAL
HEEZR LTS Z &0 H, mRNA O 3P RBICBW T 7T =b—va %
&2 72 Cerd-Not HAERN, SHKIEEMN L THBEL S, Bltha Ry b~V s
—hENDZ LT, OffE LD mRNAICK L, & 5722 DFIEREBIAA SN E =
BIRNE DT, SRS HT 22 Y R Y — A OFAERE L, 2o, 5K
BFA2TXy vy BV ITBEOT BT IVREDIEEEREL TV 5 AlREMES %
bbb,
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A
) L® < IARVEBEICKEFELL
sLow ,J@: MRNA%ME
Y R
T
' o) REFREBO
m) COLLISION mRNABIR R EEE
(Ub) v/ @2
QO -
T___@?_ NI R b L AGE RO
STRESS — BT BRI
PR BRERE: BRI RERE:
MENSEICH T 3 MENGEICHT S
F R ALE RIS BRI

3-25. Not4 [C4B eS7 AEFFULIE Z H L FRHNEICRE 5T
A) AHARDFEREZ(TTIRIBET S Notd (L&D eS7 DIEFF ULz UIZERERFl €
7)o Not4 [CLD eS7 DAEFF UL, FHRENRE LM NIRIRDELICH U S5
BRFREGECHIZEHNERISELTLEAETEEEZLNS.
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3-4-3. Not5 & elF5A i3l B DB WS RED TU R Y — A D E-site IS
35
FEEIAT OFEE. Nots Fia L=V AR Y —A1%, A-site NZETH Y | P-site D

IR ARNA Z G T (—/PP/-) 2 E BB TR o7, T, BIRMBERIED 9 B
NZvAar—a %O, E-site ICT T WL S L72 tRNA, P-site [Z~7F
JLVtRNA % & 7, A-site |32 T % (--/PP/EE) POST-translocation state & FE{XAL 5
REED S . LT v b tRNA 2% E-site 72> D fiREfE L7 REED & 21T E D
(—-/PP/--)o BFRIMESUSOMBFETIZ, 73 /7 73V tRNA 2% Assite [ZHEA L7
(AA/PP/-), X7 F REBICHNEEZ, N rAxAnr—ra URET L
(—-/PP/EE) it 7" * /LAl tRNA 23 E-site 2> & fiflff L RO =2 R f#RHEEAT 9 (—-/PP/--)
D3 OOTREAEZYIKTZ LT, mRNA O RUR &L, <7 F R
$H % Ak LT < (Budkevich et al., 2014), Z O, VAR Y — A ETiE, BIZ (RNA
DB TL0HB0F, VARV —L40S 7 2=y hLLI A b—7 LFEEND
B URTBEEMN L T A —2a VB EITH) ZERMESATWS
(Subunit rolling), (--/PP/--)DIREETIL, YR Y —2A40S 7 2= ML E-site D
FHZEHE T 572012, L1 A h—27 3408 T 2= L OEEEZRET D LD
LT, URY —LDONE~E ANV AL THMUNCE T2 —J7 T, Asite IZ77
J T UV IRNA DS LIZ(AA/PP/-)DIRRETIX, 40S Y7 = NI Ha~
EEHEL L1 A M= R Y —LDONER~E ANV AL, E-site (ZBE) L TE 7
i 7 2 K RNA Z Ji 3% (B 3-26A), = D X 912 tRNA OfEh & LT,
URY—=LBHDAL 75 A= a VBB IER 2RI ROSICEZE TH 5,
elFSA ITERAW N M £ TR RFIN TV DO EEEED T TH Y A
T NERRRNL B FEOME— DX X T BT D, THVE T, elF5A 1T L=~
7 ) EAFEIC KD R RIAFEOIEICHATH L Z ERImESNTND Z
(A BHER R B FE D Z 72 B FHERIEKS (231 2 X7 F NEHOMEREZ (e
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ETLHZETHMONTND, EHIT, elFSA 1LV AR Y — A0 E-site IZFEA L

NTFUIVRNA O CCA Riia ZENMTHZ LT XRTFUNVET AT =T
— BRI IR LT T FEBCEIREST 5 Z EBHLNITR>TVND
(Schmidt et al., 2016), L7235 T, AWREOFER L HOEDH L Nots 1F7 =2—
T4 TR A —IZB DA RO & EA LT, (—-/PP/-) Y RV — LD
E-sitt ~&HEET DA T, elFSAIIXTFINV T AT 2 T7—BEUZ—(C
BT DT F R UG OFRIE 2 & LT, (AA/PP/--) U R Y — LD E-site ~&
AT 22 ERHLNTR> TV D (K 3-27B),

Not5 |22 A-site ZHRf DV AR Y — L ZGBik T2 — 7T, elFSA XTI/ 7L
tRNA 2% A-site IZHED L2 U AR Y — LD Essite ICHEATHZ &b, Zh b0t
WHAR A LT 5 2 & T NotS 2F8ikT 2 U AR Y — AOFERFRMEIZ OV T
i L 72(Schmidt et al., 2016) (K 3-27A-C), = O B Not5s DFE L 72 522D A-site
ZRFOU R Y — A TIL, A-site [Z t(RNA ZHUDIAA TS elFSA ORE & iz LT,
P-site tRNA D7 > F 2 R AT Ljb—TF M E-site D~ L 1LABE L TRV,
ZOWRe a7k A—3 3 (LA Nots DCM & O EA/EH Z FTREIZ LT
5HZEMH BN 512 (R 3-27C), — )7 T, elF5A OIE Th 5 (AA/PP/-) Y R
V= LBV TUL, P-site DT o F 3 R AT LL—"1E, Nots @ tCM & 72
LTLEW, RO LEICHAFENEZBR TERNWI LR I (E
3-27D-E), & 512, FijEk L7z Subunitrolling (2 K2 VR Y —2/h T =y bR
LI A2 b —27 OEEZEAL S Not5 & elFSADIEDOEWNWE LTEZXLND D
(—-/PP/--)DIREET, L1 A h—2 723 40S 7 2= b L DEELEBET D L D
T, VARY —=LONE~EANVAET, SMUZ T KO Zefiis & At iic &
IRFRIAERF 375 2 & 23, Cerd-Not #HARIC L 2 FERFRIC L E 2 mleEtE S & 5 (
3-26A), LILENG, ZTHHBUKRY—ALE Nots EDOFEEICEET D0, &

D FHD Dhhl 24 L7~ mRNA RO 7 F v 7000, BHEMIR - T
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VL EDOFERD G Not5 O N R IIIEF MR Y RY —bDa 74 A—
VarBbERE L, ZED Assite ZFFO U R Y — HMMIFFRIICHET DL Z LN
HH &5 22272 © TV 5 (Hanson et al., 2018), F 7=, Not5 (= K fif#wt DIELE % K0
L T POST-translocation state (--/PP/--)Z 58k 9~ % — 7 T elF5A |1I~7F N

Jits D FEIE % F 71 L C PRE-translocation state (AA/PP/--)% i85k L. E-site [ZHEH T

L2 EMRENT
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L1 stalk

3-26. A-site tRNA [CIRFELTH T 12y M EIERLYRY — LDV 74 A—avhiE L

L1in

L1 farin

3%, (Roland Beckmann #ZZ= Robert Buschauer )
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k4 , W P-site (+)A
[ 40S (-)A N © W40S (+)A
B Not5-NTD 4 ~ Co's B A-site

W elF5A
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3-27. Not5 M N R tE1EEZED A-site ZFFDOURY — LIS LBIRMICKEE T3,
(Roland Beckmann #25= Robert Buschauer »)

(A) Not5 hi#& & Liz(--/PP/--)® 80S URY—LMD>5, 40S HT 12y bDHFA 4 EFIE
MERTH/ONLET U ITA4YVTEET IV, Cerd-Not B E AN AL 7 THS Not5 D N R
i FA IHY)INY — LD E-site [CFEE LTS CENBADMNIB D72,

(B) elF5A H#&& L2 (AA/PP/--)( 80S URY—LD55., 40S 4712y b OIFAAEF
BB THENLET Y I TAIVTEET ), Cerd-Not EEEIRDIER 7 THS Not5 D N
Kif KA UHINY — L) E-site [THEE LTLVSCENBALMNIB DTz,

(C) (A)E(B)DERENHE, 60S HT 1=y MIZELICERZ—H T, 40S 47 1=y MiE
ELLTLVBCENRENTLS,

(D) Not5 h#& & L7z (—-/PP/--)d 80S YKV — D55, Not5 M tCM EPUFIKVAT LD
HEER, (—-/PP/--)M 80S JikY)—LTlE. Nots M tCM (& P-site tRNA 7V FIFY
ATLERECHREERTHIENBALMNIET,

(E) elF5A hi#E & LIZ(AA/PP/--)® 80S RV — LS55, Nots M tCM 7V FIRYAT Ls
DHEER, (AA/PP/--)D 80S UMY — LTI, A-site DIERDFRIC Nots M tCM (&
P-site tRNA O7VFIRVATLEEREL, ERTREBHEMERNTERLIEN RS
niz.
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3-4-4. Not5 O N KUEIRE N L2 U R Y — A~DiEEIE. WILEHKEIZBWT
HLEREIN, T ORBEATEEOREIEL REBREICEEG L WA AEER D
%

VR —LEDFERIZBWT, ZOMEIENEZI S Not5 X, CNOT3 & LT

I M CTHLRESNTEY ., AEr 27 THDH CNOT3 & mRNA 22 EM: %
9% Z & TS ATV S (Muhlrad and Parker, 2005; Alhusaini and Coller, 2016),
FEERIZ, CNOT3 H3k¥E L7= MEF (2B W CiE, MISEHEICREE T 5 2 37
B D mRNA WNZE L, R 0 b= 2N LT-HIRENMEE SN D Z &0 b,
W DOFFED mRNA O3 fRIZ CNOT3 35 LT Y | CNOT3 BRENL D %
HIEHT2 2 & T, AR R 7 a h—Y RBICELDEHNTND LG SN T
V% (Suzuki et al., 2015),

Fo, AR THONT/ o7 Nots & U R Y —LOFEM s &=,
Cerd-Not & U AR Y — L DFESTEMED KM ORIEICHES 5 ATREMER H D =
EEIRIB LTV 5, Not5-(F105-A109) & KEFES Z KT 5 eS25-(K25-K29)%,
18S rRNA-G1575 L FHAANEH 3 % eS25-W27 % & e, eS25 O KKKWSK EF— 7
M CTESRFESNTEBY, 2055, HFEFRIZEIT 2 eS25-K25 (ZxHia
% b MTEIT 2 eS25-K33E 28 2T HUR AR A2 35\ ) Tty STV % (Tate et
al.,2019), 7=, Not5 O N KuifEikiL CNOT3 IZH & < fR7F 4L THE Y . CNOT3
IZBNWTH URY —LDETEEN RSN TV D ATREMEA & 5, CNOT3 D N
RIGEIRI X2 O ER PSS TR Y | HEFRERICE T 5 Not5-KS58 (2%t
JE3 % B MR H CNOT3-R57TW/E B EAFA] T & % (De Keersmaecker e al.,
2013; Tate et al., 2019), Not5-K58 #%%&i%, 25S rRNA DY Ui/ Ny 7 R— 2 LA
AR AAEM L CTH Y CNOT3-R57 FREIZHB W TH RROTEES B S D,
Not5-R57/CNOT3-K58 7k D b U 7 h 7 7 RO TN & I U ~OERIT, Z DK

FREEDIEAN TEF, 25S rRNA & OFHAAEH 2 B3 AL EL S 5 rlRENE
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WD, FATHIRIC LV | BEEML TR E < EET 2RO Ak, Mk
N RNA 7 — /L OFRENC X > TP, BSAMIIT, @EOMia: Brsda Ry
FHMELZBRALTVD ZENRBIN TS Z L5 (Gingold and Pilpel, 2011;
Grewal, 2015), Z D X 9 RBIFEMH OGRLTZT Tlid/e <. AWFFEIZE > TH S
N7 o 7z Cord-Not AR Z I Lz = R U ITKAF L 72 mRNA 3 fi# 220
TOEREISHE, FEEORIESE OEITHF O, ZhIxd 2 BRI
DHESLIZH LR E S HTE D ATREMD B 5,
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4-1. FF3n

4-1-1. WHILEMRIZBIT D2V ARV —20EIE, HE

H1 TR K DS, HEFEERHIC B WO TR, ®HET D (RNA B2 72
WCGA VT a R 7 A —ONTEMAZERIELS SDDI mRNA 7% RQC DFER
mRNA fid5]& LT O TS, ZDOX D RS EmA L LR —& —85T
% F T RQC B 7 OBEREFHm M TN TE 7o, L LAt b, LM
Rz T, WIEMHEIERESIARE SN TE ST, 7 A MESIE LT 444 =
R %80 39 poly(A)HAH WS LT & 72, Poly(A)#HIZ, VY mtv 7/ O—F
& L TmRNA O 3 KGNS D720 GBEFIRR S D 2 Eiden, L,
mRNA = —7 ¢ & ZHEIRIZ 31T 2 poly(A)SHOEE AT H 2 HE TR E TH Y,
ZOBICEASND ) A Ry 7 mRNA ETIHY AR Y — A% 1E L, RQC D
& 7225,

Poly(A)HIZ., BURZ=Z1T D L (AAA)a KKV a— a2 KRV VYo%
PEAET D, HRE LA I VB A —ThHAR Y U U ESNIX. Z0
RN EBH ZHEHOTIY ., VR Y —h b RVNPERE D A EM & §EH
AERZELDZZET, VAY— ALK EEREZ K TSI ELLEE 25
NTE, LDLRRD, (Q44)2 Ry T AX—L gL T, FERIZARY VY
v a— KT 5AAG) 2 K T A X —|Z X o CITBEE LR R OME T 03
4172, Ramanujan S. Hegde AFC2EX° V. Ramakrishnan AF983 1L, 7 7 A 4
BB E V. poly(A)SH ETEM L7 U &R Y — ADOREERIT 21T 72 L =
5. poly(A) mRNA LDV R Y — A TIEZDOIEHTNORE /a7 A— 3
VAL E TV D Z L & R L TV b (Chandrasekaran et al., 2019),

O RUOFHAEHE S T a—F 4 7 X — 2BV TIE, mRNA D+ ALH

SHANLD 4 ODT T ) U AHGHINA K 7 L. single-stranded helix #18 & JE %
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T2 (K 4-1A), Z D poly(A) mRNA FFEH) 72 mRNA & DT AL, 18S rRNA O
9 BARFEMED RV A1825 38 LU C1698 FREEIZ L » TZE SN TV D Z & AR
XA TV D, FFIZ, 18S rRNAAL825 #&ILIE, W OFIEREFIZIZIAMA~E AD
ATV D DY, poly(A) mRNA FFFAIZ mRNA [ZIF-5< £ 912 L THMIl~ L& T
M, BERI T A—va b BlpzglEEZ LT0WD, ZOMERKIZEY
AI825 FRIENREH D Z & T, #aRM KK+ eEFIA-GTP (Z K57 X/ 7 b
tRNA DU 7 v— FEEL, BRBRERIFRIN TN B2 N5 (E
4-1B), X 51T, HEIZ Lys-tRNA (21X, ZERIM72 K& 7efEBE L 72 b
2-methylthio-N6-(aminocarbonyl-L-theronyl) & fifiZd A37 IZfHINETEH Y, 18S
IRNADa L T A= a EOEEZRELSZITHELEXLNLTND (A
4-1C), A1825 #&FEIX. poly(A) mRNA (Z X % single-stranded helix ##i& & D AR A.AE
MDI72 59 28S rRNA H10D A3760 FEIEDREEZEIT K > THIMANZ T A7k
BB DN Z MW e AR ORISR D 2 E N TE RS 2> THB Y, poly(A)
mRNA ETIE, EEOMEZ(NER & 720 SMUZ MW R E 27 4 A —
g VZEE STV S (K 4-1B),

TA—=T 4TI —IIBILRE AT A= a rDHIRHT X
F RS EIT O RTF LR T AT 2T =P 2 —ITBWVThH, Psite
tRNA (2 b D U ¥ U FRIEOIEE DY A-site T &A1& Z DA LA = LHN
BRI~ E BERMT 52 ERRINTND, ZOXRIREFa 7 A —
va Ak, W ORI RS TIER S 720, Z @ poly(A) mRNA HfFLHY 70 FL
HELAIL, P-site tRNA IZF ¥ — ¥ SN2 D U V58 & A-site (RNA IZF %
—VENT Y YV UBREN R FFEM AN 2 AT S0, A-site tRNA O
NEISAFHE SNDT2OTHDHEZEXDILD, ZDOTDIT, W ORI ERIC
IF4AUTTHLT I/ TV IRNADT X ) F LT F UL RNA DA VR =
WD T AT NAEGIZET HWERAIIEREDS . poly(A) mRNA ETIE54A128 &
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W, XTI F NEETEROR LR T IE WL EHEILND, LED X 5 7,
BENTT REE VR Y —A b RVNPEOBEREERICL 57 F MiEE
PBRLED A 72 597, poly(A) mRNA FEFAIC U AR Y — ADIGHEELIC 1T 5 BE =
VI A—a VRN ET D Z ET, VAR Y — AL poly(A) mRNA TR < {5
1B 2% Z &M B )T 72 5 T S (Chandrasekaran et al., 2019),

ZDOXEIIZ LT poly(A)HZ T X MELAI & L 72 in vivo IZH I DfEHTIC - T
RQC BIHEK RN FIE SN CTE M, invivo TIEIEY R Y — A RICEB T D8R
7RG E =4 —3 5 Z L3RS TidZe <, IEFE T invito I2B 1T 2 4E(LF
H7e Fikz 0T, £ OEERIEVECBERHI 2N ED 5T\ D, SBITHFZEIC
WL, U RIRIRIMERH K T A & — N 2 AW ZRERENTER RIS L, B
ARIEHERFIZ U 7R Y — L O 2 15 5 FHERFSRE A+ eRF1 O KX bR T T+

7 BAK(ERFI-AAQ) A L &/ 5 Z & T, #&ika Ry ETU R Y — A%l
ZIESHTEOLNDEIEY AR Y — AN RQC KGDHE L LTHWHILTWD
(Juszkiewicz et al., 2018; Juszkiewicz, Speldewinde, ef al., 2020), Z ¢ eRF1-AAQ %
I LTZ NIRYZRA5 1R U AR Y — Bd, HAFBERE & [RIRRIC R D U AR Y — A L 1#5E
T4 LT, WHEMICBOT S 2 o0 Y R Y — AWTEZE L7 Di-some % JF
Rt Z & AN STV D (Juszkiewicz et al., 2018) (K] 4-1D),
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3 A1825 2
185 ’&:‘Q Poly(A)
P {# - A3760
- ,"-, .
= 4

collided ribosome stalled ribosome
" A/P{RNA
= interface 1
P/EtRNA" mMANA® 2 50%
ey

S eSi0 e
60S

uSto0; 3

interface 2 & 40S

4-1. WHELEEMRRICH I3 EERINY - LD/ A EFIEMEKERL.

A-C) poly(A) mRNA ETIETIA—TA4UT e A—([CHEMRBIV 74 A— a3V EEH £,
HREREZEHNH S, (Chandrasekaran et al., 2019)

D) eRF1-AAQ ZEAZANVTGEHIFILEESETE R LR Disome, (Juszkiewicz

et al., 2018)
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4-1-2. RV ARY —ALIZHEIZDIT A E3 28X F Y H—¥ ZNF598

HEFRERHNZ W TIXL E3 2 B F U —F Hel2 73V AR Y — L Ol 5E % ff
L., HEHIE LTYURY —LF 37 E uS10 O K6/8 FRFEITKx L K63 AR Y = &
FF UM A MET S, WILEMAIC RO T HEERERE Hel2 ORE1 7 & LT,
RING ! E3 . &% F > U A —¥ ZNF598 /3 [ & T 5 (Garzia et al., 2017;
Matsuo et al., 2017; Sundaramoorthy et al., 2017; Juszkiewicz et al., 2018; Hashimoto
et al., 2020), ZNF598 X, N KuifEI(Z GC-rich region & & 7, ZIICHEE T S
L OICLTRING RAAS U EFT 5, PREBITIL 3 SO ETEMEZ AT
% C2H2 ! Zinc Finger R A A U ZFH . C KuliflllZ 1% Proline-rich region 23 71T
T2, ZNF598 I EICRIEL . FIRRT ORY Y — A bfEL TR, £D
E3 JEMEIL E2 %58 UBE2D3 & il L THERET 5 2 & ¢, VAR Y — A0 RFE L

ICERT 2 MEEH RQCIZHATH DL Z ENHWMEINTWD, £70, BRI
HriZ & - T, C2H2 %! Zinc Finger R A A > X° Proline-rich region {22V T %, RQC
DFENIMNETH D Z & HHE L TV 5 (Garzia ef al., 2017; Hashimoto et al.,
2020), 4-thiouridine(4-SU) PhotoActivatable Ribonucleoside enhanced Cross-Linking
and ImmunoPrecipitation (PAR-CLIP) & IV 7= #7512 K 5 &, ZNF598 13 tRNA |2
X LUBEWBIFPEEZ R L, mRNASCIRNA IZH 7 A 7 &b 2 EnBH B
(272> T\ 5 (Garzia et al., 2017), ZNF598 | tRNA @ D-loop fHiEIZ 7 7 2 U
7 EX, FFZ(444) 2 R ARG T D tRNA-Lys(UUU) & OFESZhR A TEF IS E
ZEMPIRENTWVWD, £, rRNAIZOW T, 58(pos.96-121), 18S
rRNA(pos.686-707, 745-778)I1Z%f L C ZNF598 NBEFHIC 7 n A Y v 7 STz
Z LB ZNFSRIT40S T =y FERGIZLTHRHET D2 ENEZI LD,
LEDZ LD, poly(A)#H ETHEMH L tRNA-Lys(UUU) U 7 b— h Sz U AR
V—LD40S T = MIxF L, ZNF598 23U 7 b— bk X315 2 EDNRIB XL

T/ (Garzia et al., 2017) (] 4-2A),
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T, BEOBEIZL Y, ZNF598 O E3 fEMEIC LW 2 % F b &%) 512
)5 R EDRIENED N TWD, )T Efkic k> THEO L2 E
XFLrOEA T AN LT L TdH % Remnant Immuno-Affinity
Profiling 23T 7= AEH, ZNFS98 IZ L D2 B F U ALEM L LTY R Y — A%
> N7 B eS1-K249 7 H: eS10-K138/139 5% 5L uS10-K4/8 7% 552 Heat-Shock protein
HSPH1-K234 7N [AE &7z, Poly(A)#HZ T A NSl &35 LR — 4% —iFx
TERWRITICED . 2095, eS10, uS10 2DV TIXY AR Y —ADEIRIC
BT 5T, eSLIEEG Lol Lo ZD TR T OO ERS 5
EEZ b5 (Garzia et al., 2017), S 512, FIFRMA RS Anisomycin O ALEES:
ECa % F AL TLHET % uS5-K58/K275 7% H, eS10-K138/139 7% 5, uS10-K4/8
FRFRIZHE H U= IC X B & (Higgins et al., 2015), €S10, uS10 (Z2>WTCiX U R Y
—LDEILIZEET 5 —F T, uSsSIFHEG LAV Z e nwESN TN D
(Sundaramoorthy et al., 2017), L2>L72MR 5, T b O, BAER Y Ry —
LA NTE, b LA X T ACEMLORRTL Y IR Y — L F 87 E ail
FIFHD L ITLERBS LM RICE > TUTh TR0 . NIEEO B AR
VAR =L RITBIIRBT 52T AbiEfiizBE LD TH D720,
SLRDENINLETH D, DT, invitro THRL7-80S YR Y —4k U o
BT N Z N ZNFS98 A RS STk, BEROTAITH) 2 & T, 2EF
F AR & LC uS3-K214 #& &, eS10-K138/139 5%, uS10-K4/8 FRIELMN A E <
TV 5 (Juszkiewicz and Hegde, 2017), F£7-. ZC RN AL 2 V-
SILAC-based proteome approach (Z J V) fFEA 22T 23 T o7 A5 . ZNF598 D
Ry Z 37 L LT, uS5-K58 7% AL, uS3-K62/K90/K214 7K. eS10-K138/139
P, uS10-K8/K20 7, RACKI-K106/K271 FRFEMNFIE T\ 2B 08, FEERIC
T B D ZNF598 I &L B2 B F AUERMi, 28 RY — A LT Z 57,
RQC ITHf LEEZ KITTH, ICOVWTIIME SN TE 6T, 4% OELE e -
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TV % (Sundaramoorthy et al., 2017),

ZOEIZLT WL ONDY R Y —ALH R TED ZINFSIS KFIC 2 B X F
NeEZTHZERPF NI TE N, Bl L BRI OV T O
AZfRRT 272D, U FHRIRMERE R T A & — F & W72 in vitro FIRRGR
% FNT= T 3 D & 7= (Juszkiewicz et al., 2018), & DFEF:, ZNF598 (X2 > D
UARY — L3 EZE L7z Di-some (ZXF LR K <A L. 22D eRFI-AAQ ZRH (K
EHWTERBRENERRCRICED VAR Y — A z@ilE il 825 2 & THAK L 77
ZBURY—LHDY R —EHZ X7 EF eS101IZx% L, B/ 2 EXFTF AbE1T9
Z &R EN T D (Juszkiewicz et al., 2018) (B 4-2A),

U EOWSEZME, ZNETEI2EXF 2 U H—¥ ZNF598 1%, HZERERE
Hel2 & RIERIZ, U AR Y — ADOMHEZRIZE > TEM S D Di-some (ZxF LFEA L.
YRV —=LZ LRI EeSI0 %) 2 X TF AT HZ LRI TN, Lo
L7225 ZINFSR KX F oAb Einnd VAR Y — b % /37 HE (T eS10 L
SMCHBBEHFEESINTEY, ZNETORETHO LN TEREITA T
BLH RO Z B L CEE SN TS Z & h, fMINTED L HIZY R Y —
LDMEL, L, EOERNZ R HIZa X TF U8 E W) BHIZHT B
TWVDEMPIZONWTIEL, SHRLMEE L THESTEETHD, F/o, X F
VHOR IRERFRAIT. ENERET 2T a—F =R TIRIRET 5V
TFNERESTDHZEnb b, EERNICBWCIERICEERIBE L 25, I
HEERFIC BT Hel2 1322 U AR Y — 2 ED uS10 D K63 B DR Y = '3 F 44
FIERT 57T, WFLEMRICES O TiX eSI0 BT/ 28X T 1 bEa%1T 5 2
E LRI SN TV, L7e2io T, HEFEERE L UM oM ©, =%
FUBHDIRICEZR N AT L2 & T, EOTIMD Y 7T IVRERE P ZLT 5
DD, REERRE LD, Bl 2000, IZOWTHRMBLETH D,
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4-1-3. HFER RQT A LGV AER—4F3 5 3EEEHK
HEEEERF B W T, HeR I2L > TK3 MR Y X F o b & n/-Ez2 U R

Y — A%, RQT EAIRIZ K - T2 = 1F 5, RQT EAKIL, HHFEEICHE N
TRIE S, ATPARTFEME RNA ~U #—¥ Th 5 Slhl, =X F AL RO
Cue3, HEREARED Ykr023w 5700 ZFE AR Th 5, Toxld, HFBERERQT
AR & FEF @ OB IFA REIVE 2 £ DR HEC K 0 #ERk S 45 Activating Signal
Cointegrator-1 (ASC-1) complex |24 H L. RQC ~DBi 5% 7 L 7= (Hashimoto et
al., 2020), 7Tk, ASC-1 complex IZ, ASCC3, ASCC2, ASCC 1. TRIP4/ASC-1
DOWEBEARTH Y . Serum Response Factor(SRF), c-Jun, p50 X p60 (Z5%F LB
A9 5D Z & T, SRF < Activating Protein 1(AP-1)<° Nuclear Factor « B(NF- k B)
DOIEMHALZEET 2R FHEE L CRIESNTWAD(Kim ef al, 1999; Jung et al.,
2002), TRIP4 %, Zinc Finger KA A V& &Te b7 LV AIEMELET —T7 24 L.

Z L% 41 L T TATA-binding protein(TBP)<> TFIIA, SRC-1, CBP/p300, BHN=ZR&
KLfEATHZEIck» T, BRICBWTESEIFEELIELEEZ S, BNZEK
X° AP-1, NF- kx B OFHHIEICEI 53 5 (Lee et al., 1995; Jung et al., 2002), —F
T, ASCC3, ASCC2, ASCCI =3 T ASCC complex # L L TW\W5H Z & T
H B DH, ASCC3 1T A FALEESRE Toh H ALKBH3 & fE6 L. #kx 72 sl
(BT B TR ALBREI OB MLEATH D Z ERHE ST %, DNA
EEBFRIC BV TIX, ASCC3 1£3°-5 DNA Y I —BiEEEZ A L TND Z &
5. ALKBH3 2N EE & 95— A8 DNA OERDT=HIZ, “AEH DNA g =
& T, DNA O 2 F /AL & S § 5 2 & THRET 5, F2FRIC, 4SCC3 D%
BUMHE TICB W TIE 3- A F Ly b BN L AR 2 305055 2 & b
ASCC3 1ZZE DY 1 —BIEM AT L CHIl MR G D7 ) LHERHCE G35 2 &
THIHN T 5 (Dango et al., 2011), Z DIBFRIZBWTIL, ASCQ IZEFh=>t

T UFERTEMEZFF O CUE RAA & LT K63 AR U 2 B F U B DR 3,
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DNA G ~D ASCC complex D72 U 7 v— MIMHTH D Z & M
ITHD, ASCC2 1L K63 TR Y = &' F 8% Fr I i35 2 L 2R
SN T (Brickner et al., 2017), & 512, ASCC1IZ DWW T b i EEAL~D ASCC
complex M U 7 JL— k ZHil{#l L T 5 (Soll et al., 2018),

b X oz, BRIZEWT, BEIEME(LICBEI S5 ASC-1 complex X° DNA
EEIZRE 54 % ASCC complex D 9 6, Z DRI Todh D ASCC3 I&, HIZFE#
SIhl EIEFITHABI LI R A A UM TH VD . RecA B ATP ARAFHENY 1 —E
&2 A9 %5 DEAD R A A ' HELICc KA A > H$HERFND Sec63 KA A L %
2 FERRE D IS A TEAT D, ASCC3 1E, MIFEHFICHIFEL TE D, Poly(A)
HAET A PRSI E Lo LR — % —8BinFE2 AW L - T, ASCC3 1%
ZNF598 & [Al#%IZ RQC OFFEIZHLAETH D Z LD LT - T D (Matsuo et
al., 2017), S 52, FEREDMEHT A5, ASCC2 =2 TRIP4 (25T ¢ RQC DA
(ZB85- L7z—7J7 T, ASCC1 1% RQC (2B 5- L 72> 7= (Hashimoto et al., 2020),
512, RQC OFFHEIZEE-3 2% Z & TRHIE L7z ASCC3, ASCC2, TRIP4 (%, ASCCI
DIFIETICBOTHEAREZR L T2 &b, Fox i, HFEERE RQT
complex (Slh1-Cue3-Ykr023w) D Wi LM IC 31T D HERERI AR Er 7 & LT,
ASCC3-ASCC2-TRIP4 725 70 % —FH AR % [F & L 7= (Hashimoto ez al., 2020), F
BRI, RQC IZBWTiE, ASCC3 @ RNA ~ U B —BJEMES ASCC2 D B F
f T PENHE Th o722 &b HAFEERE E [FARICH A LML IRV T,
ZNF598 IZ L W X F i b7 Y R Y — AiZxt LLRQT EEEIZY 7 v
— &, TOMREEEE S & E STV D (Juszkiewicz, Speldewinde, er al.,

2020) (B 4-2A),
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4-1-4. 'HILEMIRIZEBIT 5 ROQCEEE ETOERBRLEDFHERTF FE DS
i

fi Bt D 60S 7 = K(60S-RNCs) L%, Al LT F REE-~<T7F

UL RNA 2355479 5 (Shoemaker, Eyler and Green, 2010; Pisareva et al., 2011), =
O EEBRNDPOHERRT 2720 WF MR T IR & [FERIC RQC
BAKRBEER SN, 28XF -7 077 Y —AREE N L CARE LT T
RN R S5, RQC AW, HEFBEEREIZ IV T 60S-RNCs (Z%f L, Rqcl,
Rqc2. Linl 2fEH L THERK S V5 — 5 T, MFIEMIRICB W T, £DOFRER
7 ¢35 RQCI/TCF25, RQC2/NEMF. LISTERIN 23 && LTk END, LLF
Tl FIEMIIC BV T RQCES KR EMEN T 5 3 SORF A2 30, iRz o
60S RNCs ([Z/EF 3 2 K 7-HEIZ DWW T, RQC EAK Lz T e A2 B3 5
(Ikeuchi, Izawa and Inada, 2019; Joazeiro, 2019; Inada, 2020; Sitron and Brandman,
2020),

LISTERIN (X, RING Y E3 = &% F 2 U T —ETH Y | FiE~7F N % K48
BARY 22X F AT HILICLY, TuaT7 T V=250 LI e RiET 5,
HHEFBERE Linl & [AARIC, LISTERIN I3 H & O N Rimfaikz /LT 60S 7 .=
v FOVRY — ASEHIHE LAEMNZH N2 IRNA O U UEEKICRET
Do ZD XD BREERIRAEGHERIZ LY  40S T 2=y FEET80S U AR Y —
LTI ASER TE 3, fifBER O 60S V7 = v NMIXF LRFRAN 725G 23 T6E
2725 TV %, LISTERIN @ N K¥saEikAy U AR Y — A G HICALET 55— T,
C RIS D U AR Y — LFRKiE~EHEAEH L, C RImALE S 5 RING
RAAL WY R =LA bR VHOFHEIC T v —8 5 2 & T, FiEXTT
REH D = B X% F L {L&4T 5 (Lyumkis et al., 2014; Shao and Hegde, 2014; Shao et al.,
2015; Shen et al., 2015; Doamekpor et al., 2016; Kostova et al., 2017; Osuna et al.,

2017) (K 4-3),
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LLE®D X 512, LISTERIN IZ K A AERT T RO X F U EHOERIZD
W, Bl USRI X o CHRERFRESHF STV ST Tk
72K Z DRI )ECTEMEDFEEIZ, RQC2/NEMF X° RQC1/TCF25 3B 5-
LTW5s,

HEERERE Rqe2 D7RE 1 7 T D NEMF [, 60S 72 = hOESAHEICH A
L. ZON RA A2, C FAA X P-site tRNA & EEFEAT D, &bI2, £0
M KA A X LISTERIN @ N Kimsalk & FHEAEM 3% Z & T, Linl & 60S 7
2=y NOFTRT =AY M LTHEL., TNHORARENEZED
TWb, 2D X H 72 P-site tRNA-NEMF-LISTERIN D472 /0 EAERIZ L -
NEMF (%, LISTERIN & X7"F )L tRNA % & Lofififitt 0 60S 7= h & D
fa R R AT 2B RO, S B2, NEMF 1360S %7 2=> K~ ® 40S
PTa=y NEDORAEITEST D LT, ROV R Y —LY T 2=y K
DEFEEZM< & &N TV 5 (Brandman ef al., 2012; Defenouillére ef al., 2013;
Lyumkis ef al., 2014; Shao and Hegde, 2014; Shao et al., 2015; Shen et al., 2015) (K
4-3),

—7J5C. LISTERIN |%, #FERTF FHDO U 5Tk L K48 AR Y 2 v
FFUEHEMRETHZ LT, ZORMBAERET 23, VAY —AHA b
DIMANZ Y P BRENR B L TR WA IIE 2 B F U HA MR TE R0,
DX D REREA AT D 72012, NEMF 1X CAT-tailing & FEIEAL 2 K55I 72 KOs
% RQC FEITX} LAT 9, CAT-tailing 1%, mRNA EiF1X° 408 %7 == v FIEEKLF
T, fREER D 60S 7 2=y b LOERIE EDOFERTF FHD C RimiZT
T VERERA VA = VR A MINT DG TH Y . RQC REEFFH OBL TH
%, CAT-tailing |21, #HESNTF REO U DoAY R Y — A b L NE
DOAIE A~ E BRI LT Z & T, Linl ICXDHESNTF RO B *
FNCDRR @O DKENINH Y | T EERED 270 & T LM I B
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THIREINTWNDZ ENRRE SN TS, £/, CAT-tailing IZ Ltnl (ZIKFF L
X F AL ZREST 2047267, Linl ORNRRHIE, fHinahizT 7=
VIRHROA VA = VR OGRS DX T TF RO C RimD T X/ WEEA
SEOT ra e UTHEE L, Linl IZIERIEN2 T 0T T Y —MURFD U F
N —REOIEMEILIZ B METH D 2 & NEE STV % (Defenouillére et al.,
2013; Shen et al., 2015; Choe et al., 2016; Kostova et al., 2017; Osuna et al., 2017;
Sitron and Brandman, 2019; Wu e al., 2019),

I bASHEAR N O RQC A AMERLA T & LT TCF25 BET b il b, i EO#HE
T, TCF25 1%, 22X FAbLINe~TF FEEZ VAR Y — L F b5l
i< AAA+ATPase T 5 Cdc48/p97/VCP DV 7 — NI ET 5, & ST
Woo ZRUTHNA., D invitro \IZF T DN L D . TCF25 1%, LISTERIN
IZE BT TF FHOZ X T A HEE RS, hokT 22 8xF
ZKASTARY 20X F U HIZRE L, 2 EFFUHOBERMEZ 5O D Z & T,
LISTERIN (& & 2 HE_TF FHOOFHFELRET 5 2 LAVRIR STV D
(Brandman et al., 2012; Defenouillére ef al., 2013; Shao et al., 2015; Osuna et al.,

2017; Kuroha et al., 2018), L2>L72 5, ZOIERBEFIIRMI 72 50320,

UED LI LT X F AL NIHESRT T REIZ, Cded8/p97/VCP 73 =
7 7 7 #—"Td % Ufd1/UFDLI < Npl4/NPLOC4 % £ H TV 7 )b— bk &, 2
TFREEY R Y — L D URADNDRIERE, T 0T T Y — MRIER IR G R~
&,

LU G, aBFF oAb SN AHIE EOFESTF F#HIZ, VAR Y —
LNERTFUNLRNAZN L TREALTWAD Z 0D, 7 a7 7 Y —ATE# L
NDTDITITRTF VIV RNA L HEST T REEZD) D BET LR S 5, H3FEE
FEVms1 i, BHRREHS (231 2 FRBER 1~ eRF1 & FA{El L 72 Vms1-Like Release Factor
1(VLRF1) KA A > %A L, RQC IZBWTHELTF Fi% 60S RNCs 7> 58]0
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HET Z & ME SN TV D, Vmsl &, WAL MARIZI V)T ANKZFL & LTk
FENTEY  EYNITF UV RNA MK iEEESR Th 5 2 & TRIE S L7253,
DBHIZIRNA = RX 7 LT —BTH D Z &AHE Iz, Vmsl/ANIKZF1 @
VLRF1 R A A LV R Y — LD A-site [IZHES L, BERIEMEL—T 27T R4
ERXTF UL RNA DX H T S tRNA D 3°CCA Kiig~EEIHT 5 Z & T,
Vms1/ANKZF1 |3 tRNA @ CCA RimZ BIWr L. CCA MM S N7e~7F FEH &
tRNA % PEA 3 % (Verma et al., 2013, 2018; Kuroha et al., 2018; Zurita Rendén et al.,
2018; Su et al., 2019; Yip et al., 2019), Z DX HIZ LT, FHEXTF FEHE VR Y
— A RN BHIRE L, e T T Y — MK DA AIEIC LT
Wo,
ZDXHIT LT, fiREEE D 60S-RNCs (IZBWTH, il = B F b0

CAT-tailing Z#HE~T7F FEICHET Z & T, BB R0t G0y, Hus 725y

fREMTHOIN TN D,
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Back View Interface View

exit tunnel

4NN V‘.‘ ‘: . ~"“
o o )
< lQ: < "-‘a)e'\\:\’_é L1 pepticyl
AR = A tRNA
M Tw s 24 ¥

N &> peptidyl Listerin

4-3. DI1FTEFEMEZALVE RQC HEHRDEH,
AV FEERICHT5 Rqe2 & Lin1 h¥%E4 LT 60S RNCs, (Shen et al., 2015)£05|

o
B)I#EL A HERAICH1T5 NEMF & LISTERIN h#&& L%z 60S RNCs, (Shao et al.,

2015)&N51H,
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4-1-5. Disome profiling {Z & % N7EM: ROC ZZREES Xbplu mRNA D [EE

Ribosome profiling 1%, U AR Y — A2 X %5 mRNA OFIERENRE 2 W51 ) E
BRI T2 FETH D, ZOFETIE, MO mRNA O H 5 FlERT O
URY—AIZ LV IR#ES N TODEIEO A A RNase ([ZMifPEE RS2 L Z2FIH L.
Al Ik L RNase Z LB L TR LA mRNA 7 7 7 A N7 > F 7Y >~
MNEI—T7 AT 5, ZAUZED, MRNIZEBWTY R Y —ANERIC TED
mRNA O, EOfEEE | FERT 295 2 LR TE 5, BULEUIERT Al
WFFEE TlX, HE=EL2 SO ERFEICEL Y b M2l 2 mRNA BT
DY RY — L ORI, EILE A RIS ST S 70, g
Monosome profiling % &% L 7= Disome profiling 731744172, Monosome profiling
TIE, 12DV &R Y — A(Monosome)lZ X > THEH#E X 7= 17-34nt £ D mRNA 7
Z 7 A b % RNase JLBRIZ K- THEEL & — 47 2 %4T 9 25, Disome profiling
TlX, 2 oDV R Y — L0 EZE L Disome NERRK S IVZBRIC OB EA SIS
40-65nt 50 mRNA 7 7 7' A > | % RNase JLERIC L > CHEEL > — 7 > A &AT
9 (B 4-5A), Z @ Disome profiling DfE R, U AR Y — L Z4F 1L S H 5 Z4E72 mRNA
TF—TRNHLNITRY, 209 H RQC DWNIEMAERIECS] & LT Xbplu mRNA
AFE S 7= (K 4-5B),

AN L AL S TIRT A —NT 4 U T HBI X LT=X R T E DN
FRIZERR L, /MR ML ARE LTSS, vy Xr o R0RE X o T ED
SIRIKFDORBLZFHFE L, A L RAZENT 50 ThH DMk b L 2RE
(Unfolded Protein Response : UPR)E#E S 115, Z @ UPRIZ L W BEFHFE I
% B GIEME(LIR 7D —-27% XBP1 T& % (Yoshida et al., 2001) (K] 4-4A),

INIEAR A N U R RERFIZIE ., R Xbplu mRNA WA T A 2 T h5%207T,
6 ISR DA by BrEIND Z & T, IEEEH T DAV Xbpls

mRNA BELE SN D (R 4-4A), ZDBE, AT T R%1F5 2 LT, Btk
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aRrDa R 7 =L ERGIEHRE AL Da R 7 b—A08—F L, i
GIEMHACIRF- & L TOEREZ B TE 5 X 912725 (K 4-4A), Xbplu mRNA O
AT TA TR NAEA b U RRERHSIEME L S D /AR 2 237 T IRE
alZEVITOND T2, Xbplu mRNA RO RB WA T T4 L TR 51z
DITIE, IRE a DLE T D /MaE R BT b S35 %2 D3 & 2 (Yanagitani ef al.,
2009) (B 4-4B).

XbplumRNA (X, A~ ha D TFRICT LA RTFF RAP)Z2— RLTHE
D, FTHIZEDFERRO —FHEEZGICHA L, HE D mRNA Z /MR E~
LIRTE L SE TV 5 (K 4-4B),

Xbplu mRNA HED AP 1T, _RTF PNV T AT 2T —P R X —DFHET
BHE /2 X — BT 5 2 & TSR a Ly 7 4 A—3 3 &4 U(K 4-5D), 288
rRNA ° U 7R Y — A b RIVNTER DO RZEEN 2T D U R ) — L X 7
ul4 P ul22 L EEMHAER L2 (K 4-5E), XTFINLNT AT 2 T—FE
YE—HEBD EEEZHEEFELLD 52 L2 FERAE IR S 5 (Yanagitani
et al., 2011; Shanmuganathan et al., 2019) (& 4-5F),

Xbplu mRNA O AP ETY R Y — 2N g5 L 2O ERICa—FEh
TRV BEICHM S B MEY X 7 BREEIRHR2)23 Y AR Y — A B o
SMANCERH L. > 7 TV RERk (SRR AFI TR, ik S D 2 & T/MaRE
EDOMZ oA Sec6l ~EBEEIND, ZOLIITLT, AT T
#1795 IRE1 a 23 RBTET B/ MatkiE B2, Xbplu mRNA BFIFRIEIE L7-F £7
HN—=3INHZ LT, WROINAT T TR THIENTELIIITR
%o L7T2Ho> T, Xbplu mRNA (2351 2 FIFRIEIRIX, 2030972 SRP OEIE ., /)
FRARREE - ~DJFTEIL IREL a iZ KD AT T A 22 7 % A[REIC L TV 5 (Yanagitani

et al., 2011; Shanmuganathan et al., 2019) (X 4-4B),
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HHrE RNase &%
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4-4. Xbp1u mRNA [CH(TEFRIF LI, $HEMT/MEKIE EADBEL. IRET
aCEBATIA VTR HEICL TNV,

A) NIIAZRL G E RO XBP1 301\ B RBEE,

B) Xbp1u mRNA [CH(TEFNRF LLESH RITG/MIAIE EADBHFEL DRI E
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FPFRIZ, Disome profiling {2 X - T, BEEIOFAERIF ({7 & 212 Disome footprint
DE—7 PRS2 05, Xbplu mRNA _ETII Y R Y — L DEENA T
TWDHZ ENP BN > (B 4-5B), = HIZ, £ EFRMANZ 11 =2 K O RkE
T 5 2® Disome footprint D E*— 7 BN A TN Z Enb, D7 b 65D
RV — LNEE L CEZE LTV D & FE X HALA (Han et al., 2020) (B 4-5B),

Flo, VAR—FZ —BInFEHWBITIZ LY | Xbplu mRNA H2RORTF R
$41%. RQC T #ZH 7% LISTERIN <° ZNF598 [ZK 77 L CR BRI 23 17 Tu= (K
4-5C), ZDZ &5, XbplumRNA ETEIELZY R Y —2F, %OV RY
— L EEREL, AFIE Y R Y — b RIRE S oA s EORERE XBPlu ~7
F FEHIZRQCIZ LD a2 D Z ENHLMNT o7z, ZOLHIZLT, H
FWERE SDDI mRNA D X 95 72 WFLEHIALIZ 3517 5 NAEME RQC ARIREESI & LT

Xbplu mRNA 236 &4 7=(Han et al., 2020) (B 4-5C),
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mRNA—IREEME—
mRNA
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o
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P-tRNA
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(C2452) -

4-5. N7E1E RQC #£=/IE2 51 Xbp1u mRNA,
A-C) Disome profiling [CE D\ Vz RQC #£HIBEFIELTD Xbp1u mRNA DO[EE .
D-F) D3/ZAEFIEMBEE AV XbpTu mRNA L TOEFHRADOKRE,
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4-1-6. U R YV — L DEZE L HENRE

URY — LOEGRIL, BRE EOFERTF FEDFEFR TH D RQC D72

59 B¥eA N kAR FEE T 5 (Meydan and Guydosh, 2020b, 2020a), % 1 3T
AR L7z K 902, HBFREREIC IV TIE, mRNA O 2 £ 5 NGD 12 L 0 JH
mRNA 2350 S35 03, LA BV TEORFHEN RS Sz flidiaun,

HALEMILIC BN T, VR Y — LD Y —Th % E3 U U —1 ZNF598
I%. m4EHP (mammalian eIF4E homologous protein)#E & A DALy & L CTRIE &
7= (Amaya Ramirez et al., 2018; Tollenaere et al., 2019), m4EHP (%, FHRREHLAA
¥ elF4E & B A HIIZ mRNA @ 5° Cap FEEIZHE G T 5 2 & TRERIIHI 21795 & &
NTW iz, UT4E, 220 R Y — A o> ZNF598 [ %, GIGYF2 & 4EHP & 3L
KEFEHRLTEBY, 2055, GIGYF2 & 4EHP i&, FHRRIEHAELSI% & T mRNA
OFROMBAZ T2, O EE mRNA OFRBALGZET 2HEEE FFo 2
& MBHE STV D (Hickey et al., 2020), S 512, GIGYF2 & 4EHP (%, FHFRBH
HMOREFEDOHR BT, LRI EE mRNA O LB 532 2 L8 60
(272 > TN B (Weber et al., 2020), = X 912, ZNF598 73 RQC Z A L TAKIR
EORAERTF FEOGIMEE AT 5 —J57 T, M, GIGYF2 (KAFIZFHRRSUG
DOFHFEL L 72 5 mRNA % 3R L, />0, 4EHP (RTFICFIRRBAGAIAE 2§25 2 & T,
HE mRNA IZr— R 25U ARY —2&\maeMz, BEHROSEREZ R/ RIZIZ
TW2% (K 4-6),

BT, HEOWAEIZL Y, ZNF5S98 LIS O %%t v — & LT, EDFI
R ZAK a BHRE STV D,

EDF1 i, HEERERHCEB W TEH Mbfl & L TIRFSNTEY, VAR Y —AF+L
DEZERETFFC BN T, HfD VAR Y — L0 408 7 2= FND mRNA T
¥ MU —TF v FOVITR RIS AT 5 2 & D3R S LTV 4 (Sinha et al., 2020),

Mbfl/EDF1 |, fE# YRy —2D 7L —ALL 7 F&EFHEZEL. mRNA EIZU AR Y
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—LZEET D L TEDOHRAEOMEFFIZEE D S D72 &3 (Wang et al., 2018),
ZNF598 IZ KT, RACKT IZHRTF L CREZE U AR Y — A2 Y 7 b— k&,
GIGYF2 <° 4EHP %4 L= BERHE 25583 2 Z L VRS T D
(Juszkiewicz, Slodkowicz, et al., 2020; Sinha et al., 2020), & BT, ZiLHDIMEIZ
FBUWTCIX, EDF1 X° GIGYF2, 4EHP % ZNF598 FERAFIZHEZE Y R Y — A2V 7
N—hENDZ LD, EDF1 (X GIGYF2 X° 4EHP 222 U 7R Y — 4 Bz ) 7 v
— F 925 Z L THBA~ AL RICFFITIE 281 2 2 —77 T, ZNF598 73E22 U R
V=AY 7 v— b SHTEBRITIZ A IRITAYIZ RQC IZ & » TH AT F N
B OMREEEET D ATREMEN B 2 D (K] 4-6),

VR Y —AORFEERIT, B mRNA ARSI NTHAERTT REIC L HF
AR EFICERT 20 0ORR G, BRERX FLVRAFHIHAEL ) 5 EMESH
% (Liu, Han and Qian, 2013; Shalgi ef al., 2013; Darnell, Subramaniam and O’Shea,
2018; Pochopien ef al., 2020), %53 ¥ X1 ORI ER R, A ML A /N
KA ML R, BBEA N L A%ED Proteotoxic stress IRFIZ 1L, fIIND I A7 3 —)b
RE T EOIHFEENEZ D LD 0% Xr T D Hse70 X° Hsp70
WERED I A7 4 — )V RZ T BIZE DN D121, R 2 R0 8
T —IVT 4 VT RBENOT A LA TFICBW T, B ERE M,
tElE T D RetEn b 5, Fo, REHUERS UV RS, BRI R HER O L E %
@ Ribotoxic stress FFIZ L, 7 I / A E<° RNA Effi, U AR Y — L O5REIHEH O
BENRL 572010, VAY—2BMEIETHEEZLND, ZOHHL—flL L
T, 7 BAERIFIC, 7 VAT v — L TWeWT 7 2L tRNA 73 U R
Y=LK URFE T 5 &0 _TTF RGN R TICHIRAMEIE L U AR Y —
LNEZET 5, FD%., Genl 28U AR Y — L DOMEZEIC L - TR S 7z disome
WZERDDL LI L THET D Z & 2R STV % (Pochopien et al., 2020), Genl

MGG L7z disome 121X, U U EB{LEESE Gen2 28U 7 b— b S, £l »C
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elF2a NV VEEIID Z & T, 7 —YLe iR CHE 5 K 7 Gend/ATF4
A LT RBIR T ORBFE L VWo A N L AREREZ D, 20 L5 7%
elF2a DY b2t LT — @ OFFREIENL, elF2 o F T —B 2 G ML T D8k«
RARLVRIZ > THBLTEEIND Z LD, BAEWA ML RRE
(Integrated Stress Response :ISR) & FEITAL TS, Z D X 912, Proteotoxic stress
<° Ribotoxic stress Z (L L & T HEREEA L ARFZ S, VAR Y —LADFEIELE
DEZENET D EBESN DN, ML, 2 L > B S Lz disome % 4F
B 7p/N7 & LT, ISR ZHEET 5 rRetEA R S TE T,

ZITI, ISREFZIZED L S et U —NEZR Y R Y — A ERIT 5 DD,
RQC OEMIRFIZIL ZNF598 Nt — L L CHERIV AR Y —L B2 71— &
LD M, ISR OEEFFIZITZ MAPKKK Tdh 5 ZAK o /MLK7 2SHEFIN A kL A&
Y=L LTHREY AR Y —LIRAET 52 DRI TV D (Wu et al., 2020),
U UERAER ZAK o lE, EZ2 ) R Y — DR LRSS T5 2 & T,
GCNI-GCN2-GCN20 # U 7 )b— kL, UARY —LDHERIIIS L TelF2a D Y
b 2Rt 5, ZHICKD | ISRPEE S, A F LA S L5 72 O
JlIAFET 5, —FH T, ARV ADL~YLILEUT, U bR ZAK o 13
MAPKKs %= U Rt L. p38 ° INK D U Vb % HIEMELT 52 & T, 74 b
— AL LM OFFEEIC B G35 2 LRI TVWDH(Wu et al,
2020) (& 4-6),

YUbo X o, N, VAR Y —2A0fEZEC L - T, OEDF1 2% ¥ —
& T HFHERBAAGIEE > mRNA 70 2T U745 U AR Y — L O ZEOMEl, ©
ZNF598 & o — & 5B pE LR ESTF RO RQC &I L 725l 43 i |
@ZAKa 2P —L 3% elF2a DU V(LA L7z ISR I X B Hi4F,. @
ZAK o P —L 325 MAP 5+ —ERKEEZN LT R h— A2 X 55
BB, &) EHORBEDPISE TE MR ORBUTIE U TGRS 038 R & 41
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HLEZHNTWD, RQC & ISR IZTAWZIFEML L v ZHIE L TR, —JF
DIRFEDARIEAIL S 5 — 7 OREEOWBRITEMEALZ b 72 & 3 AIERIEN RIR ST
VW% Z & 75 (Yan and Zaher, 2020), A0 X2 X — 2 LAULAMERU & & (B 20
H—0O mRNA ETOHY R —LDEIERELT TS & Z)IZIERQCIZE - T
ENENOEEL =y NTREL, ¥ A=V L BEN & (20X, M
BIRTIES VAR Y —LDEIERAE T TV D & ETIX ISR IZ L » THIAN 2R D
HIERZ ') Z LIS Ko THERO R FEAZ LI L TV 2 AfREMED & 2 (K

4-6),
A
BB ML R
E QD
v
£ 1
hed
g lmﬁémo/ MLK7
(ASCC3)
(gent ) n
A
Translation iation block RQC ISR Apoptosis

Global translational repression
Specific mRNA translation induction (Gen4/ATF4)

4-6. UV —LO&ERICLS RQC £ ISR,
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4-2. BHY

ZIVET, RQC Doy FHRAMRIL, FITHZFREREZ W2 IEIC K- THL S
T&iz, TOME, MV TE, RQC OERIZ, OV R Y —LADEE
I KD REEDOIER,. @V R Y —LDHERE P —THh D E3 2 FF
UH—PHel ICL B YR Y —L% 37 H uS10 D K63 HR Y &% F 1k,
GORQT HEAKIZ L B VAR Y — A2 B F F AURIFRI e/ ZE ) RV — A Ofifhf,
MFEBINDZEDRMATHDL ZEBRP LN/ > TS, FIC, HEFEERRC
B2 WNTEMED RQC FEMIELS SDDI mRNA _EIZBWTIE, 3 2D U R Y —AD
EZ2IC L VIR S AL D Trisome 28 Hel IZ L b2 XF U AbickiF b 1 2= K
ELTR#ESND,

— T, MFBMIRIC BT, BiDE L7z & 9 2R N TR 7R Be SIS0 S A i
TAHZEICLY, RQCIZEAGT DK 1-& L TE3 =X F U H—F ZNF598
L IERERE RQT AR & I I E W AT R P —2H 7 % ASCC3-ASCC2-TRIP4
BAEERBREINTE /2, LLRRL, MIaNICB T AR Y —LAn 8D X
T U TR, B2 L. ENDMEERS D DD, IZOWTIEH LT > T
Rnole, £, 2EXRFUEHOERRNIL, TOTHY 7TV EREST S
IFEFICEERK T ThH DA, Hel2 (X uS10 (X L K63 AR Y = &% F 21L& 4T
9 —J5 T, ZNF598 X eS10 {2k LE /) 2 X F ALEATH Z & THES T
7co & HIT, ASCC3-ASCC2-TRIP4 HAKIZ DWW T b Hi2ZFEERE RQT A 14 & [F]
FRIZU AR Y — LA ORBEZRE 592 O 0TI 627 > T,

Z DT AWFZE TIEEBRE NEIFRRIZH W T RQC LD FEEEITH Z &
T, T RQC K+ DIEMERHI 21TV, £ D5y ERRLRUS DOFEM A 1 &
MZTHZ AR E Lo(E 4-7),
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M

COLLISION
W7EME SDD1 mBNA TD us10 @ ATP & U Ub {Lik7zD

Trisome 2% K63 BRI+ F 1k JRY —LO##
FEYLAEARRT

@ ‘ ' \ ' ’ . @ 7

| — gty —— WP o

colTISIoN ‘ 2 X _ssces e
PWTEYE Xbp1u mRNA TD eS10 D JRY — LOfERE%ZE S

Disome? Trisome? E/AEFFAL? hRQT &1k ?

A RQC FMESI ETURY —LR ED K S ICEF. HRL. BREShs0h
ZNF598 ZHFER ERkIC K63 BI/RY IEXFF U HZRMT 50D
hRQT BE®EBIEFFUIERENICVRY —LZ@EHSE 0D

4-7. KHAZED B,
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4-3. FER

4-3-1. Xbplu mRNA _FTY R Y —Ai3fEIE UEET 5,

SEATHFSEIZ 35\ T Disome profiling 23 T4V 7 4 4 i FLAEMIARIZ 51T 5 RQC
O WNTEMEFERIELSI] & LT Xbplu mRNA 23 [A]E S 4L TV % (Han et al., 2020), Xbplu
mRNA |E, ZHUT LY 23— RESNDHTFF FHEHO CRIANZT LA R_TF R
(AP)EIRZ &7, ZOMEICB T U R Y — AR —RHEIET 2 Z EAMBIT
W5, ZOURY—LO—FHEIRIL, /AR U AFFZ, Xbplu mRNA-Y 7R
Y — LWFERTF MEEA R R MARIE RIS — 7 o T 4 v TS
/NS O RNase Td 5 IREL o (2 & > T Xbplu mRNA NNR I AT T4 v
T BT DTS TH D (Yanagitani ef al., 2009, 2011), FERIIZ DOV T,
415 CHMR L7z, LvL, B R_R&Z L2, XbplumRNA ETIZ U R Y — 20
H2 L., TOEMIE EOFE XBPlu <7 F F#IZ RQC IC L » THRA2IT T
W5 ZEDBHIBMNIC STV S (Han et al., 2020),

2D, AFFRIZIB W TIE, HFIEMILICE T 5 RQC OWNIEMATRIELS &
LTI CRIE &7z Xbplu mRNA %7 > 7 L— b & L7ealBRE NEER S %
1TV, RQC DFEE UL DG AT IR o T2,

EP, 17 70T —F—0O Fiilc, Xbplu mRNA O 2 —F ¢ > JE AR A L
727 7 L— F mRNA %, U FHRIARIMEKH K Z A & — (Rabbit Reticulocyte
Lysate: RRL)F THIFR &2 Z & T, #BRE N T Xbplu mRNA ETO YR Y — 24
DI, A2 BH L Lo L= (K 4-8A), ERRIZIX, Xbplu mRNA OB
a RUOETIZ, VRY—LHEXTTF NEEAIR (Ribosome-Nascent chain
Complex: RNC)DFERLFIZ His6 % 7', ZD FiIC V= AX 7 ay MZ XD
MAIZPA Z 7% LTe7 > 7 L — F mRNA Z Wiz, Ziuzkv, s L,
SO T Xbplu mRNA ZFiRF DV AR Y — A M2 1EF30E, N KuED His6 % 7
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AL TEIL Y R Y — A& ER4 25 2 LV A[EIC 72 5 (K 4-8B), FERRIC,
His6-PA-Xbplu mRNA % RRL H CHIFR =&, N K¥md His6 ¥ 27 %41 L C RNC
ML, SLPAPIRE W =22 Ty NEfTH &, VAR Y —L20D
1F I DFRIE L 72 2 X7 F VL RNA KT DO FH AT T R (peptRNA-AP) 3
H S 7= (K 4-8C), FEERIZ, X7 F UL tRNA FEATL D ERTF REHITKE L.
RNaseA ZLH$ 25 & X7 F UL RNA BN SN D Z L 2R LTS, F
7o, RSN RNC N U AR Y — A OEIRICHRT 202 RatT 5720, STt
FEUZHENWTY RY — 2O IRIZRIBERT Z & TRE STV D W256A 257
Z V72 (Yanagitani et al., 2011), U AR Y — LDEIEZHET 5 SRAERK
Xbplu-W2564 mRNA T L A h X7 F RNighk4a K8 7 Xbplu-AAR mRNA %
AW BORTIX AT F PV RNA fEGRLOF AT F FEBBRE S 2o 7z,
L7=28o T in vitro \IZHBW T Xbplu mRNA _ETO VY R Y —ADEIENFR T,
ZOREKAET D RNC 2T 5 2 LIk Lz,

I, RNC U X o TR IR U AR Y — A% 3 2 B FE Al A X
S THE LTz, ZOFER, 7 VA M_TF Ni#Elg %A K X W72 Xbplu-AAR mRNA
ZHWEEOG T, VAR Y — A0 Xbplu-AAR mRNA | CE I L2202 U R
Y — LHSROYSE R S o de, —05 T B Xbplu mRNA Z 7z
FOSTIE, 80S VR Y —LDHIL 6§ AF1E U IR Y — LISk L&D U R Y — 4
MEZET 5 Z L TR S 72 Disome(2 D U AR Y — L DTEZE), Trisome(3 DD
VAR Y — LADTEZE), Tetrasome(4 DDV ARV — LADTEZ2), Pentasome(5 DD U 7R
Y — L DTEZE), Hexasome(6 DD U R Y — A DEZE) bR S 7= (K 4-8D), &
BT, RNCIZEENDHAERTTF REIZHOWT, litg oV > 7 %5 PA B
Kickpvxz22 o 7uy Mo THRIELTZE 24, B4R Xbplu mRNA H
KOBHRNC IZBWT O, Y RV — L ISy 7Tt s vz (E
4-8E), L7=M» T, ARWFIEICIKIT S RNCHERIZL > THONDEDIX, UK
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YV — AOEEIRIZHR LTEY . XbplumRNA ETIE2 DL ED U R Y — A5 E
T D EDRPALMNI o7, ZORIRIEL, Disome profiling 2 HV N2 JeATHISE
IZEB W T, Xbplu mRNA _ECTHEED Disome footprint RSN TNWDH T & L —
9 % (Han et al., 2020), F7=. Xbplu mRNA ETiE3 DL ED Y &R Y — A3
Zed 52 Lt WILEMNICEKIT D RQC OEE L LTE, 2250 YR Y —L4
D3 %2 L7- Disome TIIA 0 THY, S 6025 VRV —LOEEPLETH S

AREME D B X BN D,
A D Jad 20>
stanlAUG stop IUAG XVATR ! f\\‘.\‘. IR
m7G —{T7Z proHkozak[|His6] PA |{ Xbpiu — L L J

A254

B IVT with RRL f:ise-Tag
RNC purification i i ) "
Sucrose Gradient

with His6-Tag in nascent chains

v '
Sucrose gradient centrifugation ‘._r E

B Scrose Gradient

C g sfs
Purified RNC Xbp1u mRNA _E B ELac
WT+W256:\ AAR+ gﬁf;:; ITRNA . — BB — .- popisce
= | peptRNA-AP . - ses —peptide
. PR s |
.- e | Peplide
IB: PA . g
MAR: A(236-261) WoseA
- - — peptide

4-8. Xbp1u mRNA L TRV — LI FIELEET D,

A) 77—k mRNA D&, T7 JOE—3—DTHRIC Hisé 37, PA 34 Xbpiu
mRNA E25I 2 A LT,

B) AEBRDFEN . HAERTT FEHO N K Hisé 374 LT RNC ZH& L7,

C) RNC #&&., XbpT1u mRNA BH3R?D RNC & T3¢, RTFUILIRNA #5 & 2 &
RTF RHENEHTET,

D,E) RNC ###&(CYaEHE EARE AN B VRO LR PA Az

EHIARYTAvE,
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4-3-2. E3 Y A —¥ ZNF598 iZfEi R RV —b LD U R Y — b F X7 & uS10
BEiWReS10 2R 2 FF 1T B,

HEFREREIC IV CTIEL E3 U U —TF8 Hel2 NMEZRE Y R Y —LHFD YR — L H
X7 uS10 &2 K63 AR Y 2 &% F k95 2 L TRQC Z AT D, HIZFHERE
Hel2 OMfFLEEAE R 7 & LC, E3 U A —F ZNF598 M [FEIE S 41TV 5 (Garzia et
al., 2017; Matsuo et al., 2017; Sundaramoorthy et al., 2017; Juszkiewicz et al., 2018;
Hashimoto et al., 2020), — 5T, ZNE THEEDT 7 v —F |2 L > T, ZNF598
IZ & D2 X TF AR DOERIE DM T4 T & 7= (Garzia et al., 2017; Juszkiewicz
and Hegde, 2017; Sundaramoorthy ef al., 2017)7%, Z 4L 5 OfERIT ZNF598 OIELE
EMEEZFTE LD THY . VIR Y —AOEREFM &V ) FE R RISV

Fagam STV, E 7o BHRRREKE AT eRF1 D2 BAR Z i fl B /& S 7
REBRENFITCR A AW Lo T VAR Y — A X VX7 E eS10 DE / 2B
X T AL EZRY AR Y — A ETERZ D Z ENRIILTU D (Juszkiewicz et al.,
2018)H DD, RQC D IEfe 72 HH A FTREM L 72 liL 72w,

ZDT=h, R TIX, IEMEZ: RQC HE & LT, Xbplu mRNA | TEZ2Y R
V=L E AT 217572, £3°. RRL Z AW BENERRICL > TAH
PR EAVIZEZRY R Y — bk ZOFHAENT T FEHO N KGIZE £ 5 His6 ¥ 7
%1 L C magnetic beads (238 X ¥ 72, Beads [ZHB SH7- RNCIZHKF L, =&
X F ARG ZE 72 ATP, % F > El, E2 & L C UBE2D3 (Garzia et al.,
2017).E3 & L T ZNF598 % i & 7= (K 4-9A), ZNF598 & > 737 B 1% . HEK293T
HERRLZ 3FLAG &% 7 1N L 72 ZNF598 2 7° 7 A X FIZ L - THRIFHE S 7214,
PLFLAG ik v — X% AW TR L L 72 (K] 4-9B), Beads ECRNC # B F
fbsE%, EHT D2 ETRElE Lz, BATHFZEICB VT, SR Bl
WTIHHA I TRV DO ZNF598 O B F AR & L ORI &

T\, URY—AF 37 /E uS5, uS3. eS10. uS10 (x4 AHiEZ AT

310



2020 1R

DITAZ Ty hEFTH Z LT, VR Y — ADOEEITHEF LTz ZNF598 Db
FF AR ORIE Z1T78 o7z, £ OREHR, uS5 BEL T uS3 1%, ZNF598 % i
RITHM L TH AN 2> 72— T, eS10, uS10 IE, ZNF598 {KIFHIZ = &
FFALSNTZ(B 4-9C), = HIZ, ZHbid, TNETITHEHINATW D)o
AR e XFF U TH o, LI -> T, B3 U —E ZNF598 I%, &2V R
V—=LHDYRY —LZ N7 E eS10, uS10 1Tkt L, RNY 2 BFF U HA AL
THZENHBLMNIRoT,

—J5C.RRLIZ X 2 FHAR HC KSR ZNFS98 &% o R 7 B & L S ¥ 5 Z & T,
HFERA 72 2 B F AMUBUG 24T - 7o/t R (B 4-9D). Beads LIZHIF 52 % F
A E—E LT, eS10, uS10 IRV = F F 1 bx=if7=, —J7 T, uS3,
uS5 IZOWVWTHE ) 2 EFF AN TUET 5 2 LR LN -7 (K
4-9E), Z D#EHEIE, uS3, uS5 DE /) L EFF LALIZOWT, RRL fiZE Eh
DARFNDIKF-HY ZNFSISAKAFEDSUS ZARBE L TWD Z & 2RI LTV 5, UL ED
FERDND, ZNF598 1% eS10, uS10 #AR Y 2% F 1 b3 5H5Z &, ELRMOR
F- LT HZ L TuS3, uS5 DE ) X F AL EEET S Z LR ENT,
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A

IVT with RRL

RNC purification

§§ §Hiss-Tag
with His6-Tag in nascent chains

¢ Tethering to magnetic beads - r
Ubiquitination with UBE2D3 and ZNF598 ‘.—

¢Elution
B C
L RRL, purified RNC, ERS
% + + + + + + + + Ub, E1, UBE2D3
= + + + + 3FLAG-ZNF598
(kDa)'iJ ‘ : 1 9

%~ e 3FLAG ’ : A

- o m : ‘
51- - Cd
eas -

-
=
—-

aman ;- —eS10 |B: PA

. - — uSi10

IB: uS5 uS3 eS10 uS10
CBB stain

RRL, purified RNC, ERS
+ + + + B8FLAG=ZNF598

IVT with RRL within ZNF598

RNC purification
with His6-Tag in nascent chains

y Elution

IB: uS5 uS3 eS10 uS10

uss
ws —UuS3 IB: FLAG

RRL, purified RNC, ERS

+ + Ub, E1, UBE2D3
+ 50nM 3FLAG-ZNF598

. ™ — 3FLAG-ZNF598

= ws =« — peptRNA-AP
e @ e» — peptide

RRL, purified RNC, ERS

+ Ub, E1, UBE2D3
+ 50nM 3FLAG-ZNF598

1B: FLAG [ — 3FLAG-ZNF598

== — peptRNA-AP
ww ws —peptide

4-9. E3 U —1 ZNF598 (3 EZEURY — L EDUIRY—LAVINDE uS10 8LU eS10

ERVIEERTFUET S,

A) REERDFN . Magnetic beads [C2& L7z RNC (Cxt L, ZNF598 [CENIEFFY

b RIS EITIOTE,

B) ZNF598 AU\ E DR , HEK293T #fz(C SFLAG-ZNF598 Z@EIFIRL.

FLAG 30N LTRERILE.
C) #&& RNC [Cx19% Beads L TCOIEFF UL RIE,

D) AEBRDREN. RRL (CLBFNERFIC ZNF598 ZH RIGSE ., AEFF UL RIGEIT

Bof,

E) RNC [Cx19 3 Lysate R TOIEFF UL RIE
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4-3-3.E3 Y W —P¥ ZNF598 iZ. TR LI UVARY —LZBBLIARY —bF %
2B uS10 2R Y 2 F 1435,

HEFEEREIC 351 5 RQC OWNTEMERERIECS] SDDI mRNA LIZiW\W T, E3 U7
—E Hel2 (X3 2D U AR Y —LNMHEZE L7 Trisome & 1 == & L TR L,
R X T AL EIT S, 27D, WHFLBEMIAICI T 5 RQC O NTENERE
HIBLS Xbplu mRNA 23T, E3 U ' —8 ZNF598 78 & D L 5 7 flize U AR Y
—LEEICT D00, MitEiTo72,

ARERRTIE, £, BT O RRL I3 LR ZNF598 & 237 B 2 L0 &
HHZ LT, VRV =L R0 uS10 OB XF AR E T 5720
BIRR & B L T X F U1 b &1To 7= DB, RNC &R, o = BHRE A fkdiE
DIEIZ K> THl L2 (B 4-10A), £ DfEHR, Fi S 72 Monosome-RNC D
XTI L IR LT, 2 DD U AR Y — A0 EZE L 7= Disome-RNC _EIZE
FH2EXTF ALFRITTTE L TEBY, SHIZ3 D, 40D URY —LNHEZEL
7= Trisome-RNC, Tetrasome-RNC 28T 5 ZDOMEIT I HICHEFETH 72, L
T2io T, URY —LDOEREOENL L, T OFRENFRVIE L, ZNF598 (12X 5
BOGHBEIZ 720 03\ 2 & B 23T 78 - 72 (] 4-10B),

INE S DICHRGET D70, KL RNC % ¥ 2 B AfdE OIS Ko Tl
L7zDb, 2% F ALKISIZHZE: ATP, El, E2 & LCUBE2D3, E3 & LT
ZNF598 % Bt S8 fRIFINCH 7Y v 7 54T 9 Z & CRISENFRIT OV TEEH

IZFRE L7 (B 4-10C), ZDfER., VAR Y —2LZ /378 uS10, eS10 DWW F 4L
(2B TH . Monosome-RNC & i L T, Disome-RNC, Trisome-RNC .
Tetrasome-RNC (2R W T EF F ALNRB @M -T2 Z &b, U R Y — L O
EOEMNE L, ZTORENERDNZTE, ZNF598 2 afie Z & 2 5002 L7 (K

4-10D),
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IVT with RRL within ZNF598 IVT with RRL
RNC purification RNC purification
with His6-Tag in nascent chains with His6-Tag in nascent chains
¢ Elution ¢ Elution
Sucrose gradient centrifugation Sucrose gradient centrifugation
B Ubiquitination with UBE2D3 and ZNF598 at 30C
” e s D ERS, E1, UBE2D3
[} - T0O0 ifi
S = 8 ERd purified and separated RNC Incubation with
b alo 0 5 10 15 30 5nM ZNF598 (min.)
<} & O & o L) & O ©
uS10-polyUb St E 6Lt E 6 Lt E Lt E 6 LE
4= POVER SAEBS8ES 28 »:»1’35;»1’%5.:.9 His6-Ubiquitin
- —-—
.- == ! ' ! g
v b o e —US10-Ub " =a ..: - | b 4 ' + | eS10-polyUb
8-88888a _ s - '——h--:-;;“;--;---
1B: uS10 L —.—-,..--~ —eS10-Ub
1B:eS10 ERERER D - ade —eS10

R o o ;-4 -.:-< uS10-polyUb

L. —

—---“-----ﬂ —:-.--- —

[ = -t
--...._---35....4'!- —uS10-Ub
s | acad
1B: uS10 M_L D —uS10

Auto-
ublqumnated
1B: ZNF598 “meaoQmgLgoommER 7 2NFs
ZNF598
S W e e e e o e e e —DEPtRNA-AP
1B: PA s s 4k s s s o S . - -t o n w  we —Deptide

4-10. E3 UB—t ZNF598 (35 V)iV — LOE R RIS EEELTHFT,

A) AEERDOFTN ., RRLICEDFNERFICZNF598 #H RIGSH ., IEFF UL RIGEITE
T,

B) RNC (X193 Lysate R TOIEFF UL RIE

C) AEERDiN. FFH RNC & YaEHE E A& MECEINDER. IEXFTFUIERIE
'1TRTZ,

B) A EI#%®M RNC [Cxt T2 1EFF UL RIED kinetics DLLER
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FFHIZ, Beads EICEEHEI L72 RNCIZX LT, 22X F AR EITo 7214,
BH L., TORREY & o a FEgE ARGE EIC L > THE Lz, ZOREE,

ZNF598 FJE1ELE FIZB W T uS10 1T B F b Z 21 TR\ —J5 T, ZNF598

fEE Tz W T,

BT oAb, BV R Y — ANEE LT\ I BWTHE CTh o7, £7-.
3FLAG % Z Ml & A7= ZNF598 I2HOW T, [REEDESIZIR L FES LT
Wiz, L7723 o T, ZNF5S98 1E, 72 < & b Xbplu mRNA _EIZEBWT, #HHD Y

R — AN EEZRFH L. FDOuS10 2R 2 EXF M52 ERHLMNIAR

~7-(& 4-11A,B).

A

IB: us10

IB: FLAG
(ZNF598)

IB: PA
(Nascent)

4-11. E3 UH—+ ZNF598 £ Tri-, Tetra-some ZDE EVRY — LR LAEFF U1k

179,

uS10 [FAR YV X F ATz, 6T,

ZNF598(-)

2020 FETEAGR

Sucrose gradient

408

Mono

Di
Tri

Tetra

Penta

B

—uS10

| peptRNA-AP

—peptide

ZNF598(+)

Sucrose gradient

Polyubiquitinated
uS10

—uS10

—3FLAG-ZNF598

| peptRNA-AP

~ —peptide

A.B) 1EFFUMEUL RNC & YatE%E E A iz AN E LT,
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ZIE COBEBTFRIMIT ORI G, HIFEERNCI VT Hel2 X° RQT #HAK
A LT VAR Y — L ORBESOG 2 BT 285 & LT, NTEM: SDDI mRNA <
poly(A)BH A 1L U & 9 Dadife L7 HAMET I VBids], V7 a K r 7R
—RAT LN—T a2 E e RNA RS, b TS, Zhbidid, =
—7 ¢ VIR R P ERLSN 23FAE L, A-site |2 mRNA 2FEIET 54K
BT, URY —LDmEENEL D] LW ) IEENFEL, ZOHEIC, [Hel2
LDV ARY —=LDa e FF AE-RQT HEKIZ L D VR Y — LOMEHEE 23755
XL, RQC°NGD Bl Z 5 B2 HILD,

— 5T, mRNA DOUIHEIZ L > TELD polyMHEEERW VA Ry
mRNA ZFRT 2 VAR Y — A%, ImRNA OFKGGE THE L, A-site [Z mRNA 23
FIELIRWREB TN 2] £EALND, ZOX D RLAITIE, T2 A-site
ik L T e 9 % Dom34-Hbsl #HEIA-RIIL (2K 5 VAR Y —LOMEE 23555
XL, RQC°NSD B Z B EEF 2 b5,

F7-, KlEa FUOOREEICE Y, mRNA O 3 KIISIEET S poly(A)dH L
TUARY—LMEIETHERCIE, < O%E . VAR Y — A poly(A)EHD K &
TEBETEXTERPCEILT 572012, 1220 Assite-Rlil £ Tix72 < Hel2 iZ
L2022 FF AUL-RQT EAEERER ] Z2r L TR EIND EEZEZXBND, ThE
T, 220D A-site-RIi1 #EEE | (ZOWTOMNTIEL, H DUIWIEEZ R o~ —
v RUARYA LG % LR — 2 —BI5FHICHAT 5 Z & T, #iIAYIC mRNA
2O, TORMTIRY —LZELIEDHZ & TIThT&E 7, Mz
ol W T s HEFEEERE Hel2-SIhl (X ZNF598-ASCC3 & L T, HiZFEERE
Dom34-Hbs1-Rlil {£ PELO-HBSIL-ABCEl & L CIRF SN TWD Z &, FlEL
BEAAIZ BT TZNF598 12 K 5 = B % F U fb-hRQT HAKIRE | 2/ L=V &R
Y — L DFEEROS DRI G & 72 D DIE, T3 —F o 2 7 Fas i BRI = FH RS
IFAE L. Assite (2 mRNA 2MF(ET DIRAET, URY —LDMEENEL D] W
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ATHLHEEBEZLND,

IhEBE 2 RIZ, LLED 2 B2 EIE T 2 FEH 0@ ZNF598 12 L 5 R
U B F AL DB R OV TSR 217 5 729, ZHE T LRk
I, T7 7’a®—%—0O Fill. AUG-His6-PA-Xbplu(1-V193) mRNA ZHfi A L.
ZOTICEEDOT A NEFIZEA LT, 2> ha— & LT, VI93 DERZIC
ik o o 2 ECE S W72 Xbplu(1-V193)-stop mRNA % W72 (B 4-12A),
Xbplu(1-VI193)IX7 L A M7 F RAP)EIR & & £ 72\ 28, Xbplu(1-VI193)-stop
mRNA OFERTIT U R Y — 35 1k LRV (K 4-12A),

Fio, RITICHTZ 0 HBEEERHICE\W T ZNF598 DR E v 7 Th 5 Hel2 Dk
BELTHMOLNTWS3D5DT 7 L— k mRNA 2B L=, —> R IZ. Xbplu
mRNA ® 9 B 7 LA MTF RGO Xbplu(194-261)T. — O RIF., AT T =
)% 60 [ElfE D K L 20 [BlERE L7 ¥ U A TR 35 poly4) TH 5, =DOH
3. FEFICHRE 7 RIS A TR T D AT LL—T &N LTz Stem-loop T %
(K 4-12A),

S 5, MEFERHICI VT Hel2 TidZe < Dom34-Hbs1 #E4-RIi1 #2# D %5
ERBHZETHMHENTVWS 2507 7 L—k mRNA 1Bk L7z, —2HIE,
ik R 24 A L7232\ Truncate T, —> R I%. B CUIWHENE 2 £ Rz-ribozyme
ThHDd, TiLHD mRNA TiX, Xbplu-V193 78 mRNA OKimE 25728, T2
TURY—L0ME1ET 5 (R 4-12A),

AREBRTIZ U LD XS 7256 DT A MEAIAFHA L7277 L — F mRNA
2R LTz, £ ENENOERSIN Y R Y — L xAFIE S, FRB RN
KBTI 20, Bptztro72, iR L7277 > 7 L — k mRNA O Xbplu(1-V193)5E1K
% Nluc \ZiE#: L7 mRNA Z T CHAER L. RRL 1 CO UG I Nlue OFE M
ZREST D LT NV EARBEERE Lz, ZORMER, KEBRTHNS 6
FEDT A MRS L o> THERB EZEMET T2 2 L3R T 72(K 4-12B),
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WAz, VERk L7= AUG-His6-PA-Xbplu(1-V193)-X mRNA (X=stop, Xbplu(194-261),
poly(4), Truncate, Rz-ribozyme, Stem-loop)% RRL H CTHIFR & &, RNC #ERAZIHT
PAFIIRE WU = 22T ay NEfTleoTlz, ZORE. 7 A NS Z#iA
L7z Xbplu(194-261), poly(4), Truncate, Rz-ribozyme, Stem-loop mRNA H % ? RNC
TlE, X F UV RNA fES AT AT F REPRE SN -—F T, 2> be—
L& LTz stop mRNA Tid, £t S7enr>7-(8 4-12C), L7zh-> T,

ar b= ONTNDOT A NEFIOFIFRIZE > TH, UAR Y — A4
mRNA ETC{EIELTEY, RNC & LTHEINTWDS Z ERHLMNIR- T,

WIZ, TNHDORISIEE L L TOEWIOWTHLNIZT -0, Tnth
DI RNC % ¥ = Bl FE ABLE VB L0 itk HiESTT REICHY T 5
Pt PA PR Z Wz =A% 7 my F&4TH Z LT, RNC RED LD IikiE
TR SN TV D DREZTT > 72(K 4-12D), % D5 % Xbplu(194-261), poly(A),
Stem-loop mRNA H12k D RNC (ZFVTlE, FEIZ Disome UL EOFEWT F 7 23 v~
WZ TR SN2 LD, Xbplu(194-261), poly(4), Stem-loop mRNA
IZBWTIX Y AR Y — LPREZRT 5 Z &R STz, —7F C. Truncate, Rz-ribozyme
mRNA EIZEWTIHY AR Y —AOEZZ IR 413, Monosome-RNC & L T
ELTWD Z EDH LM~ 72 (E 4-12D),

VI EOFERZESFE 2. Xbplu(194-261), poly(A), Stem-loop mRNA H3E D2 L
7= Multisome-RNC & . Truncate, Rz-ribozyme mRNA Hi3K D Monosome-RNC % 3
Ftt, ZTNEINO RNC TR L, ZNF598 (2 & B 2 X F AU S %1778 - 7= (E
4-12E,F), TOFER, ZHE TO Xbplu mRNA % T & —8 L <, ffze
URY —LTHD poly(d), Stem-loop mRNA F2ED RNC (23T, uS10, eS10
TEBIZRY 2T TF ALINDZ ER LN, —FHT, VAR Y—2A
DIEZE L TUVNR W Truncate, Rz-ribozyme mRNA H 3 D Monosome-RNC (2350 TC

I%. ZNF598 (2 KV uS10 N EF F b a7 b DD, eS10 (XE / 2%
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F AL END Z ERHL /R 5 72 (B 4-12E,F),

VL EOREFIT, Al L7z 2 Z D mRNA IZ8B1) 5 BEFRRORES E —& L
TEY ., Ta—=7F 4 7l CHRR R R ERSIAFE L. A-site (Z mRNA 73
TFET DIRBE T, UR Y — L DOEZENA L D | Xbplu(194-261), poly(A), Stem-loop
mRNA F3£ RNC H10 uS10, eS10 (Zkf L, ZNF598 (X K63 BUAR Y = &% F
%479 2 RLTWD, —F T, UARY—L20DMEEZH 2 L72< TmRNA
DORIGE THEIL, A-site (2 mRNA 2SFFE7E L2 VIRRBETIENT 5 ) 72I2 122
? A-site-ABCE1 #& | Dxt5: & 722 D Truncate, Rz-ribozyme mRNA Fi 3 RNC (Z
% LT, ZNF598 X uS10 IZIiE T, eS101CE / 2% F b xiTo72, LLE
DFRERNB . RQC OEEZIZEIT D ZNFS98 2/ L7z VR Y —ADR Y 2%
FACOEBEELRH LN o7, DFED, HEIELEY AR Y — L4708 ZNF598 O
PRI & 720 9 D U AR Y — ADOFERKE L TERRT 2707570 25, TZNF598 12
£ 52 ¥ F UAL-hRQT HEAKRREE ] 40 L7z RQC OEEICI T 5 MBS T
b D AREMED RIE S D,
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start AUG

V193

m7G [ PA Y Xbp1u(1-193)]
Control  *(Stop)
Xbpiu (194-261) LTLQIQSLISCWAFWTTWTQSCSSNALPQSLPAWRSSQRSTQKDPVPYQPPFLCQWGRHQPSWKPLMN
poly(A) KKKKKKKKKKKKKKKKKKKK*
Truncate -
Rz-ribozyme PVTGCVFRSDESVRTKQ*
Stem-loop RYPVEGRVVAAAAATTRPST*
B C Purified RNC
T 100 T7p-His6-PA-Xbp1u(V193)-X-stop
= )
3 s g
e 2 [} 2 8
S 50 5 5 < 8§ 8§ ¢
e t 53 5% 5
2 O X & £ & &
s TF TF TF TF T F T 7 RNaseA
4
e .
TE< g % §. - - . | peptRNA-AP
SY =R e £ »
o5 a8 2 peptide
38825 o2 el
>
- o IB: PA
Q
Fe)
x
m—Scrose Gradient WT - nontag-Ub
o Jo]
c oce 8 1
s =533 2 5 8§
mRNA N Oy O s T 8 8 <2
3 X §s % E
Control i R & £ & & mRNA
. — peptide +++ ++ ++ + + + E1, E2and ERS
— -+ -+ -+ - -+3FLAGZNF598
- © s = = —peptRNA-peptide L.
poly(A) _ '
6‘ R — Meptide , uS10-polyUb
tRNA-peptid e -
- —
Stem-loop ol nmi izﬂ. e ik : : .-uS10-Ub
ket - peptide R s enesanes-US 10
1B: uS10
- - — peptRNA-peptide
Truncate pep pep
. — peptide
i - — peptRNA-peptide F WT nontag-Ub
Rz-ribozyme QE)
— peptide PO <
1B: PA s T 8 8 <2
3 X § % E
X & & & & mRNA
+ + + E1, E2 and ERS
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2020 FE1EA5R

4-12. E3 )Hi—t ZNF598 (& RQC DFHIE B ERIRY — L EDYRY—LAVID
B uS10 LU eS10 7 K63 BUARIEFFUIET B,

A) KEEBRTHWVETYIL—F mRNA, T770E—5—0D T I, Hise 845, PA 34,
Xbp1u(1-V193) mRNA. 7A MRS ZHEA LT,

B) T770E—3—DTHRIC. Hise 37 PA 345 Nluc mRNA, TAMERESIEEALLZTY
7U—bt mRNA % RRL R TEIERS Bz . Nluc OF 4= RIE Lz,

C,D) RNC HB#, TNENDTAMLEFIZEE mRNA B13ED RNC Z#H T %L, RTTF
YIVtRNA BEERIFERTF FEIMRH TSR,

E,F) Truncate, Rz-ribozyme, Stem-loop mRNA BH3E® RNC [Cxt L. AEFFUiER
SEITROI,
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4-3-4. E3 U 7 —¥ ZNF598 iZ RQC DRER & 72 A EREY AV — b LD Y R Y — A

N7 B uS10 BEWeS10 & K63 BIAR Y a2 F U 14k3 5,

ZHNETOMHT D E3 Y A —8 ZNF598 (324 ) AR Y — A LD uS10 B L O
uS10 126 L, R 2 X FUEHZPMRT 2 L E2HLNII L, AU 2EXF
VAR T D2 X TF U oMK, ThEli LG T o7 a—4
— S TEREL, TOTFRIGET DV 7P kbfit o, EFICEER RS
Tho, HIFEERHel2 (X uS10IZx L, 2 EFF U070 63 FB DY VU FkE
ZAT L CERE L7 K3 TR Y 2 B F U HZ AT 5 2 & 56 ZNF598 78 K63
BRY 2R F U EHE MRS D500, BEt Lz, AEBRTIE, beads LTI L
T2 RNC (2 L THT 9 2 B F F UALRIS OIS, AR e F 2 a s br—
L LT, K63EHDHZTEA TE 5 K63only L EFF L K63 AR T 72
WK63R ZEXF U EMINSH DT & T, ZDORICIEZ g L7- (K 4-13A),
ZOFER, uS10, eS10 & 12, BRI 2 % F 0 & 7= Bt & [AEEIZ K63only
2EFFUEAWEEIRICBN TS, RY 2 F U #EIER STV (R
4-13B,C), — 5 CT.K63 $H&Z TR T X 72 K63R = B F > & W 7= SUSKFIZ I,
BHE SO IME T LTV (K 4-10B,C), Z D Z L 225 E3 U 4 —F ZNF598
IZ RQC DFER L 72 2 E 22V R Y — L ED VR Y —LZ 37 F uS10 B L O
eS10 # K63 AR Y 2 X% F 1T 25 Z ENRBH LM -7-, £7-. RQC DFE
& L CREICHRE STV D poly(4) mRNA OFIFRIZ X > T, Xbplu mRNA & [FIEE
(2, 522 Y R Y — LD uS10, eS10 3 K63 FUAR U 2 X F AL & %Z1F 5>, et
BT o T2, T DFER. poly(4) mRNA ETEIE LY AR Y —AIZBWTH, uS10,
eS10 & HIT KO3 AR Y 2 X F i MbaxZT 5 2 LERH 6N -7 (A

4-13D,E)
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IVT with RRL

¢ His6-Tag
RNC purification | I 5

with His6-Tag in nascent chains
¢ Tethering to magnetic beads

T r
Ubiquitination with Ubiquitin Mutants “

y Elution
Sucrose gradient centrifugation

ng1u(194-261) XbQ1u(194-261)
> >
(= [
==& nontag-Ubiquitin , 2298 ¢ nontag-Ubiquitin
+ + + + E1,E2and ERS - + 4+ + + E1,E2and ERS
- + + + 3FLAG-ZNF598 - + + + 3FLAG-ZNF598
o M

I uS10-polyUb e eS10-polyUb

- - e
= we —US10-Ub - e amedew - cS10-Ub
e _ S 10 IS _eS10
. IB: eS10
= “S”’. B | Auto-UBed
N8 [Zneses
1B: FLAG Purified RNC

-bound ZNF598

poly(A) poly(A)
> >
g gc
EE =
. ==L € nontag-Ubiquitin ,EE€ € nontag-Uniquitin
- ++ + + E1,E2and ERS - ++ + + E1,E2and ERS
- - + + + 3FLAG-ZNF598 - - + + + 3FLAG-ZNF598
" uS10-polyUb l €S10-polyUb
= T
C - - —
== -US10-Ub o e mmemee _cS10-Ub
e -US10 ®® = " -eS10
1B uS10 IB: eS10
. . IAUIO-UBed
L RPN
1B: FLAG Purified RNC

-bound ZNF598

4-13. E3 UYi—t ZNF598 3 RQC DiEMIERBER)RY — L EDURY—LAVIND
B uS10 LU eS10 & K63 BR)IEFFUIET S,

A) REERDFN ., Magnetic beads [CEBE Lz RNC [Cx L. IEFFUEEAFZRANT
ZNF598 [C&NIEFF U RIGEITIOT,

B,C) Xbp1u mRNA H3E® RNC [Cxt L. IEFF U ERARZAVTRIEZITEOL,
D,E) poly(A) mRNA B13£®M RNC [ZxfL. IEFFVEREERVTRGETHE,
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4-3-5. ASCC3-ASCC2-TRIP4 IZ X W # S 5 hROT HEKIFHE R Y A Y — A
DFFBEIC 5T 5,

HIFEEERE Tl RQT AKX, Hel2 125 % uS10 D B X F AWK IFEIC, 1
22 R Y — L EfREET 5, RQT HEMILZ, RNA~Y 7 —EEMZH 3 5 Slhl,
AERF URAREZ AT D Cued, HEREARKND Ykr023w IZ L VRS NLD, 2D
728, Cued DAEFXFF UFESR R AL VR EFF AL E N7 uS10 1% LSS
TH5Z LT, RQOTEAERBEZRZY R Y — A2 7 v— hEnbH EE 25,
LHFFEEE TIE, R RQT AR DORERLA Y L FEFICE WA ER U — &2 A7

% W FLIE M ASCC3-ASCC2-TRIP4 Z[FAIZE L. RQC OFFEICEEGT 5 Z & 2

5 L T\ % (Hashimoto et al., 2020),

Z 2T, LB ASCC3-ASCC2-TRIP4 #H &K (LI . hRQT EAMK) A, H
R RQT AR & FIREIC, 22V R Y — LADOMBEZT 5 0, Mt z2iT-o 72,

TP, R hRQT EAKZ TS 57, HEK293T AifRic 77 A3 Rz k-
T3 ODKRF 2 mRIHB S U LR T2 I ERENR DR K
SR Th o7 &b, HEEFRRZ W EA RN Z1T o7, 2R
FEEFZERRIC, 3FLAG-ASCC3, ASCC2, TRIP4 ZRHL§ 57T A3 Na W lnHk
L. B5# 1%, L FLAG fiik B — X2 FHW TR L CBB el K- Tt L 72 (K
4-14A),

ARERTIE, BAEMLEXT 2 HWTZNFSIS IZL D 2B F F b H7z
RNC % magnetic beads 7> 5 HI %, ATP &8 hRQT AR L UGS SH -, %
Dk, ¥ 2 PR E AR DEE VDT %, HLuS10 HikzHnwTy =2y v
Ty NEATH T LT X T AL I LT uS10 D JTE A R L 72 (B 4-14B),
Z DO HE . hRQT BEMRIEAEE T Tld. ZNF598 (12 L D = X% F Ak &M 7= uS10
I%. FIZ Trisome X° Tetrasome D M43 |2 fITE L 72— T, hRQT AR Z i &
52 ETEFF LALENTZ uS10 1% 408 V7 2= MEIMIBIT LTZ(K
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4-14C,D), Z D#FEFMN 5B, hRQT HAIKIL, B2 Y R Y — L OMEEZ1T 5 Z &N

BH SN2 o T2,

A B

5 , ~
TEl IVT with RRL His6-Tag
Q
o
= RNC purification \ \ i
g with His6-Tag in nascent chains
° ¢ Tethering to magnetic beads
Q2 ‘ll'
'§ Ubiquitination with UBE2D3 and ZNF598 ‘._
& .
(kDa) ¢ Elution
- — -
98 — SFLAG-ASCCS Splitting reaction with ATP and purified RQT complex
64 B~ ASCC2
- B TRIP4 Sucrose gradient centrifugation
39
28 RQT(-)ATP(-) RQT(+)ATP(+)
Sucrose gradient Sucrose gradient
14 o ] e ]
] -5 € %) -
g 2 5 ER88 g 2 & ERS
CBB stain T
17 )
Pl 1 L]
Polyubiquitinated|
-] uS10
- = -e
Brust) | e S 10 B —

Polyubiquitinated
us10

—uS10

4-14. ASCC3-ASCC2-TRIP4 (LD R &N 3 hRQT & AKILERUKY — LOfE

BICEEET 3,

A) hRQT 2 & HRDF R, 3 BB FF A #K(C 3FLAG-ASCC3. ASCC2, TRIP4 Zi&

FIFIIRL, FLAG AT & LTHRE L,

B) REERDFN . Magnetic beads [CE B L7z RNC [CxtL. ZNF598 [CLNIEXTFY

L EITIG2128R ., B LIz, IEFFUIESNT RNC £ ATP, hRQT & k& RIGSET

&, VaEEEOERELECLNDELLL.

C,D) EZERYRY—LDIREEEER, XbpTu mMRNA D RNC ([Cxt L, AR AL FY
ERAVTIEFF L. NRQT EEFERANVTHERIEE, hRQT EEEFICLI uS10Ha

EFFULSNIEERIRNY - LITAZRELT,
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4-3-6. hARQT B A KIT K63 BIAR Y = X F L U BV B & o,

WIZ, 22 R Y — O A 5 hRQT EEERA, K63 AR Y v %F
BUCBURIPEZ Fr o0y BRBRE RSB ARITIC K - TIRET &2 1T o 72,

E2 %35 Ubcl3/Mms2 1T K63 AR Y 2 B F AT 5 Z & TmHA TV

Do ZDI=H, GST X 7MLz X F o icx L, KIGEICBW TS
L0 L7-(K 4-15B) 2 b DR A eS8 5 2 LT, AT
K63 BUAR Y 2 b F L% JHH U7 (R 4-15C), A L7-F ) 2 % F 501
K63 WA Y 2 % F A, TNEIUMIMINIZ GST # 7k »Te—X |

IR S, Z IR hRQT H#AKEZIEGT 52 L T, ZRODBKET 20,
FRMT 24T - 7= (K 4-15A), T OFEFE, hRQT HAKDOREAL /Y TH D ASCC3 *°
ASCC2 (F, K63 AR Y 2 &% F U HICHEA L72(’ 4-15D), X562, £/ 2B

FF T ERWRRE L TH, hRQT AR L K63 TR Y 2% F
FHOBFMEL, FEFICTE VI LB LN > 72 (K 4-15D),

FZ hRQTEAERE 2 EX T U TORBAEN, 2 X T UVHEOE X TlER <,
EFREEERUCRAF T 5 2 L 2 RETd 5720, hRQT HAKRICKH 5 /2% F

. NLERE I 4 5 7- A3 L7z Tetra-K48 BUAR U = % F L84 Tetra-K63

BARY 28X F UHOR G AT - 72(” 4-15E), ZDfER, £/ 28F%F
531, Tetra-K48 R U = % F L gH & fhilik LT, Tetra-K63 BIAR U = &% F 84
& hRQT EEKRDOBFMENBZ I E D2 o722 &5 hRQT HEA KT, £ Dk
BRAUTERAF L TKO3 AR Y 2 X% F U 8HIoxt L, FFRAICHEGT D Z L2VRE
7= (X 4-15F),
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(‘ hRQT complex

ATP (Energy Resource Solution)
GST-Ubiquitin @
E1 (UBE1)

E2(Ubcid) N oy

&

E2 (Mms2) — @ — —
@ Beads
C +ERS, E1,
GST-Ubiquitin
® o -+ Ubc13, Mms2
g e E poly-GST-Ub
> > !
8 8
S 3 = —mono-GST-Ub
(kDa) = (kDa) & 1B: Ub
98 — 98
64— 64 D GST-PD GST-PD
51— 51 RQT complex RQT complex
o o
“ 33 23
c > c >
28— 2 g8 g8
yUbc13 % oo % & &
S [ORORG [CRORG
Uk gy IB:FLAG | ®=— 3F| AG-ASCC3 =
CBB stain 1B: ASCC3 ==— 3FLAG-ASCC3 s | poly-GST-Ub

IB:ASCC2  ==#m— ASCC2
= ~=— mono-GST-Ub

—GST
1B: GST
F Bound Input
Binding RQT complex D DM
on FLAG agarose beads A
v gEg2scs
. . o S22 0
Incubation with Mono- or Tetra- ubiquitin e e
= —Tetra K48-po|
- —:l:etra Gg- ol
Elution ' B ¥

—Mono
1B: Ub -

|B: FLAG M —3FLAG-ASCC3
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4-15. hRQT B &K, K63 BRIEXFUHICH VBRMMEER D,

A) REEOFN. HBRENERLEL K63 BRYIEFFUHEE/IEFF U FEE—
ANCRBSE, BE hRQT HERERETILT. BEBMEITOR,

B) yUbc13, yMms2 O#FH . KGR ICH SFEE RO Ubc13 £ LLIE Mms2 ZH IHEEES
BLRELUL,

C) RBRENIEFF LRI, GST 3T EMFMULEEIEFF T L. Ubc13  Mms2
FERSEBET, ATHICKE3 BRUIEFFUEHEE R LTz,

D) EEBRENBEESHEN. T/ IEXT U FEAVERIGELEE L, hRQT & 1AE K63
BRUIEFFUHOBEMMER. FEECEIOL.

E) AEROFEN. HEE hRQT EEAREE—-XCRBSBEOE. ATERLE
Tetra-K63 BURUIEXF UM, Tetra-K48 BRUIEFFUEHEE/IEXFUOR FERE
JHET, HMEMITEITOL.

F) HBERNESHEIT. T/ 1EFF U9 F. Tetra-K48 BRYIEFFUEHEERA V=R
LB L. hRQT &AL K63 R)IEFF VOB, SERE RN,
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4-3-7. nRQT B EEIFT K63 BIAR Y = % F L GURTFITHE R Y A Y — A OFFREIC
592,

AR L7256 758 U AR Y — A OfiiEA 4 5 hRQT EAMIT, K63 HIAR
U F U HICR LEWBIFE 2> Z L&z, 72, RQC DA

BEIZ ISV T, ZNF598 137822 U 7R Y — A D uS10, eS10 % K63 BUAR Y ' F
NMeT 52T, FORFFERFOVARY —AIZHEHIZ D5, 2 & E
Z. ZNF598 (2 LB VR Y — LD K63 FIAR Y &% F k23, hRQT HEAIKEZ N
L7228 ) AR Y — L OFEEIC AT H 50, et et o7,

AREEBR T, beads EIZEEEY L7 RNC (2K LTITH ZNF598 IZ L H 2% T
MbE . K63 BHDAEZFK TE 5 K63only 2 EFF 4 LS X K63 $HAEFK T
ZMRVWKER ZEFXFF UL 5 TYTH Z & T Z2DHRD VAR Y — AOfREFZIS 1T
% K63 TR Y o'k F EHOBEEMEZ TN L/Z(B 4-16A), = FF AL
RNC Z¥&H L, ATP ° hRQT AR & G S /721%., ¥ 2 P A il kIS
Lo ToHm L7z,

ZOFER, K63 $HOAE B TE 5 K63only L EXF o & HW T KGR ICE
W, hRQT #HAKDIEIELE R T, ZNF598 (12 L 0 = B F o1k &7z uS10 13,
F1Z Trisome =° Tetrasome D ESFIZ T Y »F LTV =—F5 T, hRQT HEK %
Bt SH®H5HZ &T, 28X F A b E 72 uS10 1% 408 7 == M4y & 80S H
o=y NEGIZBITL, TRV R Y —LABNREES N2 LB br 5 (K
4-16B,C), — 7 T, K63 $HAZ R T X 72 K63R = B X F 2 & W7o S RICZE
WTIE, uS10 1 ZNF598 IC L » T, BELSEHDO Y VU HETE/ 2% F
N2 T HINVTFTTNE ) 2 EXRTFAEZITTEBY ., £OSEI=HIT 80S
532 Trisome 4y, Tetrasome [ TIXIEE DL ST, LD EFF ALEED
FERMEDR KD TV (R 4-16D,E), 72, hRQT HEAKDOEFMWIZ L > T, &
XF AL I Tz uS10 DRTEICKRE BB e oTz, LLEOKEENS . hRQT
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BAMWIZ L D22 R Y — AOfFBEIZIE, uS10 D K63 BIAR U = v F L AbLh i
HThHZLEBHLMNTRoTz, ZORPEIFFT DL 912, HL FLAG HkiC
Ko THiH S 417z ASCC3 1%, K63 TR U = &' % F Ak I i1 7= Trisome, Tetrasome
IZBHE ISR S LTV (E 4-16B,C)— 5 T, &/ 2% F L7z Trisome,
Tetrasome |ZIZAEA L T2 v o> 72 (K 4-16D,E), = 51T, HT PA HLiRIZ L - TH
H X=X F UL (RNA FEA BT AT F REH(peptRNA-AP)IL, K63only = &
FF a2 HWTEBUSGRIZB W T DA, hRQT EEMIKIFICHFREZ T, 60S 7
o=y MIFH S 7-(E 4-16B,C),
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2020 AT A5R SC

IVT with RRL His6-Tag

RNC purification
with His6-Tag in nascent chains

¥ Tethering to magnetic beads
Ubiquitination with Ubiquitin-Mutants
y Elution
Splitting reaction with ATP and purified RQT complex

Sucrose gradient centrifugation

Ub-K63only_RQT(-)ATP(-)

Sucrose gradient

D

Ub-K63R_RQT(-)ATP(-)
Sucrose gradient

] c8 e o8
1%} - [ -
? £ 5 EfS ¢ = 5 E8Q
T
‘ Polyubiquitinated Polyubiquitinated
usS10 usS10
-
: -
= ==8s:: - - oo
= --as-- - - ==
Bius10 | e G —— | US10 - - == - [-US10
CET] | peptRNA-AP CECT | peptRNA-AP
1B: PA ‘_____‘ o -8 L peptide -_.,.._‘ - .- —peptide
Ub-K63only_RQT(+)ATP(+) E Ub-K63R_RQT(+)ATP(+)
Sucrose gradient Sucrose gradient
) S <] o8
7] 5 _ -ttt ] 5 _ =%£5
§ = & E£fcd g = & Ffd
o
' Polyubiquitinated Polyubiquitinated
uS10 uS10
- .-
- - -- .
1B: uS10 us10 - - e —US10
e | srncasccs [T L Horeasces
(AsCC3)
| peptRNA-AP "Ll | peptRNA-AP
18: PA  -peptide J- ® &« we s peptide
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4-16. hRQT B & A& K63 BR)1IEFF UEHIKFICERIRY — LOERICE 5T
Do

A) REERDFN ., Magnetic beads [CE B L7z RNC (Cxf L. ZNF598 (CEDIEFFY
LZ1TRoIZ& . A Lz, AEXFUESN RNC £ ATP. hRQT &K ZRIGSET
%, VIBEEENRENECEINAE UL,

C,D) EEYKRY—LDIREEEER, XbpTu mRNA H3E® RNC (Xt L. K63only 1+
FUERWTIEFF L. hRQT EERZRANVTER#SEZ, hRQT EE&&KICLD uS10
h K63 R AEFF b Sn @3RNy — LI fFRE LT,

C,D) EZEYKRY—LDREEEER, XbpTu mRNA H3E® RNC [Cxt L. K63R 1E+FY
ZAVWTIEFF UL hRQT EERZAVTHERSEL, hRQT EE&EKICLDUSI0 MY
WFFIVE)AEXF UL SN ZERYINY — LI FFRE Liah Tz,
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4-4. B

4-4-1. VHYIEMINRIZI1T 2 RQC OFEIZBW T, FEZR Y A Y — Ak ZNF598 12
£V KB3ERY 2 X F L AbE=ZT, hRQT HEEMKFICHBESN D,

RQC %, UARY —ALDRFEIL, HERIZL > TEEIND AR LD EN
TF REONRZTH D, T ETRQC D4y FHMkT, FICHHFEERZMH L
TGN B BT 7> TE T,

2 RC 31T D RQC OINTEMEAERIELS SDDI mRNA L CEIEL7Z Y A Y —
DT DY RY — N L 22T 52 LT 3OO0 Y RY —LNE%E L7 Trisome
2B T 5, Zhala=y F& LT, VRY—LDOHE LR —THLHE3 Y
JI—Y Hel2 2838k L, VRV —L LDV RY—LHZ L7 E uS10 % K63
BIR) 2 F AT 5, 20X F o EHEWD) HEIZ DT 5 Z & T,
VAR Y — 2L MNIC B OREEIEZm S5, D%, RQT #HAD uS10
D FF AURLEIZY 7 /b— b S3, £ OWAIAF TéH % Slhl O ATPase 1& M
(R VEREY R — L a2l ST 5, ZOXIITLT, HERTT FHOSMHE
DHEHTH 5 60S RNCs DI S5,

— 5 TR I W TIE, ZHvE TALAZRESIR OG22 BEEE L T RQC
B R FE ShTE 72— 5T, T OFEMECHEREIC O W TR 2 N %
< oTe, ABFIETIE, MFLIEMIRIC I T 2 NTEMED RQC ERIRLS] & L THiE
72 Xbplu mRNA % E T /VESIE LTHWS Z & T, EERICHRNTY R Y
— AN EDOXIIER L, HRT LD, FEOXIITENDRHEIND D
ME BN Lz, Invitro FIFRGR Z WAL ZEBROFE R, H2ERERE Hel2 ©
RER T TdHDHE3 U A—TF ZNF598 1X, Xbplu mRNA ETHEZE LY AR Y — L4
W LOERFICRI R ISR Y 2 8F F AL Z1T 9 2 DA NI -T2 (H 4-17),
o, X T UBREE WO 2 727 A SR 2 U TR O
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. ZNF598 1%, B2V AR Y — LA EDO YR Y — L% /37 uS10, eS10 1% L,
K63 RIDRY 2% F b Z1T 5 Z E R BN - T2 (E 4-17),

—J7 T, FATHIZRICRE T, eRFI-AAQ Z B R % WL CHBINIZ Ak S vz
Disome TiX, ZNF598 (2L V) eS10 3E ./ 2 X F 1 bEZ 1T 5 Z ERHESh
T 5 (Juszkiewicz et al., 2018), AWFFEIZIBUNT 4 ,eS10 DE / = B X% F 1k
Truncate, Rz-ribozyme mRNA ZHFFR3 252 & T, VAR Y —LDOMEREEHED Z L7
< Z® mRNA R CTEM L2 U R Y — A2 BB I L sicBW TRt &,
L L7235, Truncate, Rz-ribozyme mRNA F30D RNC 1%, in vivo \ZFB\ T,
Dom34/PELO-Hbs1/HBS1L-RIil/ABCE1 (Z L D fi#fff SN2 Z L AVRENTEDY,
Hel2/ZNF598 IZ L b= ¥ F (b & WZH & § 5 RQT HAIRDIEE Tidlaw,

IHREZFRT 2 K91, AWIEOREE. ZNF598 1%, K VR EZRL, £ O
ZRENEVZAFET D IR Y — L2 ERH NI RoT, 2DZ L
2B, Xbplu X° poly(4) mRNA HIK%E, TZNF598 |2 X% % F L {L-hRQT &
BRI ] 24 L7z RQC Oxt4 & 725 RNC 1L, Disome D #7253, Trisome,
Tetrasome %5, J ViRV Y R Y — ADMEEZ A L, uS10 X° eS10 ITBWTHRY
abEXFAMEZITIEEZ LIS, —F T, Truncate, Rz-ribozyme mRNA 13k
D RNC <0, JeATHFZEIC BV TR S 31TV 7= eRFI-AAQ B HEAKIZ L v s&kIIZ
AR S 4172 RNC 1, Trisome, Tetrasome % DGR U 748 Y — L DOEZE A4 TERE T,
Monosome DARAETIE LT 5 729IZ, ZNFS98 IZ L DR Y 2% F 1 b &%) 7
Wy EWH AEMREMESE S NS, Lo T, MEIELZ U AR Y — AN ZNF598
DIERIE 725 XV RN R Y — L DOERZ LT D087 25, [ZNF598 12 k&
5% F AL-hRQT AR ] 271 L7z RQC OAEIZIIT D MELMETH
DAMREVESRIB SN D, D7, Bk L7 THRi Sz eS10 OE / = &
FF AL, RQT #HEIRDIEMEFFIZE NN LB TIT R WEERE R D SR T
bHHEZHLID,

334



2020 FETEAGR

DI, BFFEOFER, D7 &bV RY —LH /37 HE uS10 O ZNF598 |2
K2 K63TARY 2% F Ak, hRQT HEMEREZ I LI-EZE Y A Y — A OfEEE
BB G35 Z E BRI HNZ /R o 72 (B 4-17), SEATHFZEIZI VT, hRQT A
KO TH Y 2 EFF U HEGRELZ AT 5 ASCC2 1T, K63 BUAR Y o &% F
HUTH LA AEAEHT 5 2 & DRI S 41T S (Brickner et al., 2017), & 72 A
FEDRERN G ASCC2 & Te hRQT HEKIL, £/ 2bFF o opF Ll T
K63 AR Y 2 B3 F I LIEFICmWBIMME 2R Z &R ahiz, Lo
M5 7C, ZNF598 1Z hRQT AR DON=HH) 72 U 7 b— b D7z, VAR Y — A
K63 AU 2 X% F U HATER L TD EE 2B (K 4-17),

HEER
%% —»(éﬁ
®
colTISioN l%ﬁﬁihb
A7EYE SDDT mRNA TD us10 M ATP KT Ub 1%2 fa)
Trisome FZF}, K63 BUR1) IE+F /1t JRY—
=L =)
%% p an
cotiion 8kfzﬁﬂ
RTEH Xbp1u mRNA T®D us10 @ K63 SH&k#FD
JRY — L& K63 BIR1) 1E+F /1t U RY — LODfR s

4-17. hRQT 8 & 1K(d ZNF598 (43 K63 BRUIEFF U IRIKFICERIRY — L

DFEREETTI,
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4-4-2.Tri-, Tetra-some: PEILIEHRIZEBIT D ROC LIz = |

ARFFEOFER, U R Y — AOMEZEY > Y —ZNF598 (L, Tri-, Tetra-some 25D X
DRI RY —LDEEE 1 2=y & LT L, 2 X F b3 5Z &0
R ENT, T, BRI S Hel2 (220 ThH, SDDI mRNA ETU R
V= L83 O %2 LTz Trisome & 1 == h & L Tk T % (Matsuo et al., 2020),
UR Y —LOMES2E, BRIV R Y —AREOMAEERZLET, Zhi2kb
URY—LAOEZERHE L, Disome TiE 1 -2, Trisome Tl 2 ->. Tetrasome Tl
30ELDEBEZLND T, BT Z 0% Hel2/ZNF598 O U 7 /b— NI HEIKT
% RQC OFEIZEHE L TWHA[EEMER H D, L L7y s, 5l 21X Trisome (2
BIFDEIHE 2OADY R Y —LOMOMEERAE 2 2HE3SHDO Y R Y —
LD OFAAEAITZRICHE U TIERN I &5 51TV % (Matsuo ef al.,
2020), Z DRFMGIR Y R Y — 5 & 278 Ascl/RACK] [AEOHHEEMNTH 5,
Ascl/RACK1 1%, RQC OHEALIZMIATH 5 Z & 1> 5 (Sitron, Park and Brandman,
2017; Sundaramoorthy et al., 2017), & ORBANIL, Z1 6 ORFEI R AAEH
MEAE LT\ A[REMEN & 5, Trisome (28N TlX, Ascl [A Lo EBAHA/ER X
2O0HE3ODHDURY —LADBTOHRAEL TV, LR T, HICEZE M T
DETIT72 <, Ascl RIEOEEM AN OGFTLE DY R Y — LOIREE, (RNA
DOfERL & DBIfR, JEBED U AR Y — 2 & DL MR EERES 2% Hel2/ZNF598 DY 7 /v
— MZFE5 L TWADAEEDZ X DD,

4-1-6 TR L7223 /822 Y R Y — L& o H— L LT ZNF598 M%7 EDF1
R ZAK o 3 STV %, EDFL L, £ OFEEIC K - T GIGYF2 X° 4EHP % i
22U R =22V 7 b— kL, £D mRNA O RLH R OFREA MG 2 LE 5
LT, AN RIZY R Y —AOEIEEIEIT D, — T, ZAK ald,
ZFOREAITE VAN A L AR L CISR 23545 2 & CRIKATE 280
720 . MAPK B Z1EMELT 5 Z & THIREAZFFE L2V 35, 2T HDE
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MNH, D Z A= LAV MEW & X (B2, BE—@O mRNA ETOHY R Y
— LDEZENAE LTS & X)L, EDFI 28 Z)b— &~ A v RIZH RO
BAEIE 2 A, A F A= LUV NHRED & X (B 21X, BE—07? mRNA
ETOHRV R Y — LOFRNEZENE LT TN D & &)ZIE, ZNF598 ™Y 7 b— k

SNRQCIZE S TENENDME L= NTUH L, X A=V LV EN &
X (B Z1E, N AETIELS UAR Y —ADOEENE T TWD & X)I2iE, ISRIZ
£ o THIFRN IR OISR Z B )T Z S L o THIFRO RE FREZ MBE L TV
LHAREtEL & 5,

ARFZEIZ LD, D7 &b Xbplu mRNA _EIZ3U T, ZNF598 |d Disome D A
7259, Trisome, Tetrasome (ZxF L CTHIEH L RQC &M T2 Z & NHI HIZ
2o t, JEATHFZEIZIV T, EDF1 28 Disome (2556 L1272 T A 4% 7-BAM S &
DR EZFUTUN 5 (Sinha et al., 2020) 2 & 225, EDFL X2 DD U AR Y — A0NEZE L
7z Disome (ZXf LWL FF> L& 2 5D, L7h > T, EDFI (X Disome
JERRRFIZ Y 77— h S, B0 SRR 2 mRNA o fiE-CRRRBR s E I L -
THSEBZOLNLDD, ZOREEITI ZEIZL > THMBANDZ A — U0
WENRWEAITIT., %Rt D Y R Y —ABNEE LT TLE DY, ZOEAITIE.
ZNF598 73 Tri-, Tetrasome (2%} L C VU 7 /L — k EHEHIFIIC RQC 24 L CorfiRd
HEVH | BEHFIREEORZOSEE L THIEL T A0 h LIV,

Fio, HAFEERHCB W T HEL2 RAEKTIE elF2a O U ULl 5 Z &
2D, ZAKa 2 L2 ISR, HE SN TWDIEY BIEA b L AIGE LTk
WD AREME DL B 2 B D78, Hel2/ZNF598 %/ L 7= RQC R A ke S L <
IZBWVODRWGEIZ, ZTONy I T v TREELTHFEEL TV D AREEL S

Z 515 (Meydan and Guydosh, 2020b; Yan and Zaher, 2020),

4-4-3. RQC IZ X B HAETF R XBP1u DR DA Z R
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AR TIE, RQC OWNTEMEAERIELS & LT Xbplu mRNA % H\\N 72, Xbplu
mRNA [, 4> b D TFHHICT VA RTF FAP)Za2— L TEBY., £
(2 ZDFHRO—RHE L 250 R L. B & O mRNA Z/MafE L~ & JRfE(t
EHDHZET, EOINWAT T T HZT, ZTOREEREL T D
(Yanagitani et al., 2011; Shanmuganathan et al., 2019), 31 Tl, 72 Xbplu mRNA
[ZH2KT % XBPluX7'F R RQCIZ X W R S D MENRH DD,

—DX, AT T AT D Xbpls mRNA Z HIlE HICIEEEST 5720 Th 5
EEZLND, AR EIZT > B — & iz Xbplu mRNA-V 7R Y — - XBPlu
RTF FEEIRIL, IRE1 i X W AT T4 T %%1F % & Xbpls mRNA-Y
Y —2L-XBPlu 7 F FESIKICERIND, LLBRRS, AT T4 7
#% D Xbpls mRNA-V AR Y — L= XBPlu <7 F FEAKIL. XBPlu<X7F RZ&4
L MR ED F T 20 3 Sec6l ICEBE SN TWD, LzRn-T, Xbpls
mRNA % fE (BT 572011k, ZOEAREMRET I LERS D, O
729, RQCZN LTI RY —LEZfEE L., 77> XBPlu X7 F 2T 52 &
T, Xbpls mRNA OMIIE ~DeffEZ FTHEIC L TV D20 h LivZen, £z, Zh
WRE SN TERBT L, P AmaryNERE Sz XBPlu X7 F Rz k-
TPAZE S AL, /AN OITEF P ELINL D FIREE S B 2 bt D,

H 9 =%, MAUEEDAMNC I A Z—F v T 4 T ZNT LE 57 Xbplu
mRNA-VU R Y —A- XBPlu <~ 7'F NMEGIKRDIRHE DT Th 5 AlREMEDN H 5
HHEFEEREIZ 3B TLRQC B NGD & 7585 C & 720 notdAhel2AX notdAslh1 A0 75 5
FRIZ. not4A & i U CHAE 72 £ B I 2 7~ 7 (Ikeuchi et al., 2019), L7223 > T,
FRLNIZI T 5 RQC/NGD DRI, ZHUCE > TR Z % LIBE S HHZ2 Y R
Y — AORRIN R E HERIL. mOMREEEFET LB 6D,

JEATHFSE T1T 4172 Disome profiling X° L AR — & —i& {51 & W T2 fi#FTIE, /)

JafR A R U RAIEFFLE F T TV D 728, Xbplu mRNA (Z81F % RQC D/AEH
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FHEFR L LTI, BEOFVAE IS L, 5%, i 2 NIEMERRAA
FIDRENET Z LI &> T, RQC ZE D, & b7 5 FIFRGEE B A BLEHY
HEMRHAGNIRD LMD,
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AR CTIE, FRREE Y R Y —2%2 T L L 3 DOKISIZER L
U7z ZNHIEFEWTNRE, VAR Y —20FEZLICIKFEL CHEESIND A X
FTHY, MIANORREF L2 R> ETURHOREK TH D,

H2E TR, BEEARY R Y — LD EFH 18S NRD (COWCaii Uiz, VAR Y
— LDIEWEN. CTHDHT a—T 4 T Z—Fa RURHEITHOHTH 5,
TaA—T 4T A —DIEMNKRIETH D 18S rRNA D A1492 FRE DO HIT
FIRRIGEAREFR L, a5 80S VAR Y —AIX mRNA L CEIET S &5
ZHND, ZOXDIRBERERAEY R Y — 0% 188 NRD & FHEHL 2RI X v
JAN HHRICHER SN D23, 2OERICY R Y —hZ /37 B uS3 D K212 7%
HIZBITDH K3 WA 2 X F ALBMETHH Z L& A L7z, 18S NRD |2
BT 5 uS3 DX F UAUITIEF IR R R Z B RUS TH Y (E3 U T —E Mag2

Lo TE /2 F b & N7 uS3 2R IZ LT, E3 U 4—+F Hel2 X Rsp5
KO3 AR 2 X F AMaATHI TEEHLMNI LT, ZOLOICLTAELE
uS3 DL EXF Ak, BERER Y R Y — L DOFBERSICSETH Y . = OffE
B E RNA ~ U 77—+ Slhl ¢ ATPase IFMEIHKAFE L CiFE LD 2 & 2B 575
WZL77 U ED X HIT LT, uS3 D B FF UMUKRTFITHERER 2 U 7R Y — L DM
752 LT, BREFTH 408 7 2= FHD 18S tRNA (Zx} LFFHEIC
RNase 287 7 B A L, BIRHIR MR AIREIZIR D, &&F 2 bhd,

3 E T, =2 RUEWEEICKAF L mRNA © %) f#%  Codon
optimality-dependent mRNA decay (2 DV Ci U7z, = U@L, Mg~ —
WVIZTFAET B FIRREUGIZE A I BEZ2 7 X/ 7 2L tRNA ® & mRNA D= K
HHBEDNT AL o TERSNOWHRMEREDIFIETH D, = F=E
HEEIL, mRNA OFIFRZFRICREET 52 b, fHRELTHZ U RIED
BRI EEREY V7T 5, 6T, FATHIRICEY . = RUREMBEENME
FROREEDEIE L 72 mRNA OZEVEIFARNERNZ L5 TRy, £D5y
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fi# & 1% Codon optimality-dependent mRNA decay & FEIEAL TV N2, AHFZE Tl
[FAFFRIC L0 7 T A A B BB Z O EEfRAT, U AR Y — A2 X2 FiERE)
HE % MEFEM I f-AT 95 Ribosome profiling 5, mRNA ZEMRERZIZ U O &5
BRI Z MG 5 2 L C, BB TR BLZ RHICHIE T 5 2HEEE &
K Cerd-Not 23 RUFMEEIKF LTIV RY — L OREEEE=F—L, &
FERIEZ/E T2 ) AR Y — MR L TR EISHRET 2 2 & 2 /L L7z, Cerd-Not
BAKIT, BEH O TH D Nots O N RIgGEIRZ /L <, HERIE LT-
80S U AR Y —A®D Essite IZHA L. 7 F v v B Z{EMAGIA T Dhhl Z 5L U AR
V=B LY 70— T 5HZ LT, mRNA fR%#FE LTz, £7-. Nots
D N KGR Z T L7e U R Y — AL ORERFERIZIE, Notd 12X % eST D=
FTFALBMETHY, Znbna RUOBEBEE KT L7z mRNA 2Rl B 59
LT EERBINI LT, FRxRARZHED L. Notd 12K D eST D EFXF
TEITFHER B AR I & | MR DAL A R M LRI L AR 2%
DO TAENREIE T D EBEIND,

B4 BT, ISR RIEICER T 2 8E7F REOEFH RQC 12O\ T
i C72o RQC 1X, mRNA G S AVIZH AT F FEHO R I L 5 FER &
FIZL- T, URY —L0ME0, B84 25 2 & TR S, RENICERE L
DFERTF FHZ SR 2 TH D, Z4UE T RQC D4y 1AM H IR
W AFFEIZ KD ML S VT E 7208, AWFZE TIEMiFLEMIIZ 1T D RQC X
S DLRAEME DR & Tt RCR 2 W T IE MR 21T > 72, NTEMED RQC FEAYALD
Fl& LT Xbplu mRNA % W73 BRE NEIERRIC L - T Xbplu mRNA [T
LY R Y =0T, BFEOVRY —LL@HETLZEZHLMNILE, &5
(2, HZEEERE Hel2 & [RIEEIC, VAR Y —ADEREY % —Th 5 ZNF598 |1 fE2E
UARY—=HZxt L, 28X FUEHE WD BEIZ D52 &, ZOEMIZY A Y
—LH R EuS10 BLWeSI0 THDHZ &, EHITZNF598 (3 2D Y R Y
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— L MEZE L T2 Trisome X° 4 DD VU 7R Y — AWMEfZE L 7= Tetrasome 5D X 1 7 <
LY R Y —L&ERE L, uS10 12 K63 AR Y 2 v F a2 ET S 2
EHRRE LT BRI W T, 2 X F b EN = EZE Y AR Y — AL RQT
BERIZ K > TREBES L2 23, WFLBEAIARLZ 35U T HEZFRERE RQT AR & IR
IZEVWVRE 1 P — & FfD ASCC3-ASCC2-TRIP4 7> 5 72 5 =H A7 RQC 124
5952 L aWEL, ZhM ZNF598 (2L DBk &7z K63 TR Y = B3 F
HIEKIE LTV AR Y =DV T o=y MEEZITO 2 & 2B 60T LT,

L bEDX iz, AFZE TR, VAR Y —LOHRA S, HERE, BEEZE L
W o e R 22 BUSIZHRAT L TIEE S 115 IRNA 73, mRNA 73, Bk~~~
F RSN, VARY =202 xF ALV ERSNS ZEZHLMTL
2o TNENORISIZIE LT, VAY —AF, ORZRDVERY—LH L IE
12, QBRAD B3 X F U N —BRHIC L - Tz =, @8R5 H LI
RHDAEXFF UG Z N ERICX VRS, @R TRy 7%
RET L, ZEPPLNITR-oTEY, U ED XS 7REEICE > THfERER
DRFRMEPRFES N T NS, ZTDO X I, AWFZETIH, T E TEIEFIHIO
WRRICBT2HR~ T v E LTHLN TV YR Y —A08, Mgl CTE Uz E
AHFEISETHOIC, AFICZEIF ULV BHEIZSF5 2L T, &
HRIERICKE > 72 mRNA-U R Y — L-F BT F REE SR DAL 2 a2 %N
HHE, O DOBIRBIDORE R R EERL T 2 2 L2 60T LT,

FEOEZCTH UL T, FRZ, VAR Y — AP OERSLZNITHE S FIFRE
REARARIEL Y AR Y — 40K, Cerd-Not KL U R Y — L OREETEENRITIEL Y
FORIAESE, RQC DAL 37 B ghoE ALY ) iR MEICxt L TR 5
THZEDRBEINTEY, %I LRLEHPENRERICOV Tilim SN D
ZENHIRFEND, 61T, L OBIBHREREDORIET, BRM L T BED
B ERORBMHENIC LV AL EZEZ LN TWDID, Ziub ORBLHIHEIC

(i)
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X URIFREREICHB T 5 U AR Y — L OMEZLN 5T 2Rt E 2 bitd,

UARY =D F AUERERALIL, ATV THIT R & e o 7o
FEREIZ I 1T 5 uS3-K212 7R 5L eS7-K83/84 5% 1 Wi FLIEAARIC F51F % uS10-K4/8
FRHE. eS10-K138/139 FRILLSMI b HIRAE SN TV D, S HITU R Y — A,
X T ALDHRIR ST, U b, 7RIS, SRR ENZ 2T
HTEMD, ZNHIT X DB ORI BRI, AR BRI B S
THAREM L H D, LEEBN-T, VARY—L%ENT L LIERIGDE 57255
IREEEDS, THNE TR TH > FIREMEZ A2 L TEETH H 2 & I1EH

ﬁb\ﬁb\o
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6-1 HIZFBEERER

Table 1. A28 TR L 7= H 2R R
ARBFZETIL, HIFEERE W303-1a Bk & F a2 bk & T 28 2B E iz,

T2, 2 EIZ

KnockOut library strain (Open Biosystems) % i F L 7=,

BIFDELEFHA T ) —=2 7 TlL. BY4741 BRI SED Yeast

Strains Genotype/plasmid Source Section
W303-1a MATa ade?2 his3 leu2 trpl ura3 canl Lab stock 2,34
YKI969 W303-1a us3delta: :natMX4 p416GPDp-uS3 | This study 2
YKI110 W303-1a hel2delta: :natMX4 Matsuo et al., 2
2017
YKI339 W303-1a ubc4delta: :natMX4 Matsuo et al., 2
2017
YMK?7 W303-1a rpal90-3 ts Nogi et al., 2
1991
YMY47 W303-1a uS3-3HA: :hisMX6 This study 2
YSGO058 W303-1a uS3-3HA: :hisMX6 This study 2
ubc4delta: :-natMX4
YMY88 W303-1a uS3-3HA: :hisMX6 This study 2
hel2delta: :natMX4
YMK285 | W303-1a mag2delta::kanM X4 This study 2
YSG105 W303-1a uS3-3HA: :hisMX6 This study 2
mag2delta::kanMX4
YSG114 W303-1a mag2delta: :kanMX4 This study 2
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us3delta: :natMX4 p416GPDp-uS3

YMY46 W303-1a uS10-3HA::hisMX6 Matsuo et al., 2
2017

YMY87 W303-1a uS10-3HA::hisMX6 Matsuo et al., 2
hel2delta: :natMX4 2017

YSGO012 W303-1a eS104-3HA: :hisMX6 This study 2

YSGO013 W303-1a eS10B-3HA: :hisMX6 This study 2

YSS2191 MATa lys2-801 leu2-3,2-112 ura3-52 This study, 2,3

(UB-WT) his3-A200 trpl-1 ubil-Al::TRP1 parental strain
ubi2-A2::ura3 ubi3-Aub-2 ubi4-A2::LEU2 | is SUB328
(YEpKan-TEF Ip-kozak-yUb-CYCl?t) (DF5, Finley
(pUB100) Lab.)

YSS2192 | MATa lys2-801 leu2-3,2-112 ura3-52 This study, 2,3

(UB-K63R) | his3-A200 trpl-1 ubil-Al::TRP1 parental strain
ubi2-A2::ura3 ubi3-Aub-2 ubi4-A2::LEU2 | is SUB328
(YepKan-TEF Ip-kozak-yUbK63R-CYCIt) (DF5, Finley
(pUB100) Lab.)

YSG117 YSS2191 mag2delta::natMX4 This study 2

YSG118 YSS2192 mag2delta::natMX4 This study 2

YSG102 W303-1a uS3-3HA: :hisMX6 This study 2
rspSDAmP: :kanM X4

YSG103 W303-1a uS3-3HA: :hisMX6 This study 2
hel2delta: :natMX4 rspSDAmP: :kanM X4

YLD159 W303-1a xrnldelta: :kanMX4 Kuroha et al., 2
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2010
YKI1455 W303-1a xrnldelta: :kanM X4 This study
us3delta: :natMX4 p416GPDp-uS3
YMK326 | W303-1a xrnldelta: :kanMX4 This study
mag2delta: :natMX4
YIT2004 W303-1a upfidelta: :kanMX4 Kuroha et al.,
2009
YSAO033 W303-1a dom34delta::hphMX4 Kuroha et al.,
2010
YKK542 W303-1a ascldelta::kanMX4 Kuroha ef al.,
2010
YAI583 W303-1a ascldelta: :kanMX4 This study
us3delta: :natMX4 p416GPDp-uS3
YLS157 W303-1a dom34delta: :hphMX4 This study
us3delta: :natMX4 p416GPDp-uS3
YLS158 W303-1a mag2delta: :hphM X4 This study
ascldelta::kanMX4 us3delta: :-natMX4
p416GPDp-uS3
YKI1720 | W303-1a rgt2delta: :natMX4 Matsuo et al.,
2017
YKI1722 | W303-1a rgqt3delta: :natMX4 Matsuo et al.,
2017
YKI1721 W303-1a rqtddelta: :natMX4 Matsuo et al.,

2017
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YAIS575 W303-1a xrnldelta: :kanMX4 This study
rqt2delta: :natMX4
YAI590 W303-1a uS3-3HA: :hisMX6 This study
rqt2delta: :natMX4
YSG002 W303-1a eS1A4-3HA::hisMX6 This study
YSGO006 W303-1a eS6A4-3HA: :hisMX6 This study
YSGO007 W303-1a eS6B-3HA: :hisMX6 This study
YMY48 W303-1a eS7A4-3HA: :hisMX6 This study
YSG009 W303-1a eS7B-3HA::hisMX6 This study
YSGO10 W303-1a eS8A4-3HA: :hisMX6 This study
YSGO11 W303-1a eS8B-3HA: :hisMX6 This study
YSGO014 W303-1a eS12-3HA: :hisMX6 This study
YSGO15 W303-1a eS174-3HA: :hisMX6 This study
YSGO16 W303-1a eS17B-3HA: :hisMX6 This study
YSGO17 W303-1a eS194-3HA: :hisMX6 This study
YSGO18 W303-1a eS19B-3HA: :hisMX6 This study
YSGO020 W303-1a eS21B-3HA: :hisMX6 This study
YSGO021 W303-1a eS24A4-3HA: :hisMX6 This study
YSGO022 W303-1a eS24B-3HA: :hisMX6 This study
YSGO023 W303-1a eS254-3HA: :hisMX6 This study
YSGO025 W303-1a eS26A4-3HA: :hisMX6 This study
YSGO029 W303-1a eS284-3HA: :hisMX6 This study
YSGO031 W303-1a eS304-3HA: :hisMX6 This study
YSGO032 W303-1a eS30B-3HA: :hisMX6 This study
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YSGO033 W303-1a eS31-3HA: :hisMX6 This study
YSGO034 W303-1a uS2-3HA: :hisMX6 This study
YSGO037 W303-1a uS4A-3HA: :hisMX6 This study
YSGO038 W303-1a uS4B-3HA: :hisMX6 This study
YSGO039 W303-1a uS5-3HA: :hisMX6 This study
YSG041 W303-1a uS8A-3HA: :hisMX6 This study
YSG044 W303-1a uS9B-3HA: :hisMX6 This study
YSG047 W303-1a uS11B-3HA: :hisMX6 This study
YSGO052 W303-1a uS14A4-3HA: :hisMX6 This study
YSGO053 W303-1a uS14B-3HA::hisMX6 This study
YSGO054 W303-1a uS15-3HA::hisMX6 This study
YSGO057 W303-1a uS19-3HA: :hisMX6 This study
yJC151 MATa, ura3, leu2, his3, metl5 Huetal.,
2009
yJC1708 ura3, leu2, his3, metl5 or MET15, LYS2, This study
not5::LEU2
yJC1892 MATa, ura3, leu2, his3, metl5 Presnyak et
or 93 [PGAL-PGKI-SYNOP or SYNNONOP-pG, | al., 2015
URA3]
yJC1913 MATa, ura3, leu2, his3, metl5 dhhi::NEO Presnyak et
or 14 [pPGAL- PGKI-SYNOP or SYNNONOP-pG, | al., 2015
URA3]
yJC1917 MATa, ura3, leu2, his3, metl5 dcp2::NEO Presnyak et
or 18 [PGAL-PGKI-SYNOP or SYNNONOP-pG, | al., 2015
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URA3]
yJC1961 MATa, ura3, leu2, his3, metl5 ccr4::NEO Presnyak et
or 62 [pPGAL-PGKI-SYNOP or SYNNONOP-pG, | al., 2015
URA3]
yJC2364 MATa, ura3, leu2, his3, metl5 pop2::NEO Presnyak et
or 65 [pPGAL-PGKI-SYNOP or SYNNONOP-pG, | al., 2015
URA3]
yJC2587 ura3, leu2, his3, metl5 or MET15, LYS2, This study
or 88 not5::LEU2 [pGAL-PGKI-SYNOP or
SYNNONOP-pG, URA3]
yJC2809 MATa, ura3, leu2, his3, lys2, This study
or 10 rps25a::KANMX, rps25b:: KANMX
[PGAL-PGKI-SYNOP or SYNNONOP-pG,
URA3]
yJC2708 MATa, ura3, leu2, his3, metl5, This study
NOTS5-HA::HIS
Not4- MATa ade2 his3 leu2 trpl ura3 canl Matsuo et al.,
FTPA NOT4-FTPA::natNT2 2017
ulL30-TAP | MATa ade2 his3 leu2 trpl ura3 canl Matsuo et al.,
ul30-TAP::TRP1 2017
YLD258 MATa ade2 his3 leu2 trpl ura3 canl Ikeuchi et al.,
not4A::kanMX6 2019
Y124 MATa ade2 his3 leu2 trpl ura3 canl Ikeuchi et al.,

eS7alA::HIS3IMX6 eS7bA::natNT?2

2019
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p416-eS74-HA

YSGI125 MATa ade2 his3 leu2 trpl ura3 canl This study

not5SA::natNT2 p416-NOT5-HA

YSGI131 MATa ade2 his3 leu2 trpl ura3 canl This study
not5SA:: HIS3IMX6 not4A::kanMX6

p416-NOTS5-HA

YSG132 MATa ade2 his3 leu2 trpl ura3 canl This study
not5SA::kanMX4 eS7aA::HIS3MX6

eS7bA::natNT2 p416-eS74-HA

YSA024 MATa ade2 his3 leu2 trpl ura3 canl This study

dhhlA::kanMX4
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62 77 XAIFK

Table 2. AMFZETHEAH L2 T AI K

Plasmids Features Source Section

p414GPDp TRPI CEN6 Lab stock 2

p415GPDp LEU2 CEN6 Lab stock 2

p416GPDp URA3 CEN6 Lab stock 2

pWT4 URA3 2u GAL7p-rDNA 255-tag Fujii et al., 2009 2
18S-tag

pA1492C URA3 2u GAL7p-rDNA 255-tag Fujii et al., 2009 2
185 A1755C-tag

pKI123 p414uS3p-uS3 Matsuo et al., 2017 2

pKI139 p414uS3p-us3-K212R Matsuo et al., 2017 2

pSM16 p415TEFp-FLAG-MS2 This study 2

pLS9 URA3 2u GAL7p-rDNA 25S-tag This study 2
185-MS?2 bs

pLS10 URA3 2u GAL7p-rDNA 25S-tag This study 2
185 A1755C-MS?2 bs

pKI269 p414uS3p-uS3-3HA This study 2

pKI270 p414uS3p-us3-K212R-3HA This study 2

pMK26 p415GPDp-MAG2-FLAG This study 2

pMK38 p415GPDp-MAG?2 This study 2
deltaRING-FLAG

pMK39 p415GPDp-MAG?2 This study 2
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C195/198S-FLAG
pMK33 p416GPDp-MAG2-FLAG This study
pSG185 p414uS3p-us3-K223R-3HA This study
pSG186 p414uS3p-us3-K212/223R-3HA This study
pSG187 p414uS3p-us3-N(1-211)-3HA This study
pFS3 p415GPDp-ul23-FLAG Matsuo et al.,2017
pGEX-UBC4 pGEX6P1-UBC4 Matsuo et al.,2017
pSG171 pGEX6P1-MAG?2 This study
pMKS53 pGEX6P1-MAG2-FLAG This study
pMK54 pGEX6P1-MAG?2 This study
deltaRING-FLAG
pMKS55 pGEX6P1-MAG?2 This study
C195/198S-FLAG
pMK28 p415GPDp-MAG?2 This study
pKI82 p413GPDp-ul23-FLAG Matsuo et al.,2017
YEplac195 URA3 2u Lab stock
pKI214 YEplacl195CUP 1p-6HIS-Ubiquiti | This study
n
pKI191 p416GPDp-ul23-FLAG Matsuo et al.,2017
pSG188 PpRS317-uS3p-uS3-3HA This study
pSG189 PRS317-uS3p-us3-K212R-3HA This study
pKK19 p415GPDp-HEL2-FLAG Matsuo et al.,2017
pSG170 p415GPDp-FLAG-RSPS5 This study
pGEX-RSP5 pGEX6P1-RSPS5 Saeki et al., 2005
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pKI200 p415ROT2p-RQOT2 Lab stock
pMY601 p415ROT2p-rqt2 K316R Lab stock
pKI201 p415ROT2p-ROT2-3HA Matsuo et al., 2017
pMY529 p415ROT2p-rqt2 K316R-3HA Matsuo et al., 2017
pMKS58 p414uS3p-us3-K45R-3HA This study
pMK59 p414uS3p-us3-K75R-3HA This study
pMK60 p414uS3p-us3-K106R-3HA This study
pMK61 p414uS3p-us3-K108R-3HA This study
pMK62 p414uS3p-us3-K132R-3HA This study
pMK63 p414uS3p-us3-K141R-3HA This study
pMK64 p414uS3p-us3-K151R-3HA This study
pMK65 p414uS3p-us3-K185R-3HA This study
pMK66 p414uS3p-us3-K200R-3HA This study
pJC296 PGKIpG reporter (under control | Hu et al., 2009
of GAL1 UAS)
pJC672 PGKIpG reporter with SYNOP Presnyak et al.,
ORF (under control of GAL1 2015
UAS)
pJC673 PGKIpG reporter with Presnyak et al.,
SYNNONOP ORF (under control | 2015
of GAL1 UAS)
pJC857 0% optimal HIS3 with N-terminal | Radhakrishnan et
FLAG tag (GALI promoter) al., 2016
pJC862 50% optimal HIS3 with Radhakrishnan et
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N-terminal FLAG tag (GALI al., 2016
promoter)

pJC867 100% optimal HIS3 with Radhakrishnan et
N-terminal FLAG tag (GALI al., 2016
promoter)

pRS416-Not5-HA | CEN, URA3, Not5-HA (NOTS5 This study
promoter)

pRS415 CEN, LEU2 Lab stock

pRS415-Not5-HA | CEN, LEU2, Not5-HA (NOTS This study
promoter)

pRS415- CEN, LEU2, Not5ANTD-HA This study

NotSANTD-HA

(NOT)5 promoter), the region from

2to 113 A.A. is deleted

pRS416-eS7-HA

CEN, URA3, eS7a-HA (eS74

promoter)

Ikeuchi et al., 2019

pRS315-eS7-HA

CEN, LEU2, eS7a-HA (eS7A4

promoter)

Ikeuchi et al., 2019

pRS315-¢S7-4KR

CEN, LEU2, eS7a-4KR-HA (eS7A4

Ikeuchi et al., 2019

-HA promoter)

pYMO032 CEN, ADE2, eS7a-WT-HA (eS7A | Lab stock
promoter) in pASZ11

pYMO33 CEN, ADE2, eS7a-4KR-HA (eS7A4 | Lab stock
promoter) in pASZ11

pSMO037 CEN, URA3, DHHI-HA (GPD Lab stock
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promoter)
pKI346 CEN, URA3, FLAG-NOT4 (GPD | Ikeuchi et al., 2019
promoter)
pTX573 pcDNA3.1(+)-HA-Xbplu Lab stock
pRY224 pcDNA3.1(+)-3FLAG-ZNF598 Lab stock
pNMI11 p425GPDp-3FLAG-ASCC3 This study
pNM14 p416GPDp-4SCC2 This study
pNM16 p414GPDp-TRIP4 This study
pNM18 p413GPDp-4SCC1 This study
pKIl11 p416GPDp-UBAI1-FLAG Ikeuchi et al., 2019
pOKA111 pGEX6P1-UBCI3 Saeki et al., 2004
pOKA112 pGEX6P1-MMS?2 Saeki et al., 2004
pGEX6P1 pGEX6P1 Matsuo et al., 2017
pGEX6P1-Ub pGEXG6P1-Ubiquitin Matsuo et al., 2017
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6-3 Ptk

Table 3. A28 CflE A L 72 HLik

Antibodies Source Catalog Number Section

Anti-HA-Peroxidase Roche Cat# 12013819001, 2,34

RRID:AB_ 390917

Anti-uL14 antibody Abcam Bacterial and | Cat# ab112587, 2
Virus Strains RRID:AB 10866400

Anti-FLAG M2 antibody | Sigma Cat# F1804-1MG 2,34

Anti-Ubiquitin (P4D1) Santa Cruz Cat# sc-8017 2,4

HRP Biotechnology

Anti-K48 Ubiquitin EMD Millipore Cat# 05-1308 2

antibody

Anti-K63 Ubiquitin Cell Signaling Cat# 8081 2

antibody Technology

Anti-eEF2 (Inada and Aiba, 2005) | N/A 2

Anti-PA-Peroxidase Wako Cat# 015-25951 4

Anti-uS$5 antibody Bethyl Labs Cat# A303-794A; 4

RRID:

AB 11218192

Anti-uS3 antibody Bethyl Labs Cat# A303-840A; 4

RRID: AB 2615588

Anti-eS10 antibody Abcam Cat# ab151550; 4

RRID: AB 2714147
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Anti-uS10 antibody Abcam Cat# ab133776 4
Anti-ZNF598 antibody Novus Biological Cat# NBP1-84658 4
Anti-ASCC3 antibody Proteintech Cat# 17627-1-AP-150 4
Anti-ASCC2 antibody Bethyl Labs Cat# A304-020A 4
Anti-ASCCI1 antibody Bethyl Labs Cat# A303-871A 4
Anti-TRIP4 antibody Bethyl Labs Cat# A300-843A 4
Anti-GST antibody I AENA T Cat# 66001-2-1G 4
ECL Anti-mouse IgG, GE Healthcare Cat# NA931V 2,34
horseradish Peroxidase

ECL Anti-rabbit IgG, GE Healthcare Cat#t NA934V 2,34

horseradish Peroxidase
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6-4 7u—7

Table 4. AWFFECTREH L7270 —7

Probe

Forward primer

Reverse primer

Section

5' DIG-labelled

18S rDNA-Tag

5’-CGAGGATTCAGGCT

TTGG-3’

2

5' DIG-labelled
LNA /85

rDNA-Tag

5’-AGcGAGGATTcAGG

CTTTGGtC-3’

5' DIG-labelled

FLAG-Tag

5S'-CTTGTCGTCGTCGT

CCTTGTAGTC-3'

5' DIG-labelled

EDCI

5'-ATGTCGACGGATAC

CATGTATTTCAACAG-3’

5'-

TTAGCCTCCCTTGGAC

CATTAGTG-3'".

369




2020 1R

6-5 77 ~—

Table 5. AW TR L7277 A ~—

o RT-PCR for insertion of MS2 bs

5°-CATCAAAGAGTCCGACTCGAACTTGGGTGATCCTCAAGTTTTCTTGAGTC
GACCTGCAGACAAGGGTGATCCTCTTGTTATCAGACATTGATTTTTTATCTAAT
AAATAC-3’,
5°-AAAAAATCAATGTCTGATAACAAGAGGATCACCCTTGTCTGCAGGTCGAC
TCAAGAAAACTTGAGGATCACCCAAGTTCGAGTCGGACTCTTTGATGATTCA

TAATAAC-3’

e Template DNA for 77-kozak-His6-PA-Xbplu

Fw:
5’-ggccagtGAATTCTAATACGACTCACTATAGGGACACTTGCTTTTGACACAAC
AGCCACCATGCATCATCATCATCATCAT ggtgttgctatgccaggtgctgaagatgatgttgttGGAg
tggtggtggcagec-3'

Xbplu WT Xhol Rev:

5’-GGGATAGGCTTACCTCTAGACTCGAGgttcattaatggcttccagettgg-3'

Xbplu W256A Xhol Rev:

5’-GGGATAGGCTTACCTCTAGACTCGAGgttcattaatggctttgcgettgg-3'

Xbplu AAP(236-261) Xhol Rev:
5’-GGGATAGGCTTACCTCTAGACTCGAGctgggtagacctetgggage-3'

Xbplu V193-Stop Rev:

5’-tacgccCTCGAGACGTGCGCAGCTGGCCACGTACGTATCGCTATCTAGCTAtac

cgccagaatccat ggg-3'
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Xbplu _V193-(194-261) Rev:
5’-tacgccCTCGAGACGTGCGCAGCTGGCCACGTACGTATCGCTATCTAGCTAgtt
cattaatggcttcc agettg-3'

Xbplu_V193-polyA60_Rev:

5’-tacgccCTCGAGACGTGCGCAGCTGGCCACGTACGTATCGCTATCTAGCTA ttttt
tettttetetteeeetteeeeetteeetteteeeeteeeeetteettttttttaccgecagaatccatgggga-3'

Xbplu_VI193-HHRz_Rev:

5’-tacgccCTCGAGCGTGCGCAGCTGGCCACGTACGTATCGCTATCTAGCTACCT
GTTTCGTCCTCACGGACTCATCAGACCGGAAAACACATCCGGTGACAGGtacc
gccagaatccatgggga-3'

Xbplu_V193-nonstop Rev:

5’-taccgccagaatccatggg-3'

Xbplu_V193-stemloop_Rev:

5’-tacgccCTCGAGAACGTGCGCAGCTGGCCACGTACGTATCGCTATCTAGCTA
CGATATCCCGTGGAGGGGCGCGTGGTGGCGGCTGCAGCCGCCACCACGCGC

CCCTCCACGGGATATCGtaccgccagaatccatgggga-3'

e Template DNA for 77-kozak-His6-PA-Nluc

Fw:
5’-gccagtGAATTCTAATACGACTCACTATAGGGACACTTGCTTTTGACACAACA
GCCACCATGCATCATCATCATCATCAT ggtgttgctatgccaggtgctgaagatgatgttgtt ATGGT
CTTCACACTCGAAGATTT-3'

Nluc-Stop_Rev:
5’-tacgccAAGCTTCACGTGCGCAGCTGGCCACGTACGTATCGCTATCTAGCTAC

GCCAGAA TGCGTTCGC-3'
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Nluc-Xbp1u(209-261) 1st Rev:

5’-aagggaggctggtaaggaactgggtecttctgggtagacctetgggagetecteccaggetggeaggetctggggaagg

gcatttgaagaa catgactgggtccaagttgtcaccaccacggeggeggcCGCCAGAATGCGTTCGC-3'

Nluc-Xbp1u(209-261) 2nd_Rev:

5’-tacgccAAGCTTCACGTGCGCAGCTGGCCACGTACGTATCGCTATCTAGCTAgt
tcattaatggctt ccagcettggctgatgacgtceccactgacagagaaagggaggctggtaaggaac-3'

Nluc-polyA60 Rev:

5’-tacgccAAGCTTCACGTGCGCAGCTGGCCACGTACGTATCGCTATCTAGCTALtt
tettttetttteeeettteettteeeeteteceeeeeeeettectttttttttcaccaccacggeggegecCGCCAGAATGCGTTCG
C-3'

Nluc-HHRz Rev:

5’-tacgccAAGCTTCACGTGCGCAGCTGGCCACGTACGTATCGCTATCTAGCTAC
CTGTTTCGTCCTCACGGACTCATCAGACCGGAAAACACATCCGGTGACAGGce
accaccacggeggcggcCGCCAGAATGCGTTCGC-3'

Nluc-nonstop_Rev:

5’-caccaccacggeggeggcCGCCAGAATGCGTTCGC-3!

Nluc-stemloop_ Rev:

5’-cAAGCTTCACGTGCGCAGCTGGCCACGTACGTATCGCTATCTAGCTACGA
TATCCCGTGGAGGGGCGCGTGGTGGCGGCTGCAGCCGCCACCACGCGCCCC

TCCACGGGATATCGceaccaccacggeggcggcCGCCAGAATGCGTTCGC-3!
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6-6 HIFEEREZ W= EBR 1

6-4-1 E5Hh
HEFEERE DB I TIZ LU O Rs & Tz,
YPD 5i#h: 1% Yeast extract, 2% polypeptone, 2% glucose
SC BZHli: yeast nitrogen base without amino acids 6.7g/L, 7 X / FRIER&Y 1.3g/L,
2% glucose

T H.. 2% galactose. 2% raffinose 5% U 7=,

6-4-2 BIETERBROERE

PCR % MW@ faF RAEMMERIEIC L0 | G128 B AR 2 /R L 72
(Baudin et al., 1993), 7/ L OZEEAEREL T D 5 Rb/3 Rimhc A1 & AR
~—H— %D kanMX4, hphMX4, natMX4, natNT2 & %\ NE HIS3MX6 1%~k
D 5K KIRE SN 2 ENENDRT T T T A ~—%Ek L, &y NAOR
Bl % g S ¥ 72, PCR EEMAEBRRICHRT L, MFERAEZ ZFH L CEAL, 3K
Blammiiz, bLIET I/ BEXRZ SEBHTERT 52 & T, #aT
RAERE A AR L T2,

6-4-3 HIFERROESE
YPD 5 FE 7mld~— D — L7257 X JEEAEFRVVE SC B A LT, BEREH
Mz 30°CTEEEE LT, & v /37 HIH/RNA fiHIZ AW S BERIL, 5BSBEZ2 =05

HE (3500rpm, Imin, RT)IZ & - THEE L, WIKESE 2 ATt S 87,

6-4-4 F 7B OHH

B S E - FH{A% TCA buffer S00uL (Z8E# L. 20% TCA 500uL & 0.5mm
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Zirconia/Slica Beads 500uL % & ¢ 1.5mL tube (Z¥RIN L 7=, vortex(30secx3)IZ L -
THEIRE RS . € D 136 235047 BE(13000rpm, 4°C, 10min) L7z, B{EE T,
~ L k% SDS sample buffer(150pul/OD=0.6)IZ¥&fi# L. 100°CT Smin JNZEA L 7=,
ZN%& SDS-PAGE O v 7t Lz, 28X F AbERT 25121, 77°CT
Smin JNEA L 7=,
TCA bufter: 20mM Tris-HCI (pH6.8), S0mM NH4OAC, 200mM EDTA, ImM pmsf
I1x SDS Sample Bufter: 0.125M Tris-HCI pH6.8, 4% SDS, 20% Glycerol, 0.01%

Bromophenol Blue

6-4-5 CBB 3t

TR 7= X7 YL 5ul & 10% SDS-PAGE TR UKEN L 7=, TkEhtk
7 V% CBB YRR L, 1.5 R HIRIRE L7-#%. CBB &L T 2 Rl e
L7z,

10% SDS-polyacrylamide running gel: 9.67% acrylamide, 0.33% N,N’-methylene bis
acrylamide, 375mM Tris-HCI pH&.8, 0.1% SDS, 0.05% TEMED, 0.1% APS

SDS-polyacrylamide stacking gel: 4.843% acrylamide, 0.167% N,N’-methylene bis
acrylamide, 125mM Tris-HCI pH6.8, 0.1% SDS, 0.12% TEMED, 0.1% APS

CBB Y:{41%: 45% Methanol, 10.4% Acetic acid, 1g/L CBBR250

CBB i f4%: 25% 2-propanol, 10.45% Acetic acid

6-4-6 Western Blotting

ERTCERL U= & R B 5-10uL & 10% £ 7213 12% SDS-PAGE % L <
1% 10% £ 7213 12% Nu-PAGE TEXVKE) L=, Vk#Eif%2. 7 /L% Cathord buffer T
WAt L7z, PVDF iR A % 7 —/)L CUE#A L. Anode2 buffer Tk, A7

L IAZTRRED o & o7 B % electro-blotting (2 & 0 HRE SH7-, G4,
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AT VDT yFx 7 % PBS/0.1% Tween-20 ([ZEEN LT AF L IV TIT
W, —RPURRIS EIT 572, AV 7 L% PBS/0.1% Tween-20 THEELE, X5
(CCRPUR S AT o T2, T D%, BHRIETA 7 L o 2 S S 2k,
LAS-3000 mini £ 721% LAS-4000 mini (FUJIFILM)% W TR 21T 572,

SDS buffer : 250mM Tris, 2M Glycine, 1% SDS

Anodel buffer : 300mM Tris-HCI pH10.4, 25% Methanol

Anode?2 buffer : 25mM Tris-HCI pH10.4, 25% Methanol

Cathode buffer : 25mM Tris-HCI1 pH9.4, 25% Methanol, 0.3% Glycin

PVDF f& : Millipore

Pt mouse IgG HL{K : Anti-mouse IgG Horseradish peroxidase linked whole antibody

(from sheep) (GE healthcare)

Pt rabbit IgG BT fA: anti rabbit IgG horseradish peroxidase linked-whole

antibody(from donkey) (GE Healthcare)

PBS/0.1% Tween-20: 10mM Na,HPO4/HaH2PO4 (pH 7.5), 0.9% NacCl, 0.1%

Tween-20

Immunostar LD : WAKO

6-4-7 RNA OHhH

B S 72 H K % RNA buffer 300pL (285 L, RNA i 7 = / —/L 250uL %l
% vortex(10sec) TL <A L., 65°CT 5 pflEfE L=k, 5k Lic, Ly
BE(13,000rpm, 5Smin, RT) L. _EiFIZ%F L CTHE 250uL @ RNA 7 = / —/L &0
Z R OBEZRAT o 72, EIEZED . 200uL O RNA 1 7 = / —/L/7 a7k )L L
ZIZ., vortex(10sec) T &L < JEA L. 047 BE(13,000rpm, Smin, RT) L7, _EiFIC
200uL @ RNA il PCI Z iz, vortex(10sec) Tk < {EA L. =045 B(13,000rpm,

Smin, RT) L7z, ky&EZopEL, =% 7 —/Lib %47V, RNA XL v k% DEPC
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ALERIK 30uL (AR LT,
RNA buffer: 30mM NaCl, 20mM Tris-HCI (pH9.5), 10mM EDTA, 1% SDS
PCl: 7= /—)b, ZuauaRVh, £ VT7INTI)Va—/, &k 25:24:1 DR

=

6-4-8 RNA FBHRIEIZIT D RNA OHiIH

HEHORRIZEA LT 7 A RO~—D—IZRIG LT 2 VB3
BRUN2T 7 0 ) — 2 G A SCIHRIRES IR, T T 7 b — A G A SC ik iARRs#
(B L BREFRE A )3T 72, 30°C T ODg0o=0.30(5F 2 B2 rRNA - D4,
H L <IX 0.50(5 3 D mRNA Y- 086) F THE%., §FEIR 10mL 2.0
57 B(2,330gx2min RT) L E5 27 4 > N THUY RV 1%, 7V 32— AEH SC K
(REEH 1SmL 2 N2 K< BB L=, R h v o BT 7 & BIRA LU RE81E 1.5mL
Z oy EFL 32 0(7,740gx 15sec) L Oh DREAR L U THEE L7z, 7%V ORFEIKIL 30°C
TH X EEERE L JRE LIRS RE T 2 2 & ICERIR 1.5SmL 2 /07 L,
FREICERE L7z, 55N 7-EK%Z K ET200uL 0 RNA buffer (Z8RE L7-, &
TRIZKEAFN 7 = /7 — /L 200uL % I % Vortex TIRA L. 65°C T 5 4y MFHE L 7.
O Vortex TEIEA L. 5 HFPK BICEE%, 12057 8(16,200gx5min RT) L |
K 200uL ZH L WTF =2 —7 B LEX T, b KEIL 7=/ —// 7 an
RIVIA YT VT )b 3— b 25:24:1 % 200uL Mz, Vortex TIEATE., w5y
BE(16,200gx5min RT) L, K@ 180uL #H LW F =2 —TIZB LEx =, FoiLlz
AJE 2%k L 18ul @ 3M NaOAc & 450ul @ 100% EtOH % Nz . R/VT v 7 Ak,
-80°C T 10 3L E#E L7=, & D%, 4°C Timir(17,000gx15min) 4, ik & FRE .
300uL ® 75% EtOH % 12 T & 51T 4°C T 0:(17,000gx15min) %, biEZFRE .
Vacuum THZIEEF% . 30ul @ DEPC ALK THME LTz, 5 54072 RNA K 3ul &

DEPC /LEE L 727Kk 3uL L #EA L. RNA Rt E LTz, /=Y Tnavr o7
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DOERITIL, RNA &K% 6uL 777 1 L1z,

6-4-9 Northern Blotting (Glyoxal method)

ETERL L 7= RNA 3B O T % nanodrop THllliE# . RNA 1.2ug % DEPC 4L
HK EJRA L 6uL & L. RNA sample buffer 27uL (2002, 74°CC 10min MIEA L |
KETRM LTz, ThE MOPS 1.2%7 e —RA 7NV T 754 LESUKEI AT
ST, VKEIE, 20x SSC Z WX v BT U —Ta v T 0 FEICE D RNA %
A 2T L ZERE X UV crosslinker (GE ~/L A7 7)Z X Y RNA % [EHE L7T-,
Digoxigenin(DIG)-11-dUTP Tk L 7= HEY® RNA O 7 1 —7 % T 50°CT—
o, "A T IV XA EB— a3 &{ToT-, A7 L% wash buffer 1, 2 THFHL
72t%. ~ LA W Buffer (27 L7z Blocking reagent T7 12 v¥> 7 L, $i
DIG-AP HiiK & S is 7=, wash buffer 3 TA 7 L %% L. wash buffer 4
TA VT L& Pl & 7=, CDP-Star detection kit (Roche) TA > 7 L % 10
IO &/ 7=% . LAS-4000 mini (FUJIFILM) % FHW TR 21T > 72,

Glyoxal Mix: 60% DMSO, 20% Glyoxal (Deionized), 1.2xMOPS buffer, 5% RNA

loading dye, 5% Glycerol

RNA Loadind dye: 50% Glycerol, 10mM EDTA(pHS.0), 0.05% BPB, 0.05% Xylen

cyanol

Agarose gel: 1xXMOPS, 1.2% agarose

10xMOPS bufter (pH7.0): 0.2M MOPS, 50mM NaOAc, 10mM EDTA, pH7.0

20xSSC: 3M NacCl, 0.3M Trisodium citrate dihydrate

wash buffer 1: 2xSSC, 0.1% SDS

wash buffer 2: 0.1xSSC, 0.1% SDS

~ LA £ Buffer : 100mM maleic acid, 150mM NaCl, pH7.0, adjusted by NaOH

wash buffer 3: 100mM maleic acid, 0.3% Tween-20
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wash buffer 4: 100mM Tris-HCI, 100mM NaCl, pH9.5

A7 L : Hybond-N* membrane (Amersham)
Anti-digoxigenin-AP :  (Roche)

DIG-DNA labeling Kit :  (Roche)

CDP-Star detection Kit :  (Roche)

6-4-10 Northern Blotting (Formaldehyde method)
ECERL L 7= RNA 3B O FE % nanodrop THlliE#% . RNA 1.2ug %2 DEPC JL#
K EIEA L 6uL & L. RNA sample buffer 21.5uL (2412, 65°CC Smin MEVL | 7K
ETR®W L=, Z#% Formaldehyde-MOPS 1.2%7 A —A 7 /W\ZT 754 LE
KUKENZAT 572, LA Glyoxal method & [FlEE,
Glyoxal Mix: 60% Formamide (deionized), 20% Formaldehyde, 1.2xMOPS bufter,
5% Glycerol, BPB

Agarose gel: 1xMOPS, 1.2% agarose, 17% Formaldehyde(37%)

6-4-11 RT-qPCR (SuperScript method)

FECERL L 72 RNA SREFOIR % | SuperScript® Reverse Transcriptase % v
(invitrogen) % HI W TR G S 24T > 72, RNA REE % nanodrop THIE® . RNA
500ng & MiliQ ZJEA L 4ul » L7-, PCR F=—7IZ Oligo dT15 7 J A ~—
(500ng), dNTP mix (10mM each) % 4uL Il 2 7-# . RNA ¥ 3.6uL &1 2 CTIREA
L7z A % 23— F(65°C, Smin)#. K ETAA LI, 12uL D7 LI v 7 A(5x
first-strand buffer 4ul, 0.1M DTT I1pL, RNasin 1plL, SuperScript III Reverse
Transcriptase 0.5pL, MiliQ 5.5uL)Z Mz, EXv 7 4V TICEIVIRE LT, (¥
% 2 ~— R (50°C 60min, 80°C Smin)#%. TE buffer 40uL Z /% . cDNA # > 7/l &
L THW,

FREOEASETIERL L 72 ¢cDNA %, CFX Connect™ Real-Time System (BIO-RAD)
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EHWTERE L, IHIZIiE KAPA SYBR® FAST gPCR % v K (KAPA
BIOSYSTEMS)% V7=, 7 > 7 L — k ¢DNA IuL (Z, 2x qPCR Master Mix 7.5uL,
10uM Primer Fw&Rev Mix 0.2uL, MiliQ 6.3uL Z A1z, 15uL & L7z, USRI,
95°C 3 43 % 1 HA 27 /1, 95°C10 DI, 55°C30 FPfi% 40 1 27 /L, 95°C10 F
1Y A7 VTITo7,

RNasin : RNasin® Plus RNase Inhibitor (Promega)

TE Buffer : 10mM Tris-HCI, 1mM EDTA, pH&8.0

6-4-12 RT-qPCR (ReverTra Ace method)

R CERR L7- RNA BUEHDIEE % . ReverTra Ace %~ F(TOYOBO)Z fu T
WHR B R &1T > 72, RNA 2 % nanodrop THIZE#. RNA 500ng & MiliQ %R
AL 6.5uL & L7, PCR F = — 7 IZH#E L7 RNA JA#R & Oligo dT15 77 A v —
(500ng) = M2 TIRA LTz, A > F 2X— K (65°C, Smin)f%., /K _E TR L7, 4ul
@ 5xRT buffer., 8uL @ 2.5mM dNTPs, 0.5uL @ ReverTra Ace Z#/llz. EXv 7
4 T EVIRA LTz, A 2% 23— [(30°C 10min, 42°C 60min, 99°C 5min)f% .
TE buffer 40uL % )l 2. ¢cDNA > 7 /L& L CHWZ, LIKEIE SuperScript method

& [FlkK,

6-4-14 RV Y — AR

HHROKRIZK T D ~——D7 X/ BEFR\ e SCIRIAEFHIZHEE L., 30°CT
ODe00=0.5-0.7 F£ TH:E L7, BRI REAFAITH D Cycloheximide & L < I
Tigecycline Z/LEE L (5F 3 EICBWTH U NIV EOREZHRHET 55613,
Cycloheximide & Not5 73 U 78 V' — A E-site ~DfE A IZB W THAS L TLE D720,
SLER U720, B5E8 IR 200ml % 12047 BfE(6000rpm, 3min RT)IZ L W EHE L, HRIKE

582 TR Lz, s U 7o B2 Uk & Lk 2 IO THRIRZE 38 T T Lo
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lysis buffer 3ml/1L (Z¥EMEF% ., 12 /050BfE(40000g, 30min 4°C) CARIAVEE 7y % I <
. O RFo MR S Ue, il U 7o iihibiig 800ul % Gradient
master(BIO COMP)IZ L ¥ 1ERk L7z 10-50% A7 0 — AERICEE Lz, %
SW41Ti rotor (Beckman Coulter) 2 F V)72 10-50% A 7 & — R % i 7] B 33 0>
(40000rpm, 80min, 4°C){Z & ¥ 578 L. BIO-MINI UV MONITOR(ATTO) C A260 ™
HI7E I ONZ Position Gradient Fractionator(TOWA LABO) TR YU Y — AD 45 & 4T
STz, ¥ a BEEE AR OB Sy L 724 > 7 /L % Northern Blotting F 125
2 BRI, 226Ul DOFHE Sy DY 7 /U 500Ul D 8M 7T = U HEER & 750uL
D 100% T X J —/LENZ, wO050BE(1300rpm, 15 45, 4°C)&4T7-7=, EIEDER
FKthx B ) — VIR AT, IR & 30ul @ DEPC ALER/KIZHR#E L. RNA &
Bt LT/ =Y 7oy MEM LT, 3 a B AR DER IS L7245
W7V % Western Blotting FIZFR 9% BRIL . TCA ILEIC LV IRMET 5 2 & T,
ZURIERENE LTy A Z Ty MOER LT,

Lysis buffer: 20mM HEPES pH7.4, 2mM Mg(OAc)2, 100mM KOAC, 1mM DTT,

ImM PMSEF, 0.01% NP-40, Complete mini EDTA-free 1tablet/10 ml

10% sucrose solution: 10% sucrose, 10mM Tris, 70mM NH4OAC, 4mM Mg(OAC)

50% sucrose solution: 50% sucrose, 10mM Tris, 70mM NH4OAC, 4mM Mg(OAC)»
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6-7 HEEMIEE W= EBR G

6-7-1 Rk

T4 v a TS LIRS, IxPBS & W Cif L7, 37°CT 5 %
M RY 7o A THIBE L 72, £ D%, DMEM-FBS B30T U 72 U & RN
fbL, MlRzEE L, MEICHIRLTT 1 v 2T E | 37°C, 5% CO2 @ CO,
A Fa_X—F—NTHEELT,

DMEM-FBS: DMEM (nacalai tesque) 500ml, FBS(gibco) 50ml

2.5% b U 73 +EDTA: (nacalai tesque)

1xPBS: #/LXw 2 PBS(-fK = A1 | (H/K)9.6g/L

6-7-2 L F U A IV AVERR OVRS

NTZU AT 27 v a v OBRICHERE LT- HEK293T #AEAY, 70-80%FEFE & 72 5 X
KM E 6well 7L — F b L<IZ 6em T o4 v ¥ = |ZHFFE L 7=, Transfection @
BE. mixA & mixB % 1.5ml F =2 —7 N TENZFE L, mixB Z mixA ([T %
By T 4 UK VIRA L, IR T30 0MEE L7, Z oM, DMEM-FBS
Bt 2 BE VGBS 1 T d 5 Opti-MEM (28 AHL L, 37°C, 5% CO2 D COy A >
a2 X=X —NTHE LT, 30 2112, IBAWRZTFE T L. 37°C, 5% CO2 d CO,
A Fa_X—F—NTHE L, —PilEE%. DMEM-FBS 51 CTE A2 #1217
W, D% 2 HIE 37°C, 5% CO2 D COr A > F aX—F —NTHFE LT,

HOCTAMNEE T GFP OFBLE | MO G ES A i %, 10ml > ) o
(TERUMO), K OYEHE 7 « /L4 —Millipore) ClEIX L7z, B L7z v F T AL
A1F-80°CTIRAFE L T2,

eI S B A BRIE. 6well 7 L— M(6em T 4 v 3 =)IC DMEM-FBS

Be il 1ml & HIRRSR L 500u1(1000pl), L > F 7 A L A& 800ul(1600ul) % /il %, 37°C,
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5% CO2 D COr A »F a"—Z —NT3 HMEEELE,
mixA: plI3.7 shRNA 1.7pg (3.3ug), pSPAX2 1.25ug (2.5ng), pMD2.G 0.85pug
(1.7png), Opti-MEM(gibco) 150ul (500pul)
mixB: PEI-Max( = AE /34 7)) 12ul (17ul), Opti-MEM 150ul (500ul)

ONIZ 6em T 4 v ¥ 2O HEZRT,

6-7-3 "NFLRT7x=rvav

VIR—=H =D =0T v A 2T OB, shRNA ZHBLT L L FUA VA%
LS, LAR—X —Z AT D 2 & TR 21T o7, 2-2-3 T6em 7 «
v ¥ B O S oM A& | 1xPBS TR L72# U T L 400ul A% 37°C
TS oMM T 5 - & CHIEEL7-, Z 212 DMEM-FBS £5#1%4 3.6ml iz, &<
T AT IR LT, Z OMEREIK 2 6well 7L — FZ 600ul 7243 1E
L. 37°C, 5% CO> ® COr A ¥ F aX—HX—NT—Biki&E L=, #H, 2230
NIV AT 2 va RO TFETUR—F—%2RBT57T7AIRE ~T
ATzl varl, —BEEEE, BB T D 6-5-4 DFIE TR L,

mixA: reporter plasmid 4ug, transfection control(pLacZ-V5) 0.2ug, Opti-MEM

150ul

mixB: PEI-Max 12ul, Opti-MEM 150ul

6-7-4 X X7 HIH KO Bio-Rad assay IEIZ X B X R0 ER

[N 2 A4 1xPBS THei L. HEH% L 72 Protease inhibitor (Roche) &
¢ Passive lysis buffer(Promega) % 200ul /Il %, K b CHllfe 2 FIEfE L 7=, Z41% 1.5ml
Fa—T7IZB L, 10 DK L CRRER . 4°C. 15000rpm T 10 pffiE L, BiG
ZH727% 1.5ml F = — 7 (2B LK BICEV e,

Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad Laboratories Inc.) % H >
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TH U EEREE{T>72, BSA 10mg/mL (NEB) % &AL 0, 1.25, 2.5, 5.
7.5, 10, 12.5, 25, 37.5, 50mg/mL (2725 K 5 IZKTHRLZ, Zd BSA ¥
T % 4 100ul, b L < VEEIY U 72 A ERE 2pl (27K & 98ul i % 100uL & L7z
b D% ENEN Y6well 7 L— MR L2, 557D 1 IZH R L 72 Bio-Rad Reagent
Z, & well |2 100uL F"200%, 50 A > F2X—hL7, D%, WK%
R 595nm THIE L7z, o Emn bmEfaER L, SMiamko s v
NI EEEFHELKRDT,

6-7-5 Luciferase assay

KRB Sug & 96well T L— M LT, VI A—F —THOEEHIE L
72, H'E & LT, Luciferase Assay Reagent Il & .50 57® 1 [Z#& R L 7= Stop & Glo®
Reagent & H\ 7z,

Luciferase Assay Substrate (lyophilized) (Promega)

Luciferase Assay Buffer II (Promega)

Stop & Glo® Reagent Substrate (Promega)

Stop & Glo® Reagent Buffer (Promega)

Nano-Glo® Luciferase Assay (Promega)

6-7-6 RNA HiH

[ 9~ 2 AHAE D & B 2 B D BR& | Isogen I (FIYE)Z Iml Nz, KEPEN72< 72
HETERy T 407352 L CHlZRBELT2, Zh%E 2ml F2—7ICB L,
400pl OAKEMZ, PELIEE Lz, EiE T 15 oliE%,. =iE. 12000g T 15
AEEC L=, B 1ml 2 RNase-free @ 1.5ml F = — 712 L7-%.
p-bromoanisol(WAKO)% Sul i1z, L < &% L7, =R T 5 HMFFE%. =iE.,

12000g C 10 4rffE Ly L7z, _EiF 900ul % RNase-free D 1.5ml = — 7 IZF L 7=
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#%. p-bromoanisol & 4.5u M X, WML <& L7z, =R TS5 nM=IR CHER.
iR, 12000g T 10 4rffiE 0 L7z, EIE 750ul 2 RNase-free D 1.5ml F = — 7'
BLIK, 47 a/x— % 750ul N2 L < #k% L. 2T 10 o fEE L
7o =ZEiE. 12000g T 10 47[5E L L, RNA XL v FZ2WbRun X 91 g4

DR\, 75% =% ) —)LC 2 [BIBEFH ATV, 30u O MIlliQ (Z¥fiE L7,
6-7-1 VTREvTuyT 4T, J—FrTuyT 47, RT-qPCR

b MM RO Z R L RNA o Pz oW T, HEERE
’E:%& T2 ffHT & [RAR O F1E TREAT L 7=,
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6-8 & Ly EREBIL

6-8-1 Cerd-Not B AHkEHL

7 AR X 0 NTEPED NOT4 I FTP & 7 % (N U 7 H3EEE R % YPD iR
IRES AT L. 30°CT ODg0o=0.5-06 £ TH;#E L7=1%. =045 BfE(6000rpm, 3min
RT)C L VAR L, ISR Z W THR L7, Bk L7omiR & L & Flekz i
W CIRIRZESE T TR L. purification buffer 1 [ZIRf##% . 12047 Bi(40,000g, 30min
4°C) TRIATERI 7y 2 B S, £ 0 BiF 2l i & U, fhi U7z
% % magnetic IgG-coupled Dynabeads M-270 Epoxy (Life Technologies) & 4°CC
1 ¢ incubation L 7zf%. Purification buffer 1 (2L > T 5 [BIPEHFEIT -7,
Homemade His-TEV protease & 4°CC 2 B SH 5 2 & TR ZIT- 7=,

Purification buffer 1: 50mM Tris-HCl pH7.5, 10mM MgCl,, 100mM NaCl, 1mM

DTT, 0.5mM PMSF, 0.01% NP-40, Complete mini EDTA-free 1tablet/10 ml

6-8-2 80S ribosome DFEHE (Ribosome-IP)

HOMRIZEAN LT T AI RO —D—IZxIG L7 2/ B E iz 3R %
RN SCHRIREEHIICHEES L. OD600=0.7 ¥ TH:#E %, WA RN L7z, BERIE
250mL AR kL% VT L4y BE(3,500rpm, Smin, RT)C XV BN UikikZE %
WTHRE L7c, M L2 A B e A Z A0 TIRIREFR T ML,
Purification buffer 2 3ml/L ZMNx . LN S 4°CTHEM ST, =050 HE
(40,000g, 30min, 4°C) THREMEE S Z L S, £ O B 2 ik & L7,
FhH U 7= MR LA R % anti-DYKDDDDK tag antibody beads (Wako) & 4°CC 1 [Ff
[} incubation L 7=%%. Purification buffer 2 {Z &~ T 7 [BI¥EHE %217 > 72, 250pg/mL
FLAG peptide (GenScript) & 4°CT 2 BN &85 Z & TlaEH 21T 7,

Purification buffer 2: 50mM Tris-HCI pH7.5, 150mM KCI, 10mM Mg(OAc)>,
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0.05% NP-40, ImM DTT, 1mM PMSF, Complete mini EDTA-free 1tablet/10 ml

6-8-3 AEFFUEVRY—LAVIIDEDOFESR (Serial Affinity Purification)

H 8 DORRIZ pCUPIp-His6-Ubiquitin & pul23-FLAG 8 A%, 77 A RO~
=BG L7e T R B E I A PRV o SCOIRIKEF HEICHI B L,
0OD600=0.7 & TH#E % FIKZ AL L 7=, CUPI promoter 7> 5 DEZEFHFED 7= 8,
ERH O 2 RIS RASIREY 0.lmM L 725 K510 Cu ZALE L7z, HWiikiT
250mL AR kL% VT L4y BE(3,500rpm, Smin, RT)IC XV BN UikikZE %
WA L7c, WA L2 A & A sk 2 WV TR E R T Tl L.
Purification buffer 3 3ml/L ZNx. BiFEL7RA D 4°CTHM S 7o, =00
(40,000g, 30min, 4°C) CARYATERI Sy 2 LR S, £ O L Z Mgl ik & L7,
FhH U 7= MR LA R % anti-DYKDDDDK tag antibody beads (Wako) & 4°CC 1 [Ff
[} incubation L 7=%%. Purification buffer 2 {Z &~ T 7 [BI¥EE %217 > 72, 250pg/mL
FLAG peptide (GenScript) & 4°CT 2 PSS S ¥ 5 Z & Tl 21T o 72, WL
72 80S U AN Y — ATkt L, RNase-It (mixture of 5U/ul of Rnase T1 and 2pg/pl of
RNase A, Agilent)Z /L& L. F&AKEEN 6M & 725 XK 91T Guanidine-HCl B &

ML LT, BMESE T U R Y — A X R EREITKE L, Ni-NTA agarose
(QIAGEN)Z Nz, 4°CT 12 Wffjf)i: ¥ 721, Purification buffer 4 T 2 [A],
Purification buffer 5 T 2 [RIVEHF 21T o 72, T D%, KA 300mM @ Imidazole

LXoTavxFabanic Ry —bZ o "7 AEN LT,

Purification buffer 3: 50mM Tris-HCI pH7.5, 150mM KCI, 10mM Mg(OAc)>,

0.05% NP-40, 2mM 2-mercaptoethanol, I1mM PMSF, Complete mini EDTA-free

1tablet/10 ml

Denaturation condition: 50mM Tris-HCI pH7.5, 300mM NaCl, 6M Guanidine-HCIl,,

10mM Imidazole, 0.05% NP-40, 2mM 2-mercaptoethanol
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Purification buffer 4: 50mM Tris-HCI pH7.5, 300mM NaCl, 6M Guanidine-HCI,,
10mM Imidazole, 0.05% NP-40, SmM 2-mercaptoethanol
Purification buffer 5: 50mM Tris-HCI pH7.5, 150mM NacCl, 10mM MgCl,,, 10mM

Imidazole, 0.01% NP-40, 5mM 2-mercaptoethanol

6-8-4 MS2EHZAVVEREFRLYRY—LOFFHR (MS2-TRAP)

pTEFp-FLAG-MS2 % BN U T HEFRERR & 7V 22— 25 SCHRARES HUl CAB
L. OD600=0.7 ¥ TH:&E%, EIRZBEIL L7z, BEIRIT 250mL &R kv T
57 BE(3,500rpm, Smin, RT)Z & 0 AU UIRIREE 3 2 RV Tl U7z, BRE L 7=
e L ek A O TR ZE 8 T ClkA% L. Purification buffer 6 3ml/L % 1 %,
R L7223 b 4°CTIRRE ST, 047 #E(40,000g, 30min, 4°C) TR ML 7y Z T
B X, =0 ki %E FLAG-MS2 lysate & U 7=, fliH U 7= 40 B oHLfh H iR %
anti-DYKDDDDK tag antibody beads (Wako) & 4°CT 1 H§fi] incubation L 72%%.
Purification buffer 6 7> Purification buffer 7 ~ & EXPERJICHEIEEE 2K F &40
5 7 B Z1T o7,

FLAG-MS?2 lysate % anti-DYKDDDDK tag antibody beads (Z#&A SH 52,
18S-MS2 lysate DT %4772 > 7=, pGAL7p-185-MS2 bs WT or A1492C %38 A L 7=
HEFRERIR 2 T 7 b — A5 A SC RIREE AR L. OD600=0.7 % TH:#1% .,
ERZ BN U7z, BRI 250mL AR v Z v s BE(3,500rpm, Smin, RT)IC
F 0 A UIRIRE R 2 O THiRE Uiz, SRS U 72 B8 & Fu & Fbk 2 O THRIR
Z23% F CHlRE L Purification buffer 7 3ml/L Z %, ¥ L7273 5 4°C TR S
720 2057 (40,000, 30min, 4°C) TARVEMEB 77 & TR S8, £ D B % 18S-MS2
lysate & L7, 18S-MS2 lysate = FLAG-MS?2 lysate-bound anti-DYKDDDDK tag
antibody beads & 4°CC 1.5 F¥fif] incubation L 7=%%. Purification buffer 7 {Z & > T 7

By 21T > 72, 250ug/mL FLAG peptide (GenScript) % & ¢ Purification buffer 7
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& 4°CT 1 RIS SH D Z & T AT 72,
Purification buffer 6: 50mM Tris-HCl pH7.5, 300mM KCI, 12mM Mg(OAc)2,
0.01% NP-40, ImM DTT, 1mM PMSF, Complete mini EDTA-free 1tablet/10 ml
Purification buffer 7: 50mM Tris-HCl pH7.5, 100mM KCI, 12mM Mg(OAc)2,

0.01% NP-40, ImM DTT, 1mM PMSF, Complete mini EDTA-free 1tablet/10 ml

6-8-5 In vitro reaction FA® 80S URY—LOFEHR (H3FERE W303-1a)
HIJORIZEA LT FAI RO~ —h—ZHIG LT X/ B 7o 13 %
RN SCHRIREEHIICHEES L. OD600=0.7 ¥ TH:#E %, WA RN L7z, BERIE
12047 BfE(3,500rpm, Smin, RT)IZ & U [BIN LRI EE 56 2 U Colihs L7, ks L7z
Z AR & FLEk A HIO TR ZESE T Tl L | Purification buffer 8 10mI/L Z X
HFR L7278 & 4°CTIiR S 72, 12070 HE(40,000g, 30min, 4°C) TAYAPER| /3 2 L
B, o biEz M B e Uic, fiH U7 M e b iR 2
anti-DYKDDDDK tag antibody beads (Wako) & 4°CT 1 F§fi] incubation L 72%%.
Purification buffer 8 2> Purification buffer 9 ~ & BFERIZ FUmTEEAIRE 2K T
SHeN D 7 B AT o 72, 250ug/mL FLAG peptide (GenScript) & & ¢
Purification buffer 9 & 4°CC 2 FFfHIIS S5 2 & TR &E1T > 72,
Purification buffer 8: S0mM Tris-HCI pH7.5, 100mM NaCl, 10mM MgCl,, 0.01%
NP-40, ImM DTT, ImM PMSF, Complete mini EDTA-free 1tablet/10 ml
Purification buffer 9: 50mM Tris-HCI pH7.5, 100mM NaCl, 10mM MgCl,,, 1mM

DTT, ImM PMSF, Complete mini EDTA-free 1tablet/10 ml

6-8-6 In vitro reaction FAM Hel2-FLAG £ L<IE Ubal-FLAG OfH (HHFER
W303-1a)
HEIOKRIZEA LT T AI RO —h =S LT 2 - i3E i %
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SRV SCIRIRES LI A L. OD600=0.7 £ CTHr#EfR . BRZ RN L7z, HikiT
12057 BfE(3,500rpm, Smin, RT)IZ & U [N LRI EE 56 2 U Colis L 7o, ks L7z
Z A & A A O TR IR ZE SR T ClERE L, Purification buffer 10 10ml/L % 1
Zy HEE L7035 4°CTIRfRE S W72, 32057 B (40,000, 30min, 4°C) CARIEMEE] 7>
RS, 2o oMbk & U, dhiH U7z R R Bh H iR &
anti-DYKDDDDK tag antibody beads (Wako) & 4°CT 1 H§fi] incubation L 72%%.
Purification buffer 10 7> & Purification buffer 9 ~ & BeFEROIZHE IR L F6 L OV mvh 1
FIEE 2T S22 5 7 BIPEF 21T > 72, 250ug/mL FLAG peptide (GenScript)
% % Tp Purification buffer 9 & 4°CT 2 RIS S ¥ 5 2 & T A T 7=,
Purification buffer 10: 50mM Tris-HCI pH7.5, 500mM NaCl, 10mM MgCl,, 0.01%

NP-40, ImM DTT, ImM PMSF, Complete mini EDTA-free 1tablet/10 ml

6-8-7 In vitro reaction FAM hRQT A HDER (HFER W303-1a)

HEHORRIZEA LT T AI RO~ —T—ZxIG L7272 JBRE-ITEES
RN SCRIAES HIIAEEE L, OD600=0.7 £ TR K., HIRZEIIR L7z, EiRIT
120557 BfE(3,500rpm, Smin, RT)IZ & U [BIN LRI EE 56 2 U TG L 7o, ks L7z
ZFLbR & bk & I TR ZE 38 T TRl L | Purification buffer 11 3ml/L 201 %
FLEE L7273 B 4°CTIafif S H 7o, i 0/0HiE(40,000g, 30min, 4°C) TAVEMEEI 53 2 U
B, O BEiEE MR & Lo, dh U 7 R R R R A
anti-DYKDDDDK tag antibody beads (Wako) & 4°C T 2 W] incubation L 72%%.
Purification buffer 11 ({2 X > T 7 [RI¥E#H % 1T 572, 250pug/mL FLAG peptide
(GenScript) % & ¢¢ Purification buffer 11 & 4°CT 2 RIS &85 Z & TIAEH 217
72,

Purification buffer 11: 50mM Tris-HCI pH7.5, 100mM NaCl, 10mM MgCl,, 0.1%

NP-40, 10% Glycerol, 5SmM 2-mercaptoethanol, 10uM ZnCl,,, 100mM L-Arginine,
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ImM PMSF, Complete mini EDTA-free 1tablet/10 ml

6-8-8 In vitro reaction A® rGST-Ub, rUbc4, rUbc13, rMms2 LU rMag2, rRsp5
DFEE (KBHE Rosseta-gami 2 (DE3))

HDOT7 T A I R BB L7 RIBER A . 50ug/ml ampicillin & 24pg/ml
chloramphenicol % % ¢ LB &I HIIZAEES L ,37°CT OD600=0.5 £ TH#& L 7=,
Z D%, BAPE 0.2mM & 725 K 5 ITIPTG Z X, rGST-Ub, rUbc4, rUbcl3,
tMms2 DA I21E 30°CT 6 FEfE. rMag2. rRsp5 DA 1213 20°CT 16 FFREFE H,
FHELT o2, ERITIE DA BE3,500rpm, 10min, RT)IZ X Y BN LikikZEFH %
WTHAE Le, WU L2 AR L Ak 2 WV TIRIRE R T TR L,
Purification buffer 12 10ml/L Z N4, HifF L7225 4°CTHM S Iz, Z ORI,
DNasel % 10ul/10ml % 5 Z & T, BEEZ MR LT, WL, 132057 H40,000g,
30min, 4°C) TN 5y 2P0 S &, 20 B3 2 Mg & Uiz, fii L7z
M Ao KL i % & Glutathione Sepharose 4B (GE Healthcare) & 4°CC 1 Hf[H
incubation L 72%%. Purification buffer 12 7> % Purification buffer13 ~ & EtERJIC
BEBLORNEEHEAREZK T IE 7226 5 FPE %217 > 72, PreScission
protease (GE Healthcare) % & ¢ Purification buffer 13 & 4°CT 16 RIS SH 5 Z
& T AE T2, £72. protease IZ X H UM Tid/e < | F & /X7 HIZ GST
7 LEEREHT 256120 &&RE 10mM O 7 v 2 F 4
(GSH)% & T¢ Purification buffer 13 & 4°CT 16 B &85 Z & TIEH21T-
7o

Purification buffer 12: 50mM Tris-HC1 pH7.5, 500mM NaCl, 10% Glycerol, 0.2%

Triton X-100, ImM DTT, 1mM PMSF, Complete mini EDTA-free 1tablet/10 ml

Purification buffer 13: 50mM Tris-HCI pH7.5, 100mM NacCl, 10% Glycerol, I1mM

DTT, ImM PMSF, Complete mini EDTA-free 1tablet/10 ml
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6-8-9 In vitro reaction FA®M 3FLAG-ZNF598 DA (E MEEHE HEK293T)

HHDT 7 A I R EEAN LICRRMaZ I L PBS T 3 [HIPLFE,
Purification buffer 14 Z 1%, 25G syringe % W\ Cisfig 7=, 1=.0578f(7,300g,
10min, 4°C) CAFEMER 43 & VL S &, 2 0 LG A2 MG AR & Lz, Al L7z
HM AR HE %2 anti-DYKDDDDK tag antibody beads (Wako) & 4°C T 2 HF i
incubation L 7-%%. Purification buffer 14 7> Purification buffer15 ~ & BFEH)IZHT
TR L O mIE AR L 2K S22 5 7 [BIBEF 21T - 72, 250ug/mL FLAG
peptide (GenScript) & & ¢ ¢ Purification buffer 15 & 4°CT 2 RIS S ¥ 5 2 & TR
Hziro72,

Purification buffer 14: 10mM HEPES pH7.4, 500mM NaCl, 10% Glycerol, SmM

2-mercaptoethanol, 2% NP-40, ImM PMSF, Complete mini EDTA-free 1tablet/10

ml

Purification buffer 15: 10mM HEPES pH7.4, 100mM NacCl, 10% Glycerol, SmM

2-mercaptoethanol, ImM PMSF, Complete mini EDTA-free 1tablet/10 ml
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6-9 REBRE N STE

6-9-1 In vitro 80S ribosome ubiquitination assay
2 EFFARUSIE, LT ORREDZRISSED Z L TITo72, uS3 D=2 &
FF ALZBET 556121, 25°CT 1-3 Bff s S 72#% . 4x SDS sample
buffer Z A % Z & TG ZAFIE S, 77°CT 10 3 FNES 5 2 & TRIOSH
B LTz,
Reaction Buffer: 50mM Tris-HCI pH7.5, 100mM NaCl, 10mM MgCl,, ImM DTT
50uM His6-Ubiquitin (UBPBio)
100nM UBE1 (UBPBio) or Ubal-FLAG
300nM Ubc4
150nM Mag2, Hel2-FLAG and/or Rsp5
2A260 units of purified 80S ribosomes
Energy Regenerating Source (ERS) (1mM ATP (Roche), 10mM Creatine Phosphate

(Wako), 20ug/ml Creatine kinase (Roche))

6-9-2 In vitro transcription and template mRNA preparation
T7 promoter {2 H A DNA Be#lZff A L 7= DNA /i 2 PCR IZ L ¥ #
& L 72, mMESSAGE mMACHINE™ T7 Transcription Kit (Thermo Fisher)Z F >
7= In vitro transcription (Z X ¥ | Fi#E L7 PCR Wrv 2858 & LT, 5K Cap
BIEZ IS T2 mRNA 7 7 L— R 2B LTz, T D%, BEEMITH L
TURBO DNase % #LFE4~2% Z & T PCR Wi & {H1k# . RNeasy Mini Kit

(QIAGEN)Z IV T mRNA ZA5H L 7=,

6-9-3 In vitro translation and RNC purification

392



2020 1R

In vitro translation |3, TnT® T7 Quick for PCR DNA (Promega) % FH\» T4T-> 7=,
F7. U FMIRIRMER K T 1 & — bk (Rabbit Reticulocyte Lysate: RRL)IZ Xt
L. fAHEIRE 0.8mM & 72 % X 912 CaCly & 1 %, Micrococcal Nuclease (MNase:
Takara) & SOt S, 23°CT 15 ZpF#E L7z, ZAUZE Y. RRL FORNTED
mRNA Z 522 T 5 2 & T, #%ITMA 5 mRNA 7 7" L — hHROFR
W% bR SE D, SOGHE . BASIRE 2mM & 722 X912, EGTA Z/il% . mRNA
DAL G 8 1R S W72, & D%, MNase-treated RRL {Z%f L, 5ug/200ul RRL
reaction & 72 % X 9 IZFH%E L7 mRNA Z 2, 30°CTC 15 Sy [MFHE Lz, KU
P2V TIE, mRNA 7 7 L — NS U T, 15-60 23 & 2 ST, #
ARE T, B &R 750mM KOAc, 25mM Mg(OAc)2. 250mM Sucrose, 2mM
Spermidine & 725 X 92, TNENZIMZ, KEIZE L, KRIZ, KSHD
RRL & 600ul/200ul RRL reaction @ Dynabeads His-Tag Isolation and Pulldown
(Thermo Fisher) % & L. RNC Purification buffer (ZX ¥V 1ml £ TA AT v/
L7-1%. 4°CT 10 47 incubation L7-, & ®1%. RNC purification buffer (Z &
D 5 EIGES L, SRcKEIREE 300mM @ Imidazole % £ 4¢ RNC Purification buffer
(ZFWT20°CT 15 oAl S Bt L7,

RNC Purification buffer: 50mM HEPES pH7.4, 750mM KOAc, 25mM Mg(OAc)a,

0.05% NP-40, 250mM Sucrose, 2mM Spermidine, SmM 2-mercaptoethanol,

RNase inhibitor (Promega), Complete mini EDTA-free (Roche) 1tablet/10 ml

6-9-4 In vitro RNC ubiquitination assay
6-9-3 & [AIERIC L CL Ui % @ RRL & 300u1/200ul RRL reaction @ Dynabeads
His-Tag Isolation and Pulldown (Thermo Fisher) Z &% L. RNC purification
buffer IZX Y 1ml £ TA AT v 7 L7, 4°CT 10 43 incubation 7% Z &

T beads |Z binding &7z, ZOMIZ, 2RI EXTF U0 FaTF v —
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SH 578, 200ul RRL reaction 72 Y | 500uM Tag-Free Ubiquitin (UBPBio) %
10ul, 15pM UBEI1 (UBPBio)% 1ul, 5uM UBE2D3 (Funakoshi)% 6ul, 10xERS
% 15ul, 500mM Mg(OAc), % 1ul {85 L. 33ul O % 23°CT 15 s ffEfE 3
% Z & ¢, Ubiquitin Preincubation reaction %17 > 7=,

Dynabeads ~® binding 25#% T L7214, beads % RNC Purification buffer C 2
[B], RNC Ubiquitination buffer T 2 [FI{E# L, Hf&HIIZ beads & 100 ul @ RNC
Ubiquitination buffer (Z5&¥ L 72, £ D%, 100ul ® RNC-conjugated beads (2%}
L. Ubiquitin Preincubation reaction % 33ul, RNase inhibitor % 1ul, fi&EE
73 5-25nM & 72 % &9 12 3FLAG-ZNF598 %4 L. RNC Ubiquitination buffer
IZED 1500l ETART v 7 Lic, 2O KERT O Sucrose 2 FEAY 250mM
272D K OICHRE LT, 2D X 912 L T.20°C T30 UGS ®5H 2 & T
RNC #% beads |[ZE R SR T X F AMLRINEIT R 272,

2 B % F AL  beads 2 RNC Ubiquitination buffer (2 & ¥ 3 [AI¥EE L.
BA&IREE 300mM @ Imidazole % 7 ¢¢ RNC Ubiquitination buffer {235\ "C 20°C
T 15 IS SEIH L,

RNC Ubiquitination buffer: 50mM HEPES pH7.4, 100mM KOAc, 25mM

Mg(OAc)2, 0.05% NP-40, 250mM Sucrose, 2mM Spermidine, SmM

2-mercaptoethanol, RNase inhibitor (Promega), Complete mini EDTA-free

(Roche) 1tablet/10 ml

RNC Ubiquitination condition: 30uM Tag-Free Ubiquitin, 100nM UBE1, 200nM

UBE2D3, 1mM ATP, 10mM Creatine Phosphate, 20ug/ml Creatine kinase,

5-25nM 3FLAG-ZNF598, 200ul RRL 12k RNC, RNC Ubiquitination buffer

(250mM Sucrose |FIR G 12 ZL5#K). RNase inhibitor

6-9-5 In vitro RNC splitting assay
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6-9-4 & [FIARIC LT, RNC % beads |88 S E7ORAE T B30 F L ALRUS &2 AT
78> 721% . beads % RNC Purification buffer {Z 2 ¥ 2 [F], RNC Ubiquitination buffer
IZ &V 28] RNC Splitting buffer {Z & ¥ 2 [A1%e# L iR EE 300mM @ Imidazole
% & Tr RNC Splitting buffer |23 T 20°CT 15 45 i SHIEH L=,

WHZE O B F AL ST RNC (S L, Hf&HEE InM ATP, 10-25nM hRQT
complex, RNase inhibitor ZiE# L. 20°CT 60 43 S H 7z,

)&% 0 RNC % . SW41Ti rotor (Beckman Coulter) & V72 15-50% A 7 11— A%
FE ) Bd @ L (40000rpm, 120min, 4°C) I1& XV 4y B L . BIO-MINI UV
MONITOR(ATTO) T A260 @ 7 il TN Position Gradient Fractionator(TOWA
LABO) TR Y Y —ADSE T 572,

RNC Splitting buffer: 50mM HEPES pH7.4, 300mM KOAc, 5SmM Mg(OAc),,
0.05% NP-40, 250mM Sucrose, 2mM Spermidine, SmM 2-mercaptoethanol,
RNase inhibitor (Promega), Complete mini EDTA-free (Roche) 1tablet/10 ml
15% sucrose solution: 15% sucrose, 50mM HEPES pH7.4, 100mM KOAc, SmM
Mg(OAc)2, 2mM Spermidine

50% sucrose solution: 50% sucrose, S0mM HEPES pH7.4, 100mM KOAc, SmM

Mg(OAc)2, 2mM Spermidine
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AR AEZATT HI2HI20 . TG WA £ LR FISC #dzio.o
FORHIR L BT, MR LT — 2 2ATHRTHH T, 1 DOET—
ENHEL OREEEZ RET 2 EORBIAZFOE Lz, MHBRIT [Z4E)
EMMWNETN, FO ) 1Tk THEADETANYTHN., FIh bR
DI _X—= U REN Y BN TV DR E . RFEpEAEDS . HORNZTE I &
T, OB L SR L 2 F R LKL TWET, ERT —Z B2 h
RUVMEIREIC b, 22T 7T a—F N — 2O FELEZBVRD L FHH RO
REZEREH LT, —H—BTIEIHY ELIZPRNCHED T L FE L TWET,

AR LOFEE 2 TRFENTZEE Br O ZTHRELE ZHEE2 TS0 E L,
HALKFERFBEE AR AL BT R R #d%, AL RE R AR
WFERt oy Tl AE L2008 H B RS HEEEI RS BE#R L LiF T, FE
OIFFEICERNC HF AT TFE Y | Falal S0 TR A OB IR =2 A
VRRT RARA AETHT NS, 20X )l EinXesEE LFs 2 en
TEREEELTVWET, PHEEOKRICIZ, BRELZEBLT zxb2&] O
KE)ERLZOH L &%, LRI ENTEE L, ZORKRBRIX, 5% OMRE A
AIZBONTHAENP L THE W EBNET,

A GRS 5 3 D Codon optimality-dependent mRNA decay (22T DAL
IZ. FAY « 2 22~ K% Roland Beckmann #ff7E8, 7 AU D - r—A =T
AL )P =T R Jeff Coller HFFEE & DILFEMFIEIZ L > THTOIE Lz, i
RO 2D % 7 v—7" L OIEFERFRICbD Y . 20D % HO
Mo DICHRIE Z E IV LET, 72, an Mo 202049 AicA 7
A TITONIZFERFARICB O THEER 2 SETHWEEE, TORRERIC
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Roland Beckmann Z##>6HTEV - [Great Job!] W9 A— LIS THENL O

FHA, BERESZWZEE, VR E S TEVELEL,

A EEHSC 55 2 D 18S Nonfunctional Ribosomal RNA Decay (2O T DAFZE
[CHBWTIE, KRS UA LR - AR AT K PEA #d%, bE =
BB EER T TAI R L THEE L, 61T, HRHEFRE
JepT W B AR, B R SEMRBRIITEER T T A I ROHFRER:
a5 LTHEE Lz, ZO%EBMEY LT, B#H L ETET,

ABFEZ AT HDICHTZ0, HRRD THRESCZHS 20 £ LEMR=ED
BRRRICD R VR L B E9, R M SRAICIE. Bx bRk T
R—2arORHLEET, EHEE LTEZ TV ETHERFEA 2oy
AxTEE £ Lz, FEEDED>THHIC, REELEDOPCEZRARNL, HE VD
T2 DOMBIICEESOL, BbTHEZREGOE, BALRMAHIICE X
TWET, £z, FEEDPNENLRAEMFERICITEGEE o 2T b . RIS
FeoCTHXE L7, LEVEHHAL LFES, £, FHE)I W Bh#Eiaix, %
HARFRICER MO~ U 2R 2 W R A B2 TIHE FE L, HRITBE A5
FHELE LT T2EFEBE 2R L < RFICIRN S THREW-2WeZ &%,
RS EHINZ L ES, HE BH BT, ZOIRERFHSICET b, #
FNFEBRTITEF E o T2FplC, BSRERSE THEL 2 L THimE IRz &
IMKBLTWET, FH B FIRHHERIIE. BBELSNOWEET, M
WIRERTFEE ZHRWETEE . S HICE ORI IS VA I
SNTEDIFFEZTZ T TIE R ER UM EEWET, W @ SohHEh#E (Bl
= 2 K% Roland Beckmann #F78 %) 1213, HZFEREREZ W2 EBR O~ %

THORTHE W ERREOR, TOES REQRE 2B AEE LTHE LK,
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7T A N— hTHTEEDPEIMEN TIT > TIHE | $FIZ. EMBO J i L35
SN BT, A<D E TRAADLLIZZ & 2R Z TWET,

HONEHITINE LT, T, ERRELLMNEEELEND LD VWOh
AN T 2 LT S oo WEORHE B+ BRITIT0 LV SR L R ET,

AR |BESAICIE, 1 FHELORFEL LT, WRREAANE LT, HFEER
BUAINOEIE LCIHE E L, R OM., HipkidEs LT T<nT,
BHWIIEIE LEWRD OIE LRI b/ 2 &1, AYICEE Lo o
TWET,

B W& A LIL, Scientific reports D L LFETHEECHE X L, £
OFFEIIEE A LB D2 b WIEE T, MR Es —fIcmET
EHZ LRIt BnET,

WFEEICRR SN M0 eES S, ELIREE TR E L Tt ERE &
R L7 6, FERRORBOERICOVW TS, FEZR TH-oTHIE
DIHHEZ < N2 BRARITHENL T T TS NZD &L DO RITRY F LT,
EHHR L B E T,
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SUMMARY

18S non-functional rRNA decay (NRD) eliminates
non-functional 18S rRNA with deleterious mutations
in the decoding center. Dissociation of the non-func-
tional 80S ribosome into 40S and 60S subunits is
a prerequisite step for degradation of the non-func-
tional 18S rRNA. However, the mechanisms by which
the non-functional ribosome is recognized and
dissociated into subunits remain elusive. Here, we
report that the sequential ubiquitination of non-func-
tional ribosomes is crucial for subunit dissociation.
18S NRD requires Mag2-mediated monoubiquitina-
tion followed by Hel2- and Rsp5-mediated K63-
linked polyubiquitination of uS3 at the 212™" lysine
residue. Determination of the aberrant 18S rRNA
levels in sucrose gradient fractions revealed that
the subunit dissociation of stalled ribosomes re-
quires sequential ubiquitination of uS3 by E3 ligases
and ATPase activity of Slh1 (Rqt2), as well as Asc1
and Dom34. We propose that sequential uS3 ubiqui-
tination of the non-functional 80S ribosome induces
subunit dissociation by Slh1, leading to degradation
of the non-functional 18S rRNA.

INTRODUCTION

The ribosome is a crucial platform for precise gene expression,
including translation, protein folding, and targeting. It has been
demonstrated that the non-functional ribosome itself is sub-
jected to quality control systems to avoid production of poten-
tially harmful products by abnormal translation. In yeast, Cole
et al. (2009) and LaRiviere et al. (2006) showed that non-
functional rRNA decay (NRD) quality controls detect and elimi-
nate mature rRNA containing individual point mutations that
adversely affect ribosome function possessed by fully assem-
bled ribosomes and ribosomal subunits. With the fundamental
but differential functions of the 40S and 60S subunits in transla-
tion, NRD quality controls eliminate non-functional subunits
in distinct pathways. 25S NRD quality control eliminates 25S
rRNA with mutations in the peptidyl transferase center, and

3400 Cell Reports 26, 3400-3415, March 19, 2019 © 2019 The Author(s).
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18S NRD eliminates mutated 18S rRNA containing deleterious
point mutations in the decoding center (Cole et al., 2009;
LaRiviere et al., 2006).

In NRD, subunit dissociation of the non-functional 80S ribo-
some is a prerequisite step for degradation of the non-functional
subunit. 25S NRD requires an E3 ubiquitin ligase complex, and
proteins associated with a non-functional ribosome are ubiquiti-
nated in an Rtt101-Mms1-dependent manner (Fuijii et al., 2009),
with Crt10 responsible for substrate recognition of the Rtt101-
Mms1-containing E3 ligase complex (Sakata et al., 2015). The
non-functional and ubiquitinated 60S subunit is dissociated
from the 40S subunit in a Cdc48-Npl4-Ufd1 complex (Cdc48
complex)-dependent manner before it is attacked by the protea-
some (Fujii et al., 2012). The non-functional 60S subunits accu-
mulate under proteasome-depleted conditions, and the majority
of mutant 25S rRNAs retain their full length, indicating that the
proteasome is an essential factor triggering rRNA degradation.
However, the mechanism whereby the E3 ubiquitin ligase com-
plex recognizes the substrate and ubiquitinates the ribosome
and the precise role of ribosome ubiquitination in subunit disso-
ciation remain to be elucidated.

The mechanism of 18S NRD is mostly unknown. However,
several lines of evidence have suggested a connection between
18S NRD and the ribosome-associated quality control (RQC)
system. Asc1 has been reported to be involved in 185 NRD
(Cole et al., 2009; Limoncelli et al., 2017) and is required for
RQC as well (Juszkiewicz and Hegde, 2017; Kuroha et al.,
2010; Sundaramoorthy et al., 2017). RQC is a translation ar-
rest-induced quality control system leading to degradation of
the arrest products (Bengtson and Joazeiro, 2010; Brandman
et al., 2012; Defenouillere et al., 2013). In the first step, RQC rec-
ognizes the abnormal stalling ribosome and ubiquitinates the
specific residue(s) in the stalled ribosome. In yeast, an E3 ubig-
uitin ligase, Hel2, ubiquitinates uS10 at K6 and/or K8 and plays
acrucial role in RQC (Matsuo et al., 2017). ZNF598, a mammalian
homolog of Hel2, ubiquitinates the ribosomal protein eS10 at
K138 and/or K139 and uS10 at K4 and/or K8, stimulating the
translational arrest and RQC triggered by poly-lysine mRNA
sequences (Juszkiewicz and Hegde, 2017; Sundaramoorthy
etal., 2017). In the second step of RQC, ribosome ubiquitination
induces subunit dissociation, which is a crucial event for Ltn1-
dependent ubiquitination of the arrest products on the 60S large
ribosomal subunit (Becker et al., 2012; Bengtson and Joazeiro,
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2010; Pisareva et al., 2011; Shao et al., 2013; Shoemaker et al.,
2010; Shoemaker and Green, 2011), leading to subsequent pro-
teasomal degradation (Bengtson and Joazeiro, 2010; Brandman
et al., 2012; Hilal and Spahn, 2015; Lyumkis et al., 2014; Shao
and Hegde, 2014; Shen et al., 2015). The RQC-triggering (RQT)
complex is required for RQC and has been proposed to recog-
nize the ubiquitinated stalled ribosome and induce subunit
dissociation. The RQT complex is composed of three factors:
the RNA helicase family protein Slh1 (Rqt2), the ubiquitin-binding
protein Cue3 (Rqt3), and Rqt4 (Matsuo et al., 2017; Sitron et al.,
2017). The ATPase activity of Slh1 and the ubiquitin-binding
activity of Rqt3 are crucial for RQC (Matsuo et al., 2017).

An important question regarding RQC is how Hel2 and its
mammalian homolog ZNF598 recognizes and ubiquitinates the
specific substrate. The first observation for the substrate speci-
ficity of Hel2 is that ribosomes co-purified with the tagged Hel2
are mainly in the rotated state with the hybrid tRNAs (Matsuo
et al., 2017). More recently, Juszkiewicz et al. (2018) demon-
strated that the di-ribosome (disome) is a preferential substrate
for ZNF598-dependent ubiquitination with the in vitro translation
system. The disome is formed by using mutant eRF1 that is
defective in peptide-releasing activity, and cryoelectron micro-
scopy (cryo-EM) analysis of the disome revealed that the
colliding ribosome is in a rotated form (Juszkiewicz et al.,
2018). Further, other recent studies demonstrated that not only
RQC but also another quality control system, no-go decay
(NGD), responds to ribosome collision (lkeuchi et al., 2019;
Simms et al., 2017). In yeast, NGD and RQC require common
factors and biochemical events, suggesting a coupling of these
two quality control pathways (Shoemaker and Green, 2012).
A disome unit consists of the leading stalled ribosome and the
following colliding ribosome. Endonucleolytic cleavage of an
NGD reporter mRNA occurs at sites within this disome unit and
is dependent on Hel2-mediated K63-linked polyubiquitination
of uS10 as well as the activity of the RQT component Slh1 (Ikeu-
chi et al., 2019). These results suggest that NGD and RQC are
coupled via this ubiquitination event. Taken together, Hel2 and
its mammal homolog ZNF598 recognize the disome containing
the colliding ribosome in the rotated state (Juszkiewicz et al.,
2018; Ikeuchi et al., 2019), leading to ubiquitination of uS10 in
yeast and uS10, eS10, and uS3 in mammals. Subsequently,
the RQT complex targets the ubiquitinated ribosomes in the
hybrid state specifically, allowing dissociation of the stalled ribo-
some into subunits (Matsuo et al., 2017). These findings strongly
indicate involvement of the ubiquitination of ribosomal protein(s)
in subunit dissociation and subsequent events in quality control
induced by ribosome stalling. However, there is no experimental
evidence to demonstrate involvement of the RQT complex in the
dissociation of the stalled ribosome into subunits.

A recent study showed that the C-terminal 212-240 region
of uS3 is essential for 18S NRD (Limoncelli et al., 2017). The
212" lysine residue (K212) of uS3 was also identified as a target
of Hel2-dependent ubiquitination (Matsuo et al., 2017) but was
dispensable for RQC, leading to the possibility that the non-func-
tional 80S ribosome with inactive 18S rRNA could be recognized
and ubiquitinated by a specific E3 ligase and dissociated into
subunits, followed by degradation of the non-functional 18S
rRNA in the 40S subunit without affecting the 60S subunit. There-

fore, it should be determined whether uS3 ubiquitination as-
sumes a role in 185 NRD. Here we report that sequential
ubiquitination of uS3 triggers subunit dissociation in 18S NRD.
18S NRD requires Hel2- and Rsp5-mediated K63-linked
polyubiquitination of uS3 at K212 with the premise of Mag2-
mediated monoubiquitination. The decay of aberrant 40S was
partially impaired in the xrn7A mutant background, and the
defect in subunit dissociation was monitored by accumulation
of the mutated 40S. Ubiquitination of uS3 at K212 and ATPase
activity of SIh1 were required for subunit dissociation. The re-
ported 18S NRD factor Asc1 is involved in uS3 ubiquitination
and, thus, is required for subunit dissociation. We propose that
the non-functional 80S ribosomes stall because of decoding fail-
ure and are ubiquitinated sequentially at the K212 residue of uS3.
Mag2 mediates monoubiquitination of uS3 at K212, followed by
Hel2- or Rsp5-mediated polyubiquitination. Subsequently, Sih1
stimulates the subunit dissociation that leads to Xrn1-dependent
degradation of the non-functional 18S rRNA in the 40S
subunit. Taken together with the mechanism of RQC, we pro-
pose that the crucial roles of ribosome ubiquitination and Slh1
are conserved in quality control induced by ribosome stalling.

RESULTS

Ubiquitination of uS3 at K212 Is Essential for 18S NRD
The non-functional 40S ribosomal subunit composed of the 18S
rRNA containing the A1492C mutation could initiate translation
but may stall at the elongation step because of a defect in the
fidelity of decoding. Given that RQC requires ubiquitination of
uS10 at K6 and/or K8 residues on the stalled ribosome (Matsuo
et al., 2017), we suspected that ubiquitination of ribosomal pro-
teins is also involved in 18S NRD. We reported previously that
uS3 is ubiquitinated at K212 in a Hel2-dependent manner and
that substitution of the K212 residue of uS3 with arginine
(K212R) disrupted its ubiquitination but without affecting RQC
(Matsuo et al., 2017). Therefore, we hypothesized that ubiquiti-
nation of uS3 at K212 may participate in 18S NRD. To test this,
we determined the ubiquitination levels of ribosomal proteins
when expression of the mutated 18S:A1492C rRNAs under
control of the GAL7 promoter was induced by galactose in the
medium (Cole et al., 2009; LaRiviere et al., 2006) in a series of
strains expressing 3 consecutive epitope tag sequences derived
from human influenza hemagglutinin (3HA)-tagged ribosomal
40S subunit proteins (Figure 1A). Western blot analysis with
anti-HA antibody revealed that the exogenous expression of
18S:A1492C increased the levels of di-, tri-, and tetra-ubiquiti-
nated forms of uS3 but not that of other ribosomal proteins
(Figure S1A and S1B, lanes 6 and 7). We also confirmed that
ubiquitination of uS3 was strongly diminished in uS3-K212R
mutant cells, the lysine-to-arginine substitution mutant of uS3
(Figure S1B, lanes 6-9). Moreover, western blotting with anti-
bodies against K63- or K48-linked polyubiquitin revealed that
the polyubiquitination of uS3 was mainly K63-linked (Figure S1B,
lanes 18 and 19).

We next verified whether K212 of uS3 is necessary for 18S
NRD by half-life measurement of the mutated 18S:A1492C
rRNA in uS3-K212R mutant cells. The 18S:A1492C rRNA
was drastically stabilized in uS3-K212R mutant cells (half-life
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Figure 1. Ubiquitination of uS3 Is Essential for 18S NRD

(A) Construction of the rDNA plasmid with the A1492C mutation and MS2 site.

(B) Ubiquitination of uS3 at K212 and the E2-conjugating enzyme Ubc4 are required for 18S NRD.
mutant cells was determined as described in the STAR Methods.
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[t1/2] > 4 h) (Figure 1B), indicating that ubiquitination at the K212
residue of uS3 is essential for 18S NRD. In addition, the increase
in the ubiquitination level of uS3 by exogenous expression
of mutated 18S:A1492C was completely diminished in uS3-
K212R mutant or C-terminal tail deletion cells (Figure S1C, lanes
4,5,10, and 11). These results are consistent with a recent study
showing that the C-terminal 212-240 region of uS3, which is
known to be subject to post-translational modification, is crucial
for the decay pathway of the mutated 18S rRNA (Limoncelli et al.,
2017; Figure 1C). To assess the role of ubiquitination of other
lysine residues of uS3 in 18S NRD, we also constructed a series
of uS3 mutants in which each lysine residue that is reported to
be ubiquitinated was substituted with arginine (Swaney et al.,
2013; Figure S1D). We determined the stability of the
mutated 18S:A1492C in these uS3 mutants and found that the
18S:A1492C rRNA was drastically stabilized only in the uS3-
K212R mutant but not in the other mutants (Figure S1D). These
strongly suggest that the ubiquitination of uS3 at K212 plays a
crucial role in 18S NRD, although we cannot exclude the possi-
bility that the ubiquitination of other lysine residues plays minor
or additional roles in this decay pathway.

A critical question regarding 18S NRD is how the quality con-
trol system recognizes the aberrant ribosome with the delete-
rious mutation in the decoding center. It is known that an E3
ligase, Hel2, and an E2 ubiquitin-conjugating enzyme, Ubc4,
play essential roles in RQC via ubiquitination of uS10 at the K6
or K8 residue (Matsuo et al., 2017). Because Hel2 is also involved
in ubiquitination of uS3 (Matsuo et al., 2017; Simms et al., 2017),
we examined the role of HEL2 in 18S NRD. 18S:A1492C was
modestly but significantly stabilized but still degraded in hel2A
mutant cells (t1» = 1.3 h versus wild-type [WT] t{,» = 0.4; Fig-
ure 1B), indicating that Hel2 partially contributes to 18S NRD,
possibly via ubiquitination of uS3. On the other hand, the
mutated 18S:A1492C rRNA was drastically stabilized in ubc4A
mutant cells (Figure 1B; t1/2 > 4 h versus WT t4,» = 0.4), indicating
that Ubc4 is essential for 18S NRD.

We then established a method to purify the non-functional
ribosome with the insertion of MS2 coat protein binding sites
into the mutated 18S rRNA. Tandem MS2 binding sites were
inserted into the 9es3b region, which is a non-conserved
expansion segment in yeast 18S rRNA that barely interacts
with ribosomal proteins and rRNA residues around it (Figure 1D).

The insertion did not affect cell growth (Figure 1E). MS2-tagged
ribosomes were affinity-purified with MS2-FLAG protein and
eluted by FLAG peptide (Figure 1F). Sucrose density gradient
centrifugation revealed that the affinity-purified MS2-tagged
80S ribosomes were mainly monosomes (Figure 1G). Negligible
contamination of the non-tagged endogenous ribosome in
purified samples was detected with RT-PCR to amplify the
9es3b region (Figures 1H, bottom, lanes 8-13, and 11, bottom,
lanes 11-20). The level of ubiquitination of uS3 in the MS2-
tagged 80S ribosome with the 18S:A1492C mutation was dras-
tically increased (Figure 1H, lanes 12 and 13), and K212 was
the only lysine residue for ubiquitination of uS3 (Figure 1l,
lanes 18 and 20). Because Hel2 and Ubc4 are involved in 18S
NRD (Figure 1B), we determined the level of polyubiquitinated
uS3 of affinity-purified non-functional 80S ribosomes in hel2A
and ubc4A mutant cells. The polyubiquitinated uS3 was strongly
reduced in ubc4A but negligibly affected in hel2A mutant cells
(Figure 1J, lanes 3 and 4). These results strongly suggest that
a putative E3 ligase, in concert with the E2 enzyme Ubc4, is
involved in polyubiquitination of uS3 on the non-functional 80S
ribosome to induce 18S NRD.

18S NRD Requires Mag2-Mediated Monoubiquitination

To identify the putative E3 ligase that is responsible for K63-
linked polyubiquitination of uS3 in the non-functional 80S ribo-
some, we screened 75 non-essential genes encoding E3 ligases.
We introduced a plasmid expressing the aberrant 18S:A1492C
under control of the GAL7 promoter. Transformants were
cultured in the presence of galactose and harvested 3 h after
transcription shutoff by addition of glucose. We identified a
mag2A mutant in which the level of the mutated 18S:A1492C
rBRNAs was not reduced even 3 h after transcription inhibition
(Figure S2A). We determined the stability of the 18S:A1492C
rRNA in the mag2A mutant and confirmed the drastic stabiliza-
tion of the 18S:A1492C rRNA (Figure 2A). Indeed, the level of pol-
yubiquitinated uS3 in the affinity-purified non-functional MS2-
tagged 80S ribosome was strongly diminished in mag2A mutant
cells (Figure 2B, lanes 7 and 8). Mag?2 is a RING-finger type E3
ubiquitin ligase (Figure 2C) predicted to be involved in repair of
alkylated DNA because of interaction with Mag1 (Samanta and
Liang, 2003). The WT MAG2 complemented the defect of
mag2A mutant cells in 18S NRD but the RING domain deletion

(C) The structure diagram was generated in PyMOL using PDB: 4V88. The ribosomal proteins uS3 and Asc1 are shown in pale yellow and orange, respectively.
The C-terminal tail of uS3 subject to post-translational modification is shown in yellow, and the 212'" Lys residue is shown in red.

(D) Predicted position of the MS2 binding site on the ribosome. A tandem MS2 binding site (MS2-bs) was inserted into 9es3b on 18S rRNA, located at the tip of the
left foot of the 40S subunit (dark gray, 18S rRNA; red, bases 229-234 of 9es3b). The image was generated by PyMol using PDB: 4V88.

(E) The insertion of MS2-bs into 9es3b did not affect cell growth. rpa190-3 mutant cells were transformed with the indicated rRNA genes, and cells were streaked

on synthetic complete (SC) medium containing 2% galactose.

(F) The experimental procedure for purification of non-functional ribosomes with insertion of MS2-bs into the mutated 18S rRNA (MS2-tagged RNA affinity

purification [TRAP] method).

(G) The affinity-purified MS2-tagged 80S ribosomes with MS2-FLAG protein were mostly monosomes.

(H) uS83 of the non-functional 80S ribosomes was polyubiquitinated. MS2-tagged 80S ribosomes were affinity-purified with MS2-FLAG protein as described in (F)
and subjected to SDS-PAGE. The levels of endogenous 80S and MS2-tagged 80S were determined by RT-PCR with the specific primers. An asterisk indicates
the band derived from the endogenously 3HA-tagged uS3 allele but not from the plasmid-derived uS3-3HA allele.

(I) K212 of uS3 is responsible for polyubiquitination of the non-functional 80S ribosomes. The non-functional 80S ribosomes were purified from the indicated
strains as described in (F).

(J) The E2 enzyme Ubc4 is required for uS3 polyubiquitination of the non-functional 80S ribosomes. The non-functional 80S ribosomes were purified as described
in (F). An asterisk indicates the band derived from the endogenously 3HA-tagged uS3 allele but not from the plasmid-derived uS3-3HA allele.
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Figure 2. 18S NRD Requires Mag2-Mediated Monoubiquitination of uS3
(A) The E3 ligase Mag2 and the E2 enzyme Ubc4 are essential for 18S NRD. The stability of 18S:WT or 18S:A1492C rRNA in the indicated mutant cells was

determined as described in Figure 1B.

(B) Mag2 is required for ubiquitination of uS3 on the non-functional 80S ribosome with 18S:A1492C rRNA. The non-functional 80S ribosomes were purified as

shown in Figure 1F.

(C) Schematic drawing of the Mag2 domain structure. The conserved motif of the RING-finger type E3 ligase is indicated in red.
(D) The mutations in the RING-finger domain of Mag2 strongly diminished 18S NRD.

(E) Ubiquitination of uS3 was defective in the Mag2 RING domain mutants.

(F) The recapitulation of Mag2-mediated monoubiquitination on uS3 using an in vitro ubiquitination reaction.

mutant and C195SC198S (C195 and 198S) double substitution
mutant did not (Figure 2D). Western blot analysis revealed that
the ubiquitinated uS3 was strongly diminished in the mag2A
mutant cells (Figure 2E, lanes 1 and 2), indicating that Mag2 is
required for the ubiquitination of uS3. We next investigated
whether overproduction of Mag2 facilitates polyubiquitination
of uS3. Overproduction of WT Mag? significantly increased the
ubiquitinated form of uS3 but the RING domain mutants did
not (Figure 2E, lanes 3-5). These results indicate that K212 is
a primary site of the Mag2-dependent ubiquitination of uS3.
We also investigated the substrate specificity of Mag2-depen-
dent ubiquitination of ribosomal proteins and found that Mag2
increased the level of the ubiquitinated uS3-3HA but not uS10-
3HA or eS10-3HA (Figure S2B).

We next performed an in vitro ubiquitination assay with puri-
fied Mag2 (Figure S2C), Ubc4, and purified ribosome from
mag2AuS3A mutant cells expressing uS3-3HA from the plasmid
(Figure 2F). The monoubiquitinated form of uS3, but not the
polyubiquitinated one, was observed in the reaction with WT
Mag2 protein (Figure 2F, lane 5), whereas it was not observed
in the RING domain mutants (Figure 2F, lanes 6 and 7), strongly
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suggesting that Mag?2 is an E3 ubiquitin ligase responsible for
monoubiquitination of uS3. We also performed an in vitro ubiqui-
tination assay with ribosomes purified from ubc4AuS3-3HA
mutant cells and observed Mag2-dependent monoubiquitination
of uS3 (Figures S2D). We concluded that the Mag2-dependent
monoubiquitination of uS3 was recapitulated with the in vitro
ubiquitination reaction. Taken together, we propose that Mag2,
in concert with Ubc4, is required for 18S NRD via ubiquitination
of the ribosomal protein uS3 at K212.

K63-Linked Polyubiquitination of uS3 by Hel2 Requires
Mag2-Mediated Monoubiquitination

The results shown above indicate that Mag2-dependent
monoubiquitination is required for polyubiquitination of uS3
at K212. To confirm the involvement of Mag2 in poly-
ubiquitination of uS3 at K212, we purified the ubiquitinated
ribosomal proteins using serial affinity purification from cells
expressing FLAG-tagged ulL23 and His6-tagged-ubiquitin (Fig-
ure S3A). The ubiquitinated uS3 was drastically decreased in
mag2A or uS3-K212R mutant cells (Figure S3B, lanes 13 and
15) compared with WT cells (Figure S3B, lane 11). Further,



uS3-3HA
A CBB IB: HA B
L WT mag2A
ub-WT  ub-K63R  ub-WT  ub-K63R Ubiquitin genes ~ T
oy @9
8 8 8 8 > I 0>
— ® = ® = Q¥ = Q kDa) W = T W = T
£ E 2 E =2 E 2 E 100-
o £ o o T« T €T T 70~ Poly-ubiquitinated
o o 3V o 3V o o o
N LS L T L rthib Sl =L s puS3p-uS3-3HA uS3-3HA
S0EJE0E0E0E0EEEY -
*0%) + 4+ 4+ + + + + + ++ + + + + + puL23-FLAG
210— A — e -uS3-3HA-Ub
T40- x
138: =Yp4 | Poly-ubiquitinated 5 - AR 1533 HA
55 —gfes S0 oo R — — Ub2 | uS3-3HA 12 3 4 5 6
45 - - - —uS3-3HA-Ub IB: HA
35 o | - —— oo — S3-3HA

123 4567 8 910111213141516

(o] Ribosome (mag2AuS3A)
wT K212R  puS3-X-3HA

- -+ + Ma
-+ - + He

- + 2
sy T -FLAG

+
$
210~ !
140~ _—
Poly-ubiquitinated

1007 . uS3-3HA

70~

55—

45— —— -uS3-3HA-Ub
35— 4. - ——— - S 3-3HA

123 456 7 8
IB:HA  +ATP, His-Ub, E1, Ubc4

D Ribosome (uUS3-3HA ubc4A)

o S
T 8 Mag2+Hel2 E3
VT =
rfrrcococ
E E E E Cr-aXBEB o Hisubiquitn
o) ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥
210- AanErEEn
140- 3
100- Poly-ubiquitinated
uS3-3HA
70~
55~ " -
45~ - —— e o @ — 1S 3-3HA-Ub

B -— — *
- DS Eees & & S8 & - S3-3HA
12346678 9101112
IB:HA +ATP, His-Ub, E1, Ubc4

Figure 3. K63-Linked Polyubiquitination by Hel2 Is Multi-step and Requires Mag2-Mediated Monoubiquitination

(A) Mag2 and the K212 residue of uS3-dependent ubiquitination are K63 linked.

(B) Hel2 forms a polyubiquitin chain on uS3 in a Mag2-dependent manner in vivo. Shown is a western blot analysis of the polyubiquitinated levels of uS3 in the

indicated strains with overproduction of Mag2 or Hel2.

(C) The K212 residue of uS3 is responsible for polyubiquitination by Hel2. The in vitro ubiquitination reaction recapitulated Mag2-mediated monoubiquitination,
and Hel2-mediated polyubiquitination of monoubiquitinated uS3 depends on K212.

(D) The recapitulation of K63-linked and Hel2-mediated polyubiquitination of Mag2-mediated monoubiquitinated uS3 in the in vitro ubiquitination reaction.

overproduction of Mag2 increased the mono- and poly-
ubiquitination of WT uS3-3HA (Figure S3B, lanes 11 and 12)
but not uS3-K212R-3HA (Figure S3B, lanes 13 and 14). We hy-
pothesized that the polyubiquitination of uS3 was mainly K63-
linked based on several lines of results. First, western blotting
with antibodies against K63- or K48-linked polyubiquitin re-
vealed that the polyubiquitination of uS3 was mainly K63-linked
(Figure S1B). Second, Hel2-mediated K63-linked poly-
ubiquitination of uS10 at K6 or K8 is crucial for RQC (lkeuchi
et al., 2019). To identify the linkage of the polyubiquitin chain
on uS3, we used the Ub-K63R mutant strain in which all endog-
enous ubiquitin-encoding genes are modified. Polyubiquitinated
forms of uS3 were significantly decreased in Ub-K63R mutant

cells, indicating that the polyubiquitination of uS3 is mainly
K63-linked (Figure 3A, lanes 9 and 13). It has been confirmed
that this reduction in Ub-K63R mutant cells was not due to
the decreased expression level of Hel2 in the mutant cells (Ikeu-
chi et al., 2019). Furthermore, K63-linked polyubiquitination was
detected only in the presence of Mag2 and the lysine 212 resi-
due of uS3 (Figure 3A, lanes 9-11). To further verify the K63-
linked ubiquitination, affinity-purified MS2-tagged functional or
non-functional 80S ribosomes were incubated with a K63-spe-
cific tandem ubiquitin binding entity (TUBE) that recognizes the
K63-linked polyubiquitin chain. K63-TUBE was specifically
associated with the non-functional 80S ribosomes but not the
functional 80S ribosomes (Figure S3C, lanes 7 and 8).
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Mag?2 directly monoubiquitinated, but not polyubiquitinated,
uS3 in vitro (Figure 2F; Figure S2D), whereas Mag? is required
for the polyubiquitination of uS3 (Figure 2B, 2E, and 3A). Thus,
we suspected that another E3 ligase, Hel2, which partially partic-
ipates in 18S NRD (Figure 2A), might be involved in the poly-
ubiquitination of uS3 that depends on the monoubiquitination
by Mag2. We then investigated whether overproduction of
Hel2 facilitates the polyubiquitination of uS3. The overproduction
of Hel2 significantly increased the polyubiquitinated but not the
monoubiquitinated form of uS3 at K212 in WT cells (Figure 3B,
lane 3) but not in mag2A or uS3-K212R mutant cells (Figure 3B,
lane 6; Figure S3D, lane 6). This strongly suggests that Hel2 is
involved in the polyubiquitination of uS3 in 18S NRD and that
the Hel2-mediated polyubiquitination of uS3 depends on
Mag2-mediated monoubiquitination in vivo. We noticed that
overproduction of Mag?2 also increased the level of monoubiqui-
tinated uS3, even in uS3-K212R mutant cells, slightly but signif-
icantly (Figure S3D, lane 5). This monoubiquitination by overpro-
duction of Mag2 was also observed in uS3-N(7-211) mutant cells
(Figure S3E, lanes 6 and 12), which indicates that target(s) other
than K212 and the C-terminal tail of uS3 might be monoubiquiti-
nated when overproducing Mag2. Because none of the substitu-
tion mutants of the reported ubiquitination substrates but K212
stabilized the mutated 18S rRNA (Figure S1D), we conclude
that lysine residues other than K212 are dispensable for 18S
NRD, even when they might be ubiquitinated under specific
conditions.

Finally, we performed an in vitro ubiquitination assay with
purified Mag2, Hel2-FLAG, and Ubc4 and recapitulated the
Hel2-dependent polyubiquitination on the monoubiquitinated
uS3 by Mag?2. Hel2 failed to ubiquitinate uS3 on ribosomes puri-
fied from mag2AuS3-3HA mutant cells (Figure 3C, lane 2) but
polyubiquitinated uS3 in the presence of Mag?2 (Figure 3C, lanes
1-4). The in vitro ubiquitination reaction with the mag2AuS3-3HA
or mag2AuS3-K212R-3HA mutant ribosomes also revealed that
Hel2 forms a polyubiquitin chain on uS3 at K212, depending on
Mag2-mediated monoubiquitination (Figure 3C, lanes 4 and 8).
We also confirmed that the polyubiquitin chain formed by Hel2
was K63-linked (Figure 3D, lanes 4-12). These results indicate

that Hel2 serves as an E4 ubiquitin chain elongation factor for
K63-linked ubiquitination of uS3 and that the Mag2-mediated
monoubiquitination of uS3 is prerequisite for Hel2-mediated
K63-linked polyubiquitination.

Rsp5- and Hel2-Mediated K63-Linked

Polyubiquitination Requires Mag2-Mediated
Monoubiquitination

The 18S:A1492C rRNA in hel2A mutant cells was less stable
than in ubc4A mutant cells (Figure 1B, hel2A, t1, = 1.3 h versus
ubc4A tq0 > 4 h), suggesting that other E3 ligases are involved
in K63-linked polyubiquitination of uS3. An essential E3 ligase,
Rsp5, is involved in K63-linked polyubiquitination of various pro-
teins (Kraft and Peter, 2008; Kwapisz et al., 2005; Shcherbik and
Pestov, 2011). Therefore, we examined the role of Rsp5 in K63-
linked polyubiquitination of uS3 and 18S NRD. To investigate
the role of RSP5 in uS3 polyubiquitination and 18S NRD, we uti-
lized rsp5-DAmP cells in which the RSP5 mRNA level was
significantly reduced because of insertion of the drug-resistant
open reading frame in the 3’ UTR (Schuldiner et al., 2005).
The 18S:A1492C rRNA was significantly stabilized in rsp5-
DAmP mutant cells and completely stabilized in hel2Arsp5-
DAmP double-mutant cells (Figure 4A; hel2A t1,0 = 1.3 h versus
rsp5-DAmMP t4,, = 2.8 h versus hel2Arsp5-DAmP tq,» > 4 h). This
suggests that two E3 ligases, Rsp5 and Hel2, are involved in
18S NRD in distinct pathways. Overproduction of Hel2 or
Rsp5 significantly increased the polyubiquitinated form of uS3
at K212 in WT cells (Figure 4B, lanes 3 and 4) but not in
mag2A mutant cells (Figure 4B, lanes 7 and 8), confirming that
Rspb5 is also involved in the polyubiquitination of uS3 and that
Rsp5-mediated polyubiquitination depends on Mag2-mediated
monoubiquitination. We next determined the level of polyubiqui-
tinated uS3 of the affinity-purified non-functional 80S ribosomes
in the mutant cells. The mono- and polyubiquitinated forms of
uS3 were eliminated in mag2A mutant cells (Figure 4C, lanes 2
and 6), indicating that Mag2-mediated monoubiquitination is
required for the polyubiquitination of uS3 in 18S NRD. The poly-
ubiquitinated form of uS3 was strongly reduced in rsp5-DAmP
mutant cells (Figure 4C, lane 8), indicating that Rsp5 plays a

Figure 4. Both Hel2 and Rsp5 Form a K63-Linked Polyubiquitin Chain on the Monoubiquitinated uS3 by Mag2 In Vitro
(A) The E3 ligases Hel2 and Rsp5 are involved in 18S NRD in distinct pathways. The stability of 18S:A1492C rRNA in the indicated mutant cells was determined as

described in Figure 1B.

(B) Overproduction of Rsp5 increases the levels of Mag2-dependent polyubiquitination of uS3 in vivo.
(C) Rsp5 and Hel2 are involved in polyubiquitination of monoubiquitinated uS3 of the non-functional 80S ribosome with 18S:A1492C rRNA. The non-functional

80S ribosomes were purified as described in Figure 1F.
(D-H) In vitro ubiquitination assay.

(D) The in vitro ubiquitination reaction recapitulates Hel2- or Rsp5-mediated polyubiquitination of the monoubiquitinated uS3. The reaction samples contained the
indicated purified E3 ligase Mag2, Hel2-FLAG, Rsp5, the E2 enzyme Ubc4, E1, Ubiquitin (Ub), and substrate uS3-3HA ribosome purified from ubc4AuS3-3HA
cells.

(E) Hel2 and Rsp5 polyubiquitinates monoubiquitinated uS3 at the K212 residue.

(F) The K212 and K223 residues of uS3 are polyubiquitination sites for Rsp5-mediated Mag2-dependent or -independent polyubiquitination.

(G and H) Hel2 and Rsp5 form a K63-linked polyubiquitin chain on Mag2-mediated monoubiquitinated uS3 at K212. The K63(1) ubiquitin mutant with
a single Lys 63™ residue was used to determine the polyubiquitin linkage specificity with the substrate uS3-3HA ribosomes (G) or uS3-K223R-3HA
ribosome (H).

(I) Rsp5-mediated uS3 ubiquitination at the K223 residue is dispensable for 18S NRD. The stability of 18S:A1492C rRNA in the indicated mutant cells was
determined as described in Figure 1B.

(J) Sequential ubiquitination of uS3 at K212 is required for 18S NRD. The ribosome with the non-functional 40S subunit with mutation in the decoding center is
subjected to Mag2-mediated monoubiquitination of uS3 at the Lys 212 residue, followed by Hel2- and Rsp5-dependent K63-linked polyubiquitin chain formation
on the monoubiquitinated uS3.
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crucial role in polyubiquitination of uS3 on the non-functional
80S ribosome.

To reveal the mechanism of sequential ubiquitination of uS3
in the non-functional 80S ribosome by the E3 ligase Mag2 and
the E4 enzymes Hel2 and Rsp5, we reconstituted Mag2-medi-
ated polyubiquitination of uS3 with an in vitro ubiquitination
assay with Mag2, Hel2-FLAG, Rsp5, Ubc4, uS3-3HA-tagged ri-
bosomes, E1, and ATP (Figure 4D). Hel2 polyubiquitinated uS3
in a Mag2-mediated monoubiquitination-dependent manner
(Figure 4D, lanes 2 and 5). In contrast, Rsp5 still ubiquitinated
uS3 on ribosomes purified from uS3-3HAubc4A mutant cells
in vitro even in the absence of Mag2 (Figure 4D, lane 3). Notice-
ably, in the presence of Mag2, additional ubiquitinated prod-
ucts were detected in comparison with the absence of Mag2
(Figure 4D, lanes 3 and 6), and those are almost the same as
the polyubiquitinated products in the presence of Mag2 and
Hel2 (Figure 4D, lanes 5 and 6). Given that Hel2 forms a poly-
ubiquitin chain on uS3 at K212 dependent on Mag2-mediated
monoubiquitination (Figure 3C), one possibility is that Rsp5
forms a polyubiquitin chain on uS3 at K212 dependent on
Mag2-mediated monoubiquitination and a polyubiquitin chain
on uS3 at other lysine residues in the absence of Mag2. Indeed,
the in vitro ubiquitination reaction with uS3-K272R-3HA mutant
ribosomes revealed that Rsp5 forms a polyubiquitin chain on
uS3 at lysine residues other than K212 in a Mag2-independent
manner (Figure 4E, lanes 3 and 6). We revealed that the
carboxyl-terminal 212-240 amino acid region of uS3 is required
for Mag2-independent polyubiquitination of uS3 by Rsp5 (Fig-
ure S4A) and that K223 is the only lysine residue other than
K212 in this region (Figure 1C). The mutational analysis of lysine
residues in the region revealed that K223 of uS3 is the Rsp5-
mediated polyubiquitination site in the absence of Mag2 (Fig-
ure 4F, lanes 5-7). Moreover, the polyubiquitinated uS3 prod-
ucts by Mag2 and Rsp5 with uS3-K2712R mutant ribosomes
(Figure 4F, lane 2) were the same as Mag2-independent
Rsp5-mediated polyubiquitinated uS3 products with the uS3-
WT or uS3-K212R mutant ribosomes (Figure 4F, lanes 5 and
6). Taken together, these results indicate that K223 of uS3
is responsible for Rsp5-mediated polyubiquitination without
Mag2. We then performed an assay with the uS3-3HA
ribosome purified from uS3-3HAmag2A (Figure 4G) or uS3-
K223R-3HA (Figure 4H) and the WT ubiquitin or the ubiquitin
mutants bearing a single 63™ lysine residue (K63(1)) for restric-
tion of ubiquitin chain formation. The assay revealed that Hel2
or Rsp5-mediated polyubiquitination of the monoubiquitinated
uS3 is mainly K63-linked (Figure 4G, lanes 4, 5, 8, and 9).
The K63-linked polyubiquitinated uS3 products by Mag2 and
Hel2 ligases with uS3-K223R mutant ribosomes (Figure 4H,
lanes 2 and 4), were the same as the products by Mag2 and
Rsp5 ligases (Figure 4H, lanes 3 and 5) in both the WT (Fig-
ure 4H, lanes 2 and 3) or K63(1) ubiquitin (Figure 4H, lanes 4
and 5). Taken together, we concluded that both Hel2 and
Rsp5 form a K63-linked polyubiquitin chain on the monoubi-
quitinated uS3 at K212. Given that 18S NRD was not affected
in uS3-K223R mutant cells (Figure 4l), we propose that 18S
NRD requires Mag2-dependent monoubiquitination of uS3 at
K212, followed by K63-linked polyubiquitination by Hel2 and
Rsp5 (Figure 44J).
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Polyubiquitination of uS3 at K212 Is Required for
Subunit Dissociation in 18S NRD

To avoid the uneconomic decay of an intact 60S subunit in the
stalled ribosome, subunit dissociation should be a prerequisite
for the decay of a non-functional 40S subunit but not the 60S
in 18S NRD. We next examined whether ubiquitination of uS3
is involved in dissociation of the stalled ribosome into the
mutated 40S and the normal 60S subunits. 18S:A1492C rRNA
was rapidly degraded in WT cells but stabilized in xrn7A mutant
cells (Cole et al., 2009; Fuijii et al., 2012). The level of 18S:A1492C
rRNA was drastically decreased 2 h after inhibition of transcrip-
tion in WT cells but only moderately in xrn1TA mutant cells
(Figure 5A), making the mutated 18S:A1492C detectable at a
late stage of 185 NRD. We determined the distribution of
18S:WT or 18S:A1492C rRNAs in sucrose gradient fractions
with cell extracts of WT or xrnTA mutant cells. Northern blot
analysis of 18S:A1492C rRNA in the fractions revealed that
18S:A1492C rRNA was distributed mainly in the 80S fractions
in WT cells (Figures S5A and 5B, left). In xrn1A cells, the level
of 18S:A1492C rRNA in 40S fractions was increased 2 h after in-
hibition of transcription (Figure 5B, bottom right). In contrast, the
18S:WT rRNA mainly remained in 80S fractions in WT and xrn1A
mutant cells even 2 h after inhibition of transcription (Figure S5B).
This strongly suggests that the non-functional 80S ribosome is
dissociated into 40S and 60S subunits and that Xrn1 rapidly de-
grades the 18S:A1492C rRNA of the 40S subunit in WT cells. We
also assumed that the 18S:A1492C rRNA might be accumulated
in the 80S fraction when the dissociation of the non-functional
80S ribosome into subunits of the mutation or deletion of specific
18S NRD factors is impaired.

To address the role of ubiquitination of uS3 in subunit dissoci-
ation, we examined whether 18S:A1492C rRNA remains in the
80S fractions in uS3-K212Rxrn1A mutant cells. 18S:A1492C
rRNA was mainly distributed in 80S fractions in the uS3-
K212Rxr1A mutant (Figure 5C, bottom right) but in 40S
fractions in the uS3-WTxrn1A mutant 2 h after the inhibition of
transcription (Figure 5C, bottom left). We also confirmed
that 18S:A1492C rRNA was mainly distributed in 80S fractions
2 h after inhibition of transcription in mag2Axrn1A mutant
cells, leading to the conclusion that subunit dissociation of the
non-functional 80S ribosome depends on the ubiquitination of
uS3 at K212 by Mag?2 (Figure 5D, bottom). Based on these re-
sults, we propose that the non-functional 80S ribosome is stalled
by the decoding failure and ubiquitinated at K212 of uS3. Subse-
quently, the aberrant 80S ribosome with the ubiquitinated uS3 is
dissociated into subunits, and the mutated 40S subunit is
degraded in an Xrn1-dependent manner.

Asc1 and Dom34 Are Required for Subunit Dissociation
in 18S NRD

We next investigated the precise roles of Dom34 and Asc1 in
18S NRD. 18S:A1492C rRNA was significantly more stable in
dom34A (ti,o = 2.96 h; Figure 6A) or ascT1A (t1, = 2.44 h;
Figure 6A) cells than in WT cells (ti,2 = 0.5 h; Figure 1A). We
investigated the role of Dom34 and Asc1 in the ubiquitination
of uS3 at K212. Mainly, uS3 monoubiquitination of the non-
functional 80S ribosome was strongly diminished in asc7A
mutant cells (Figure 6B, lane 7), indicating that ASC1 facilitates
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Figure 5. Ubiquitination of uS3 Is Required for Dissociation of Non-functional 80S Ribosomes into Subunits
(A) Xrn1 is involved in 18S NRD. The stability of 18S:WT or 18S:A1492C rRNA in the indicated strains was determined as described in Figure 1B.

(B) W303 or xrn1A cells harboring a plasmid expressing 18S:A1492C rRNAs by the GAL7 promoter were grown to optical density 600 (ODgqg) = 0.3 and
resuspended in medium containing 2% glucose to inhibit transcription from the GAL7 promoter. Cells were harvested 2 h after addition of glucose, and cell
extracts were subjected to centrifugation in sucrose density gradients. The levels of 18S:A1492C rRNAs in fractions were quantified by northern blot analysis with
a digoxigenin (DIG)-labeled probe for the tag sequence.

(C) Ubiquitination of uS3 at K212 is required for subunit dissociation of the non-functional 80S ribosome. The lysates of the indicated cells expressing 18S:A1492C
rRNAs were analyzed as described in (B).

(D) Mag2 is required for subunit dissociation of the non-functional 80S ribosome. The lysates of mag2Axrn1A cells expressing 18S:A1492C rRNAs were analyzed

as described in (B).

monoubiquitination on uS3. To further clarify the function of Asc1
in uS3 ubiquitination, we performed an in vitro ubiquitination
assay with ribosomes purified from mag2A or mag2Aasc1A
mutant cells. The efficiency of monoubiquitination on uS3 in
the mag2Aasc1A ribosome by Mag2 was decreased compared
with that of mag2A ribosomes (Figure 6C). These results indicate
that Asc1 is required for efficient monoubiquitination on uS3 of
the non-functional 80S ribosome and, hence, may contribute
to monoubiquitination-dependent polyubiquitination by Hel2
and Rsp5. 18S:A1492C rRNA was stabilized and distributed
in 80S fractions but not accumulated in 40S fractions in
asc1Axrn1A mutant cells 2 h after inhibition of transcription (Fig-
ure 6D, bottom left). This is consistent with results showing that

subunit dissociation was impaired in the uS3-K212Rxrn1A
mutant and strongly supports that Mag2-dependent ubiquitina-
tion of uS3 is required for dissociation of the non-functional
80S ribosome into the 40S and 60S subunits.

We then examined the role of Dom34 in the ubiquitination
of uS3 and subunit dissociation. The level of the ubiquitinated
uS3 of the affinity-purified mutant 80S ribosome with
18S:A1492C in WT cells was almost the same as that of the
dom34A mutant cells (Figure 6B, lanes 6 and 8). 18S:A1492C
rRNA was stabilized and mainly distributed in 80S fractions but
not accumulated in 40S fractions in the dom34Axrn1A mutant
cells 2 h after inhibition of transcription (Figure 6D, bottom
right). These results imply that Dom34 is required for subunit
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Figure 6. Distinct Roles of Asc1 and Dom34 in Ubiquitination of uS3 and Dissociation of Non-functional 80S Ribosomes into Subunits
(A) Asc1 and Dom34 are involved in 18S NRD. The stability of 18S:A1492C rRNA in the indicated mutants was determined as described in Figure 1B.
(B) Asc1, but not Dom34, is required for uS3 monoubiquitination of non-functional ribosomes. The levels of ubiquitinated uS3 in affinity-purified ribosomes from

the indicated strains were determined as described in Figure 1F.

(C) Asc1 is required for efficient Mag2-mediated monoubiquitination of uS3 in the in vitro ubiquitination reaction.
(D) The levels of 18S:A1492C rRNAs in sucrose gradient fractions in asc1Axrn1A or dom34Axrn1A mutant cells were determined as described in Figure 5B.
(E) The stability of 18S:A1492C rRNA in the indicated Dom34 mutants was determined as described in Figure 1B.

dissociation in 18S NRD without playing a role in uS3 ubiquitina-
tion. We suspect that Dom34 contributes to dissociation of the
stalled 80S ribosomes into subunits after ubiquitination of uS3,
or it could play a role independent of ubiquitination. It has been
reported that Dom34 is also required for dissociation of the
stalled ribosome at the 3’ end of nonstop mRNA and that it plays
a crucial role in NSD (Chen et al., 2010; Tsuboi et al., 2012). Both
the Dom34-F47A and Dom34-A(F47-T60) mutants were defec-
tive in dissociation of the stalled ribosome at the 3’ end of
nonstop MRNA that is required for NSD (Tsuboi et al., 2012).
To see whether the activity of Dom34 that is essential for subunit
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dissociation at the 3’ end of mRNA is also required for 18S
NRD, we determined the stability of the 18S:A1492C rRNA in
these dom34 mutants. The 18S:A1492C rRNA was drastically
stabilized in Dom34-A(F47-T60) mutant cells (t1» = 2.62 h)
but only moderately stabilized in Dom34-F47A mutant cells
(t12 = 0.93 h; Figure 6E), indicating that the defect of 18S NRD
in dom34 mutants is not due to the defect in NSD. Moreover,
although NSD was completely abolished in the absence of
Dom34, 18S NRD seems to be less sensitive to this factor. We
propose that Dom34-Hbs1 is involved in dissociation of stalled
non-functional ribosomes during translation elongation in a
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manner distinct from its roles in releasing ribosomes stalled at
the 3’ end of nonstop mRNA.

ATPase Activity of Slh1 Is Required for Subunit
Dissociation in 18S NRD

Because it is unnecessary to eliminate the 60S subunit of the
non-functional ribosome with a mutation in the 40S subunit, sub-
unit dissociation is proposed to be an essential step for 18S
NRD. Subunit dissociation is also required for RQC, where the
RQT complex, especially the ATPase activity of Slh1, is crucial
for the subsequent events. (Figure 7A). We proposed that the
RQT complex targets the ribosomes, which are ubiquitinated
at uS10, and facilitates dissociation of the stalled ribosome
into subunits (Matsuo et al., 2017). Because ubiquitination of
ribosomal protein is also essential in 18S NRD, we investigated
the roles of the components of the RQT complex in 18S NRD.
We determined the stability of 18S:A1492C rRNA in rqt mutant
cells (Figure 7B). 18S:A1492C rRNA was drastically stabilized
in slh1/rqt2A (t1,2 > 4 h) and slh1/rqt2-K316R mutant cells
(t1/2 > 4 h), indicating that ATPase activity of Slh1 is essential
for 18S NRD. 18S:A1492C rRNA was also significantly stabilized
in rgt4A mutant cells (t1,» = 1.73 h) and only moderately stabilized
in rqt3A mutant cells (t1,» = 0.72 h), suggesting that Slh1-Rqt4
also play a crucial role in 18S NRD. We then investigated the
role of Slh1 in dissociation of the stalled ribosome in 18S NRD.
18S:A1492C rRNA was mainly distributed in the 80S fractions
but not the 40S fractions in slh1/rqt2Axrn1A mutant cells 2 h after
inhibition of transcription (Figure 7C, bottom left). This pheno-
type was complemented by WT SLH1/RQT2 (Figure 7C, bottom
center) but not by slh1/rqt2-K316R (Figure 7C, bottom right).
These results indicate that the ATPase activity of Slh1 is required
for dissociation of the non-functional 80S ribosome into 40S and
60S subunits.

In RQC, the RQT complex is associated with the stalled
ribosome bound to the E3 ligase Hel2 which is crucial for RQC
(Matsuo et al., 2017). Therefore, we examined whether Slh1 is
also associated with the non-functional MS2-tagged 80S ribo-
somes that are affinity-purified with FLAG-tagged MS2 coat
protein (Figure 7D). Slh1 was co-purified with MS2-tagged 80S
ribosomes containing 18S:A1492C rRNA more efficiently than
with ribosomes containing 18S:WT rRNA (Figure 7D, lanes 7
and 8), indicating that Slh1 is recruited to the non-functional
80S ribosome with the mutation in the decoding center. Because
the results in this study demonstrate that ubiquitination of uS3 at
K212 is required for subunit dissociation, one possibility is that
Slh1 is involved in uS3 ubiquitination and, therefore, crucial for
18S NRD. To address this possibility, we investigated the role

of Slh1 in the ubiquitination of uS3. The level of ubiquitinated
uS3 of the non-functional 80S ribosomes was not affected in
slh1/rqt2A mutant cells (Figure 7E), indicating that Slh1 is not
required for the ubiquitination of uS3. Taken together, we pro-
pose that the ATPase activity of Slh1 is required for the dissoci-
ation of stalled 80S ribosomes into subunits after ubiquitination
of uS3 (Figure 7F).

DISCUSSION

Quality controls for aberrant mMRNAs prevent the production of
potentially harmful protein products by repressing translation
and promoting protein and mRNA degradation (Brandman and
Hegde, 2016; Lykke-Andersen and Bennett, 2014; Pechmann
et al., 2013; Schoenberg and Maquat, 2012; Shao and Hegde,
2016). Recent studies have demonstrated that the ubiquitination
of specific ribosomal proteins plays a crucial role in RQC (Jusz-
kiewicz and Hegde, 2017; Matsuo et al., 2017; Sundaramoorthy
etal., 2017). In yeast, the ubiquitination of uS10 at the K6 and/or
K8 residues is essential for RQC (Matsuo et al., 2017). Cells also
specifically recognize ribosomes that are functionally deficient
and target them for clearance. In this study, we demonstrated
the essential function of ribosome ubiquitination in 18S NRD,
the decay pathway of non-functional 18S rRNA. uS3 ubiquitina-
tion at K212 is critical for 18S NRD, indicating conserved roles of
ribosome ubiquitination in the two quality controls induced by
ribosome stalling. In RQC, an E3 ligase, Hel2, in concert with
an E2 enzyme, Ubc4, is solely responsible for the ubiquitination
of uS10in yeast (Ikeuchi et al., 2019; Matsuo et al., 2017). On the
other hand, in 18S NRD, Mag2-dependent monoubiquitination of
uS3 at K212 is required for 18S NRD (Figures 1 and 2). We
also identified the Hel2 and Rsp5 ligases, which are involved
in K63-linked polyubiquitination of monoubiquitinated uS3 at
K212 and revealed essential roles of Hel2 and Rsp5 in 18S
NRD (Figures 3 and 4). Although Rsp5 potentially polyubiquiti-
nates K223 of uS3 in a Mag2-independent manner (Figures
4D-4F), 18S NRD was not disturbed in uS3-K223R mutant cells
(Figure 4l). We conclude that Rsp5 facilitates degradation of
non-functional 18S:A1492C via formation of a K63-linked
polyubiquitin chain of monoubiquitinated uS3 at K212 in a
Mag2-dependent manner. Further, although the polyubiquiti-
nated form of uS3 was significantly diminished in rsp5-DAmP
mutant cells (Figure 4C), polyubiquitination was not completely
abolished. Because uS3 ubiquitination is a complicated multi-
step event, we could not exclude the possibility that an addi-
tional E3 ligase may be involved in polyubiquitination of uS3 for
degradation of the non-functional 18S rRNA, and further study

Figure 7. ATPase Activity of Slh1 Is Required for Subunit Dissociation in 18S NRD

(A) Schematic drawing of the domain structure of Slh1 (Rqt2). The conserved motif of the Ski2-like RNA helicase is indicated in red.

(B) Slh1 and Rqt4 are involved in 18S NRD. The stability of 18S:A1492C rRNAs in the indicated rqt mutants was determined as in Figure 1B.

(C) SIh1 is required for subunit dissociation of the non-functional 80S ribosome. The levels of 18S:A1492C rRNAs in sucrose gradient fractions in the indicated

cells were determined as described in Figure 5B.

(D) The efficient association of Slh1 with the non-functional 80S ribosome. The levels of Slh1-3HA co-purified with MS2-tagged 80S ribosomes were determined

by western blot analysis.

(E) Sih1 is dispensable for uS3 ubiquitination of non-functional 80S ribosomes. The levels of ubiquitinated uS3 of affinity-purified 80S ribosomes from the
indicated strains were determined by western blot analysis as described in Figure 1F.

(F) The proposed model for 18S NRD.
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would be necessary to investigate whether the two E4
enzymes, Hel2 and Rspb, are sufficient for polyubiquitination of
monoubiquitinated uS3 in 18S NRD. We also noticed that the
WT uS3 ribosome is substantially ubiquitinated (Figures S1A,
1H, and 1l). Several studies have reported that monoubiquitina-
tion of mammalian uS3 is required for cell viability under stress
conditions such as UV exposure and amino acid starvation
(Higgins et al., 2015; Jung et al., 2017). In yeast, uS3 has been
reported to be ubiquitinated in response to ribosome stalling
with cycloheximide treatment (Simms et al., 2017). Therefore,
we reasoned that substantial uS3 ubiquitination might be crucial
for a rapid stress response under various conditions. How Mag2,
the master regulator of uS3 monoubiquitination, as well as Hel2
and Rspb5 participate in this natural ubiquitination event remains
to be elucidated.

It has been proposed that subunit dissociation is a prerequisite
for decay of the non-functional 40S subunit in 18S NRD to avoid
uneconomic decay of the 60S subunit in the stalled ribosome
(Cole et al., 2009; LaRiviere et al., 2006; Limoncelli et al.,
2017). To monitor dissociation of the aberrant 80S ribosome
into subunits, we determined the distribution of 18S:A1492C
rRNA before degradation in xrn7A mutant cells. 18S:A1492C
rRNA was accumulated in 40S fractions after inhibition of tran-
scription in xrn1A mutant cells (Figure 5A), implying that aberrant
80S ribosomes are dissociated into subunits and that Xrn1
rapidly degrades the 18S:A1492C rRNA of the 40S subunit.
Ubiquitination of uS3 at K212 is required for subunit dissociation
in 18S NRD (Figure 5C), indicating that ribosome ubiquitination
plays an essential role in the early stage of this quality control
pathway. Moreover, we have proposed that the RQT complex
is responsible for subunit dissociation of the stalled ribosome
in RQC (Matsuo et al., 2017). In this study, our results demon-
strate that the ATPase activity of Slh1 is required for subunit
dissociation of the stalled 80S ribosomes after ubiquitination of
uS3 but dispensable for Mag2-dependent ubiquitination of uS3
(Figure 7). Based on these results, we propose that the ATPase
activity of Slh1 is commonly required for subunit dissociation
of stalled 80S ribosomes after ubiquitination of specific ribo-
somal proteins in quality control pathways. However, the ubiqui-
tin-binding activity of Rqt3, which is involved in RQC (Matsuo
etal., 2017), did not appear to be required for 18S NRD, suggest-
ing that a putative ubiquitin-binding protein may be involved in
18S NRD in concert with Sih1.

18S NRD also requires Dom34 and a 40S subunit-associated
protein, Asc1 (Cole et al., 2009; LaRiviere et al., 2006; Limoncelli
et al., 2017), which also participate in NGD, an mRNA quality
control system induced by stalled ribosomes (Chen et al,
2010; Doma and Parker, 2006; Ikeuchi and Inada, 2016; Kuroha
et al., 2010; Tsuboi et al., 2012). In this study, we demonstrate
that Asc1, but not Dom34, contributes to the ubiquitination of
uS3 (Figure 6B). We propose that Asc1 facilitates stalling of the
mutated 80S ribosome or recognition of the stalled ribosome
by the E3 ligase(s). Interestingly, in the asc7A mutant, two quality
controls, RQC and NGD, induced by the R(CGN)12 sequence,
were severely impaired (lkeuchi and Inada, 2016; Matsuda
et al., 2012). It has also been reported that RACK1, the human
homolog of Asc1, is involved in RQC via ribosome ubiquitination
(Juszkiewicz and Hegde, 2017; Sundaramoorthy et al., 2017).

Moreover, our results indicate that Asc1 is involved in efficient
monoubiquitination by Mag2 on uS3 and may contribute
to monoubiquitin-dependent polyubiquitination by Hel2 and
Rsp5. Notably, Asc1 directly interacts with uS3 via an antiparallel
B sheet structure and clamps the C-terminal tail of uS3 (Fig-
ure 1C), suggesting that Asc1 seems to be required for efficient
ubiquitination on the K212 residue located in the base of the
C-terminal tail of uS3. This suggests that Asc1 may play a role
in facilitating the recognition and ubiquitination of the stalled
ribosome, possibly via interactions with the ubiquitination tar-
get(s) in quality controls, including 18S NRD.

Biochemical analyses have demonstrated that yeast Dom34-
Hbs1 and its human homologs promote dissociation of the trans-
lation elongation complex into subunits, release of MRNA, and
drop-off of peptidyl tRNA (Becker et al., 2012; Pisareva et al.,
2011; Shao et al., 2013; Shoemaker et al., 2010; Shoemaker
and Green, 2011). Dom34-Hbs1 promotes the degradation of
nonstop mMRNAs from their 3’ ends by exosomes, and the 47'"
Phe in the domain N is crucial for dissociation of the stalled ribo-
some (Tsuboi et al., 2012). Cryo-EM analysis of the structure of
Dom34 and Hbs1 bound to a yeast ribosome programmed with
nonstop mMRNA has demonstrated that the domain N of Dom34
is inserted into the upstream mMRNA-binding groove via direct in-
teractions with conserved nucleotides of 18S rRNA (Hilal et al.,
2016), indicating that it senses the absence of mRNA at the
A-site and part of the mRNA entry channel by direct competition.
Our results show that Dom34 is required for rapid degradation of
18S:A1492C rRNA (Figure 6A) and subunit dissociation of the
non-functional ribosome (Figure 6D) but not necessary for ubiqui-
tination of uS3 (Figures 6B and 6C). We propose that Dom34 is
required for 18S NRD in step(s) after or independent of uS3 ubig-
uitination. The mutations in the F47 residue of Dom34 eliminated
NSD (Tsuboi et al., 2012) but not 18S NRD (Figure 6E), whereas
the B-loop region was required for 18S NRD (Figure 6E). It has
been reported that the B-loop region profoundly penetrates into
the mRNA channel and mimics mRNA from the second nucleotide
of the A-site codon to position +9 (Hilal et al., 2016). We propose
that the B-loop acts as a mechanical sensor that competes with
mRNA more efficiently in aberrant stalling ribosomes than in intact
ribosomes, triggering 18S NRD. Knowing that, in NSD, Dom34
recruits Rli1 to dissociate the 80S ribosome into subunits, further
experiments are required to investigate whether Dom34 binds to
the A-site of the stalled non-functional 80S ribosomes and recruits
RIi1 to dissociate them into subunits in 18S NRD. It also remains
unclear how both Dom34 and Slh1 are involved in subunit disso-
ciation. With the similarity of Slh1 to the spliceosomal RNA
helicase Brr2 (Plaschka et al., 2017; Absmeier et al., 2016), it is
possible that Slh1 modulates the structure of the stalled ribosome
to be a substrate for Rli1-dependent subunit dissociation.

A question that remains is how the aberrant 18S rRNA is
eventually degraded after subunit dissociation. In 25S NRD, a
ribosome with a mutation in the peptidyl transferase center is
ubiquitinated by Mms1-Rtt101, an E3 ligase complex. The
Cdc48-Ufd1-Npl4 complex recognizes the ubiquitinated ribo-
some, dissociates it into the normal 40S and the aberrant 60S us-
ing the ATPase activity of the Cdc48 complex, and recruits the
aberrant 60S to the proteasome. The proteasome removes the
ribosomal proteins and the ribosome-associated proteins from
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the aberrant 60S, allowing the specific RNase to access the
mutated 25S rRNA. However, the degradation of mutant 18S
rRNA in 18S NRD appears to be independent of the proteasome
(Fuijii et al., 2012). This could mean that the RNases, Xrn1, and
the exosome could access the non-functional 18S rRNA without
degradation of the protein components around it or that the ribo-
somal proteins in the dissociated 40S subunit could be degraded
in a proteasome-independent manner; for example, via the vac-
uole degradation pathway. An intermediate of the mutant 18S
rRNA was observed in the absence of Xrn1 (Cole et al., 2009),
implying that the eventual degradation of 18S:A1492C might
be a multi-step event where disassembly of the 40S subunit
might be the rate-limiting step. Further study will reveal the fate
of the protein components of the 40S subunit and whether
they are degraded or dissembled for recycling.

Based on the results of this study, we propose a model for 18S
NRD in comparison with RQC (Figure 7F). In RQC, Hel2 recog-
nizes the rotated ribosomes, leading to ubiquitination of uS10
(Matsuo et al., 2017). Subsequently, the RQT complex targets
the ubiquitinated ribosomes and dissociates them into subunits
depending on the ATPase activity of Slh1 and the ubiquitin-bind-
ing activity of Rgt3. In 18S NRD, the E3 ligase(s) Mag2, Hel2, and
Rsp5 may recognize the ribosome that is stalled by decoding fail-
ure and ubiquitinate uS3 at K212 in concert with the E2 enzyme
Ubc4. The SIh1-Rqgt4 complex facilitates subunit dissociation of
the uS3-ubiquitinated ribosomes in an ATPase activity-depen-
dent manner. Subsequently, the non-functional 40S subunit is
subjected to Xrn1-dependent degradation. It remains to be deter-
mined whether the two quality controls are coupled, including
whether Ltn1-dependent ubiquitination of peptidyl tRNA occurs
on the dissociated 60S subunit in 18S NRD. Our study demon-
strates conserved roles of ribosome ubiquitination and the
ATPase activity of Slh1 in two quality controls induced by ribo-
some stalling. Ribosomes are stalled during translation elonga-
tion because of the translation of specific codon pairs or delete-
rious mutation in the rRNAs. The E3 ubiquitin ligase recognizes
the ribosome that stalled in a specific state and ubiquitinates
specific residues of ribosomal proteins. Slh1 and its associated
factors dissociate the ubiquitinated ribosome into subunits de-
pending on the ATPase activity of Slh1. Given that the unfolded
protein response triggers site-specific ubiquitination of 40S ribo-
somal proteins (Higgins et al., 2015), further experiments will un-
cover the roles of ribosome ubiquitination in the determination of
the fates of translating ribosomes and translational control in
response to stresses and environmental changes.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-HA-Peroxidase Roche Cat# 12013819001, RRID:AB_390917

Anti-RpL23 (uL14) antibody

Anti-FLAG M2 antibody

Anti-Ubiquitin (P4D1) HRP

Anti-K48 Ubiquitin antibody

Anti-K63 Ubiquitin antibody

ECL Anti-mouse IgG, horseradish Peroxidase
ECL Anti-rabbit IgG, horseradish Peroxidase
Anti-eEF2

Abcam Bacterial and Virus Strains
Sigma

Santa Cruz Biotechnology

EMD Millipore

Cell Signaling Technology

GE Healthcare

GE Healthcare

Cat# ab112587, RRID:AB_10866400
Cat# F1804-1MG; RRID:AB_262044
Cat# sc-8017; RRID:AB_628423
Cat# 05-1308; RRID:AB_10859893
Cat# 8081; RRID:AB_1587580

Cat# NA931V; RRID:AB_772210
Cat# NA934V; RRID:AB_772206
N/A

Bacterial and Virus Strains

E. coli. Rosetta-gami 2(DE3) Novagen Cat# 71351
Chemicals, Peptides, and Recombinant Proteins

G-418 Sulfate Wako Cat# 074-05963
Hygromycin B Wako Cat# 085-06153
LEXSY-NTC, Nourseothricin JenaBioScience Cat# AB-101S
cOmpIeteTM, Mini, EDTA-free Protease Inhibitor Cocktail Roche Cat# 11836170001
Anti DYKDDDDK tag, Antibody Beads Wako Cat# 016-22784
DYKDDDDK peptide GenScript N/A

Glutathione Sepharose™ 4B GE Healthcare Cat# 17-1756-05
PreScission Protease GE Healthcare Cat# 27084301

Ni-NTA agarose
RNase-It

Creatine kinase
Creatine phosphate
His-ubiquitin
His-ubiquitin (K6R)
His-ubiquitin (K11R
His-ubiquitin (K27R
His-ubiquitin (K29R
His-ubiquitin (K33R
His-ubiquitin (K48R
His-ubiquitin (K63R
His-ubiquitin (KO)
His-ubiquitin (K63(1))
Human UBE1

Ubc4

Mag2

Hel2-FLAG

Rsp5

Mag2-FLAG

Mag2 ARING-FLAG

Mag2 C195 and 198S-FLAG

)
)
)
)
)
)

QIAGEN
Agilent
Roche
Wako
UBPBio
UBPBIo
UBPBio
UBPBio
UBPBIo
UBPBIio
UBPBIo
UBPBio
UBPBio
UBPBIo
UBPBIio
This study
This study
This study
This study
This study
This study
This study

Cat# 1018240
Cat# 400720-81
Cat# 10127566001
Cat# 030-04584
Cat# E1300
Cat# E1720
Cat# E1730
Cat# E1740
Cat# E1750
Cat# E1760
Cat# E1770
Cat# E1780
Cat# E1710
Cat# E1880
Cat# B1100
N/A

See Figure S2
See Figure S2
See Figure S2
N/A

N/A

N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Critical Commercial Assays

DIG Easy Hyb Granules Roche Cat# 11796895001
Blocking Reagent Roche Cat# 11096176001
Anti-Digoxigenin-AP, Fab fragments Roche Cat# 11093274910
PCR DIG Probe Synthesis Kit Roche Cat# 11636090910
CDP-Star Roche Cat# 11759051001
Experimental Models: Organisms/Strains

S. cerevisiae: W303-1a (parental strain) Lab stock See Table S1

S. cerevisiae: BY4741 (Yeast KnockOut strain)

S. cerevisiae: other strains Lab stock and This study See Table S1
Oligonucleotides

PCR forward primer for insertion of MS2 bs: 5'-CACTA This study N/A
TCGACTACGCGATCATGGCG-3'

PCR reverse primer for insertion of MS2 bs: 5'-TGATTT This study N/A
CTCGTAAGGTGCCGAGTGG-3'

Forward oligonucleotide for MS2 bs: 5'-CATCAAAGA This study N/A

GTCCGACTCGAACTTGGGTGATCCTCAAGTTTTCTT
GAGTCGACCTGCAGACAAGGGTGATCCTCTTGTTA
TCAGACATTGATTTTTTATCTAATAAATAC-3'

Reverse oligonucleotide for MS2 bs: 5'-AAAAAATCAAT This study N/A
GTCTGATAACAAGAGGATCACCCTTGTCTGCAGGTC

GACTCAAGAAAACTTGAGGATCACCCAAGTTCGAGT

CGGACTCTTTGATGATTCATAATAAC-3’

5’ DIG-labeled 78S rDNA-tag probe: 5'-CGAGGATTCA This study N/A
GGCTTTGG-3'
5’ DIG-labeled LNA 78S rDNA-tag probe (LNA in This study N/A

lower cases): 5'-AGCGAGGATTcAGGCTTTGGtC-3'

Recombinant DNA

Yeast expression plasmids Lab stock and This study See Table S2
E. coli. expression plasmids for recombinant protein Lab stock and This study See Table S2

Software and Algorithms

Multi Gauge version 3.0 Fuijifilm Fuijifilm

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Prof.
Toshifumi Inada (tinada@m.tohoku.ac.jp).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Saccharomyces cerevisiae strains used in this study were W303-1a (ATCC stock number, 208352; genotype: MATa ade2-1 ura3-1
his3-11 trp1-1 leu2-3 leu2-112 can1-100) and BY4741 (ATCC stock number, 201388; genotype: MATa his3deltal leu2delta0
met15delta0 ura3delta0). The genotypes of the strains and their mutant derivatives are listed in Table S1. Cells were grown in YP
or synthetic complete (SC) medium at 30°C. The respective media contained either 2% glucose or 2% galactose.

METHOD DETAILS

Yeast Strains

Yeast strains W303-1a and its derivatives used in this study are listed in Table S1. Yeast knock out library strains (BY4741) (Open
Biosystems) used in E3 ligase screening are indicated in Figure S2. Gene disruption strains and C-terminally 3xHA tagged strains
were constructed by established homologous recombination strategies using PCR-amplified selection marker genes with cassette
sequences (kanMX4, hphMX4, natMX4, natNT2 or HIS3MX6)(Janke et al., 2004; Longtine et al., 1998). Used antibiotics for selection
are G-418 Sulfate (# 074-05963, Wako), Hygromycin B (# 085-06153, Wako) and LEXSY-NTC, Nourseothricin (# AB-101S,
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JenaBioScience). For analysis of essential ribosomal protein gene uS3, uS3 mutant strains were constructed by plasmid shuffle. uS3
gene in parent strain harboring a uS3-expressing plasmid with URA3 selection marker gene, was disrupted by the PCR-based
method using kanMX4 cassette. Plasmids encoding uS3 or uS3 K212R mutant with TRP1 selection marker gene were transformed
into the uS3A::kanMX4; URA3+ strain. uS3A::kanMX4; uS3/TRP1+ and uS3A::kanMX4; uS3 K212R/ TRP1+ strains that had lost the
URAS3+ plasmid were selected on synthetic complete (SC) plates containing 0.5 mg/mL of 5-fluoroorotic acid (5-FOA) (#F9001-8,
Zymo Research).

Plasmids

Plasmids used in this study are listed in Table S2. DNA cloning was performed with PCR amplification by using gene specific primers
and PrimeSTAR HS DNA polymerase (# BIO-21040/DM5, Takara-bio), and by using T4 DNA ligase (# M0202L, NEB). Plasmid
encoding uS3 point mutant and plasmids encoding 18S rRNA with MS2 binding site were constructed by site-directed mutagenesis
by PCR using primer sets harboring the point mutation or the MS2 binding site sequence, respectively. All cloned DNAs amplified by
PCR were verified by sequencing.

Yeast Culture and Media

All yeast cells were grown in YPD or synthetic complete (SC) medium with 2% glucose at 30°C, and harvested at log phase (OD600 of
0.5 ~0.8) by centrifugation and discarding medium, unless otherwise noted. For expression of plasmid-derived 18S rRNA in poly-
some analysis, half-life determination and MS2-TRAP, cells were grown in SC medium containing 2% galactose to introduce tran-
scription from the GAL7 promoter. For polysome analysis (Figure 5H), yeast cells harboring pGAL7p-rDNA 18S-tag WT4 or A1492C
were cultured in SC medium containing 2% galactose exponentially at 30°C until OD600 reaches 0.3, and 200 mL of the cell culture
was harvested as 0 h sample. Another 200 mL of the culture was re-suspended in 200 mL pre-warmed SC medium containing 2%
glucose to inhibit transcription from GAL7 promoter, and continuously cultured at 30°C for 2 h. Cells were then harvested as 2 h
sample. For half-life determination, cells harboring pGAL7p-rDNA 18S-tag WT4 or A1492C were grown in SC medium containing
2% galactose until OD600 reaches 0.3. 10 mL of the culture was re-suspended in 15 mL of pre-warmed SC medium containing
2% glucose for inhibition of transcription from GAL7 promoter. Cells were continuously cultured at 30°C, and 1.5 mL of the yeast
cell culture was harvested at time points (0, 1, 2, 4 h) after transcription inhibition. For MS2-TRAP, cells harboring pGAL7p-rDNA
18S-MS2 bs WT or A1492C were cultured at 30°C in SC medium containing 2% galactose, and 300 mL of the culture was harvested
at log phase (OD600 of 0.5 ~0.8) by centrifugation and discarding medium. All cell pellets were frozen in liquid nitrogen immediately
after harvest and stored at —80°C until used.

RNA Isolation for determination of rRNA stability

Total RNA samples were used for Northern blotting shown in Figures 1B, 2A, 2D, 4A, 4l, 5A, 6A, 6E, 7B, S1D, and S2A. Yeast cells
expressing 18S-tag rRNA were harvested at time points (0, 1, 2, 4 h) after transcription shut-off. Total RNA solutions were prepared by
acidic phenol RNA extraction method as follow. The cell pellet was re-suspended with 200 pL of RNA buffer (Tris-HCI pH 7.5, 300 mM
NaCl, 10 mM EDTA, 1% SDS with DEPC-treated MilliQ water, room temperature) on ice, followed by immediate addition of 200 uL of
water-saturated phenol and a 10 s vortex. The mixture was incubated at 65°C for 5 min, mixed by vortex for 10 s and chilled on ice for
5 min. After centrifugation at 16,000 x g for 5 min, room temperature, 200 pL of the water layer was transferred to a new 1.5 mL RNase
free tube. 200 pL of water-saturated phenol/chloroform/isoamylalcohol (25:24:1) was then added, followed by a 10 s vortex and a
centrifugation at 16,000 x g for 5 min, room temperature. 180 pL of the water layer was pipetted into a new 1.5 mL RNase free
tube and subjected to ethanol precipitation. The RNA pellet was finally dissolved with 30 pL of DEPC-treated water to gain total
RNA solution.

RNA Electrophoresis and Northern Blotting for determination of rRNA stability

6 uL of total RNA solution was mixed with 24 uL of glyoxal mix (600 pL of DMSO, 200 uL of deionized 40% glyoxal, 120 pL of 10x
MOPS buffer (200 mM MOPS, 50 mM NaOAc, 10 mM EDTA, pH 7.0), 62.5 uL of 80% glycerol and 17.5 uL of DEPC-treated water
in 1 mL) and 3 puL of RNA loading buffer (50% glycerol, 10 mM EDTA pH 8.0, 0.05% bromophenol blue, 0.05% xylene cyanol). The
mixture was incubated at 74°C for 10 min and left to stand on ice for 10 min to obtain RNA samples. 25 uL of each sample was electro-
phoresed at 200 V for 40 min on a 1.2% agarose gel in 1 x MOPS buffer (20 mM MOPS, 5 mM NaOAc, 1 mM EDTA, pH 7.0), followed
by transfer of RNA to Hybond-N* membrane (GE healthcare) with 20 x SSC (3 M NaCl, 300 mM Trisodium citrate dihydrate) for 20 h
using capillary system. RNA was cross-linked on the membrane by CL-1000 ultraviolet crosslinker (UVP) at 120 mJ/cm?. The mem-
brane was incubated with DIG Easy Hyb Granules (# 11796895001, Roche) for 1 hin a hybridization oven at 50°C. 5’ end DIG-labeled
18S rDNA oligonucleotide (5'-CGAGGATTCAGGCTTTGG-3', in Figures 1B, 2A, 6A, and 6E) or DIG-labeled LNA 18S rDNA oligonu-
cleotide (5-AGCcGAGGATTcAGGCTTTGGtC-3/, in Figures 2D, 4A, 41, 5A, 7B, S1D, and S2A) for the Tag sequence (5'-AAAGCCT
GAATCCTCG-3') was added and incubated for over 18 h. The membrane was washed with wash buffer | (2x SSC, 0.1% SDS) for
15 min, 2 times, in a hybridization oven at 50°C, followed by an additional wash with wash buffer Il (0.1x SSC, 0.1% SDS) for
15 min at 50°C. The membrane was then washed with 1x maleic acid buffer (100 mM maleic acid, 150 mM NaCl, pH 7.0, adjusted
by NaOH) for 10 min at room temperature and incubated with Blocking Reagent (# 11096176001, Roche) for 30 min. Anti-Digoxige-
nin-AP, Fab fragments (# 11093274910, Roche) was added to Blocking Reagent and membrane was further incubated for 1 h. After
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that, the membrane was washed with wash buffer Il (1x maleic acid buffer, 0.3% tween 20) for 10 min, 3 times, and equilibrated
by equilibration buffer (100 mM Tris-HCI, 100 mM NaCl, pH 9.5). To detect 18S-tag rRNA, the membrane was reacted with CDP-
star (# 11759051001, Roche) for 10 min, and chemiluminescence was detected by ImageQuant LAS 4000 (GE healthcare). Relative
RNA levels were determined using Multi Gauge v3.0 (Fujifilm, Japan) by comparison to a standard curve using a series of dilutions of
samples from time point 0 h (just after transcription shut off).

Total Protein Sample Preparation for SDS-PAGE and Western Blotting

Trichloroacetic acid (TCA) precipitation

10 mL of exponentially grown yeast culture was harvested at OD600 of 0.5~0.8. Cell pellet was allowed to stand on ice, re-suspended
with 500 pL of ice-cold TCA buffer (20 mM Tris-HCI pH 8.0, 50 mM NH,OAc, 2 mM EDTA, 1 mM PMSF) and added 500 pL of 0.5 mm
dia. ZIRCONIA/SILICA beads (BioSpec) as well as 500 pL of ice-cold 20% TCA. After thorough vortex for 30 s each, 3 times at 4°C,
supernatant was collected into a new 1.5 mL tube, and beads were further washed with 500 pL of ice-cold TCA buffer followed by
collection of supernatant to the 1.5 mL tube. After centrifugation at 18,000 x g, 4°C for 10 min, supernatant was removed completely
and pellet was dissolved with SDS sample buffer (120 mM Tris, 3.5% SDS, 14% glycerol, 8 mM EDTA, 120 mM DTT and 0.01% BPB;
added 150 pL/10 mL culture at OD600 of 0.6). For SDS-PAGE followed by western blotting except for detection of ubiquitylated
proteins, total protein samples were incubated at 100°C for 10 min followed by centrifugation at 16,000 x g for 10 min, room temper-
ature. For ubiquitylated proteins, total protein samples were incubated at 77°C for 10 min before centrifugation.

Electrophoresis and Western Blotting

Protein samples were separated by SDS-PAGE, and were analyzed by CBB staining or were transferred onto PVDF membrane
(Immobilon-P, Millipore). After blocking with 5% skim milk in PBST (10 mM Na,HPO,4/NaH,PO,4 pH 7.5, 0.9% NaCl, 0.1% Tween-20),
membrane was incubated with primary antibodies for 1 h at room temperature followed by wash with PBST for 3 times and further
incubation with ECL Anti-mouse or Anti-rabbit IgG, horseradish Peroxidase (HRP)-conjugated secondary antibodies purchased
from GE healthcare (# NA931V, # NA934V) for 1 h at room temperature. In the case of HA-tagged protein detection, membrane
was incubated with HRP-conjugated antibodies. After washing with PBST for 3 times, chemiluminescence was detected
by LAS4000 (GE Healthcare). Primary antibodies for western blotting are shown below. Anti-HA-Peroxidase was purchased
from Roche (# 12013819001, RRID: AB 390917). Anti-uL14 (RpL23) was purchased from Abcam Bacterial and Virus Strains
(# ab112587, RRID: AB 10866400). Anti- Ubiquitin antibody was purchased from Santa Cruz Biotechnology (# sc-8017).
Anti-K48 Ubiquitin antibody was purchased from EMD Millipore (# 05-1308). Anti-K63 Ubiquitin antibody was purchased from
Cell Signaling Technology (# 8081).

MS2-tagged RNA affinity purification (MS2-TRAP)

Preparation of FLAG-MS2 lysate

Yeast cells expressing pTEFp-FLAG-MS2 were cultured in 1 L of SC medium containing 2% glucose at 30°C until OD600 reaches
0.7. Cells were harvested by centrifugation and discarding medium. After grinding the cell pellets in liquid nitrogen with a mortar and a
pestle, 3 mL of ice-cold LB300 (50 mM Tris-HCI pH 7.5, 300 mM KCI, 12 mM Mg(OAc),, 0.01% NP-40, 1 mM DTT, 1 mM PMSF,
cOmplete Mini EDTA-free Protease Inhibitor Cocktail (#11836170001, Roche)(1 tablet/10 mL)) was added to the cell powder. The
suspension was centrifuged at 10,000 x g, 4°C for 10 min in 50 mL tubes followed by thorough centrifugation of supernatant at
15,000 x g, 4°C for 15 min in 1.5 mL tubes. The supernatant was collected into new 1.5 mL tubes, centrifuged at 15,000 x g, 4°C
for 15 min to obtain clear supernatant as FLAG-MS2 lysate. For each sample, FLAG-MS2 lysate (equivalent to 100 A260 units)
was incubated at 4°C with 50 puL of pre-equilibrated anti-DYKDDDDK tag antibody beads (# 016-22784, Wako) for 1 h (FLAG-
binding). After binding, beads were washed with LB300 for 3 times, LB200 for 1 time, LB150 for 1 time and LB100 for 1 time before
used for the following MS2-rRNA binding step.

Purification of ribosomes expressing 18S-MS2 bs rRNA

During FLAG-binding, pellets of cells expressing pGAL7p-rDNA 185-MS2 bs WT or A1492C (equivalent to 300 mL of yeast cell
culture) were ground in liquid nitrogen and lysed in 1 mL of ice-cold LB100 (50 mM Tris-HCI pH 7.5, 100 mM KCI, 12 mM Mg(OAc),,
0.01% NP-40, 1 mM DTT, 1 mM PMSF, cOmplete Mini EDTA-free Protease Inhibitor Cocktail (#11836170001, Roche)(1 tablet/
10 mL)). The rRNA-expressing cell lysates were prepared as described in preparation of FLAG-MS2 lysate. The rRNA-expressing
lysate (equivalent to 75 A260 units) was added to beads after FLAG-binding and washes and incubated for 1.5 h at 4°C for MS2-rRNA
binding. At the same time, 5 uL of each rRNA-expressing cell lysate was pipetted to a new tube and 45 uL of 1 x Laemmli Sample
Buffer 2% SDS, 10% glycerol, 50 mM Tris-HCI pH 6.8, 25 mM DTT, 0.1% Bromophenol Blue) was added to prepare input protein
samples. After MS2-rRNA binding, beads were washed with LB100 7 times. FLAG-MS2-rRNA was then eluted from beads by 400 pL
of LB100 containing 250 ug/mL FLAG peptide (GenScript) at 4°C for 1 h. Beads were removed using a Mobicol with a filter (MoBiTec),
and the Individual elution fractions were concentrated to 25-35 pL using 100K MWCO centrifugal filter units (Millipore). 4 x Laemmli
Sample Buffer (200 mM Tris-HCI pH 6.8, 8% SDS, 40% glycerol, 100 mM DTT, 0.04% BPB) was then added based on the volumes of
the concentrated elution fractions to prepare elution protein samples. Protein samples for observation of ubiquitination were heated
at 77°C, otherwise at 95°C for 10 min, centrifuged at 16,000 x g for 10 min, room temperature, and subjected to 10% SDS-PAGE
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followed by CBB staining or western blotting. PCR primers for site directed mutagenesis for insertion of MS2 bs are 5'-CATCAAA
GAGTCCGACTCGAACTTGGGTGATCCTCAAGTTTTCTTGAGTCGACCTGCAGACAAGGGTGATCCTCTTGTTATCAGACATTGATTT
TTTATCTAATAAATAC-3' and 5-AAAAAATCAATGTCTGATAACAAGAGGATCACCCTTGTCTGCAGGTCGACTCAA
GAAAACTTGAGGATCACCCAAGTTCGAGTCGGACTCTTTGATGATTCATAATAAC-3’
Sucrose density gradient centrifugation (SDG)
Frozen cell pellets (equivalent to 200 mL of yeast cell culture) were ground in liquid nitrogen using a mortar and a pestle. Cell powder
was suspended in SDG lysis buffer 20 mM HEPES-KOH pH 7.4, 100 mM KOAc, 2 mM Mg(OAc),, 0.1 mg/mL Cycloheximide, 1 mM
DTT, 1 mM PMSF, cOmplete Mini EDTA-free Protease Inhibitor Cocktail (#11836170001, Roche) (1 tablet/10 mL)). The suspension
was centrifuged for 10 min at 5,600 x g, 4°C. The supernatant was pipetted into a new tube and centrifuged for 15 min at 20,080 x g,
4°C.The supernatant was again pipetted into a new tube and centrifuged at 20,080 x g, 4°C for 15 min. The clean supernatant was
collected as cell lysate. The total quantity of individual cell lysates was layered onto sucrose gradients (10%-50% sucrose in 10 mM
Tris-acetate pH 7.4, 70 mM NH4OAc, and 4 mM Mg(OAc),) prepared in 25 x 89 mm poly-allomer tubes (Beckman Coulter) with a
Gradient Master (Biocomp Instruments). After centrifugation at 131,000 x g in a SW28 rotor (Beckman Coulter) for 170 min at 4°C,
the gradients were fractionated by fractionator (TOWA lab, Tsukuba), and the polysome profiles were generated by continuous
absorbance measurement at 254 nm using a single path UV-1 optical unit (ATTO Biomini UV-monitor) connected to a chart recorder
(ATTO digital mini-recorder). 226 pL of each fraction was collected and processed for RNA isolation.
RNA isolation followed by SDG
500 mL of 8 M Guanidine-HCI was immediately added to each sucrose fraction on ice. After vortexing for 10 s, 750 uL of 100% EtOH
was added and the mixed well by vortexing for another 10 s. The mixtures were then left to stand at —30°C for at least 1 h. Following a
centrifugation for 15 min at 20,080 x g, 4°C, the supernatants were discarded and 300 pL of 75% EtOH was added to each tube. After
centrifuging at 20,080 x g, 4°C for 15 min and removal of supernatants, pellets were suspended in 200 pL of RNA buffer (0.3 M NaCl,
20 mM Tris-HCI pH 7.5, 10 mM EDTA pH 8.0, 1% SDS). 20 uL of 3 M NaOAc and 600 uL of 100% EtOH were subsequently added.
After vortexing for 10 s, the mixtures were allowed to stand still at —30°C for 1 h, and then centrifuged at 20,080 x g, 4°C for 15 min.
The supernatants were discarded and 300 pL of 75% EtOH were added to each tube, followed by a centrifugation at 20,080 x g, 4°C
for 15 min. The supernatants were well removed and pellets were dried using a centrifugal vacuum concentrator. 30 uL of DEPC-
treated water was added to each tube to dissolve the pellets and obtain RNA solutions. 27 uL of RNA sample buffer (60% DMSO,
20% glyoxal, 5 mM NaOAc, 1 mM EDTA, 20 mM MOPS, 5% glycerol, 0.1 mg/mL Bormophenol Blue, 0.1 mg/mL xylene cyanol)
was added to 6 pL of each RNA solution to obtain RNA samples. The RNA samples were subjected to Northern blotting which
was performed the same as that for rRNA stability determination.
Ribosome Immuno-Precipitation
C-terminally 3xHA tagged strains were used for purification. Ribosome was purified from 50ml of yeast cell culture in SC
containing 2% glucose by one-step affinity purification method using uL23-FLAG expressing plasmid, as described previously
(Inada et al., 2002). Ground yeast pellet was re-suspended in ice-cold LB150 (50 mM Tris-HCI pH 7.5, 150 mM KCI, 10 mM
Mg(OAc),, 0.05% NP-40, 1 mM DTT, 1 mM PMSF) containing cOmplete Mini EDTA-free Protease Inhibitor Cocktall
(#11836170001, Roche)(1 tablet/10 mL), centrifuged at 10,000 x g, 4°C for 10 min followed by thorough centrifugation of supernatant
at 20,000 x g, 4°C for 30 min to obtain clear lysate. To purify ribosome with FLAG-tagged ribo-protein, the lysate was incubated at 4°C
with 30 uL of pre-equilibrated anti-DYKDDDDK tag antibody beads (# 016-22784, Wako) for 1 h. After wash steps by batch with
LB150 for 7 times, ribosomes were eluted from beads by incubation with 400 uL of LB150 containing 250 ug/mL FLAG peptide
(GenScript) at 4°C for 1 h. Eluted ribosomes were concentrated by TCA precipitation method and dissolved with SDS sample buffer.
The ubiquitylated ribosomal proteins were detected by PAGE followed by western blotting.
Serial-Affinity Purification by uL23-FLAG containing ribosome and 6HIS-tagged ubiquitin
The ubiquitylated ribosomal proteins were purified by two-step affinity purification method using uL23-FLAG and 6HIS-tagged ubig-
uitin expressing plasmid. 1L of yeast cells harboring pCUP1p-6HIS-Ubiquitin and pulL23-FLAG were cultured in SC containing 2%
glucose. To induce the expression of 6HIS-Ubiquitin, the cells were cultured in the presence of 0.1 mM Cu?* for 2 h. Ground yeast
pellet was re-suspended in ice-cold LB150 (50 mM Tris-HCI pH 7.5, 150 mM KCI, 10 mM Mg(OAc),, 0.05% NP-40, 2 mM 2-mercap-
toethanol, 1 mM PMSF) containing cOmplete Mini EDTA-free Protease Inhibitor Cocktail (#11836170001, Roche)(1 tablet/10 mL),
centrifuged at 10,000 x g, 4°C for 10 min followed by thorough centrifugation of supernatant at 40,000 x g, 4°C for 30 min to obtain
clear lysate. To purify the FLAG-tagged ribosomes, the lysate was incubated at 4°C with 200 uL of pre-equilibrated anti-DYKDDDDK
tag antibody beads (# 016-22784, Wako) for 1 h. After wash steps by batch with LB150 for 7 times, ribosomes were eluted from beads
by incubation with 600 uL of LB150 containing 250 pg/mL FLAG peptide (GenScript) at 4°C for 1 h. The eluted ribosomes were then
treated with RNase-It (mixture of 5U/ul of RNase T1 and 2ug/ul of RNase A)(#400720-81, Agilent) and incubated at denaturation
condition (50mM Tris-HCI (pH7.5), 300mM NaCl, 10mM Imidazole. 6M Guanidine-HCI, 2 mM 2-mercaptoethanol, 0.01% NP-40).
To purify ribo-protein-bound ubiquitin, the denatured ribosomes were incubated at 4°C with 50 uL of pre-equilibrated Ni-NTA
agarose (# 1018240, QIAGEN) for 12 h. After wash steps by batch with WB1 (50mM Tris-HCI (pH7.5), 300mM NaCl, 10mM Imidazole.
6M Guanidine-HCI, 5mM 2-mercaptoethanol, 0.05% NP-40) for 2 times and WB2 (50mM Tris-HCI (pH7.5), 150mM NaCl, 10mM
MgCI2, 10mM Imidazole. 2mM 2-mercaptoethanol, 0.01% NP-40) for 2 times, ribo-protein-bound ubiquitin was eluted from beads
by incubation with 300 pL of EB150 containing 300mM Imidazole (50mM Tris-HCI (pH7.5), 150mM NaCl, 10mM MgCI2, 300mM
Imidazole. 2mM 2-mercaptoethanol, 0.01% NP-40) at 4°C for 1 h. Eluted ubiquitylated ribo-proteins were concentrated by TCA

e5 Cell Reports 26, 3400-3415.e1-e7, March 19, 2019



precipitation method and dissolved with SDS sample buffer. The ubiquitylated ribosomal proteins were detected by PAGE followed
by western blotting.

Protein Purification

Ribosome for In Vitro Ubiquitylation Assay

Ribosome was purified from 1 L of yeast cell culture of SC 2% glucose by one-step affinity purification method using uL23-FLAG
expressing plasmid, as described previously (Inada et al., 2002). To detect ubiquitylated ribosomal proteins by PAGE followed by
western blotting after in vitro ubiquitylation reaction, C-terminally 3xHA tagged strains were used for purification. It is notable that,
to be free of ubiquitylated ribosomal proteins in purified ribosome, ribosome was purified from indicated mutant background. Ground
yeast pellet was re-suspended in ice-cold LB100 (50 mM Tris-HCI pH 7.5, 100 mM NaCl, 10 mM MgCl,, 0.01% NP-40, 1 mM DTT,
1 mM PMSF) containing cOmplete Mini EDTA-free Protease Inhibitor Cocktail (#11836170001, Roche)(1 tablet/10 mL), centrifuged at
10,000 x g, 4°C for 10 min followed by thorough centrifugation of supernatant at 40,000 x g, 4°C for 30 min to obtain clear lysate. To
purify ribosome with FLAG-tagged ribo-protein, lysate was incubated at 4°C with 100 pL of pre-equilibrated anti-DYKDDDDK tag
antibody beads (# 016-22784, Wako) for 1 h. After wash steps by batch with LB100 for 7 times and LB100 w/o detergent for 3 times,
ribosomes were eluted from beads by 150 pL of Elution Buffer (50 mM Tris-HCI pH 7.5, 300 mM NaCl, 10 mM MgCl,, 0.01% NP-40,
1 mM DTT, 1 mM PMSF, 250 ng/mL FLAG peptide (GenScript)) at 4°C for 1 h. Eluted ribosomes were confirmed by PAGE and CBB
stain, and were used for in vitro ubiquitylation assay.

Hel2-FLAG

Hel2-FLAG was purified from 1 L of SC 2% glucose culture of yeast cell harboring pGPDp-HEL2-FLAG-CYC1t. Ground yeast pellet
was re-suspended in ice-cold LB500 (50 mM Tris-HCI pH 7.5, 500 mM NaCl, 10 mM MgCl,, 0.01% NP-40, 1 mM DTT, 1 mM PMSF)
containing cOmplete Mini EDTA-free Protease Inhibitor Cocktail (#11836170001, Roche)(1 tablet/10 mL), centrifuged at 10,000 x g,
4°C for 10 min followed by thorough centrifuge of supernatant at 40,000 x g, 4°C for 30 min to obtain clear lysate. To purify Hel2-
FLAG, lysate was incubated at 4°C with 100 uL of pre-equilibrated anti-DYKDDDDK tag antibody beads (# 016-22784, Wako) for
1 h. After wash steps by batch with LB500 for 5 times, LB400 for 1 time, LB300 for 1 time, LB200 for 1 time and LB100 w/o detergent
for 3 times, Hel2-FLAG was eluted from beads by 150 uL of Elution Buffer at 4°C for 1 h.

Recombinant proteins of Ubc4

Recombinant Ubc4 was purified as GST-Ubc4 from E. coli Rossetta-gami 2 (DE3) (#71351, Novagen) harboring pGEX6P1-Ubc4, and
was eluted as no tagged Ubc4 by PreScission Protease (# 27084301, GE Healthcare).

E.coli cells were grown in 1 L of LB medium supplemented with 50 ng/mL ampicillin and 35 pg/mL chloramphenicol at 37°C to
OD600 = 0.3, cooled to 16°C, and induce with 0.1 mM isopropy! thio-B-galactopyranoside (IPTG) for 16 h before harvested.
E. coli cells were lysed by ultrasonic wave with 10 mL of ice-cold PBS(-) KCI(-) (137 mM NaCl, 10 mM NayHPO,4, 2 mM KH,POy,,
1 mM DTT, 0.5 mM PMSF) containing cOmplete Mini EDTA-free Protease Inhibitor Cocktail (#11836170001, Roche)(1 tablet/
10 mL). The lysate was centrifuged at 10,000 x g, 4°C for 10 min followed by thorough centrifuge of supernatant at 35,000 x g,
4°C for 1 h to obtain clear lysate. The clear lysate was incubated with 1 mL of Glutathione Sepharose 4B (# 17-1756-05, GE
Healthcare) pre-equilibrated with PBS(-) KCI(-), followed by wash with PBS(-) KCI(-) for 5 times. Ubc4 moiety was eluted from beads
using 1 mL of elution buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM DTT) with 80 pL of PreScission protease
(# 27084301, GE Healthcare) at 4°C for 16 hr. Finally, 50% glycerol was added to the eluate.

Recombinant proteins of Mag2, Rsp5
Recombinant Mag2 and Rsp5 were purified as GST-tagged forms from E. coli Rossetta-gami 2 (DE3) as described above section.

E.coli cells were grown in 200 mL of LB medium supplemented with 50 ug/mL ampicillin and 24 pg/mL chloramphenicol at 37°C to
OD600 = 0.5, cooled to 20°C, and induce with 0.2 mM IPTG for 16 h at 20°C before harvested. Particularly, E. coli cells were ground
by a mortar and a pestle in liquid nitrogen and resulting powder was collected in a 50 mL tube. The powder was re-suspended by ice-
cold LGB100 (50 mM Tris-HCI pH 7.5, 100 mM NaCl, 10% glycerol, 0.2% Triton X-100, 1 mM DTT, 1 mM PMSF) containing cOmplete
Mini EDTA-free Protease Inhibitor Cocktail (#11836170001, Roche)(1 tablet/10 mL), added 10 uL of DNase1 and centrifuged at
10,000 x g, 4°C for 10 min followed by thorough centrifuge of supernatant at 40,000 x g, 4°C for 30 min to obtain clear lysate. Lysate
of E. coli cells was incubated with 200 puL of Glutathione Sepharose 4B (# 17-1756-05, GE Healthcare) pre-equilibrated with LGB100,
followed by wash with LGB100 for 5 times and LGB100 w/o detergent for 3 times. Ubc4 moiety was eluted from beads using 200 pL of
protease buffer (8 uL of PreScission protease (# 27084301, GE Healthcare) in LGB100 w/o detergent) at 4°C for 16 h.

In vitro Ubiquitylation Assay

In vitro ubiquitylation assays of ribosome were performed in Figures 2F, 3C, 3D, 4D-4H, S2D, and S4A. Ubiquitylation reactions in
reaction buffer (50 mM Tris-HCI pH 7.5, 100 mM NaCl, 10 mM MgCl,, 1 mM DTT) contained 50 pM His-ubiquitin (as described below),
100 nM UBE1 (# B1100, UBPBIo), 300 nM Ubc4, 150 nM Mag2, 150 nM Hel2-FLAG and/or 150 nM Rsp5 (See Figure S2), 2 A Units
of ribosome and energy regenerating source (1 mM ATP, 10 mM creatine phosphate (# 030-04584, Wako) and 20 pg/mL creatine
kinase (# 10127566001, Roche)). Initially, reaction was mixed at room temperature without E3 ligase and ribosome. Then, ribosome
and E3 was added and incubated at 25°C for 3 h. To stop ubiquitylation reaction, 4x Laemmli sample buffer was added to the reaction
tube. Samples were incubated at 77°C for 10 min to proceed to SDS-PAGE followed by western blotting. The following ubiquitin mu-
tants were purchased from UBPBio: WT (#E1300), K6R (#E1720), K11R (#E1730), K27R (#E1740), K29R (#E1750), K33R (#E1760),
K48R (#E1770), K63R (#E1780), KO (#£1710) and K63(1) (#E1880).
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QUANTIFICATION AND STATISTICAL ANALYSIS

For half-life determination in Figures 1B, 2A, 2D, 4A, 41, 5A, 6A, 6E, and 7B, the intensity of each 18S rRNA-derived band in Northern
blotting was quantified using Multi Gauge (v3.0, Fujifilm) to determine the 18S rRNA level at each time point. The average half-lives
and SD were calculated in Microsoft Excel based on the results of three independent experiments. A representative result of 18S
rRNA levels was also shown. For data of sucrose density gradient centrifugation in Figures 5B-5D, 6D, 7C, and S5B, the intensity
of each 18S rRNA-derived band in Northern blotting was quantified using Multi Gauge (v3.0, Fujifilm) to determinate the 18S
rRNA level in each sucrose fraction. The percentage of 18S: A1492C rRNA level in each gradient fraction among the total 18S:
A1492C rRNA level was calculated in Microsoft Excel. Each experiment was repeated at least twice, and a representative result
was shown.
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INTRODUCTION: The tightly controlled process
of gene expression requires messenger RNAs
(mRNAs), which represent DNA-derived blue-
prints for polypeptides, to be translated by the
protein-producing machinery of the cell, the
ribosomes. Therefore, protein levels depend
largely on cellular mRNA levels, and the con-
trol of mRINA decay is one of the most critical
processes for setting the overall level of gene
expression. Half-lives of mRNAs vary greatly
between different transcripts, and regulation of
the mRNA decay rate is intimately connected
to the elongation phase of mRNA translation.
To that end, codon optimality has been estab-
lished as a key parameter for determining
mRNA half-life in multiple eukaryotic orga-
nisms. It has also been established that the
timely decay of short-lived mRNAs enriched
with nonoptimal codons requires the Ccr4-Not
complex. Ccr4-Not is an essential protein com-
plex, with its best understood role in mRNA
degradation, where it serves as the major cyto-
plasmic 3"-poly(A)-tail deadenylase that initiates
decay of most mRNAs. By deadenylation and
subsequent activation of the mRNA decap-
ping machinery, the Ccr4-Not complex renders

Non-optimal decoding

mRNAs accessible to the major degrading exo-
nucleases, such as Xrnl on the 5’ end and the
exosome on the 3’ end. The molecular mech-
anism underlying codon optimality monitor-
ing and coordination with mRNA decay by
the Ccr4-Not complex has remained elusive.

RATIONALE: Because nonoptimal codons affect
decoding kinetics of the ribosome and mRNA
degradation occurs largely cotranslationally,
it is highly plausible that codon optimality is
directly monitored on the ribosome. In addi-
tion, a direct physical link between the par-
ticipating Ccr4-Not complex and the ribosome
has been suggested previously, and the Not4
subunit of the complex, an E3 ligase, ubiq-
uitinates the eS7 protein of the 40S ribosomal
subunit in yeast. Therefore, we set out to gain
insights into the connection between the Cer4-
Not complex and the translation machinery in
the context of mRNA homeostasis by combin-
ing cryo-electron microscopy (cryo-EM), ribo-
some profiling, and biochemical analysis.

RESULTS: We used affinity-purified native Ccr4-
Not-ribosome complexes from Saccharomyces

mRNA degradation

Ccr4-Not couples translation efficiency to mRNA degradation. When ribosomes encounter nonoptimal
codons, low decoding efficiency leads to an increased likelihood of dissociation of the E-site tRNA before
the cognate tRNA is accommodated in the A-site. As a result, the ribosomal E-site adopts a specific
conformation, which is recognized by the Ccr4-Not complex through the N-terminus of its Not5 subunit,

eventually triggering mRNA degradation by Xrnl.

Buschauer et al., Science 368, 281 (2020)
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cerevisiae for analysis by cryo-EM and found
that recruitment of Ccr4-Not to the ribosome
occurs via the Not5 subunit. The N terminus of
Not5—in particular, a three a-helix bundle—
interacted specifically with the ribosomal
E-site, and deletion of the Not5 N-terminus
resulted in the loss of stable ribosome asso-

ciation of the Ccr4-Not
complex. However, ubig-
Read the full article  Uitination of the small ri-
at http://dx.doi. bosomal subunit protein
org/10.1126/ eS7 through the Not4: sub-
science.aay6912 unit still occurred. The
.................................................. Not5 interaction involved
the ribosomal protein eS25 of the small sub-
unit, in addition to transfer RNA (tRNA) and
ribosomal RNAs (rRNAs). We found that Ccr4-
Not interacts with both initiating and elongat-
ing ribosomes. In either case, Not5 engaged
the E-site only when the ribosome adopted a
distinct conformation lacking accommodated
tRNA in the A-site, indicative of impaired de-
coding kinetics. Ribosome profiling revealed
that low-optimality codons were enriched in
the A-site in the Ccr4-Not-bound elongating
ribosomes. This observation explained the low
A-site tRNA occupancy observed with cryo-EM
and suggested a link to codon optimality mon-
itoring. Consistently, using mRNA stability
assays, we found that loss of Not5 resulted
in the inability of the mRNA degradation
machinery to sense codon optimality. The ob-
served dysregulation of mRNA half-life was
detected upon Not5 deletion, Not5 N-terminal
deletion, eS25 deletion, and loss of eS7 ubig-
uitination by Not4, which apparently serves as
an upstream prerequisite for further Ccr4-Not
activity on the ribosome. In addition, mRNA
decapping was found to be impaired in these
mutants, which confirmed that, in this path-
way, Ccr4-Not triggers decapping downstream
of optimality monitoring,.

CONCLUSION: Our analysis elucidates a di-
rect physical link between the mRNA decay-
mediating Ccr4-Not complex and the ribosome.
Dependent on preceding ubiquitination of eS7
by the Not4 subunit, the Ccr4-Not complex
binds (via the Not5 subunit) specifically to the
ribosomal E-site when the A-site lacks tRNA
because of slow decoding Kkinetics. This state of
the ribosome occurs in the presence of non-
optimal codons in the A-site, which explains
the shorter half-lives of transcripts enriched in
nonoptimal codons. Thus, our findings pro-
vide mechanistic insights into the coordina-
tion of translation efficiency with mRNA
stability through the Ccr4-Not complex.

The list of author affiliations is available in the full article online.
*These authors contributed equally to this work.
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Andrea Gilmozzi, Otto Berninghausen', Petr Tesina', Thomas Becker', Jeff Coller*,
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Control of messenger RNA (mRNA) decay rate is intimately connected to translation elongation,

but the spatial coordination of these events is poorly understood. The Ccr4-Not complex initiates mRNA
decay through deadenylation and activation of decapping. We used a combination of cryo—electron
microscopy, ribosome profiling, and mRNA stability assays to examine the recruitment of Ccr4-Not

to the ribosome via specific interaction of the Not5 subunit with the ribosomal E-site in Saccharomyces
cerevisiae. This interaction occurred when the ribosome lacked accommodated A-site transfer RNA,
indicative of low codon optimality. Loss of the interaction resulted in the inability of the mRNA
degradation machinery to sense codon optimality. Our findings elucidate a physical link between the
Ccr4-Not complex and the ribosome and provide mechanistic insight into the coupling of decoding

efficiency with mRNA stability.

he Cer4-Not (carbon catabolite repressor

4-negative on TATA) complex is an es-

sential and conserved protein complex

comprising at least six core subunits

arranged in a modular architecture. Al-
though Ccr4-Not has roles in many aspects
of regulating gene expression (e.g., chromatin
remodeling, transcription, mRNA export, and
RNA interference), its most defined and best
understood role is in mRNA degradation,
serving as the major cytoplasmic deadenylase
other than Pan2-Pan3 (7, 2). Two subunits of
Ccr4-Not (Cafl and Ccr4) are poly(A)-specific
nucleases that initiate decay of most mRNAs.
Their activity in shortening the 3’-poly(A)
tail is typically followed by removal of the
7-methylguanylate cap at the 5’ end by the Dcp2-
Dcpl holoenzyme and then subsequent 5'-to-3'
degradation by Xrn1 (3). For most transcripts,
decapping is strictly dependent on prior de-
adenylation. However, little is known about
the spatial organization that allows the coor-
dination of deadenylation with decapping by
Cer4-Not.

The control of mRNA decay is one of the
most critical processes for setting the overall
level of gene expression. Half-lives of mRNAs
vary greatly between transcripts, and codon
optimality has been established as a major
parameter for determining mRNA half-life
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in eukaryotes (4-6). The timely decay of short-
lived mRNAs enriched with nonoptimal codons
involves the Ccr4-Not complex (7) and the acti-
vator of decapping Dhhl (8), but the molecular
principles underlying codon optimality reading
have remained enigmatic. Because nonoptimal
codons affect decoding kinetics and mRNA
degradation occurs cotranslationally (9), it can
be reasoned that codon optimality is directly
monitored on the ribosome. A physical link of
the Ccr4-Not complex to the ribosome has
been suggested previously (10, 1I). The Not4
subunit of the complex, an E3 ligase, ubig-
uitinates proteins of the 40S ribosomal sub-
unit (2, 13), and the Not5 subunit appears to
be important for mRNA translatability and
polyribosome levels in yeast (74). In this study,
we set out to gain mechanistic insights into
the connection between Ccr4-Not and the
translation machinery in the context of mRNA
homeostasis.

The Not5 subunit anchors Ccr4-Not
to the ribosome

To look for a physical link between the ribo-
some and Ccr4-Not, we copurified endogenous
ribosome-bound Ccr4-Not complexes from
Saccharomyces cerevisiae, using tagged Not4
as bait. We performed sucrose density gradient
centrifugation and isolated a monosome 80S
and a polysome fraction, both stabilized by the
antibiotic tigecycline to prevent ribosomal
runoff. Single-particle cryo-electron micros-
copy (cryo-EM) analysis (table S1) of the mono-
some fraction resulted in a structure of an 80S
ribosome with a vacant A-site; a transfer RNA
(tRNA) in the P-site; and additional, mostly
o-helical, density in the E-site (Fig. 1A). The

17 April 2020

overall resolution of 2.8 A (fig. S1, A to C)
allowed us to identify the extra density as the
N-terminal domain (NTD) of Not5 (residues 2
to 113). Not5 is a highly conserved component
of Cer4-Not (CNOT3 in humans) with known
roles in controlling mRNA stability (15, 16). We
were able to build an atomic model of the
previously structurally uncharacterized Not5-
NTD (Fig. 1B and fig. S1D). The remaining part
of Not5 and also the entire Ccr4-Not complex
were apparently flexibly linked to the NTD
and therefore not resolved, with the excep-
tion of a small helical bundle extending from
the NTD near the 40S head, which we could
visualize but not model in a chemically cross-
linked cryo-EM sample (fig. S1, E and F).
Nevertheless, the presence of the entire Ccr4-
Not complex in the cryo-EM sample was con-
firmed by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and mass spectrometry (Fig. 1C).
The NTD of Not5 was composed of a three-a-
helix bundle and a short linker, followed by
a B turn directly leading into a short fourth o
helix (Fig. 1, D and E). The three-helix bundle
established a stable hydrophobic core, and the
entire NTD bound to the ribosome in the E-site
by precisely spanning the distance between
the 60S and the 40S ribosomal subunits. The
domain directly interacted with the P-site
tRNA, the 25S ribosomal RNA (rRNA), 18S
rRNA, and the N-terminal tail of the ribo-
somal protein eS25, suggesting that binding
requires a fully assembled 80S ribosome with
tRNA in the P-site (Fig. 1, E to G). To rule out the
possibility of an artifact induced by tigecycline,
we repeated the structure determination in ab-
sence of antibiotics and confirmed the presence
of the NTD in the same position and confor-
mation (fig. S1, G to I). Moreover, the same
overall architecture was also observed for the
complexes after chemical cross-linking or when
isolated from the polysome fraction (see below).
To test whether the NTD is required for ribo-
some association of the Ccr4-Not complex
in vivo, we generated a yeast strain carrying
a Not5 construct lacking the NTD. Analysis
of this mutant strain using sucrose density
gradient centrifugation revealed that associa-
tion of the Ccr4-Not complex with ribosomes
was decreased, as evident from the signal for
the Not5 subunit (Fig. 1H and fig. S2, A and
B). Most of the mutant complex was observed
in the top fraction of the gradient, with low
signal remaining throughout the gradient.
Thus, the NTD of Not5 makes a key contribu-
tion to the association of the Ccr4-Not complex
with the ribosome. The remaining association
with the translation machinery is likely to re-
flect a second binding mode of Ccr4-Not that
could involve the interaction of the Not4 sub-
unit with ribosomal proteins for ubiquityla-
tion. Consistent with this idea, ubiquitination
of eS7 still occurred in the Not5-ANTD strain
(Fig. 11 and fig. S2, A and B).
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Fig. 1. The N terminus of Not5 binds to the ribosomal E-site. (A) Cryo-EM
density map and (B) atomic model of the Not5-80S complex. (C) SDS-PAGE
analysis and mass spectrometry of the cryo-EM sample (asterisk: TEV-protease).
(D) Overview of Not5-NTD, interacting ribosomal features, and tRNAM®!
(tCM: tRNA clamp-motif). Residues that establish the hydrophobic core of
the three-helix bundle are shown as sticks. (E) Topology of the Not5-NTD. Key
residues are highlighted (pink: hydrophobic core, green: interaction with tRNA,
blue: interaction with eS25, beige: interaction with 18S rRNA, gray: interaction
with 255 rRNA). Single-letter abbreviations for the amino acid residues

are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, lle;

K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val;

W, Trp; and Y, Tyr. (F) Atomic model of the 40S subunit, P-site tRNA, and
Not5-NTD, as seen from the ribosomal intersubunit space. Locations of head
(h), beak (bk), platform (pf), shoulder (sh), left foot (If), and right foot (rf) of
the 40S subunit are indicated. (G) Atomic model of the 60S subunit, P-site
tRNA, and Not5% 3, as seen from the ribosomal intersubunit space. Locations
of the central protuberance (cp) and other characteristic features are
indicated. (H) Density gradient profiles of Not5-HA and Not5-ANTD-HA strains
and corresponding Western blot. (I) Western blot of eS7-HA in the fractions
of the sucrose density gradients from (H).

Not5 targets initiating and elongating ribosomes
We initially used the native Ccr4-Not:80S
complexes from the monosome fraction of
the sucrose gradient and expected to find a
mixture of different mRNAs and tRNAs. To
our surprise, the codon present within the
P-site was well resolved and identified as
AUG (Fig. 2A). Moreover, the tRNA could be
unambiguously identified as the initiator
tRNAM®, not the elongator tRNAM®* (Fig. 2B
and fig. S2C). These data suggest an association
of the Ccr4-Not complex with late-initiation
complexes. To confirm this, we probed by
Northern blotting for individual tRNAs in 80S
fractions before and after Not4 pull-down assay
and in the presence or absence of tigecycline
or cycloheximide (CHX) (Fig. 2C). As expected,
we observed a strong enrichment of tRNAM®*
and not tRNAM? (as control) in the ribosomal
samples upon pull-down assay independent
of tigecycline, whereas copurifications in
presence of CHX yielded significantly fewer
ribosomes. A structural feature of tRNA;M**
that is also shared by other tRNAs is a short
D-loop (17) (fig. S2D), which in our structure
directly interacted with the three-helix bundle

Buschauer et al., Science 368, eaay6912 (2020)

of Not5 (Fig. 2, B and D). This may suggest
some degree of specificity of Not5 conferred
by proximity and probing of the tRNA D-loop.
Finally, interaction with late-initiation com-
plexes was also consistent with the results of
selective ribosome profiling after coimmuno-
precipitation using Not4 as bait (Not4-IP) or
the ribosomal protein uL30 as control (Fig.
2E): We observed a broad association of Not4
over the entire open reading frame (ORF), yet
with a twofold enrichment of ribosomes on
the initiation codon compared with the con-
trol (Fig. 2F).

We next asked whether the Cer4-Not com-
plex also binds to elongating ribosomes and
determined cryo-EM structures from heavy
fractions of a sucrose gradient (between three
and six ribosomes). We also observed a popu-
lation of ribosomes with Not5 bound in the
E-site, tRNA present in the P-site, and a vacant
A-site. This structure resembled our observa-
tions with Not5 bound to the late-initiation
complex (Fig. 2, G and H). However, the local
resolution of the tRNA was not high enough
to identify the tRNA unambiguously, suggest-
ing the presence of a mix of different tRNAs

17 April 2020

species. In contrast to the initiation structure,
there was clear density for a nascent chain ex-
tending from the peptidyl transferase center
into the ribosomal exit tunnel, confirming the
elongating state of the ribosomes (Fig. 2, I and
J). Thus, Not5 links the Ccr4-Not complex to
both late-initiating and elongating ribosomes
within the ORF.

Molecular interactions of the Not5-NTD

One interaction of the NTD with the ribosome
is established through the P-site tRNA. It in-
volves multiple hydrogen bonds between the
backbone of the tRNA D-loop and helix 02 of
Not5 (Fig. 3A and fig. S3A), whereas the back-
bone of the D-arm hydrogen bonds with helices
02 and a3 of Not5 (Fig. 3, B and C, and fig. S3B).
Another interaction involves residues K103
to L110 of Not5, which we termed the tRNA
clamp-motif (tCM) (Fig. 3D and fig. S3, C to
E) because it locks the phosphate backbone of
the tRNA anticodon stem loop. This interac-
tion is further stabilized by the N-terminal tail
of the ribosomal protein eS25 (Fig. 3, D and E).
This tail of eS25 is usually flexible; however, in
the presence of Not5 it is stabilized and can be
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Fig. 2. Not5 interacts with initiating and elongating ribosomes. (A) Cryo-EM
density and atomic model of the codon-anticodon interaction. (B) Cryo-EM density
and atomic model of tRNAMe, The position of Not5-NTD is outlined in pink. AC,
anticodon. (C) Northern blot against tRNAMt (top) and tRNA*? (bottom). The same
amount of ribosomes was loaded before (80S) and after (Pull) affinity purification.
The samples were prepared without antibiotics (noAB), in the presence of tigecycline
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(TIG), or in the presence of cycloheximide (CHX). (D) D-loop recognition through Not5.
(E and F) Selective ribosome profiling of Ccr4-Not associated ribosomes (Not4 IP)
and total ribosomes (uL30 IP). (G and H) Cryo-EM densities of the Not5 binding
site in the initiator and elongating ribosome (low-pass filtered to 5 A). (1) Peptidyl
transferase center (PTC) of the Not5-80S complex with ester bonded methionine
(blue). (J) PTC of the elongating Not5-bound ribosome (nascent chain: blue).

observed extending from the globular part of
eS25 at the head of the small ribosomal sub-
unit to the ribosomal P-site (Figs. 1F and 3C).
There, residues K25 and K29 of eS25 form hy-
drogen bonds with the carbonyl groups of F105
and A109 of Not5, respectively. Thereby, eS25
holds the tCM of Not5 in place, and together
the tCM, eS25, and 18S rRNA form a groove
that accommodates the tRNA backbone (Fig.
3E). W27 of eS25 pins the flexible N-terminal
tail to this location through a stacking inter-
action with G1575 of the 18S rRNA between
rRNA helices h29 and h42. G1575 also stabi-
lizes the B turn of Not5 through a stacking
interaction between the ribose and F105 of
Not5 (Fig. 3D). Residues K25, W27, and K29 of
eS25 belong to the highly conserved KKKWSK
motif, and a human K33E mutation (corre-
sponding to yeast K25E) has been found in
thyroid carcinoma cells (I8). The central resi-
due F105 of Not5 is coordinated simulta-
neously by 18S rRNA through the side chain, by
eS25 through the carbonyl oxygen, and by the
tRNA through the backbone nitrogen. Fur-
thermore, interactions of the Not5-NTD with
the 18S rRNA involve rRNA helices h23 and
h24 (Fig. 3F and fig. S3F). Interaction with the
255 rRNA involves helix a2 of Not5 and the
extension of rRNA helix H69 (Fig. 3G and fig.
S3@G) as well as helix a1 of Not5 and rRNA helix
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H74 (Fig. 3H and fig. S3H). The human homo-
log of Not5, CNOT3, contains a highly con-
served NTD (fig. S3I), suggesting a conserved
function of CNOTS3 as an anchor to the human
ribosome. Multiple cancer mutations cluster
in the NTD of CNOT3 (I18), with one of the
most frequent mutations being R57W/E (K58
in yeast) (19). K58 directly interacts with the
phosphate backbone of 255 rRNA in our struc-
ture (Fig. 3G), and analogous interaction can
be predicted for R57 of the human homo-
log. Mutation of K58 (or R57 in human) to
tryptophan or glutamate would not allow
hydrogen bond formation and would there-
fore destabilize the interaction. Thus, the
Not5-NTD engages in a highly specific and
complex binding mode in the ribosomal E-site
involving 40S and 60S ribosomal rRNA as well
as eS25 and a P-site tRNA with a small D-loop.

A-site occupation determines E-site
preference for either Not5 or elF5A

We observed Not5 binding to ribosomes in the
posttranslocation state, in which ribosomes
usually carry a deacylated tRNA in the E-site
and a peptidyl-tRNA in the P-site but no A-site
tRNA (-/PP/EE). Not5 can apparently bind
to this posttranslocation-state conformation
as soon as also the E-site is vacant (-/PP/-)
(Fig. 4A). In this state, the small ribosomal
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subunit is rotated toward the E-site and the
Li-stalk cannot adopt the far inside confor-
mation, which is necessary to accommodate
elF5A because of a potential clash with the 40S
subunit (fig. S3J). By contrast, upon accom-
modation of the A-site tRNA (AA/PP/-) (fig.
S3, K to N), the 40S ribosomal subunit under-
goes a conformational change in the opposite
direction, known as subunit rolling (20) (Fig. 4,
B and C). Together, these movements result in
characteristic remodeling of the E-site. In the
presence of CHX, we observed enrichment of
the (AA/PP/-) state and found eIF5A bound
to the E-site, as previously described (21).
Not5 and elF5A binding to a vacant E-site
appear to be mutually exclusive, not only because
of a direct steric clash between the two factors,
but also as a result of different conformational
requirements for E-site binding. Comparison
of the Not5-bound (-/PP/-) ribosome with the
elF5A-bound (AA/PP/-) ribosome shows that,
upon A-site accommodation, the anticodon
stem loop of the P-site tRNA has moved toward
the E-site. This involves nucleotides 41 to 43,
which are clamped by the tCM of Not5, and
this subtle movement of the tRNA backbone
(~1.6 A) would cause clashes with the tCM
upon A-site accommodation (Fig. 4, D and E).
This explains how Not5 can probe the shape
of the E-site and stably and specifically bind
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Fig. 3. Not5-80S complex interface. (A) Interactions of the Not5-NTD with the
D-loop of tRNAM®t. Hydrogen bonds and ion bridges are shown as black dashed lines.
(B) Interactions of Not5 with the D-stem of tRNAM®t. (C) Overview of the interaction
sites of the Not5-NTD and the initiator-80S ribosome. (D) Interactions between
the tCM of Not5, tRNAM®t, eS25, and 18S rRNA. Hydrogen bonds and ion
bridges are shown as black dashed lines. Hydrophobic interactions are

to the E-site in the absence of an accommo-
dated A-site tRNA. In agreement with this
observation, we found ribosomes simulta-
neously interacting with A-site tRNA and
Not5-NTD only when in a nonrolled and non-
accommodated conformation, resembling a
tRNA sampling situation (fig. S4C). Also, we
generally observed only small populations of
Ccr4-Not:80S complexes in the presence of
CHX, which stabilizes the unfavored, A-site
tRNA-accommodated pretranslocation state.

Preferential association of Ccr4-Not to ribo-
somes with empty A-sites was further confirmed
by ribosome profiling, which has previously
been shown to yield shorter (~21-nucleotide
oligomer) fragments from ribosomes with an
empty A-site (22). Using Not4: as bait for selec-
tive profiling, we indeed observed enrichment
of these short mRNA fragments (Fig. 4F).
Despite slight variations of the exact fragment
length distribution in different experiments,
the effect of enrichment of short reads in Cer4-
Not-bound ribosomes was consistent (fig.
S30). The allosteric coupling between the A-
and E-sites of the 80S ribosome was illustrated
by quantified trajectories of ribosomal pro-
teins (Co atoms) and RNA (P atoms) that de-
scribe a transition between the Not5-bound
posttranslocation state and the A-site tRNA
accommodated pretranslocation state (Fig. 4G).
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Thus, the NTD of Not5 can probe the ribo-
somal E-site in a highly selective way, resulting
in the Ccr4-Not complex most efficiently inter-
acting with ribosomes with a vacant A-site, as
schematically summarized in Fig. 4H. Conse-
quently, the Cer4-Not complex and elF5a may
facilitate a differential readout of the transla-
tional state of the ribosome via E-site probing;:
The Ccr4-Not complex would be recruited with
preference to ribosomes displaying low decod-
ing efficiency and thereby would increase the
likelihood of mRNA deadenylation, decap-
ping, and degradation (23). By contrast, the
competing eIF5A would preferentially inter-
act with ribosomes that remain longer in the
pretranslocation state because of slow peptidyl
transferase Kinetics, thereby allowing for stabi-
lization of a productive peptidyl transferase
center geometry and effectively counteracting
Ccr4-Not recruitment.

Not5 senses codon optimality for mRNA decay
dependent on Not4

Codon optimality is a major determinant of
mRNA degradation, with the proportion of
nonoptimal codons within the transcript de-
termining its half-life (4). In essence, a non-
optimal codon is one whose functional tRNA
concentration is low, resulting in prolonged
vacancy of the ribosomal A-site. Because evic-
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shown as gray dotted lines. (E) Surface representation of the interface
shown in (D) and atomic model of the anticodon stem loop of tRNA;®t,
(F) Interactions of Not5-NTD with 18S rRNA. (G and H) Interactions of Not5
with 25S rRNA. (I) Schematic summary of the binding interface of the

tCM of Notb with the initiator 80S (solid arrows: polar interactions; dashed
arrows: hydrophobic interactions).

tion of the E-site tRNA does not require A-site
accommodation (24), prolonged vacancy of the
A-site results in an increased probability of a
ribosome adopting the (-/PP/-) state, which
can be recognized by Not5. Thus, a ribosome
with an empty E-site in the posttranslocation-
state conformation could be specifically sensed
by Not5 as a proxy for the presence of a non-
optimal codon in the A-site. To test this hypothesis,
we performed selective ribosome profiling upon
coimmunoprecipitation of Ccr4-Not:ribosome
complexes, again using Not4 as bait. We aimed
at reducing the background of ribosomes,
which are copurified merely because of asso-
ciation with a Not4-bound ribosome within
the same polysome. To that end, we included
an incubation step during the Not4-IP, result-
ing in polysome dissociation [most likely
through endogenous ribonucleases (RNases)]
after adding tigecycline to prevent runoff (fig.
S5, A to D). The data revealed a significant
inverse correlation between enrichment of
messages upon Not4-IP and their associated
codon stabilization coefficient (CSC) or degree
of codon optimality, respectively (Fig. 5A). An
even stronger correlation was observed at the
codon level: Enrichment of specific codons at
the A-site position upon Not4-IP was inversely
correlated with CSC and tRNA adaptation
index (tAI) (Fig. 5B). Listing the A-site codons
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Fig. 4. elF5A and Not5 compete for the E-site in an A-site-dependent
manner. (A) Density (top) and model (bottom) of the Not5-bound 40S subunit of
the (=/PP/-) 80S ribosome (only 18S rRNA model shown). (B) Density (top)
and model (bottom) of the elF5A-bound 40S subunit of the (AA/PP/-) 80S
ribosome (only 18S rRNA model shown). (C) Superposition of the densities

(top) and the models (bottom) from (A) and (B). Subunit rolling is indicated.
Structures in (A) to (C) were aligned with respect to the 60S subunits. (D) The
tCM of Not5 is contacted by the anticodon stem of the P-site tRNA in the

according to their enrichment through Not4-IP
resulted in an almost perfect separation into
optimal and nonoptimal codons (Fig. 5C and
fig. S5E). Thus, the presence of Ccr4-Not on the
ribosome correlates strongly with low codon
optimality of the associated mRNAs and in
particular with the presence of nonoptimal co-
dons in the ribosomal A-site. This strongly sup-
ports our hypothesis that the Ccr4-Not complex
is recruited by ribosomes during slowed de-
coding of nonoptimal codons in the A-site.
We next tested whether the Not5 subunit
of the Cer4-Not complex affects optimality-
dependent mRNA degradation and evaluated
the decay rates of reporters previously devel-
oped to monitor effects of codon optimality on
mRNA half-life. Loss of Not5 indeed stabilized
nonoptimal mRNAs and, to a lesser extent,
also destabilized optimal mRNAs, whereas the
semi-optimal mRNAs were stabilized (Fig. 5D
and fig. S5F). Thus, loss of the entire Not5
largely disables a cell’s ability to degrade
mRNAs according to codon usage. Because our
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structures suggest a central role for the NTD
of Not5, we tested whether codon optimality-
dependent mRNA degradation could be main-
tained in the absence of this domain. We
performed mRNA half-life measurements in
Not5 deletion cells that expressed nothing,
full-length Not5, or Not5 lacking the NTD from
plasmids. The N-terminally truncated Not5
failed to rescue the deletion phenotype of
global dysregulation of mRNA decay, in con-
trast to full-length Not5 (Fig. 5E and fig. S6A).
Moreover, deletion of €S25, the central ribo-
somal interaction partner of Not5, also stabi-
lized nonoptimal mRNAs (fig. S5G). Thus, the
interaction of the Not5-NTD with the ribo-
somal E-site is required for communicating
codon optimality to the mRNA degradation
machinery. Consistent results have also been
reported for the mammalian system, in which
deletion of the NTD of CNOTS3 led to a stabi-
lizing effect for several mRNAs (25).

In addition to the interaction of Not5-NTD
with the E-site, the Ccr4-Not complex estab-
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(=/PP/-) situation (also see Fig. 3D). (E) Conformational changes of the P-site
tRNA upon A-site accommodation would cause clashes (red crosses). (F) Length
distribution of mRNA fragments during selective ribosome profiling using Not4
and ulL30 as baits. (G) lllustration of A-site~E-site coupling. Arrows represent
quantified trajectories of Ca atoms (protein) and P atoms (RNA) during transition
from (=/PP/-) to (AA/PP/-) conformations. Ribosomal A- and E-sites are
schematically indicated with gray ellipsoids. (H) Schematic summary of subunit
rolling and the competition between elF5A and Notb.

lishes a second interaction with the ribosome,
which is mediated through the Not4 E3 ligase
by ubiquitination of the small subunit protein
eS7. As presented earlier (Fig. 11), the activity
of the Not5-NTD is not required for efficient
eS7 ubiquitination. However, we wondered
whether eS7 ubiquitination by Not4 affects the
function of Not5 in sensing codon optimality.
Deletion of Not4 strongly stabilized nonop-
timal and semi-optimal reporters, similar to
the deletion of the Not5-NTD (Fig. 5E and
fig. S6B). This effect could be clearly ascribed
to a loss of eS7 ubiquitination, because mu-
tation of the four lysine residues targeted by
Not4 (eS7-4KR) resulted in the same pheno-
type, with respect to codon optimality, as that
produced by Not4 deletion. The phenotypes of
neither the Not4 deletion nor the eS7a-4KR
mutation were additive with the Not5-NTD
deletion (Fig. 5E and fig. S6, B and C). Thus,
eS7-ubiquitination by Not4: is part of the same
pathway as Not5 but occurs upstream of E-site
probing. Consistent with this finding, Not5
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Fig. 5. Not5-NTD and eS7 ubiquitination by Not4 are involved in degradation
of nonoptimal mRNAs. (A) Monosome-enriched selective ribosome profiling of
Cerd-Not associated ribosomes and total ribosomes. Enrichment of messages
through Not4-IP is inversely correlated with codon stabilization coefficient (CSC) and
codon optimality of the messages. (B) Enrichment of specific codons present

in the A-site through Not4-IP is inversely correlated with their CSC and the

corresponding tAl. (C) Individual codons present in the

their enrichment through Not4-IP. (D) Half-life determination of optimal and

binding to ribosomes was dependent on prior
eS7 ubiquitination, because deletion of Not4 or
eS7a-4KR mutation substantially reduced Not5
association with (poly)-ribosomes (fig. S5H).
The codon optimality-dependent mRNA
degradation pathway has previously been
demonstrated to strictly depend on Dhhi (8),
which activates mRNA decapping downstream
of Cer4-Not action (7). We determined whether
the Not5:E-site interaction or eS7 ubiquitina-
tion also affects the presence of Dhh1 on the
translation machinery. Either deletion of the

Buschauer et al., Science 368, eaay6912 (2020)

A-site listed according to

Not5-NTD or disabling of eS7 ubiquitination
was indeed sufficient to prevent Dhh1 associ-
ation with ribosomes (fig. S5, H and I) and
also to cause a decapping defect (fig. S7). This
observation confirmed the previously deter-
mined sequence of events during codon
optimality-dependent mRNA decay (7).
Stabilization of mRNA can also be triggered
by CHX treatment, which was ascribed to a
steric protection of the mRNAs through accu-
mulation of stalled ribosomes (26). Accord-
ing to our results, CHX should indeed have

17 April 2020

nonoptimal PGK1pG reporter mRNAs through Northern blotting at various time
points after transcriptional shutoff (T) in either wild-type or not5A strains. (E) HIS3
reporter mRNA half-life measurements in different cell lines (not5A, WT, not4A,
eS7a/bA, and not5AeS7a/bA) in combination with expression of different constructs
from plasmids (pNot5, pNot5-AN, peS7a, and peS7a-4KR) on the basis of Northern
blotting (fig. S6; data are means + SDs, N = 3 replicates). (F) Quantification

of the association of Not5 with the translation machinery and stabilization of a
nonoptimal PGK1pG reporter mRNA in relation to CHX concentration.

a stabilizing effect on mRNAs, but rather
through a mechanism of stalling ribosomes
with an altered E-site conformation that dis-
favors Not5 binding, effectively impairing
codon optimality sensing. To test this, we
employed increasing concentrations of CHX
and analyzed polysome association of Not5, as
well as the half-life of a nonoptimal mRNA
reporter in vivo. In agreement with our hypoth-
esis, treatment of cells with CHX resulted in a
dose-dependent depletion of Ccr4-Not from
ribosomes (fig. S5J) and in a dose-dependent
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stabilization of mRNA (Fig. 5F). Together, these
in vivo data support a model in which E-site
probing by the Not5-NTD represents the key
event for sensing codon optimality in the A-site
and for coupling it to mRNA degradation. On
the basis of our results, we propose a general
model for codon optimality-dependent mRNA
degradation (Fig. 6).

Discussion

We discovered a physical link between the
Ccr4-Not complex and the ribosome mediated
by the Not5 subunit, which specifically binds
to ribosomes in the posttranslocation state
with simultaneous vacancy of E- and A-sites.
Along with the observed strong correlation of
Cer4-Not association to the ribosome with the
presence of nonoptimal codons in the A-site,
this finding demonstrates that the Ccr4-Not
complex is specifically recruited to the trans-
lation machinery, when decoding is slowed.
In vivo analysis of mRNA half-life showed

Translation Initiation

A-site tRNA
P-site tRNA
E-site tRNA
Fast Process

Slow Peptidyl Transfer

SOO D oo

Slow Decoding

Fig. 6. Model of cotranslational mRNA degradation. Upon subunit association,
eS7 is ubiquitinated by Not4. Ccrd-Not can then be anchored to the ubiquitinated
(=/PP/-) ribosome through the Not5-NTD. In the case of successful decoding, the
ribosome adopts the rolled (AA/PP/-) conformation, disfavoring Ccr4-Not
association. Efficient peptidyl transfer leads to translocation, resulting in a classical
posttranslocation state (-/PP/EE). If peptidyl transfer is slow, elF5A binds to
the E-site, promoting PTC activity and rescuing translation. When decoding
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that recruitment of Ccr4-Not to the ribosome
through Not5 is crucial for the discriminative
degradation of mRNAs with different codon
optimality. Moreover, the interaction of Ccr4-
Not and the ribosome is necessary for the
presence of Dhhl on the translation machin-
ery. Decapping of nonoptimal messages was
previously reported to depend strictly on Dhh1
and to occur downstream of deadenylation (7).
We also discovered that ubiquitination of eS7
by Not4 is an upstream prerequisite for Not5
binding and the downstream events.

In addition to elongating ribosomes, we also
found that a large fraction of the Ccr4-Not
complex bound to late-initiation 80S complexes.
From a structural perspective, these complexes
are ideal targets for Ccr4-Not because they are
fully assembled 80S ribosomes in the posttrans-
location state with tRNA in the P-site and
empty A- and E-sites. With respect to codon
optimality sensing, however, the location seems
puzzling. One possibility is that, independent of

codon optimality, mRINA decay could also be
triggered in this situation, owing to a flawed
transition from translation initiation to elonga-
tion. This is supported by our finding that these
initiation complexes were mainly present in
the 80S monosome and not in the polysome
fractions. Another possibility is that we were
observing a later stage in the mRNA degra-
dation pathway: Considering the closed-loop
mRNA model, one could speculate that Cer4-
Not is handed over from the 3’ end to the 5
end of the mRNA after deadenylation. Such a
handover could be beneficial, because anchor-
ing the complex to the E-site of an 80S ribo-
some located on the start codon would be an
ideal way to assemble and activate the decap-
ping machinery within spatial proximity to
the 5' cap while probably inhibiting further
initiation. This idea is further supported by
recent RNA-binding studies of deadenylation
and decapping factors, showing a distributed
allocation on the 5’ and 3’ ends of the transcripts

Translation Elongation

Optimal codon
Non-optimal codon
Non-Rolled 40S
Rolled 40S

mRNA Decapping,
5'-to-3' degradation

bound initiator ribosome.
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Translation

Ccr4-Not
Deadenylation

efficiency is low because of a nonoptimal codon in the A-site, there is an
increased probability that the E-site tRNA dissociates before the correct tRNA
is accommodated in the A-site, resulting in a (-/PP/-) posttranslocation-
state ribosome. This complex is recognized by the Not5-NTD, leading to
deadenylation and Dhhl-dependent mRNA degradation. It is unclear whether
the mRNA also enters the degradation pathway in the case of the Ccr4-Not-
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(27). Nonetheless, Ccr4-Not function during
initiation is likely to extend beyond mRNA
decay (28).

Fundamentally, our study demonstrates that
the ribosomal conformation, and specifically
the E-site, is used as an allosteric indicator of
both slow peptidyl transfer kinetics and slow
decoding kinetics (movie S1). In either case,
translation elongation slows, resulting in tran-
sient stabilization of a distinct ribosomal con-
formation with an accessible E-site. In the case
of slow peptidyl transfer, this can be recog-
nized by eIF5A, which promotes peptidyl trans-
fer activity and hence rescues translation. In
the case of slow decoding Kinetics, this can be
recognized by Ccr4-Not, thereby leading to an
increased probability of mRNA degradation.
This may represent a universal mechanism
that can explain how mRNA decay is coupled
to translation efficiency in eukaryotes.

Materials and methods
Yeast strains and genetic methods

Gene disruption and C-terminal tagging were
performed by established recombination tech-
niques as previously described (29, 30). The
S. cerevisiae strains used in this study are
listed in table S2.

Plasmids

All recombinant DNA techniques were per-
formed according to standard procedures
using Escherichia coli DH5a for cloning and
plasmid propagation. All cloned DNA frag-
ments generated by polymerase chain reaction
(PCR) amplification were verified by sequenc-
ing. Plasmids used in this study are listed in
table S3.

Native complex purification

A S. cerevisiae strain with genomically Flag-
TEV-ProteinA-tagged Not4 (Not4-FTPA) was
cultured in 10 1 YPD medium supplemented
with 5 pg/ml ampicillin and 10 pg/ml tetracy-
cline and harvested by centrifugation at ODgo
of 0.9. The pellet was washed in water and
lysis buffer [20 mM HEPES pH 7.4, 100 mM
KOAc, 10 mM Mg(OAc),, 1 mM DTT, 0.5 mM
PMSF, 100 ug/ml tigecycline, protease inhibi-
tor cocktail tablet (Roche)] and frozen in lig-
uid nitrogen. Lysis was performed by grinding
the frozen cell pellet in a Freezer Mill (6970
EFM). The ground powder was thawed in 15 ml
of lysis buffer, and the lysate was cleared by
centrifugation at 12,000g for 15 min at 4°C.
Cleared lysate was distributed and layered on
top of six sucrose density gradients [10 to 50%
sucrose in 20 mM HEPES pH 7.4, 100 mM
KOACc, 10 mM Mg(OAc),, 1 mM DTT, 10 ug/ml
tigecycline in 25-mm-by-89-mm polyallomer
tubes, SW32, Beckman Coulter] and centri-
fuged at 125,755g for 3 hours at 4°C. The
gradients were subsequently fractionated
from top to bottom using a Gradient Master
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(BioComp). The fractions corresponding to the
80S peak (monosome sample) or corresponding
to polysomes in the range of 2 to 5 ribosomes
(polysome sample) were pooled and treated equal-
ly for the remaining purification. The pooled
samples were incubated with 100 ul of pre-
equilibrated magnetic IgG-coupled Dynabeads
M-270 Epoxy (Life Technologies) for 1 hour at
4°C. Beads were washed with 3 x 1 ml wash
buffer [20 mM HEPES pH 7.4, 100 mM KOAc,
10 mM Mg(OAc),, 1 mM DTT, 10 ug/ml tige-
cycline]. The Ccr4-Not:ribosome complexes
were eluted from IgG beads by incubation
with 70 U AcTEV protease (Thermo Fisher) in
50 pl of elution buffer [20 mM HEPES pH 7.4,
100 mM KOAc, 10 mM Mg(OAc),, 1 mM DTT,
10 ug/ml tigecycline] for 1.5 hours at 4°C. For
the cross-linked sample, chemical cross-linking
was performed using 0.5 mM BS3 (Thermo
Fisher) for 30 min on ice before the reaction
was quenched with 20 mM Tris. All samples
were kept on ice until cryo-EM grid preparation
or were frozen in liquid nitrogen and stored at
—80°C. For Northern blotting in the presence of
CHX, the purification was performed following
the same protocol, but instead of tigecycline,
100 pug/ml CHX were used in the lysis buffer and
10 pug/ml CHX were used during sucrose den-
sity centrifugation and affinity purification.
The sample leading to the eIF5A-bound
(AA/PP/-) ribosome was prepared by cultur-
ing the Not4-FTPA strain in 10 1 YPD medium
supplemented with 5 ug/ml ampicillin and
10 pg/ml tetracycline and harvesting by cen-
trifugation at ODggo of 0.9. The pellet was
washed in water and lysis buffer [20 mM
HEPES pH 7.4, 100 mM KOAc, 10 mM Mg
(OAc)y, 1mM DTT, 0.5 mM PMSF, 100 pg/ml
CHX, protease inhibitor cocktail tablet (Roche)]
and frozen in liquid nitrogen. Lysis was per-
formed by grinding the frozen cell pellet in a
Freezer Mill (6970 EFM). The ground powder
was thawed in 15 ml of lysis buffer, and the
lysate was cleared by centrifugation at 12,0008
for 15 min at 4°C. Cleared lysate was incubated
with 100 pl of pre-equilibrated magnetic IgG-
coupled Dynabeads M-270 Epoxy (Life Tech-
nologies) for 1 hour at 4°C. Beads were washed
with 3 x 2 ml wash buffer [20 mM HEPES
PH 7.4, 100 mM KOAc, 10 mM Mg(OAc),, 1 mM
DTT, 10 ug/ml CHX]. Elution was performed
by incubation with 200 U AcTEV protease
(Thermo Fisher) in 300 ul of elution buffer
[20 mM HEPES pH 7.4,100 mM KOAc, 10 mM
Mg(OAc),, 1 mM DTT] for 1.5 hours at 4°C.
The eluate was layered on top of a sucrose den-
sity gradient [10 to 50% sucrose in 20 mM
HEPES pH 7.4, 100 mM KOAc, 10 mM Mg(OAc),,
1mM DTT, 10 ug/ml CHX in 14-mm-by-95-mm
polyallomer tubes, SW40, Beckman Coulter]
and centrifuged at 192,072g for 2.5 hours at 4°C.
The gradient was subsequently fractionated
from top to bottom using a Gradient Master
(BioComp). The 80S fraction was pelleted for
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1 hour at 436,000g at 4°C (TLA-100, Beckman
Coulter); resuspended in 20 mM HEPES pH 7.4,
100 mM KOAc, 10 mM Mg(OAc),, 1 mM DTT,
and 10 pg/ml CHX; and kept on ice until cryo-
EM grid preparation.

Electron microscopy and image processing

For all samples, 0.05% B-octylglucoside was
added shortly before grid preparation. The
final concentration of the ribosomal samples
was 4 to 5 OD,g0 units per ml. Before sample
application, grids were glow-discharged for
20 sat2.2 x 107! torr using a PDC-32G plasma
cleaner (Harrick). Cryo-EM grids were pre-
pared by application of 3.5 ul of the sample
containing purified Ccr4-Not:ribosome com-
plexes onto R3/3 copper grids with 3-nm
continuous carbon support (Quantifoil) and
vitrification in liquid ethane using a Vitrobot
Mark IV (Thermo Fisher) (45 s of wait time, 2.5 s
of blotting time, blot force 0, 95% humidity, 4°C,
Whatman 595 blotting paper). Data collection
was performed on a Titan Krios TEM (Thermo
Fisher) equipped with a Falcon II direct electron
detector. Data were collected at 300 kV with
a total dose of 28 e”/A? fractionated over 10
frames with a pixel size of 1.084 A per pixel
and a target defocus range of —1.3 to —2.8 um
using software EPU (Thermo Fisher). The raw
movie frames were aligned using MotionCor2
(31) and contrast transfer function (CTF) esti-
mation was performed using Gcetf (32). See
table S1 for cryo-EM data, refinement statis-
tics, and validation statistics.

For the tigecycline monosome dataset, 9945
micrographs were used for automated particle
picking with Gautomatch, resulting in 557,059
initial particles, of which 359,890 were selected
for further processing upon 2D classification in
RELION-2.1 (33). After an initial round of 3D
refinement, 3D classification with a mask on
the ribosomal intersubunit space was per-
formed. The dataset featured two major classes:
aribosome lacking tRNAs but containing e[F5A
(~31% of the data) and a ribosome contain-
ing P-site tRNA and additional density in the
E-site, which was later identified as the NTD of
Not5 (~48% of the data). The 176,111 particles
belonging to the Not5-containing class were
refined to a final resolution of 2.8 A using 3D
refinement, CTF refinement, and postprocess-
ing in RELION-3.0 (34). The final volume was
filtered according to local resolution using
RELION-3.0. A classification scheme is pro-
vided in fig. S4A.

For the polysome dataset, 9611 micrographs
were used for automated particle picking with
Gautomatch, resulting in 828,516 initial parti-
cles, of which 435,002 were selected for further
processing upon 2D classification in RELION-
3.0. After an initial round of 3D refinement, 3D
classification was performed with a mask on
the ribosomal intersubunit space, yielding
three major classes: a ribosome lacking tRNAs
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but containing eIF5A (~31% of the data), an
AP/EE hybrid (~39% of the data), and a
ribosome containing P-site tRNA and Not5
(~21% of the data). The Not5-containing class
was further classified using a mask on Not5
and, finally, without a mask to further enrich
particles containing Not5 and to remove bad
particles. The final class containing P-site
tRNA, Not5, and density for a nascent chain
was refined to a resolution of 3.2 A using 3D
refinement, CTF refinement, and postpro-
cessing in RELION-3.0. The final volume was
filtered according to local resolution using
RELION-3.0. A classification scheme is pro-
vided in fig. S4B.

For the CHX monosome dataset, 12,697 mi-
crographs were used for automated particle
picking, with Gautomatch resulting in 1,378,230
initial particles, of which 1,194,480 were se-
lected for further processing upon 2D classi-
fication in RELION-3.0. After an initial round
of 3D refinement and 3D classification, bad
particles and empty ribosomes were discarded,
resulting in 274,817 particles (100%) featuring
A- and/or P-site tRNA, which were used for
extensive 3D classification. This resulted in a
class of (AA/PP/-) ribosomes containing eIF5A
(~19%), a class of (-/PP/-) ribosomes contain-
ing Not5 (~18%), a class of ribosomes contain-
ing P-site tRNA and eRF1 in the A-site (~19%),
a class of (AA/PP/-) ribosomes in a nonrolled
state containing Not5 (~11%), a class of (AA/
PP/-) ribosomes (~3%), a class of (-/PP/-)
ribosomes (~16%), and a class of empty ribo-
somes bound to a hibernation factor (~14%).
The 50,989 particles belonging to the eIF5A
containing (AA/PP/-) class were refined to a fi-
nal resolution of 3.1 A using 3D refinement, CTF
refinement, and postprocessing in RELION-3.0.
The final volume was filtered according to lo-
cal resolution using RELION-3.0. A classifica-
tion scheme is provided in fig. S4C.

For the cross-linked monosome dataset,
10,654 micrographs were used for automated
particle picking with Gautomatch, resulting in
589,191 initial particles, of which 337,215 were
selected for further processing upon 2D classi-
fication in RELION-3.0. After an initial round of
3D refinement, 3D classification was performed
using a mask comprising the ribosomal P- and
E-sites, yielding a major class containing P-site
tRNA and Not5 (~37% of the data). The class
was further subclassified without a mask to
remove low-quality particles. The final volume
was refined to 2.9 A using 3D refinement, CTF
refinement, and postprocessing in RELION-3.0.
A classification scheme is provided in fig. S4D.

Model building and refinement

A full model was built for the Not5-bound
(-/PP/-) ribosome. The model was based on
the crystal structure of the yeast 80S ribosome
(PDB ID 4V88). Ribosomal proteins and RNA
were modeled and refined using COOT (35)
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and PHENIX (36). A second copy of the ribo-
somal protein el 41 was identified adjacent to
helix 54 and was then modeled and refined.
Initiator-tRNA was modeled on the basis of
the crystal structure of yeast tRNA;Y'* (PDB ID
1YFG) and subsequently refined. For identifi-
cation of the additional density in the riboso-
mal E-site, we placed three helices of poly-Ala
into the helical density and assigned individ-
ual, highly resolved side chains close to the
D-loop of the tRINA as one specific amino acid
(e.g., W), as belonging to a group of possible
amino acids (e.g., [FYH]), or as any amino acid
(X). The resulting pattern [VIL]-[NQ]-X-[FYH]-
R-X(2)-[VIL]{[KRQ]J-X-W was compared to the
UniProt databank (restricted to S. cerevisiae)
using the motif search function on prosite.
expasy.org, yielding two hits: residues 56 to
66 of the Not5 subunit of Ccer4-Not and resi-
dues 834 to 844 of the SEH-associated pro-
tein 4. The SEH-associated protein could be
excluded because the pattern had to be located
within the first 100 residues of the unknown
protein (N terminus clearly identifiable). Be-
cause the N termini of Not3 and Not5 are
highly similar, we compared the density of dis-
tinctive residues such as 127 (Not5) versus Y27
(Not3), H59 (Not5) versus L58 (Not3), or L67
(Not5) versus Q66 (Not3). The density could
be unambiguously assigned to Not5. Not5>™
was de novo modeled and refined.

The model of the eIF5A-bound (AA/PP/-)
ribosome was derived from the Not5-bound
ribosome. The model of eIF5A and the A-site
tRNA were derived from a previously solved
cryo-EM structure (PDB ID 5GAK). The models
were refined to fit the (AA/PP/-) density map
using COOT and PHENIX.

Cryo-EM densities and molecular models
were visualized using ChimeraX (37).

Probe generation for tRNA Northern blotting

Specific digoxigenin (DIG)-labeled antisense
probes for tRNA Northern blotting were gen-
erated by amplifying an unrelated DNA se-
quence of 230 nucleotides (nt) from a pcDNA5/
FRT/TO-derived plasmid by PCR in the pres-
ence of 1 mM DIG-dUTP. The reverse primer
used in the PCR reaction had a 3’ overhang of
30 nt, which were the reverse complement
to the initial 30 bases at the 5’ end of the re-
spective tRNAs.

Hybridizing sequence for tRNAM®": 5'-CCC-
TGCGCGCTTCCACTGCGCCACGGCGCT-3'

Hybridizing sequence for tRNA*™: 5-GGA-
GCGCGCTACCGACTACGCCACACGCCC-3'

tRNA Northern blotting

The samples for tRNA Northern blotting
were prepared as described above. In essence,
cells were lyzed in the presence of no anti-
biotic, 100 pg/ml tigecycline, or 100 ug/ml CHX.
For sucrose density gradient centrifugation,
the concentrations of antibiotics were reduced
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to 10 pug/ml. After fractionation, samples of the
total 80S fractions of all preparations were
taken, and the remaining 80S fractions were
subjected to affinity purification as described
above. Upon elution of the complexes through
tag cleavage using AcTEV protease (Thermo
Fisher), the ribosome concentrations were
measured according to A254.

The Northern blots were performed accord-
ing to Roche DIG Northern Starter Kit proto-
col. Equal amounts of ribosomes (~160 pmol)
of each sample and 100 ng of yeast tRNA mix
as control were separated on NOVEX TBE-
Urea Gels 10% (Invitrogen), transferred to
Nylon Hybond N+ membranes (Amersham),
and probed against tRNAs with DIG-labeled
antisense probes. Chemoluminescence was
detected on an Amersham 600 imager (GE
Healthcare).

Preparation of ribosome protected mRNA
fragments for selective ribosome profiling
(Not4- and L7-Iped—-based approach)

The yeast strains with genomically tagged Not4:
(Not4-FTPA) or uL30 (uL30-TAP) were cultured
in YPD medium and harvested by centrifuga-
tion at ODgg( of 0.5 to 0.6. The harvested cell
pellet was frozen in liquid nitrogen and then
ground in liquid nitrogen using a mortar. The
cell powder was resuspended with the no-drag
lysis buffer (50 mM Tris pH7.5, 100 mM NacCl,
10 mM MgCl,, 0.01% NP-40, 1 mM DTT) to pre-
pare the whole-cell lysate. The whole cell lysate
was centrifuged at 39,000g for 30 min at 4°C,
and the supernatant fraction was used for the
purification step. The supernatant fraction
was incubated with magnetic IgG-coupled
Dynabeads M-270 Epoxy (Life Technologies)
for 1 hour at 4°C, and then beads were washed
with lysis buffer five times. Elution was per-
formed by incubation with homemade His-
TEV protease for 2 hours at 4°C. The elution
containing 10 ug of total RNA was treated with
12.5 units of RNase I (Epicentre) at 23°C for
45 min. The ribosome protected mRNA frag-
ments were extracted by TRIzole regent
(Thermo Fisher Scientific) and used for the
library preparation.

Preparation of ribosome protected mRNA
fragments for monosome-enriched selective
ribosome profiling

The yeast strain expressing genomically tagged
Not4 (Not4-FTPA) was cultured in YPD medium
until mid-log phase (ODgoo = 0.5 to 0.6), and
then the cell pellet was rapidly harvested by
centrifugation. The harvested cell pellet was
immediately frozen in liquid nitrogen and
then ground in liquid nitrogen using a mortar.
The cell powder was resuspended with lysis
buffer containing 100 ug/ml tigecycline. The
whole-cell lysate was centrifuged at 39,000g
for 30 min at 4°C, and the supernatant frac-
tion was used for the following step. For total
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ribo-seq (input), the supernatant fraction con-
taining 10 pg of total RNA was treated with
12.5 units of RNase I (Epicentre) at 23°C for
45 min, and then ribosome fraction was sedi-
mented through 1 M sucrose cushion. The
ribosome protected mRNA fragments were
extracted by TRIzole regent (Thermo Fisher
Scientific) and used for the library prepara-
tion. For Not4-IPed ribo-seq, the supernatant
fraction was incubated with magnetic IgG-
coupled Dynabeads M-270 Epoxy (Life Tech-
nologies) for 3 hours at 4°C to ensure binding
of Not4 to IgG and to partially digest mRNAs
by endogenous nuclease. The Not4-bound IgG
beads were washed with lysis buffer containing
100 ug/ml tigecycline. Elution was performed
by incubation with homemade His-TEV pro-
tease for 2 hours at 4°C. The elution containing
10 ug of total RNA was treated with 12.5 units
of RNase I (Epicentre) at 23°C for 45 min. The
ribosome-protected mRNA fragments were
extracted by TRIzole regent (Thermo Fisher
Scientific) and used for the library preparation.

Library preparation for ribosome profiling

Library preparation was performed according
to the method previously described with the
following modifications (38). As linker DNA,
5'-(Phos)NNNNNIIIIITGATCGGAAGAGCA-

CACGTCTGAA(AdC)-3' [where (Phos) indicates
5' phosphorylation and (ddC) indicates a ter-
minal 2',3'-dideoxycytidine] was used. The Ns
and Is indicate a random barcode for eliminat-
ing PCR duplication and multiplexing barcode,
respectively. The linkers were preadenylated
with a 5" DNA Adenylation kit (NEB) and then
used for the ligation reaction. Unreacted link-
ers were digested by 5’ deadenylase (NEB) and
RecJ exonuclease (epicentre) at 30°C for
45 min. An oligo 5'-(Phos)NNAGATCGGA-
AGAGCGTCGTGTAGGGAAAGAG(iSp18)GT-
GACTGGAGTTCAGACGTGTGCTC-3' [where
(Phos) indicated 5’ phosphorylation and Ns
indicate a random barcode] was used for re-
verse transcription. PCR was performed with
oligos 5-AATGATACGGCGACCACCGAGATC-
TACACTCTTTCCCTACACGACGCTC-3' and
5'-CAAGCAGAAGACGGCATACGAGATIIJJIJ-
GTGACTGGAGTTCAGACGTGTG-3' [where Js
indicate the reverse complement of the index
sequence discovered during Illumina sequenc-
ing]. The libraries were sequenced on a HiSeq
4000 (Illumina).

Data analysis for selective ribosome profiling

Sequencing reads were demultiplexed and
stripped of 3’ linker sequence using FASTX-
toolkit v0.0.14. The unique molecular iden-
tifiers (UMIs), which can serve to remove PCR
duplications generated during library prepa-
ration, were extracted by UMI-tools v1.0.1 (39).
The datasets after these steps are deposited at
Gene Expression Omnibus (GEO): GSE131408
and GSE144:250. The reads were first filtered
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by mapping to Bowtie Index composed of non-
coding RNA genes using Bowtie2 v2.2.5. Reads
were then mapped to the genome using Tophat
v2.1.1. Only uniquely mapping reads from the
final genomic alignment were used for sub-
sequent analysis. We estimated the position
of the A-site from the 5’ end of the reads at
the initiation codon on the basis of the length
of each footprint using plastids v0.4.7 (40). The
mapped read counts were calculated by plas-
tids v0.4.7.

For the analysis of ribosome pause score
(Fig. 2F), all footprints containing short form
(21 to 22 nt for Not4-IPed and 21 to 23 nt for
L7-IPed ribo-seq) and classical form (28 to
30 nt for Not4-IPed and 29 to 31 nt for L7-IPed
ribo-seq) were used. The offsets were 17 for
23-nt reads; 16 for 22-, 29-, 30-, and 31-nt reads;
and 15 for 21- and 28-nt reads. As previously
published (41), we basically took the footprints
accumulation over the average of the footprint
density in the given ORFs. Analyses were re-
stricted to the mRNAs with 0.5 footprints per
codon and more. The averaged pause scores
on given codons were computed by R v3.3.2.

For calculating Not4-enrichment (Fig. 5), we
employed the monosome-enriched ribosome
profiling dataset. All footprints containing
short form (21 to 24 nt for input and 20 to 23 nt
for Not4-IPed ribo-seq) and classical form (29
to 33 nt for input and 28 to 30 nt for Not4-IPed
ribo-seq) were used for analysis. The offsets
used in this analysis were 17 for 33-nt reads;
16 for 21- to 24~ and 29- to 32-nt reads; and 15
for 20- and 28-nt reads. Transcript-level Not4-
enrichment analysis was computed by R pack-
age “DESeq” (42). Transcripts that mapped less
than 25 reads were omitted from transcript-
level enrichment analysis. Codon stabilization
coefficient (CSC, fraction of optimality (codon
optimality), and tAlI were referred for (4, 43, 44).
For meta-gene assay of Not4-enrichment at
individual codons within the ORF, we first cal-
culated reads per million (RPM) for each codon
from overall ORFs (n = 6696 genes), excluding
initiation and termination codons, and then
mean RPM at each codon (n = 61 amino acid-
coding codons) from Not4-IPed ribo-seq data-
set were divided by input one.

Analytical sucrose density gradient centrifugation

Yeast cells were grown exponentially at 30°C,
treated with 0.1 mg/ml of CHX for 5 min be-
fore harvesting, and then harvested by centri-
fugation. The harvested cell pellet was frozen
and ground in liquid nitrogen using a mortar.
The cell powder was resuspended with lysis
buffer [20 mM HEPES-KOH, pH 7.4, 100 mM
potassium acetate, 2 mM magnesium acetate,
0.5 mM dithiothreitol, 1 mM phenylmethyl-
sulfonyl fluoride, 1 tablet/10 ml Complete mini
EDTA-free (11836170001, Roche)] to prepare
the lysate. The lysate (the equivalent of 50
A260 units) was layered on top of the 10 to
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50% sucrose gradients and then centrifuged
at 150,000g in a P28S rotor (Hitachi Koki,
Japan) for 2.5 hours at 4°C. The polysome pro-
files were generated by continuous absorbance
measurement at 254 nm using a single-path
UV-1 optical unit (ATTO Biomini UV-monitor)
connected to a chart recorder (ATTO digital
mini-recorder). Proteins in each fraction were
separated by 10% Nu-PAGE and transferred
to PVDF membranes (Millipore; IPVH00010).
After blocking with 5% skim milk, the blots
were incubated with the Anti-HA-Peroxidase
(12013819001, Roche), and detected by Image-
Quant LLAS4000 (GE Healthcare).

In the sucrose density gradient centrifuga-
tion analysis of fig. S5H, yeast cells were grown
exponentially at 30°C and then harvested by
centrifugation without CHX treatment. The
lysate (the equivalent of 50 A260 units) were
layered on top of the 10 to 50% sucrose gra-
dients and then centrifuged at 270,700g in a
SW41Ti rotor (Beckman Coulter) for 80 min
at 4°C. Other experimental handling was sim-
ilar to that described above.

Transcriptional shutoff and RNA Northern
blot analysis

For the GAL1 UAS transcriptional shutoff anal-
ysis, cells expressing the appropriate plasmids
were grown at 24°C in synthetic media with 2%
galactose/1% sucrose to allow for expression
of the reporter mRNA. Cells were shifted to
synthetic media without sugar at an ODggg =
0.4, and then transcription was repressed by
adding glucose to a final concentration of 4%.
Cells were collected at the time points indi-
cated in the figures. For the CHX-treated ex-
periments, different concentrations of CHX
(0, 0.2, 50, or 100 mg/ml) were added to cells
(ODgpg = 0.4) for 40 min, followed by the tran-
scriptional shutoff analysis.

Total RNA was extracted by phenol/chloroform
and precipitated with 95% EtOH overnight.
RNA (30 ug) was separated on 1.4% agarose-
formaldehyde gels at 100 V for 1.5 hours, trans-
ferred to nylon membranes, and probed with
32p_]abeled antisense oligonucleotides to de-
tect poly (G) (0JC168), HIS3 (0JC2564), or
SCR1 (0JC306) (table S3). Blots were exposed
to PhosphorImager screens, scanned by Typhon
9400, and quantified by ImageQuant.

Half-life measurement and RNA Northern blot
for HIS3 mRNA stability analysis

For the HIS3 mRNA stability analysis, cells ex-
pressing the respective plasmids were grown at
30°C in synthetic media with 2% galactose after
preculture in synthetic media with 2% raffinose
to allow for expression of the reporter mRNA.
At an ODgq = 0.5, galactose-containing media
was removed and then transcription was re-
pressed by adding glucose to a final concen-
tration of 2%. Cells were collected at the time
points indicated in the figures. See Fig. 5E for
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HIS3 reporter mRNA half-life measurements
and fig. S6 for Northern blots of HIS3 re-
porter mRNA.

Total RNA was extracted by phenol/chloroform
and refined with ethanol precipitation. RNA
(500 or 1000 ng) was mixed with 27 ul of glyoxal
mix [600 pl of DMSO, 200 pl of deionized 40%
glyoxal, 120 ul of 10x MOPS buffer (200 mM
MOPS, 50 mM NaOAc, 10 mM EDTA, pH 7.0),
62.5 ul of 80% glycerol, and 17.5 ul of DEPC-
treated water in 1 ml] and 3 ul of RNA loading
buffer (50% glycerol, 10 mM EDTA pH 8.0,
0.05% bromophenol blue, 0.05% xylene cyanol)
and separated on 1.2% agarose-MOPS gels at
200 V for 40 min, the transferred to Hybond-N+
membrane (GE healthcare) with 20xSSC (3M
NacCl, 300 mM Trisodium citrate dihydrate)
for 20 hours using a capillary system. After
cross-linking on a membrane by CL-1000 ultra-
violet cross-linker (UVP) at 120 mJ/cm? the
membrane was incubated with DIG Easy Hyb
Granules (Roche) for 1 hour in a hybridization
oven at 50°C. 5’ end DIG-labeled oligonucleo-
tide for the FLAG-Tag sequence (5'-CTTGTC-
GTCGTCGTCCTTGTAGTC-3") was added and
incubated for more than 18 hours, followed by
an additional wash with wash buffer I (2.0x
SSC, 0.1% SDS) and wash buffer IT (0.1x SSC,
0.1% SDS) for 15 min at 50°C. The membrane
was then incubated with 1x maleic acid buf-
fer (100 mM maleic acid, 150 mM NacCl, pH 7.0,
adjusted by NaOH) containing Blocking Reagent
(Roche) for 60 min at room temperature. Anti-
Digoxigenin-AP, Fab fragments (Roche), was
added to Blocking Reagent and further incu-
bated for 1 hour. For washing, membrane was
incubated with wash buffer III (1x maleic acid
buffer, 0.3% tween 20) for 10 min, three times,
and equilibrated by equilibration buffer (100 mM
Tris-HCI, 100 mM NaCl, pH 9.5). For detection,
membrane was reacted with CDP-star (Roche)
for 10 min, and chemiluminescence was de-
tected by LAS-4000 (GE healthcare). Relative
RNA levels were determined using Multi Gauge
v3.0 (Fujifilm, Japan) by comparison to a stan-
dard curve using a series of dilutions of samples
from time point 0 hours (just after transcription
shutoff). The displayed values represent the
averages of biological triplicates (V = 3) and
their standard deviations.

Polyribosome analysis and Western blotting

CHX (100 pg/ml) was added when cells reach
to ODggg = 0.4 before harvesting. For detecting
Dhhlp by Western blotting, cells were cross-
linked at a final concentration of 0.25% for-
maldehyde for 5 min, then treated with 125 mM
glycine for 10 min to quench cross-linking be-
fore adding CHX. Cells were then lysed into
lysis buffer (10 mM Tris pH 7.4, 100 mM Nacl,
30 mM MgCl2,1 mM DTT, 100 ug/ml CHX)
by vortexing with glass beads, and cleared
using the hot needle puncture method. 1%
Triton X-100 was added into the supernatant.
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7.5 ODyg( units were loaded on 15 to 45% (w/w)
sucrose gradients prepared on a Biocomp Gra-
dient Master in gradient buffer (50 mM Tris-
acetate pH 7.0, 50 mM NH,CI, 12 mM MgCl,,
1mM DTT) and centrifuged in a SW-41Ti rotor
at 41,000 revolutions per minute for 2 hours
and 26 min (to detect Dhhlp signal, the cen-
trifugation step is optimized to 1 hour 13 min
for all groups in fig. S51 (45) at 4°C]. Gradients
were fractionated by using a Brandel Frac-
tionation System and an ISCO UA-6 ultra-
violet detector. Fractions were precipitated
at —20°C with 10% TCA (final concentration)
overnight. Pellets were washed with 80% ace-
tone, resuspended in 50 ul of SDS-PAGE load-
ing buffer, and boiled at 95°C for 5 min, then
separated by 10% SDS polyacrylamide gels,
followed by Western blotting with primary
antibodies (anti-HA [BioLegend, PRB-101C],
anti-Rpl4 [Proteintech, 11302-1-AP], anti-Dhhlp
at 4°C overnight and incubated with second-
ary antibodies (goat-anti-Mouse [Santa Cruz
sc-2005] and goat-anti-Rabbit [Pierce 31460])
at room temperature for 1 hour. Signal was
detected by chemiluminescence using Blue
Ultra Autorad film.

Endogenous mRNA Northern blot for
EDC1 mRNAs

For the endogenous mRNA Northern blot,
the indicated cells were grown at 30°C in
synthetic media with 2% glucose. Cells were
harvested at an ODggo = 0.7. Total RNA was
extracted by phenol/chloroform and ethanol
precipitation. RNA (5 pg) was separated on
1.2% agarose-formaldehyde gels at 200 V for
60 min, and then transferred to nylon mem-
branes. After the RNA-transfer step, experi-
mental handling was similar to that described
for the HIS3 half-life measurements. Relative
RNA levels were determined using Multi Gauge
v3.0 (Fujifilm, Japan). The displayed values
represent the averages of biological triplicates
(N = 3) and their standard deviations.
DIG-labeled EDCI probes were prepared by
PCR-based nucleic acid labeling using PCR
DIG Probe Synthesis kit (Roche, NJ, USA)
according to the procedure specified by the
manufacturer and primers 5'- ATGTCGACG-
GATACCATGTATTTCAACAG-3' and 5'- TTA-
GCCTCCCTTGGACCATTAGTG-3'".
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Coupling translation and mRNA decay

Gene expression requires messenger RNAs (mRNAs)-—DNA-derived blueprints of genes—-to be translated by
protein-producing ribosomes. The levels of MRNAs are tightly regulated, in part by controlling their half-lives. In
eukaryotic cells, mRNA half-life is largely linked to translational efficiency, but the mechanism underlying this link has
remained elusive. Buschauer et al. used cryc-electron microscopy and RNA sequencing to show how a key regulator of
mRNA degradation, the Ccr4-Not complex, monitors the ribosome during mRNA translation. They found that the Not5
subunit directly binds to a ribosomal site exposed specifically during inefficient decoding, thereby triggering mRNA
degradation. Analysis of mutants revealed the importance of this sensing mechanism for mMRNA homeostasis.
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