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ACKNO:LEDGMEN7

I ZRXld like WR e[SUeVV m\ deeSeVW gUaWiWXde WR m\ WheViV VXSeUYiVRU PURf.

SaikUiVhQaQ Ka\aUaW fRU hiV helS, gXidaQce, aQd VXSSRUW dXUiQg Whe SURjecW SeUiRd. I

am WhaQkfXl fRU geWWiQg Whe RSSRUWXQiW\ WR ZRUk XQdeU hiV e[SeUWiVe. I am alVR gUaWefXl

WR DU. Ga\aWhUi PaQaQghaW fRU all Whe iQVighWV Vhe SURYided fRU m\ SURjecW aV m\

WheViV adYiVRU.

IW ZaV a ZRQdeUfXl e[SeUieQce WR ZRUk iQ SK Lab ZiWh Whe helS Rf bRWh SK Lab aQd

G3 Lab membeUV. I cRXld QRW haYe XQdeUWakeQ WhiV jRXUQe\ ZiWhRXW Whe VXSSRUW Rf DU.

Om PUakaVh ChRXhaQ, aQd I am WhaQkfXl aQd haSS\ WhaW I had Whe RSSRUWXQiW\ WR

ZRUk XQdeU hiV meQWRUVhiS. I ZaQW WR WhaQk AkhileVh PUaWaS SiQgh fRU Whe WUaiQiQg he

gaYe me iQ lab WechQiTXeV dXUiQg m\ VemeVWeU SURjecW befRUe fiQal \eaU. I alVR ZRXld

like WR WhaQk AVhZiQ Uda\ fRU helSiQg me ZiWh RTC SURWeiQ aQd IVhWi\aT fURm JBU

Lab fRU helSiQg me ZiWh maVV VSecWURmeWU\.
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AB67RAC7

PURRfUeadiQg eQ]\meV aUe eVVeQWial fRU Whe SURSeU fXQcWiRQiQg Rf maQ\ RUgaQiVmV,

iQclXdiQg YiUXVeV. IQ cRURQaYiUXVeV VXch aV SARS-CRV-2, NSP14 caUUieV RXW WhiV

fXQcWiRQ ZiWh Whe helS Rf Whe N-WeUmiQal E[RN dRmaiQ XViQg iWV 3¶ WR 5¶

e[RUibRQXcleaVe acWiYiW\. CRVV caS WheiU geQRmic RNA aQd mRNA WR eYade Whe hRVW

immXQe V\VWem. The NiRAN dRmaiQ Rf NSP12 iV SURSRVed WR Sla\ a URle iQ WhiV

caSSiQg SURceVV. E[RQXcleaVe aVVa\ UeVXlWV iQ WhiV SURjecW VhRZ WhaW NSP14 SUefeUV

ViQgle-VWUaQded RNA VXbVWUaWeV WR dRXble-VWUaQded RNA VXbVWUaWeV, cRQWUadicWRU\ WR

Whe UeceQWl\ SXbliVhed SaSeUV. The NiRAN dRmaiQ iV iQacWiYe iQ Whe abVeQce Rf Whe

UeVW Rf Whe NSP12 dRmaiQV. MaVV VSecWURmeWU\ cRQfiUmed WhaW NSP12, iQ iWV iQWacW

fRUm, iV able WR WUaQVfeU aQ AMP fURm aQ ATP mRlecXle WR NSP9. AWWemSWV WR

cU\VWalli]e Whe NiRAN dRmaiQ aQd NSP14 ZeUe QRW VXcceVVfXl. The QaWXUe Rf

diffeUeQW VXbVWUaWeV WhaW caQ biQd WR Whe acWiYe ViWe Rf Whe NiRAN dRmaiQ iV \eW WR be

fRXQd RXW. FXUWheU e[SeUimeQWV aUe UeTXiUed WR be caUUied RXW iQ RUdeU WR XQUaYel Whe

iQflXeQce Rf NSP14 RQ Whe acWiYiWieV Rf NSP12 aQd NSP13.
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CKDSWHU 1: IQWURGXFWLRQ

CoUonaYiUidae iV a famil\ Rf YiUXVeV cRQViVWiQg Rf membeUV ZiWh ViQgle-VWUaQded RNA

geQRmeV, aQd Whe\ aUe Whe laUgeVW kQRZQ RNA YiUXVeV. ThiV laUge famil\ iV diYided

iQWR WhUee VXbfamilieV oUWhocoUonaYiUinae, LeWoYiUinae aQd PiWoYiUinae. MXUiQe

heSaWiWiV YiUXV (MHV), iQfecWiRXV bURQchiWiV YiUXV (IBV), aQd hXmaQ CRVV (HCRVV)

aUe VRme Rf Whe Zell-kQRZQ UeSUeVeQWaWiYeV Rf Whe VXbfamil\ OUWhocoUonaYiUinae,

Zhich iV cRmmRQl\ UefeUUed WR aV cRURQaYiUXV (ICTV, 2023). CRURQaYiUXVeV (CRVV)

haYe beeQ kQRZQ WR hXmaQkiQd fRU maQ\ decadeV aQd aUe caSable Rf iQfecWiQg aQd

caXViQg diVeaVe iQ hXmaQV aQd RWheU aQimalV (LeaR JC eW al., 2022). A hXmaQ

cRURQaYiUXV ZaV fiUVW ideQWified b\ T\UUell aQd B\QRe iQ QaVal ZaVhiQgV Rf adXlW

SaWieQWV ZiWh cRmmRQ cRld iQ Whe \eaU 1965 (T\UUell DA eW al., 1965). HCRV‐NL63,

HCRV‐OC43, aQd HCRV-HKU1 aUe VRme Rf Whe cRURQaYiUXVeV WhaW caXVe mild

UeVSiUaWRU\ WUacW illQeVV iQ hXmaQV (FRUQi D eW al., 2017). The RXWbUeak Rf VeYeUe

acXWe UeVSiUaWRU\ V\QdURme (SARS) iQ 2002 caXVed b\ a highl\ SaWhRgeQic

cRURQaYiUXV SARS-CRV iQcUeaVed iQWeUeVW iQ UeVeaUch aQd VWXdieV UelaWed WR

cRURQaYiUXVeV Zhich ZeUe XQWil WheQ cRQVideUed SaWhRgeQV ZiWh liWWle WR QR WhUeaW WR

hXmaQV (Pa\Qe S, 2017). The RXWbUeak Rf middle eaVWeUQ UeVSiUaWRU\ V\QdURme

(MERS) iQ 2012, caXVed b\ MERS-CRV, ZaV Whe VecRQd majRU eSidemic caXVed b\

a cRURQaYiUXV (Zaki A M eW al., 2012). SeYeUe acXWe UeVSiUaWRU\ V\QdURme

cRURQaYiUXV 2 (SARS-CRV-2), a YiUal SaWhRgeQ UeVSRQVible fRU Whe CRYid-19

SaQdemic, iV alVR a cRURQaYiUXV claVVified iQ Whe geQXV beWacRURQaYiUXV aQd iW VhRZV

79% geQRme VimilaUiW\ WR SARS-CRV aQd 50% geQRme VimilaUiW\ WR MERS-CRV (CXi

J eW al., 2019; LX R eW al., 2020). IQ VRme SaWieQWV, iQfecWiRQ ZiWh SARS-CRV-2

caXVeV VeYeUe V\mSWRmV Rf flX WhaW caQ eVcalaWe WR faWal cRQdiWiRQV VXch aV

SQeXmRQia aQd UeQal failXUe (HaUUiVRQ A G eW al., 2020).

1.1. 6AR6-CR9-2: D HLJKO\ PDWKRJHQLF CRURQDYLUXV
The ViQgle-VWUaQded, SRViWiYe-VeQVe RNA geQRme Rf SARS-CRV-2, Zhich haV aQ

aSSUR[imaWe Vi]e Rf 30 kilRbaVeV, cRQViVWV Rf 14 RSeQ UeadiQg fUameV (ORFV).

ORF1a aQd ORF1b RccXS\ Whe iQiWial WZR-WhiUdV Rf Whe RNA geQRme aW Whe 5¶-eQd

aQd eQcRde QRQ-VWUXcWXUal SURWeiQV (NSPV) Rf Whe YiUXV (KhailaQ\ R A eW al., 2020).

The fiUVW RSeQ UeadiQg fUame ORF1a iV WUaQVlaWed iQWR SRl\SURWeiQ SS1a, ZheUeaV
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SRl\SURWeiQ SS1ab iV V\QWheVi]ed fURm bRWh ORF1a aQd ORF1b aV a UeVXlW Rf a

UibRVRmal fUameVhifW eYeQW, Zhich WakeV Slace QeaU Whe VWRS cRdRQ Rf ORF1a,

SURmRWed b\ SURgUammed í1 UibRVRmal fUameVhifWiQg elemeQW (PFSE) Rf

SARS-CRV-2 (RRmaQ C eW al., 2021). TheVe SRl\SURWeiQV aUe cleaYed b\ WZR YiUal

SURWeaVeV, NSP3 aQd NSP5, WR fRUm fXQcWiRQal QRQ-VWUXcWXUal SURWeiQV. PRl\SURWeiQ

SS1a iV cleaYed iQWR QRQ-VWUXcWXUal SURWeiQV fURm NSP1 WR NSP11, ZheUeaV SS1ab

fRUmV QRQVWUXcWXUal SURWeiQV fURm NSP1 WR NSP16 (CheQ Y eW al., 2020; JiQ Y eW al.,

2022). UQlike VWUXcWXUal SURWeiQV, NSPV Sla\ fXQcWiRQal URleV VXch aV geQRme

UeSlicaWiRQ, SURRfUeadiQg, aQd meWh\laWiRQ, Zhich aUe cUXcial fRU Whe UeSlicaWiRQ aQd

WUaQVmiVViRQ Rf Whe YiUXV (YadaY R eW al., 2021).

CRVV aUe URXghl\ VSheUical iQ VhaSe, aQd Whe diameWeU Rf Whe YiUiRQV UaQgeV fURm 118

Qm WR 140 Qm. The\ SRVVeVV QRQ-VegmeQWed geQRmic RNA, ZiWh Vi]eV UaQgiQg fURm

25 kb WR 32 kb (Pa\Qe S, 2017). The cRURQaYiUXV RNA geQRme eQcRdeV fRXU

VWUXcWXUal SURWeiQV, Qamel\ QXcleRcaSVid (N), membUaQe (M), eQYelRSe (E), aQd

VSike (S) SURWeiQV. The QXcleRcaSVid SURWeiQ biQdV WR Whe geQRmic RNA aQd

SackageV iW, Zhile Whe membUaQe SURWeiQV Velf-aVVemble WhURXgh SURWeiQ-SURWeiQ

iQWeUacWiRQ aQd eQclRVe Whe QXcleRcaSVid-bRXQd geQRme (TVeQg YT eW al., 2010;

SaWaUkeU S eW al., 2020). EQYelRSe SURWeiQ iV a Vmall iQWegUal membUaQe SURWeiQ WhaW

Sla\V URleV iQ SaWhRgeQeViV aQd c\WRWR[iciW\ (Ye Y aQd HRgXe BG, 2007). IW alVR

e[hibiWV chaUacWeUiVWicV Rf YiURSRUiQV Zhich VhRZ acWiYiWieV VXch aV YiUXV aVVembl\

aQd UeleaVe (LiaR Y eW al., 2006). SSike SURWeiQ iV a laUge gl\cRSURWeiQ SURjecWiQg RXW

fURm Whe YiUXV VXUface, aQd iW helSV iQ Whe UecRgQiWiRQ Rf hRVW cell UeceSWRUV (SaWaUkeU

S eW al., 2020). IW biQdV WR Whe cell UeceSWRU aQd iQdXceV YiUXV-cell membUaQe fXViRQ

eQabliQg Whe YiUXV WR SeQeWUaWe Whe hXmaQ bRd\ aQd caXVe iQfecWiRQ (HXaQg Y eW al.,

2020).

The eQWU\ Rf SARS-CRV-2 iQWR Whe hRVW bRd\ cRmmeQceV ZheQ Whe UeceSWRU-biQdiQg

dRmaiQ (RBD) Rf Whe VSike SURWeiQ biQdV WR aQgiRWeQViQ-cRQYeUWiQg eQ]\me 2

(ACE2), a cellXlaU UeceSWRU SUeVeQW iQ Whe hRVW cellV (WX F eW al., 2020; ZhRX P eW al.,

2020). AfWeU Whe VXcceVVfXl eQWU\ iQWR Whe hRVW cell, Whe YiUXV UeleaVeV iWV geQRme iQWR

Whe c\WRSlaVm, ZheUe Whe ORF1a aQd ORF1b aUe WUaQVlaWed iQWR Whe UeVSecWiYe

SRl\SURWeiQV aQd aUe cleaYed iQWR afRUemeQWiRQed iQdiYidXal QRQ-VWUXcWXUal SURWeiQV

(PeUlmaQ S eW al., 2009). AfWeUZaUd, Whe YiUal cRmSRQeQWV fRUm dRXble-membUaQe
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YeVicleV b\ UeaUUaQgiQg Whe eQdRSlaVmic UeWicXlXm WR mediaWe Whe fRUmaWiRQ Rf

geQRmic aQd VXbgeQRmic RNAV (VgRNA) WhURXgh YiUal geQRme UeSlicaWiRQ. VgRNA

eQcRdeV acceVVRU\ SURWeiQV aQd VWUXcWXUal SURWeiQV, Zhich aUe WUaQVlRcaWed iQWR

ER±GRlgi iQWeUmediaWe cRmSaUWmeQW afWeU WUaQVlaWiRQ fRU Whe aVVembl\ Rf Whe

SARS-CRV-2 YiUiRQ. AfWeU cRmSleWe aVVembl\ aQd iQcRUSRUaWiRQ Rf Whe RNA geQRme,

YiUiRQV aUe UeleaVed fURm Whe SlaVma membUaQe (SQijdeU E J eW al., 2006; WX H Y

aQd BUiaQ D A, 2010).

1.2. 7KH E[RULERQXFOHDVH N6P14
NXcleaVeV aUe eQ]\meV WhaW cleaYe QXcleic acidV VXch aV DNAV aQd RNAV iQWR

VmalleU fUagmeQWV b\ h\dURl\]iQg ShRVShRdieVWeU bRQdV, a VWURQg aQd VWable

biRchemical bUidge beWZeeQ QXcleRWideV (NiVhiQR T eW al., 2002). NXcleaVeV cleaYiQg

DNA VXbVWUaWeV aUe WeUmed DNAVeV, aQd WhRVe cleaYiQg RNAV, RNAVeV (ZXR Y aQd

DeXWVcheU M P, 2001). E[RQXcleaVeV h\dURl\]e Whe ShRVShRdieVWeU bRQdV aW eiWheU

eQd Rf Whe VXbVWUaWe, cleaYiQg QXcleRWideV RQe aW a Wime, Zhile eQdRQXcleaVeV acW

iQWeUQall\ RQ Whe VXbVWUaWeV (MaVRQ P A eW al., 2012). ReVWUicWiRQ eQdRQXcleaVeV

cleaYe DNA VXbVWUaWeV XSRQ UecRgQi]iQg a VSecific QXcleRWide VeTXeQce aW Whe

UeVWUicWiRQ ViWe, ZheUeaV a VWUXcWXUe-VSecific eQdRQXcleaVe (SSE) ideQWifieV Whe

VecRQdaU\ VWUXcWXUe Rf iWV QXcleic acid VXbVWUaWe (LReQeQ W A eW al., 2014; Dehp P M

eW al., 2017). MRVW Rf Whe e[RQXcleaVeV dR QRW haYe aQ\ VeTXeQce VSecificiW\, aQd

Whe\ caQ acW eiWheU iQ a 3¶-5¶ diUecWiRQ RU a 5¶-3¶ diUecWiRQ (MaVRQ P A eW al., 2012).

E[RQXcleaVeV WhaW SURceVV iQ Whe 5¶-3¶ diUecWiRQ, VXch aV FEN-1, helS iQ Whe UemRYal

Rf Oka]aki fUagmeQWV dXUiQg DNA UeSlicaWiRQ (HRVfield D J eW al., 1998). 3¶-5¶

e[RQXcleaVeV, VXch aV Whe İ VXbXQiW Rf DNA SRl\meUaVe III, helS iQ SURRfUeadiQg Rf

QeZl\ V\QWheVi]ed QXcleic acid chaiQV, acWiQg haQd iQ haQd ZiWh SRl\meUaVe

eQ]\meV (JRhQVRQ A eW al., 2005).

The fRXUWeeQWh QRQ-VWUXcWXUal SURWeiQ Rf SARS-CRV-2, NSP14, iV a bifXQcWiRQal

SURWeiQ cRQViVWiQg Rf aQ N-WeUmiQal e[RUibRQXcleaVe dRmaiQ (E[RN) aQd a C-WeUmiQal

meWh\lWUaQVfeUaVe dRmaiQ (MTaVe). NSP14 iV alVR SUeVeQW iQ RWheU cRURQaYiUXVeV,

VXch aV SARS-CRV aQd MERS-CRV, aQd Whe\ e[hibiW VWUXcWXUal aQd fXQcWiRQal

VimilaUiW\ (OgaQdR N S eW al., 2020). The SARS-CRV-2 NSP14 haV a mRlecXlaU maVV

Rf 60 kDa. The WZR majRU dRmaiQV Rf NSP14 aUe cRQQecWed b\ a hiQge dRmaiQ
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Zhich cRQWURlV WheiU fle[ibiliW\ (FeUURQ F eW al., 2018). The MTaVe dRmaiQ iV aQ

N7-gXaQiQe meWh\lWUaQVfeUaVe WhaW helSV iQ Whe V\QWheViV Rf YiUal RNA caS b\

meWh\laWiQg Whe gXaQiQe QXcleRWide aW Whe 5¶-eQd Rf Whe caS VWUXcWXUe (CheQ Y eW al.,

2009). MTaVe iV caSable Rf meWh\laWiQg caS aQalRgV iQ Whe SUeVeQce Rf

S-adeQRV\lmeWhiRQiQe (SAM), a meWh\l dRQRU (JiQ X eW al., 2013). ReceQW VWXdieV

VXggeVW WhaW NSP14 cRXld SRWeQWiall\ VXSSUeVV iQWeUfeURQ SURdXcWiRQ aQd iQWeUfeURQ

VigQaliQg WR helS Whe YiUXV fighW Whe hRVW immXQe V\VWem (YXeQ C K eW al.,2020).

The E[RN dRmaiQ iV a 3¶-5¶ e[RUibRQXcleaVe WhaW cleaYeV RNA VXbVWUaWeV, aQd iW

dReV QRW affecW DNA VXbVWUaWeV (BaddRck H T eW al., 2022). IW iV SURSRVed WhaW E[RN

ZRUkV WRgeWheU ZiWh NSP12, Whe RNA-deSeQdeQW RNA-SRl\meUaVe (RdRS) Rf CRVV,

aV a SURRfUeadeU dXUiQg geQRme UeSlicaWiRQ aQd WUaQVcUiSWiRQ (SXbiVVi L eW al., 2014).

SWXdieV cRQdXcWed iQ Whe CRV mXUiQe heSaWiWiV YiUXV VhRZ WhaW NSP14 e[ceSWiRQall\

iQcUeaVeV Whe geQRmic UeSlicaWiRQ fideliW\ (EckeUle L D eW al., 2007). E[RN belRQgV WR

Whe DEDDh VXSeUfamil\ Rf e[RQXcleaVeV, aQd Whe famil\ membeUV haYe fRXU

iQYaUiaQW acidic amiQR acidV diVWUibXWed iQ WhUee VeSaUaWe VeTXeQce mRWifV (BeUQad A

eW al.,1989; ZXR Y aQd DeXWVcheU M P, 2001). The fRXU UeVidXeV D90, E92, D243,

aQd D273 iQ iWV acWiYe ViWe fRUm Whe meWal biQdiQg caWal\Wic cRUe aQd aUe cRQVeUYed

acURVV RWheU cRURQaYiUXVeV (SaUamagR M eW al., 2021). IQ SURWeiQV UelaWed WR NSP14,

Whe UeVidXe H268 iV SURSRVed WR deSURWRQaWe ZaWeU mRlecXleV fRU QXcleRShilic

aWWackV, fXQcWiRQiQg aV a geQeUal baVe (HamdaQ S eW al., 2003). The acWiYiW\ Rf WhiV

dRmaiQ iV deSeQdeQW RQ diYaleQW caWiRQV VXch aV Mg2+ RU MQ2+, aQd Mg2+ iV Whe mRVW

effecWiYe fRU caWal\ViV. The addiWiRQ Rf EDTA, a SRSXlaU chelaWiQg ageQW fRU diYaleQW

caWiRQV, dXUiQg iQ YiWUR UeacWiRQV caQ cRmSleWel\ VWRS Whe e[RQXcleaVe acWiYiW\ Rf

NSP14. NRQ-VWUXcWXUal SURWeiQ NSP10 iV QeceVVaU\ fRU Whe SURSeU fXQcWiRQiQg Rf Whe

E[RN dRmaiQ (SaUamagR M eW al., 2021).

NSP10 iV a ViQgle-dRmaiQ ]iQc-fiQgeU SURWeiQ WhaW haV WZR ]iQc-biQdiQg mRWifV, aQd iW

iV fRXQd WR be YeU\ cUXcial fRU Whe e[RQXcleaVe acWiYiW\ Rf NSP14. NSP10 haV a highl\

cRQVeUYed VeTXeQce, aQd iW iV SUeVeQW iQ all cRURQaYiUXVeV (JRVeSh J S eW al., 2006;

LiQ S eW al., 2021). While acWiQg alRQe RQ a QXcleic acid VXbVWUaWe, Whe e[RQXcleaVe

acWiYiW\ Rf NSP14 iV cRQVideUabl\ lRZ, aQd WhiV acWiYiW\ iV iQcUeaVed ZheQ NSP10

fRUmV a cRmSle[ ZiWh NSP14 (SaUamagR M eW al., 2021). The ]iQc fiQgeUV Rf NSP10

helS Whe SURWeiQ WR iQWeUacW ZiWh aQd biQd WR Whe N-WeUmiQXV Rf NSP14. The N-WeUmiQal
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eQd Rf Whe E[RN dRmaiQ, Zhich VWa\V ³clRVed´ iQ Whe abVeQce Rf NSP10, RSeQV XS

XSRQ iQWeUacWiRQ ZiWh NSP10, aQd WhiV cRQfRUmaWiRQal chaQge iV belieYed WR iQcUeaVe

Whe caWal\Wic acWiYiW\ Rf Whe SURWeiQ (ImSUachim N eW al., 2023).

1.3. NLRAN: WKH NXFOHRWLG\OWUDQVIHUDVH DRPDLQ RI N6P12
NSP12, alVR a bifXQcWiRQal SURWeiQ, haV a C-WeUmiQal RNA-deSeQdeQW

RNA-SRl\meUaVe (RdRS) dRmaiQ aQd aQ N-WeUmiQal ³NidRYiUXV RdRS aVVRciaWed

QXcleRWid\lWUaQVfeUaVe´ (NiRAN) dRmaiQ. TheVe WZR dRmaiQV aUe cRQQecWed WhURXgh

aQ iQWeUface dRmaiQ lRcaWed beWZeeQ Whem (KiUchdReUfeU R N eW al., 2019). The RdRS

dRmaiQ iV iQdiVSeQVable fRU geQRme UeSlicaWiRQ, aQd iW iV fRXQd iQ almRVW all RNA

YiUXVeV (TaQg X eW al., 2022). NSP12 biQdV ZiWh RQe NSP7 SURWeiQ aQd WZR NSP8

SURWeiQV WR fRUm Whe UeSlicaWiRQ-WUaQVcUiSWiRQ cRmSle[ (RTC) Rf SARS-CRV-2, Zhich

helSV iQ Whe UeSlicaWiRQ aQd WUaQVcUiSWiRQ Rf geQRmic RNA (PeeUVeQ O B, 2019;

KiUchdReUfeU R N eW al., 2019). SWXdieV VXggeVW WhaW NSP7 aQd NSP8 cRXld be acWiQg

aV a SUimaVe dXUiQg UeSlicaWiRQ aQd WUaQVcUiSWiRQ (We VelWhXiV A J eW al., 2012). UQlike

Whe RdRS dRmaiQ, Whe NiRAN dRmaiQ e[hibiWV VigQificaQW diYeUgeQce iQ VeTXeQce,

aQd iW RQl\ haV fRXU cRQVeUYed mRWifV; SUeAN, AN, BN, aQd CN. ThiV 250 UeVidXe

dRmaiQ acWV aV a geQeWic maUkeU fRU Whe RUdeU NidoYiUaleV ViQce iW iV SUeVeQW iQ all Whe

membeUV Rf Whe RUdeU aQd iV QRW VeeQ iQ aQ\ RWheU RNA YiUXVeV (LehmaQQ K C eW al.,

2015).

The 5¶-eQd Rf geQRmic RNA aQd mRNAV Rf CRVV caUU\ a 7MeGSSSA2¶OMe caS

VWUXcWXUe Zhich VafegXaUdV Whe mRNAV aQd SURmRWeV Whe WUaQVlaWiRQ iQiWiaWiRQ Rf

eQcRded SURWeiQV. ThiV 5¶-caS iQcUeaVeV Whe UeVemblaQce Rf YiUal RNAV WR mRNAV

V\QWheVi]ed b\ Whe hRVW cellV aQd helSV Whe YiUXV WR eYade Whe hRVW immXQe

UecRgQiWiRQ (DaffiV S eW al., 2010). The NiRAN dRmaiQ Rf SARS-CRV-2 haV a

kiQaVe-like fRld, aQd iW caQ Sla\ a SRWeQWial URle iQ Whe V\QWheViV Rf YiUal RNA caS

VWUXcWXUe (YaQ L eW al., 2022; DZiYed\ A eW al., 2021). A SURWeiQ kiQaVe iV aQ eQ]\me

WhaW caWal\]eV Whe mRdificaWiRQ Rf RWheU SURWeiQV b\ Whe cRYaleQW addiWiRQ Rf

ShRVShaWeV WR Whem iQ a SURceVV WeUmed ShRVShRU\laWiRQ (UbeUVa[ J A eW al., 2007).

NiRAN dRmaiQ VhRZV VWUXcWXUal VimilaUiW\ WR VeleQRSURWeiQ-O (SelO), a

VeleQiXm-cRQWaiQiQg SURWeiQ ZiWh a fRld VimilaU WR WhaW Rf a SURWeiQ kiQaVe. BXW SelO
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SURWeiQ dReV QRW e[hibiW ShRVShRU\laWiRQ acWiYiW\. HeQce iW iV Qamed a SVeXdRkiQaVe

(DXdkieZic] M eW al., 2012; SUeelaWha A eW al., 2018).

ReceQW VWXdieV VhRZ WhaW SelO SURWeiQ iV caSable Rf WUaQVfeUUiQg aQ AMP fURm ATP

WR SURWeiQ VXbVWUaWeV (SUeelaWha A eW al., 2018). The NiRAN dRmaiQ Rf NSP12 alVR

e[hibiWV WhiV acWiYiW\ b\ XWili]iQg NSP9 aV Whe SURWeiQ VXbVWUaWe. IQ Whe SUeVeQce Rf

diYaleQW meWal caWiRQV VXch aV Mg2+ RU MQ2+, Whe NiRAN dRmaiQ caQ WUaQVfeU a

QXcleRWide mRQRShRVShaWe (NMP) fURm a QXcleRWide WUiShRVShaWe (NTP) WR Whe fiUVW

N-WeUmiQal UeVidXe aVSaUagiQe Rf NSP9, iQ a SURceVV WeUmed aQ NMP\laWiRQ (WaQg

B eW al., 2021). IQ a VimilaU faVhiRQ, Whe NiRAN dRmaiQ caQ alVR UemRYe a

S\URShRVShaWe fURm Whe 5¶-eQd Rf a 5¶-WUiShRVShaWe RNA VXbVWUaWe (5¶-SSSRNA)

WhURXgh S\URShRVShRURl\ViV aQd WUaQVfeU Whe QeZl\ fRUmed 5¶-mRQRShRVShaWe RNA

(5¶-SRNA) WR Whe N-WeUmiQal aVSaUagiQe UeVidXe Rf NSP9 iQ a SURceVV WeUmed aV

RNA\laWiRQ. ThiV iV SURSRVed WR be Whe iQiWial VWeS Rf YiUal RNA caS V\QWheViV. IQ Whe

SUeVeQce Rf gXaQRViQe diShRVShaWe (GDP), Whe NiRAN dRmaiQ caWal\]eV Whe UeleaVe

Rf 5¶-SRNA fURm NSP9, fRUmiQg Whe SURdXcW 5¶-GSSSRNA, Whe caS cRUe VWUXcWXUe. IQ

YiWUR e[SeUimeQWV VhRZ WhaW RNA iV UeleaVed fURm NSP9 RQl\ iQ Whe SUeVeQce Rf a

gXaQRViQe-baVed QXcleRWide (PaUk, G J eW al., 2022). The MTaVe dRmaiQ Rf NSP14

caQ meWh\laWe Whe 5¶-GSSSRNA VWUXcWXUe WR fRUm Whe caS-0 VWUXcWXUe. SXbVeTXeQW

meWh\laWiRQ Rf Whe caS-0 VWUXcWXUe b\ NSP16, a 2ƍ-O-MTaVe, leadV WR Whe fRUmaWiRQ Rf

Whe fiQal caS-1 VWUXcWXUe (ViVZaQaWhaQ T eW al., 2020).

1.4. OEMHFWLYHV
Ɣ TR check Whe acWiYiW\ Rf NSP14 RQ diffeUeQW VXbVWUaWeV

Ɣ TR SXUif\ aQd cU\VWalli]e NSP14(-6)

Ɣ TR check Whe acWiYiW\ Rf NiRAN-dRmaiQ SURWeiQ

Ɣ TR deVigQ aVVa\V WR deWecW S\URShRVShaWe UeleaVe dXUiQg NMP\laWiRQ

Ɣ TR cU\VWalli]e NiRAN-dRmaiQ SURWeiQ
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CKDSWHU 2: MDWHULDOV DQG MHWKRGV

2.1. BDFWHULDO 7UDQVIRUPDWLRQ
PlaVmidV cRQWaiQiQg Whe geQe Rf iQWeUeVW ZeUe WUaQVfRUmed iQWR E.coli cellV WhURXgh

Whe heaW-VhRck meWhRd RU elecWURSRUaWiRQ.

2.1.1. HHDW VKRFN WUDQVIRUPDWLRQ
Gl\ceURl VWRckV Rf chemicall\ cRmSeWeQW cellV ZeUe WakeQ RXW fURm -80�C aQd ZeUe

WhaZed RQ ice fRU 10 miQXWeV. 200 Qg Rf SlaVmid ZaV added WR Whe WhaZed cell VWRck

aQd ZaV keSW RQ ice. AfWeU 20 miQXWeV, iW ZaV iQcXbaWed aW 42�C fRU 90 VecRQdV aQd

ZaV keSW back RQ ice. AfWeU 10 miQXWeV, 200 �L Rf LB-media ZaV added WR Whe WXbe

cRQWaiQiQg cellV aQd iW ZaV iQcXbaWed aW 37�C fRU 30 miQXWeV b\ VhakiQg aW 500 RPM.

AfWeU iQcXbaWiRQ, Whe cellV ZeUe SlaWed RQ aQ LB-agaU SlaWe cRQWaiQiQg aSSURSUiaWe

aQWibiRWicV.

2.1.2. EOHFWURSRUDWLRQ
NEB WXUbR elecWURcRmSeWeQW cellV ZeUe XVed fRU WUaQVfRUmaWiRQ XViQg WhiV meWhRd.

200 Qg Rf SlaVmid DNA aQd 150 �L Rf chilled aXWRclaYed milli-Q ZeUe added WR Whe

WXbe cRQWaiQiQg Whe cellV. AfWeUZaUd, Whe cRQWeQWV Rf Whe WXbe ZeUe WUaQVfeUUed WR a

1mm elecWURSRUaWiRQ cXYeWWe. AfWeU iQcXbaWiQg Whe cXYeWWe RQ ice fRU 30 WR 45 miQV, iW

ZaV elecWURSRUaWed XQdeU Whe fRllRZiQg cRQdiWiRQV: 1800 V YRlWage, 25 �F

caSaciWaQce, aQd 200 ȍ UeViVWaQce. GeQePXlVeU Xcell elecWURSRUaWRU b\ BiR-Rad ZaV

XVed fRU Whe SURcedXUe. 200 �L LB-media ZaV added WR Whe cXYeWWe ZiWhiQ 30

VecRQdV Rf elecWURSRUaWiRQ, aQd Whe cXYeWWe ZaV iQcXbaWed aW 37�C fRU 30 miQXWeV.

afWeUZaUd, Whe cellV ZeUe SlaWed RQ aQ LB-agaU SlaWe cRQWaiQiQg aSSURSUiaWe

aQWibiRWicV.

2.2. PODVPLG IVRODWLRQ
PlaVmidV ZeUe WUaQVfRUmed iQWR NEB WXUbR cellV aQd SlaWed RQ LB-agaU SlaWeV

cRQWaiQiQg aSSURSUiaWe aQWibiRWicV. AfWeU iQcXbaWiQg Whe SlaWeV aW 37�C RYeUQighW,

iVRlaWed cRlRQieV ZeUe Sicked fURm Whe SlaWeV aQd ZeUe iQRcXlaWed iQ 10 ml LB-media

cRQWaiQiQg aSSURSUiaWe aQWibiRWicV. CXlWXUe WXbeV ZeUe iQcXbaWed aW 37�C b\ VhakiQg
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aW 180 USm RYeUQighW. The Qe[W da\, cell cXlWXUeV ZeUe ceQWUifXged aW 4000 USm fRU 20

miQXWeV (CeQWUifXge 5810 R, ESSeQdRUf), aQd cell SelleWV ZeUe cRllecWed, diVcaUdiQg

Whe VXSeUQaWaQW. PlaVmidV ZeUe iVRlaWed fURm Whe cell SelleW XViQg Whe alkaliQe l\ViV

meWhRd.

2.2.1. MDQXDO PHWKRG

BXIIHU QDPH CRPSRVLWLRQ

1 SRlXWiRQ I 50 mM TUiV (SH 8.0), 10 mM EDTA aQd 100 Xg/mL RNAVe

2 SRlXWiRQ II 0.2 N NaOH, 1% (Z/Y) SDS

3 SRlXWiRQ III 3 M CH3COOK (SH 8.0)

Table1: AlkaliQe l\ViV VRlXWiRQV aQd cRmSRViWiRQ

FiUVWl\, Whe cell SelleW ZaV UeVXVSeQded iQ 300 �L VRlXWiRQ I iQ 1.5 ml WXbeV. TheQ 300

�L Rf fUeVhl\ SUeSaUed VRlXWiRQ II ZaV added WR iW. The WXbeV ZeUe geQWl\ iQYeUWed 5

WimeV WR mi[ Whe VamSle. SRlXWiRQ III ZaV added afWeU 4 miQXWeV, aQd Whe cRQWeQWV

ZeUe WhRURXghl\ mi[ed b\ iQYeUWiQg Whe WXbeV 5 WimeV. The VamSle ZaV VSXQ aW

14000 USm fRU 10 miQXWeV, aQd Whe VXSeUQaWaQW ZaV cRllecWed (CeQWUifXge 5424 R,

ESSeQdRUf). 900 �L Rf chilled eWhaQRl ZaV added iQWR Whe VXSeUQaWaQW, aQd iW ZaV

agaiQ VSXQ aW 14000 USm fRU 20 miQXWeV. ThiV Wime, Whe VXSeUQaWaQW ZaV diVcaUded,

aQd 900 �L 70% eWhaQRl ZaV added iQWR Whe WXbe, Zhich ZaV WheQ ceQWUifXged aW

14000 USm fRU 10 miQXWeV. TheQ Whe VXSeUQaWaQW ZaV diVcaUded, aQd Whe SelleW ZaV

dUied b\ iQcXbaWiQg aW 55�C fRU 30 miQXWeV. AfWeUZaUd, Whe SelleW ZaV diVVRlYed iQ 50

�L milli-Q.

2.2.2 KLW-EDVHG PHWKRG
PlaVmid iVRlaWiRQ kiW b\ QIAGEN ZaV XVed fRU WhiV meWhRd. The cell SelleW ZaV fiUVW

UeVXVSeQded XViQg 250 �L bXffeU P1 iQ a 1.5 ml WXbe. 250 �L bXffeU P2 ZaV added

iQWR WhiV mi[, aQd iW ZaV mi[ed b\ iQYeUWiQg 5 WimeV. AfWeU 4 miQXWeV, bXffeU N3 ZaV

added, aQd Whe WXbe ZaV ceQWUifXged aW 14000 USm fRU 20-30 miQXWeV. AfWeU Whe VSiQ,

Whe VXSeUQaWaQW ZaV lRaded iQ SlaVmid iVRlaWiRQ cRlXmQV b\ VSiQQiQg aW 14000 USm

fRU 5 miQXWeV. The flRZWhURXgh ZaV diVcaUded, aQd 750 �L bXffeU QC ZaV added iQWR
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Whe cRlXmQ, fRllRZed b\ VSiQQiQg aW 14000 USm fRU 5 miQXWeV. AfWeU diVcaUdiQg Whe

flRZWhURXgh, 50 �L bXffeU EB ZaV added iQWR Whe cRlXmQ, aQd Whe SlaVmid ZaV elXWed

b\ VSiQQiQg aW 14000 USm fRU 5 miQXWeV.

2.3. DNA CORQLQJ
ReVWUicWiRQ-ligaWiRQ clRQiQg aQd UeVWUicWiRQ-fUee clRQiQg ZeUe XVed WR chaQge SURWeiQ

WagV, VZiWch Whe geQe fURm RQe YecWRU WR aQRWheU, aQd iQWURdXce mXWaWiRQV iQ Whe

geQe.

2.3.1. RHVWULFWLRQ-OLJDWLRQ FORQLQJ
SGEX YecWRU backbRQe digeVWed b\ UeVWUicWiRQ eQ]\meV NdeI aQd BamHI ZaV XVed

fRU UeVWUicWiRQ-ligaWiRQ clRQiQg. The YecWRU backbRQe ZaV alVR WUeaWed ZiWh TSAP

(PURmega). IQVeUW cRQWaiQiQg Whe geQe ZaV iVRlaWed fURm Whe SlaVmid XViQg NdeI aQd

BamHI UeVWUicWiRQ eQ]\meV (NEB). The UeacWiRQ mi[ cRQWaiQed 150 Qg DNA iQVeUW,

50 Qg YecWRU backbRQe, 1XL T4 ligaVe (NEB), aQd 1[ ligaVe bXffeU. The Vame

UeacWiRQ mi[ ZiWhRXW DNA iQVeUW ZaV XVed aV a cRQWURl. AfWeU iQcXbaWiRQ aW 25�C fRU 3

hRXUV, cRQWURl aQd WeVW VamSleV ZeUe WUaQVfRUmed iQWR NEB TXUbR cellV. TUaQVfRUmed

cellV ZeUe SlaWed RQ LB agaU SlaWeV cRQWaiQiQg amSicilliQ, aQd Whe SlaWeV ZeUe

iQcXbaWed aW 37�C RYeUQighW. The Qe[W da\, iVRlaWed cRlRQieV ZeUe Sicked fURm Whe

SlaWeV aQd ZeUe iQRcXlaWed iQ 10 mL LB-media ZiWh amSicilliQ, fRllRZed b\ RYeUQighW

iQcXbaWiRQ aW 37�C ZiWh VhakiQg aW 180 USm. AfWeUZaUd, Whe cell cXlWXUe ZaV

ceQWUifXged aW 5000 USm fRU 30 miQXWeV aW 4�C, aQd Whe cell SelleW ZaV cRllecWed,

diVcaUdiQg Whe VXSeUQaWaQW.

ReVWUicWiRQ-ligaWiRQ ZaV XVed WR UemRYe 6[HiV-Wag fURm Whe N-WeUmiQXV Rf NSP14 aQd

NiRAN-dRmaiQ clRQeV ZiWh N-WeUmiQal GST-Wag.

Ɣ ClRQeV made XViQg WhiV meWhRd:

ż NVS14(-6) ZiWh N-WeUmiQal GST-Wag aQd TEV cleaYage ViWe iQ SGEX

YecWRU

Ŷ GST - TEV ViWe - NVS14(-6)

ż NiRAN ZiWh N-WeUmiQal GST-Wag aQd TEV cleaYage ViWe iQ SGEX YecWRU

Ŷ GST - TEV ViWe - NiRAN
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2.3.2. RHVWULFWLRQ-IUHH (RF) FORQLQJ

CRPSRQHQW FLQDO CRQFHQWUDWLRQ

1 PfX bXffeU 1[

2 dNTP mi[ 200 �M

3 FRUZaUd SUimeU 0.4 �M

4 ReYeUVe SUimeU 0.4 �M

5 TemSlaWe DNA 2 Qg/�L

6 PfX SRl\meUaVe 0.5 �L iQ 50 �L

Table 2: CRmSRQeQWV Rf SUimaU\ PCR UeacWiRQ

CRPSRQHQW FLQDO CRQFHQWUDWLRQ

1 PfX bXffeU 1[

2 dNTP mi[ 300-400 �M

3 mega-SUimeU 20 Qg/�l

4 TemSlaWe DNA 2 Qg/�l

5 PfX SRl\meUaVe 0.5 �L iQ 50 �L

Table 3: CRmSRQeQWV Rf VecRQdaU\ PCR UeacWiRQ

RF clRQiQg ZaV XVed WR eiWheU iQWURdXce a mXWaWiRQ iQ Whe geQe RU WR iQVeUW Whe geQe

iQ a diffeUeQW YecWRU Rf iQWeUeVW. IQ Whe fiUVW VWeS, a mega-SUimeU ZaV SURdXced WhURXgh

PCR UeacWiRQ XViQg a fRUZaUd SUimeU aQd a UeYeUVe SUimeU (SUimaU\ PCR UeacWiRQ)

XQdeU Whe fRllRZiQg cRQdiWiRQV: deQaWXUaWiRQ aW 95�C fRU 30 V, aQQealiQg aW 60�C fRU

30V aQd e[WeQViRQ aW 72�C fRU a dXUaWiRQ deSeQdiQg RQ Whe Vi]e Rf Whe amSlified

SURdXcW (1 miQ/kb). MaVWeUc\cleU X50V b\ ESSeQdRUf ZaV XVed fRU PCR UeacWiRQV.
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CRmSRQeQWV fRU Whe SUimaU\ PCR UeacWiRQ ZeUe XVed aV meQWiRQed iQ Table 2. AfWeU

Whe PCR UeacWiRQ, Whe SUeVeQce Rf aQ amSlified SURdXcW ZaV cRQfiUmed XViQg

agaURVe gel elecWURShRUeViV, aQd Whe SURdXcW ZaV cleaQed XS XViQg a

PCR-SXUificaWiRQ kiW (QIAGEN). 100 �L Rf PCR SURdXcW ZaV lRaded iQ a 50 QIATXick

SSiQ CRlXmQ alRQg ZiWh 500 �L bXffeU PB aQd Whe cRlXmQ ZaV VSXQ aW 14000 USm fRU

3 miQV. AfWeU addiQg 750 �L bXffeU PE iQWR Whe cRlXmQ, iW ZaV VSXQ aW 14000 USm fRU

5 miQV, aQd Whe flRZWhURXgh ZaV diVcaUded. AfWeUZaUd, Whe DNA bRXQd WR Whe cRlXmQ

ZaV elXWed XViQg 50 �L bXffeU EB.

IQ Whe VecRQd VWeS, Whe mega-SUimeU fURm Whe SUimaU\ PCR ZaV XVed WR amSlif\ Whe

cRmSleWe SlaVmid YecWRU (VecRQdaU\ PCR). SecRQdaU\ PCR ZaV caUUied RXW iQ Whe

fRllRZiQg cRQdiWiRQV: deQaWXUaWiRQ aW 95�C fRU 45 VecRQdV, aQQealiQg aW 51�C fRU 45

VecRQdV, aQd e[WeQViRQ aW 72�C fRU a dXUaWiRQ Rf 1 miQ/kb. CRmSRQeQWV fRU Whe

VecRQdaU\ PCR UeacWiRQ ZeUe XVed aV meQWiRQed iQ Table 3. A cRQWURl ZaV alVR keSW

dXUiQg VecRQdaU\ PCR, iQ Zhich mega-SUimeU ZaV QRW added. AfWeU Whe PCR, Whe

VXcceVV Rf Whe UeacWiRQ ZaV cRQfiUmed XViQg agaURVe gel-elecWURShRUeViV, aQd Whe

SURdXcWV ZeUe VXbjecWed WR DSQ1 digeVWiRQ aW 37�C fRU 3 hRXUV. AfWeUZaUd, Whe

digeVWiRQ SURdXcW ZaV WUaQVfRUmed iQWR NEB WXUbR elecWURcRmSeWeQW cellV WhURXgh

elecWURSRUaWiRQ. PlaVmidV ZeUe iVRlaWed fURm Whe cell cXlWXUe aV meQWiRQed befRUe.

RF clRQiQg ZaV XVed WR iQVeUW Whe NSP9 geQe iQWR SRSFDXeW-1 aQd WR iQWURdXce

D208A aQd D218A SRiQW mXWaWiRQV iQ Whe NiRAN dRmaiQ Rf NSP12.

2.4. PURWHLQ E[SUHVVLRQ CKHFN
PlaVmidV cRQWaiQiQg Whe geQe Rf iQWeUeVW ZeUe WUaQVfRUmed iQWR SURWeiQ e[SUeVViRQ

VWUaiQV Rf E.coli bacWeUial cellV (RRVeWWa 2, BL21 (DE3), BL21-AI, C43, eWc.) WhURXgh

heaW VhRck WUaQVfRUmaWiRQ. The WUaQVfRUmed cellV ZeUe SlaWed RQ aQ LB-agaU SlaWe

cRQWaiQiQg Whe aSSURSUiaWe aQWibiRWicV, aQd Whe SlaWe ZaV iQcXbaWed aW 37�C fRU 12 WR

14 hRXUV. CellV ZeUe VcUaSed fURm Whe SlaWeV Whe Qe[W da\ aQd iQRcXlaWed iQWR WZR

cXlWXUe WXbeV cRQWaiQiQg 10 mL LB-media ZiWh Whe aSSURSUiaWe aQWibiRWicV. TXbeV

ZeUe WheQ iQcXbaWed aW 37�C b\ VhakiQg aW 180 USm XQWil Whe OD600 Ueached 0.6. OQe

Rf Whe WXbeV ZaV lefW XQiQdXced, keeSiQg iW aV a cRQWURl, aQd Whe RWheU RQe ZaV

iQdXced ZiWh aQ aSSURSUiaWe amRXQW Rf IPTG. AfWeUZaUd, Whe cXlWXUe WXbeV ZeUe
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iQcXbaWed aW 18�C RYeUQighW aW 180 USm. The Qe[W da\, Whe cell cXlWXUe ZaV

ceQWUifXged aW 5000 USm fRU 20 miQXWeV, aQd Whe VXSeUQaWaQW ZaV diVcaUded. The cell

SelleW cRllecWed fURm XQiQdXced cell cXlWXUe ZaV UeVXVSeQded iQ 5[ TGS bXffeU

cRQWaiQiQg 125 mM TUiV, 960 mM Gl\ciQe, aQd 0.5% SDS (VamSle 1). Cell SelleW

cRllecWed fURm iQdXced cell cXlWXUe ZaV UeVXVSeQded iQ TGS bXffeU (VamSle 2) aQd

l\ViV bXffeU VeSaUaWel\. The VamSleV ZeUe WheQ VRQicaWed fRU WZR miQXWeV ZiWh

1-VecRQd ³RQ´ aQd 3-VecRQd ³Rff´ VeWWiQgV aW 60% amSliWXde (VibUa-cell, SRQicV). The

cell SelleW UeVXVSeQded iQ Whe l\ViV bXffeU ZaV ceQWUifXged aW 12000 USm fRU 10

miQXWeV. The VXSeUQaWaQW ZaV cRllecWed (VamSle 3), aQd Whe l\Ved SelleW ZaV

UeVXVSeQded iQ Whe TGS bXffeU (VamSle 4). 3[ SDS lRadiQg d\e ZaV added WR all fRXU

VamSleV, aQd Whe VamSleV ZeUe UXQ RQ aQ SDS SRl\acU\lamide gel aW 200 V. The gel

image ZaV WheQ caSWXUed XViQg E-Gel ImageU b\ Life TechQRlRgieV.

2.5. PURWHLQ PXULILFDWLRQ
ThiV VecWiRQ e[SlaiQV Whe geQeUal SURWRcRl XVed fRU SURWeiQ SXUificaWiRQ. VaUiableV

VSecific WR each SURWeiQ, VXch aV W\Se Rf aQWibiRWic, amRXQW Rf IPTG XVed fRU

iQdXcWiRQ, aQd bXffeU VRlXWiRQV XVed fRU each cRlXmQ, aUe meQWiRQed afWeUZaUd.

BXIIHU QDPH CRPSRVLWLRQ

1 L\ViV BXffeU
50 mM TUiV (SH 7.5), 500 mM NaCl, 5 mM MgCl2, 10% gl\ceURl, 15
mM Imida]Rle

2 BXffeU A 50 mM TUiV (SH 7.5), 500 mM NaCl, 15 mM Imida]Rle

3 BXffeU B 50 mM TUiV (SH 7.5), 500 mM NaCl, 500 mM Imida]Rle

4 BXffeU GA 50 mM TUiV (SH 7.5), 500 mM NaCl

5 BXffeU GB 50 mM TUiV (SH 7.5), 500 mM NaCl, 20 mM GlXWaWhiRQe

6 Dial\ViV D 50 mM TUiV (SH 8), 50 mM NaCl, 1 mM DTT

7 BXffeU B50 50 mM TUiV (SH 8), 50 mM NaCl, 1 mM DTT

8 BXffeU B1000 50 mM TUiV (SH 8), 1000 mM NaCl, 1 mM DTT

9 BXffeU S 25 mM TUiV (SH 8), 150 mM NaCl, 0.1mM MgCl2, 1 mM DTT

Table 4: GeQeUal cRmSRViWiRQ Rf bXffeUV XVed fRU SURWeiQ SXUificaWiRQ.

VaUiaWiRQV fRU each SURWeiQ aUe meQWiRQed belRZ.
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2.5.1. PURWHLQ H[SUHVVLRQ DQG VRQLFDWLRQ
PlaVmid cRQWaiQiQg Whe geQe Rf iQWeUeVW ZaV WUaQVfRUmed iQWR aSSURSUiaWe cellV Rf

E.coli VWUaiQV, aV SeU Whe UeVXlW Rf Whe e[SUeVViRQ check, aQd Whe cellV ZeUe SlaWed RQ

LB-agaU SlaWeV. TR gURZ Whe SUimaU\ cXlWXUe, cell cRlRQieV ZeUe iQRcXlaWed iQWR 100

mL LB-media. The SUimaU\ cXlWXUe ZaV iQcXbaWed aW 37�C fRU 2-3 hRXUV. FRXU WR Vi[

cRQical flaVkV cRQWaiQiQg 1-liWeU LB-media each ZeUe iQRcXlaWed XViQg 10 mL Rf

SUimaU\ cXlWXUe iQ each flaVk WR gURZ Whe VecRQdaU\ cXlWXUe. The flaVkV ZeUe

iQcXbaWed aW 37�C XQWil Whe RSWical deQViW\ (OD600) Ueached Whe RSWimXm leYel.

AccRUdiQg WR Whe e[SUeVViRQ checkV, all Whe SURWeiQV SXUified ZeUe VhRZiQg

e[SUeVViRQ ZheQ iQdXced aW 0.6 OD. The OD ZaV checked XViQg a ShRWRmeWeU

(BiRShRWRmeWeU, ESSeQdRUf). The VecRQdaU\ cXlWXUeV ZeUe iQdXced ZiWh a VXiWable

amRXQW Rf IPTG aW OD 0.6 aQd ZeUe gURZQ RYeUQighW, iQcXbaWiQg aW 18�C aQd 180

USm. IQ Whe mRUQiQg, Whe cell cXlWXUeV ZeUe SelleWed b\ ceQWUifXgiQg aW 5000 USm fRU

30 miQXWeV (AYaQWi J-26S XP, BeckmaQ CRXlWeU). The cell SelleW ZaV UeVXVSeQded iQ

l\ViV bXffeU aQd ZaV VRQicaWed ZiWh 1-VecRQd ³RQ-Wime´ aQd 3-VecRQd ³Rff-Wime´ fRU 3

miQXWeV aW 4�C (VibUa-cell, SRQicV). The 3-miQXWe c\cleV ZeUe UeSeaWed 2-3 WimeV

XQWil Whe cellV ZeUe SURSeUl\ l\Ved. AfWeUZaUd, Whe l\ViV VRlXWiRQ ZaV ceQWUifXged aW

15000 USm fRU 60 miQXWeV (AYaQWi J-26S XP, BeckmaQ CRXlWeU), aQd Whe VXSeUQaWaQW

(l\VaWe) ZaV cRllecWed. The l\VaWe ZaV SaVVed WhURXgh eiWheU a Ni-NTA cRlXmQ (5 mL

HiVTUaS HP, C\WiYa) RU a GST cRlXmQ (5 mL GSTUaS, C\WiYa) XViQg GE AkWa PUime

FPLC aV Whe fiUVW VWeS Rf SURWeiQ SXUificaWiRQ.

2.5.2. AIILQLW\ FKURPDWRJUDSK\: NL-N7A FROXPQ
HiVTUaS cRlXmQ ZaV ZaVhed XViQg 40 ml Rf 100% bXffeU B aW a flRZ UaWe Rf 2 ml/miQ,

fRllRZed b\ eTXilibUaWiRQ XViQg 80 ml Rf bXffeU A aW Whe Vame flRZ UaWe. TheQ Whe

l\VaWe cRllecWed afWeU VRQicaWiRQ ZaV SaVVed WhURXgh Whe cRlXmQ aW a 1.5 ml/miQ flRZ

UaWe. AfWeU lRadiQg Whe l\VaWe, 80 ml bXffeU A ZaV SaVVed WR UemRYe cRQWamiQaQWV

lRRVel\ bRXQd WR Whe cRlXmQ. The SURWeiQ Rf iQWeUeVW bRXQd WR Whe Ni-NTA cRlXmQ

ZaV elXWed XViQg 10 ml each Rf 5%, 10%, 20%, 40%, 60%, aQd 100% bXffeU B,

Zhich ZeUe cRllecWed iQ 6 diffeUeQW fUacWiRQV. 10 ȝL fURm each fUacWiRQ, alRQg ZiWh

lRad aQd flRZWhURXgh, ZaV cRllecWed iQ 8 diffeUeQW WXbeV aQd ZaV WUeaWed ZiWh 5 ȝL 3[
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SDS-lRadiQg d\e. SamSleV ZeUe WheQ lRaded aQd UXQ RQ aQ SDS-PAGE gel. AfWeU

Whe elecWURShRUeViV ZaV fiQiVhed, Whe gel ZaV VWaiQed XViQg a cRRmaVVie bUilliaQW blXe

VRlXWiRQ aQd heaWed XQWil Whe VRlXWiRQ VWaUWed bRiliQg. TheQ Whe gel ZaV keSW RQ a

URckeU fRU 10 miQXWeV. AfWeU SURSeUl\ VWaiQiQg Whe gel, Whe cRRmaVVie blXe VRlXWiRQ

ZaV diVcaUded, aQd Whe gel ZaV keSW iQ a deVWaiQ VRlXWiRQ cRQWaiQiQg 20% eWhaQRl

aQd 10% glacial aceWic acid. The gel ZiWh Whe deVWaiQ VRlXWiRQ ZaV heaWed XQWil iW

VWaUWed bRiliQg aQd keSW RQ a URckeU XQWil iW ZaV SURSeUl\ deVWaiQed. The gel image

ZaV caSWXUed XViQg E-Gel ImageU.

2.5.3. AIILQLW\ FKURPDWRJUDSK\: G67UDS FROXPQ
GSTUaS cRlXmQ ZaV ZaVhed XViQg 40 ml 100% bXffeU GB aW a flRZUaWe Rf 2 ml/miQ,

fRllRZed b\ eTXilibUaWiRQ XViQg 80 ml Rf bXffeU GA aW Whe Vame flRZ UaWe. TheQ Whe

l\VaWe cRllecWed afWeU VRQicaWiRQ ZaV SaVVed WhURXgh Whe cRlXmQ aW a 1.5 ml/miQ flRZ

UaWe. AfWeU lRadiQg Whe l\VaWe, 80 ml bXffeU A ZaV SaVVed WR UemRYe cRQWamiQaQWV

lRRVel\ bRXQd WR Whe cRlXmQ. AfWeUZaUd, Whe GST-Wagged SURWeiQ bRXQd WR Whe cRlXmQ

ZaV elXWed XViQg 30 ml bXffeU GB, cRllecWed iQ WhUee fUacWiRQV Rf 10 ml each. The

SUeVeQce Rf a SURWeiQ Rf iQWeUeVW ZaV cRQfiUmed XViQg SDS-gel elecWURShRUeViV.

2.5.4. DLDO\VLV DQG WDJ FOHDYDJH
AfWeU affiQiW\ chURmaWRgUaSh\, Whe elXaWe ZaV keSW fRU dial\ViV RYeUQighW. FUacWiRQV

cRQWaiQiQg Whe SURWeiQ ZeUe SRRled WRgeWheU aQd ZeUe keSW fRU dial\ViV XViQg a

dial\ViV membUaQe iQ WZR liWeUV Rf bXffeU D RYeUQighW. If Whe SURWeiQ had aQ\

SXUificaWiRQ Wag WhaW Qeeded WR be UemRYed, iW ZaV cleaYed Rff dXUiQg WhiV VWeS. EiWheU

TEV SURWeaVe (1:10 SURWeaVe WR SURWeiQ UaWiR) RU UlS1 SURWeaVe (1:100 SURWeaVe WR

SURWeiQ UaWiR) ZaV added WR Whe SURWeiQ VRlXWiRQ deSeQdiQg RQ Whe cleaYage ViWe,

dXUiQg dial\ViV. The Qe[W da\, Whe SURWeiQ VRlXWiRQ ZaV WakeQ RXW aQd ZaV ceQWUifXged

aW 15000 USm fRU 20 miQXWeV aW 4�C (AYaQWi J-26S XP, BeckmaQ CRXlWeU) WR UemRYe

aQ\ SURWeiQ SUeciSiWaWe, aQd Whe VXSeUQaWaQW ZaV cRllecWed.

2.5.5. IRQ-H[FKDQJH FKURPDWRJUDSK\: MRQRQ DQG MRQR6 FROXPQV
MRQRQ 10/100 GL RU MRQRS 10/100 GL (GE HealWhcaUe) cRlXmQV ZeUe XVed aV

aQiRQ e[chaQge aQd caWiRQ e[chaQge cRlXmQV, UeVSecWiYel\. The cRlXmQ ZaV

ZaVhed XViQg 40 ml bXffeU B1000 aW a 1 ml/miQ flRZ UaWe, fRllRZed b\ eTXilibUaWiRQ
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XViQg 80 ml bXffeU B50 aW Whe Vame flRZ UaWe. The SURWeiQ VRlXWiRQ ZaV WheQ lRaded iQ

Whe cRlXmQ XViQg a VXSeUlRRS aW a flRZ UaWe Rf 1 ml/miQ. AfWeUZaUd, Whe bRXQd SURWeiQ

ZaV elXWed XViQg aQ iQcUeaViQg gUadieQW Rf bXffeU B1000 fURm 0% WR 100%. SamSleV

ZeUe cRllecWed fURm Whe elXWed fUacWiRQV cRUUeVSRQdiQg WR Whe SeakV RQ Whe

chURmaWRgUam aQd ZeUe UXQ RQ aQ SDS SRl\acU\lamide gel. FUacWiRQV cRQWaiQiQg

SURWeiQ Rf iQWeUeVW ZeUe SRRled WRgeWheU, aQd Whe VRlXWiRQ ZaV cRQceQWUaWed WR a

YRlXme leVV WhaQ 1 ml XViQg a SURWeiQ cRQceQWUaWRU (ViYaVSiQ TXUbR, 5 kDa RU 10

kDa) b\ ceQWUifXgiQg aW 5000 USm (CeQWUifXge 5810 R, ESSeQdRUf).

2.5.6. 6L]H-H[FOXVLRQ FKURPDWRJUDSK\: 6XSHUGH[ 200 DQG 6XSHUGH[ 75
SXSeUde[ 75 10/300 GL RU SXSeUde[ 200 10/300 GL cRlXmQV ZeUe XVed fRU

Vi]e-e[clXViRQ chURmaWRgUaSh\. BefRUe lRadiQg Whe SURWeiQ iQWR Whe cRlXmQ, iW ZaV

eTXilibUaWed XViQg 48 ml Rf bXffeU S. SXSeUde[ 75 ZaV RSeUaWed aW a flRZ UaWe Rf 0.8

ml/miQ aQd SXSeUde[ 200 aW 0.3 ml/miQ. PURWeiQ VRlXWiRQ cRQceQWUaWed WR a YRlXme

belRZ 1 mL ZaV iQjecWed iQWR Whe V\VWem XViQg a V\UiQge. The SURWeiQ VRlXWiRQ ZaV

SaVVed WhURXgh Whe cRlXmQ XViQg Whe bXffeU S. SamSleV ZeUe cRllecWed fURm Whe

elXWed fUacWiRQV cRUUeVSRQdiQg WR Whe chURmaWRgUam SeakV aQd ZeUe aQal\]ed XViQg

aQ SDS-SRl\acU\lamide gel. FUacWiRQV cRQWaiQiQg Whe deViUed SURWeiQ ZeUe SRRled

WRgeWheU, aQd Whe SURWeiQ VRlXWiRQ ZaV cRQceQWUaWed XViQg a SURWeiQ cRQceQWUaWRU

(ViYaVSiQ TXUbR, 5 kDa RU 10 kDa). 5 �L aliTXRWV ZeUe made fURm Whe cRQceQWUaWed

SURWeiQ, aQd Whe aliTXRWV ZeUe flaVh-fUR]eQ iQ liTXid QiWURgeQ aQd VWRUed aW -80�C.

2.5.7. 6SHFLILF CRQGLWLRQV IRU EDFK PURWHLQ

N6P14 (:7)
PlaVmid cRQVWUXcW : [GST-TEVViWe-NSP14(WT)-6[HiV] iQ SGEX YecWRU

E[SUeVViRQ cellV : RRVeWWa 2(DE3)SL\VS

AQWibiRWicV : 100 �g/mL amSicilliQ aQd 25 �g/mL chlRUamSheQicRl

IQdXceU : 0.5 mM IPTG

CRlXmQV XVed : Ni-NTA, MRQRQ, aQd SXSeUde[200

PURWeaVe : TEV SURWeaVe

VaUiaWiRQ fURm bXffeU cRmSRViWiRQ meQWiRQed iQ Wable 4:
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Ɣ The L\ViV bXffeU XVed had addiWiRQal 1 mM DTT.

N6P14 (-6): NL-N7A CROXPQ
PlaVmid cRQVWUXcW: [6[HiV-GST-TEVViWe-NSP14(-6)] iQ SGEX YecWRU

Ɣ CRQdiWiRQV ZeUe Whe Vame aV NSP14 (WT) SURWeiQ.

N6P14 (-6): G67 CROXPQ
PlaVmid cRQVWUXcW: [GST-TEVViWe-NSP14(-6)] iQ SGEX YecWRU

Ɣ GST cRlXmQ ZaV XVed iQ Whe fiUVW VWeS Rf SXUificaWiRQ alRQg ZiWh bXffeU GA aQd

bXffeU GB. EYeU\WhiQg elVe UemaiQed Whe Vame aV NSP14 (WT) SXUificaWiRQ.

N6P10
E[SUeVViRQ cellV : RRVeWWa 2(DE3)SL\VS

AQWibiRWicV : 50 �g/mL kaQam\ciQ aQd 25 �g/mL chlRUamSheQicRl

IQdXceU : 0.5 mM IPTG

CRlXmQV XVed : Ni-NTA, MRQRQ, aQd SXSeUde[75

Ɣ BXffeU S ZaV XVed ZiWhRXW MgCl2.

NLRAN: NL-N7A
PlaVmid cRQVWUXcW : [6[HiV-GST-TEVViWe-NSP14(WT)] iQ SGEX YecWRU

E[SUeVViRQ cellV : RRVeWWa 2(DE3)SL\VS

AQWibiRWicV : 100 �g/mL amSicilliQ aQd 25 �g/mL chlRUamSheQicRl

IQdXceU : 0.5 mM IPTG

PURWeaVe : TEV SURWeaVe

CRlXmQV XVed : Ni-NTA, MRQRQ, aQd SXSeUde[75

Ɣ AfWeU cleaYiQg Whe Wag XViQg TEV SURWeaVe, Whe SURWeiQ VRlXWiRQ ZaV SaVVed

WhURXgh Whe Ni-NTA cRlXmQ agaiQ.

NLRAN: G67 CROXPQ
PlaVmid cRQVWUXcW : [GST-TEVViWe-NSP14(WT)] iQ SGEX YecWRU

E[SUeVViRQ cellV : RRVeWWa 2(DE3)SL\VS

AQWibiRWicV : 100 �g/mL amSicilliQ aQd 25 �g/mL chlRUamSheQicRl
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IQdXceU : 0.5 mM IPTG

PURWeaVe : TEV SURWeaVe

CRlXmQV XVed : GST cRlXmQ, MRQRQ, aQd SXSeUde[75

N6P9
PlaVmid cRQVWUXcW : [6[HiV-SUMO-NSP9] iQ SRSFDXeW-1

E[SUeVViRQ cellV : RRVeWWa 2(DE3)SL\VS

AQWibiRWicV : 50 �g/mL kaQam\ciQ aQd 25 �g/mL chlRUamSheQicRl

IQdXceU : 0.5 mM IPTG

PURWeaVe : UlS1

CRlXmQV XVed : Ni-NTA, MRQRS, aQd SXSeUde[75

Ɣ BXffeU D ZaV XVed ZiWh 1 mM EDTA aQd BXffeU S ZiWhRXW MgCl2.

Ɣ SH Rf Whe bXffeUV B50 aQd B1000 ZaV 7.5

N6P12
PlaVmid cRQVWUXcW : [6[HiV-SUMO-NSP12] iQ SRSFDXeW-1

E[SUeVViRQ cellV : RRVeWWa 2(DE3)SL\VS

AQWibiRWicV : 50 �g/mL kaQam\ciQ aQd 25 �g/mL chlRUamSheQicRl

IQdXceU : 0.5 mM IPTG

PURWeaVe : UlS1

CRlXmQV XVed : Ni-NTA, MRQRQ, aQd SXSeUde[75

Ɣ L\ViV bXffeU had 0.2% CHAPS. BXffeU D, BXffeU B50, aQd BXffeU B1000 ZeUe XVed

ZiWh 1 mM EDTA. BXffeU S ZaV XVed ZiWhRXW MgCl2.

Ɣ AfWeU Wag cleaYage, Whe SURWeiQ VRlXWiRQ ZaV SaVVed agaiQ WhURXgh Whe Ni-NTA

cRlXmQ.

2.6. E[RQXFOHDVH AVVD\
AcWiYiW\ check Rf NSP14 ZaV caUUied RXW iQ aQ E[RN bXffeU cRQWaiQiQg 25 mM TUiV

(SH 7.5), 5 mM MgCl2, 50 mM NaCl, 5% gl\ceURl, aQd 1 mM DTT. NSP14 aQd

NSP10, alRQg ZiWh Whe QXcleic acid VXbVWUaWe, ZeUe added iQWR a 10 ȝL UeacWiRQ mi[

cRQWaiQiQg E[RN bXffeU iQ 0.5 mL WXbeV. The cRQceQWUaWiRQ Rf 5¶-FAM labeled

VXbVWUaWeV ZaV 10 QM. The UeacWiRQ mi[ ZaV iQcXbaWed aW 37�C fRU 45 miQXWeV. The

UeacWiRQ ZaV VWRSSed b\ addiQg 5 ȝL Rf VWRS bXffeU (95% fRUmamide (Y/Y), 10 mM
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EDTA, aQd 0.25% bURmRSheQRl blXe). AfWeUZaUd, Whe WXbeV ZeUe iQcXbaWed aW 95�C

fRU 5 miQXWeV. The cRQWeQWV Rf Whe WXbeV ZeUe lRaded iQ a 20% SRl\acU\lamide gel

cRQWaiQiQg 6 M XUea, aQd Whe gel ZaV UXQ aW 200 YRlWV. The gelV ZeUe YiVXali]ed aQd

caSWXUed XViQg Whe AmeUVham T\ShRRQ laVeU VcaQQeU.

2.7. NMP\ODWLRQ RHDFWLRQ
NMP\laWiRQ UeacWiRQ ZaV caUUied RXW iQ a bXffeU cRQWaiQiQg 25 mM TUiV (SH 7.5), 10

mM KCl, 5 mM MgCl2, aQd 1 mM DTT. The cRmSRViWiRQ Rf Whe 20 ȝL UeacWiRQ mi[ iQ a

0.5 mL WXbe ZaV aV fRllRZV: 1[ bXffeU, 50 QM NiRAN-dRmaiQ SURWeiQ, NSP12 RU RTC,

150 �M NSP9, aQd 300 �M ATP. The UeacWiRQ ZaV VWaUWed b\ Whe addiWiRQ Rf ATP. IQ

RUdeU WR deWecW Whe S\URShRVShaWe UeleaVe XViQg malachiWe aVVa\, iW ZaV digeVWed

iQWR ShRVShaWeV XViQg S\URShRVShaWaVe. 1 ȝL Rf S\URShRVShaWaVe (b\ NEB) ZaV

added WR Whe UeacWiRQ mi[, aQd iW ZaV iQcXbaWed aW 37�C fRU 2 WR 3 hRXUV. AfWeUZaUd,

50 �L Rf malachiWe-gUeeQ UeacWiRQ VRlXWiRQ ZaV added WR Whe UeacWiRQ mi[, aQd

abVRUbaQce aW 630 Qm ZaV meaVXUed XViQg a micURSlaWe UeadeU (CLARIOVWaU, BMG

LabWech).

TR SUeSaUe Whe malachiWe gUeeQ UeacWiRQ VRlXWiRQ, 0.12% malachiWe gUeeQ d\e

(diVVRlYed iQ 3N VXlShXUic acid), 7.5% ammRQiXm mRl\bdaWe, aQd 11% WZeeQ-20

ZeUe XVed aQd Whe cRmSRQeQWV ZeUe mi[ed iQ a 10:2.5:0.2 UaWiR. A cRQceQWUaWiRQ

gUadieQW Rf NaH2PO4, UaQgiQg fURm 0 WR 500 �M, ZaV XVed WR SlRW Whe VWaQdaUd cXUYe.

2.8. PURWHLQ CU\VWDOOL]DWLRQ
PURWeiQ VRlXWiRQ cRQceQWUaWed WR 10 mg/ml ZaV XVed fRU cU\VWalli]aWiRQ. IQ Whe

ViWWiQg-dURS YaSRU diffXViRQ meWhRd XViQg 96-Zell SlaWeV, 60 ȝL UeVeUYRiU VRlXWiRQ ZaV

added iQWR each Zell (UeVeUYRiU chambeU). DiffeUeQW SlaWeV ZeUe XVed fRU each

VcUeeQ. 100 QL SURWeiQ VRlXWiRQ alRQg ZiWh 100 QL UeVeUYRiU VRlXWiRQ ZaV added WR Whe

dURS Vhelf XViQg a MRVTXiWR cU\VWalli]aWiRQ URbRW. AfWeUZaUd, all Whe chambeUV ZeUe

Vealed ZiWh cleaU WaSe, aQd Whe SlaWeV ZeUe keSW aW 18�C fRU aW leaVW fRXU da\V.

TR UeSURdXce cU\VWalV RbWaiQed iQ Whe ViWWiQg dURS meWhRd, Whe UeVeUYRiU VRlXWiRQV

ZeUe maQXall\ SUeSaUed aQd ZeUe XVed fRU Whe ³haQgiQg dURS meWhRd´ iQ 24-Zell

SlaWeV. 600 ȝL Rf maQXall\ SUeSaUed UeVeUYRiU VRlXWiRQV ZeUe added iQWR each
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chambeU. 1 ȝL Rf SURWeiQ VRlXWiRQ alRQg ZiWh 1 ȝL Rf UeVeUYRiU VRlXWiRQ ZaV added RQ

a cRYeU VliS. Each Zell ZaV Vealed ZiWh WheVe cRYeUVliSV, aQd Whe SlaWeV ZeUe keSW aW

18�C fRU aW leaVW RQe Zeek.
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CKDSWHU 3: RE68L76

3.1. CKHFN IRU PRVLWLYH CORQHV
AfWeU iVRlaWiQg Whe SlaVmid fURm NEB TXUbR cellV, Whe\ ZeUe digeVWed XViQg

aSSURSUiaWe W\Se II UeVWUicWiRQ eQ]\meV aQd ZeUe UXQ RQ 0.8% agaURVe gelV aW 90-110

YRlWV.

3.1.1. RHVWULFWLRQ-IUHH FORQLQJ

FLJ. 1: AgaURVe gel imageV Rf Whe clRQe check (RF clRQiQg)

BaQdV cRUUeVSRQdiQg WR SRViWiYe clRQeV aUe maUked iQ Ued.

Fig. 1A iV Whe clRQe check fRU NSP14(-66) cRQVWUXcW. The fiUVW 66 amiQR acidV Rf

NSP14 ZeUe deleWed iQ WhiV clRQe. GeQe ZaV clRQed iQ Whe SGEX YecWRU, aQd SlaVmid

ZaV digeVWed XViQg NdeI aQd BamHI fRU Whe clRQe check. Fig. 1B VhRZV Whe clRQe

check fRU NSP9 iQVeUWed iQWR Whe SRSFDXeW-1 YecWRU ZiWh N-WeUmiQal SUMO-Wag.
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PlaVmid ZaV digeVWed XViQg NcRI aQd XhRI. IQ fig. 1C, laQe 1 iV cRQWURl, laQe 2 aQd 3

aUe D208A NiRAN-dRmaiQ mXWaQWV RQ NSP12/NSP7/NSP8 cRmSle[ (RTC) aQd laQe

4 aQd 5 aUe D218A NiRAN dRmaiQ mXWaQWV. HeUe Whe geQe iV iQ SRSFDXeW-1, aQd

NdeI aQd XhRI ZeUe XVed fRU SlaVmid digeVWiRQ. Fig. 1D VhRZV SRViWiYe clRQeV fRU Whe

NiRAN-IQWeUface SURWeiQ, cRQViVWiQg Rf Whe fiUVW 366 N-WeUmiQal UeVidXeV Rf NSP12 iQ

Whe SRSFDXeW-1 YecWRU. PlaVmid ZaV digeVWed XViQg NdeI aQd XhRI fRU WhiV clRQe.

AUURZ UeSUeVeQWaWiRQV iQ Whe figXUeV VhRZ diffeUeQW SXUificaWiRQ WagV iQ a 3¶ WR 5¶

diUecWiRQ.

3.1.2. RHVWULFWLRQ-OLJDWLRQ FORQLQJ

FLJ. 2: AgaURVe gel imageV Rf Whe clRQe check (ReVWUicWiRQ-ligaWiRQ)
BaQdV cRUUeVSRQdiQg WR SRViWiYe clRQeV aUe maUked iQ Ued.

N-WeUmiQal 6[HiV-WagV ZeUe UemRYed fURm NSP14(-6) aQd NiRAN dRmaiQ SURWeiQV

WhURXgh ReVWUicWiRQ-ligaWiRQ clRQiQg. NSP14(-6) iV aQ NSP14 mXWaQW iQ Zhich Whe fiUVW

6 amiQR acid UeVidXeV ZeUe deleWed. BRWh geQeV ZeUe clRQed iQ Whe SGEX YecWRU,

aQd Whe SlaVmidV ZeUe digeVWed XViQg NdeI aQd BamHI.

3.2. E[SUHVVLRQ CKHFN IRU DLIIHUHQW PURWHLQV
PURWeiQ e[SUeVViRQ check ZaV caUUied RXW XViQg Whe SURWRcRl meQWiRQed iQ Whe

maWeUialV aQd meWhRdV. SSecific deWailV Rf e[SUeVViRQ checkV Rf diffeUeQW SURWeiQV aUe

meQWiRQed iQ WhiV VecWiRQ.
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3.2.1. OSWLPLVLQJ H[SUHVVLRQ RI N6P14(-66) FORQH

FLJ. 3: E[SUeVViRQ gel imageV Rf NSP14 (-66)
A) E[SUeVViRQ check iQ diffeUeQW VWUaiQV Rf E.coli aV meQWiRQed iQ Whe figXUe. BL21-AI

cellV ZeUe iQdXced XViQg 0.2% L-AUabiQRVe. C43 aQd RRVeWWa 2(DE3) cellV ZeUe

iQdXced XViQg 0.5 mM IPTG. B) E[SUeVViRQ checkV iQ RRVeWWa 2(DE3) cellV XViQg

diffeUeQW cRQceQWUaWiRQV Rf IPTG fURm 0 WR 1.5 mM fRU iQdXcWiRQ. AfWeU iQdXcWiRQ, Whe

cXlWXUe ZaV gURZQ aW 18�C RYeUQighW. PURWeiQ iV QRW VhRZiQg e[SUeVViRQ XQdeU aQ\ Rf

Whe cRQdiWiRQV WeVWed.

3.2.2. E[SUHVVLRQ FKHFN IRU N6P14(-6) FORQH

FLJ. 4:E[SUeVViRQ gel imageV Rf NSP14 (-6)
A) E[SUeVViRQ check Rf NSP14(-6) clRQe ZiWh 6[HiV Wag iQ Whe N-WeUmiQal. B)
E[SUeVViRQ check Rf NSP14(-6) clRQe ZiWhRXW 6[HiV Wag iQ Whe N-WeUmiQal.
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The e[SUeVViRQ check ZaV caUUied RXW XViQg RRVeWWa 2(DE3) cellV. The cXlWXUe ZaV

iQdXced XViQg 0.5 mM IPTG aW 0.6 OD aQd ZaV gURZQ aW 18�C RYeUQighW afWeU

iQdXcWiRQ. The VXSeUQaWaQW, SelleW, aQd ³WRWal´ aUe fRU iQdXced cell cXlWXUeV. ³TRWal´

cRQViVWV Rf bRWh VXSeUQaWaQW aQd SelleW. The VXSeUQaWaQW aQd SelleW ZeUe VeSaUaWed

afWeU VRQicaWiRQ b\ VSiQQiQg Whe WXbe aW 14000 USm fRU 10 miQXWeV aW 4�C. The Ued

maUkiQgV VhRZ Whe baQdV Rf iQWeUeVW.

3.2.3. E[SUHVVLRQ FKHFNV IRU NLRAN GRPDLQ FORQHV

FLJ. 5: E[SUeVViRQ gel imageV Rf NiRAN
A) E[SUeVViRQ Rf NiRAN dRmaiQ clRQe ZiWh N-WeUmiQal 6[HiV Wag. C43 VWUaiQ Rf E.coli

ZaV XVed fRU Whe e[SUeVViRQ check. The cXlWXUe ZaV iQdXced aW 0.6 OD XViQg 0.5 mM

IPTG. Cell cXlWXUe ZaV iQcXbaWed aW 18�C RYeUQighW afWeU iQdXcWiRQ. B) E[SUeVViRQ Rf
NiRAN dRmaiQ clRQe ZiWhRXW N-WeUmiQal 6[HiV Wag. PURWeiQ ZaV e[SUeVVed iQ RRVeWWa

2(DE3) cellV. The cXlWXUe ZaV iQdXced aW 0.6 OD XViQg 0.5 mM IPTG. Cell cXlWXUe

ZaV iQcXbaWed aW 18�C RYeUQighW afWeU iQdXcWiRQ. BaQdV Rf iQWeUeVW aUe maUked iQ Ued.

33



3.2.4. E[SUHVVLRQ FKHFN IRU N6P9

FLJ. 6: E[SUeVViRQ gel image Rf NSP9
NSP9 ZiWh VXmR Wag ZaV XVed fRU SXUificaWiRQ ViQce WhiV ZRXld be helSfXl WR maiQWaiQ

Whe QaWiYe N-WeUmiQXV Rf Whe SURWeiQ afWeU Wag cleaYage XViQg UlS1. RRVeWWa 2(DE3)

cellV ZeUe XVed fRU e[SUeVViRQ. The cXlWXUe ZaV iQdXced XViQg 0.5 mM IPTG aW 0.6

OD aQd ZaV iQcXbaWed aW 18�C RYeUQighW.

3.3. PURWHLQ PXULILFDWLRQ
PURWeiQV ZeUe SXUified XViQg Whe SURWRcRl e[SlaiQed iQ Whe maWeUialV aQd meWhRdV

VecWiRQ. PXUificaWiRQ ZaV caUUied RXW aW 4�C eiWheU iQ a cRld cabiQeW RU a cRld URRm.

3.3.1. PXULILFDWLRQ RI N6P14(:7)
WildW\Se NSP14 clRQed iQ SGEX YecWRU ZiWh a GST-Wag fRllRZed b\ a TEV cleaYage

ViWe RQ Whe N-WeUmiQXV aQd a 6[HiV-Wag RQ Whe C-WeUmiQXV ZaV XVed fRU WhiV

SXUificaWiRQ. (GST-TEV-NSP14-6[HiV)
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FLJ. 7: PXUificaWiRQ gel imageV aQd chURmaWRgUam Rf NSP14

A) SDS-PAGE gel Rf Ni-NTA SXUificaWiRQ. LaQe ³L´ iV Whe cell l\VaWe lRaded RQ Whe

cRlXmQ, aQd LaQe ³FT´ iV Whe flRZWhURXgh. LaQe ³W´ VhRZV SURWeiQ cRQWeQWV elXWed

dXUiQg Whe ZaVh VWeS XViQg bXffeU A. LaQeV 1 WR 6 aUe elXaWeV elXWed aW a

cRQceQWUaWiRQ Rf bXffeU B meQWiRQed abRYe each laQe iQ SeUceQWage. B) SDS-PAGE
gel Rf MRQRQ cRlXmQ. LaQe 2 VhRZV Whe Ni-NTA elXaWe. LaQe 3 VhRZV Whe TEV

SURWeaVe cleaYage SURdXcW WhaW ZaV lRaded iQ Whe MRQRQ cRlXmQ, Zhile laQeV 5 aQd

6 VhRZ MRQRQ elXaWeV. LaQe 7 iV Whe flRZWhURXgh. C) SDS-PAGE gel Rf

SXSeUde[200 cRlXmQ. LaQeV 1 WR 5 cRUUeVSRQd WR Whe fiUVW Seak Rf Whe SXSeUde[ 200

chURmaWRgUam, Zhile laQeV 7 aQd 8 cRUUeVSRQd WR Whe VecRQd aQd WhiUd SeakV Rf Whe

chURmaWRgUam. D) SXSeUde[200 chURmaWRgUam VhRZiQg abVRUbaQce aW 280 Qm.

BaQdV Rf iQWeUeVW iQ each gel aUe maUked iQ Ued.

3.3.2. PXULILFDWLRQ RI N6P14(-6)
NSP14 ZiWhRXW Whe fiUVW 6 UeVidXeV RQ Whe N-WeUmiQXV ZaV XVed fRU WhiV SXUificaWiRQ.

PURWeiQ haV a GST-Wag fRllRZed b\ a TEV cleaYage ViWe RQ Whe N-WeUmiQal. PURWeiQ

ZaV e[SUeVVed iQ RRVeWWa 2(DE3) cellV.
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FLJ. 8: PXUificaWiRQ gel imageV aQd chURmaWRgUam Rf NSP14(-6)

A) The cell l\VaWe ZaV SaVVed WhURXgh Whe GSTUaS cRlXmQ afWeU VRQicaWiRQ. PURWeiQ

bRXQd WR Whe cRlXmQ ZaV elXWed XViQg 100% bXffeU GB. LaQeV 2 aQd 3 cRUUeVSRQd WR

elXWiRQ fUacWiRQV cRQWaiQiQg Whe SURWeiQ Rf iQWeUeVW. B) AfWeU TEV SURWeaVe Wag

cleaYage, Whe SURWeiQ VRlXWiRQ ZaV SaVVed WhURXgh Whe MRQRQ cRlXmQ. PURWeiQ did

QRW biQd WR Whe cRlXmQ aQd came RXW ZiWh Whe flRZWhURXgh. LaQe ³FT´ VhRZV

cRQceQWUaWed flRZWhURXgh fURm Whe MRQRQ cRlXmQ. LaQeV 1 WR 6 VhRZ imSXUiWieV

bRXQd WR Whe cRlXmQ elXWed ZiWh aQ iQcUeaViQg cRQceQWUaWiRQ Rf bXffeU B1000. C)
flRZWhURXgh fURm MRQRQ ZaV cRQceQWUaWed XViQg ViYaVSiQ TXUbR 10 kDa SURWeiQ

cRQceQWUaWRU WR a YRlXme belRZ 1 mL, aQd Whe Vame ZaV SaVVed WhURXgh Whe

SXSeUde[ 200 cRlXmQ. LaQeV 1 WR 6 cRUUeVSRQd WR Seak 1, aQd laQeV 7 WR 9

cRUUeVSRQd WR Seak 2 Rf Whe SXSeUde[ 200 chURmaWRgUam. D) SXSeUde[ 200

chURmaWRgUam.

3.3.3. PXULILFDWLRQ RI N6P10
NSP10 SURWeiQ ZiWh N-WeUmiQal 6[HiV-Wag clRQed iQ Whe SHIS YecWRU ZaV XVed fRU WhiV

SXUificaWiRQ. PURWeiQ ZaV e[SUeVVed iQ RRVeWWa 2(DE3) cellV.
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FLJ. 9 PXUificaWiRQ gel imageV aQd chURmaWRgUam Rf NSP10

A) Cell l\VaWe cRQWaiQiQg Whe SURWeiQ ZaV fiUVW SaVVed WhURXgh Whe Ni-NTA cRlXmQ.

LaQe ³L´ VhRZV Whe cRmSRViWiRQ Rf l\VaWe lRaded iQ Whe cRlXmQ, aQd laQe ³FT´ VhRZV

Whe flRZWhURXgh Rf Whe cRlXmQ. B) ThiV gel VhRZV Whe cRmSRViWiRQ Rf diffeUeQW elXWiRQ
fUacWiRQV Rf Whe Ni-NTA cRlXmQ. The SeUceQW Rf bXffeU B XVed fRU Whe elXWiRQ Rf each

fUacWiRQ iV meQWiRQed abRYe Whe laQeV. C) ElXaWe Rf Whe Ni-NTA cRlXmQ cRQWaiQiQg

NSP10 ZaV lRaded iQ Whe MRQRQ cRlXmQ, bXW Whe SURWeiQ did QRW biQd WR iW. LaQe ³L´

aQd LaQe ³FT´ VhRZ lRad aQd flRZWhURXgh Rf Whe MRQRQ cRlXmQ, UeVSecWiYel\. C)
MRQRQ flRZWhURXgh ZaV cRQceQWUaWed WR a YRlXme belRZ 1 mL XViQg 5 kDa AmicRQ

UlWUa-15 SURWeiQ cRQceQWUaWRUV, aQd iW ZaV SaVVed WhURXgh Whe SXSeUde[ 75 cRlXmQ.

LaQeV 1 WR 4 iQ Whe gel image iQ WhiV figXUe cRUUeVSRQd WR Seak 1 Rf Whe

chURmaWRgUam, aQd laQeV 5 WR 12 cRUUeVSRQd WR Seak 2. D) ChURmaWRgUam Rf

SXSeUde[ 75.
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3.3.4. PXULILFDWLRQ RI NLRAN-GRPDLQ XVLQJ NL-N7A FROXPQ
NiRAN dRmaiQ SURWeiQ ZiWh N-WeUmiQal 6[HiV-Wag fRllRZed b\ GST-Wag aQd TEV ViWe

clRQed iQ SGEX YecWRU ZaV XVed fRU WhiV SXUificaWiRQ. PURWeiQ ZaV e[SUeVVed iQ E.coli

C43 cellV.

FLJ. 10: PXUificaWiRQ gel imageV aQd chURmaWRgUam Rf NiRAN (Ni-NTA)

A) 10% SDS-PAGE gel Rf Ni-NTA SXUificaWiRQ. L aQd FT aUe lRad aQd flRZWhURXgh,

UeVSecWiYel\. LaQe 1 WR 6 VhRZV Whe fUacWiRQV elXWed aW %B meQWiRQed abRYe Whe

laQeV. B) Gel image fRU VecRQd Ni-NTA cRlXmQ afWeU Wag cleaYage b\ TEV SURWeaVe.

LaQe 3 iV Whe fiUVW Ni-NTA cRlXmQ elXaWe. LaQe 2 iV Whe SURWeiQ VRlXWiRQ afWeU Wag

cleaYage, Zhich ZaV XVed aV Whe lRad iQ Whe VecRQd Ni-NTA VWeS. C) Gel fRU
SXSeUde[ 75 cRlXmQ; laQeV 2 aQd 3 cRUUeVSRQd WR Seak 1 RQ Whe chURmaWRgUam iQ

Fig. 10D, laQeV 4 aQd 5 cRUUeVSRQd WR Seak 2, laQeV 6 WR 9 cRUUeVSRQd WR Seak 3,

aQd laQe 10 cRUUeVSRQdV WR Seak 4. BaQdV Rf iQWeUeVW iQ each gel aUe maUked iQ Ued.

3.3.5. PXULILFDWLRQ RI NLRAN-GRPDLQ XVLQJ G67UDS FROXPQ
NiRAN dRmaiQ SURWeiQ ZiWh N-WeUmiQal GST-Wag fRllRZed b\ TEV ViWe, clRQed iQ

SGEX YecWRU, ZaV XVed fRU WhiV SXUificaWiRQ. PURWeiQ ZaV e[SUeVVed iQ RRVeWWa

2(DE3) cellV.
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FLJ. 11: PXUificaWiRQ gel imageV Rf NiRAN (GSTUaS)

A) Gel Rf GSTUaS cRlXmQ. PURWeiQ bRXQd WR Whe cRlXmQ ZaV SXUified ZiWh 100%

bXffeU GB. B) AfWeU Wag cleaYage XViQg TEV SURWeaVe, Whe SURWeiQ ZaV SaVVed

WhURXgh Whe GSTWUaS cRlXmQ aQd Ni-NTA cRlXmQ cRQQecWed iQ VeUieV. LaQe 1 VhRZV

Whe XQcleaYed elXaWe fURm Whe fiUVW VWeS. LaQe 3 iV SURWeiQ afWeU Wag cleaYage. LaQe 2

iV flRZWhURXgh. ImSXUiWieV bRXQd WR Whe GSTUaS cRlXmQ aQd Ni-NTA cRlXmQ ZeUe

elXWed VeSaUaWel\. LaQeV 4 WR 6 aUe GSTUaS elXaWeV elXWed XViQg 100% bXffeU GB.

LaQeV 7 WR 9 aUe Ni-NTA elXaWeV elXWed XViQg 100% bXffeU B. C) SDS-PAGE gel fRU

Whe MRQRQ cRlXmQ. IQiWial 5 laQeV ZeUe elXWed aW a cRQdXcWiYiW\ Rf 35 mS/cm, Zhich

cRUUeVSRQdV WR Whe elXWiRQ Rf GST-Wag. LaQeV 6 WR 9 ZeUe elXWed aW a higheU

cRQdXcWiYiW\ Rf 47 mS/cm. D) Gel fRU VXSeUde[ 75 elXWiRQ. LaQeV 1 WR 3 cRUUeVSRQd WR
Seak 1, aQd laQeV 4 WR 9 cRUUeVSRQdV WR Seak 2 RQ Whe chURmaWRgUam E)
ChURmaWRgUam Rf SXSeUde[ 75 elXWiRQ. BaQdV Rf iQWeUeVW aUe maUked iQ Ued.
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3.3.6. PXULILFDWLRQ RI N6P12
NSP12 ZiWh N-WeUmiQal 6[HiV-Wag fRllRZed b\ SUMO-Wag ZaV XVed fRU WhiV

SXUificaWiRQ. PURWeiQ ZaV e[SUeVVed iQ RRVeWWa 2 (DE3) cellV.

FLJ. 12: PXUificaWiRQ gel imageV aQd chURmaWRgUam Rf NSP12

A) Cell l\VaWe ZaV iQiWiall\ SaVVed WhURXgh Whe Ni-NTA cRlXmQ. LaQeV 1 WR 12

cRUUeVSRQd WR Whe fUacWiRQV elXWed aW Whe SeUceQWage Rf bXffeU B meQWiRQed abRYe

each laQe. B) AfWeU cleaYiQg Whe SUMO-Wag XViQg UlS1 SURWeaVe, Whe SURWeiQ VRlXWiRQ
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ZaV agaiQ lRaded iQ Whe Ni-NTA cRlXmQ. LaQe ³N´ VhRZV Whe elXaWe Rf Whe fiUVW

Ni-NTA SXUificaWiRQ befRUe Whe Wag cleaYage. LaQe ³L´ VhRZV Whe cRQWeQWV Rf Whe

SURWeiQ VRlXWiRQ afWeU Wag cleaYage, Zhich ZaV lRaded iQ Whe cRlXmQ. LaQe ³FT´

VhRZV Whe flRZWhURXgh ZiWh XQbRXQd NSP12. LaQeV 1 WR 5 VhRZ imSXUiWieV bRXQd WR

Whe cRlXmQ elXWed XViQg 100% bXffeU B. C) AfWeU Whe VecRQd Ni-NTA cRlXmQ VWeS, Whe

flRZWhURXgh ZaV lRaded iQ MRQRQ. LaQeV ³L´ aQd ³FT´ VhRZ lRad aQd flRZWhURXgh,

UeVSecWiYel\. LaQeV 1 WR 10 cRUUeVSRQd WR MRQRQ elXWiRQ fUacWiRQV elXWed ZiWh

iQcUeaViQg cRQceQWUaWiRQV Rf bXffeU B1000. D) MRQRQ elXWiRQ fUacWiRQV cRQWaiQiQg

NSP12 ZeUe SRRled WRgeWheU aQd cRQceQWUaWed iQWR a YRlXme Rf leVV WhaQ 1 ml, WheQ

SaVVed WhURXgh Whe SXSeUde[ 200 cRlXmQ. LaQeV 1 aQd 2 cRUUeVSRQd WR Seak 1,

laQeV 3 WR 5 cRUUeVSRQd WR Seak 2, laQeV 6 WR 10 cRUUeVSRQd WR Seak 3, aQd laQeV 11

WR 13 cRUUeVSRQd WR Seak 4 Rf Whe SXSeUde[ 200 chURmaWRgUam VhRZQ if Fig. D.

3.3.7. PXULILFDWLRQ RI N6P9
NSP9 ZiWh 6[HiV-Wag fRllRZed b\ a SUMO-Wag RQ Whe N-WeUmiQal, clRQed iQ Whe

SRSFDXeW-1 YecWRU ZaV XVed fRU WhiV SXUificaWiRQ. The SURWeiQ ZaV e[SUeVVed iQ

RRVeWWa 2(DE3) cellV.
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FLJ. 13: PXUificaWiRQ gel imageV aQd chURmaWRgUam Rf NSP9

A) FiUVW VWeS Rf SXUificaWiRQ ZaV XViQg Whe Ni-NTA cRlXmQ. B) AfWeU Wag cleaYage

XViQg UlS1 SURWeaVe, Whe SURWeiQ VRlXWiRQ ZaV SaVVed WhURXgh Whe MRQRS cRlXmQ.

LaQe 2 aQd laQe 4 aUe lRad aQd flRZWhURXgh, UeVSecWiYel\. LaQe 5 aQd 6 VhRZ

MRQRS elXaWe. C) The MRQRS flRZWhURXgh cRQWaiQiQg Whe NSP9 ZaV SaVVed WhURXgh

Whe Ni-NTA cRlXmQ agaiQ. LaQe ³F´ VhRZV Whe flRZWhURXgh cRQWaiQiQg NSP9 SURWeiQ.

LaQeV 1 WR 6 VhRZ Whe fUacWiRQV elXWed aW %B meQWiRQed abRYe each laQe.

BaQdV Rf iQWeUeVW aUe maUked iQ Ued.

3.4. E[RQXFOHDVH AVVD\
CleaYage aVVa\ WR check Whe acWiYiW\ Rf NSP14 ZaV caUUied RXW iQ 1[ E[RN bXffeU (25

mM TUiV (SH 7.5), 5 mM MgCl2, 50 mM NaCl, 5% gl\ceURl, aQd 1 mM DTT) iQ Whe

SUeVeQce Rf NSP10. AmeUVham T\ShRRQ laVeU VcaQQeU ZaV XVed WR caSWXUe Whe

UREA-PAGE gel imageV.

FLJ. 14: UUea-PAGE imageV Rf E[RQXcleaVe aVVa\ - I

A) The gel image VhRZV Whe cleaYage acWiYiW\ Rf NSP14 ZheQ acWed alRQe iQ Whe

abVeQce Rf NSP10. ThiV aVVa\ ZaV caUUied RXW XViQg 10 QM 20-meU VVRNA ZiWh a

5¶-FAM label aV Whe VXbVWUaWe. The cRQceQWUaWiRQ Rf NSP14 iQ each UeacWiRQ aQd Whe

VeTXeQce Rf Whe VXbVWUaWe XVed aUe meQWiRQed iQ Whe figXUe. B) E[RQXcleaVe UeacWiRQ
XViQg 4000 QM NSP10, iQ Whe abVeQce Rf NSP14, ZaV caUUied RXW WR check if Whe

SURWeiQ haV aQ\ QXcleaVe cRQWamiQaWiRQ. 10 QM 20-meU VVRNA ZiWh a 5¶-FAM label

ZaV XVed fRU WhiV.
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FLJ. 15: UUea-PAGE imageV Rf E[RQXcleaVe aVVa\ - II

A) The gel image VhRZV Whe e[RQXcleaVe acWiYiW\ Rf NSP14 iQ Whe SUeVeQce Rf

NSP10. 10 QM 20-meU VVRNA ZiWh a 5¶-FAM label ZaV XVed aV Whe VXbVWUaWe, aQd

Whe cRQceQWUaWiRQ Rf NSP10 ZaV fRXU WimeV WhaW Rf NSP14 iQ each UeacWiRQ. B) The
gel image VhRZV Whe e[RQXcleaVe acWiYiW\ Rf NSP14 RQ 10 QM 20-meU dVRNA ZiWh a

5¶-FAM label RQ RQe VWUaQd. SeTXeQceV Rf Whe VXbVWUaWeV XVed aUe meQWiRQed iQ Whe

UeVSecWiYe gel imageV.

3.5. NLRAN-N6P9 BLQGLQJ AVVD\
The SXSeUde[ 75 cRlXmQ ZaV XVed WR check Whe biQdiQg Rf NSP9 WR NiRAN. The

NSP9 SURWeiQ XVed iQ WhiV UeacWiRQ did QRW haYe Whe QaWiYe N-WeUmiQXV. 200 ȝL Rf Whe

VRlXWiRQ cRQWaiQiQg 25 �M NSP9 aQd 25 �M NiRAN ZaV SaVVed WhURXgh Whe cRlXmQ.

FLJ. 16: ChURmaWRgUam aQd gel image Rf NiRAN-NSP9 biQdiQg aVVa\

A) SXSeUde[ 75 chURmaWRgUam fRU Whe aQal\Wical UXQ, VhRZiQg Whe abVRUbaQce aW 280

Qm. B) 15% SDS-SRl\acU\lamide gel image VhRZiQg Whe SURWeiQ cRQWeQWV iQ each
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Seak Rf Whe chURmaWRgUam. The fiUVW Seak RQl\ haV NiRAN dRmaiQ SURWeiQ, aQd Whe

VecRQd Seak RQl\ haV NSP9 SURWeiQ.

3.6. NMP\ODWLRQ AVVD\
ThiV aVVa\ ZaV caUUied RXW WR check Whe NMP\laWiRQ AcWiYiW\ Rf Whe NiRAN dRmaiQ Rf

NSP12. NiRAN dRmaiQ SURWeiQ (ZiWhRXW Whe UeVW Rf NSP12), NSP12, aQd

NSP7/NSP8/NSP12 cRmSle[ (RTC) ZeUe XVed fRU WhiV aVVa\.

3.6.1. MDODFKLWH-JUHHQ DVVD\ WR GHWHFW S\URSKRVSKDWH UHOHDVH
AfWeU caUU\iQg RXW Whe NMP\laWiRQ aVVa\ aV deVcUibed iQ Whe maWeUialV aQd meWhRdV

VecWiRQ, Whe UeacWiRQ mi[ ZaV digeVWed XViQg S\URShRVShaWaVe. 50 ȝL

malachiWe-gUeeQ VRlXWiRQ ZaV added WR Whe 21 ȝL UeacWiRQ mi[, aQd Whe abVRUbaQce

aW 630 Qm ZaV deWecWed XViQg a micURSlaWe UeadeU (CLARIOVWaU, BMG LabWech).

FLJ. 17: BaU chaUWV Rf NMP\laWiRQ aVVa\
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³NSP9 CRQWURl´ VhRZV Whe backgURXQd acWiYiW\ b\ cRQWamiQaQWV iQ NSP9 SURWeiQ

VRlXWiRQ. The UeacWiRQ ZaV VWaUWed b\ Whe addiWiRQ Rf 300 �M ATP WR Whe UeacWiRQ mi[

cRQWaiQiQg 150 �M NSP9 aQd 50 QM NiRAN, NSP12, RU RTC. AfWeU Whe addiWiRQ Rf

S\URShRVShaWaVe, Whe UeacWiRQ mi[ ZaV iQcXbaWed aW 37�C fRU 2 hRXUV.

A) ThiV NMP\laWiRQ aVVa\ ZaV caUUied RXW iQ a 25 mM TUiV bXffeU (SH 7.5). The

UeacWiRQ alVR cRQWaiQed 5 mM MgCl2 aQd 1 mM DTT. The cRQceQWUaWiRQ Rf KCl RU

NaCl XVed iQ each UeacWiRQ iV meQWiRQed belRZ Whe baUV. B) NMP\laWiRQ aVVa\

caUUied RXW iQ 50 mM TUiV (SH 7.5). OWheU cRQdiWiRQV ZeUe Whe Vame aV iQ figXUe A. C)
ThiV baU chaUW VhRZV Whe NMP\laWiRQ acWiYiW\ Rf diffeUeQW SURWeiQV iQ Whe SUeVeQce Rf

NSP9, aV meQWiRQed iQ Whe figXUe. AVVa\ ZaV caUUied RXW iQ a bXffeU cRQWaiQiQg 25

mM TUiV (SH 7.5), 10 mM KCl, 5 mM MgCl2, aQd 1 mM DTT.

3.6.2. MDVV VSHFWURPHWU\ WR FRQILUP NMP\ODWLRQ RI N6P9
MaVV VSecWURmeWU\ ZaV XVed WR cRQfiUm WhaW Whe UeleaVe Rf S\URShRVShaWe RbVeUYed

iQ Whe malachiWe aVVa\ ZaV dXe WR Whe addiWiRQ Rf AMP fURm ATP WR NSP9.

50 QM NiRAN RU RTC ZaV added WR 150 �M NSP9 iQ 1[ NMP\laWiRQ bXffeU (25 mM

TUiV SH 7.5, 10 mM KCl, 5 mM MgCl2, aQd 1 mM DTT). The addiWiRQ Rf 300 �M ATP

VWaUWed Whe UeacWiRQ, aQd Whe VamSle ZaV iQcXbaWed aW 37�C fRU 90 miQXWeV befRUe

XViQg iW fRU maVV VSecWURmeWU\. The cRQWURl UeacWiRQ fRU NSP9 ZaV SeUfRUmed iQ Whe

abVeQce Rf NiRAN aQd RTC. The SURcedXUe ZaV caUUied RXW XViQg ESI-TOF MaVV

SSecWURmeWeU b\ IVWi\aT (JBU Lab).
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FLJ. 18: GUaShV Rf maVV VSecWURmeWU\.
A) MaVV VSecWURmeWU\ fRU NSP9 cRQWURl. The Seak VhRZV Whe RUigiQal maVV Rf NSP9.
B) ThiV figXUe VhRZV Whe UeVXlW Rf Whe NMP\laWiRQ UeacWiRQ iQ Whe SUeVeQce Rf NiRAN

dRmaiQ SURWeiQ. C) ReVXlW Rf Whe NMP\laWiRQ UeacWiRQ iQ Whe SUeVeQce Rf RTC. Peak 1
cRUUeVSRQdV WR Whe maVV Rf NSP9, aQd Seak 2 cRUUeVSRQdV WR Whe maVV Rf Whe

AMP-NSP9 addXcW.

3.7. PURWHLQ CU\VWDOOL]DWLRQ
TR cU\VWalli]e NSP14(-6) aQd NiRAN dRmaiQ, Whe SURcedXUe meQWiRQed iQ maWeUialV

aQd meWhRdV ZaV fRllRZed.
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FLJ. 19: CU\VWal imageV

The figXUe VhRZV Whe cU\VWal-like VWUXcWXUeV RbWaiQed dXUiQg SURWeiQ cU\VWalli]aWiRQ

XViQg diffeUeQW VcUeeQV iQ 96-Zell SlaWeV.

A) NSP14(-6) SURWeiQ iQ a cRQdiWiRQ cRQWaiQiQg 0.5 M liWhiXm VXlfaWe, 0.1M TUiV (SH

8.5), aQd 25% Z/Y PEG 3350 B) NSP14(-6) SURWeiQ iQ a cRQdiWiRQ cRQWaiQiQg 1.0 M

liWhiXm VXlfaWe, 0.1M Imida]Rle malaWe (SH= 6.5), aQd 2% Z/Y PEG 8000. C) NiRAN
dRmaiQ SURWeiQ iQ a cRQdiWiRQ cRQWaiQiQg 0.09M HalRgeQ, 1M TUiV biciQe (SH 8.5), aQd

37% MDP_PEG1000_PEG3350 (MRlecXlaU DimeQViRQV).
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CKDSWHU 4: DLVFXVVLRQ

DXUiQg Whe SURjecW, I maiQl\ ZRUked RQ WZR diffeUeQW QRQ-VWUXcWXUal SURWeiQV Rf

SARS-CRV-2, NSP14, aQd NSP12 (NiRAN dRmaiQ). I ZaV able WR VXcceVVfXll\

SUeSaUe diffeUeQW geQe clRQeV, VRme Rf Zhich ZeUe made ZiWh Whe helS Rf DU. Om

PUakaVh ChRXhaQ. AfWeU cRQfiUmiQg Whe VeTXeQce Rf each clRQe WhURXgh DNA

VeTXeQciQg, I checked Whe e[SUeVViRQ iQ diffeUeQW cRQdiWiRQV. MRVW Rf Whe SURWeiQV

ZeUe VXcceVVfXll\ e[SUeVVed iQ Whe RRVeWWa 2(DE3) VWUaiQ Rf E.coli bacWeUia.

NSP14(-66) mXWaQW iV QRW VhRZiQg SURWeiQ e[SUeVViRQ iQ aQ\ Rf Whe cRQdiWiRQV WeVWed.

ThiV mXWaQW ZaV clRQed WR VWXd\ Whe iQWeUacWiRQ Rf NSP14 ZiWh NSP10.

6[HiV-WagV ZeUe UemRYed fURm Whe N-WeUmiQXV Rf Whe GST-WagV RQ NSP14(-6) aQd

NiRAN WR WeVW if iW ZRXld iQcUeaVe Whe e[SUeVViRQ. EYeQ WhRXgh UemRYiQg Whe

6[HiV-WagV fURm Whe afRUemeQWiRQed clRQeV iQcUeaVed Whe e[SUeVViRQ Rf Whe SURWeiQ,

Whe VRlXbiliW\ ZaV VWill lRZ fRU Whe NSP14(-6) clRQe. A VaWiVfacWRU\ leYel Rf VRlXbiliW\

ZaV RbVeUYed iQ Whe NiRAN dRmaiQ SURWeiQ. NSP9 ZaV clRQed iQWR a SRSFDXeW-1

YecWRU WR aWWach a SUMO-Wag RQ iWV N-WeUmiQXV ViQce iW ZRXld helS WR maiQWaiQ Whe

QaWiYe N-WeUmiQXV Rf Whe SURWeiQ, a cRQdiWiRQ imSRUWaQW fRU Whe NMP\laWiRQ acWiYiW\ Rf

Whe NiRAN dRmaiQ. DXUiQg SURWeiQ SXUificaWiRQ, I mRVWl\ fRllRZed WhUee

chURmaWRgUaSh\ VWeSV iQ RUdeU: affiQiW\ chURmaWRgUaSh\, iRQ-e[chaQge

chURmaWRgUaSh\, aQd Vi]e-e[clXViRQ chURmaWRgUaSh\. I ZaV able WR iVRlaWe Whe

SURWeiQ Rf iQWeUeVW fURm Whe cell l\VaWe WR a gRRd leYel Rf SXUiW\, e[ceSW fRU NSP12.

EYeQ WhRXgh NSP12 ZaV VhRZiQg acWiYiW\, RTC SXUified b\ AVhZiQ Uda\ ZaV alVR

XVed fRU Whe aVVa\V becaXVe Rf WhiV UeaVRQ. IVRlaWiQg Whe SURWeiQV XViQg GSTUaS

cRlXmQ UeVXlWed iQ beWWeU SXUiW\ cRmSaUed WR Ni-NTA cRlXmQ. EYeQ WhRXgh Whe PI Rf

NSP9 iV abRYe 9, iW did QRW biQd WR Whe MRQRS cRlXmQ aW SH 7.5.

WheQ NSP14 acWV alRQe, Whe QXcleaVe acWiYiW\ iV YeU\ lRZ. EYeQ WhRXgh NSP10 dReV

QRW cleaYe RNA VXbVWUaWeV RQ iWV RZQ, iW cRQVideUabl\ iQcUeaVeV Whe acWiYiW\ Rf

NSP14. ReceQWl\ SXbliVhed SaSeUV VXggeVW WhaW NSP14 cleaYeV dRXble-VWUaQded

RNA VXbVWUaWeV beWWeU WhaQ ViQgle-VWUaQded RNA VXbVWUaWeV. BXW Whe e[RQXcleaVe

aVVa\V I caUUied RXW VhRZ WhaW NSP14 cleaYeV VVRNA VXbVWUaWeV faU mRUe efficieQWl\

WhaQ dVRNA VXbVWUaWeV. NSP14(-6) mXWaQWV ZeUe made WR cU\VWalli]e Whe SURWeiQ ZiWh
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VRme Rf iWV iQhibiWRU mRlecXleV ViQce iW ZaV UeceQWl\ UeSRUWed WhaW WhiV mXWaQW iV able

WR be cU\VWalli]ed iQ a cRQdiWiRQ cRQWaiQiQg 1.26 M NaH2PO4 aQd 0.14 M K2HPO4

(ImSUachim N eW al, 2023). BXW I ZaV QRW able WR cU\VWalli]e Whe SURWeiQ iQ WhiV

cRQdiWiRQ.

The NMP\laWiRQ aVVa\V I SeUfRUmed VhRZ WhaW Whe NiRAN dRmaiQ SURWeiQ iVRlaWed

fURm Whe UeVW Rf Whe NSP12 SURWeiQ iV iQacWiYe RQ iWV RZQ. NSP12 aQd RTC aUe able

WR add AMP fURm ATP WR NSP9 VXcceVVfXll\. I ZaV able WR deWecW a VXfficieQW leYel Rf

acWiYiW\ fRU NSP12 aQd RTC iQ Whe NMP\laWiRQ UeacWiRQ XViQg Whe malachiWe aVVa\.

HeQce I SURceeded ZiWh maVV VSecWURmeWU\, aQd Whe maVV VhifW Rf Whe Seak iQ Whe

SUeVeQce Rf RTC VXggeVWV WhaW AMP iV beiQg added WR Whe NSP9 SURWeiQ. The

aQal\Wical UXQ fRU Whe biQdiQg aVVa\ VXggeVWV WhaW NiRAN iV QRW makiQg aQ\ cRmSle[

ZiWh NSP9, bXW Whe NSP9 XVed fRU WhiV e[SeUimeQW did QRW haYe Whe QaWiYe

N-WeUmiQXV ZiWh Whe fiUVW UeVidXe Rf Whe SURWeiQ aV aQ aVSaUagiQe. D208A aQd D218A

mXWaQWV Rf NiRAN ZeUe clRQed WR VWXd\ Whe iQflXeQce Rf WheVe UeVidXeV RQ Whe

SURWeiQ acWiYiW\.

I WUied WR cU\VWalli]e NSP14(-6) aQd NiRAN dRmaiQ SURWeiQV iQ 96-Zell SlaWeV XViQg

diffeUeQW VcUeeQV fURm cRmSaQieV VXch aV MRlecXlaU DimeQViRQV. I ZaQWed WR

cU\VWalli]e NiRAN iQ RUdeU WR e[amiQe if WheUe iV aQ\ VWUXcWXUal baViV fRU iWV iQacWiYiW\

iQ Whe NMP\laWiRQ aVVa\V. EYeQ WhRXgh I ZaV able WR geW a feZ cU\VWalV fRU bRWh

SURWeiQV, I ZaV QRW able WR UeSURdXce Whe cU\VWalV Zhile UedRiQg Whe SURcedXUe XViQg

maQXall\ SUeSaUed UeVeUYRiUV, eYeQ afWeU VlighWl\ YaU\iQg Whe cRQdiWiRQV.

49



RHIHUHQFHV

1. Leao, J. C., GYWmao, T. P. L., ZaV^aV, A. M., Leao Filho, J. C., BaVkokebaW SanXoW de
FaVia, A., MoVaiW SilZa, I. H., GYeiVoW, L. A. M., RobinWon, N. A., PoVXeV, S., & CaVZalho, A.
A. T. (2022). CoVonaZiVidae-Old fViendW, ne[ enem]!. OVEP HMWIEWIW, 28 SYTTP 1(SYppl
1), 858Ɓ866.

2. Pa]ne S. (2017). Famil] CSVSREZMVMHEI. :MVYWIW, 149Ɓ158.
3. TYRRELL, D. A., & BYNOE, M. L. (1965). CULTIVATION OF A NOVEL TYPE OF

COMMON-COLD VIRUS IN ORGAN CULTURES. BVMXMWL QIHMGEP NSYVREP, 1(5448),
1467Ɓ1470.

4. LY, R., Zhao, X., Li, J., NiY, P., Yang, B., WY, H., Wang, W., Song, H., HYang, B., ZhY, N., Bi,
Y., Ma, X., Zhan, F., Wang, L., HY, T., ZhoY, H., HY, Z., ZhoY, W., Zhao, L., Chen, J., Ə Tan,
W. (2020). Genomic chaVacXeViWaXion and epidemiolog] of 2019 noZel coVonaZiVYW:
implicaXionW foV ZiVYW oViginW and VecepXoV binding. LERGIX (LSRHSR, ERKPERH),
395(10224), 565Ɓ574.

5. SaXaVkeV, S., & NampooXhiVi, M. (2020). SXVYcXYVal PVoXeinW in SeZeVe AcYXe ReWpiVaXoV]
S]ndVome CoVonaZiVYW-2. AVGLMZIW SJ QIHMGEP VIWIEVGL, 51(6), 482Ɓ491.

6. TWeng, Y. T., Wang, S. M., HYang, K. J., Lee, A. I., Chiang, C. C., & Wang, C. T. (2010).
Self-aWWembl] of WeZeVe acYXe VeWpiVaXoV] W]ndVome coVonaZiVYW membVane pVoXein.
TLI JSYVREP SJ FMSPSKMGEP GLIQMWXV], 285(17), 12862Ɓ12872.

7. Ye, Y., & HogYe, B. G. (2007). Role of Xhe coVonaZiVYW E ZiVopoVin pVoXein
XVanWmembVane domain in ZiVYW aWWembl]. JSYVREP SJ ZMVSPSK], 81(7), 3597Ɓ3607.

8. Liao, Y., YYan, Q., ToVVeW, J., Tam, J. P., & LiY, D. X. (2006). Biochemical and fYncXional
chaVacXeVi^aXion of Xhe membVane aWWociaXion and membVane peVmeabili^ing acXiZiX]
of Xhe WeZeVe acYXe VeWpiVaXoV] W]ndVome coVonaZiVYW enZelope pVoXein. :MVSPSK],
349(2), 264Ɓ275.

9. HYang, Y., Yang, C., XY, X. F., XY, W., & LiY, S. W. (2020). SXVYcXYVal and fYncXional
pVopeVXieW of SARS-CoV-2 Wpike pVoXein: poXenXial anXiZiVYW dVYg deZelopmenX foV
COVID-19. AGXE TLEVQEGSPSKMGE SMRMGE, 41(9), 1141Ɓ1149.

10. CYi, J., Li, F., & Shi, Z. L. (2019). OVigin and eZolYXion of paXhogenic coVonaZiVYWeW.
NEXYVI VIZMI[W. MMGVSFMSPSK], 17(3), 181Ɓ192.

11. Zaki, A. M., Zan Boheemen, S., BeWXebVoeV, T. M., OWXeVhaYW, A. D., & FoYchieV, R. A.
(2012). IWolaXion of a noZel coVonaZiVYW fVom a man [iXh pneYmonia in SaYdi AVabia.
TLI NI[ ERKPERH NSYVREP SJ QIHMGMRI, 367(19), 1814Ɓ1820.

12. FoVni, D., Cagliani, R., CleVici, M., & SiVoni, M. (2017). MolecYlaV EZolYXion of HYman
CoVonaZiVYW GenomeW. TVIRHW MR QMGVSFMSPSK], 25(1), 35Ɓ48.

13. WY, F., Zhao, S., YY, B., Chen, Y. M., Wang, W., Song, Z. G., HY, Y., Tao, Z. W., Tian, J. H.,
Pei, Y. Y., YYan, M. L., Zhang, Y. L., Dai, F. H., LiY, Y., Wang, Q. M., Zheng, J. J., XY, L.,
HolmeW, E. C., & Zhang, Y. Z. (2020). A ne[ coVonaZiVYW aWWociaXed [iXh hYman
VeWpiVaXoV] diWeaWe in China. NEXYVI, 579(7798), 265Ɓ269.

14. ZhoY, P., Yang, X. L., Wang, X. G., HY, B., Zhang, L., Zhang, W., Si, H. R., ZhY, Y., Li, B.,
HYang, C. L., Chen, H. D., Chen, J., LYo, Y., GYo, H., Jiang, R. D., LiY, M. Q., Chen, Y.,
Shen, X. R., Wang, X., Zheng, X. S., Ə Shi, Z. L. (2020). A pneYmonia oYXbVeak

50



aWWociaXed [iXh a ne[ coVonaZiVYW of pVobable baX oVigin. NEXYVI, 579(7798),
270Ɓ273.

15. PeVlman, S., & NeXland, J. (2009). CoVonaZiVYWeW poWX-SARS: YpdaXe on VeplicaXion
and paXhogeneWiW. NEXYVI VIZMI[W. MMGVSFMSPSK], 7(6), 439Ɓ450.

16. SnijdeV, E. J., Zan deV MeeV, Y., ZeZenhoZen-Dobbe, J., OndeV[aXeV, J. J., Zan deV
MeYlen, J., KoeVXen, H. K., & MommaaW, A. M. (2006). UlXVaWXVYcXYVe and oVigin of
membVane ZeWicleW aWWociaXed [iXh Xhe WeZeVe acYXe VeWpiVaXoV] W]ndVome
coVonaZiVYW VeplicaXion comple\. JSYVREP SJ ZMVSPSK], 80(12), 5927Ɓ5940.

17. WY, H. Y., & BVian, D. A. (2010). SYbgenomic meWWengeV RNA ampliƻcaXion in
coVonaZiVYWeW. PVSGIIHMRKW SJ XLI NEXMSREP AGEHIQ] SJ SGMIRGIW SJ XLI 9RMXIH SXEXIW
SJ AQIVMGE, 107(27), 12257Ɓ12262.

18. ZYo, Y., & DeYXWcheV, M. P. (2001). E\oVibonYcleaWe WYpeVfamilieW: WXVYcXYVal anal]WiW
and ph]logeneXic diWXVibYXion. NYGPIMG EGMHW VIWIEVGL, 29(5), 1017Ɓ1026.

19. NiWhino, T., & MoVika[a, K. (2002). SXVYcXYVe and fYncXion of nYcleaWeW in DNA VepaiV:
Whape, gVip and blade of Xhe DNA WciWWoVW. ORGSKIRI, 21(58), 9022Ɓ9032.

20. Loenen, W. A., DV]den, D. T., Raleigh, E. A., WilWon, G. G., & MYVVa], N. E. (2014).
HighlighXW of Xhe DNA cYXXeVW: a WhoVX hiWXoV] of Xhe VeWXVicXion en^]meW. NYGPIMG
EGMHW VIWIEVGL, 42(1), 3Ɓ19.

21. DehȖ, P. M., & GaillaVd, P. H. L. (2017). ConXVol of WXVYcXYVe-Wpeciƻc endonYcleaWeW Xo
mainXain genome WXabiliX]. NEXYVI VIZMI[W. MSPIGYPEV GIPP FMSPSK], 18(5), 315Ɓ330.

22. MaWon, P. A., & Co\, L. S. (2012). The Vole of DNA e\onYcleaWeW in pVoXecXing genome
WXabiliX] and XheiV impacX on ageing. AKI (DSVHVIGLX, NIXLIVPERHW), 34(6), 1317Ɓ1340.

23. HoWƻeld, D. J., Mol, C. D., Shen, B., & TaineV, J. A. (1998). SXVYcXYVe of Xhe DNA VepaiV
and VeplicaXion endonYcleaWe and e\onYcleaWe FEN-1: coYpling DNA and PCNA
binding Xo FEN-1 acXiZiX]. CIPP, 95(1), 135Ɓ146.

24. JohnWon, A., & O'Donnell, M. (2005). CellYlaV DNA VeplicaWeW: componenXW and
d]namicW aX Xhe VeplicaXion foVk. ARRYEP VIZMI[ SJ FMSGLIQMWXV], 74, 283Ɓ315.

25. Ogando, N. S., ZeZenhoZen-Dobbe, J. C., Zan deV MeeV, Y., BVedenbeek, P. J.,
PoWXhYma, C. C., & SnijdeV, E. J. (2020). The En^]maXic AcXiZiX] of Xhe nWp14
E\oVibonYcleaWe IW CViXical foV ReplicaXion of MERS-CoV and SARS-CoV-2. JSYVREP SJ
ZMVSPSK], 94(23), e01246-20.

26. Baddock, H. T., BVolih, S., YoWaaXmadja, Y., RaXna[eeVa, M., BielinWki, M., S[ifX, L. P.,
CVY^-Migoni, A., Fan, H., Keo[n, J. R., WalkeV, A. P., MoVViW, G. M., GVimeW, J. M., FodoV,
E., Schoƻeld, C. J., Gileadi, O., & McHYgh, P. J. (2022). ChaVacXeVi^aXion of Xhe
SARS-CoV-2 E\oN (nWp14E\oN-nWp10) comple\: implicaXionW foV iXW Vole in ZiVal
genome WXabiliX] and inhibiXoV idenXiƻcaXion. NYGPIMG EGMHW VIWIEVGL, 50(3),
1484Ɓ1500.

27. SYbiWWi, L., PoWXhYma, C. C., ColleX, A., ZeZenhoZen-Dobbe, J. C., GoVbalen]a, A. E.,
DecVol], E., SnijdeV, E. J., CanaVd, B., & ImbeVX, I. (2014). One WeZeVe acYXe VeWpiVaXoV]
W]ndVome coVonaZiVYW pVoXein comple\ inXegVaXeW pVoceWWiZe RNA pol]meVaWe and
e\onYcleaWe acXiZiXieW. PVSGIIHMRKW SJ XLI NEXMSREP AGEHIQ] SJ SGMIRGIW SJ XLI
9RMXIH SXEXIW SJ AQIVMGE, 111(37), E3900ƁE3909.

28. Chen, Y., Cai, H., Pan, J., Xiang, N., Tien, P., Ahola, T., & GYo, D. (2009). FYncXional
WcVeen VeZealW SARS coVonaZiVYW nonWXVYcXYVal pVoXein nWp14 aW a noZel cap N7
meXh]lXVanWfeVaWe. PVSGIIHMRKW SJ XLI NEXMSREP AGEHIQ] SJ SGMIRGIW SJ XLI 9RMXIH
SXEXIW SJ AQIVMGE, 106(9), 3484Ɓ3489.

51



29. FeVVon, F., SYbiWWi, L., SilZeiVa De MoVaiW, A. T., Le, N. T. T., SeZajol, M., GlYaiW, L.,
DecVol], E., VonVhein, C., BVicogne, G., CanaVd, B., & ImbeVX, I. (2018). SXVYcXYVal and
molecYlaV baWiW of miWmaXch coVVecXion and VibaZiVin e\ciWion fVom coVonaZiVYW RNA.
PVSGIIHMRKW SJ XLI NEXMSREP AGEHIQ] SJ SGMIRGIW SJ XLI 9RMXIH SXEXIW SJ AQIVMGE,
115(2), E162ƁE171.

30. Jin, X., Chen, Y., SYn, Y., Zeng, C., Wang, Y., Tao, J., WY, A., YY, X., Zhang, Z., Tian, J., &
GYo, D. (2013). ChaVacXeVi^aXion of Xhe gYanine-N7 meXh]lXVanWfeVaWe acXiZiX] of
coVonaZiVYW nWp14 on nYcleoXide GTP. :MVYW VIWIEVGL, 176(1-2), 45Ɓ52.

31. SaVamago, M., BȎVVia, C., CoWXa, V. G., SoY^a, C. S., ViegaW, S. C., DomingYeW, S.,
LoYWa, D., SoaVeW, C. M., AVVaiano, C. M., & MaXoW, R. G. (2021). Ne[ XaVgeXW foV dVYg
deWign: impoVXance of nWp14/nWp10 comple\ foVmaXion foV Xhe 3'-5'
e\oVibonYcleol]Xic acXiZiX] on SARS-CoV-2. TLI FEBS NSYVREP, 288(17), 5130Ɓ5147.

32. BeVnad, A., Blanco, L., LȎ^aVo, J. M., MaVXȚn, G., & SalaW, M. (1989). A conWeVZed 3'----5'
e\onYcleaWe acXiZe WiXe in pVokaV]oXic and eYkaV]oXic DNA pol]meVaWeW. CIPP, 59(1),
219Ɓ228.

33. KiVchdoeVfeV, R. N., & WaVd, A. B. (2019). SXVYcXYVe of Xhe SARS-CoV nWp12
pol]meVaWe boYnd Xo nWp7 and nWp8 co-facXoVW. NEXYVI GSQQYRMGEXMSRW, 10(1), 2342.

34. Xe VelXhYiW, A. J., Zan den WoVm, S. H., & SnijdeV, E. J. (2012). The SARS-coVonaZiVYW
nWp7+nWp8 comple\ iW a YniqYe mYlXimeVic RNA pol]meVaWe capable of boXh de noZo
iniXiaXion and pVimeV e\XenWion. NYGPIMG EGMHW VIWIEVGL, 40(4), 1737Ɓ1747.

35. Yan, L., HYang, Y., Ge, J., LiY, Z., LY, P., HYang, B., Gao, S., Wang, J., Tan, L., Ye, S., YY, F.,
Lan, W., XY, S., ZhoY, F., Shi, L., GYddaX, L. W., Gao, Y., Rao, Z., & LoY, Z. (2022). A
mechaniWm foV SARS-CoV-2 RNA capping and iXW inhibiXion b] nYcleoXide analog
inhibiXoVW. CIPP, 185(23), 4347Ɓ4360.e17.

36. DaƽW, S., S^VeXXeV, K. J., SchVie[eV, J., Li, J., YoYn, S., EVVeXX, J., Lin, T. Y., SchnelleV, S.,
ZYWX, R., Dong, H., Thiel, V., Sen, G. C., FenWXeVl, V., KlimWXVa, W. B., PieVWon, T. C., BYlleV,
R. M., Gale, M., JV, Shi, P. Y., & Diamond, M. S. (2010). 2'-O meXh]laXion of Xhe ZiVal
mRNA cap eZadeW hoWX VeWXVicXion b] IFIT famil] membeVW. NEXYVI, 468(7322),
452Ɓ456.

37. D[iZed], A., MaViadaWWe, R., Ahmad, M., ChakVaboVX], S., KaV, D., Ti[aVi, S.,
BhaXXachaV]]a, S., SonaV, S., Mani, S., TailoV, P., MajYmdaV, T., Je]akanXhan, J., &
BiW[al, B. K. (2021). ChaVacXeVi^aXion of Xhe NiRAN domain fVom RNA-dependenX
RNA pol]meVaWe pVoZideW inWighXW inXo a poXenXial XheVapeYXic XaVgeX againWX
SARS-CoV-2. PLSS GSQTYXEXMSREP FMSPSK], 17(9), e1009384.

38. YYen, C. K., Lam, J. Y., Wong, W. M., Mak, L. F., Wang, X., ChY, H., Cai, J. P., Jin, D. Y., To,
K. K., Chan, J. F., YYen, K. Y., & Kok, K. H. (2020). SARS-CoV-2 nWp13, nWp14, nWp15
and oVf6 fYncXion aW poXenX inXeVfeVon anXagoniWXW. EQIVKMRK QMGVSFIW & MRJIGXMSRW,
9(1), 1418Ɓ1428.

39. JoWeph, J. S., SaikaXendY, K. S., SYbVamanian, V., NeYman, B. W., BVooYn, A., GViƽXh,
M., Mo], K., YadaZ, M. K., VelaWqYe^, J., BYchmeieV, M. J., SXeZenW, R. C., & KYhn, P.
(2006). CV]WXal WXVYcXYVe of nonWXVYcXYVal pVoXein 10 fVom Xhe WeZeVe acYXe VeWpiVaXoV]
W]ndVome coVonaZiVYW VeZealW a noZel fold [iXh X[o ^inc-binding moXifW. JSYVREP SJ
ZMVSPSK], 80(16), 7894Ɓ7901.

40. Lin, S., Chen, H., Chen, Z., Yang, F., Ye, F., Zheng, Y., Yang, J., Lin, X., SYn, H., Wang, L.,
Wen, A., Dong, H., Xiao, Q., Deng, D., Cao, Y., & LY, G. (2021). CV]WXal WXVYcXYVe of

52



SARS-CoV-2 nWp10 boYnd Xo nWp14-E\oN domain VeZealW an e\oVibonYcleaWe [iXh
boXh WXVYcXYVal and fYncXional inXegViX]. NYGPIMG EGMHW VIWIEVGL, 49(9), 5382Ɓ5392.

41. Hamdan, S., CaVV, P. D., BVo[n, S. E., OlliW, D. L., & Di\on, N. E. (2002). SXVYcXYVal baWiW
foV pVoofVeading dYVing VeplicaXion of Xhe EWcheVichia coli chVomoWome. SXVYGXYVI
(LSRHSR, ERKPERH : 1993), 10(4), 535Ɓ546.

42. EckeVle, L. D., LY, X., SpeVV], S. M., Choi, L., & DeniWon, M. R. (2007). High ƻdeliX] of
mYVine hepaXiXiW ZiVYW VeplicaXion iW decVeaWed in nWp14 e\oVibonYcleaWe mYXanXW.
JSYVREP SJ ZMVSPSK], 81(22), 12135Ɓ12144.

43. ImpVachim, N., YoWaaXmadja, Y., & Ne[man, J. A. (2023). CV]WXal WXVYcXYVeW and
fVagmenX WcVeening of SARS-CoV-2 NSP14 VeZeal deXailW of e\oVibonYcleaWe
acXiZaXion and mRNA capping and pVoZide WXaVXing poinXW foV anXiZiVal dVYg
deZelopmenX. NYGPIMG EGMHW VIWIEVGL, 51(1), 475Ɓ487.

44. Chen, Y., LiY, Q., & GYo, D. (2020). EmeVging coVonaZiVYWeW: Genome WXVYcXYVe,
VeplicaXion, and paXhogeneWiW. JSYVREP SJ QIHMGEP ZMVSPSK], 92(4), 418Ɓ423.

45. KVichel, B., Falke, S., Hilgenfeld, R., Redecke, L., & UeXVechX, C. (2020). PVoceWWing of
Xhe SARS-CoV pp1a/ab nWp7-10 Vegion. TLI BMSGLIQMGEP NSYVREP, 477(5), 1009Ɓ1019.

46. Khailan], R. A., SafdaV, M., & O^aWlan, M. (2020). Genomic chaVacXeVi^aXion of a noZel
SARS-CoV-2. GIRI VITSVXW, 19, 100682.

47. Jin, Y., OY]ang, M., YY, T., ZhYang, J., Wang, W., LiY, X., DYan, F., GYo, D., Peng, X., &
Pan, J. A. (2022). Genome-Wide Anal]WiW of Xhe IndiWpenWable Role of Non-WXVYcXYVal
PVoXeinW in Xhe ReplicaXion of SARS-CoV-2. FVSRXMIVW MR QMGVSFMSPSK], 13, 907422.

48. YadaZ, R., ChaYdhaV], J. K., Jain, N., ChaYdhaV], P. K., KhanVa, S., Dhamija, P., ShaVma,
A., KYmaV, A., & HandY, S. (2021). Role of SXVYcXYVal and Non-SXVYcXYVal PVoXeinW and
TheVapeYXic TaVgeXW of SARS-CoV-2 foV COVID-19. CIPPW, 10(4), 821.

49. PeeVWen O. B. (2019). A CompVehenWiZe SYpeVpoWiXion of ViVal Pol]meVaWe
SXVYcXYVeW. :MVYWIW, 11(8), 745.

50. Lehmann, K. C., GYl]aeZa, A., ZeZenhoZen-Dobbe, J. C., JanWWen, G. M., RYben, M.,
OZeVkleefX, H. S., Zan Veelen, P. A., SamboVWki], D. V., KVaZchenko, A. A., LeonXoZich, A.
M., SidoVoZ, I. A., SnijdeV, E. J., PoWXhYma, C. C., & GoVbalen]a, A. E. (2015). DiWcoZeV]
of an eWWenXial nYcleoXid]laXing acXiZiX] aWWociaXed [iXh a ne[l] delineaXed conWeVZed
domain in Xhe RNA pol]meVaWe-conXaining pVoXein of all nidoZiVYWeW. NYGPIMG EGMHW
VIWIEVGL, 43(17), 8416Ɓ8434.

51. UbeVWa\, J. A., & FeVVell, J. E., JV (2007). MechaniWmW of WpeciƻciX] in pVoXein
phoWphoV]laXion. NEXYVI VIZMI[W. MSPIGYPEV GIPP FMSPSK], 8(7), 530Ɓ541.

52. DYdkie[ic^, M., S^c^epiɥWka, T., GV]nbeVg, M., & Pa[�o[Wki, K. (2012). A noZel pVoXein
kinaWe-like domain in a WelenopVoXein, [ideWpVead in Xhe XVee of life. PPSS SRI, 7(2),
e32138.

53. SVeelaXha, A., Yee, S. S., Lope^, V. A., PaVk, B. C., Kinch, L. N., Pilch, S., SeVZage, K. A.,
Zhang, J., JioY, J., KaVaWie[ic^-UVbaɥWka, M., �obocka, M., GViWhin, N. V., OVXh, K.,
KYchaVc^]k, R., Pa[�o[Wki, K., Tomchick, D. R., & TagliabVacci, V. S. (2018). PVoXein
AMP]laXion b] an EZolYXionaVil] ConWeVZed PWeYdokinaWe. CIPP, 175(3), 809Ɓ821.e19.

54. Wang, B., SZeXloZ, D., & AVXWimoZiXch, I. (2021). NMP]laXion and de-NMP]laXion of
SARS-CoV-2 nWp9 b] Xhe NiRAN domain. NYGPIMG EGMHW VIWIEVGL, 49(15), 8822Ɓ8835.

55. Roman, C., Le[icka, A., KoiVala, D., Li, N. S., & PicciVilli, J. A. (2021). The SARS-CoV-2
PVogVammed -1 RiboWomal FVameWhifXing ElemenX CV]WXal SXVYcXYVe SolZed Xo 2.09 Ƿ

53



UWing ChapeVone-AWWiWXed RNA CV]WXallogVaph]. ACS GLIQMGEP FMSPSK], 16(8),
1469Ɓ1481.

56. PaVk, G. J., OWinWki, A., HeVnande^, G., EiXWon, J. L., MajYmdaV, A., Tonelli, M.,
Hen^leV-Wildman, K., Pa[�o[Wki, K., Chen, Z., Li, Y., SchogginW, J. W., & TagliabVacci, V.
S. (2022). The mechaniWm of RNA capping b] SARS-CoV-2. RIWIEVGL WUYEVI,
VW.3.VW-1336910.

57. Tang, X., Shang, J., & SYn, Y. (2022). RdRp-baWed WenWiXiZe Xa\onomic claWWiƻcaXion of
RNA ZiVYWeW foV meXagenomic daXa. BVMIƻRKW MR FMSMRJSVQEXMGW, 23(2), bbac011.

58. ViW[anaXhan, T., AV]a, S., Chan, S. H., Qi, S., Dai, N., MiWVa, A., PaVk, J. G., OladYnni, F.,
KoZalWk]], D., HVomaW, R. A., MaVXine^-SobVido, L., & GYpXa, Y. K. (2020). SXVYcXYVal
baWiW of RNA cap modiƻcaXion b] SARS-CoV-2. NEXYVI GSQQYRMGEXMSRW, 11(1), 3718.

59. HaVViWon, A. G., Lin, T., & Wang, P. (2020). MechaniWmW of SARS-CoV-2 TVanWmiWWion
and PaXhogeneWiW. TVIRHW MR MQQYRSPSK], 41(12), 1100Ɓ1115.

54


