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ABSTRACT

The iQiWiaWiRQ ShaVe iV Whe UaWe-limiWiQg VWeS Rf SURWeiQ V\QWheViV (WUaQVlaWiRQ) aQd iV

fiQel\ UegXlaWed, makiQg iW aQ imSRUWaQW dUXg WaUgeW. IQ bacWeUia, iQiWiaWiRQ iV gXided b\

WhUee iQiWiaWiRQ facWRUV aQd iQYRlYeV SRViWiRQiQg Whe VWaUW ViWe RQ Whe meVVeQgeU RNA

ZiWhiQ Whe P-ViWe RQ Whe Vmall UibRVRmal VXbXQiW (30S), ZheUe iW iV decRded b\ Whe

iQiWiaWRU WRNA. ThiV SURceVV caQ be efficieQWl\ iQhibiWed b\ GE81112, a QaWXUal

K\GURSKLOLF, QRQF\FOLF, QRQULERVRPDO WHWUDSHSWLGH. IW LV IRXQG LQ QDWXUH LQ WKUHH

VWUXFWXUDO YDULDQWV (A, B DQG B1 ZLWK PROHFXODU PDVVHV RI 643±658 DD). PUHYLRXV

ELRFKHPLFDO DQG VWUXFWXUDO FKDUDFWHULVDWLRQ RI GE81112 LQGLFDWHV WKDW WKH SULPDU\

PHFKDQLVP RI DFWLRQ RI WKLV DQWLELRWLF LV WR (1) SUHYHQW WKH LQLWLDWRU WRNA IURP ELQGLQJ

FRUUHFWO\ WR WKH P-VLWH DQG (2) EORFN FRQIRUPDWLRQDO UHDUUDQJHPHQWV LQ LQLWLDWLRQ IDFWRU

IF3, UHVXOWLQJ LQ DQ XnlRcked 30S SUHIC VWDWH. IQ WKLV VWXG\, XVLQJ FU\REM, ZH KDYH

GHWHUPLQHG WKH ELQGLQJ VLWH RI GE81112 LQ LQLWLDWLRQ FRPSOH[HV (3.2-3.7c) DQG RQ

HPSW\ ULERVRPHV (2.09 c). TKLV ELQGLQJ VLWH LV ZLWKLQ WKH PRNA FKDQQHO (E-VLWH) EXW

UHPRWH IURP WKH ELQGLQJ VLWH RI WKH LQLWLDWLRQ IDFWRUV DQG LQLWLDWRU WRNA. TKLV VXJJHVWV

WKDW LW DFWV DOORVWHULFDOO\ WR SUHYHQW WKH LQLWLDWRU WRNA IURP EHLQJ ORFNHG LQWR SODFH.

TKH ELQGLQJ PRGH LV FRQVLVWHQW ZLWK SUHYLRXV ELRFKHPLFDO VWXGLHV DQG UHFHQW ZRUN

LGHQWLI\LQJ WKH NH\ SKDUPDFRSKRUHV RI GE81112.
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INTRODUCTION

IQ all RUgaQiVmV, Whe iQiWiaWiRQ ShaVe iV Whe UaWe-limiWiQg VWeS Rf SURWeiQ

V\QWheViV (WUaQVlaWiRQ) aQd iV VXbjecW WR fiQe-WXQiQg Yia SRVWWUaQVcUiSWiRQal UegXlaWRU\

mechaQiVmV (DXYal eW al., 2015; GXaleU]i aQd PRQ, 2015). AV VXch, Whe iQiWiaWiRQ VWeS

iQ SURWeiQ V\QWheViV iV aQ imSRUWaQW dUXg WaUgeW (BUaQdi eW al., 2007). The iQiWiaWiRQ

ShaVe iV a mXlWiVWeS, d\Qamic SURceVV WhaW begiQV ZiWh Whe fRUmaWiRQ Rf a 30S

SUe-iQiWiaWiRQ cRmSle[ (SUeIC). IQ Whe SUeIC, Whe mRNA, WRNA, aQd WhUee SURWeiQ

facWRUV, WeUmed iQiWiaWiRQ facWRUV (IFV: IF1, IF2, aQd IF3), aVVemble RQ Whe Vmall

UibRVRmal VXbXQiW (30S VXbXQiW) WR UecRgQiVe Whe mRNA VWaUW cRdRQ (GXaleU]i aQd

PRQ, 2015). IQ WhiV VWaWe, Whe WRNA iV liabl\ bRXQd (MilyQ eW al., 2012), aQd WheUefRUe

iW iV UefeUUed WR aV aQ XQlRcked SUeIC. ThiV XQlRcked cRmSle[ XQdeUgReV a

cRQfRUmaWiRQal chaQge ZheUe Whe caUbR[\-WeUmiQal dRmaiQ (CTD) Rf IF3, SRViWiRQed

aW Whe WRS Rf h44 iQ Whe SUeIC, mRYeV WR a VecRQd SRViWiRQ RQ h44 (JXliiQ eW al., 2011;

HXVVaiQ eW al., 2016; LySe]-AlRQVR eW al., 2017). ThiV mRYemeQW allRZV Whe WRNA WR

be fXll\ accRmmRdaWed iQ Whe P-ViWe, lRckiQg Whe fMeW±WRNA iQ Slace aQd fRUmiQg a

30S iQiWiaWiRQ cRmSle[ (30IC). The UeVXlWiQg 30IC jRiQV Whe laUge UibRVRmal VXbXQiW

(LSU, Whe 50S), UeleaViQg IF1 aQd IF3 WR fRUm Whe 70S UibRVRmal iQiWiaWiRQ cRmSle[

(70SIC).

GE81112 (GE8) iV a VSecific iQhibiWRU Rf WhiV iQiWiaWiRQ SURceVV aQd blRckV Whe

lRckiQg VWeS WhaW maUkV Whe WUaQViWiRQ fURm Whe SUeIC WR Whe IC (BUaQdi eW al., 2006a;

FabbUeWWi eW al., 2016). GE81112 iV a SeSWide aQWibiRWic fRUmed b\ fRXU

QRQ-SURWeiQRgeQic L-amiQR acidV, UefeUUed WR aV AA1-4. WheQ SXUified fURm Whe

SURdXciQg SWUeSWRP\ceV VSecieV, GE81112 iV a mi[WXUe Rf WhUee cRQgeQeUV, WeUmed

GE81112A, GE81112B, aQd GE81112B1 (643±658 Da)(BUaQdi eW al., 2006b). OZiQg

WR iWV QRYel chemical VcaffRld aQd SRWeQWial aV a lead mRlecXle fRU aQWibiRWic

deYelRSmeQW, VeYeUal eQ]\maWic aQd chemical V\QWheViV SaWhZa\V haYe beeQ

eVWabliVhed fRU GE81112 (J�UjeQV eW al., 2018; ZZick eW al., 2019, 2021; Fa\ad eW al.,

2023). ThiV haV allRZed VWUXcWXUe-acWiYiW\ UelaWiRQVhiS (SAR) VWXdieV WR defiQe

GE81112 ke\ ShaUmacRShRUeV (J�UjeQV eW al., 2018; ZZick eW al., 2021). FRU

e[amSle, Whe ZRUk Rf ZZick eW aO. (ZZick eW al., 2021) highlighWV Whe imSRUWaQce Rf

AA1 aQd AA4 fRU aQWibacWeUial acWiYiW\. The BaXeU gURXS haV alVR SeUfRUmed

e[WeQViYe ShaUmacRkiQeWic SURfiliQg RQ GE81112A, fiQdiQg VeYeUal limiWaWiRQV bXW
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RbVeUYiQg WhaW GE81112 ³cRXld UeSUeVeQW a SURmiViQg VWaUWiQg SRiQW fRU chemical

mRdificaWiRQV aQd RSWimiVaWiRQ SURgUamV´ (SchXleU eW al., 2023). SXch SURgUamV

ZRXld gUeaWl\ beQefiW fURm imSURYed VWUXcWXUal daWa (FabbUeWWi eW al., 2016;

LySe]-AlRQVR eW al., 2017) deVcUibiQg Whe iQWeUacWiRQ Rf GE81112 ZiWh iWV UibRVRmal

WaUgeW. OQe limiWaWiRQ Rf GE81112 iV iWV deSeQdeQce RQ Whe SeSWid\l WUaQVSRUWeU

RligRSeSWide SeUmeaVe (OPP) fRU eQWU\ iQWR Whe cell (MaiR eW al., 2016). BecaXVe Rf

WhiV, GE81112 VhRZV limiWed LQ YLWUR acWiYiW\ iQ Uich media aV iW iV RXWcRmSeWed b\

SeSWideV iQ Whe media fRU WUaQVSRUW iQWR Whe cell (MaiR eW al., 2016; SchXleU eW al.,

2023). MRUeRYeU, aV Whe OPP V\VWem iV QRW eVVeQWial fRU bacWeUial gURZWh iQ

labRUaWRU\ cRQdiWiRQV, mXWaWiRQV WhaW iQacWiYaWe OPP UeVXlW iQ UeViVWaQce WR GE81112

(MaiR eW al., 2016). MRdif\iQg Whe GE81112 VcaffRld WR RYeUcRme WhiV deSeQdeQce

cRXld eQhaQce GE81112�V SRWeQWial.
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RESULTS

SWUXcWXUe OYeUYieZ

TR XQdeUVWaQd Whe iQWeUacWiRQ Rf GE81112 ZiWh Whe E. cROL UibRVRme, LQ YLWUR

UeacWiRQV mimickiQg Whe iQiWiaWiRQ SURceVV (E. cROL 30S VXbXQiWV, fMeW±WRNA, mRNA,

IF1, IF2, IF3) ZeUe VeW XS iQ Whe SUeVeQce Rf GE81112 (Vee MaWeUial aQd MeWhRdV).

The UeacWiRQ cRQdiWiRQV ZeUe eVWabliVhed iQ SUeYiRXV FRET aQd cU\REM

e[SeUimeQWV, Zhich VhRZed WhaW GE81112 WUaSV Whe 30S iQ a SUeiQiWiaWiRQ VWaWe

(SUeIC) (FabbUeWWi eW al., 2016; LySe]-AlRQVR eW al., 2017). UQdeU WheVe cRQdiWiRQV,

WZR iQdeSeQdeQW VamSleV ZeUe SUeSaUed aQd XVed iQ ViQgle-SaUWicle cU\REM

e[SeUimeQWV (SXSSOHPHQWaO FLJXUHV S1 aQG S2). The daWaVeW RbWaiQed fURm Whe

fiUVW VamSle (FLJXUH 1, DATASET 1) VhRZed deQViW\ fRU all WhUee iQiWiaWiRQ facWRUV,

albeiW aW a UelaWiYel\ lRZ UeVRlXWiRQ (3.8 c glRbal UeVRlXWiRQ, cRmSle[ 1:

30S+GE8+fMeW±WRNA+IF1/IF2/IF3, SXSSOHPHQWaO FLJXUHV S1). IQ cRmSaUiVRQ, Whe

cU\REM maSV fURm Whe VecRQd VamSle/daWaVeW had a mXch ZeakeU deQViW\ fRU IF2

bXW VhRZed higheU UeVRlXWiRQ (SXSSOHPHQWaO FLJXUH S2). Sle[ 2:

30S+GE81112+fMeW±WRNA+IF1/IF3 (3.3 c cRQVeQVXV UefiQemeQW; 3.2 c BRd\; 3.2 c

Head), cRmSle[ 3: 30S+GE81112+fMeW±WRNA (3.3 c cRQVeQVXV UefiQemeQW; 3.3 c

BRd\; 3.7 c Head), cRmSle[ 4: 30S+GE81112 (3.1 c cRQVeQVXV; 3.1 c bRd\; 3.1 c

head). IQ cRmSle[ 1, ZheUe IF3 aQd fMeW-WRNA aUe SUeVeQW, Whe C-WeUmiQal dRmaiQ

Rf IF3 (IF3-CTD) iV VeeQ bRXQd WR Whe WRS Rf h44 (SRV1) aQd Whe fMeW-WRNA iV iQ a

SUe-accRmmRdaWed SRViWiRQ ZheQ cRmSaUed WR Whe iQiWiaWiRQ cRmSle[eV Rf HXVVaiQ

eW aO. (SXSSOHPHQWaO FLJXUH S5)(JXliiQ eW al., 2011; HXVVaiQ eW al., 2016). ThiV

iQdicaWeV Whe iQiWiaWiRQ UeacWiRQ ZaV VWalled iQ aQ eaUl\ iQiWiaWiRQ VWaWe, VXggeVWiQg WhaW

GE iV acWiYel\ VWalliQg Whe aVVembl\ SURceVV aV e[SecWed (LySe]-AlRQVR eW al.,

2017). IQ cRmSle[eV 1-4, lRZeU lRcal UeVRlXWiRQ (SXSSOHPHQWaO FLJXUH S1 aQd S2)
ZaV RbVeUYed fRU Whe fMeW±WRNA aQd iQiWiaWiRQ facWRUV, iQdicaWiQg WhaW iQ Whe SUeIC,

WheVe elemeQWV aUe cRmSRViWiRQall\ RU cRQfRUmaWiRQall\ d\Qamic. ThiV cRmSRViWiRQal

aQd cRQfRUmaWiRQal heWeURgeQeiW\ iV cRQViVWeQW ZiWh Whe SUeYiRXV cU\REM VWXdieV RQ

Whe 30SIC, Zhich VhRZ mXlWiSle VWaWeV aQd laUge-Vcale mRYemeQWV, SaUWicXlaUl\ iQ Whe

IF3-CTD (HXVVaiQ eW al., 2016). FRU diVcXVViQg Whe SRViWiRQ Rf Whe IFV/WRNA aQd

mRNA, Ze UefeU SUimaUil\ WR cRmSle[ C aV iQ daWaVeW 1, Whe cU\REM maS fRU Whe head

UegiRQ ZaV iQWeUSUeWable ZiWhRXW QeediQg mXlWibRd\ UefiQemeQWV; DaWaVeW 2 UeTXiUed

Whe XVe Rf mXlWibRd\ UefiQemeQWV aQd Whe UegiRQV aW Whe iQWeUface Rf Whe bRd\,
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SaUWicXlaUl\ Whe mRNA/WRNA, aUe difficXlW WR iQWeUSUeW. OYeUall, Whe UeVRlXWiRQ Rf Whe

cU\REM maSV ZaV VXfficieQW WR mRdel Whe cRmSRQeQWV Rf Whe 30S aW a UeVidXe leYel.

IQ cRQWUaVW, Whe lRZeU UeVRlXWiRQ (SXSSOHPHQWaO FLJXUH S1 aQd S2) iQ Whe deQViW\ Rf

Whe iQiWiaWiRQ facWRUV allRZed fRU accXUaWe mRdelliQg Rf Whe backbRQe aW Whe VecRQdaU\

VWUXcWXUe leYel.

IQ addiWiRQ WR Whe iQiWiaWiRQ cRmSle[eV, a WhiUd VamSle (FLJXUH 1, DATASET 3)

ZaV SUeSaUed WhaW iQclXded RQl\ GE81112 bRXQd WR a 70S UibRVRmal SaUWicle

(SXSSOHPHQWaO FLJXUH 3) WR deWeUmiQe a high-UeVRlXWiRQ mRdel fRU Whe GE81112

biQdiQg SRckeW. SiQgle SaUWicle cU\REM RQ WhiV cRmSle[ \ielded a fiQal cU\REM maS

fRU Whe 30S VXbXQiW bRd\ ZiWh aQ RYeUall UeVRlXWiRQ Rf 2.09 c (cRQVeQVXV 70S maS:

1.9 c; FLJXUH 1). ThiV high-TXaliW\ maS allRZed Whe accXUaWe SlacemeQW Rf GE81112

iQ Whe maS aQd aQ aQal\ViV Rf iWV iQWeUacWiRQ ZiWh Whe 30S VXbXQiW. NRWe WhiV cRmSle[

ZaV SUeSaUed RQ a 70S UibRVRme WR faciliWaWe imSURYed UeVRlXWiRQ; iW iV QRW meaQW WR

imSl\ GE81112 WaUgeWV 70S fXQcWiRQV aV, iQ facW, SUiRU chaUacWeUiVaWiRQ iQdicaWeV iW iV

aQ iQiWiaWiRQ WaUgeWiQg aQWibiRWic (BUaQdi eW al., 2006a).

GE81112 biQdV WR a SRckeW fRUmed b\ h23, h24 aQd h45 iQ Whe mRNA chaQQel

PUeYiRXVl\, XViQg X-Ua\ cU\VWallRgUaSh\ aQd TheUPXV WheUPRShLOXV 30S

UibRVRme, Ze RbVeUYed deQViW\ cRQViVWeQW ZiWh GE81112 beiQg bRXQd clRVe WR Whe

beQW ASL Rf Whe P-ViWe WRNA, UeSUeVeQWed iQ Whe cU\VWal b\ heli[ 6 (h6) Rf a

V\mmeWU\-UelaWed 30S VXbXQiW (FabbUeWWi eW al., 2016). ThiV biQdiQg ViWe iV diVWiQcW

fURm Whe RQe Ze RbVeUYe heUe, XViQg cU\REM, RQ a bRQafide LQ YLWUR aVVembled E.

cROL 30S iQiWiaWiRQ cRmSle[eV aQd RQ E. cROL 70S UibRVRmeV. HeUe, GE81112 iV VeeQ

bRXQd iQ a SRckeW WhaW RYeUlaSV ZiWh Whe E-ViWe mRNA, fRUmed b\ Whe gURYe Rf h24

(U788-G791, A794-C796), h23 (G693), h45 (U1506) aQd Whe CTD Rf U-SURWeiQ S11

(FLJXUH 2A-C). AV VeeQ iQ FLJXUH 2B, Whe cU\REM deQViW\ accRmmRdaWeV all aWRmV

Rf GE81112, aQd iQ SaUWicXlaU, Whe high-UeVRlXWiRQ (2.09 c) cRmSle[ 5 maS, ZheQ

VhaUSeQed, allRZV Whe RUieQWaWiRQ Rf Whe 3-h\dUR[\-L-SiSecRlic acid UiQg WR be Ueliabl\

deWeUmiQed; iQ cRmSle[eV 1-4 WhiV ZaV ambigXRXV. MRUeRYeU, aV meQWiRQed,

GE81112 SXUified fURm SWUeSWRP\ceV VSS. (aV XVed iQ RXU e[SeUimeQWV) iV a mi[WXUe

Rf WhUee cRQgeQeUV, WeUmed GE81112A, GE81112B, aQd GE81112B1, ZiWh VlighW

chemical diffeUeQceV iQ AA2 aQd AA3 ZheUe, aV deSicWed iQ FLJXUH 2F, eiWheU aQ

R[\geQ RU aQ NH gURXS aUe SUeVeQW iQ AA2 aW SRViWiRQ ε, Zhile aQ h\dURgeQ RU aQ
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NH2 gURXS iV SUeVeQW aW SRViWiRQ 2 iQ AA3. IQ WhiV UeVSecW, alWhRXgh Whe cRmSle[ 5

cU\REM maS haV a high lRcal UeVRlXWiRQ iQ Whe GE81112 biQdiQg SRckeW

(SXSSOHPHQWaO FLJXUH 3), iW dReV QRW iQdicaWe Whe SUeVeQce Rf a VSecific cRQgeQeU,

cRQVideUiQg Ze XVe a mi[WXUe Rf all WhUee WR SUeSaUe Whe cRmSle[. FRU e[amSle, Whe

maS VXggeVWV Whe SUeVeQce Rf aQ NH2 gURXS aW SRViWiRQ ³R´, SUeVeQW RQl\ iQ

cRQgeQeUV B aQd B1 (FLJXUH 2G), bXW iW dReV QRW e[clXde Whe SUeVeQce Rf cRQgeQeU

A (h\dURgeQ aW SRViWiRQ R) VR WhaW Ze caQ QRW e[clXde WhaW Whe deQViW\ iV geQeUaWed

b\ a mi[WXUe Rf Whe cRQgeQeUV. MRUeRYeU, biRchemical e[SeUimeQWV XViQg eiWheU Whe

SXUified QaWXUal cRQgeQeUV (BUaQdi eW al., 2006b) RU chemicall\ V\QWheViVed GE81112

cRQgeQeUV A aQd B1 bRWh VhRZ aQWimicURbial acWiYiW\, aQd SAR VWXdieV iQdicaWe WhaW

Whe NH2 gURXS SUeVeQW aW SRViWiRQ 2 iQ AA3 iV QRW eVVeQWial (J�UjeQV eW al., 2018;

ZZick eW al., 2021; SchXleU eW al., 2023). FRU WheVe UeaVRQV aQd fRU VimSliciW\, Ze

haYe mRdelled Whe GE81112A cRQgeQeU aQd diVcXVVed iW belRZ. IQ all cU\REM maSV

fURm Whe WhUee iQdeSeQdeQW daWaVeWV, GE81112 iV RbVeUYed iQ Whe Vame SRViWiRQ,

VXch WhaW a cRmSaUiVRQ Rf Whe biQdiQg SRckeW UeVidXeV \ieldV RSMD YalXeV beWZeeQ

0.924 aQd 1.138 (297 aWRm SaiUV; SXSSOHPHQWaO FLJXUH S4). ThiV iQdicaWeV WhaW Whe

SUeVeQce Rf WRNA aQd iQiWiaWiRQ facWRUV haV liWWle effecW RQ Whe cRQfRUmaWiRQ Rf Whe

biQdiQg SRckeW. IQ Whe high-UeVRlXWiRQ CRmSle[ 5 VWUXcWXUe, Ze dR QRWice VRme

eYideQce fRU aQ alWeUQaWiYe cRQfRUmaWiRQ iQ U793 iQ h24 (SXSSOHPHQWaO FLJXUH
S5D), Zhich iV QRW VeeQ iQ cRmSle[ 1-4. ThiV cRXld be dXe WR Whe lRZeU maS

UeVRlXWiRQ iQ CRmSle[ 1-4 RU UelaWed WR Whe mRdel aUiViQg fURm a 70S UibRVRme

(CRmSle[ 5) UaWheU WhaQ a 30S iQiWiaWiRQ cRmSle[ (CRmSle[ 1-4). We QRWe WhiV,

hRZeYeU, aV chemical SURbiQg (DallaV aQd NRlleU, 2001) iQdicaWeV a cRQQecWiRQ

beWZeeQ IF3 aQd U793, aQd WhiV alWeUQaWiYe cRQfRUmaWiRQ cRXld be imSRUWaQW fRU

VWalliQg IF3 iQ SRViWiRQ 1 iQ Whe SUeVeQce Rf GE81112, if Whe lack Rf Whe alWeUQaWiYe

cRQfRUmaWiRQ iV UelaWed WR Whe lRZeU UeVRlXWiRQ Rf cRmSle[eV 1-4.

AV QRWed abRYe (FLJXUH 2C), Whe GE81112 biQdiQg ViWe iQYRlYeV RQl\ Whe URNA

(h23, h24, aQd h45) aQd U-SURWeiQ S11 aQd dReV QRW iQYRlYe aQ\ UeVidXeV fURm Whe

iQiWiaWiRQ facWRUV, aV VeeQ iQ cRmSle[eV 1 aQd 2. SimilaUl\, iW dReV QRW cRQWacW Whe

fmeW-WRNA. NRWe WhaW iQ RXU cU\REM maSV (CRmSle[eV 1-4), RQl\ mRNA UeVidXeV

iQYRlYed iQ baVe-SaiUiQg ZiWh Whe WRNA iQ Whe P-ViWe VhRZ VWURQg deQViW\. IQ Whe

lRZeU-UeVRlXWiRQ CRmSle[ 1 maS, WheUe iV deQViW\ ZiWh a lRZ lRcal UeVRlXWiRQ WhaW

VXggeVWV Whe mRNA (-1 SRViWiRQ) aSSURacheV GE81112 VXch WhaW Whe mRNA
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backbRQe (-1 SRViWiRQ) iV beWZeeQ G926 aQd GE81112 (SXSSOHPHQWaO FLJXUH S5C).

G926 iV a XQiYeUVall\ cRQVeUYed UeVidXe WhaW iV SaUW Rf hiQge 1, a mRWif iQYRlYed iQ

30S head mRYemeQW (MRhaQ eW al., 2014). TR beWWeU XQdeUVWaQd if GE81112 cRXld

SRWeQWiall\ iQWeUfeUe ZiWh Whe mRNA RXWVide Rf Whe P-ViWe, Ze aligQed a mRdel Rf a

70S UibRVRme bRXQd b\ a P-WRNA aQd mRNA (PDB 8b0[; (FURmm eW al., 2023)) WR

Whe cRmSle[ 5 mRdel. AV VeeQ iQ FLJXUHV 2D aQd E, UeVidXeV iQ Whe mRNA

XSVWUeam Rf Whe VWaUW cRdRQ, -2 aQd -3 (E-ViWe), dR claVh ZiWh GE81112, VXggeVWiQg

WhaW GE81112 iQWeUfeUeV ZiWh Whe SlacemeQW Rf Whe mRNA. IQWeUfeUiQg ZiWh Whe

SlacemeQW Rf XSVWUeam mRNA UeVidXeV -2 aQd -3 (aV VeeQ iQ cRmSle[ 1-4), agUeeV

ZiWh a SUeYiRXV VWXd\ VhRZiQg WhaW GE81112 haV RQl\ a maUgiQal effecW RQ Whe

biQdiQg kiQeWicV Rf mRdel mRNAV bXW dReV affecW h\dUR[\l Uadical cleaYage Rf Whe

mRNA, SaUWicXlaUl\ XSVWUeam Rf Whe VWaUW cRdRQ (FabbUeWWi eW al., 2016). We SURSRVe

WhaW GE81112 SUeYeQWV SURSeU mRNA accRmmRdaWiRQ b\ biQdiQg iQ Whe E-ViWe SRUWiRQ

Rf Whe mRNA chaQQel, VSecificall\, Ze RbVeUYe WhaW AA3 Rf GE81112 VWackV RQ G693,

a SRViWiRQ WhaW iV geQeUall\ RccXSied b\ Whe -3 mRNA UeVidXe (HRffeU eW al.)(FLJXUH
2D aQd E). AV VeeQ iQ SXSSOHPHQWaO FLJXUH S5C, Whe cU\REM maS VXggeVWV Whe

backbRQe Rf Whe -1 UeVidXe iV SRViWiRQed QeaU G926. The imSRUWaQce Rf G926 WR Whe

mechaQiVm Rf acWiRQ Rf GE81112 iV VXSSRUWed b\ Whe SUeYiRXV RbVeUYaWiRQ WhaW

mXWaWiRQV iQ G926 UedXce Whe VeQViWiYiW\ Rf LQ YLWUR mRNA WUaQVlaWiRQ e[SeUimeQWV WR

GE81112 (MaiR eW al., 2016).

IQWeUacWiRQ Rf GE81112 ZiWh Whe 30S VXbXQiW

CRQViVWeQW ZiWh Whe h\dURShilic QaWXUe Rf GE81112, iW makeV e[WeQViYe

h\dURgeQ bRQdV ZiWh Whe 30S VXbXQiW. AV VeeQ iQ FLJXUH 3, AA1-4 fRUm aQ

e[WeQViYe h\dURgeQ bRQd QeWZRUk (VhRZQ iQ \ellRZ) ZiWh 16S URNA UeVidXeV iQ

heliceV: h23 (UeVidXe G693), h24 (UeVidXeV U788, U789, A794, aQd C795), h45

(UeVidXe U1506), aQd Whe C-WeUmiQal caUbR[\l mRieW\ Rf UibRVRmal SURWeiQ S11

(UeVidXe Val129). MRUeRYeU, Whe iQWeUacWiRQ Rf GE81112 ZiWh Whe 30S iQYRlYeV a

SaUallel VhifWed aURmaWic ʌ VWackiQg (daVhed liQeV iQ gUe\-blXe) Rf Whe imida]Rl UiQg Rf

AA3 ZiWh Whe baVe Rf G693, aQd VeYeUal CH-ʌ iQWeUacWiRQV (cRlRXUed iQ Ued/cUimVRQ),

iQclXdiQg WhRVe Rf Whe meWh\leQ mRieWieV Rf Whe 3-h\dUR[\ SiSeUidiQe UiQg aQd Whe

iVRSURS\l SaUW Rf YaliQe 129 ZiWh Whe baVe Rf C795 aQd Whe imida]Rl UiQg Rf UeVidXe

AA1 (FLJXUH 3). LigaQd biQdiQg iV faYRXUed b\ Whe eQWURSic gaiQV fURm Whe
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diVSlacemeQW Rf aW leaVW WhUee VWUXcWXUal ZaWeUV aV ideQWified iQ Whe high-UeVRlXWiRQ

X-Ua\ VWUXcWXUe Rf YacaQW E.cROL UibRVRme (PDB ID 4YBB; (NReVke eW al., 2015)). The

iQWeUacWiRQ Rf GE81112 ZiWh h23 aQd h24 iV cRQViVWeQW ZiWh Whe chemical SURbiQg

UeVXlWV Rf BUaQdi eW al. (BUaQdi eW al., 2006a), VhRZiQg WhaW G693 iV SURWecWed fURm

keWhR[al mRdificaWiRQ Zhile C795, aQd WR a leVVeU e[WeQW, A792, A794, C796 all

e[SeUieQce chaQgeV iQ dimeWh\l VXlShaWe UeacWiYiW\.

IQ WRWal, GE81112 iV RbVeUYed WR SRWeQWiall\ make fiYe diUecW baVe-VSecific

iQWeUacWiRQV (G693, G791, A794, C795 aQd Val129) aQd eighW diUecW iQWeUacWiRQV ZiWh

VeTXeQce-iQdeSeQdeQW gURXSV iQ Whe RNA aQd SURWeiQ backbRQe (FLJXUH 3C). The

high QXmbeU Rf baVe-VSecific iQWeUacWiRQV cRXld affRUd VRme degUee Rf WaUgeWiQg

GE81112 deUiYaWeV WR VSecific bacWeUial VWUaiQV. HRZeYeU, iW VhRXld be QRWed WhaW Whe

URNA baVeV iQYRlYed aUe highl\ cRQVeUYed (G693: 93.52%, G791: 99.88%, A794:

99.69%, C795: 99:86%)1. TheVe baVe-VSecific iQWeUacWiRQV alVR UeQdeU GE81112

acWiYiW\ VeQViWiYe WR URNA mXWaWiRQV. FRU e[amSle, iW haV beeQ VhRZQ WhaW A794G

aQd A794U mXWaWiRQV alWeU Whe LQ YLWUR acWiYiW\ (e.g. mRNA WUaQVlaWiRQ) Rf GE81112

(MaiR eW al., 2016). AV VeeQ iQ FLJXUH 2, WheVe mXWaWiRQV ZRXld alWeU Whe iQWeUacWiRQ

ZiWh AA2, aV Whe SRViWiRQiQg Rf a keWR mRieW\ (iQVWead Rf Whe 6-amiQR gURXS Rf A794)

clRVe WR Whe caUbamR\lR[\- (RU caUbamR\lamiQR iQ Whe caVe Rf cRQgeQeU B1) mRieW\

Rf AA2 ZRXld caXVe a UeSXlViYe iQWeUacWiRQ.

The backbRQe cRQfRUmaWiRQ Rf Whe WeWUaSeSWide ligaQd iQ Whe bRXQd VWaWe

clRVel\ UeVembleV a beWa-WXUQ Rf W\Se I (RRVe eW al., 1985), ZiWh YaUiRXV SRlaU

mRieWieV Rf UeVidXe AA1 aQd AA4 VWabiliViQg WhiV mRWif. TheUe aUe fRXU diUecW RU

ZaWeU-mediaWed h\dURgeQ bRQdV beWZeeQ AA1 aQd AA4, ZiWh VeYeUal iQYRlYiQg Whe

3-h\dUR[\ gURXS Rf Whe SiSecRlic acid (UeVidXe AA1) aQd Whe beWa h\dUR[\ mRieW\ Rf

Whe chlRUiQaWed beWa-h\dUR[\hiVWidiQe (UeVidXe AA4). ThiV iV VigQificaQW aV Whe SAR

VWXdieV Rf ZZick eW aO. (ZZick eW al., 2021) demRQVWUaWed Whe ³SaUamRXQW imSRUWaQce´

Rf WheVe gURXSV fRU aQWimicURbial acWiYiW\. If WheVe h\dURgeQ bRQdV maiQWaiQ Whe

cRQfRUmaWiRQ Rf GE81112 iQ VRlXWiRQ, Whe\ ZRXld lRZeU Whe eQWURSic cRVWV fRU biQdiQg

WR Whe 30S VXbXQiW, SRWeQWiall\ e[SlaiQiQg WheiU imSRUWaQce fRU aQWimicURbial acWiYiW\.

1hXXTW://cV[2-cSQTaVaXiZe-VRa-[eb.SVg/RYcPeSXide-fVeUYeRc]/16W-VVRa-QSdeP-WiRgPe-baWe-fVeUYe
Rc]/
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GE81112 VhaUeV aQ RYeUlaSSiQg biQdiQg ViWe ZiWh RWheU iQiWiaWiRQ-WaUgeWiQg aQWibiRWicV

Like GE81112, WheUe aUe VeYeUal RWheU chemicall\ XQUelaWed aQWibiRWicV,

amicRXmaciQ (PRlikaQRY eW al., 2014a), edeiQe (PiRleWWi eW al., 2001), emeWiQe (WRQg

eW al., 2014), kaVXgam\ciQ (SchlXeQ]eQ eW al., 2006; SchXZiUWh eW al., 2006), aQd

SacWam\ciQ (BURdeUVeQ eW al., 2000; PRlikaQRY eW al., 2014a) WhaW biQd ZiWhiQ Whe

mRNA chaQQel. IQ FLJXUH 4, Whe VWUXcWXUeV Rf WheVe dUXgV haYe beeQ aligQed ZiWh

Whe GE81112 mRdel WR highlighW Whe SUR[imiW\ Rf WheiU biQdiQg ViWe. SSecificall\, WheUe

iV a VXbVWaQWial RYeUlaS beWZeeQ Whe biQdiQg ViWe Rf GE81112 aQd amicRXmaciQ

(FLJXUH 4B), emeWiQe (FLJXUH 4D) aQd SacWam\ciQ (FLJXUH 4G-H), Zhile edeiQe aQd

kaVXgam\ciQ (FLJXUH 4C, E, F) biQd mRUe RXWVide Whe GE81112 SRckeW.

AmicRXmaciQ, fRU e[amSle, biQdV WR WhiV ViWe bXW VWabiliVeV Whe mRNA, affecWiQg bRWh

WUaQVlaWiRQ aQd iQiWiaWiRQ (iQcUeaVed fRUmaWiRQ Rf eUURQeRXV 30S ICV)(PRlikaQRY eW al.,

2014a; MakVimRYa eW al., 2021). TheVe dUXgV alVR imSacW mRNA fXQcWiRQ iQ a YaUieW\

Rf Za\V. EdeiQe iV a SeSWide aQWibiRWic WhaW blRckV 30S fRUmaWiRQ b\ SUeYeQWiQg

P-WRNA biQdiQg (DiQRV eW al., 2004). EmeWiQe iV aQ aQWi-SURWR]RaQ dUXg affecWiQg

mRNA/WRNA WUaQVlRcaWiRQ (WRQg eW al., 2014). CRllecWiYel\, WhiV eVWabliVheV WhaW Whe

h24/h23 biQdiQg ViWe, QeaU Whe E-ViWe mRNA cRdRQ, iV a hRWVSRW fRU diVWXUbiQg mRNA

fXQcWiRQ aV iW affecWV biQdiQg aQd UecRgQiWiRQ Rf cRdRQ aQd aQWicRdRQ iQ bRWh Whe P

aQd A ViWeV.

DISCUSSION

IQ WhiV VWXd\, Ze SUeVeQW fiYe VWUXcWXUeV fURm 3 iQdeSeQdeQW VamSleV WhaW deVcUibe

Whe iQWeUacWiRQ beWZeeQ GE81112 aQd Whe E. cROL UibRVRme iQ Whe cRQWe[W Rf Whe

iQiWiaWiRQ Rf SURWeiQ V\QWheViV. TheVe VWUXcWXUeV VhRZ GE81112 biQdV WR Whe 30S

VXbXQiW ZiWhiQ Whe mRNA chaQQel iQ a SRckeW, WeUmed heUeafWeU ecGE81112 biQdiQg

ViWe, fRUmed b\ heliceV h23, h24, aQd h45 Rf 16S URNA, aV Zell aV UibRVRmal SURWeiQ

S11 (FLJXUH 2). ThiV iV diVWiQcW fURm RXU SUeYiRXVl\ ideQWified ViWe iQ Whe cU\VWal

VWUXcWXUe Rf T. WheUPRShLOXV 30S VXbXQiW (WWGE81112), Zhich iV iQ SUR[imiW\ Rf Whe

diVWRUWed h6 Rf a V\mmeWU\-UelaWed 30S VXbXQiW, Zhich iV SURSRVed WR mimic Whe

aQWicRdRQ VWem-lRRS Rf a P-WRNA (FabbUeWWi eW al., 2016). IQ Whe cU\VWal, deVSiWe mRVW

Rf Whe elemeQWV WhaW cRQVWiWXWe Whe ecGE8112 biQdiQg ViWe beiQg SUeVeQW, QR deQViW\

ZaV RbVeUYed aW WhiV SRViWiRQ fRU GE81112. IQ WhiV UeVSecW, Ze QRWice WhaW RQe
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diffeUeQce beWZeeQ Whe WZR biQdiQg ViWeV iV UeSUeVeQWed b\ Whe C-WeUmiQal Wail Rf S11.

IW iV SRViWiRQed diffeUeQWl\ iQ Whe T. WheUPRShLOXV cU\VWal, SRVVibl\ becaXVe T.

WheUPRShLOXV lackV S21. MRUeRYeU, Whe C-WeUmiQal YaliQe UeVidXe (V129), Zhich iV

cRQVeUYed amRQg YaUiRXV bacWeUial VSecieV, iV abVeQW iQ T. WheUPRShLOXV

(SXSSOHPHQWaO FLJXUH S6A). CRQVeTXeQWl\, S11 ma\ QRW cRQWUibXWe WR GE81112

biQdiQg iQ T. WheUPRShLOXV b\ fRUmiQg CH-ʌ iQWeUacWiRQV ZiWh GE81112 Yia V129, aV

VeeQ iQ E. cROL (FLJXUH 3). RegaUdiQg Whe WWGE81112 biQdiQg ViWe, iW iV QRW fRUmed iQ

Whe E. cROL cU\REM maSV RbWaiQed iQ WhiV VWXd\. ThiV ma\ be dXe WR Whe cRQVWUaiQWV

imSRVed fRU Whe fRUmaWiRQ Rf Whe cU\VWalV, Zhich iQclXde limiWiQg Whe fUeedRm Rf Whe

ASL mimic. AlVR, iQ Whe cU\VWal VWUXcWXUe, WR XQdeUVWaQd Whe baViV Rf Whe alWeUed h6

(ASL mimic) cRQfRUmaWiRQ RbVeUYed, eYeQ iQ Whe FR-Fc maS, Ze emSlR\ed a bXlk

VRlYeQW mRdelliQg SURWecWiRQ aSSURach (PRlikaQRY eW al., 2014b; LiebVchQeU eW al.,

2017). IQ Whe UeVXlWiQg maS, Ze cRXld accRXQW fRU RQl\ SaUW Rf Whe deQViW\ geQeUaWed

b\ RUdeUiQg Rf Whe C-WeUmiQal Wail Rf S13 (K121-K126), Zhich iV XVXall\ diVRUdeUed iQ

Whe cU\VWal VWUXcWXUeV. The UemaiQiQg SaUW Rf Whe deQViW\ cRXld be e[SlaiQed b\ Whe

SUeVeQce Rf GE81112 aQd, aV iQdicaWed iQ RXU SUeYiRXV ZRUk, ³alWhRXgh Whe ligaQd

GE81112 aQd S13 caQ be SXWaWiYel\ mRdelled iQWR Whe elecWURQ deQViW\, iW iV QRW

SRVVible aW Whe UeVRlXWiRQ Rf Whe maS WR diVWiQgXiVh Whe laVW C-WeUmiQal UeVidXeV Rf

S13 XQambigXRXVl\ fURm Whe fRXU QRQSURWeiQRgeQic amiQR acid mRieWieV Rf GE81112,

aQd WheUefRUe alWeUQaWiYe aUUaQgemeQWV aUe SRVVible´ (FabbUeWWi eW al., 2016). IQ WhiV

UeVSecW, RQe SRVVibiliW\ QRW cRQVideUed eaUlieU ZRXld haYe beeQ WR mRdel S13 iQ

mXlWiSle cRQfRUmaWiRQV alWhRXgh WhiV fle[ibiliW\ ZRXld be aW RddV ZiWh Whe VWable

cRQfRUmaWiRQ Rf Whe ASL mimic RbVeUYed eYeQ iQ Whe FR-fc maS (FabbUeWWi eW al.,

2016). FXUWheUmRUe, cRQVideUiQg Whe C-WeUmiQal UeVidXeV Rf S13 (K121-K126) aV SaUW

Rf Whe WWGE81112 biQdiQg SRckeW, iW iV UeleYaQW WR QRWe WhaW S13 iQ E. cROL iV VhRUWeU,

cRmSRVed Rf jXVW 118 amiQR acidV (SXSSOHPHQWaO FLJXUH S6B), aQd WhiV ma\ alVR

e[SlaiQ Zh\ WhiV biQdiQg SRckeW iV QRW RbVeUYed iQ Whe E. cROL V\VWem. FiQall\,

cRQVideUiQg Whe V\VWem e[SlRUed iQ WhiV VWXd\ iV leVV aUWificial, Whe UeVRlXWiRQ RbWaiQed

iQ Whe cU\REM daWa iV mXch higheU, Whe ecGE81112 biQdiQg ViWe (agUeeV beVW ZiWh Whe

chemical SURbiQg daWa (BUaQdi eW al., 2006a; FabbUeWWi eW al., 2016) aQd Whe VeQViWiYiW\

Rf GE81112 LQ YLWUR acWiYiW\ WR URNA mXWaWiRQV (MaiR eW al., 2016), Ze cRQVideU iW

cRQViVWeQW ZiWh beiQg Whe biRlRgicall\ acWiYe ViWe.
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AV VeeQ iQ FLJXUH 2, Whe maS SUeVeQWed heUe Qicel\ accRmmRdaWeV Whe

chemical VcaffRld Rf GE81112, aQd mRdelliQg iQdicaWeV Whe dUXg fRUmV aQ e[WeQViYe

h\dURgeQ bRQd QeWZRUk ZiWh Whe 16S URNA aQd U-SURWeiQ S11, Zhile iWV c\clic

mRieWieV eQgage iQ ʌ-VWackiQg aQd CH-ʌ iQWeUacWiRQV, SaUWicXlaUl\ ZiWh G693 aQd

C795 (FLJXUH 3). NRWabl\, Whe cU\R-EM aQal\ViV UeYealV WhaW Whe iQiWiaWiRQ facWRUV aQd

WRNA dR QRW diUecWl\ iQWeUacW ZiWh GE81112, VXggeVWiQg iWV iQhibiWRU\ mechaQiVm

VWemV SUimaUil\ fURm GE81112 beiQg SRViWiRQed iQ Whe mRNA biQdiQg chaQQel. IQ WhiV

SRViWiRQ, iW SUeYeQWV Whe mRNA, Whe -2 aQd -3 SRViWiRQV, fURm beiQg accRmmRdaWed iQ

Whe gURRYe Rf h24; VSecificall\, AA3 iQ GE81112 UeSlaceV Whe -3 mRNA UeVidXe iQ

VWackiQg RQ G693 (HRffeU eW al.) (FLJXUH 2D aQd E). The diVUXSWiRQ Rf Whe XSVWUeam

mRNA SaWh (-2 aQd -3 UeVidXeV, CRmSle[ 1-4, SXSSOHPHQWaO FLJXUH S7) agUeeV

ZiWh SUeYiRXV h\dUR[\l Uadical SURbiQg e[SeUimeQWV WhaW VhRZ GE81112 alWeUV Whe

iQWeUacWiRQ beWZeeQ Whe XSVWUeam UeVidXeV Rf Whe mRNA aQd 30S VXbXQiW (FabbUeWWi

eW al., 2016). IW VhRXld be QRWed WhaW Whe VRlYeQW-e[SRVed face Rf GE81112 cRQWaiQV

caUbRQ\l mRieWieV WhaW ZRXld haYe a UeSXlViYe effecW RQ Whe backbRQe Rf Whe mRNA,

cRQWUibXWiQg WR Whe -2 aQd -3 UeVidXeV beiQg diVRUdeUed iQ RXU maSV. The -1 mRNA

UeVidXe iV RQl\ SaUWiall\ diVRUdeUed iQ RXU CRmSle[ C maS; WheUe aSSeaUV WR be

deQViW\ fRU Whe backbRQe bXW QRW Whe QXcleRbaVe (SXSSOHPHQWaO FLJXUH S1E aQd

S5C). ImSRUWaQWl\, Whe deQViW\ VXggeVWV Whe -1 UeVidXe Rf Whe mRNA iV SRViWiRQed

QeaU G926 (SXSSOHPHQWaO FLJXUH S1E aQd S5C), a XQiYeUVall\ cRQVeUYed bXlged

baVe iQ Whe h28 (Whe Qeck) WhaW MRhaQ eW aO. SURSRVe iV Whe SRiQW (hiQge 1) WhaW Whe

head SiYRWV aURXQd dXUiQg WUaQVlRcaWiRQ (MRhaQ eW al., 2014). The QRddiQg/VZiYelliQg

mRYemeQW Rf Whe head haV beeQ VhRZQ b\ LRSe] eW aO. aQd HXVVaiQ eW aO. (HXVVaiQ

eW al., 2016; LySe]-AlRQVR eW al., 2017) WR alWeU Whe cRQfigXUaWiRQ Rf Whe P-ViWe aQd

UeSRViWiRQ Whe cRdRQ-aQWicRdRQ cRmSle[ dXUiQg Whe cRQYeUViRQ Rf eaUl\ SUeIC

cRmSle[ WR 30S IC cRmSle[eV, ZheUe Whe WRNA mRYeV fURm aQ XQaccRmmRdaWed WR

aQ accRmmRdaWed VWaWe. We h\SRWheViVe WhaW GE81112 cRXld diVfaYRXU cRUUecW head

URWaWiRQ b\ iQflXeQciQg hiQge 1 Yia G926. TheUe aUe WZR URXWeV fRU GE81112 WR

iQflXeQce G926. The fiUVW ZRXld be Yia Whe -1 mRNA UeVidXe; Qamel\, iQ Whe cRmSle[

C VWUXcWXUe, Whe E-ViWe SRUWiRQ Rf Whe mRNA iV laUgel\ diVRUdeUed aQd dReV QRW make

defiQed iQWeUacWiRQV, fRU e[amSle, VWackiQg ZiWh G926 like VeeQ iQ RWheU VWUXcWXUeV

(NiVhima eW al., 2022; HRffeU eW al.). The VecRQd URXWe cRXld e[SlRiW Whe iQWeUacWiRQ Rf

GE81112 ZiWh Whe ShRVShaWe cRQQecWiQg G1505 aQd U1506 (FLJXUH 3), becaXVe

G1505, iQ facW, VWackV RQ G926 fURm Whe RWheU face. A URle Rf G926 iQ GE81112
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acWiYiW\ iV VXggeVWed b\ Whe ZRUk Rf MaiR eW aO. ZheUe mXWaWiRQV iQ G926 UedXce Whe

VeQViWiYiW\ Rf LQ YLWUR mRNA WUaQVlaWiRQ e[SeUimeQWV WR GE81112 (MaiR eW al., 2016).

OQe iQWeUeVWiQg aVSecW Rf Whe GE81112 mRdel iV Whe clRVe SUR[imiW\ Rf AA1

aQd AA4, Zhich iV maiQWaiQed b\ aQ e[WeQViYe QeWZRUk Rf iQWUamRlecXlaU h\dURgeQ

bRQdV (FLJXUH 3B). ThiV QeWZRUk iQclXdeV Whe 3-h\dUR[\ gURXS Rf Whe SiSecRlic acid

(UeVidXe AA1) aQd Whe 𝛽-h\dUR[\ mRieW\ Rf Whe chlRUiQaWed 𝛽-h\dUR[\hiVWidiQe

(UeVidXe AA4), Zhich ZZick eW aO. (ZZick eW al., 2021) demRQVWUaWed WR be cUiWical fRU

Whe aQWimicURbial acWiYiW\. ThiV clRVe aVVRciaWiRQ Rf AA1 aQd AA4 cRXld faciliWaWe

c\cliViQg Whe GE81112 VcaffRld. ThiV iV VigQificaQW becaXVe c\clic SeSWide aQWibiRWicV

aUe Sla\iQg aQ iQcUeaViQg URle iQ mRdeUQ dUXg diVcRYeU\ effRUWV (Lai eW al., 2022).

C\clic SeSWideV caQ iQcUeaVe meWabRlic VWabiliW\ dXe WR UedXced degUadaWiRQ, Zhile

WheiU UedXced cRQfRUmaWiRQal fle[ibiliW\ caQ cRQWUibXWe eQWURSicall\ WR iQcUeaVe WaUgeW

biQdiQg (Lai eW al., 2022). A c\clic GE81112 deUiYaWiYe cRXld alVR alWeU Whe XSWake

WhURXgh Whe OPP V\VWem, SRWeQWiall\ b\SaVViQg a VigQificaQW SaWhZa\ fRU GE81112

UeViVWaQce (MaiR eW al., 2016; SchXleU eW al., 2023). The VWUXcWXUal iQVighWV fURm WhiV

VWXd\ SURYide a fRXQdaWiRQ fRU RSWimiViQg GE81112 deUiYaWiYeV aQd e[SlRUiQg WheiU

SRWeQWial iQ cRmbaWiQg bacWeUial iQfecWiRQV.

MATERIAL AND METHODS

AVVembl\ Rf Whe SUeIC
CRmSle[eV fRU bRWh daWaVeWV ZeUe SUeSaUed iQdeSeQdeQWl\ XQdeU ideQWical
cRQdiWiRQV. EVcheULchLa cROL UibRVRmeV, UibRVRmal VXbXQiWV, aQd WUaQVlaWiRQal facWRUV
ZeUe SUeSaUed aV SUeYiRXVl\ deVcUibed (LySe]-AlRQVR eW al., 2017). UViQg SXUified
cRmSRQeQWV, Whe 30SIC ZaV aVVembled b\ iQcXbaWiQg Whe 30S UibRVRmal VXbXQiWV
ZiWh GE81112 fRU 10 miQ aW 37�C iQ BXffeU IC (10 mM TUiV±HCl (SH 7.7), 7 mM
MgCl2, aQd 60 mM NH4CH3COO) SUiRU WR addiWiRQ Rf Whe mRNA cRQVWUXcW cRQWaiQiQg
a mRdel ShiQe-DalgaUQR VeTXeQce (AAG UUA ACA GGU AUA CAU ACU AUG UUU
ACG AUU ACU ACG AUC), fMeW±WRNA, GTP aQd IF1, IF2, IF3, aQd cRQWiQXiQg Whe
iQcXbaWiRQ aW 37�C fRU aQ addiWiRQal 10 miQ. ThURXghRXW WhiV iQcXbaWiRQ, bXffeU
cRQdiWiRQV aUe keSW cRQVWaQW, aQd Whe fiQal facWRU cRQceQWUaWiRQV aUe 1 ȝM 30S, 20
ȝM GE81112, 4 ȝM mRNA, 2.8 ȝM fMeW±WRNA, 50 ȝM GTP, 3.2 ȝM IF1, 1.6 ȝM IF2,
aQd 3.2 ȝM IF3.
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ViWUificaWiRQ aQd ElecWURQ micURVcRS\ Rf SUeIC cRmSle[
The 30SIC VamSle ZaV YiWUified XViQg a ViWURbRW (TheUmR FiVheU ScieQWific, TFS) b\
dilXWiQg Whe UecRQVWiWXWed 30S IC iQ BXffeU IC cRQWaiQiQg 20 ȝM GE81112, 4 ȝM
mRNA, 2.8 ȝM fMeW±WRNA aQd 50 ȝM GTP RQWR QXaQWifiRl R2/2 gUidV. AXWRmaWed
daWa acTXiViWiRQ (EPU VRfWZaUe, TFS) ZaV SeUfRUmed aW NeCEN (NeWheUlaQdV CeQWUe
fRU ElecWURQ NaQRVcRS\; daWaVeW 1) aQd eBIC (DiamRQd LighW SRXUce, UK; daWaVeW 2)
ZiWh a TiWaQ KUiRV micURVcRSe (FEI) aW 300 kV eTXiSSed ZiWh a diUecW deWecWRU
(SXSSOHPHQWaO TabOH 1). FRU DaWaVeW 1, 3745 mRYieV ZeUe cRllecWed aW a Si[el Vi]e
Rf 1.086 c aQd defRcXV UaQgiQg fURm 0.4 �m WR 3.8 �M. FRU DaWaVeW 2, 6172 mRYieV
ZeUe cRllecWed, each cRQWaiQiQg 19 fUameV aW a Si[el Vi]e Rf 1.113 c. MRUe deWailed
imagiQg cRQdiWiRQV aUe SUeVeQWed iQ SXSSOHPHQWaO TabOH 1.

ViWUificaWiRQ aQd ElecWURQ micURVcRS\ Rf 70S-GE81112 cRmSle[
The GE81112-70S cRmSle[ Ze SUeSaUe b\ cR-iQcXbaWiQg (10 miQ, ice) 100 QM 70S
UibRVRmeV ZiWh 20 �M GE81112 (AdiSRGeQ Life ScieQce) iQ bXffeU cRQViVWiQg Rf 10
mM TUiV SH 8.0 14 mM MgAc aQd 60 mM KCl. The VamSle ZaV YiWUified XViQg a
ViWURbRW (TFS) RQ QXaQWifRil R1.2/1.3 (300 meVh) gUidV. AXWRmaWed daWa acTXiViWiRQ
(EPU VRfWZaUe, TFS) ZaV SeUfRUmed aW Whe BaVTXe ReVRXUce fRU ElecWURQ
MicURVcRS\ (BREM) RQ a 300 kV X-FEG KUiRV G4 WUaQVmiVViRQ elecWURQ
cU\R-micURVcRSe (TFS) aQd a GaWaQ K3 diUecW deWecWRU (SXSSOHPHQWaO TabOH 1). FRU
DaWaVeW 3, 19,615 mRYieV ZeUe cRllecWed, each fUacWiRQaWed iQWR 40 fUameV aW a Si[el
Vi]e Rf 0.8238 c/S[ aQd a WRWal e[SRVXUe dRVe Rf 49.3 e-/A2.

SiQgle PaUWicle AQal\ViV
DaWaVeW 1: MRWiRQ cRUUecWiRQ ZaV SeUfRUmed ZiWhiQ RELION 3.1 (ZiYaQRY eW al.,
2020)XViQg Whe dRVe ZeighWiQg aQd SaWch (5 î 5) RSWiRQV. CRQWUaVW WUaQVfeU fXQcWiRQ
(CTF) eVWimaWiRQ fRU each aligQed micURgUaSh ZaV SeUfRUmed XViQg CTFFiQd (RRhRX
aQd GUigRUieff, 2015). 232,679 SURjecWiRQ imageV Rf 30S SaUWicleV ZeUe Sicked XViQg
cUYOLO (WagQeU eW al., 2019). IQiWiall\, SaUWicleV ZeUe UeVcaled aQd e[WUacWed ZiWh a
Si[el Vi]e Rf 3.01 c, aQd Whe daWaVeW ZaV cleaQed b\ XViQg RELION 2D ClaVVificaWiRQ
(100 claVVeV). SXbVeTXeQWl\, Whe Zell-aligQiQg SaUWicle SURjecWiRQV (WRWal Rf 193743)
ZeUe XVed WR geQeUaWe aQ iQiWial mRdel. The SURjecWiRQV ZeUe WheQ UefiQed iQ VeYeUal
c\cleV (XViQg Whe iQiWial mRde WR VWaUW), \ieldiQg a 5.2 c maS ZheUe Whe bRd\ UegiRQ
ZaV YiVXall\ mRUe defiQed WhaQ Whe head UegiRQ. ThiV SURmSWed XV WR XWiliVe a
mXlWi-bRd\ UefiQemeQW (head aQd bRd\ maVk), Zhich imSURYed Whe UeVRlXWiRQ Rf Whe
bRd\ UegiRQ WR 4.7 c. The cU\REM maS Rf Whe 30S bRd\ UegiRQ ZaV WheQ XVed WR
iQiWiaWe CTF UefiQemeQW (beam WilW, aQiVRWURSic magQificaWiRQ, SeU SaUWicle defRcXV
fiWWiQg, SeU micURgUaSh aVWigmaWiVm) aQd Ba\eViaQ SRliVhiQg (ZiYaQRY eW al., 2022).
CTF cRUUecWiRQ ZaV aSSlied WR Whe SRliVhed SaUWicleV WR UedXce WheiU ZiQdRZ Vi]e aQd
VSeed XS SURceVViQg. AfWeU SRliVhiQg, Whe maS ZaV UefiQed WR 3.7 c. 3D claVVificaWiRQ
ZaV SeUfRUmed WR UemRYe SRRUl\ aligQiQg SaUWicleV, VXch WhaW Ze fiQall\ UeWaiQed a
VXbVeW Rf 46163 WhaW \ielded Whe fiQal 3.8 c maS. FXUWheU, mXlWibRd\ UefiQemeQWV RU
3D claVVificaWiRQV did QRW imSURYe Whe maS aV jXdged YiVXall\ RU b\ UeVRlXWiRQ
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eVWimaWeV. The FSC (FRXUieU Vhell cRUUelaWiRQ) SlRWV fRU Whe cRQVeQVXV UefiQemeQW,
Whe fiQal maS aQd lRcal UeVRlXWiRQ eVWimaWeV aUe VhRZQ iQ SXSSOHPHQWaO FLJXUH 1.

DaWaVeW 2: All daWa SURceVViQg VWeSV ZeUe SeUfRUmed ZiWhiQ RELION 3.0 RU 3.1
(ZiYaQRY eW al., 2018, 2020). 6172 mRYieV (SXSSOHPHQWaO FLJXUH 2A) ZeUe imSRUWed
aQd mRWiRQ-cRUUecWed ZiWh ReliRQ. DefRcXV eVWimaWiRQ ZaV SeUfRUmed ZiWh GcWf Y1.06
(ZhaQg, 2016), aQd VXbVeTXeQWl\, micURgUaShV ZiWh defRcXV YalXeV beWZeeQ -0.5
aQd -3.25 �m ZeUe VelecWed. PaUWicleV ZeUe Sicked ZiWh cU\RlR ((WagQeU eW al.,
2019); 662792 SaUWicleV) aQd iQiWiall\ e[WUacWed aW a Si[el Vi]e Rf 2.226 c/S[. TheVe
SaUWicleV ZeUe cleaQed b\ 2D claVVificaWiRQ (100 claVVeV; SXSSOHPHQWaO FLJXUH 2A),
VXch WhaW 397515 SaUWicleV ZeUe UeWaiQed aQd XVed WR geQeUaWe aQ iQiWial mRdel.
FXUWheU cleaQiQg ZaV SeUfRUmed ZiWh 3D claVVificaWiRQ VR WhaW 304619 SaUWicleV ZeUe
keSW aQd fiQall\ UefiQed ZiWh a Si[el Vi]e Rf 1.113 c/S[ WR geQeUaWe a 3.2 c cU\REM
maS. The cU\REM maS Rf Whe 30S bRd\ UegiRQ ZaV WheQ XVed WR iQiWiaWe CTF
UefiQemeQW aQd Ba\eViaQ SRliVhiQg (ZiYaQRY eW al., 2022). SXbVeTXeQW UefiQemeQW
led WR a 2.95 c cU\R maS. 3D claVVificaWiRQ (4 claVVeV, QR image aligQmeQW, T=16)
ZaV SeUfRUmed RQ WheVe SaUWicleV XViQg a maVk ceQWUed RQ Whe deQViW\ Rf IF1, IF3
aQd Whe WRNA aQWicRdRQ aUm. ThiV \ielded WhUee Zell-defiQed YRlXmeV WhaW ZeUe
VXbVeTXeQWl\ UefiQed WR 3.3 c (CRmSle[ 2), 3.3 c ( CRmSle[ 3) aQd 3.1 c (CRmSle[
4). FiQall\, a mXlWibRd\ UefiQemeQW ZaV SeUfRUmed ZheUe bRd\ 1 cRUUeVSRQded WR Whe
30S bRd\ aQd bRd\ 2 WR Whe 30S head UegiRQ. WheQ SUeVeQW iQ Whe maS, Whe beVW
mXlWibRd\ UefiQemeQWV ZeUe RbWaiQed ZheQ Whe WRNA ZaV iQclXded iQ Whe bRd\ 2
maVk aQd Whe IFV iQ Whe bRd\ 1 maVk. The FSC SlRWV fRU Whe mXlWibRd\ maSV, Whe
fiQal maSV aQd lRcal UeVRlXWiRQ eVWimaWeV aUe VhRZQ iQ SXSSOHPHQWaO FLJXUH 1.

DaWaVeW 3: All image SURceVViQg VWeSV ZeUe SeUfRUmed ZiWhiQ Whe CU\RSPARC aQd
CU\RSPARC LiYe VRfWZaUe Sackage (PXQjaQi eW al., 2017). MRYieV ZeUe imSRUWed WR
CU\RSPARC, SaWch mRWiRQ cRUUecWed (SXSSOHPHQWaO FLJXUH S3A), aQd Whe cRQWUaVW
WUaQVfeU fXQcWiRQ ZaV eVWimaWed. The micURgUaShV ZeUe cXUaWed baVed RQ eVWimaWed
UeVRlXWiRQ, defRcXV YalXeV, aQd mRWiRQ SaUameWeUV. The SaUWicleV ZeUe ZiQdRZed RXW
aQd dRZQVamSled WR a bR[ Vi]e Rf 128 Si[elV î 128 Si[elV fRU iQiWial cleaQiQg XViQg
2D claVVificaWiRQ (SXSSOHPHQWaO FLJXUH S3B). The beVW claVVeV UeVembliQg 70S,
50S, aQd 30S UibRVRmeV ZeUe VelecWed, fiQall\ cRUUeVSRQdiQg WR 1,816,931 SaUWicleV.
TheVe SaUWicleV ZeUe XVed iQ aQ ab LQLWLR UecRQVWUXcWiRQ jRb (Vi[ claVVeV).
SXbVeTXeQWl\, heWeURgeQeRXV UefiQemeQW aQd 3D claVVificaWiRQ jRbV (PXQjaQi aQd
FleeW, 2021) ZeUe XVed WR VeSaUaWe Whe iQSXW SURjecWiRQV iQWR SRRUl\ aligQiQg, 30S
(29,389), 50S (190,467) aQd 70S (1,331,197) claVVeV. The 70S SaUWicleV ZeUe
Ue-e[WUacWed aW 512 Si[elV [ 512 Si[elV aQd UefiQed, \ieldiQg a cU\REM maS aW 2.05c
UeVRlXWiRQ (70S). Beam WilW cRUUecWiRQ (ZiYaQRY eW al., 2020) aQd UefeUeQce-baVed
mRWiRQ cRUUecWiRQ ZeUe SeUfRUmed, aQd afWeU a VXbVeTXeQW QRQ-XQifRUm UefiQemeQW,
XViQg a 50S maVk, a 70S cU\REM maS aW 1.85c UeVRlXWiRQ ZaV RbWaiQed (1,329,758
SaUWicleV; XQdeU a 50S maVk; SXSSOHPHQWaO FLJXUH S3C-D). A SaUWicle VXbWUacWiRQ
jRb ZaV SeUfRUmed RQ WheVe 50S aligQed SURjecWiRQV WR geQeUaWe SURjecWiRQV
cRQWaiQiQg VigQal fURm RQl\ Whe 30S bRd\ UegiRQ Rf Whe 70S UibRVRme. AfWeU a
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QRQ-XQifRUm UefiQemeQW, a cU\REM maS Rf Whe 30S bRd\ UegiRQ aW 2.09c ZaV
RbWaiQed (SXSSOHPHQWaO FLJXUH S3E-F, 1,329,758 SaUWicleV). LRcal UeVRlXWiRQ ZaV
eVWimaWed ZiWh CU\RSPARC XViQg Whe QRQ-XQifRUm UefiQemeQW half maSV (PXQjaQi eW
al., 2020).

CU\R-EM mRdel bXildiQg
The abVRlXWe cRQfigXUaWiRQ Rf GE81112 fRU deVcUibiQg Whe ligaQd WRSRlRg\ ZaV
deUiYed fURm J�UjeQV eW aO. (J�UjeQV eW al., 2018). SWaUWiQg ligaQd cRRUdiQaWeV fRU
UefiQemeQW ZeUe geQeUaWed XViQg Whe RDkiW Sackage fRU chemiQfRUmaWicV (RDKiW:
OSeQ-VRXUce chemiQfRUmaWicV. hWWSV://ZZZ.UdkiW.RUg), aQd UeVWUaiQW iQfRUmaWiRQ abRXW
iWV geRmeWU\ ZaV deUiYed XViQg eLBOW (MRUiaUW\ eW al., 2009). The PBD VWUXcWXUe
4YBB (NReVke eW al., 2015) ZaV WakeQ aV aQ iQiWial WemSlaWe fRU UefiQemeQW aQd
mRdel bXildiQg. IQdiYidXal maSV fRU Whe head (eQcRmSaVViQg URNA UeVidXeV C931 WR
G1386 aQd Whe UibRVRmal SURWeiQV S3, S7, S9, S10, S13, S14, aQd S19) aQd bRd\
dRmaiQ (UeVidXeV A1 WR C930 aQd G1387 WR A1542 Rf Whe 16S RNA, aQd S3, S7, S9,
S10, S13, S14, aQd S19 U-SURWeiQV) ZeUe deUiYed fURm cU\R-EM maSV RbWaiQed b\
Whe RELION mXlWi-bRd\ UefiQemeQW (lRZ-SaVV filWeUed WR Whe glRbal UeVRlXWiRQ). AfWeU a
SUelimiQaU\ Uigid bRd\ UefiQemeQW fRllRZed b\ VeYeUal c\cleV Rf maQXal
mRdel-bXildiQg XViQg CRRW (EmVle\ eW al., 2010) aQd Ueal-VSace UefiQemeQW iQ PheQi[
(LiebVchQeU eW al., 2019)(ZiWh VecRQdaU\ VWUXcWXUe UeVWUaiQWV aQd RamachaQdUaQ
UeVWUaiQWV) Whe QRQ-UibRVRmal cRmSRQeQWV Rf Whe cRmSle[ ZeUe added aW Whe fiQal
UefiQemeQW ZhRVe VWaUWiQg cRRUdiQaWeV ZeUe WakeQ eiWheU fURm Whe PDB (PDBID
6UGG fRU WRNA) RU fURm VWUXcWXUe SUedicWiRQV emSlR\iQg AlShaFRld2 (fRU Whe iQiWiaWiRQ
facWRUV)(JXmSeU eW al., 2021). SWUXcWXUal fUagmeQWV Rf Whe UibRVRmal cRmSle[eV QRW
accRXQWed fRU b\ Whe cU\R-EM deQViW\, dXe WR WheiU abVeQce RU lRcal diVRUdeU, ZeUe
RmiWWed fURm Whe fiQal mRdelV. The TXaliW\ Rf Whe RbWaiQed mRdelV ZaV aVVeVVed
XViQg MRlPURbiW\ aV a SaUW Rf Whe PheQi[ YalidaWiRQ WRRlV (LiebVchQeU eW al., 2019),
aQd Whe gXaQidiQR caUbR[\ deQRWaWiRQ iVVXeV ZeUe UeVRlYed b\ aQ iQ-hRXVe VcUiSW.
FRU figXUe SUeSaUaWiRQ, ChimeUaX (MeQg eW al., 2023) aQd IQkVcaSe 1.3 ZeUe XVed.

ACCESSION NUMBERS

The UaZ elecWURQ micURVcRS\ mRYieV, cU\R-EM maSV, aQd UeVXlWiQg aWRmic mRdelV
aUe aYailable aW Whe EMPIAR, EMDB, aQd PURWeiQ DaWa BaQk (PDB) XQdeU acceVViRQ
cRdeV XXXXX, YYYYY, aQd ZZZ. DaWa aUe aYailable fURm Whe cRUUeVSRQdiQg aXWhRUV
XSRQ UeaVRQable UeTXeVW.
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DiamRQd fRU acceVV aQd VXSSRUW Rf Whe CU\R-EM faciliWieV aW Whe UK QaWiRQal elecWURQ
biR-imagiQg ceQWUe (eBIC), SURSRVal EM17171-2 aQd bi31586-33, fXQded b\ Whe
WellcRme TUXVW, MRC aQd BBSRC. SRme Rf WhiV ZRUk ZaV SeUfRUmed aW Whe BaVTXe
ReVRXUce fRU ElecWURQ MicURVcRS\ lRcaWed aW IQVWiWXWR BiRfiVika (UPV/EHU, CSIC),
VXSSRUWed b\ Whe DeSaUWmeQW Rf EdXcaWiRQ aQd Whe IQQRYaWiRQ FXQd Rf Whe BaVTXe
GRYeUQmeQW, ZiWh addiWiRQal VXSSRUW fURm MCIN (RecRYeU\, TUaQVfRUmaWiRQ aQd
ReVilieQce PlaQ) aQd Whe BaVTXe GRYeUQmeQW ³BiRWechQRlRg\ CRmSlemeQWaU\ PlaQ
ASSlied WR HealWh´ ZiWh fXQdiQg fURm EXURSeaQ UQiRQ Ne[WGeQeUaWiRQEU
(PRTR-C17.I1; PRTR-C17.I01.P01.S13) (AAAA_ACG_AY_2539/22_05). MRlecXlaU
gUaShicV aQd aQal\VeV SeUfRUmed ZiWh UCSF ChimeUaX, deYelRSed b\ Whe ReVRXUce
fRU BiRcRmSXWiQg, ViVXali]aWiRQ, aQd IQfRUmaWicV aW Whe UQiYeUViW\ Rf CalifRUQia, SaQ
FUaQciVcR, ZiWh VXSSRUW fURm NaWiRQal IQVWiWXWeV Rf HealWh R01-GM129325 aQd Whe
Office Rf C\beU IQfUaVWUXcWXUe aQd CRmSXWaWiRQal BiRlRg\, NaWiRQal IQVWiWXWe Rf AlleUg\
aQd IQfecWiRXV DiVeaVeV.

CONFLICT OF INTEREST

The aXWhRUV UeSRUW QR cRQflicW Rf iQWeUeVW.

17

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 26, 2024. ; https://doi.org/10.1101/2024.09.26.614503doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.26.614503
http://creativecommons.org/licenses/by-nc-nd/4.0/


REFERENCES

Basu, R.S. et al. (ÃÁÃÃ¦. Compact IFÃ allows initiator tRNA accommodation into the P site and gates
the ribosome to elongation. Nat. Commun. 13, ÄÄÉÉ.

Brandi, L. et al. (ÃÁÁÇa¦. Specific, efficient, and selective inhibition of prokaryotic translation initiation
by a novel peptide antibiotic. Proc. Natl. Acad. Sci. U. S. A. 103, ÄÊ–ÅÅ.

Brandi, L. et al. (ÃÁÁÇb¦. Novel Tetrapeptide Inhibitors of Bacterial Protein Synthesis Produced by a
Streptomyces sp. Biochemistry 45, ÄÇÊÃ–ÄÈÁÃ.

Brandi, L. et al. (ÃÁÁÈ¦. Methods for identifying compounds that specifically target translation.
Methods Enzym. 431, ÃÃÊ–ÃÇÈ.

Brodersen, D.E. et al. (ÃÁÁÁ¦. The Structural Basis for the Action of the Antibiotics Tetracycline,
Pactamycin, and Hygromycin B on the ÄÁS Ribosomal Subunit. Cell 103, ÂÂÅÄ–ÂÂÆÅ.

Dallas, A., and Noller, H.F. (ÃÁÁÂ¦. Interaction of Translation Initiation Factor Ä with the ÄÁS Ribosomal
Subunit. Mol. Cell Ç, ÉÆÆ–ÉÇÅ.

Dinos, G. et al. (ÃÁÁÅ¦. Dissecting the ribosomal inhibition mechanisms of edeine and pactamycin:
the universally conserved residues GÇÊÄ and CÈÊÆ regulate P-site RNA binding. Mol. Cell 13,
ÂÂÄ–ÂÃÅ.

Duval, M. et al. (ÃÁÂÆ¦. Multiple ways to regulate translation initiation in bacteria: Mechanisms,
regulatory circuits, dynamics. Biochimie 114, ÂÉ–ÃÊ.

Emsley, P. et al. (ÃÁÂÁ¦. Features and development of Coot. Acta Crystallogr. D Biol. Crystallogr. ÅÅ,
ÅÉÇ–ÆÁÂ.

Fabbretti, A. et al. (ÃÁÂÇ¦. Inhibition of translation initiation complex formation by GEÉÂÂÂÃ unravels
a ÂÇS rRNA structural switch involved in P-site decoding. Proc. Natl. Acad. Sci. U. S. A. 113.

Fayad, S. et al. (ÃÁÃÄ¦. Total Synthesis of GEÉÂÂÂÃA: An Orthoester-Based Approach. J. Org. Chem. ÇÇ,
ÆÆÊÈ–ÆÇÁÉ.

Fromm, S.A. et al. (ÃÁÃÄ¦. The translating bacterial ribosome at Â.ÆÆ Å resolution generated by
cryo-EM imaging services. Nat. Commun. 14, ÂÁÊÆ.

Gualerzi, C.O., and Pon, C.L. (ÃÁÂÆ¦. Initiation of mRNA translation in bacteria: structural and dynamic
aspects. Cell. Mol. Life Sci. Æ2, ÅÄÅÂ–ÅÄÇÈ.

Hoffer, E.D. et al. Structural insights into mRNA reading frame regulation by tRNA modification and
slippery codon–anticodon pairing. eLife È, eÆÂÉÊÉ.

Hussain, T. et al. (ÃÁÂÇ¦. Large-Scale Movements of IFÄ and tRNA during Bacterial Translation
Initiation. Cell 1ÅÆ, ÂÄÄ-ÂÅÅ.eÂÄ.

Julián, P. et al. (ÃÁÂÂ¦. The Cryo-EM Structure of a Complete ÄÁS Translation Initiation Complex from
Escherichia coli. PLoS Biol. È, eÂÁÁÂÁÊÆ.

Jumper, J. et al. (ÃÁÃÂ¦. Highly accurate protein structure prediction with AlphaFold. Nature 5ÈÅ,
ÆÉÄ–ÆÉÊ.

Jürjens, G. et al. (ÃÁÂÉ¦. Total Synthesis and Structural Revision of the Antibiotic Tetrapeptide
GEÉÂÂÂÃA. Angew. Chem. Int. Ed Engl. 5Æ, ÂÃÂÆÈ–ÂÃÂÇÂ.

18

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 26, 2024. ; https://doi.org/10.1101/2024.09.26.614503doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://doi.org/10.1101/2024.09.26.614503
http://creativecommons.org/licenses/by-nc-nd/4.0/


Lai, S. et al. (ÃÁÃÃ¦. Natural and Man-Made Cyclic Peptide-Based Antibiotics. Antibiotics 12, ÅÃ.

Liebschner, D. et al. (ÃÁÂÈ¦. Polder maps: improving OMIT maps by excluding bulk solvent. Acta
Crystallogr Struct Biol Æ3, ÂÅÉ–ÂÆÈ.

Liebschner, D. et al. (ÃÁÂÊ¦. Macromolecular structure determination using X-rays, neutrons and
electrons: recent developments in Phenix. Acta Crystallogr. Sect. Struct. Biol. Æ5, ÉÇÂ–ÉÈÈ.

López-Alonso, J.P. et al. (ÃÁÂÈ¦. Structure of a ÄÁS pre-initiation complex stalled by GEÉÂÂÂÃ reveals
structural parallels in bacterial and eukaryotic protein synthesis initiation pathways. Nucleic Acids
Res. 45.

Maio, A. et al. (ÃÁÂÇ¦. The Oligopeptide Permease Opp Mediates Illicit Transport of the Bacterial
P-site Decoding Inhibitor GEÉÂÂÂÃ. Antibiot. Basel Switz. 5.

Maksimova, E.M. et al. (ÃÁÃÂ¦. Multifaceted Mechanism of Amicoumacin A Inhibition of Bacterial
Translation. Front. Microbiol. 12, ÇÂÉÉÆÈ.

Meng, E.C. et al. (ÃÁÃÄ¦. UCSF ChimeraX: Tools for structure building and analysis. Protein Sci. 32,
eÅÈÊÃ.

Milón, P. et al. (ÃÁÂÃ¦. Real-time assembly landscape of bacterial ÄÁS translation initiation complex.
Nat. Struct. Mol. Biol. 1È, ÇÁÊ–ÇÂÆ.

Mohan, S. et al. (ÃÁÂÅ¦. Molecular mechanics of ÄÁS subunit head rotation. Proc. Natl. Acad. Sci. 111,
ÂÄÄÃÆ–ÂÄÄÄÁ.

Moriarty, N.W. et al. (ÃÁÁÊ¦. electronic Ligand Builder and Optimization Workbench (eLBOW¦: a tool
for ligand coordinate and restraint generation. Acta Crystallogr Biol Crystallogr Å5, ÂÁÈÅ–ÂÁÉÁ.

Nishima, W. et al. (ÃÁÃÃ¦. Hyper-swivel head domain motions are required for complete mRNA-tRNA
translocation and ribosome resetting. Nucleic Acids Res. 50, ÉÄÁÃ–ÉÄÃÁ.

Noeske, J. et al. (ÃÁÂÆ¦. High-resolution structure of the Escherichia coli ribosome. Nat. Struct. Mol.
Biol. 22, ÄÄÇ–ÄÅÂ.

Pioletti, M. et al. (ÃÁÁÂ¦. Crystal structures of complexes of the small ribosomal subunit with
tetracycline, edeine and IFÄ. EMBO J. 20, ÂÉÃÊ.

Polikanov, Y.S. et al. (ÃÁÂÅa¦. Amicoumacin A inhibits translation by stabilizing mRNA interaction with
the ribosome. Mol. Cell 5Å, ÆÄÂ–ÆÅÁ.

Polikanov, Y.S. et al. (ÃÁÂÅb¦. A proton wire to couple aminoacyl-tRNA accommodation and peptide
bond formation on the ribosome. Nat. Struct. Mol. Biol. 21, ÈÉÈ–ÈÊÄ.

Punjani, A. et al. (ÃÁÂÈ¦. cryoSPARC: algorithms for rapid unsupervised cryo-EM structure
determination. Nat. Methods 14, ÃÊÁ–ÃÊÇ.

Punjani, A. et al. (ÃÁÃÁ¦. Non-uniform refinement: adaptive regularization improves single-particle
cryo-EM reconstruction. Nat. Methods 1Æ, ÂÃÂÅ–ÂÃÃÂ.

Punjani, A., and Fleet, D.J. (ÃÁÃÂ¦. ÄD variability analysis: Resolving continuous flexibility and discrete
heterogeneity from single particle cryo-EM. J. Struct. Biol. 213, ÂÁÈÈÁÃ.

Rohou, A., and Grigorieff, N. (ÃÁÂÆ¦. CTFFINDÅ: Fast and accurate defocus estimation from electron
micrographs. J. Struct. Biol. 1È2, ÃÂÇ–ÃÃÂ.

19

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 26, 2024. ; https://doi.org/10.1101/2024.09.26.614503doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://doi.org/10.1101/2024.09.26.614503
http://creativecommons.org/licenses/by-nc-nd/4.0/


Rose, G.D. et al. (ÂÊÉÆ¦. Turns in peptides and proteins. Adv. Protein Chem. 3Æ, Â–ÂÁÊ.

Sanchez-Garcia, R. et al. (ÃÁÃÂ¦. DeepEMhancer: a deep learning solution for cryo-EM volume
post-processing. Commun. Biol. 4, Â–É.

Schluenzen, F. et al. (ÃÁÁÇ¦. The antibiotic kasugamycin mimics mRNA nucleotides to destabilize tRNA
binding and inhibit canonical translation initiation. Nat. Struct. Mol. Biol. 13, ÉÈÂ–ÉÈÉ.

Schuler, S.M.M. et al. (ÃÁÃÄ¦. Full Profiling of GEÉÂÂÂÃA, an Underexplored Tetrapeptide Antibiotic
with Activity against Gram-Negative Pathogens. Microbiol. Spectr. 11, eÁÃÃÅÈÃÃ.

Schuwirth, B.S. et al. (ÃÁÁÇ¦. Structural analysis of kasugamycin inhibition of translation. Nat. Struct.
Mol. Biol. 13, ÉÈÊ–ÉÉÇ.

Wagner, T. et al. (ÃÁÂÊ¦. SPHIRE-crYOLO is a fast and accurate fully automated particle picker for
cryo-EM. Commun. Biol. 2, ÃÂÉ.

Wong, W. et al. (ÃÁÂÅ¦. Cryo-EM structure of the Plasmodium falciparum ÉÁS ribosome bound to the
anti-protozoan drug emetine. eLife 3, eÁÄÁÉÁ.

Zhang, K. (ÃÁÂÇ¦. Gctf: Real-time CTF determination and correction. J. Struct. Biol. 1È3, Â–ÂÃ.

Zivanov, J. et al. (ÃÁÂÉ¦. New tools for automated high-resolution cryo-EM structure determination in
RELION-Ä. eLife Æ, eÅÃÂÇÇ.

Zivanov, J. et al. (ÃÁÃÁ¦. Estimation of high-order aberrations and anisotropic magnification from
cryo-EM data sets in RELION-Ä.Â. IUCrJ Æ, ÃÆÄ–ÃÇÈ.

Zivanov, J. et al. (ÃÁÃÃ¦. A Bayesian approach to single-particle electron cryo-tomography in
RELION-Å.Á. eLife 11, eÉÄÈÃÅ.

Zwick, C.R. et al. (ÃÁÂÊ¦. Characterization of a Citrulline Å-Hydroxylase from Nonribosomal Peptide
GEÉÂÂÂÃ Biosynthesis and Engineering of Its Substrate Specificity for the Chemoenzymatic Synthesis
of Enduracididine. Angew. Chem. Int. Ed Engl. 5Ç, ÂÉÉÆÅ–ÂÉÉÆÉ.

Zwick, C.R. et al. (ÃÁÃÂ¦. Modular Chemoenzymatic Synthesis of GEÉÂÂÂÃ BÂ and Related Analogues
Enables Elucidation of Its Key Pharmacophores. J. Am. Chem. Soc. 143, ÂÇÈÄ–ÂÇÈÊ.

20

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 26, 2024. ; https://doi.org/10.1101/2024.09.26.614503doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://www.zotero.org/google-docs/?BR0HST
https://doi.org/10.1101/2024.09.26.614503
http://creativecommons.org/licenses/by-nc-nd/4.0/


TABLES AND FIGURES LEGENDS

Figkre Â� Crso�EM Sjrkcjkre Operpieq� CryoEM maps segmented and colored to highlight density for
the initiation factors, mRNA, fMet–tRNA, GEÉ, and ÄÁS head/body domains. The cryoEM map in
dataset Â results from a refinement of the entire ÄÁS subunit, dataset Ã from a multibody refinement
where the head and body regions were refined separately, and dataset Ä from a refinement of the
ÄÁS body region after density corresponding to the ÄÁS head and ÆÁS subunit were subtracted. The
maps shown are sharpened with deepEMhancer (Sanchez-Garcia et al., ÃÁÃÂ¦ and were segmented
using masks generated from the models. GEÉÂÂÂÃ is present in all maps but sometimes is obscured
by density for other ligands. In dataset Ä, a trace of the ÄÁS head (based on a PDB model¦ is shown
for clarity.
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Figkre Ã� GEÉÂÂÂÃ binding Sije� (A¦ Overview of GEÉÂÂÂÃ binding site on ÄÁS subunit (Complex Æ¦.
(B¦ GEÉÂÂÂÃ (congener GEÉÂÂÂÃA¦ fit to the sharpened complex Æ (cryosparc sharpening¦ cryoEM
map. (C¦ The GEÉÂÂÂÃ binding pocket overlaps with the mRNA channel of the E-site and is formed by
ÂÇS rRNA hÃÅ, hÃÄ, and hÅÆ and the ribosomal protein (r-protein¦ SÂÂ. (D¦ Aligning the GEÉÂÂÂÃ
model (complex Æ, GEÉÂÂÂÃ is rendered as surface¦ with a PDB model for a ÈÁS ribosome bound by
P-tRNA and mRNA (PDB ÉbÁx, (Fromm et al., ÃÁÃÄ¦¦ shows a clash between GEÉÂÂÂÃ and the mRNA
upstream of the start codon (position -Ã and -Ä at the mRNA E-site¦. (E¦ The E-site mRNA is shown on
the ÉbÁx structure in the absence of GEÉÂÂÂÃ illustrating how the mRNA residues are positioned
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relative to ÂÇS rRNA residues. For example, in this structure, the -Â residue is stacked on GÊÃÇ, and
the -Ä residue is positioned over GÇÊÄ. (F¦ ÃD chemical structure of GEÉÂÂÂÃ with the positions
that are different in the three congeners marked with an R and an X. The identity of R and X are given
in panel F. (G¦ The three congeners (labelled in the figure panels¦ are shown inside the cryoEM
density (complex Æ; unsharpened¦.
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Figkre Ä� Injeracjion of GEÉÂÂÂÃ qijh jhe ÄÁS binding pockej� (A�B¦ Two views of the GEÉÂÂÂÃ (GEÉ¦
binding pocket highlighting interactions inferred from geometric constraints. Intermolecular
hydrogen bonds are yellow, intramolecular hydrogen bonds are grey, CH-ʌ interactions are crimson,
and ʌ stacking interactions are grey-blue. (C¦ The interactions of GEÉÂÂÂÃ with elements of its
binding pocket are summarised in a ÃD schematic representation. The amino acid monomers are
highlighted: Ä-hydroxy-L-pipecolic acid (AAÂ, green¦, Å-hydroxy-L-citrulline (AAÃ, violet¦,
O-carbamoyl-Į-amino-dihydroxyvaleric acid, Ã-amino-L-histidine (AAÄ, pink¦ and
ȕ-hydroxy-Ã-chloro-L-histidine (AAÅ, cream¦.
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Figkre Å� The GEÉÂÂÂÃ binding pockej ih hhared bs ojher mRNA�jargejing anjibiojich� PDB models
(B¦ ÅwÃf, (C¦ ÂiÊÆ, (D¦ Çokk, (E¦ ÅvÅh, (F¦ Ãhhh, (G¦ Âhnx and (H¦ ÅwÃh have been aligned to the
GEÉÂÂÂÃ binding pocket (A¦ using residues within ÂÆ Å of GEÉÂÂÂÃ. The orientation in each panel
was selected to highlight the relative positions of GEÉÂÂÂÃ and the other antibiotics.
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