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SUMMAR<

TKe LQWeUacWRPe LV RfWeQ cRQceLYed Rf SULPaULO\ aV a cROOecWLRQ Rf KXQdUedV Rf PXOWLPeULc

PacKLQeV, cROOecWLYeO\ UefeUUed WR aV WKe ³cRPSOe[RPe´. HRZeYeU, a OaUge SURSRUWLRQ Rf

WKe LQWeUacWRPe e[LVWV RXWVLde Rf WKe cRPSOe[RPe, RU LQ WKe ³RXWeU-cRPSOe[RPe´, aQd

Pa\ accRXQW fRU PRVW Rf WKe fXQcWLRQaO SOaVWLcLW\ e[KLbLWed b\ ceOOXOaU V\VWePV. TR

cRPSaUe feaWXUeV Rf LQQeU- YeUVXV RXWeU-cRPSOe[RPe RUgaQL]aWLRQ, Ze V\VWePaWLcaOO\

geQeUaWed a \eaVW aOO-b\-aOO bLQaU\ LQWeUacWRPe PaS, LQWegUaWed LW ZLWK SUeYLRXV bLQaU\

PaSV, aQd cRPSaUed WKe UeVXOWLQg LQWeUacWRPe ³aWOaV´ ZLWK V\VWePaWLc cR-cRPSOe[

aVVRcLaWLRQ aQd fXQcWLRQaO VLPLOaULW\ QeWZRUN daWaVeWV. DLUecW SURWeLQ-SURWeLQ LQWeUacWLRQV

LQ WKe LQQeU-cRPSOe[RPe WeQd WR be UeadLO\ deWecWed LQ PXOWLSOe aVVa\V aQd e[KLbLW KLgK

OeYeOV Rf cRKeUeQce ZLWK fXQcWLRQaO VLPLOaULW\ UeOaWLRQVKLSV. IQ cRQWUaVW, SaLUV Rf SURWeLQV

cRQQecWed b\ UeOaWLYeO\ WUaQVLeQW, KaUdeU-WR-deWecW bLQaU\ LQWeUacWLRQV LQ WKe

RXWeU-cRPSOe[RPe, e[KLbLW KLgKeU OeYeOV Rf fXQcWLRQaO KeWeURgeQeLW\. TKXV, a VPaOO

SURSRUWLRQ Rf WKe LQWeUacWRPe cRUUeVSRQdV WR a VWabOe, fXQcWLRQaOO\ KRPRgeQeRXV,

LQQeU-cRPSOe[RPe, fRUPLQg TXaWeUQaU\ VWUXcWXUe, ZKLOe a PXcK gUeaWeU SURSRUWLRQ

cRQVLVWV Rf WUaQVLeQW LQWeUacWLRQV beWZeeQ SaLUV Rf fXQcWLRQaOO\ KeWeURgeQeRXV SURWeLQV LQ

WKe RXWeU-cRPSOe[RPe, fRUPLQg TXLQaU\ VWUXcWXUe.
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INTRODUCTION

IQWUaceOOXOaU RUgaQL]aWLRQ UeOLeV RQ OaUge QXPbeUV Rf PacURPROecXOaU LQWeUacWLRQV

fRUPLQg e[WUePeO\ cRPSOe[ LQWeUacWRPe QeWZRUNV WKaW XQdeUOLe KLgKO\ dLYeUVe fXQcWLRQaO

UeOaWLRQVKLSV beWZeeQ SURWeLQV, RNA PROecXOeV aQd DNA. SeYeUaO effRUWV KaYe beeQ

deVcULbed WR PaS aQd PRdeO, aW SURWeRPe-VcaOe, gORbaO aQd ORcaO SURSeUWLeV Rf

bLRSK\VLcaO LQWeUacWRPe QeWZRUNV VXcK aV SURWeLQ-SURWeLQ LQWeUacWLRQ (PPI) QeWZRUNV

(CafaUeOOL eW aO., 2017; HaYXgLPaQa eW aO., 2017; LXcN eW aO., 2017), LQcOXdLQg WKe UeceQW

UeOeaVe Rf a fLUVW-Rf-LWV-NLQd bLQaU\ UefeUeQce PaS Rf WKe KXPaQ bLQaU\ SURWeLQ

LQWeUacWRPe (LXcN eW aO., 2020). AOWKRXgK e[WUePeO\ XVefXO LQ RXU TXeVW WR XQdeUVWaQd

ceOOXOaU RUgaQL]aWLRQaO SULQcLSOeV (BOXdaX aQd AebeUVROd, 2020; VLdaO eW aO., 2011),

cXUUeQW PRdeOV deVcULbLQg gORbaO SURSeUWLeV Rf PPI QeWZRUNV, fRU WKe PRVW SaUW, RPLW WR

cRQVLdeU WKe UaQge Rf bLRSK\VLcaO SURSeUWLeV e[KLbLWed b\ dLffeUeQW ceOOXOaU PPIV.

OQ RQe VLde Rf WKaW UaQge aUe UeOaWLYeO\ VWabOe, dLUecW PPIV WaNLQg SOace LQ KLgKO\

cRQVWUaLQed ³TXaWeUQaU\´ VWUXcWXUeV fRUPLQg SURWeLQ cRPSOe[eV, ZKLcK aUe RfWeQ

aVVePbOed WKURXgK cRQWacWLQg SaLUV Rf SURWeLQV YLa dLVcUeWe LQWeUacWLRQ-PedLaWLQg

dRPaLQV. TKe SURWeLQ LQWeUacWRPe LV RfWeQ cRQceLYed Rf, SULPaULO\, aV a cROOecWLRQ Rf

KXQdUedV Rf VXcK PXOWLPeULc PacKLQeV, cROOecWLYeO\ UefeUUed WR aV WKe ³cRPSOe[RPe´

(DeVKaLeV eW aO., 2002). HRZeYeU, WKeVe VWabOe TXaWeUQaU\ PPIV aUe RQO\ a VXbVeW Rf WKe

bLQaU\ SURWeLQ-SURWeLQ LQWeUacWRPe (LXcN eW aO., 2020; VLdaO, 2001). OQ WKe RWKeU VLde Rf

WKe UaQge Rf bLRSK\VLcaO SURSeUWLeV, aUe ZeaNeU WUaQVLeQW LQWeUacWLRQV WKaW aUe PXcK

PRUe deSeQdeQW RQ aVSecWV Rf WKe RYeUaOO ceOOXOaU PLOLeX, VXcK aV PROecXOaU cURZdLQg,

aQd WKaW aUe PRUe OLNeO\ WR XQdeUOLe WKe RYeUaOO RUgaQL]aWLRQ aQd cRPSaUWPeQWaOL]aWLRQ LQ

ceOOV aQd KeOS VXVWaLQ bLRcKePLcaO SaWKZa\V aQd VLgQaOLQg caVcadeV (CRKeQ aQd

PLeOaN, 2017; DaYe\, 2019; GXLQ aQd GUXebeOe, 2019). FRXU decadeV agR, WKe WeUP

³TXLQDU\ VWUXFWXUH´ ZaV VXggeVWed WR deVcULbe WKLV ³fLfWK OeYeO Rf RUgaQL]aWLRQ´, UefeUULQg

WR PacURPROecXOaU LQWeUacWLRQV WKaW, aOWKRXgK SRWeQWLaOO\ KLgKO\ fXQcWLRQaOO\ UeOeYaQW,
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PLgKW be ³WUaQVLeQW LQ YLYR´ (EdeOVWeLQ, 1980; McCRQNe\, 1982; VaƱQVKWeƱQ, 1973). AV

SUedLcWed b\ McCRQNe\, VXcK LQWeUacWLRQV ³ZLOO QRW be eYLdeQW fURP WKe cRPSRVLWLRQ Rf

SXULfLed SURWeLQV´ VLQce TXaWeUQaU\ VWUXcWXUeV WeQd WR be PRUe UeVLVWaQW WR WKe

³caWacO\VPLc YLROeQce Rf WKe PRVW geQWOe KRPRgeQL]aWLRQ SURcedXUe´, ZKLOe TXLQaU\

LQWeUacWLRQV, ³aOWKRXgK VWabOe LQ YLYR, PLgKW be OaUgeO\ deVWUR\ed b\ ceOO fUacWLRQaWLRQ´.

HRZ WKeVe WZR fXQdaPeQWaO aVSecWV Rf PPIV LQWeUcRQQecW aW WKe VcaOe Rf WKe

ZKROe LQWeUacWRPe UePaLQV OaUgeO\ XQUeVROYed. AUe WKeVe WZR SaUWV Rf WKe LQWeUacWRPe

dLVWLQgXLVKabOe LQ WeUPV Rf fXQdaPeQWaO SULQcLSOeV XQdeUO\LQg WKeLU gORbaO RUgaQL]aWLRQ?

TKe SaUW Rf WKe SURWeRPe LQYROYed LQ SURceVVLQg RU PaQXfacWXULQg WeQdV WR be KLgKO\

abXQdaQW (LLebeUPeLVWeU eW aO., 2014), \eW RQO\ UeSUeVeQWV a UeOaWLYeO\ VPaOO fUacWLRQ Rf

aOO eQcRded SURWeLQV. IQ cRQWUaVW, WKe UeVW Rf WKe SURWeRPe, LQcOXdLQg UegXOaWRU\ aQd

cRQWURO V\VWePV, eQcRPSaVVeV a UeOaWLYeO\ OaUge QXPbeU Rf SURWeLQV, WKe PaMRULW\ Rf

ZKLcK aUe e[SUeVVed aW UeOaWLYeO\ ORZ abXQdaQce (LLebeUPeLVWeU eW aO., 2014). MLgKW WKe

VWULNLQgO\ dLVWLQcW UROeV Rf WKeVe LQWeUcRQQecWed V\VWePV cRUUeVSRQd WR dLVWLQcW W\SeV Rf

VXb-SURWeRPe RUgaQL]aWLRQ? TR ZKaW e[WeQW PLgKW WKe TXaWeUQaU\ LQWeUacWRPe, eLWKeU

cRQVWLWXWLYeO\ e[SUeVVed RU cRQdLWLRQ-deSeQdeQW, RSeUaWe LQ a UeOaWLYeO\ cRQVWaQW, URbXVW,

aQd SeUVLVWeQW PaQQeU, ZKLOe WKe UegXOaWRU\ TXLQaU\ LQWeUacWRPe ZRXOd e[KLbLW gUeaWeU

fOe[LbLOLW\, SOaVWLcLW\, eQYLURQPeQWaO UeVSRQVLYeQeVV, aQd, SeUKaSV, eYROYabLOLW\?

A eXNaU\RWLc SURWeRPe caQ be RSeUaWLRQaOO\ RUgaQL]ed LQWR WKUee PaMRU cOaVVeV Rf

SURWeLQV: L) VXbXQLWV Rf SURWeLQ cRPSOe[eV; LL) KLgKO\ abXQdaQW QRQ-cRPSOe[ SURWeLQV; aQd

LLL) QRQ-cRPSOe[ SURWeLQV e[SUeVVed aW ORZ abXQdaQce (FLgXUe 1A). PURWeLQ cRPSOe[eV

LQcOXde PROecXOaU PacKLQeV LQYROYed LQ geQeWLc LQfRUPaWLRQ SURceVVLQg VXcK aV DNA

UeSOLcaWLRQ, RNA WUaQVcULSWLRQ, aQd SURWeLQ WUaQVOaWLRQ aQd degUadaWLRQ. E[aPSOeV UaQge

LQ VL]e fURP WKe gLgaQWLc ULbRVRPe aQd WKe PRUe PRdeUaWeO\ VL]ed PedLaWRU WR VPaOOeU

cRPSOe[eV VXcK aV WeORPeUaVe. ASSUR[LPaWeO\ 60-80% Rf SURWeLQV, deSeQdLQg RQ WKe

VSecLeV, aUe QRW cRQVWLWXeQW SaUWV Rf aQ\ PROecXOaU PacKLQe (MeOdaO eW aO., 2019; RXeSS

eW aO., 2010) aQd caQ WKXV be cRQVLdeUed ³QRQ-cRPSOe[´ SURWeLQV. NRQ-cRPSOe[ SURWeLQV

caQ be dLYLded LQWR WZR gURXSV, WKRVe abRYe WKe PeaQ abXQdaQce aQd WKRVe beORZ.
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APRQg WKe PRVW abXQdaQW QRQ-cRPSOe[ SURWeLQV aUe PeWabROLc eQ]\PeV, ZKLcK, LQ

\eaVW ceOOV, PaNe XS 30% Rf SURWeLQV b\ PROaULW\, bXW aUe RQO\ 10% Rf aOO eQcRded

SURWeLQV (CKeUU\ eW aO., 2012; WaQg eW aO., 2015). TKe WKLUd cOaVV Rf SURWeLQV, VcaUce

XQdeU QRUPaO cRQdLWLRQV, PaNe XS 60% Rf eQcRded SURWeLQV bXW OeVV WKaQ 10% Rf WKe

SURWeLQV, b\ PROaULW\, LQ WKe \eaVW ceOO.

HeUe, Ze LQYeVWLgaWe RUgaQL]aWLRQaO SULQcLSOeV b\ cRPSaULQg LQWUa-cRPSOe[

LQWeUacWLRQV WaNLQg SOace ³LQVLde´ eacK cRPSOe[ Rf WKe cRPSOe[RPe, L.e., ZLWKLQ WKe

³LQQeU-cRPSOe[RPe´, WR ³RXWeU-cRPSOe[RPe´ LQWeUacWLRQV. WKeWKeU bLRSK\VLcaO

LQWeUacWLRQV LQ WKe LQQeU- aQd RXWeU-cRPSOe[RPe KaYe dLffeUeQW SURSeUWLeV RU KRZ VXcK

LQWeUacWLRQV UeOaWe WR fXQcWLRQaO UeOaWLRQVKLSV LV QRW ZeOO XQdeUVWRRd. LLNeZLVe, ZKeWKeU

aOWeUQaWLYe RUgaQL]aWLRQaO SURSeUWLeV PLgKW be e[SecWed beWZeeQ KLgKO\ abXQdaQW RU

VcaUce SURWeLQV UePaLQV PRVWO\ XQUeVROYed.

TR addUeVV WKeVe TXeVWLRQV, Ze VeOecWed S. FHUHYLVLDH, ZKLcK, aV WKe PRVW

e[WeQVLYeO\ VWXdLed eXNaU\RWLc PRdeO V\VWeP, KaV aYaLOabOe WKe PRVW cRPSUeKeQVLYe

aQd dLYeUVe V\VWePaWLc daWaVeWV Rf fXQcWLRQaO UeOaWLRQVKLSV beWZeeQ geQeV aV ZeOO aV

cRPSUeKeQVLYe, \eW LQcRPSOeWe, PaSV Rf bLRSK\VLcaO LQWeUacWLRQV beWZeeQ SURWeLQV. IQ

WKLV VWXd\ Ze: L) geQeUaWed fRU WKe fLUVW WLPe aQ ³aOO-YeUVXV-aOO´ V\VWePaWLc bLQaU\

LQWeUacWRPe PaS; LL) LQWegUaWed LW ZLWK WKUee SUeYLRXVO\ aYaLOabOe bLQaU\ PaSV; aQd LLL)

cRPSaUed WKe UeVXOWLQg V\VWePaWLc bLQaU\ LQWeUacWRPe ³aWOaV´ WR: L) a V\VWePaWLc

cR-cRPSOe[ aVVRcLaWLRQ QeWZRUN PaS; aQd LL) WKUee dLffeUeQW gORbaO fXQcWLRQaO SURfLOe

VLPLOaULW\ QeWZRUN (PSN) PaSV UeSRUWLQg geQeWLc LQWeUacWLRQV, cRQdLWLRQ-VSecLfLc

SKeQRW\SeV aQd geQe e[SUeVVLRQ. We fLQd VWURQg VXSSRUW fRU aQ ePeUgLQg PRdeO LQ

ZKLcK a UeOaWLYeO\ VPaOO SURSRUWLRQ Rf WKe LQWeUacWRPe cRUUeVSRQdV WR WKe VWabOe,

TXaWeUQaU\, fXQcWLRQaOO\ cRKeUeQW, LQQeU-cRPSOe[RPe, ZKLOe WKe YaVW PaMRULW\ Rf WKe

LQWeUacWRPe cRQVLVWV Rf TXLQaU\ LQWeUacWLRQV beWZeeQ fXQcWLRQaOO\ KeWeURgeQeRXV

SURWeLQV fRUPLQg WKe RXWeU-cRPSOe[RPe.
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RESULTS

VLVXDOL]LQJ WKH CRPSOH[RPH

TR YLVXaOL]e WKe dLVWULbXWLRQ Rf bLRORgLcaO QeWZRUNV beWZeeQ LQQeU- aQd

RXWeU-cRPSOe[RPe, Ze RUgaQL]ed WKe gORbaO SURWeRPe-b\-SURWeRPe VSace accRUdLQg WR

WZR Ne\ SURWeLQ SURSeUWLeV: cR-cRPSOe[ PePbeUVKLS aQd abXQdaQce (FLgXUe 1A). FLUVW,

Ze RUdeUed aOO SURWeLQV WKaW aUe VXbXQLWV Rf a cRPSOe[ LQ decUeaVLQg RUdeU Rf WKe VL]e Rf

WKe cRUUeVSRQdLQg cRPSOe[. TKeQ WKe UePaLQLQg QRQ-cRPSOe[ SURWeLQV ZeUe RUdeUed b\

LQcUeaVLQg abXQdaQce. IQ addLWLRQ WR aQ LQWegUaWed daWaVeW Rf abXQdaQce XQdeU QRUPaO

cRQdLWLRQV (WaQg eW aO., 2015), Ze XVed a \eaVW cRPSOe[RPe daWaVeW (CRVWaQ]R eW aO.,

2016), fLOWeULQg fRU cRPSOe[eV cRQWaLQLQg WKUee RU PRUe dLVWLQcW SURWeLQ VXbXQLWV,

UeVXOWLQg LQ 339 cRPSOe[eV, cRQWaLQLQg 1,897 dLffeUeQW SURWeLQV RXW Rf WKe WRWaO 5,883

\eaVW SURWeLQV.

PURWeLQ cRPSOe[eV VSaQ a UaQge Rf VL]eV. E[aPSOeV LQcOXde: WKe ULbRVRPaO OaUge

VXbXQLW, QXcOeaU SRUe, PedLaWRU, VSOLceRVRPe, TFIIH, SUefROdLQ, caOcLQeXULQ, aQd

WeORPeUaVe ZLWK 81, 52, 27, 16, 10, 6, 4, aQd 3 XQLTXe SURWeLQ VXbXQLWV, UeVSecWLYeO\.

TKe abXQdaQce dLVWULbXWLRQ Rf SURWeLQV LV VXcK WKaW a VPaOO QXPbeU Rf eQcRded SURWeLQV

PaNe XS a OaUge fUacWLRQ Rf e[SUeVVed SURWeLQV. Of QRQ-cRPSOe[ SURWeLQV, 89% aUe

beORZ WKe PeaQ abXQdaQce, b\ PROaULW\. JXVW WZR SURWeLQV, S\UXYaWe NLQaVe eQcRded b\

CDC19 aQd WKe SOaVPa PePbUaQe P2-W\Se H+-ATPaVe WUaQVSRUWeU eQcRded b\ PMA1,

accRXQW fRU PRUe WKaQ WZR SeUceQW Rf WKe WRWaO SURWeLQV, b\ PROaULW\, LQ WKe ceOO. AW WKe

RWKeU eQd Rf WKe VSecWUXP, ORZO\ e[SUeVVed SURWeLQV VXcK aV COQ3, aQ LPSRUWaQW

ceOO-c\cOe UegXOaWRU, aQd IPe1, a PaVWeU UegXOaWRU Rf PeLRVLV, aUe fRXU RUdeUV Rf

PagQLWXde ORZeU LQ abXQdaQce WKaQ Cdc19 aQd PPa1.

We WKeQ e[WeQded WKLV RUgaQL]aWLRQ Rf WKe RQe-dLPeQVLRQaO SURWeRPe VSace WR

WKe WZR-dLPeQVLRQaO SURWeRPe-b\-SURWeRPe VSace Rf a18 PLOOLRQ SURWeLQ-SURWeLQ

SaLUZLVe cRPbLQaWLRQV (FLgXUe 1B). We UefeU WR WKLV aV a ³cRPSOe[RgUaP´, ZLWKLQ ZKLcK

Ze defLQe fRXU dLffeUeQW ³]RQeV´ (FLgXUe 1B; STAR MeWKRdV #3): L) ZRQe A, WKe
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LQQeU-cRPSOe[RPe, cRUUeVSRQdV WR aOO cRPbLQaWLRQV ZKeUe bRWK SURWeLQV aUe VXbXQLWV Rf

WKe VaPe cRPSOe[; LL) ZRQe B cRUUeVSRQdV WR SaLUV Rf cRPSOe[ VXbXQLWV ZKeUe eacK

SURWeLQ beORQgV WR a dLffeUeQW cRPSOe[; LLL) ZRQe C UeSUeVeQWV aOO SaLUZLVe cRPbLQaWLRQV

beWZeeQ cRPSOe[ VXbXQLWV aQd QRQ-cRPSOe[ SURWeLQV; aQd LY) ZRQe D cRUUeVSRQdV WR aOO

SaLUZLVe cRPbLQaWLRQV beWZeeQ QRQ-cRPSOe[ SURWeLQV.

TKe \eaVW LQQeU-cRPSOe[RPe, ZRQe A, ZLWK LWV 339 cRPSOe[eV cRUUeVSRQdV WR a

Pa[LPXP Rf a17,600 SRVVLbOe SURWeLQ SaLULQgV, UeSUeVeQWLQg 0.1% Rf WKe aSSUR[LPaWeO\

18 PLOOLRQ SRVVLbOe SURWeLQ SaLUV (Vee STAR MeWKRdV #2). IQ cRQWUaVW, WKe

RXWeU-cRPSOe[RPe eQcRPSaVVeV 99.9% Rf WKe ZKROe \eaVW LQWeUacWRPe VSace Rf

SRVVLbOe SaLULQgV ZLWK ZRQe B, C, aQd D UeSUeVeQWLQg 10.3%, 43.7%, aQd 45.9%,

UeVSecWLYeO\ (FLgXUe 1B). FLQaOO\, LQ bRWK ZRQe C aQd D, VXb]RQeV caQ be defLQed

UeOaWLYe WR abXQdaQce OeYeOV ZLWK: L) gUeaWeU WKaQ 30% Rf WKe VSace UeSUeVeQWLQg

SaLUZLVe cRPbLQaWLRQV Rf SURWeLQV Rf beORZ WKe PeaQ abXQdaQce; aQd LL) RQO\ 1.5% Rf

WKe VSace cRUUeVSRQdLQg WR SaLUV ZKeUe bRWK SURWeLQV aUe abRYe WKe PeaQ abXQdaQce

(FLgXUe 1B).

CXUUHQW SWDWXV RI WKH <HDVW BLQDU\ IQWHUDFWRPH LDQGVFDSH

Ne[W, Ze aVVeVVed aYaLOabOe bLRSK\VLcaO daWaVeWV, WR fLQd WKe PRVW VXLWabOe daWaVeWV

ZLWK ZKLcK WR VWXd\ WKe LQWeUacWRPe LQ WKe LQQeU- aQd RXWeU-cRPSOe[RPe. MaSV Rf

bLRSK\VLcaO UeOaWLRQVKLSV beWZeeQ SaLUV Rf SURWeLQV UeSRUW eLWKeU cR-cRPSOe[

aVVRcLaWLRQV, ZKeUe SURWeLQV aUe LQ WKe VaPe cRPSOe[ bXW QRW QeceVVaULO\ LQ dLUecW

cRQWacW, RU ³bLQaU\´ PPIV, fRU ZKLcK WZR LQWeUacWLRQ SaUWQeUV aUe OLNeO\ WR be LQ dLUecW

cRQWacW (FLgXUe S1A). IW LV LPSRUWaQW WR dLVWLQgXLVK beWZeeQ WKeVe WZR W\SeV Rf

SURWeLQ-SURWeLQ UeOaWLRQVKLS ZKeQ LQYeVWLgaWLQg WKe LQQeU- aQd RXWeU-cRPSOe[RPe, aV WKe

WZR ZLOO VKRZ dLffeUeQW SaWWeUQV, ZLWK RQe e[aPSOe beLQg WKaW OaUge SURWeLQ cRPSOe[eV

cRQWaLQ PaQ\ PRUe LQdLUecW aVVRcLaWLRQV WKaQ dLUecW cRQWacWV. IQ WKLV VWXd\ Ze fRcXV RQ

bLQaU\ PPIV, aV WKe\ aUe WKe PRUe fXQdaPeQWaO Rf WKe WZR. TR LQYeVWLgaWe WKe e[WeQW WR

ZKLcK cXUUeQWO\ aYaLOabOe KLgK-TXaOLW\ bLQaU\ LQWeUacWRPe daWaVeWV cRYeU ZRQeV A, B, C,
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aQd D, Ze aQaO\]ed WKUee dLffeUeQW VRXUceV aV WKe\ VWRRd LQ AXgXVW 2020 (FLgXUe 2A;

STAR MeWKRdV #4, #20): L) V\VWePaWLc \eaVW WZR-K\bULd (Y2H) SURWeRPe-VcaOe PaSV,

cROOecWLYeO\ UeSRUWLQg 2,613 KeWeURdLPeULc ³Y2H-XQLRQ´ PPIV (IWR eW aO., 2001; UeW] eW aO.,

2000; YX eW aO., 2008); LL) OLWeUaWXUe-cXUaWed bLQaU\ SaLUV VXSSRUWed b\ PXOWLSOe SLeceV Rf

eYLdeQce, UeSUeVeQWLQg 5,056 KeWeURdLPeULc ³LLW-BM-20´ PPIV (CaOdeURQe eW aO., 2013;

CKaWU-AU\aPRQWUL eW aO., 2017; LLcaWa eW aO., 2012; OUcKaUd eW aO., 2014; SaOZLQVNL eW aO.,

2004); aQd LLL) a VeW Rf PPIV ZLWK WKUee-dLPeQVLRQaO (3D) VWUXcWXUaO LQfRUPaWLRQ SURYLdLQg

defLQLWLYe eYLdeQce Rf SK\VLcaO, dLUecW LQWeUacWLRQ beWZeeQ 1,761 e[SeULPeQWaOO\ deULYed

KeWeURdLPeULc IQWeUacWRPe3D RU ³I3D-e[S-20´ SaLUV (MRVca eW aO., 2013) (FLgXUeV 2A,

S1B-C). S\VWePaWLc Y2H daWaVeWV ZeUe UeOeaVed LQ WKUee SXbOLcaWLRQV eacK XVLQg a

dLffeUeQW VLQgOe YeUVLRQ Rf WKe Y2H PeWKRd. IQ cRQWUaVW, LLW-BM-20 ZaV deULYed fURP

6,127 cXUaWed SXbOLcaWLRQV WKaW cROOecWLYeO\ XVed 81 dLffeUeQW e[SeULPeQWaO LQWeUacWLRQ

deWecWLRQ PeWKRdV (TabOe S1). Y2H LV WKe PRVW ZLdeO\ XVed bLQaU\ PPI aVVa\ LQ WKe

OLWeUaWXUe, ZLWK 76% (3,986/5,056) Rf KeWeURdLPeULc LLW-BM-20 LQWeUacWLRQV beLQg

VXSSRUWed b\ Y2H eYLdeQce (FLgXUe 2A). LLW-BM-20 cRQWaLQV RQO\ 4% Rf aOO

OLWeUaWXUe-cXUaWed SaLUV becaXVe WKe YaVW PaMRULW\ Rf cXUaWed SaLUV cRUUeVSRQd WR SaLUV

OacNLQg bLQaU\ eYLdeQce RU SaLUV VXSSRUWed b\ RQO\ a VLQgOe e[SeULPeQW. OWKeU daWaVeWV

cRQVLdeUed ZeUe: ³TaUaVVRY´, a SURWeRPe-VcaOe daWaVeW geQeUaWed XVLQg a dLK\dURfROaWe

UedXcWaVe SURWeLQ cRPSOePeQWaWLRQ aVVa\ (DHFR PCA) (TaUaVVRY eW aO., 2008); fRXU

V\VWePaWLc cR-cRPSOe[ PaSV (GaYLQ eW aO., 2002, 2006; HR eW aO., 2002; KURgaQ eW aO.,

2006); a cRPSOe[RPe daWaVeW (PX eW aO., 2009); aQd WZR VeWV Rf SUedLcWed PPIV (JaQVeQ

eW aO., 2003; ZKaQg eW aO., 2013) (TabOe S2).

TR beWWeU XQdeUVWaQd WKe TXaOLW\ Rf OLWeUaWXUe-cXUaWed YeUVXV V\VWePaWLc daWaVeWV

befRUe XVLQg WKeP WR LQYeVWLgaWe SULQcLSOeV Rf LQWeUacWRPe RUgaQL]aWLRQ, Ze XVed WZR

RUWKRgRQaO aVVa\V: L) WKe PaPPaOLaQ SURWeLQ-SURWeLQ LQWeUacWLRQ WUaS (MAPPIT) aVVa\

(E\cNeUPaQ eW aO., 2001); aQd LL) WKe PaPPaOLaQ GDXVVLD SULQFHSV cRPSOePeQWaWLRQ

aVVa\ (GPCA) (CaVVRQQeW eW aO., 2011) (FLgXUe 2B, STAR MeWKRdV #14, #21, TabOe S3).

We aVVeVVed geQXLQe bLQaU\ LQWeUacWLRQ cRQWeQW b\ cRPSaULQg WKe UecRYeU\ Rf SaLUV

VeOecWed fURP eacK daWaVeW WR WKaW Rf a QeZ SRVLWLYe UefeUeQce VeW Rf 108
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ZeOO-cKaUacWeUL]ed \eaVW PPIV (VcPRS-Y2) aQd, aV a QegaWLYe beQcKPaUN, a QeZ

UaQdRP UefeUeQce VeW Rf 198 UaQdRP SURWeLQ SaLUV (VcRRS-Y2) (Vee STAR MeWKRdV #5,

TabOe S4). TKeVe WZR aVVa\V ZeUe QRW XVed WR dLVcRYeU aQ\ Rf WKe PPIV LQ WKe WeVWed

daWaVeWV: OLWeUaWXUe-cXUaWed, Y2H-XQLRQ aQd TaUaVVRY. AcURVV a ZLde UaQge Rf VWULQgeQc\

fRU bRWK MAPPIT aQd GPCA, aOO WKUee V\VWePaWLc Y2H daWaVeWV cRQVWLWXWLQg Y2H-XQLRQ,

³UeW]-VcUeeQ´ (UeW] eW aO., 2000), ³IWR-cRUe´ (IWR eW aO., 2001), aQd ³CCSB-YI1´ (YX eW aO.,

2008), aV ZeOO aV ³LLW-BM-13´, a UaQdRP VaPSOe fURP OLWeUaWXUe bLQaU\ PPIV aYaLOabOe LQ

2013, YaOLdaWed cORVe WR VcPRS-Y2 (FLgXUe 2B), LQdLcaWLQg WKaW WKe Y2H-XQLRQ aQd

LLW-BM PaSV aUe Rf KLgK TXaOLW\. UVLQg WKe VcRUe VeW b\ WKe KLgKeVW VcRULQg Rf WKe 198

VcRRS-Y2 SaLUV aV a WKUeVKROd, MAPPIT UecRYeUed VcPRS-Y2, LLW-BM-13, aQd

V\VWePaWLc Y2H SaLUV aW UaWeV VWaWLVWLcaOO\ LQdLVWLQgXLVKabOe fURP RQe aQRWKeU, beWZeeQ

18% aQd 27%. AW a VLPLOaUO\ VWULQgeQW WKUeVKROd, GPCA UecRYeUed VLgQLfLcaQWO\ feZeU

LLW-BM-13 SaLUV WKaQ Y2H-XQLRQ SaLUV (FLgXUe 2B). IQWeUeVWLQgO\, TaUaVVRY, WKe DHFR

PCA daWaVeW, ZKLcK deWecWV SK\VLcaOO\-SUR[LPaO, bXW QRW QeceVVaULO\ dLUecWO\-cRQWacWLQg

SURWeLQ SaLUV (TaUaVVRY eW aO., 2008), ZaV LQdLVWLQgXLVKabOe fURP WKe RRS QegaWLYe

cRQWURO LQ MAPPIT bXW YaOLdaWed RQ SDU ZLWK WKe Y2H-XQLRQ daWaVeWV LQ GPCA (FLgXUe

2B). AV VKRZQ SUeYLRXVO\ fRU KXPaQ PPIV (RROOaQd eW aO., 2014), a VaPSOe Rf WKe

SXWaWLYe \eaVW bLQaU\ PPIV VXSSRUWed b\ RQO\ a VLQgOe SLece Rf eYLdeQce LQ WKe OLWeUaWXUe

LQ (LLW-BS) ZeUe UecRYeUed aW a ORZ UaWe, QRW VWaWLVWLcaOO\ dLffeUeQW fURP RRS (P = 0.06,

FLVKeU¶V e[acW WeVW), Rf RQO\ 4% LQ GPCA (FLgXUe S1D). FLQaOO\, cRPbLQLQg MAPPIT aQd

GPCA OeadV WR a30% UecRYeU\ Rf Y2H-XQLRQ, ZKLcK agaLQ LV RQ SaU ZLWK WKe UecRYeU\ Rf

SRVLWLYe cRQWURO SaLUV aQd VLgQLfLcaQWO\ KLgKeU WKaQ LLW-BM-20 UecRYeU\ (FLgXUe 2B bRWWRP

SaQeO).

We ZLVKed WR fXUWKeU LQYeVWLgaWe bLQaU\ PPI LQfRUPaWLRQ XVLQg IQWeUacWRPe3D,

OLWeUaWXUe cXUaWLRQ, aQd V\VWePaWLc bLQaU\ PaSV. We WKeUefRUe e[SeULPeQWaOO\ UeWeVWed aOO

SaLUV aYaLOabOe LQ 2017 fRU WKeVe WKUee daWaVeWV (I3D-e[S-17, LLW-BM-17, Y2H-XQLRQ),

aORQg ZLWK UaQdRP VaPSOeV Rf RWKeU daWaVeWV, WKXV WeVWLQg a WRWaO Rf 8,999 SaLUV (FLgXUe

2C, TabOe S5). We XVed a dLffeUeQW Y2H YeUVLRQ, Y2H Y4 (Vee STAR MeWKRdV #6-7), WKaW

Kad QRW beeQ XVed fRU V\VWePaWLc VcUeeQLQg. Y2H Y4 deWecWV 19% Rf VcPRS-Y2 SaLUV
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XQdeU cRQdLWLRQV LQ ZKLcK 0/198 VcRRS-Y2 aUe UecRYeUed (FLgXUe 2C, TabOe S6).

IPSRUWaQWO\, WKe VXbVeWV Rf VcPRS-Y2 SaLUV deWecWed b\ Y2H Y4 RU Y2H Y1 aUe aV

dLffeUeQW fURP eacK RWKeU aV WKe\ eacK aUe fURP MAPPIT (FLgXUe S1E, STAR MeWKRdV

#7), fXUWKeU VXSSRUWLQg WKe K\SRWKeVLV WKaW dLffeUeQW YeUVLRQV Rf WKe VaPe aVVa\ dLffeU LQ

WKeLU abLOLW\ WR deWecW dLffeUeQW LQWeUacWLRQV (CKRL eW aO., 2019). Y2H Y4 UecRYeUed 11%,

14%, aQd 15% Rf IQWeUacWRPe3D, OLWeUaWXUe cXUaWLRQ, aQd V\VWePaWLc bLQaU\ SaLUV,

UeVSecWLYeO\. SWULNLQgO\, Y2H-XQLRQ ZaV LQdLVWLQgXLVKabOe fURP bRWK VcPRS-Y2 (P = 0.2,

FLVKeU¶V e[acW WeVW) aQd I3D-e[S-17 (P = 0.6, FLVKeU¶V e[acW WeVW), RXU beQcKPaUN Rf WUXe

dLUecW, KeWeURdLPeULc bLQaU\ LQWeUacWLRQV, aQd aOO WKUee SeUfRUPed VOLgKWO\ beWWeU WKaQ

LLW-BM-17 (P = 0.006, FLVKeU¶V e[acW WeVW) (FLgXUe 2C), agaLQ dePRQVWUaWLQg WKaW WKe

bLRSK\VLcaO TXaOLW\ Rf V\VWePaWLc bLQaU\ LQWeUacWLRQ PaSV LV aW OeaVW aV gRRd, Lf QRW

VXSeULRU WR WKaW Rf OLWeUaWXUe-cXUaWed bLQaU\ LQWeUacWLRQV, VXggeVWLQg WKaW WKe\ aUe XVabOe

fRU WKe SXUSRVe Rf LQYeVWLgaWLQg LQWeUacWRPe RUgaQL]aWLRQ.

IQ VWULNLQg cRQWUaVW, SaLUV fURP cR-cRPSOe[ aVVRcLaWLRQ daWaVeWV ZeUe deWecWed aW

PXcK ORZeU UaWeV WKaQ WKRVe fURP fRU bLQaU\ OLWeUaWXUe-cXUaWed ZLWK PXOWLSOe eYLdeQce RU

V\VWePaWLc bLQaU\ daWaVeWV, aOWKRXgK VLgQLfLcaQWO\ KLgKeU WKaQ WKe QegaWLYe cRQWURO

VcRRS-Y2 (PedLaQ P = 0.018, FLVKeU¶V e[acW WeVW) (FLgXUe 2C). TKLV UeVXOW VXggeVWV WKaW

a OaUge SURSRUWLRQ Rf SURWeLQ SaLUV LQ cR-cRPSOe[ aVVRcLaWLRQ daWaVeWV aUe LQdLUecW, dLVWaO

aVVRcLaWLRQV (FLgXUe S1A), bRWK LQ OLWeUaWXUe-cXUaWed LQfRUPaWLRQ aV LQ CYC2008 (PX eW

aO., 2009), a caUefXOO\ cXUaWed daWaVeW, aQd LQ affLQLW\-SXULfLcaWLRQ fROORZed b\ PaVV

VSecWURPeWU\ (AP-MS) deULYed SURWeRPe-VcaOe PaSV (GaYLQ eW aO., 2002, 2006; HR eW

aO., 2002; KURgaQ eW aO., 2006). MRUe VSecLfLcaOO\, RXU aQaO\VLV VKRZed WKaW: L) fRU

CYC2008, WKe UecRYeU\ UaWe b\ Y2H Y4 ZaV RQO\ VOLgKWO\ KLgKeU WKaQ WKaW Rf RXU QegaWLYe

cRQWURO VcRRS-Y2; LL) SaLUV cXUaWed fURP WKe OLWeUaWXUe ZLWK QR cOeaU eYLdeQce Rf dLUecW,

bLQaU\ LQWeUacWLRQV (LLW-NB), ZKLcK UeSUeVeQW 84% Rf aOO SURWeLQ SaLUV cXUaWed

(100,102/119,288) ZeUe LQdLVWLQgXLVKabOe fURP UaQdRP SaLUV (P = 0.27, FLVKeU¶V e[acW

WeVW); aQd LLL) WKe fRXU V\VWePaWLc, QRQ-bLQaU\, AP-MS cR-cRPSOe[ aVVRcLaWLRQ PaSV

cXUUeQWO\ aYaLOabOe (GaYLQ eW aO., 2002, 2006; HR eW aO., 2002; KURgaQ eW aO., 2006) ZeUe

UecRYeUed b\ Y2H Y4 aW UaWeV VLPLOaU WR CYC2008, L.e. ZLWK aSSUR[LPaWeO\ a fRXU-fROd
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ORZeU UecRYeU\ UaWe cRPSaUed WR WKe SRVLWLYe cRQWUROV VcPRS-Y2 aQd IQWeUacWRPe3D

(aYeUageV Rf 4% YV 17%, P = 0.0002, FLVKeU¶V e[acW WeVW) (FLgXUe 2C). TKLV RbVeUYaWLRQ

LV cRQVLVWeQW ZLWK WKe facW WKaW, ZKeUeYeU VWUXcWXUaO LQfRUPaWLRQ LV aYaLOabOe, SURWeLQ SaLUV

LQYROYed LQ PPIV RbWaLQed b\ bLQaU\ aVVa\V aUe WZR WR fLYe WLPeV PRUe OLNeO\ WR be LQ

dLUecW cRQWacW WKaQ cR-cRPSOe[ aVVRcLaWLRQ SaLUV, fURP eLWKeU OLWeUaWXUe-cXUaWLRQ RU

V\VWePaWLc e[SeULPeQWV (FLgXUe S1F, STAR MeWKRdV #15, TabOe S7A). FLQaOO\, WZR

daWaVeWV Rf SUedLcWed PPIV, PUePPI aQd JaQVeQ eW aO (JaQVeQ eW aO., 2003; ZKaQg eW aO.,

2013), WeVWed SRVLWLYe aW ORZ OeYeOV Rf 4% aQd 2%, UeVSecWLYeO\ (FLgXUe 2C).

TeVWLQg a cRPSUeKeQVLYe VeW Rf IQWeUacWRPe3D SaLUV ZLWK Y2H Y4 aOVR

dePRQVWUaWed WKaW, aOWKRXgK WKe QXPbeU Rf VXbXQLWV LQYROYed LQ fRUPLQg OaUge SURWeLQ

cRPSOe[eV aSSeaUV WR KaYe VRPe LPSacW RQ WKe UaWe Rf LQWeUacWLRQ UecRYeU\ b\ Y2H Y4

(FLgXUe 2D), bLQaU\ aVVa\V caQ UeadLO\ deWecW SaLUV Rf LQWeUacWLQg SURWeLQV eYeQ LQ OaUge

cRPSOe[eV. SecRQd, aOWKRXgK RXU daWa ZaV geQeUaWed ZLWK fXOO-OeQgWK \eaVW SURWeLQV,

WKe deWecWLRQ UaWe aSSeaUed XQaffecWed b\ ZKeWKeU WKe cR-cU\VWaO VWUXcWXUeV Rf

LQWeUacWLQg SURWeLQV Kad beeQ VROYed ZLWK fXOO-OeQgWK SURWeLQV RU fUagPeQWV (P = 0.14,

KROPRgRURY-SPLUQRY WeVW) (FLgXUe S1G). TKLUd, aOWKRXgK Ze RbVeUYed a WUeQd WRZaUdV

OaUgeU VXUface aUeaV aPRQg Y2H Y4 SRVLWLYeV cRPSaUed WR Y2H Y4 QegaWLYeV, Y2H Y4

cRXOd deWecW LQWeUacWLRQV ZLWK LQWeUface aUeaV UaQgLQg ZLdeO\ fURP 100 WR 10,000 c2

(FLgXUe S1H, STAR MeWKRdV #22, TabOe S7B). Y2H Y4 ZaV beWWeU abOe WR deWecW PPIV

ZLWK VPaOO LQWeUacWLRQ LQWeUfaceV WKaQ MAPPIT aQd GPCA (FLgXUe S1I). FLQaOO\, Y2H Y4

deWecWed LQWeUacWLRQV ZLWK KG YaOXeV XS LQWR WKe PLcURPROaU UaQge (FLgXUe S1J, STAR

MeWKRdV #16), cRQVLVWeQW ZLWK SUeYLRXV fLQdLQgV WKaW Y2H caQ LdeQWLf\ eYeQ ZeaN

LQWeUacWLRQV (EVWRMaN eW aO., 1995).

TR LQYeVWLgaWe WKe RYeUaOO KRPRgeQeLW\ Rf cRYeUage, Ze dLVSOa\ed bLQaU\ PPIV LQ

a UeSUeVeQWaWLRQ Rf WKe SURWeRPe-b\-SURWeRPe VSace RUgaQL]ed b\ UaQNLQg SURWeLQV LQ

bRWK dLPeQVLRQV accRUdLQg WR WKeLU QXPbeU Rf SXbOLcaWLRQV (RROOaQd eW aO., 2014) (FLgXUe

2E, STAR MeWKRdV #23). A ³deQVe ]RQe´ PaWUL[ Rf 15% Rf \eaVW SURWeLQ SaLUV cRQWaLQV

80% Rf IQWeUacWRPe3D SaLUV aQd a PaWUL[ Rf 25% Rf \eaVW SURWeLQ SaLUV cRQWaLQV 80% Rf
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OLWeUaWXUe-cXUaWed PPIV. IQ VWULNLQg cRQWUaVW, Y2H-XQLRQ LQWeUacWLQg SaLUV aUe dLVWULbXWed

PRUe KRPRgeQeRXVO\ acURVV WKe VSace, VXcK WKaW a PaWUL[ Rf 50% Rf SaLUV LV Qeeded WR

cRQWaLQ 80% Rf WKe PPIV (FLgXUe 2E). LLNeZLVe, WKe UeOaWLYe cRYeUage Rf bLQaU\

LQWeUacWLRQV LQ WKe fRXU ]RQeV defLQed abRYe, A, B, C, aQd D, LV YeU\ dLffeUeQW beWZeeQ

WKe WKUee VRXUceV Rf PPIV, ZLWK IQWeUacWRPe3D SaLUV beLQg KLgKO\ RYeU-UeSUeVeQWed LQ

ZRQe A (65% Rf SaLUV) ZKLOe PPIV fURP V\VWePaWLc PaSV aUe PRUe KRPRgeQeRXVO\

dLVWULbXWed (FLgXUe 2F).

IQ VXPPaU\, eYeQ WKRXgK IQWeUacWRPe3D, OLWeUaWXUe-cXUaWed LQfRUPaWLRQ, aQd

V\VWePaWLc PaSV aUe cRPSaUabOe WR eacK RWKeU aQd YaVWO\ VXSeULRU WR cR-cRPSOe[

aVVRcLaWLRQ daWaVeWV aQd SUedLcWed daWaVeWV LQ WeUPV Rf bLQaU\, dLUecW LQWeUacWLRQ cRQWeQW

aQd TXaOLW\, UeVSecWLYeO\, V\VWePaWLc PaSV SUeVeQW a cOeaU adYaQWage RYeU

OLWeUaWXUe-cXUaWed LQfRUPaWLRQ fRU gORbaO LQWeUacWRPe QeWZRUN aQaO\VeV ZLWK WKeLU gUeaWeU

KRPRgeQeLW\ Rf cRYeUage Rf WKe SURWeRPe-b\-SURWeRPe VSace.

A FLUVW AOO-VHUVXV-AOO RHIHUHQFH BLQDU\ MDS RI WKH <HDVW IQWHUDFWRPH

AOWKRXgK Ze KaYe VKRZQ WKaW V\VWePaWLc PaSSLQg VWUaWegLeV \LeOd KLgK-TXaOLW\ PPI daWa

WKaW cRXOd LQfRUP XV abRXW LQQeU- YeUVXV RXWeU-cRPSOe[RPe RUgaQL]aWLRQ aQd RWKeU

SURSeUWLeV Rf WKe LQWeUacWRPe, WKe WKUee PaSV cXUUeQWO\ aYaLOabOe dR QRW fXOO\ cRYeU WKe

ZKROe \eaVW LQWeUacWRPe (FLgXUe 2E). TKLV LV dXe WR WKe ³VeaUcK VSace LQcRPSOeWeQeVV´

Rf WKe WKUee VcUeeQV SeUfRUPed VR faU (YX eW aO., 2008). CCSB-YI1 aQd IWR-cRUe ZeUe

RbWaLQed XVLQg LQcRPSOeWe VeWV Rf RSeQ UeadLQg fUaPeV (ORFV), RU ³ORFeRPe´

cROOecWLRQV (WaOKRXW eW aO., 2000), VR WKaW RQO\ a70-75% Rf WKe VeaUcK VSace ZaV

VcUeeQed LQ eacK VWXd\ aQd RQO\ a60% VcUeeQed b\ bRWK.

TR LPSURYe cRYeUage Rf WKe \eaVW bLQaU\ LQWeUacWRPe, Ze cRPSLOed a QeaUO\

cRPSOeWe ORFeRPe cROOecWLRQ Rf KLgK-TXaOLW\ ORFV b\ YeULf\LQg aQ aOUead\ e[LVWLQg, \eW

LQcRPSOeWe cROOecWLRQ Rf 4,933 ORFV, WKe FLEXGeQe cROOecWLRQ (HX eW aO., 2007), aQd

cORQLQg aQ addLWLRQaO 921 ORFV, cRUUeVSRQdLQg WR a 19% LQcUeaVe. TKe UeVXOWLQg QeaUO\

cRPSOeWe ORFeRPe cROOecWLRQ cRYeUV 99% Rf WKe aQQRWaWed \eaVW SURWeLQ-cRdLQg geQeV
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(5,854/5,883) (See STAR MeWKRdV #1, #8, TabOe S8A). TR Pa[LPL]e WKe SRWeQWLaO fRU

QRYeO dLVcRYeU\ UeOaWLYe WR WKe WKUee SUeYLRXV bLQaU\ V\VWePaWLc PaSV, Ze XVed WKe Y2H

Y4 YeUVLRQ deVcULbed abRYe. TR Pa[LPL]e cRYeUage, Ze V\VWePaWLcaOO\ VcUeeQed a

VSace Rf 27 PLOOLRQ baLW-SUe\ cRPbLQaWLRQV WKUee WLPeV LQdeSeQdeQWO\ (FLgXUe 3A, STAR

MeWKRdV #9-11). PaLUV LdeQWLfLed fURP WKeVe SULPaU\ VcUeeQV ZeUe WKeQ UeWeVWed LQ WZR

SaLUZLVe WeVWV XQdeU cRQdLWLRQV Pa[LPL]LQg WKe UecRYeU\ Rf VcPRS-Y2 ZKLOe PLQLPL]LQg

WKaW Rf VcRRS-Y2 (Vee STAR MeWKRdV #13). TKe TXaOLW\ Rf SXWaWLYeO\ LQWeUacWLQg SaLUV

WKaW ZeUe SRVLWLYe LQ bRWK aWWePSWV, aQd fRU ZKLcK WKe LdeQWLW\ Rf bRWK ORFV cRXOd be

VeTXeQce-cRQfLUPed (Vee STAR MeWKRdV #12, #24), ZaV aVVeVVed XVLQg bRWK MAPPIT

aQd GPCA YaOLdaWLRQ (Vee STAR MeWKRdV #14). TR Pa[LPL]e WKe VWaWLVWLcaO SRZeU Rf WKLV

YaOLdaWLRQ VWeS, DOO SaLUV Rf Y2H Y4 SRVLWLYeV, UaWKeU WKaQ a UaQdRP VaPSOe Rf SaLUV aV

Ze LPSOePeQWed LQ RXU RULgLQaO ePSLULcaO fUaPeZRUN (VeQNaWeVaQ eW aO., 2009; YX eW aO.,

2008), ZeUe cRPSaUed XQdeU cRQdLWLRQV UecRYeULQg RQ aYeUage 20% Rf VcPRS-Y2 aQd

QRQe Rf WKe 198 VcRRS-Y2. TKXV, Ze PaSSed a QeZ ³\eaVW UefeUeQce LQWeUacWRPe´ RU

³YeRI´ daWaVeW Rf 1,910 PPI SaLUV beWZeeQ 1,351 SURWeLQV, Rf ZKLcK a75% aUe QRYeO, aQd

WKaW e[KLbLWed YaOLdaWLRQ aW a UaWe VLPLOaU WR LLW-BM-20 LQ bRWK MAPPIT aQd GPCA

(FLgXUeV 3A, S2A, TabOe S8B). YeRI dLVSOa\V VLgQLfLcaQW eQULcKPeQW fRU LQWeUacWLRQV

beWZeeQ SURWeLQV WKaW VKaUe ceOOXOaU cRPSaUWPeQW, SaWKZa\, RU SURWeLQ cRPSOe[

aQQRWaWLRQV (FLgXUe 3B, STAR MeWKRdV #25), dePRQVWUaWLQg LWV RYeUaOO KLgK OeYeOV Rf

bLRORgLcaO UeOeYaQce.

We LQYeVWLgaWed WKe e[WeQW WR ZKLcK YeRI e[SaQdV cRYeUage Rf WKe LQWeUacWRPe

ZLWKLQ WKe VeaUcK VSace, UeOaWLYe WR WKe WKUee SUeYLRXV PaSV XVLQg WKe UaQNLQg b\ WKe

QXPbeU Rf SXbOLcaWLRQV aV deVcULbed abRYe (RROOaQd eW aO., 2014). CRPSaUed WR

UeW]-VcUeeQ, IWR-cRUe, aQd CCSB-YI1, YeRI cRYeUV WKe VeaUcK VSace PRUe

KRPRgeQeRXVO\ (FLgXUe 3C). SLQce Ze VKRZed WKaW aOO fRXU PaSV, UeW]-VcUeeQ, IWR-cRUe,

CCSB-YI1, aQd YeRI YaOLdaWe WR WKe VaPe e[WeQW XVLQg MAPPIT aQd GPCA, Ze

cRPbLQed aOO 4,556 Y2H SaLUV LQWR a VLQgOe ³aWOaV Rf bLQaU\ bLRSK\VLcaO LQWeUacWLRQV´,

UefeUUed WR aV µABBI-21¶, ZLWK YeRI addLQg 1,723 QeZ PPIV WR WKe SUee[LVWLQg Y2H-XQLRQ
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daWaVeW (IWR eW aO., 2001; UeW] eW aO., 2000; YX eW aO., 2008). ABBI-21, ZLWK WKe addLWLRQ Rf

YeRI, LV Rf VLPLOaU VL]e WR LLW-BM-20 (FLgXUe 3D, TabOe S8C).

TR WeVW ZKeWKeU fXQcWLRQaOO\ UeOaWed SURWeLQV WeQd WR be cORVeO\ cRQQecWed LQ

ABBI-21, Ze XVed WKe SSaWLaO AQaO\VLV Rf FXQcWLRQaO EQULcKPeQW (SAFE) PeWKRd

(BaU\VKQLNRYa, 2016) (Vee STAR MeWKRdV #26). B\ SURgUeVVLYeO\ cRPbLQLQg V\VWePaWLc

PaSV baVed RQ WKeLU cKURQRORgLcaO RUdeU Rf UeOeaVe, Ze VKRZ WKaW WKe QXPbeUV Rf

fXQcWLRQaOO\ eQULcKed cOXVWeUV LQcUeaVe VXbVWaQWLaOO\ ZLWK WKe addLWLRQ Rf eacK PaS

(FLgXUe 3E), aQd WKaW UXQQLQg SAFE RQ YeRI aORQe fLQdV 12 fXQcWLRQaO PRdXOeV (FLgXUe

S2B). IQ WRWaO, ABBI-21 cRYeUV 12-25% Rf WKe eVWLPaWed \eaVW bLQaU\ LQWeUacWRPe

(FLgXUe 3F, STAR MeWKRdV #27) (SaPbRXUg aQd TKLeUU\-MLeg, 2010; SWXPSf eW aO.,

2008; YX eW aO., 2008).

DeVSLWe beLQg RQe Rf WKe PRVW ZeOO-VWXdLed RUgaQLVPV, WKe fXQcWLRQ Rf aOPRVW

RQe-VL[WK Rf \eaVW geQeV UePaLQV XQNQRZQ (WRRd eW aO., 2019) (Vee STAR MeWKRdV

#18). We LQYeVWLgaWed WKe QXPbeU Rf PPIV LQYROYLQg WKe SURdXcWV Rf WKeVe

XQcKaUacWeUL]ed geQeV LQ bRWK OLWeUaWXUe aQd V\VWePaWLc PaSV. S\VWePaWLc PaSV LdeQWLf\

VXbVWaQWLaOO\ PRUe PPIV cRQQecWLQg SURWeLQV eQcRded b\ geQeV Rf XQNQRZQ fXQcWLRQ

WKaQ OLWeUaWXUe-deULYed PaSV (FLgXUe S2C). AOWRgeWKeU, 33% Rf VXcK SURWeLQV KaYe aW

OeaVW RQe LQWeUacWLRQ LQ ABBI-21, ZKLOe 19% KaYe LQWeUacWLRQV LdeQWLfLed RQO\ LQ YeRI

(FLgXUe 3G). GLYeQ WKe OacN Rf SURgUeVV LQ cKaUacWeUL]LQg WKe fXQcWLRQV Rf WKeVe geQeV,

V\VWePaWLcaOO\ PaSSed PPIV SURYLde LQfRUPaWLRQ WR LQfeU WKeLU ceOOXOaU UROeV. We

SUedLcWed fXQcWLRQV fRU geQeV Rf XQNQRZQ fXQcWLRQ ZLWK a gXLOW-b\-aVVRcLaWLRQ aSSURacK

XVLQg GO WeUP aQQRWaWLRQV Rf WKeLU LQWeUacWLRQ SaUWQeUV (LXcN eW aO., 2020) (Vee STAR

MeWKRdV #28, TabOe S9) LQ ABBI-21. TKe Oag beWZeeQ WKe UeOeaVe Rf SXbOLcaWLRQV

deVcULbLQg geQe fXQcWLRQV aQd WKe cXUaWLRQ Rf WKaW LQfRUPaWLRQ LQWR GO WeUPV VRPeWLPeV

UeVXOWV LQ a VPaOO QXPbeU Rf geQeV ZKLcK aSSeaU LQ WKe GO-WeUP baVed OLVW Rf geQeV aV

³geQeV Rf XQNQRZQ´, ZKLOe LQ facW, WKe\ KaYe beeQ aVVLgQed fXQcWLRQV aOUead\. TKeVe

caVeV SUeVeQW aQ RSSRUWXQLW\ WR WeVW WKe accXUac\ Rf RXU SUedLcWLRQV. FRU e[aPSOe, a

geQe Rf XQNQRZQ fXQcWLRQ YGR168C LV aOVR NQRZQ aV PEX35 RZLQg WR LWV UeceQWO\
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dePRQVWUaWed UROe aV a UegXOaWRU Rf SeUR[LVRPaO abXQdaQce (YRfe eW aO., 2017). UVLQg

ABBI-21, Ze SUedLcWed YGR168C WR be LQYROYed LQ SeUR[LVRPaO SURWeLQ LPSRUW

PacKLQeU\, VKRZcaVLQg WKe abLOLW\ Rf ABBI-21 WR accXUaWeO\ SUedLcW geQe fXQcWLRQ. Pe[35

KaV 23 PPIV LQ ABBI-21, aOO fURP YeRI, RXW Rf ZKLcK eLgKW aUe SURWeLQV LQYROYed LQ

SeUR[LVRPaO bLRORg\ (FLgXUe 3H). Pe[35 aOVR LQWeUacWV ZLWK aQRWKeU SURWeLQ eQcRded b\

a geQe Rf XQNQRZQ fXQcWLRQ, YKL018C-A/MCO12, ZKLcK Ze SUedLcW WR be LQYROYed LQ

SeUR[LVRPaO abXQdaQce aV ZeOO (FLgXUe 3H). AQRWKeU e[aPSOe Rf WKe effLcac\ Rf XVLQg a

gXLOW b\ aVVRcLaWLRQ aSSURacK ZLWK RXU V\VWePaWLc PPI QeWZRUN WR SUedLcW geQe fXQcWLRQ

LV YJR015W, WKe SURdXcW Rf ZKLcK ZaV UeceQWO\ dePRQVWUaWed WR be ORcaOL]ed WR WKe ER

(KRK eW aO., 2015). IQdeed, Ze SUedLcWed YJR015W aV a SXWaWLYe facLOLWaWRU Rf

eQdRSOaVPLc UeWLcXOXP (ER) WUaQVSRUW acWLYLW\, baVed RQ LWV SURWeLQ LQWeUacWLRQV ZLWK ER

VecUeWRU\ SaWKZa\ cRPSRQeQWV VXcK aV Sec11, SSc1, aQd SaU1.

IQ VXPPaU\, WKeVe UeVXOWV LOOXVWUaWe KRZ V\VWePaWLcaOO\ geQeUaWed bLQaU\ PPI

PaSV RU aWOaVeV, LQ SaUWLcXOaU YeRI aQd ABBI-21, ZLWK WKeLU (QeaUO\) aOO-b\-aOO VcUeeQLQg

cRYeUage, SURYLde YaOXabOe LQfRUPaWLRQ RQ eYeQ WKe OeaVW ZeOO XQdeUVWRRd geQeV, aQd

WKXV aUe a gRRd baVLV WR XQdeUVWaQd gORbaO RUgaQL]aWLRQaO SULQcLSOeV Rf WKe LQWeUacWRPe.

HLJK DLVFUHSDQF\ APRQJ AOWHUQDWLYH VLHZV RI IQWHUDFWRPH OUJDQL]DWLRQ

TR XQdeUVWaQd SRWeQWLaO dLffeUeQceV Rf fXQcWLRQaO UeOaWLRQVKLSV beWZeeQ OaUge QXPbeUV Rf

SaLUV Rf SK\VLcaOO\ LQWeUacWLQg SURWeLQV ZLWKLQ WKe LQQeU- aQd RXWeU-cRPSOe[RPe, Ze

WXUQed WR WKUee dLffeUeQW V\VWePaWLc geQRPe-ZLde fXQcWLRQaO geQRPLc SURfLOLQg

aSSURacKeV ZKLcK deWeUPLQed SURfLOeV fRU PRVW \eaVW geQeV baVed RQ: L) SRVLWLYe aQd

QegaWLYe geQeWLc LQWeUacWLRQV RbVeUYed LQ dRXbOe PXWaQWV beaULQg NQRcN-RXW (KO) aQd/RU

WKeUPRVeQVLWLYe aOOeOeV (CRVWaQ]R eW aO., 2016); LL) gURZWK Rf KOV Rf QRQ-eVVeQWLaO geQeV

acURVV RYeU 1,000 cKePLcaO aQd eQYLURQPeQWaO VWUeVV cRQdLWLRQV (HLOOeQPe\eU eW aO.,

2008); aQd LLL) WUaQVcULSWRPe-ZLde PeaVXUePeQWV Rf geQe e[SUeVVLRQ RYeU WKRXVaQdV Rf

VaPSOeV (Oba\aVKL eW aO., 2019) (FLgXUe 4A). TaNLQg WKe 1% KLgKeVW PeaUVRQ¶V

cRUUeOaWLRQ cReffLcLeQW (PCC) YaOXeV, Ze deULYed WKUee W\SeV Rf PSNV: L) a135,000

geQeWLc LQWeUacWLRQ SURfLOe VLPLOaULWLeV fRUPLQg a ³GI-PSN´ (CRVWaQ]R eW aO., 2016); LL)
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a65,000 cRQdLWLRQ VeQVLWLYLW\-baVed VLPLOaULWLeV cRQVWLWXWLQg a ³CS-PSN´ (HLOOeQPe\eU eW

aO., 2008); aQd LLL) a99,000 geQe e[SUeVVLRQ VLPLOaULWLeV OeadLQg WR a ³GE-PSN´

(Oba\aVKL eW aO., 2019). WKLOe WKeVe WKUee PSNV e[KLbLW VWaWLVWLcaOO\ VLgQLfLcaQW RYeUOaSV

(P < 0.001, RQe-VLded ePSLULcaO WeVW, UeVWULcWed WR geQeV WeVWed LQ aOO PSNV), WKeVe

RYeUOaSV aUe VPaOO, ZLWK RQO\ 4% Rf edgeV cRQQecWed LQ PRUe WKaQ RQe PSN, VXggeVWLQg

WKaW dLffeUeQW PSNV LdeQWLf\ cRPSOePeQWaU\ fXQcWLRQaO VLPLOaULWLeV (FLgXUe S3A).

TR XQdeUVWaQd ZKaW fXQcWLRQaO QeWZRUNV caQ WeOO XV abRXW WKe UeOaWLRQVKLSV Rf

SK\VLcaOO\ LQWeUacWLQg SURWeLQV LQ WKe LQQeU- aQd RXWeU-cRPSOe[RPe, Ze e[aPLQed KRZ

WKeLU cRQQecWLRQV aUe dLVWULbXWed WKURXgKRXW WKe SURWeRPe-b\-SURWeRPe VSace. FLUVW, Ze

e[WeQded RXU aQaO\VLV Rf WKe cRYeUage Rf WKe VSace Rf SaLUZLVe SURWeLQ cRPbLQaWLRQV

accRUdLQg WR WKe QXPbeU Rf SXbOLcaWLRQV SeU geQe fURP LLW-BM-20 OLWeUaWXUe-cXUaWed

bLQaU\ LQfRUPaWLRQ aQd RXU V\VWePaWLc bLQaU\ aWOaV ABBI-21 (FLgXUe 2E aQd 3C) WR a

V\VWePaWLc QRQ-bLQaU\ cR-cRPSOe[ aVVRcLaWLRQ daWaVeW deULYed fURP WKe WKUee

V\VWePaWLc cR-cRPSOe[ aVVRcLaWLRQ PaSV aYaLOabOe aV Rf 2006 ³S\V-NB-06´ (GaYLQ eW

aO., 2002, 2006; KURgaQ eW aO., 2006) (FLgXUe 4B). UQOLNe ABBI-21, aQd VLPLOaU WR

LLW-BM-20, S\V-NB-06 e[KLbLWV a VWURQg deQVe ]RQe, ZLWK 50% Rf WKe VSace UaQNed b\

SXbOLcaWLRQ cRXQW cRQWaLQLQg 80% Rf WKe LQfRUPaWLRQ (FLgXUe 4B). AOWKRXgK S\V-NB-06

ZaV RbWaLQed XVLQg VRcLRORgLcaOO\ XQbLaVed, V\VWePaWLc aSSURacKeV, Ze¶Ye VeeQ

SUeYLRXVO\ WKaW V\VWePaWLc cR-cRPSOe[ aVVRcLaWLRQ PaSV VKRZ a bLaV WRZaUdV KLgKO\

VWXdLed SURWeLQV, ZKLcK LV PedLaWed WKURXgK a bLaV WRZaUdV KLgKO\ e[SUeVVed SURWeLQV,

ZKLcK aUe aOVR PRUe KLgKO\ VWXdLed (LXcN eW aO., 2020). TR fXUWKeU e[SORUe WKe

UeOaWLRQVKLS beWZeeQ e[SeULPeQWaO cRYeUage Rf WKe LQWeUacWRPe aQd SURWeLQ cRPSOe[eV,

Ze e[aPLQed fRXU addLWLRQaO LQWULQVLc SURWeLQ SURSeUWLeV SRWeQWLaOO\ aVVRcLaWed ZLWK

cRPSOe[ PePbeUVKLS: L) abXQdaQce; LL) eYROXWLRQaU\ cRQVeUYaWLRQ; LLL) eVVeQWLaOLW\; aQd

LY) dLVRUdeU, fLUVW b\ cRPSaULQg WKe aYeUage YaOXeV Rf cRPSOe[ VXbXQLWV aQd

QRQ-cRPSOe[ SURWeLQV XVLQg WZR dLffeUeQW cRPSOe[ daWaVeWV (FLgXUe S3B, C, STAR

MeWKRdV #19, TabOe S10). CRPSOe[ VXbXQLWV e[KLbLW VLgQLfLcaQWO\ KLgKeU aYeUage YaOXeV

LQ aOO fLYe YaULabOeV (P < 10-83, MaQQ-WKLWQe\ U WeVW), LQdeSeQdeQW Rf WKe cRPSOe[

cXUaWLRQ daWaVeW XVed (FLgXUeV S3C, D), ZLWK VWURQg cRUUeOaWLRQV beWZeeQ WKeVe SURWeLQ
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SURSeUWLeV (FLgXUe S3E). We WKeQ UaQNed WKe SURWeRPe-b\-SURWeRPe VSace accRUdLQg WR

WKeVe YaULabOeV aQd cRPSaUed WKe cRYeUage Rf WKe dLffeUeQW bLQaU\ PPI aQd cR-cRPSOe[

aVVRcLaWLRQ PaSV (FLgXUe 4B). IQ aOO caVeV, ABBI-21 cRYeUV WKe LQWeUacWRPe PRUe

KRPRgeQeRXVO\, acURVV PXOWLSOe bLRORgLcaO SURSeUWLeV, cRPSaUed WR LLW-BM-20 aQd

S\V-NB-06. ABBI-21 dReV VKRZ VRPe deSOeWLRQ fRU WKe KLgKeVW abXQdaQce SURWeLQV aV

ZeOO aV WKe ORZeVW abXQdaQce, OeaVW VWXdLed aQd OeaVW cRQVeUYed SURWeLQV (FLgXUe 4B). IQ

WKe ORZeVW abXQdaQce RU cRQVeUYaWLRQ ]RQeV, WKe QXPbeU Rf SURWeLQV ZLWK aW OeaVW RQe

LQWeUacWRU LV VLgQLfLcaQWO\ KLgKeU fRU ABBI-21 WKaQ LLW-BM-20 RU S\V-NB-06 (FLgXUe S3F).

HaYLQg LdeQWLfLed VXcK fXQdaPeQWaO dLffeUeQceV beWZeeQ V\VWePaWLc bLQaU\ aQd

cR-cRPSOe[ aSSURacKeV, Ze WKeQ WXUQed WR WKe WKUee V\VWePaWLc PSN fXQcWLRQaO

QeWZRUNV. OQe Rf WKe PRVW VWULNLQg RbVeUYaWLRQV LV WKe deQVe ]RQe e[KLbLWed b\ GE-PSN

ZLWKLQ WKe VSaceV cRUUeVSRQdLQg WR KLgKO\ abXQdaQW RU cRQVeUYed SURWeLQV aV ZeOO aV

eVVeQWLaO geQeV (FLgXUe 4B). TKLV VLPLOaULW\ beWZeeQ S\V-NB-06 aQd GE-PSN LV OLNeO\

becaXVe bRWK e[SeULPeQWaO VWUaWegLeV aUe KLgKO\ deSeQdeQW RQ eQdRgeQRXV geQe

e[SUeVVLRQ OeYeOV. TKe VecRQd RbVeUYaWLRQ LV WKaW GI-PSN aOVR VKRZV a KLgKeU deQVLW\

Rf fXQcWLRQaO UeOaWLRQVKLSV aPRQgVW e[WUePeO\ ZeOO-VWXdLed aQd KLgKO\ abXQdaQW SURWeLQV

(FLgXUe 4B), aObeLW UeVWULcWed WR a VPaOOeU ]RQe WKaQ S\V-NB-06. TKLV ZaV XQe[SecWed

VLQce WKLV QeWZRUN ZaV geQeUaWed V\VWePaWLcaOO\, LQdeSeQdeQWO\ Rf aQ\ VRcLRORgLcaO bLaV.

USRQ LQYeVWLgaWLRQ, Ze fRXQd WKLV ZaV dXe WR a cRPbLQaWLRQ Rf KLgKeU cRQQecWLRQ

deQVLW\ fRU bRWK eVVeQWLaO geQeV (CRVWaQ]R eW aO., 2016) aQd KLgKO\ abXQdaQW

QRQ-eVVeQWLaO ULbRVRPaO VXbXQLWV LQ WKe GI-PSN QeWZRUN (FLgXUe S3G). MaQ\ \eaVW

ULbRVRPaO SURWeLQV UeWaLQed SaUaORgV afWeU WKe ZKROe-geQRPe dXSOLcaWLRQ eYeQW (WROfe

aQd SKLeOdV, 1997), RfWeQ UeQdeULQg WKeP QRQ-eVVeQWLaO ZKeUe SaUaORgV caQ fXQcWLRQaOO\

cRPSeQVaWe fRU RQe aQRWKeU¶V deOeWLRQV. TKeLU KLgK cRQQecWLYLW\ LOOXVWUaWeV WKe

SUefeUeQce fRU geQeWLc LQWeUacWLRQV WR caSWXUe bLRORgLcaO SURceVVeV ZLWK KLgK fXQcWLRQaO

UedXQdaQc\. LaVWO\, CS-PSN ZaV RbWaLQed fURP a KRPR]\gRXV geQe deOeWLRQ cROOecWLRQ

WKaW dReV QRW LQcOXde eVVeQWLaO geQeV, ZKLcK cRXOd e[SOaLQ VRPe Rf WKe RbVeUYed

SaWWeUQV.
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Ne[W Ze LQYeVWLgaWed WR ZKaW e[WeQW cR-cRPSOe[ aQd bLQaU\ bLRSK\VLcaO QeWZRUNV

LdeQWLf\ dLUecW LQWeUacWLRQV YeUVXV LQdLUecW aVVRcLaWLRQV XVLQg aYaLOabOe 3D VWUXcWXUeV Rf

cRPSOe[eV, aQd WKXV e[SeULPeQWaO LQfRUPaWLRQ Rf dLUecW cRQWacWV beWZeeQ SURWeLQV, aQd

VXbVeTXeQWO\ cRPSaUed WKLV ZLWKLQ WKe WKUee fXQcWLRQaO QeWZRUNV. AV aQ e[aPSOe, WKe

e[SeULPeQWaOO\ VROYed 3D VWUXcWXUe Rf PedLaWRU VKRZV 33 dLUecW cRQWacWV beWZeeQ LWV 25

VXbXQLWV, ZKLcK LV cRQVLdeUabO\ OeVV WKaQ LWV 300 SRVVLbOe SaLUZLVe cRPbLQaWLRQV (FLgXUe

4C, STAR MeWKRdV #29). TKLV LV XQVXUSULVLQg, aV WKe QXPbeU Rf RWKeU SURWeLQV a

cRPSOe[ VXbXQLW Pa\ be LQ cRQWacW ZLWK LV fXQdaPeQWaOO\ OLPLWed b\ WKe VXUface aUea Rf

WKe VXbXQLW. TKe QXPbeU Rf dLUecW LQWeUacWLRQV ZLWKLQ a SURWeLQ cRPSOe[ VcaOeV URXgKO\

OLQeaUO\ ZLWK WKe cRPSOe[¶V VL]e, ZKeUeaV WKe QXPbeU Rf LQdLUecW LQWeUacWLRQV VcaOeV

TXadUaWLcaOO\. ABBI-21 aQd LLW-BM-20 fLQd SULPaULO\ dLUecW LQWeUacWLRQV, ZKeUeaV WKe

AP-MS-baVed S\V-NB-06 UeSRUWV URXgKO\ eTXaOO\ dLUecW bLQaU\ LQWeUacWLRQV aQd LQdLUecW

cR-cRPSOe[ aVVRcLaWLRQ beWZeeQ SURWeLQV (FLgXUe 4C). LLNeZLVe, WKe geQeWLc LQWeUacWLRQ

SURfLOe QeWZRUN GI-PSN fLQdV bRWK dLUecW LQWeUacWLRQV aQd LQdLUecW aVVRcLaWLRQV (FLgXUe

4C), ZLWK a SUefeUeQce WRZaUdV dLUecW PPIV (P = 0.02, WZR-VLded FLVKeU¶V e[acW WeVW), aV

KaV beeQ RbVeUYed SUeYLRXVO\ (MeOdaO eW aO., 2021). GI-PSN cRQQecWLQg LQdLUecW

aVVRcLaWLRQV LV XQdeUVWaQdabOe, aV aOO WKe SURWeLQV LQ WKe cRPSOe[ cROOecWLYeO\ cRQWULbXWe

WR a cRPPRQ fXQcWLRQ, LUUeVSecWLYe Rf ZKeWKeU WKe\ aUe LQ dLUecW cRQWacW RU QRW. We WKeQ

LQYeVWLgaWed WKLV WUeQd acURVV aOO dLffeUeQW SURWeLQ cRPSOe[eV fRU ZKLcK a 3D VWUXcWXUe LV

aYaLOabOe (FLgXUe 4D) aQd RbVeUYed WKaW bLQaU\ PPI daWaVeWV SULPaULO\ fLQd dLUecW-cRQWacW

SaLUV, ZKeUeaV S\V-NB-06, GI-PSN, aQd GE-PSN cRQQecW bRWK dLUecW-cRQWacW aQd

LQdLUecW cR-cRPSOe[ aVVRcLaWLRQ SaLUV, ZLWK a WeQdeQc\ WRZaUdV dLUecW PPIV. APRQg aOO

VL[ daWaVeWV aQaO\]ed KeUe, ABBI-21 LV WKe PRVW eQULcKed fRU dLUecW PPIV YV LQdLUecW

aVVRcLaWLRQV (P = 0.0002, WZR-VLded WLcR[RQ VLgQed-UaQN WeVW) (FLgXUe 4D).

AfWeU RbVeUYLQg WKaW ZLWKLQ SURWeLQ cRPSOe[eV, fXQcWLRQaO QeWZRUNV cRQQecW bRWK

dLUecW PPIV aQd LQdLUecW aVVRcLaWLRQV, Ze WKeQ WeVWed GI-PSN edgeV XVLQg WZR

RUWKRgRQaO bLQaU\ PPI aVVa\V, Y2H Y4 aQd GPCA, WKXV SURYLdLQg dLUecW e[SeULPeQWaO

eVWLPaWeV Rf WKe fUacWLRQ Rf geQeWLc LQWeUacWLRQ SURfLOe VLPLOaULW\ UeOaWLRQVKLSV WKaW

cRUUeVSRQd WR bLQaU\ PPIV. IQ UaQdRP VaPSOeV Rf GI-PSN SaLUV VeOecWed acURVV a UaQge
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Rf PCC cXWRffV (FLgXUeV 4E, 4F, S3H), WKe SRVLWLYe WeVW UaWe LQcUeaVeV SURSRUWLRQaOO\ WR

WKe PCC WKUeVKROd LQ GPCA, aQd aQ LQcUeaVe LV cRQVLVWeQW ZLWK WKe Y2H Y4 daWa. OQ

aYeUage WKe SRVLWLYe UaWe LV VLPLOaU WR WKaW Rf WKe CYC2008 SURWeLQ cRPSOe[ daWaVeW.

TRgeWKeU WKLV LV cRQVLVWeQW ZLWK SURWeLQ cRPSOe[eV dRPLQaWLQg WKe KLgK-PCC GI-PSN

SaLUV (CRVWaQ]R eW aO., 2016) aQd GI-PSN OLQNLQg bRWK dLUecWO\ aQd LQdLUecWO\ cRQWacWLQg

cRPSOe[ VXbXQLWV (FLgXUeV 4E, 4F), aQd cRQVLVWeQW ZLWK WKe UeSRUWed KLgKeU aYeUage

PCC YaOXeV fRU dLUecW WKaQ LQdLUecW (MeOdaO eW aO., 2021). IPSRUWaQWO\, aW WKe SRLQW ZKeUe

WKe dLUecW bLQaU\ PPI cRQWeQW VXbVWaQWLaOO\ e[ceedV WKaW Rf SURWeLQ cRPSOe[eV, aW PCC

� 0.5, WKe GI-PSN cRQWaLQV RQO\ 841 edgeV (FLgXUe 4G).

IQ VXPPaU\, Ze LdeQWLfLed WZR aOWeUQaWLYe YLeZV Rf LQWeUacWRPe RUgaQL]aWLRQ. TKe

fLUVW YLeZ SURYLded b\ bLRSK\VLcaO cR-cRPSOe[ aVVRcLaWLRQ aQd fXQcWLRQaO geQe

e[SUeVVLRQ VLPLOaULW\ daWa VXggeVWV a KLgKO\ KeWeURgeQeRXV dLVWULbXWLRQ Rf WKe

LQWeUacWRPe LQ WKe RXWeU-cRPSOe[RPe, ZKLOe WKe RWKeU YLeZ SURYLded b\ bLRSK\VLcaO

bLQaU\ LQWeUacWLRQ aQd fXQcWLRQaO geQe LQWeUacWLRQ VLPLOaULW\ daWa VXggeVWV a PRUe

KRPRgeQRXV dLVWULbXWLRQ LQ WKe RXWeU-cRPSOe[RPe.

IQQHU- VHUVXV OXWHU-CRPSOH[RPH IQWHUDFWRPH OUJDQL]DWLRQ

HaYLQg LdeQWLfLed LQWULQVLc dLffeUeQceV aQd cRPPRQaOLWLeV beWZeeQ bLRSK\VLcaO bLQaU\

aQd cR-cRPSOe[ aVVRcLaWLRQ QeWZRUNV aQd fXQcWLRQaO geQeWLc LQWeUacWLRQ aQd geQe

e[SUeVVLRQ QeWZRUNV, Ze WKeQ ZaQWed WR aVVeVV WKeLU dLVWULbXWLRQ beWZeeQ LQ WKe LQQeU-

aQd RXWeU-cRPSOe[RPe, aQd VR Ze cRPSaUed WKeLU ³edge deQVLW\ deYLaWLRQ´ (FLgXUe 5A).

Edge deQVLW\ deYLaWLRQ fRU a gLYeQ VXbVSace LV caOcXOaWed aV WKe fROd dLffeUeQce beWZeeQ

RbVeUYed LQWeUacWLRQV RU aVVRcLaWLRQV LQ WKaW VXbVSace, UeOaWLYe WR ZKaW ZRXOd be

e[SecWed Lf WKe ZKROe SURWeRPe-b\-SURWeRPe VSace Kad beeQ cRYeUed XQLfRUPO\. FRU

e[aPSOe, LQ WKe LQQeU-cRPSOe[RPe, 0.1% Rf WKe SURWeRPe-b\-SURWeRPe VSace,

LLW-BM-20¶V e[SecWed YaOXe LV 5 PPIV (0.1% Rf 5,056 WRWaO PPIV) aQd LWV UeaO YaOXe LV

1,530 PPIV, VR LWV edge deQVLW\ deYLaWLRQ LV 300-fROd (FLgXUe 5A). LLNeZLVe, S\V-NB-06¶V

edge deQVLW\ deYLaWLRQ LV 330-fROd (FLgXUe 5A). ObYLRXVO\, WKLV KLgK deQVLW\ LQ WKe

LQQeU-cRPSOe[RPe LV e[SecWed, ZKeUe cR-cRPSOe[ aVVRcLaWLRQ PaSV aUe deWecWLQg
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cRPSOe[eV, defLQed b\ LQdeSeQdeQWO\ cXUaWed e[SeULPeQWV. NRWLceabO\, ABBI-21¶V edge

deQVLW\ deYLaWLRQ LQ WKe LQQeU-cRPSOe[RPe LV 105-fROd, ZKLcK LOOXVWUaWeV \eW agaLQ WKaW

bLQaU\ aSSURacKeV caQ UeadLO\ LdeQWLf\ dLUecW cRQWacWV LQVLde SURWeLQ cRPSOe[eV. IQ facW,

ABBI-21 UeSRUWV bLQaU\ LQWeUacWLRQV LQ ZRQe A WKaW UeSUeVeQW a15% Rf aOO dLUecW cRQWacWV

aYaLOabOe fURP VWUXcWXUaO daWa, a SURSRUWLRQ WKaW LV RQ SaU ZLWK LWV eVWLPaWed cRYeUage Rf

WKe fXOO bLQaU\ LQWeUacWRPe (FLgXUe 3F). FLQaOO\, GI-PSN, CS-PSN, aQd GE-PSN aUe aOVR

eQULcKed LQ WKe LQQeU-cRPSOe[RPe, aOWKRXgK WR a OeVVeU e[WeQW WKaQ WKe WKUee

bLRSK\VLcaO QeWZRUNV (FLgXUe 5A), ZKLcK fXUWKeU LOOXVWUaWeV WKe KLgK OeYeO Rf fXQcWLRQaO

cRKeUeQce LQ WKe LQQeU-cRPSOe[RPe.

We WKeQ XVed WKe VaPe aSSURacK WR cKaUacWeUL]e ZRQe B, C aQd D LQ WKe

RXWeU-cRPSOe[RPe aQd RbVeUYed WKaW (FLgXUe 5B): L) aOO LQWeUacWRPe PaSSLQg

aSSURacKeV e[ceSW fRU CS-PSN LdeQWLf\ a SRVLWLYe edge deQVLW\ deYLaWLRQ LQ ZRQe B; LL)

ZRQe D LV SaUWLcXOaUO\ deSOeWed Rf LQWeUacWLRQV RU aVVRcLaWLRQV LQ LLW-BM-20, S\V-NB-06,

aQd GE-PSN; LLL) ZRQe D LV PXcK cORVeU WR XQLfRUPO\ dLVWULbXWed LQ ABBI-21 aQd GI-PSN;

aQd fLQaOO\ LY) WKe aSSURacK WKaW XVeV WKe OaUgeVW QXPbeU Rf e[ceSWLRQaO cRQdLWLRQV,

CS-PSN LV acWXaOO\ VOLgKWO\ eQULcKed LQ ZRQe D, afWeU accRXQWLQg fRU WKe XQWeVWed

eVVeQWLaO geQeV (FLgXUe S3I).

TR fXUWKeU e[SORUe WKe dLVWULbXWLRQ Rf WKeVe QeWZRUNV UeOaWLYe WR bRWK cR-cRPSOe[

PePbeUVKLS aQd SURWeLQ abXQdaQce OeYeOV, Ze WXUQed WR RXU cRPSOe[RgUaP VWUaWeg\

deVcULbed abRYe (FLgXUe 1A-B). HaYLQg UaQNed aOO 5,883 SURWeLQV Rf WKe \eaVW SURWeRPe

LQWR 20 bLQV (FLgXUe 1A), WKe ZKROe \eaVW SURWeRPe-b\-SURWeRPe VSace caQ QRZ be

VXbdLYLded LQWR 210 ³WLOeV´. FRU e[aPSOe, WKe WLOe ³C1/R1´ (cROXPQ 1/URZ 1), cRUUeVSRQdV

WR SaLUZLVe cRPbLQaWLRQV beWZeeQ VXbXQLWV Rf WKe OaUgeVW cRPSOe[eV ± ULbRVRPe UeOaWed

aQd QXcOeaU SRUe ± aQd C20/R8 aUe beWZeeQ WKe PRVW abXQdaQW aQd VRPe Rf WKe OeaVW

abXQdaQW, QRQ-cRPSOe[ SURWeLQV (FLgXUe 1A).

TKe fLUVW RbVeUYaWLRQ WKaW VWePV fURP WKe UeVXOWLQg cRPSOe[RgUaPV LV WKaW aOO

WKUee bLRSK\VLcaO daWaVeWV VKRZ a VWURQg, VWaWLVWLcaOO\ VLgQLfLcaQW (P < 0.05, SeUPXWaWLRQ

WeVW), eQULcKPeQW fRU LQWeUacWLRQV RU aVVRcLaWLRQV LQ WLOeV C1/R1, C2/R2, C3/R3, C4/R4,
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C5/R5, aQd C6/R6 (FLgXUe 5C, D). We RbVeUYe WKe VaPe fRU GI-PSN aQd VLPLOaUO\,

VWaWLVWLcaOO\ VLgQLfLcaQW eQULcKPeQW LQ C1/R1, C2/R2, C3/R3, C4/R4 fRU GE-PSN. SR

agaLQ, Ze Vee WKe e[SecWed KLgK deQVLW\ Rf bLRSK\VLcaO aQd fXQcWLRQaO UeOaWLRQVKLSV LQ

WKe LQQeU-cRPSOe[RPe.

TKe VLWXaWLRQ LV dLffeUeQW LQ WKe WKUee ]RQeV Rf WKe RXWeU-cRPSOe[RPe. AOWKRXgK

S\V-NB-06 aVVRcLaWLRQV aUe VLgQLfLcaQWO\ eQULcKed LQ ZRQe B, ZKLcK fRU WKe PRVW SaUW

PLUURUV ZKaW LV RbVeUYed LQ GE-PSN, LQ cRQWUaVW ABBI-21, LLW-BM-20 aQd GI-PSN aUe

PRUe XQLfRUPO\ dLVWULbXWed LQ WKLV ]RQe (FLgXUe 5C, D). TKLV UeVXOW VXggeVWV WKaW

fXQcWLRQaOO\ UeOeYaQW LQWeU-cRPSOe[ LQWeUacWLRQV PLgKW be ZLdeVSUead, \eW UeOaWLYeO\ OeVV

deWecWabOe b\ bLQaU\ bLRSK\VLcaO aSSURacKeV. IQ ZRQe C, S\V-NB-06 LV deSOeWed ZLWKLQ

WKe VXbVSace cRUUeVSRQdLQg WR ORZ abXQdaQce SURWeLQV (C8-14/R1-7), bXW eQULcKed

ZLWKLQ WKe VXbVSace cRUUeVSRQdLQg WR KLgK abXQdaQce (C19-20/R1-5). IQ VWULNLQg

cRQWUaVW, V\VWePaWLc bLQaU\ LQWeUacWLRQV fURP ABBI-21 aUe PRUe XQLfRUP WKURXgKRXW

ZRQe C, VLPLOaU WR ZKaW LV RbVeUYed LQ LLW-BM-20 (FLgXUe 5C). AOO WKUee fXQcWLRQaO

QeWZRUNV LQ WKe ORZ abXQdaQce VXb]RQe SRLQW WR a SRVVLbOe deSOeWLRQ Rf fXQcWLRQaO

UeOaWLRQVKLSV, ZKLOe GE-PSN UeSRUWV VLgQLfLcaQWO\ eQULcKed aVVRcLaWLRQV LQ WKe KLgK

abXQdaQce VXb]RQe Rf ZRQe C (FLgXUe 5D). TKXV, WKe e[WeQW WR ZKLcK cRPSOe[ VXbXQLWV

PedLaWe fXQcWLRQaOO\ UeOeYaQW LQWeUacWLRQV ZLWK QRQ-cRPSOe[ SURWeLQV UePaLQV RYeUaOO

XQcOeaU.

TKe PRVW VWULNLQg RbVeUYaWLRQ caQ be Pade LQ ZRQe D, SaUWLcXOaUO\ LQ WKe

UeOaWLYeO\ OaUge VXb]RQe cRUUeVSRQdLQg WR ORZ abXQdaQce (Vee WLOeV R8-18/C8-18). TKLV

VXb]RQe, ZKLcK LQ WRWaO UeSUeVeQWV a30% Rf WKe SURWeRPe-b\-SURWeRPe VSace, LV

VWURQgO\ deSOeWed LQ S\V-NB-06 ZKLOe aOPRVW eQWLUeO\ XQLfRUPO\ dLVWULbXWed LQ ABBI-21,

agaLQ RQ SaU ZLWK ZKaW LV RbVeUYed LQ LLW-BM-20, e[ceSW fRU VXb]RQeV LQYROYLQg

e[WUePeO\ ORZ abXQdaQce QRQ-cRPSOe[ SURWeLQV (C8-14/R8-9) (FLgXUe 5C). FLQaOO\, WKe

KLgK abXQdaQce VXb]RQe cRUUeVSRQdLQg WR WLOeV C19-20/R19-20 LV aOVR ZRUWK

PeQWLRQLQg VLQce LW aSSeaUV VLgQLfLcaQWO\ eQULcKed LQ S\V-NB-06 aQd WR a OeVVeU e[WeQW LQ

LLW-BM-20, ZKLOe beLQg PRUe XQLfRUPO\ SRSXOaWed LQ ABBI-21 (FLgXUe 5C). IQ WKe ORZ
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abXQdaQce VXb]RQe Rf ZRQe D, GI-PSN aVVRcLaWLRQV aSSeaU WR cRQfLUP WKe XQLfRUP

dLVWULbXWLRQ RbVeUYed fRU ABBI-21 (FLgXUe 5D), aQd WKXV VKRXOd WULggeU a UeQeZed

LQWeUeVW LQ fXUWKeU LQYeVWLgaWLQg WKLV OaUge VXbVSace Rf WKe \eaVW LQWeUacWRPe. AV VKRZQ

abRYe, GE-PSN aQd S\V-NB-06 aSSeaU WR agUee RQ WKe SRVVLbLOLW\ WKaW WKLV ]RQe LV

KLgKO\ deSOeWed. HRZeYeU, WKeLU deSeQdeQc\ RQ eQdRgeQRXV e[SUeVVLRQ PLgKW be WKe

PaLQ UeaVRQ fRU WKLV dLVcUeSaQc\. CS-PSN¶V deSOeWLRQ LQ ZRQe C aQd eQULcKPeQW LQ

ZRQe D LV daPSeQed afWeU cRUUecWLQg fRU WKe XQWeVWed eVVeQWLaO geQeV (FLgXUeV S3J, K).

TR XQdeUVWaQd WKe e[WeQW WR ZKLcK cXUUeQWO\ aYaLOabOe PaSV PLgKW be bLaVed,

UeOaWLYe WR WKe UeaO LQWeUacWRPe, WRZaUdV cRQWaLQLQg SaLUV fURP WKe LQQeU- UaWKeU WKaQ WKe

RXWeU-cRPSOe[RPe, Ze XVed gROd-VWaQdaUd, UefeUeQce LQWeUacWLRQV fURP WKe LQQeU- aQd

RXWeU-cRPSOe[RPe, e[aPLQLQg SRWeQWLaO dLffeUeQceV LQ KRZ ZeOO ABBI-21 aQd S\V-NB-06

PLgKW be abOe WR caSWXUe WKeVe WZR dLffeUeQW W\SeV Rf LQWeUacWLRQV. We e[cOXded

LLW-BM-20 fURP WKLV aQaO\VLV aV WKe UefeUeQce PPIV VeWV aUe aOVR OLWeUaWXUe deULYed. We

e[WUacWed fRXU VeWV Rf gROd-VWaQdaUd fXQcWLRQaOO\ cKaUacWeUL]ed PPIV fURP dLffeUeQW

daWaVeWV (Vee STAR MeWKRdV #17), WZR fRU WKe LQQeU-cRPSOe[RPe: L) cRPSOe[ VXbXQLWV

LQ dLUecW cRQWacW LQ e[SeULPeQWaO VWUXcWXUaO daWa (MRVca eW aO., 2013) aQd LL) cR-cRPSOe[

aVVRcLaWLRQV LQ VLgQaOLQg SaWKZa\V fURP WKe KEGG daWabaVe (KaQeKLVa eW aO., 2019);

aQd WZR fRU WKe RXWeU-cRPSOe[RPe: L) PPIV fURP KEGG, QRW LQ WKe VaPe SURWeLQ cRPSOe[

aQd LL) WKe KLgK-TXaOLW\ VXbVeW Rf OLWeUaWXUe-cXUaWed NLQaVe-VXbVWUaWe LQWeUacWLRQV fURP WKe

KID daWabaVe (SKaULfSRRU eW aO., 2011). We RbVeUYe WKaW, aOWKRXgK bRWK cR-cRPSOe[

aVVRcLaWLRQ aQd bLQaU\ LQWeUacWLRQ PaSV caSWXUe WKe LQQeU-cRPSOe[RPe SaLUV PRUe

UeadLO\, ABBI-21 VKRZV KLgKeU XQLfRUPLW\ beWZeeQ LQQeU- aQd RXWeU-cRPSOe[RPe SaLUV

WKaQ S\V-NB-06, ZKLcK LV PRUe bLaVed WRZaUdV caSWXULQg LQQeU-cRPSOe[RPe SaLUV

(FLgXUe 5E).

TR beWWeU XQdeUVWaQd WKe RbVeUYed dLffeUeQceV beWZeeQ LQQeU- aQd

RXWeU-cRPSOe[RPe, Ze LQYeVWLgaWed ZKeWKeU ABBI-21 PPIV fURP eLWKeU LQQeU- RU

RXWeU-cRPSOe[RPe aUe Rf VLPLOaU bLRSK\VLcaO TXaOLW\ b\ cRPSaULQg WKeLU UecRYeU\ UaWeV LQ

MAPPIT aQd GPCA XVLQg LLW-BM-13 aV a beQcKPaUN (FLgXUeV 5F, S4A, S4B). WKLOe
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ABBI-21 YaOLdaWeV aW a KLgKeU UaWe WKaQ LLW-BM-13 LQ WKe LQQeU-cRPSOe[RPe, PPI SaLUV

fURP bRWK ABBI-21 aQd LLW-BM-13 daWaVeWV VKRZ ORZeU UecRYeU\ UaWeV LQ WKe

RXWeU-cRPSOe[RPe WKaQ LQ WKe LQQeU-cRPSOe[RPe (P = 3 [ 10-12, FLVKeU¶V e[acW WeVW). TKe

facW WKaW bRWK RXU OLWeUaWXUe beQcKPaUN aQd ABBI-21 beKaYe VLPLOaUO\ LQ WKe

RXWeU-cRPSOe[RPe dePRQVWUaWeV WKaW ABBI-21 SaLUV LQ WKe RXWeU-cRPSOe[RPe aUe Rf

gRRd bLRSK\VLcaO TXaOLW\, VXggeVWLQg WKaW WKe dLffeUeQce LQ UecRYeU\ UaWeV beWZeeQ LQQeU-

aQd -RXWeU-cRPSOe[RPe VWePV fURP dLffeULQg bLRSK\VLcaO facWRUV, e.g. LQWeUacWLRQ affLQLW\

RU SRVW-WUaQVOaWLRQaO PRdLfLcaWLRQ deSeQdeQc\. TKeVe RbVeUYaWLRQV aUe cRQVLVWeQW ZLWK

RXU SUeYLRXV RbVeUYaWLRQV WKaW ZLWKLQ-cRPSOe[ PPIV aUe deWecWed PRUe fUeTXeQWO\ LQ

Y2H VcUeeQV aQd PPIV deWecWed LQ PRUe VcUeeQV WeVW SRVLWLYe LQ YaOLdaWLRQ aVVa\V aW

KLgKeU UaWeV, LQdeSeQdeQW Rf daWa TXaOLW\ (LXcN eW aO., 2020). TKe VWULNLQg RbVeUYaWLRQ Rf

LQQeU-cRPSOe[RPe PPIV beLQg PRUe UeadLO\ deWecWed b\ dLffeUeQW PPI aVVa\V VXggeVWV

WKaW LQQeU-cRPSOe[RPe PPIV WeQd WR be RYeUUeSUeVeQWed LQ LQWeUacWRPe PaSV UeOaWLYe WR

WKeLU SURSRUWLRQ LQ WKe UeaO LQWeUacWRPe.

IQ VXPPaU\, Ze RbVeUYe a KLgK dLVcUeSaQc\ aPRQg aOWeUQaWLYe YLeZV Rf LQQeU-

YeUVXV RXWeU-cRPSOe[RPe RUgaQL]aWLRQ RbWaLQed fURP cR-cRPSOe[ aVVRcLaWLRQ aQd

cRe[SUeVVLRQ aV RSSRVed WR bLQaU\ LQWeUacWLRQ PaSV aQd geQeWLc LQWeUacWLRQ SURfLOeV

(FLgXUe 5G). TKeVe UeVXOWV aUe PRVW OLNeO\ e[SOaLQed b\ a WecKQLcaO bLaV Rf AP-MS aQd

cR-e[SUeVVLRQ WRZaUdV KLgKO\ abXQdaQW SURWeLQV aQd UeOaWLYeO\ VWabOe aVVRcLaWLRQV.

CRPSaUed WR S\V-NB-06 RU LLW-BM-20, ABBI-21 LV WKe PRVW XQLfRUP bLRSK\VLcaO PaS LQ

WKe RXWeU-cRPSOe[RPe, fRU SURWeLQV Rf bRWK KLgK aQd ORZ abXQdaQce.

A LDUJH PURSRUWLRQ RI WKH IQWHUDFWRPH CRQVLVWV RI IQWHUDFWLRQV BHWZHHQ

FXQFWLRQDOO\ HHWHURJHQHRXV PURWHLQV LQ WKH OXWHU-CRPSOH[RPH

TR fXUWKeU LQYeVWLgaWe gORbaO UeOaWLRQVKLSV beWZeeQ bLRSK\VLcaO aQd fXQcWLRQaO

LQWeUacWRPe QeWZRUNV, Ze cRPSXWed WKe fUacWLRQ Rf SURWeLQ SaLUV fURP LLW-BM-20,

S\V-NB-06, aQd ABBI-21, ZKeUe WKe cRUUeVSRQdLQg geQe SaLUV aUe aOVR cRQQecWed LQ

WKe fXQcWLRQaO QeWZRUNV (FLgXUeV 6A, STAR MeWKRdV #30). IQ WKe gORbaO LQWeUacWRPe,

SaLUV fURP LLW-BM-20 aQd S\V-NB-06 aUe PRUe OLNeO\ WR cRQQecW SURWeLQV WKaW aUe aOVR
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cRQQecWed LQ PSNV, cRPSaUed WR ABBI-21 (FLgXUe 6B). We RbVeUYed VLPLOaU SaWWeUQV fRU

aOO WKUee bLRSK\VLcaO daWaVeWV ZKeQ dLUecWO\ XVLQg WKe SRVLWLYe aQd QegaWLYe geQeWLc

LQWeUacWLRQV LQVWead Rf WKe SURfLOe VLPLOaULWLeV (FLgXUe S5A). IQ geQeUaO, SaLUV Rf geQeV

eQcRdLQg LQWeUacWLQg SURWeLQV fRXQd LQ aOO bLRSK\VLcaO PaSV KaYe a KLgKeU OLNeOLKRRd WR

VKRZ QegaWLYe geQeWLc LQWeUacWLRQV WKaQ SRVLWLYe geQeWLc LQWeUacWLRQV (VaQdeUSOXLV eW aO.,

2018) (FLgXUe S5A), aQd geQeV eQcRdLQg SURWeLQ SaLUV fURP WKe LQQeU-cRPSOe[RPe KaYe

aQ LQcUeaVed WeQdeQc\ WR VKRZ QegaWLYe GI WKaQ SaLUV LQ WKe RXWeU-cRPSOe[RPe (FLgXUe

S5A). ABBI-21 aQd LLW-BM-20 KaYe VLPLOaU bLRSK\VLcaO TXaOLW\ aV LQfeUUed fURP YaOLdaWLRQ

UaWeV (FLgXUeV 2B,C aQd 3A), aQd fXQcWLRQaO QeWZRUNV aUe eQULcKed LQ KLgKO\ abXQdaQW,

cRQVeUYed LQQeU-cRPSOe[RPe dLUecW aQd LQdLUecW SaLUV (FLgXUe 4). TKeUefRUe, WKe

dLffeUeQWLaO OLNeOLKRRd Rf SaLUV fURP dLffeUeQW bLRSK\VLcaO PaSV WR be cRQQecWed LQ WKe

WKUee PSNV VXggeVWV YaU\LQg fXQcWLRQaO UeOaWLRQVKLSV beWZeeQ LQWeUacWLQg SURWeLQV LQ WKe

WKUee bLRSK\VLcaO PaSV UaWKeU WKaQ dLffeUeQceV LQ WKe fUacWLRQ Rf WUXe SRVLWLYe bLRSK\VLcaO

LQWeUacWLRQV.

IQYeVWLgaWLQg WKe dLffeUeQce LQ WKe fUacWLRQ Rf PPIV cRQQecWed LQ WKe fXQcWLRQaO

QeWZRUNV, Ze QRWe WKaW ABBI-21 aQd LLW-BM-20 aUe QRW dLUecWO\ cRPSaUabOe aV WKe fRXU

LQdLYLdXaO PaSV LQ ABBI-21 ZeUe SURdXced b\ V\VWePaWLcaOO\ WeVWLQg

SURWeRPe-VcaOe-b\-SURWeRPe-VcaOe VeaUcK VSaceV. IQ cRQWUaVW, PRVW VWXdLeV fURP WKe

OLWeUaWXUe WeQd WR fRcXV RQ a SaUWLcXOaU SaWKZa\ RU SURceVV Rf LQWeUeVW. AV aQ e[aPSOe,

Ze ORRNed aW a VLQgOe VWXd\ (McCaQQ eW aO., 2015) ZKLcK, Rf aOO WKe LQdLYLdXaO

SXbOLcaWLRQV cXUaWed WR fRUP LLW-BM-20, cRQWULbXWeV WKe OaUgeVW QXPbeU Rf PPIV WKaW

LQWeUVecW ZLWK WKe fXQcWLRQaO QeWZRUNV. IW UeSRUWV 5% aQd 26% Rf WKe VXbVeW Rf LLW-BM-20

SaLUV WKaW aUe aOVR cRQQecWed LQ GI- aQd GE-PSN, UeVSecWLYeO\. McCaQQ eW aO. WeVWed

eYeU\ SaLUZLVe cRPbLQaWLRQ Rf 70 SUe-ULbRVRPaO SURWeLQV XVLQg Y2H. TKe deWecWed PPIV

KaYe a YeU\ KLgK UaWe Rf beLQg cRQQecWed LQ WKe GI- aQd GE-PSNV Rf 40% aQd 91%,

UeVSecWLYeO\ bXW QRW PXcK KLgKeU WKaQ WKe fUacWLRQ Rf eYeU\ WeVWed cRPbLQaWLRQ, ZKLcK LV

29% aQd 88%. FRU cRPSaULVRQ, WKe cRUUeVSRQdLQg YaOXe LV RQO\ 1% fRU WKe

SURWeRPe-b\-SURWeRPe VSace. TKXV, WKe KLgK RYeUOaS OLNeO\ VWePV PRUe fURP WKe cKRLce

Rf ZKLcK SURWeLQ SaLUV WR WeVW UaWKeU WKaQ WKe VSecLfLc LQWeUacWLRQV deWecWed. IQ cRQWUaVW,
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ABBI-21 LV fUee Rf WKLV bLaV, VLQce LW ZaV geQeUaWed b\ VWaQdaUdL]ed WeVWLQg Rf eacK

SURWeLQ SaLU, aQd VR WKe UaWe Rf RYeUOaS Rf ABBI-21 ZLWK fXQcWLRQaO QeWZRUNV VKRXOd PRUe

accXUaWeO\ UefOecW WKe UaWe fRU WKe UeaO bLQaU\ SURWeLQ LQWeUacWRPe.

We LQYeVWLgaWed WKe fXQcWLRQaO UeOaWLRQVKLSV beWZeeQ SURWeLQV LQWeUacWLQg LQ WKe

LQQeU- aQd RXWeU-cRPSOe[RPe b\ cRPSaULQg WKe abLOLW\ Rf PSNV WR cRQQecW SaLUV fURP

WKe LQQeU- aQd RXWeU-cRPSOe[RPe ZLWKLQ WKe WKUee bLRSK\VLcaO PaSV (FLgXUe 6C).

IQWeUacWLRQV fURP WKe LQQeU-cRPSOe[RPe KaYe a XQLfRUPO\ KLgK SURbabLOLW\ Rf beLQg

cRQQecWed LQ WKe fXQcWLRQaO QeWZRUNV, ZKeWKeU fURP LLW-BM-20, S\V-NB-06, RU ABBI-21

(FLgXUe 6C). B\ cRQWUaVW, LQWeUacWLRQV fURP aOO WKUee ]RQeV Rf WKe RXWeU-cRPSOe[RPe, B,

C, aQd D, LQ aOO WKUee bLRSK\VLcaO PaSV aUe fRXQd WR a PXcK ORZeU e[WeQW LQ WKe

fXQcWLRQaO QeWZRUNV (FLgXUe 6D). TKLV dePRQVWUaWeV a KLgKeU WeQdeQc\ fRU fXQcWLRQaO

QeWZRUNV WR SUefeUeQWLaOO\ cRQQecW cRQVWLWXWLYe, cR-cRPSOe[ LQWeUacWLRQV UaWKeU WKaQ WKe

LQWeUacWLRQV Rf WKe RXWeU-cRPSOe[RPe. TKeVe WKUee bLRSK\VLcaO daWaVeWV dLffeU

VXbVWaQWLaOO\ LQ WKeLU SURSRUWLRQ Rf LQQeU-cRPSOe[RPe SaLUV. MRUe WKaQ RQe-TXaUWeU Rf

LLW-BM-20 LQWeUacWLRQV aQd S\V-NB-06 aVVRcLaWLRQV aUe beWZeeQ SURWeLQV WKaW aUe

VXbXQLWV Rf WKe VaPe cRPSOe[ (ZRQe A) cRPSaUed WR aURXQd RQe-WeQWK fRU ABBI-21

LQWeUacWLRQV (FLgXUe 6C). TKLV dLffeUeQce cRQWULbXWeV WR WKe ORZeU aggUegaWe fUacWLRQ Rf

ABBI-21 PPIV cRQQecWed LQ fXQcWLRQaO QeWZRUNV, UeOaWLYe WR LLW-BM-20 aQd S\V-NB-06

(FLgXUe 6B).

HLgK degUee, RU KXb, SURWeLQV LQ bLRSK\VLcaO PaSV caQ be cOaVVLfLed aV eLWKeU

µdaWe¶ RU µSaUW\¶ KXbV deSeQdLQg RQ WKe degUee WR ZKLcK LQWeUacWLQg SaUWQeUV aUe aOVR

cR-e[SUeVVed (HaQ eW aO., 2004). IQ UeOaWLRQ WR WKe dLVWLQcWLRQ beWZeeQ LQQeU- aQd

RXWeU-cRPSOe[RPe, SaUW\ KXbV WeQd WR be LQ cRPSOe[eV, ZKeUeaV daWe KXbV WeQd WR be

RXWVLde cRPSOe[eV (KLP eW aO., 2006). We RbVeUYed a VLPLOaU WUeQd fRU SaUW\ aQd daWe

KXbV aV fRU WKe LQQeU- aQd RXWeU-cRPSOe[RPe. S\VWePaWLc bLQaU\ PaSV KaYe PRVWO\

daWe-KXbV, ZKeUeaV OLWeUaWXUe-cXUaWed PaSV KaYe PRUe SaUW\-KXbV (FLgXUe S5B, STAR

MeWKRdV #31), cRQVLVWeQW ZLWK SUeYLRXV PaSV (YX eW aO., 2008). PaUW\-KXbV, ZKLcK XVe

PXOWLSOe LQWeUfaceV WR bLQd PXOWLSOe SaUWQeUV VLPXOWaQeRXVO\, RYeUOaS ZLWK fXQcWLRQaO
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QeWZRUNV WZLce aV PXcK aV daWe-KXbV, ZKLcK XVXaOO\ LQWeUacW ZLWK SaUWQeUV RQe aW a WLPe

WUaQVLeQWO\ (FLgXUe S5B). TR cKecN Lf RXU UeVXOWV ZeUe URbXVW, Ze UeSeaWed RXU aQaO\VLV

XVLQg a UaQge Rf dLffeUeQW cXWRffV, WR defLQe daWe aQd SaUW\ KXbV, aQd RbVeUYed

cRQVLVWeQW UeVXOWV acURVV aOO WKe dLffeUeQW cXWRffV (FLgXUeV S5B, S5C). OXU UeVXOWV

VXggeVW WKaW ZKLOe WKe OLWeUaWXUe-cXUaWed PPIV aQd cR-cRPSOe[ aVVRcLaWLRQV aUe bLaVed

WRZaUdV KLgK-affLQLW\ cRQVWLWXWLYe LQWeUacWLRQV, a V\VWePaWLcaOO\ geQeUaWed PaS Rf WKe

bLQaU\ LQWeUacWRPe caSWXUeV PRUe WUaQVLeQW, cRQWe[W-VSecLfLc LQWeUacWLRQV.

We RbVeUYe a VLPLOaU bLaV ZLWK eVVeQWLaO geQeV, ZKeUe LQWeUacWLRQV beWZeeQ

SURWeLQV eQcRded b\ eVVeQWLaO geQeV VKRZ a KLgKeU OLNeOLKRRd WR be cRQQecWed LQ

GI-PSN LQ aOO WKUee bLQaU\ daWaVeWV. HRZeYeU, LLW-BM-20 aQd S\V-NB-06 aUe bLaVed

WRZaUdV SURWeLQV eQcRded b\ eVVeQWLaO geQeV UeVXOWLQg LQ LQcUeaVed RYeUOaS ZLWK

GI-PSN, ZKeUeaV ABBI-21 cRYeUV WKe SURWeRPe aQd LQWeUacWRPe PRUe XQLfRUPO\.

(FLgXUe S5D).

We Qe[W LQYeVWLgaWed KRZ WKe degUee Rf WKe SURWeLQV LQ bLRSK\VLcaO QeWZRUNV

LQfOXeQceV WKeLU RYeUOaS ZLWK fXQcWLRQaO QeWZRUNV. TKe fUacWLRQ Rf PPIV cRQQecWed LQ WKe

fXQcWLRQaO QeWZRUNV decUeaVeV aV WKe LQWeUacWLQg SURWeLQV¶ degUee LQcUeaVeV acURVV WKe

dLffeUeQW bLRSK\VLcaO QeWZRUNV (FLgXUe S5E, STAR MeWKRdV #32). WLWK WKe QRWabOe

e[ceSWLRQ Rf S\V-NB-06 LQ GE-PSN dXe WR WKe WLgKWO\ cRUUeOaWed e[SUeVVLRQ Rf WKe

OaUgeVW SURWeLQ cRPSOe[eV¶ VXbXQLWV. We ZRXOd e[SecW KLgK-degUee SURWeLQV WR be OeVV

fXQcWLRQaOO\ VLPLOaU WR WKeLU bLQdLQg SaUWQeUV, aV WKe\ aUe PRUe SOeLRWURSLc (YX eW aO.,

2008). TRgeWKeU WKeVe UeVXOWV LQdLcaWe WKaW V\VWePaWLc bLQaU\ PaSV KaYe a KLgKeU

WeQdeQc\ WR LdeQWLf\ WUaQVLeQW, cRQWe[W-VSecLfLc LQWeUacWLRQV.

BecaXVe fXQcWLRQaO QeWZRUNV VKRZ a VXbVWaQWLaOO\ KLgKeU WeQdeQc\ WR cRQQecW

SURWeLQ SaLUV LQ WKe LQQeU-cRPSOe[RPe WKaQ WKe RXWeU-cRPSOe[RPe (FLgXUe 6C), WKe\

OLNeO\ caSWXUe PRUe cRQVWLWXWLYe ceOOXOaU fXQcWLRQV LQYROYLQg KLgKO\ abXQdaQW, eVVeQWLaO

SURWeLQV UaWKeU WKaQ cRQWe[W-VSecLfLc fXQcWLRQV LQYROYLQg OeVV abXQdaQW, QRQ-eVVeQWLaO

SURWeLQV. We LQYeVWLgaWed RXU K\SRWKeVLV b\ WeVWLQg WKe OLNeOLKRRd Rf PPIV fURP fRXU
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ZeOO-cKaUacWeUL]ed \eaVW SaWKZa\V fURP WKe KEGG daWabaVe: CeOO c\cOe; MeLRVLV; MAPK

VLgQaOLQg; aQd AXWRSKag\, eacK KLgKO\ cRQVeUYed acURVV WKe eXNaU\a (KaQeKLVa eW aO.,

2019) WR be cRQQecWed LQ fXQcWLRQaO QeWZRUNV (FLgXUe 6E). IQWeUeVWLQgO\, geQeV eQcRdLQg

LQWeUacWLQg SURWeLQV fURP dLffeUeQW SaWKZa\V KaYe a dLffeUeQW OLNeOLKRRd Rf beLQg

cRQQecWed LQ WKe fXQcWLRQaO QeWZRUNV. OYeU KaOf Rf WKe LQWeUacWLQg SaLUV LQ CeOO c\cOe aQd

MeLRVLV SaWKZa\V, eVVeQWLaO fRU \eaVW UeSURdXcWLRQ aQd gURZWK, aUe cRQQecWed LQ

GI-PSN, ZKeUeaV OeVV WKaQ 20% Rf WKe LQWeUacWLRQV fURP WKe cRQWe[W-VSecLfLc SaWKZa\V ±

MAPK VLgQaOLQg aQd AXWRSKag\ ± aUe deWecWed (P = 0.002, FLVKeU¶V e[acW WeVW).

GE-PSN aQd CS-PSN VKRZ a VLPLOaU bLaV WRZaUdV CeOO c\cOe aQd MeLRVLV cRPSaUed WR

MAPK aQd AXWRSKag\ (FLgXUe 6E).

TR YaOLdaWe RXU UeVXOWV WKaW fXQcWLRQaO QeWZRUNV KaYe a KLgKeU WeQdeQc\ WR

cRQQecW LQWeUacWLQg SURWeLQV fURP WKe LQQeU- aV RSSRVed WR WKe RXWeU-cRPSOe[RPe, Ze

LQYeVWLgaWed WKe abLOLW\ Rf PSNV WR cRQQecW SURWeLQV LQYROYed LQ gROd-VWaQdaUd, UefeUeQce

PPIV fURP bRWK LQQeU- aQd RXWeU-cRPSOe[RPe. We XVed WKe VaPe VeW Rf UefeUeQce PPIV

XVed LQ FLgXUe 5E. AOO WKUee PSNV caSWXUed VLgQLfLcaQWO\ PRUe LQWeUacWLRQV fURP WKe

dLUecW cR-cRPSOe[ aQd KEGG cR-cRPSOe[ daWaVeWV WKaQ WKe RXWeU-cRPSOe[RPe

UegXOaWRU\ PPIV LQ SaWKZa\V (KEGG UegXOaWLRQ) aQd NLQaVe-VXbVWUaWe LQWeUacWLRQV (P

UaQgeV fURP 5 [ 10-9 WR 5 [ 10-45, FLVKeU¶V e[acW WeVW, WabOe 4) (FLgXUeV 6F). B\

dePRQVWUaWLQg WKaW eYeQ PPIV ZLWK ZeOO-XQdeUVWRRd fXQcWLRQV fURP WKe LQQeU- aQd

RXWeU-cRPSOe[RPe KaYe dLffeUeQW WeQdeQcLeV WR be cRQQecWed LQ PSNV, WKeVe UeVXOWV

VXSSRUW RXU cRQcOXVLRQV fURP WKe RYeUOaS Rf V\VWePaWLc bLRSK\VLcaO PaSV aQd PSNV

(FLgXUeV 6C) WKaW WKe LQQeU-cRPSOe[RPe WeQdV WR cRQVLVW Rf fXQcWLRQaOO\ VLPLOaU

LQWeUacWLQg SURWeLQV. IQ cRQWUaVW, WKe RXWeU-cRPSOe[RPe (LQ ZKLcK WKe PaMRULW\ Rf

V\VWePaWLc bLQaU\ PaSV aUe ORcaWed) WeQdV WR cRQVLVW Rf LQWeUacWLRQV beWZeeQ

fXQcWLRQaOO\ KeWeURgeQeRXV SURWeLQV QeceVVaU\ fRU LQWUaceOOXOaU cURVVWaON. TKLV

cRQcOXVLRQ LV VXSSRUWed b\ WKe KLgK OeYeO Rf SaWKZa\ cURVV-WaON aQd SOeLRWURS\ UeYeaOed

b\ a bLQaU\ PaS Rf WKe SOaQW VLgQaOLQg QeWZRUN aQd LQWeUacWRPe-LQfRUPed SKeQRW\SLc

aVVa\V (AOWPaQQ eW aO., 2020). We VKRXOd be cOeaU WKaW ZKeQ Ze UefeU WR PPIV beWZeeQ

³fXQcWLRQaOO\ KeWeURgeQeRXV´ SURWeLQV, WKaW LW¶V VWLOO OLNeO\ WKaW WKeVe SURWeLQV caUU\ RXW a
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cRPPRQ fXQcWLRQ WKURXgK WKeLU LQWeUacWLRQ bXW MXVW WKaW WKe RYeUaOO fXQcWLRQ Rf WKe WZR

SURWeLQV LV QRW VR VLPLOaU. AV aQ e[aPSOe, LQ a PPI Rf WKe QXcOeaU SRUe cRPSRQeQW

LPSRUWLQ-ܤ aQd RQe Rf LWV caUgR SURWeLQV, beLQg WUaQVSRUWed WR WKe QXcOeXV LV OLNeO\ WR be

cUXcLaO fRU WKe fXQcWLRQ Rf WKe caUgR bXW aW WKe aggUegaWe OeYeO WKe RYeUaOO fXQcWLRQ Rf WZR

geQeV LV dLffeUeQW.

NeWZRUN dLagUaPV Rf WKe bLRSK\VLcaO PaSV, VSOLW LQWR WKe fRXU ZRQeV (FLgXUe 7A)

VKRZ PRdXOeV fRUPed b\ WKe OaUgeU SURWeLQ cRPSOe[eV LQ S\V-NB-06, dXe WR WKe KLgK

UecRYeU\ Rf bRWK dLUecW aQd LQdLUecWO\ cRQWacWLQg cR-cRPSOe[ aVVRcLaWLRQV. WKeUeaV WKe

bLQaU\ PPI PaSV dRQ¶W dLVSOa\ VXcK cOeaU PRdXOeV, UeOaWed WR WKeP fLQdLQg PaLQO\ dLUecW

aQd QRW LQdLUecWO\ cRQWacWLQg LQWeUacWLRQV. IQ ZRQe D, Ze Vee a deQVeU QeWZRUN LQ

S\V-NB-06 aQd ABBI-21 WKaQ LQ LLW-BM-20.

IQWHJUDWLQJ BLRSK\VLFDO DQG GHQHWLF NHWZRUN MDSV ALGV UQGHUVWDQGLQJ CHOOXODU

OUJDQL]DWLRQ

TKe XQLfRUP cRYeUage Rf LQWeUacWLRQV LQ bRWK WKe LQQeU- aQd RXWeU-cRPSOe[RPe

VSace b\ ABBI-21 caQ QRZ be OeYeUaged WR eOXcLdaWe PROecXOaU PecKaQLVPV. FRU

e[aPSOe, WKe eQdRVRPaO VRUWLQg cRPSOe[ UeTXLUed fRU WUaQVSRUW (ESCRT) SaWKZa\ SOa\V

a Ne\ UROe LQ WKe bLRgeQeVLV Rf PXOWLYeVLcXOaU bRdLeV aQd WXUQRYeU Rf PePbUaQe SURWeLQV

(EOLa eW aO., 2011). TKe PaLQ SOa\eUV LQ WKe ESCRT SaWKZa\ aUe WKe fLYe ESCRT

cRPSOe[eV, VXSSRUWLQg aX[LOLaU\ SURWeLQV, aQd WKe caUgR WR be VRUWed. B\ LQWegUaWLQg

bLRSK\VLcaO aQd geQeWLc QeWZRUNV, Ze RbVeUYe WKaW WKe fLYe ESCRT cRPSOe[eV¶ cRUe

cRQVWLWXeQWV LQWeUacW bLRSK\VLcaOO\ LQ bRWK ABBI-21 aQd LLW-BM-20 aQd aUe KLgKO\

LQWeUcRQQecWed LQ fXQcWLRQaO QeWZRUNV (FLgXUe 7B). IQ cRQWUaVW, RXWeU-cRPSOe[RPe

ABBI-21 PPIV beWZeeQ VXbXQLWV Rf ESCRT cRPSOe[ aQd QRQ-cRPSOe[ SURWeLQV,

LPSRUWaQW fRU eQdRVRPaO VRUWLQg, aUe QRW cRQQecWed LQ WKe fXQcWLRQaO QeWZRUNV. FRU

e[aPSOe, ABBI-21 cRQWaLQV PPIV beWZeeQ Vfa1, LPSRUWaQW fRU YacXROaU VRUWLQg, aQd

VSV4 aQd VWa1, VXbXQLWV Rf WKe ESCRT-4 cRPSOe[. HRZeYeU, deVSLWe NQRZQ fXQcWLRQaO

UROeV, Vfa1 LV QRW cRQQecWed ZLWK VSV4 aQd VWa1 LQ aQ\ Rf WKe PSNV.
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S\VWePaWLc bLQaU\ PaSV caQ KeOS XV XQdeUVWaQd KRZ SURWeLQV ZLWKLQ aQd RXWVLde

cRPSOe[eV fXQcWLRQ WRgeWKeU WR PedLaWe YaULRXV bLRORgLcaO SURceVVeV. OQe VXcK

e[aPSOe LV SQQ1, a VXbXQLW Rf WKe bLRgeQeVLV Rf O\VRVRPe-UeOaWed RUgaQeOOeV cRPSOe[ 1,

BLOC-1, LPSRUWaQW fRU eQdRVRPaO PaWXUaWLRQ (Ha\eV eW aO., 2011; JRKQ PeWeU eW aO.,

2013). IQ ABBI-21, SQQ1 LQWeUacWV ZLWK SURWeLQV Rf WKe ESCRT cRPSOe[ OLNe VSV28 aQd

RWKeU QRQ-cRPSOe[ eQdRVRPaO SURWeLQV OLNe NNS2 (FLgXUe 7B). ABBI-21 LQWeUacWRUV Rf

SQQ1 aUe VLgQLfLcaQWO\ eQULcKed LQ SURWeLQV ORcaWed LQ eQdRVRPeV (13%, YV 2% RYeUaOO

fRU SURWeLQV LQ ABBI-21, P = 0.0007, FLVKeU¶V e[acW WeVW). FLYe RXW Rf VL[ BLOC-1

cRPSOe[ SURWeLQV KaYe PPIV SULPaULO\ LQ ABBI-21, aQd QRQe Rf WKe LQWeUacWLQg SURWeLQ

SaLUV aUe cRQQecWed LQ aQ\ Rf WKe fXQcWLRQaO QeWZRUNV.

TKe XQLfRUP cRYeUage Rf LQQeU- aQd RXWeU-cRPSOe[RPe b\ ABBI-21 caQ aOVR VKed

OLgKW XSRQ SRWeQWLaO PecKaQLVPV b\ ZKLcK SUeYLRXVO\ XQdeU-VWXdLed cRPSOe[eV acW. FRU

e[aPSOe, WKe R[LdaQW-LQdXced ceOO-c\cOe aUUeVW (OCA) cRPSOe[ PedLaWeV G1 aUUeVW

XQdeU VWUeVV cRQdLWLRQV WKURXgK a \eW XQNQRZQ PecKaQLVP (AOLc eW aO., 2001). TKLV

cRPSOe[¶V VL[ cRPSRQeQWV aUe cRQQecWed bLRSK\VLcaOO\ aQd LQ WKe fXQcWLRQaO QeWZRUNV,

e[KLbLWLQg VLPLOaU geQeWLc LQWeUacWLRQ aQd cRQdLWLRQ VeQVLWLYLW\ SURfLOeV (FLgXUe 7C).

AOWKRXgK LQQeU-cRPSOe[RPe LQWeUacWLRQV ZLWK OCA Pa\ ZeOO be cULWLcaO fRU LWV fXQcWLRQ,

WKe\ dR QRW e[SOaLQ WKe cRPSOe[¶V VWUeVV-VSecLfLcLW\. OXWeU-cRPSOe[RPe LQWeUacWLRQV Rf

OCA SURWeLQV dR QRW RYeUOaS ZLWK WKe geQeWLc QeWZRUNV bXW PLgKW be LQVWUXPeQWaO LQ

XQdeUVWaQdLQg WKe PecKaQLVP WKURXgK ZKLcK WKe cRPSOe[ PedLaWeV LWV fXQcWLRQ. Of

SaUWLcXOaU LQWeUeVW LV WKe LQWeUacWLRQ beWZeeQ Oca1 aQd TRV4, QeZO\ UeSRUWed LQ YeRI

(FLgXUe 7C). TRV4 LV a WUaQVcULSWLRQ facWRU WKaW bLQdV WR WKe SURPRWeUV Rf geQeV LQYROYed

LQ WKe G1/S WUaQVLWLRQ (HRUaN eW aO., 2002), RffeULQg a K\SRWKeVLV fRU WKe PecKaQLVP b\

ZKLcK OCA PedLaWeV G1 aUUeVW.

AOWRgeWKeU, RXU UeVXOWV dePRQVWUaWe WKe abLOLW\ Rf ABBI-21 WR XQLfRUPO\ cRYeU bRWK

WKe LQQeU- aQd RXWeU-cRPSOe[RPe aQd KLgKOLgKW WKe Qeed fRU LQWegUaWLQg bLRSK\VLcaO aQd
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geQeWLc PaSV WR cRPSUeKeQVLYeO\ XQdeUVWaQd ceOOXOaU fXQcWLRQaO RUgaQL]aWLRQ acURVV WKe

LQQeU- aQd RXWeU-cRPSOe[RPe.

DISCUSSION

TKe RbVeUYaWLRQV SUeVeQWed LQ WKLV SaSeU VXggeVW fXQdaPeQWaO dLffeUeQceV Rf

RUgaQL]aWLRQ beWZeeQ WKe LQQeU-cRPSOe[RPe, cRQWaLQLQg PRVWO\ TXaWeUQaU\ VWUXcWXUeV

WKaW aUe KLgKO\ deWecWabOe b\ affLQLW\ SXULfLcaWLRQ aSSURacKeV, aQd WKe

RXWeU-cRPSOe[RPe, ZKLcK KaV a gUeaWeU WeQdeQc\ WRZaUdV TXLQaU\ VWUXcWXUeV, ³OaUgeO\

deVWUR\ed b\ ceOO fUacWLRQaWLRQ´ (McCRQNe\, 1982), bXW deWecWabOe b\ bLQaU\ aVVa\V LQ

OLYLQg ceOOV WKaW UecRQVWLWXWe fXQcWLRQaO SURWeLQV VXcK aV WUaQVcULSWLRQ facWRUV, fOXRUeVceQW

SURWeLQV RU VLgQaO WUaQVdXcWLRQ UeceSWRUV aV LQ WKe Y2H, GPCA, aQd MAPPIT aVVa\V,

UeVSecWLYeO\. FURP WKLV SeUVSecWLYe, LW LV eaV\ WR Vee ZK\ WKeUe VKRXOd be a VXbVWaQWLaO

dLVcUeSaQc\ aPRQg aOWeUQaWLYe YLeZV Rf LQQeU- YeUVXV RXWeU-cRPSOe[RPe RUgaQL]aWLRQ

UeYeaOed b\ aSSURacKeV aV dLffeUeQW aV cR-cRPSOe[ aVVRcLaWLRQ deWecWLRQ aQd bLQaU\

LQWeUacWLRQ aVVa\V.

A cRQceSW UeOaWed WR WKe TXaWeUQaU\ YV TXLQaU\ dLYLde cRPeV fURP JacRb aQd

MRQRd, ZKR QRWed WKaW: aV LPSRUWaQW aV OacWRVe SeUPeaVe aQd 𝛽-gaOacWRVLdaVe (𝛽-gaO)

aUe WR WUaQVSRUW aQd cOeaYe OacWRVe ZKeQ LW LV SUeVeQW, WKe UROe Rf LacI LQ UeSUeVVLQg

WKeVe acWLYLWLeV LQ WKe abVeQce Rf OacWRVe LV aOVR LPSRUWaQW fRU VKRUW-WeUP ceOOXOaU

SK\VLRORg\ aQd cUXcLaO fRU ORQg-WeUP eYROXWLRQaU\ fLWQeVV (JacRb aQd MRQRd, 1961).

FURP WKLV e[aPSOe ePeUged WKe dLcKRWRP\ beWZeeQ: L) ³VWUXFWXUDO JHQHV´, VXcK aV ODFZ

aQd ODFY, ZKLcK cRde fRU eQ]\PeV, WUaQVSRUWeUV, aQd RWKeU W\SeV Rf SRO\SeSWLdeV WKaW

SeUfRUP VSecLfLc bLRcKePLcaO WaVNV; aQd LL) ³UHJXODWRU JHQHV´, VXcK aV ODFI, eQcRdLQg

UegXOaWRUV WKaW cRQWURO aQd cRRUdLQaWe WKeVe bLRcKePLcaO acWLYLWLeV.

OXU UeVXOWV eVWabOLVK WKaW WKe bLRSK\VLcaO aQd fXQcWLRQaO dLcKRWRP\ beWZeeQ

³VWUXcWXUaO´ aQd ³UegXOaWRU\´ geQeV LV UefOecWed LQ WKe LQWeUacWRPe. B\ RUgaQL]LQg WKe

LQWeUacWRPe LQWR fRXU dLffeUeQW ]RQeV aQd LQWegUaWLQg bLRSK\VLcaO LQWeUacWLRQV aQd

aVVRcLaWLRQV ZLWK V\VWePaWLc fXQcWLRQaO SURfLOe VLPLOaULW\ PaSV, Ze VKRZ WKaW ZKeWKeU a

30

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

The copyright holder for this preprintthis version posted June 18, 2021. ; https://doi.org/10.1101/2021.03.16.435663doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.16.435663
http://creativecommons.org/licenses/by-nc-nd/4.0/


SURWeLQ eQcRded b\ a ³VWUXcWXUaO´ geQe PedLaWeV cRQVWLWXWLYe KRXVeNeeSLQg fXQcWLRQV RU

SOeLRWURSLc UegXOaWRU\ SURceVVeV LV a SURSeUW\ Rf LWV LQWeUacWLRQV. FRU e[aPSOe, RSO8A, a

cRPSRQeQW Rf WKe OaUge ULbRVRPaO VXbXQLW, VKRZV LQWeUacWLRQV ZLWK bRWK fXQcWLRQaOO\

VLPLOaU aQd fXQcWLRQaOO\ KeWeURgeQeRXV SURWeLQV LQ ZRQeV A, B, aQd C. A fXQcWLRQaOO\

cRKeUeQW LQWeUacWLRQ beWZeeQ RSO8A aQd RSO36A LQ ZRQe A LV LPSRUWaQW fRU cRQVWLWXWLQg

WKe ULbRVRPe WKaW SeUfRUPV WKe cRQVWLWXWLYe fXQcWLRQ Rf WUaQVOaWLQg PRNA LQWR SURWeLQV.

IQ cRQWUaVW, a ZRQe B LQWeUacWLRQ beWZeeQ RSO8A aQd EUb1, a cRQVWLWXeQW Rf 66S

SUe-ULbRVRPaO SaUWLcOeV, LV LPSRUWaQW fRU PaWXUaWLRQ Rf WKe ULbRVRPe. FLQaOO\, a ZRQe C

LQWeUacWLRQ beWZeeQ fXQcWLRQaOO\ dLYeUVe RSO8A aQd Sba1, a cR-cKaSeURQe Rf WKe HVS90

faPLO\, OLNeO\ cRQWULbXWeV WR WXUQRYeU aQd PaLQWeQaQce Rf ULbRVRPaO SURWeLQV XQdeU

dLYeUVe VWUeVVeV.

TKXV, WKe LQQeU-cRPSOe[RPe cRQVWLWXWeV WKe ³PaQXfacWXULQg PacKLQeU\´

RSeUaWLQg LQ a UeOaWLYeO\ cRQVWaQW, URbXVW, aQd SeUVLVWeQW PaQQeU, aQd WKe

RXWeU-cRPSOe[RPe cRPSULVeV WKe ³UegXOaWRU\ SURceVVeV'' e[KLbLWLQg gUeaWeU fOe[LbLOLW\,

SOaVWLcLW\, eQYLURQPeQWaO UeVSRQVLYeQeVV, aQd eYROYabLOLW\. TKe RXWeU-cRPSOe[RPe

PRVWO\ cRQVLVWV Rf TXLQaU\ LQWeUacWLRQV beWZeeQ SURWeLQV eQcRded b\ VWUXcWXUaO aQd

UegXOaWRU\ geQeV, PedLaWLQg d\QaPLc bLRORgLcaO SURceVVeV WKaW aOORZ fRU ceOOXOaU

cRPPXQLcaWLRQ aQd cUeaWe aYeQXeV fRU UaSLd UeVSRQVe WR cKaQgLQg eQYLURQPeQWaO

cRQdLWLRQV.

DeVSLWe WKe eaUO\ e[aPSOe Rf ODFZ aQd ODFI LOOXVWUaWLQg WKe SULQcLSOe WKaW beLQg a

VWUXcWXUaO geQe RU accRXQWLQg fRU a VLgQLfLcaQW SeUceQWage Rf PaVV dReV QRW eTXaWe WR

KLgKeU ceOOXOaU LPSRUWaQce, OLWeUaWXUe-cXUaWed bLQaU\ PaSV aQd V\VWePaWLc QRQ-bLQaU\

PaSV SURYLde KLgKO\ bLaVed YLeZV Rf WKe LQWeUacWRPe WKaW faYRU WKe LQQeU-cRPSOe[RPe.

IQ cRQWUaVW, V\VWePaWLcaOO\ geQeUaWed bLQaU\ PaSV, ZKLcK aUe OeVV bLaVed b\ bLRSK\VLcaO

aQd PROecXOaU aWWULbXWeV, dePRQVWUaWe WKaW WKe RXWeU-cRPSOe[RPe LV LQdeed KLgKO\

SRSXOaWed ZLWK LQWeUacWLRQV beWZeeQ fXQcWLRQaOO\ KeWeURgeQeRXV SURWeLQV aV e[SecWed

fRU WKe PedLaWLRQ Rf UegXOaWRU\ SURceVVeV aQd cURVV-WaON beWZeeQ SaWKZa\V.
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OYeU WZeQW\ \eaUV Rf LQWeUacWRPe PaSSLQg KaV SURdXced a ZeaOWK Rf daWa WKaW

KaV facLOLWaWed RXU XQdeUVWaQdLQg Rf bLRORgLcaO SURceVVeV aW WKe ceOOXOaU, RUgaQLVPaO, aQd

V\VWePV OeYeOV. HRZeYeU, WKeVe PaSSLQg effRUWV KaYe W\SLcaOO\ beeQ fRcXVed RQ VLQgOe

cRQceSWXaO feaWXUeV Rf bLRORgLcaO cRPSOe[LW\ VXcK aV bLQaU\ SURWeLQ-SURWeLQ LQWeUacWLRQV,

cR-cRPSOe[ aVVRcLaWLRQV, VLgQaOLQg SaWKZa\V, aQd geQeWLc LQWeUacWLRQV. WKLOe WKLV

SOeWKRUa Rf daWa aQd LQWegUaWLYe aQaO\VLV KaV eQULcKed RXU XQdeUVWaQdLQg Rf WKe

LQWeUacWRPe, WKeUe KaV QRW beeQ a cRPSUeKeQVLYe LQWegUaWLRQ Rf QeWZRUN LQfRUPaWLRQ

WKaW deVcULbeV KRZ aOO WKe dLVSaUaWe acWLYLWLeV Rf WKe ceOO cROOecWLYeO\ cRPPXQLcaWe aQd

cRRUdLQaWe ceOOXOaU fXQcWLRQV. B\ geQeUaWLQg a QeZ SURWeRPe-ZLde bLQaU\ PPI QeWZRUN

aQd LQWegUaWLQg WKaW daWa ZLWK e[LVWLQg SURWeLQ LQWeUacWLRQ PaSV WR cRQVWLWXWe aQ ³aWOaV Rf

bLQaU\ PaSV´, Ze KaYe OaLd RXW aQ aOWeUQaWLYe PRdeO Rf WKe LQWeUacWRPe accRUdLQg WR

ZKLcK WKe LQWeUacWRPe LV bXLOW aURXQd LQQeU-cRPSOe[ aQd RXWeU-cRPSOe[ aVVRcLaWLRQV

WKaW caQ be PeUged WR SURYLde a PRUe LQWegUaWed YLeZ Rf ceOOXOaU fXQcWLRQ, OLQNLQg

dLVSaUaWe bXW eVVeQWLaO ceOOXOaU SURceVVeV.

MRUeRYeU, Ze KaYe RbVeUYed WKaW RQO\ a VPaOO SURSRUWLRQ Rf WKe LQWeUacWRPe LV

cRPSRVed Rf VWabOe, fXQcWLRQaOO\ cRKeUeQW, LQQeU-cRPSOe[RPe LQWeUacWLRQV, ZKLOe WKe

YaVW PaMRULW\ Rf WKe LQWeUacWRPe cRQVLVWV Rf WUaQVLeQW, cRQWe[W-deSeQdeQW LQWeUacWLRQV LQ

WKe RXWeU-cRPSOe[RPe. TKLV LV cRQVLVWeQW ZLWK ePeUgLQg eYLdeQce VXggeVWLQg WKaW WKe

PaMRULW\ Rf WKe LQWeUacWRPe Pa\ be WUaQVLeQW aQd cRQWe[W-VSecLfLc (HeLQ eW aO., 2015; LLX

eW aO., 2020; TRPSa eW aO., 2014). OXU aQaO\VLV VXggeVWV WKaW WKeVe RXWeU-cRPSOe[RPe

LQWeUacWLRQV aOORZ fRU ceOOXOaU cRPPXQLcaWLRQ aQd cUeaWe aYeQXeV fRU UaSLd UeVSRQVe WR

cKaQgLQg eQYLURQPeQWaO cRQdLWLRQV. HRZeYeU, PaSSLQg aQd fXQcWLRQaO cKaUacWeUL]aWLRQ

Rf WKeVe RXWeU-cRPSOe[RPe LQWeUacWLRQV UePaLQ cKaOOeQgLQg. DeYeORSPeQW Rf aVVa\V

WKaW caQ effLcLeQWO\ deWecW WUaQVLeQW, cRQWe[W-VSecLfLc PPIV aQd aSSURacKeV WKaW caQ

cKaUacWeUL]e WKeLU fXQcWLRQV ZLOO be aQ LPSRUWaQW Qe[W VWeS WRZaUdV XQdeUVWaQdLQg WKe

gORbaO RUgaQL]aWLRQ Rf WKe LQWeUacWRPe.
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FIGURE LEGENDS

FLJXUH 1. TKH CRPSOH[RJUDP SWUDWHJ\

(A) TKe \eaVW SURWeRPe RUdeUed b\ WKe QXPbeU Rf VXbXQLWV, decUeaVLQg, Rf WKe

cRUUeVSRQdLQg cRPSOe[, fRU SURWeLQV LQ a cRPSOe[, aQd b\ abXQdaQce, LQcUeaVLQg, fRU

QRQ-cRPSOe[ SURWeLQV. AfWeU dLYLdLQg LQWR 20 bLQV, WKe QXPbeU Rf SURWeLQV LQ eacK Rf

WKUee geQeUaO fXQcWLRQaO caWegRULeV (LLebeUPeLVWeU eW aO., 2014), LV VKRZQ b\ WKe aUea Rf

WKe cLUcOeV. NRW MaSSed cRUUeVSRQdV WR XQaQQRWaWed SURWeLQV.

(B) IOOXVWUaWLYe QeWZRUN dLagUaP VKRZLQg WKe VSace Rf SaLUZLVe SURWeLQ cRPbLQaWLRQV

caWegRUL]ed baVed RQ SURWeLQ cRPSOe[ PePbeUVKLS aQd addLWLRQaOO\ RUdeUed b\ SURWeLQ

abXQdaQce.

FLJXUH 2. CXUUHQW SWDWXV RI WKH <HDVW BLQDU\ IQWHUDFWRPH LDQGVFDSH

(A) CXUaWLRQ Rf WKe WKUee bLQaU\ PPI daWaVeWV.

(B) E[SeULPeQWaO YaOLdaWLRQ Rf \eaVW V\VWePaWLc bLQaU\ PaSV aQd OLWeUaWXUe-cXUaWed SaLUV

LQ GPCA aQd MAPPIT, XVLQg SRVLWLYe aQd UaQdRP UefeUeQce VeWV aV beQcKPaUNV.

(C) TKe fUacWLRQ Rf SaLUV fURP dLffeUeQW bLQaU\, cR-cRPSOe[ aVVRcLaWLRQ, aQd SUedLcWLRQ

daWaVeWV SRVLWLYe LQ Y2H Y4.

(D) FUacWLRQ Rf PPIV LdeQWLfLed b\ Y2H Y4 LQ cRPSOe[ VWUXcWXUeV Rf dLffeUeQW VL]eV.

EUURU baUV LQ (B), (C), (D) LQdLcaWe 68.3% Ba\eVLaQ CI.

(E) HeaWPaSV Rf PPI cRXQWV, RUdeULQg WKe SURWeRPe-b\-SURWeRPe VSace Rf SaLUZLVe

cRPbLQaWLRQV b\ WKe QXPbeU Rf SXbOLcaWLRQV SeU SURWeLQ. I3D-e[S-20 (\eOORZ), LLW-BM-20

(bOXe), aQd Y2H-XQLRQ (SXUSOe). TKe XSSeU aQd ULgKW baU cKaUWV VKRZ WKe PedLaQ

QXPbeU Rf SXbOLcaWLRQV SeU geQe fRU eacK bLQ. TKe cRORU LQWeQVLW\ Rf eacK VTXaUe UefOecWV

WKe WRWaO QXPbeU Rf LQWeUacWLRQV beWZeeQ SURWeLQV fRU WKe cRUUeVSRQdLQg bLQV. TKe Ued

WULaQgOe dePaUcaWeV WKe fUacWLRQ Rf WKe VSace cRQWaLQLQg 80% Rf PPIV LQ WKe daWaVeW.

(F) PLe cKaUWV VKRZLQg WKe SURSRUWLRQ Rf SaLUV LQ WKe LQQeU- aQd RXWeU-cRPSOe[RPe

ZRQeV ZLWKLQ WKe WKUee bLRSK\VLcaO PaSV.

35

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

The copyright holder for this preprintthis version posted June 18, 2021. ; https://doi.org/10.1101/2021.03.16.435663doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.16.435663
http://creativecommons.org/licenses/by-nc-nd/4.0/


IQ aOO SaQeOV KRPRdLPeULc LQWeUacWLRQV aUe e[cOXded.

FLJXUH 3. A FLUVW AOO-VHUVXV-AOO RHIHUHQFH BLQDU\ MDS RI WKH <HDVW IQWHUDFWRPH

(A) OYeUYLeZ Rf YeRI geQeUaWLRQ SLSeOLQe aQd e[SeULPeQWaO YaOLdaWLRQ LQ GPCA aQd

MAPPIT.

(B) EQULcKPeQW Rf YeRI PPIV beWZeeQ SURWeLQV LQ WKe VaPe ceOOXOaU cRPSaUWPeQWV,

SaWKZa\V, aQd SURWeLQ cRPSOe[eV.

(C) HeaWPaSV Rf KLgK-TXaOLW\ bLQaU\ PPI cRXQWV, RUdeUed b\ WKe QXPbeU Rf SXbOLcaWLRQV

SeU SURWeLQ, fURP aOO fRXU V\VWePaWLc bLQaU\ LQWeUacWRPe PaSV.

(D) IQcUeaVe LQ WKe QXPbeU Rf KLgK-TXaOLW\ bLQaU\ PPIV fURP aYaLOabOe e[SeULPeQWV LQ

IQWeUacWRPe-3D (\eOORZ), LLW-BM (bOXe), aQd V\VWePaWLc VWXdLeV (SXUSOe). NRWe: RXU

OLWeUaWXUe aQd VWUXcWXUe daWaVeWV RQO\ gR aV faU aV 2020.

(E) CRPSRVLWe QeWZRUNV, geQeUaWed b\ WKe addLWLRQ Rf eacK V\VWePaWLc PaS (WRS URZ,

OefW). NeWZRUN UegLRQV eQULcKed fRU GO WeUPV (bRWWRP URZ, OefW). MeUge Rf QeWZRUN aQd

eQULcKed UegLRQV fRU WKe PRVW UeceQW cRPSRVLWe QeWZRUN (ULgKW).

(F) CRYeUage Rf WKe \eaVW LQWeUacWRPe b\ ABBI-21, baVed RQ WKUee UeSRUWed eVWLPaWeV

Rf WKe WRWaO LQWeUacWRPe VL]e.

(G) TKe QXPbeU Rf SURWeLQV eQcRded b\ geQeV Rf XQNQRZQ fXQcWLRQ ZLWK aW OeaVW RQe

LQWeUacWLRQ LQ ABBI-21 RU LLW-BM.

(H) PPI QeWZRUN Rf PEX35 aQd LWV fLUVW- aQd VecRQd-degUee LQWeUacWRUV. NaPed SURWeLQV

aUe WKRVe aQQRWaWed RU SUedLcWed WR KaYe WKe GO WeUPV UeOaWed WR µSeUR[LVRPe LPSRUWeU

cRPSOe[¶.

FLJXUH 4. HLJK DLVFUHSDQF\ APRQJ AOWHUQDWLYH VLHZV RI IQWHUDFWRPH OUJDQL]DWLRQ

(A) ScKePaWLc Rf WKe dLffeUeQW fXQcWLRQaO SURfLOe VLPLOaULW\ QeWZRUNV.

(B) HeaWPaSV Rf SURWeLQ LQWeUacWLRQV aQd aVVRcLaWLRQV LQ bLRSK\VLcaO aQd fXQcWLRQaO

QeWZRUNV, RUdeUed b\ WKe QXPbeU Rf SXbOLcaWLRQV SeU SURWeLQ, SURWeLQ abXQdaQce, geQe

cRQVeUYaWLRQ, eVVeQWLaOLW\, aQd SUedLcWed fUacWLRQ Rf UeVLdXeV LQ dLVRUdeUed UegLRQV.
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USSeU OLPLWV Rf WKe cRORU VcaOeV aUe VeW WR 5[ WKe aYeUage QXPbeU Rf PPIV SeU bLQ,

VeSaUaWeO\ fRU eacK QeWZRUN.

(C) UVLQg e[SeULPeQWaO VWUXcWXUeV Rf PedLaWRU, WKe dLUecW LQWeUacWLRQV aQd LQdLUecW

aVVRcLaWLRQV WKaW aUe cRQWaLQed ZLWKLQ WKe dLffeUeQW bLRSK\VLcaO aQd fXQcWLRQaO QeWZRUNV.

DLUecW eQULcKPeQW LV defLQed aV WKe UaWLR Rf WKe fUacWLRQ Rf deWecWed dLUecW LQWeUacWLRQV

RYeU WKe fUacWLRQ Rf deWecWed LQdLUecW aVVRcLaWLRQV.

(D) RecRYeU\ Rf SURWeLQ SaLUV LQ dLUecW cRQWacW aQd SaLUV QRW LQ dLUecW cRQWacW ZLWKLQ WKe

cRUUeVSRQdLQg 3D VWUXcWXUeV, b\ dLffeUeQW bLRSK\VLcaO aQd fXQcWLRQaO QeWZRUNV. EacK

SRLQW LV a VeSaUaWe SURWeLQ cRPSOe[ ZLWK aW OeaVW 5 dLVWLQcW SURWeLQ VXbXQLWV.

(E-F) ReVXOWV Rf WeVWLQg VaPSOeV Rf SaLUV fURP GI-PSNV, acURVV dLffeUeQW PCC cXWRffV, LQ

Y2H Y4 (E) aQd GPCA (F).

(G) TKe QXPbeU Rf edgeV LQ GI-PSN aW WKe WeVWed PCC cXWRffV.

FLJXUH 5. IQQHU- VHUVXV OXWHU-CRPSOH[RPH OUJDQL]DWLRQ

(A) Edge deQVLW\ fROd cKaQge LQ WKe LQQeU- aQd RXWeU-cRPSOe[RPe LQ WKe bLRSK\VLcaO aQd

fXQcWLRQaO PaSV.

(B) Edge deQVLW\ fROd cKaQge LQ WKe ZRQeV B, C aQd D Rf WKe RXWeU-cRPSOe[RPe LQ WKe

bLRSK\VLcaO aQd fXQcWLRQaO PaSV.

(C) HeaWPaSV Rf WKe QXPbeU Rf cRQQecWed geQe SaLUV LQ bLRSK\VLcaO aQd fXQcWLRQaO

QeWZRUNV, ZLWK WKe SURWeRPe fLUVW RUdeUed b\ VL]e Rf SURWeLQ cRPSOe[eV LQ ZKLcK WKe

SURWeLQV aUe LQYROYed WKeQ RUdeUed b\ SURWeLQ abXQdaQce.

(D) SWaWLVWLcaOO\ VLgQLfLcaQW eQULcKPeQW aQd deSOeWLRQ Rf edgeV SeU bLQ LQ (C), caOcXOaWed

b\ UaQdRP SeUPXWaWLRQ Rf WKe RUdeU Rf WKe SURWeLQV.

(E) EQULcKPeQWV Rf ABBI-21 aQd S\V-NB-06 WR cRQWaLQ dLffeUeQW gROd-VWaQdaUd VeWV Rf

PPIV fURP WKe LQQeU- aQd RXWeU-cRPSOe[RPe. DLUecW PPIV ZLWKLQ SURWeLQ cRPSOe[eV ZLWK

WKUee RU PRUe VXbXQLWV; cR-cRPSOe[ SaLUV fURP KEGG SaWKZa\V; PPIV UegXOaWLQg

acWLYaWLRQ RU LQKLbLWLRQ fURP KEGG; aQd KLgK-TXaOLW\ NLQaVe-VXbVWUaWe SaLUV fURP WKe KID

daWabaVe.
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(F) FUacWLRQ Rf SaLUV LQ WKe LQQeU- aQd RXWeU-cRPSOe[RPe fURP LLW-BM-13 aQd ABBI-21

WKaW WeVWed SRVLWLYe XVLQg GPCA aQd MAPPIT.

(G) ScKePaWLc VXPPaUL]LQg WKe WZR SaWWeUQV Rf dLVWULbXWLRQ fURP (D).

FLJXUH 6. A LDUJH PURSRUWLRQ RI WKH IQWHUDFWRPH CRQVLVWV RI IQWHUDFWLRQV BHWZHHQ

FXQFWLRQDOO\ HHWHURJHQHRXV PURWHLQV LQ WKH OXWHU-CRPSOH[RPH

(A) ScKePaWLc VKRZLQg SaLUV fURP bLRSK\VLcaO PaSV aOVR cRQQecWed LQ fXQcWLRQaO

QeWZRUNV.

(B) TKe fUacWLRQ Rf SaLUV fURP WKUee bLRSK\VLcaO PaSV cRQQecWed LQ fXQcWLRQaO QeWZRUNV.

(C) TKe fUacWLRQ Rf SaLUV LQ WKe LQQeU- aQd RXWeU-cRPSOe[RPe LQ WKe WKUee bLRSK\VLcaO

PaSV cRQQecWed LQ fXQcWLRQaO QeWZRUNV. TKe SLe cKaUWV VKRZ WKe SURSRUWLRQ Rf SaLUV LQ

WKe LQQeU- aQd RXWeU-cRPSOe[RPe ZLWKLQ WKe WKUee bLRSK\VLcaO PaSV.

(D) TKe fUacWLRQ Rf SaLUV fURP WKe RXWeU-cRPSOe[RPe, ZRQeV B, C, aQd D, aOVR

cRQQecWed LQ fXQcWLRQaO QeWZRUNV.

(E) TKe fUacWLRQ Rf PPIV fURP fRXU dLffeUeQW \eaVW SaWKZa\V cRQQecWed LQ dLffeUeQW

fXQcWLRQaO QeWZRUNV.

(F) TKe fUacWLRQ Rf PPIV fURP WKe fRXU gROd-VWaQdaUd bLRSK\VLcaO LQWeUacWLRQ daWaVeWV

(Vee FLgXUe 5E) cRQQecWed LQ fXQcWLRQaO QeWZRUNV.

FLJXUH 7. IQWHJUDWLQJ BLRSK\VLFDO DQG GHQHWLF NHWZRUN MDSV ALGV UQGHUVWDQGLQJ

CHOOXODU OUJDQL]DWLRQ

(A) TKUee dLffeUeQW bLRSK\VLcaO QeWZRUNV, VeSaUaWeO\ VKRZLQg RQO\ PPIV/cR-cRPSOe[

aVVRcLaWLRQV LQ eacK ]RQe.

(B) IQWegUaWed QeWZRUN VKRZLQg LQWeUacWLRQV aPRQg VXbXQLWV Rf ESCRT cRPSOe[eV aQd

WKeLU LQWeUacWLQg SaUWQeUV.
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(C) IQWegUaWed QeWZRUN VKRZLQg LQWeUacWLRQV aPRQg VXbXQLWV Rf WKe OCA cRPSOe[ aQd

WKeLU LQWeUacWLQg SaUWQeUV. PK\VLcaOO\ LQWeUacWLQg SURWeLQV aOVR cRQQecWed LQ fXQcWLRQaO

QeWZRUNV aUe cRQQecWed ZLWK WKLcN RUaQge OLQeV LQ (C, D).

FLJXUH S1. CXUUHQW SWDWXV RI WKH <HDVW BLQDU\ IQWHUDFWRPH LDQGVFDSH, RHODWHG WR

FLJXUH 2

(A) LefW: VWUXcWXUe Rf 20S SURWeaVRPe (PDB: 1RYP); PLddOe OefW: dLUecW SURWeLQ-SURWeLQ

LQWeUacWLRQV ZLWKLQ WKe VWUXcWXUe; PLddOe ULgKW: LQdLUecW aVVRcLaWLRQV deULYed fURP

e[SeULPeQWaO VWUXcWXUeV; ULgKW: aOO SRVVLbOe SaLUZLVe cRPbLQaWLRQV beWZeeQ dLffeUeQW

VXbXQLWV.

(B) VeQQ dLagUaP Rf PPIV LQ WKUee KLgK-TXaOLW\ bLQaU\ daWaVeWV.

(C) VeQQ dLagUaP Rf SURWeLQV ZLWK LQWeUacWLRQV LQ WKUee KLgK-TXaOLW\ bLQaU\ PPI daWaVeWV.

(D) E[SeULPeQWaO YaOLdaWLRQ Rf OLWeUaWXUe SaLUV, ZLWK VLQgOe aQd PXOWLSOe SLeceV Rf

eYLdeQce, XVLQg GPCA

(E) BeQcKPaUNLQg dLffeUeQW bLQaU\ PPI aVVa\V, XVLQg SRVLWLYe aQd UaQdRP UefeUeQce

VeWV (VcPRS-Y2 aQd VcRRS-Y2). CRORUed baUV LQdLcaWe SRVLWLYeV.

(F) TKe fUacWLRQ Rf dLUecWO\ cRQWacWLQg LQWeUacWLRQV, WaNLQg aOO UeSRUWed SaLUV ZKeUe bRWK

SURWeLQV aUe LQ a SURWeLQ cRPSOe[ VWUXcWXUe ZLWK aW OeaVW WKUee VXbXQLWV, fRU dLffeUeQW

daWaVeWV.

(G) Y2H Y4 UecRYeU\ Rf I3D-e[S-17 SaLUV aV a fXQcWLRQ Rf WKe fUacWLRQ Rf WKe SURWeLQ WKaW

LV cRQWaLQed LQ WKe e[SeULPeQWaO VWUXcWXUe. TKe ORZeU Rf WKe WZR YaOXeV Rf cRYeUage Rf

WKe dLffeUeQW SURWeLQV LQ eacK LQWeUacWLRQ LV XVed.

(H) DLVWULbXWLRQ Rf LQWeUface aUea fRU I3D-e[S-17 PPIV, WKaW WeVWed eLWKeU SRVLWLYe RU

QegaWLYe LQ Y2H Y4.

(I) DLVWULbXWLRQ Rf LQWeUface aUea fRU I3D-e[S-17 PPIV, WKaW WeVWed SRVLWLYe LQ Y2H Y4,

GPCA, aQd MAPPIT, UeVWULcWLQg WR SaLUV WKaW ZeUe VXcceVVfXOO\ WeVWed LQ aOO WKUee

aVVa\V.

(J) DLVVRcLaWLRQ cRQVWaQWV Rf SaLUV SRVLWLYe RU QegaWLYe LQ Y2H Y4.
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FLJXUH S2. A FLUVW AOO-YHUVXV-AOO RHIHUHQFH BLQDU\ MDS RI WKH <HDVW IQWHUDFWRPH,

RHODWHG WR FLJXUH 3

(A) TKe UeVXOWV Rf dLffeUeQW baWcKeV Rf e[SeULPeQWaO YaOLdaWLRQ Rf YeRI LQ GPCA aQd

MAPPIT. IQ WRWaO, aOO SaLUV fURP YeRI ZeUe WeVWed LQ bRWK aVVa\V.

(B) NeWZRUN-baVed VSaWLaO eQULcKPeQW aQaO\VLV (SAFE) fRU YeRI. COXVWeUV Rf geQeV

eQULcKed fRU GO WeUPV LQ YeRI aUe KLgKOLgKWed.

(C) NXPbeU Rf PPIV LQYROYLQg SURWeLQV eQcRded b\ geQeV Rf XQNQRZQ fXQcWLRQ LQ

LLW-BM-20 RU ABBI-21.

FLJXUH S3. HLJK DLVFUHSDQF\ APRQJ AOWHUQDWLYH VLHZV RI IQWHUDFWRPH

OUJDQL]DWLRQ, RHODWHG WR FLJXUHV 4 DQG 5

(A) CRPSaULVRQ Rf WZR daWaVeWV Rf \eaVW SURWeLQ cRPSOe[eV, UeVWULcWLQg WR WKRVe ZLWK

WKUee RU PRUe VXbXQLWV.

(B) OYeUOaS Rf WKe WKUee fXQcWLRQaO SURfLOe VLPLOaULW\ QeWZRUNV (PSNV), geQeWLc LQWeUacWLRQ

(GI-PSN), geQe e[SUeVVLRQ aW PRNA OeYeO acURVV dLffeUeQW cRQdLWLRQV (GE-PSN), aQd

gURZWK acURVV dLffeUeQW cRQdLWLRQV PSN (CS-PSN). ReVWULcWed WR geQeV WeVWed LQ aOO WKUee

PSNV ZLWK PCC YaOXe LQ WKe WRS 1% Rf WeVWed SaLUV LQ eacK PSN.

(C-D) MeaQ Rf SXbOLcaWLRQ cRXQW, abXQdaQce, geQe cRQVeUYaWLRQ, aQd SUedLcWed

dLVRUdeUed fUacWLRQ, aQd WKe fUacWLRQ Rf eVVeQWLaO geQeV fRU SURWeLQV eLWKeU LQ RU RXWVLde

cRPSOe[eV XVLQg WKe cROOecWLRQ Rf cRPSOe[eV fURP CRVWaQ]R eW aO 2016 (D) WKe aQd EBI

cRPSOe[ SRUWaO (D). EUURU baUV deQRWe 95% CI.

(E) TKe CRUUeOaWLRQ PaWUL[ ZLWK cOXVWeULQg Rf dLffeUeQW SURWeLQ-OeYeO SURSeUWLeV baVed RQ

SSeaUPaQ'V UaQN cRUUeOaWLRQ cReffLcLeQW.

(F) TKe fUacWLRQ Rf geQeV LQ LLW-BM, S\V-NB-06, aQd ABBI-21 acURVV VOLdLQg ZLQdRZV Rf

1,000 SURWeLQV, RUdeUed b\ abXQdaQce aQd cRQVeUYaWLRQ. GUe\ dRWWed OLQeV VKRZ WKe

RYeUaOO fUacWLRQ.
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(G) HeaWPaSV Rf WKe QXPbeU Rf cRQQecWed geQe SaLUV LQ GI-PSN, RUdeUed b\ SURWeLQ

abXQdaQce, aQd fXUWKeU VegPeQWed baVed RQ eVVeQWLaOLW\ aQd LQYROYePeQW LQ WKe

ULbRVRPe.

(H) EVWLPaWLRQ Rf WKe fUacWLRQ GI-PSN SaLUV WKaW aUe aOVR a bLQaU\ PPI, baVed RQ UeVXOWV

Rf WeVWLQg VaPSOeV fURP GI-PSNV aW dLffeUeQW PCC cXWRffV XVLQg Y2H Y4 aQd GPCA aQd

cRPSaULQg WR WKe UeVXOWV Rf WKe PRS.

(I-K) DLVWULbXWLRQ Rf CS-PSN afWeU UeVWULcWLQg WR geQeV WeVWed LQ WKe e[SeULPeQW: (I) edge

deQVLW\ fROd cKaQge LQ WKe RXWeU-cRPSOe[RPe (ZRQeV B, C aQd D), (J) KeaWPaS Rf WKe

QXPbeU Rf cRQQecWed geQe SaLUV ZLWK WKe SURWeRPe fLUVW RUdeUed b\ VL]e Rf SURWeLQ

cRPSOe[eV LQ ZKLcK WKe SURWeLQV aUe LQYROYed WKeQ RUdeUed b\ SURWeLQ abXQdaQce, aQd,

(K) VWaWLVWLcaOO\ VLgQLfLcaQW eQULcKPeQW aQd deSOeWLRQ Rf SaLUV LQ (J).

FLJXUH S4. , RHODWHG WR FLJXUH 5

(A-B) TKe fUacWLRQ Rf SaLUV WeVWLQg SRVLWLYe LQ GPCA (A) aQd MAPPIT (B) LQ ZRQeV A, B,

C, aQd D fURP LLW-BM aQd V\VWePaWLc bLQaU\ PaSV.

FLJXUH S5. A LDUJH PURSRUWLRQ RI WKH IQWHUDFWRPH MDLQO\ CRQVLVWV RI IQWHUDFWLRQV

BHWZHHQ FXQFWLRQDOO\ HHWHURJHQHRXV PURWHLQV LQ WKH OXWHU-CRPSOH[RPH, RHODWHG

WR FLJXUH 6

(A) CRPSRVLWLRQ Rf edgeV fURP WKUee bLRSK\VLcaO PaSV LQ LQQeU-cRPSOe[RPe (ZRQe A)

aQd RXWeU-cRPSOe[RPe (ZRQeV B, C, aQd D) aQd WKe fUacWLRQ Rf SaLUV fURP bLRSK\VLcaO

PaSV aOVR cRQQecWed LQ SRVLWLYe RU QegaWLYe geQeWLc LQWeUacWLRQ QeWZRUNV (WRS 1%) ZLWKLQ

WKe fRXU ]RQeV.

(B) CRPSRVLWLRQ Rf edgeV fURP WKUee bLRSK\VLcaO PaSV LQYROYLQg daWe aQd SaUW\ KXbV

XVLQg dLffeUeQW degUee aQd PCC WKUeVKROdV, aQd WKe fUacWLRQ Rf SaLUV fURP bLRSK\VLcaO

PaSV Rf eacK caWegRU\ cRQQecWed LQ fXQcWLRQaO QeWZRUNV.
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(C) AYeUage cR-e[SUeVVLRQ PCC Rf SURWeLQV LQ bLRSK\VLcaO PaSV ZLWK dLffeUeQW degUeeV.

A cXWRff beWZeeQ SaUW\ aQd daWe KXbV Rf 0.3 LV VKRZQ b\ WKe gUe\ KRUL]RQWaO OLQe.

(D) CRPSRVLWLRQ Rf edgeV fURP WKUee bLRSK\VLcaO PaSV beWZeeQ eVVeQWLaO geQeV aQd

LQYROYLQg QRQ-eVVeQWLaO geQeV, aQd WKe fUacWLRQ Rf SaLUV fURP bLRSK\VLcaO PaSV Rf eacK

caWegRU\ cRQQecWed LQ fXQcWLRQaO QeWZRUNV.

(E) TKe fUacWLRQ Rf edgeV WKaW aUe aOVR cRQQecWed LQ fXQcWLRQaO QeWZRUNV, fRU WKUee

bLRSK\VLcaO PaSV, bLQQed b\ WKe KLgKeU degUee Rf WKe WZR SURWeLQV fRU eacK SaLU. LRgLVWLc

UegUeVVLRQ aQd 95% CI aUe VKRZQ.
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STAR Methods

RESOURCE AVAILABILITY

Lead c][jacj

FXUWheU iQfRUPaWiRQ aQd UeTXeVWV fRU UeVRXUceV aQd UeageQWV VhRXOd be diUecWed WR aQd

ZiOO be fXOfiOOed b\ Whe Lead CRQWacW, MaUc VidaO.

Daja a[d c]de apailabilijs

YeRI, ABBI-21 aQd LiW-BM-20 PaSV aUe aYaiOabOe aW hWWS://\eaVW.iQWeUacWRPe-aWOaV.RUg.

AQaO\ViV cRde iV aYaiOabOe aW hWWSV://giWhXb.cRP/CCSB-DFCI/YeRI_SaSeU.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Yeahj hjgai[h

YeaVW haSORid VWUaiQV MA7Į Y8930 aQd MA7a Y8800, deUiYed fURP PJ69-4 (JaPeV eW

aO., 1996), ZeUe XVed SUeYiRXVO\ (DUe]e eW aO., 2010; YX eW aO., 2008). BRWh VWUaiQV haUbRU

Whe fROORZiQg geQRW\Se: OHX2-3,112 WUS1-901 KLV3ǻ200 XUD3-52 JDO4ǻ JDO80ǻ

GAL2::ADE2 GAL1::HI63@L<62 GAL7::ODF=@ME72 F\K2R. YeaVW ceOOV, SaUeQWaO

VWUaiQV RU WUaQVfRUPaQWV, ZeUe cXOWXUed eiWheU iQ YEPD RU V\QWheWic dURS RXW Pedia,

VXSSOePeQWed aV Qeeded aQd iQcXbaWed aW 30�C.

Bacjegial hjgai[h

ChePicaOO\ cRPSeWeQW DH5Į RU DB3.1 E. FROL ceOOV ZeUe XVed fRU aOO bacWeUiaO

WUaQVfRUPaWiRQV iQ WhiV VWXd\. TUaQVfRUPed ceOOV ZeUe cXOWXUed iQ LXUia BURWh RU TeUUific

BURWh, VXSSOePeQWed ZiWh aQWibiRWicV (50 �g/PO Rf aPSiciOOiQ, VSecWiQRP\ciQ RU

kaQaP\ciQ) aV Qeeded aQd iQcXbaWed aW 37�C.

1
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Hkma[ cell li[eh

HXPaQ ePbU\RQic kidQe\ HEK293T ceOOV ZeUe cXOWXUed iQ DXObeccR¶V MRdified EagOe

MediXP (DMEM) VXSSOePeQWed ZiWh 10% feWaO bRYiQe VeUXP, 2PPRO/L L-gOXWaPiQe,

100 I.U./PL SeQiciOOiQ, aQd 100 ȝg/PL VWUeSWRP\ciQ. CeOOV ZeUe iQcXbaWed aW 37�C ZiWh

5% CO2 aQd 95% hXPidiW\.

METHOD DETAILS

¾À Yeahj ]de[ geadi[g fgameh

The OiVW Rf \eaVW ORFV ZaV dRZQORaded fURP Whe 6DFFKDURP\FHV GeQRPe DaWabaVe

(SGD) (hWWSV://ZZZ.\eaVWgeQRPe.RUg/) RQ JaQXaU\ 14Wh, 2017. FRXU ORFV

(YCR097W/HMRA1, YCR096C/HMRA2, YCL066W/HMLALPHA1,

YCL067C/HMLALPHA2) aQQRWaWed iQ SGD aV ³ViOeQced geQe´ ZeUe UePRYed. OQO\

SGD-aQQRWaWed ³VeUified´ aQd ³UQchaUacWeUi]ed´ ORFV ZeUe iQcOXded ZheUeaV ORFV

aQQRWaWed aV ³DXbiRXV´ ZeUe e[cOXded, OeaYiQg a WRWaO Rf 5,883 ORFV ZiWh 5,155 aQd

728 ORFV cOaVVified aV VeUified aQd UQchaUacWeUi]ed, UeVSecWiYeO\. AOO daWaVeWV

aQaO\]ed haYe beeQ UeVWUicWed WR WheVe 5,883 ORFV aQd SUeYiRXV ORF QaPeV WhaW

aSSeaU aV aOiaVeV fRU RQe Rf WheVe ORFV haYe beeQ PaSSed WR WheiU cRUUeVSRQdiQg QeZ

QaPe.

¾Á C]mdler]me   lihj ]f dg]jei[ c]mdlereh

CRPSOe[eV ZeUe WakeQ fURP DaWa FiOe S12 Rf (CRVWaQ]R eW aO., 2016) aQd fiOWeUed fRU

WhRVe cRQWaiQiQg WhUee RU PRUe diffeUeQW SURWeiQ VXbXQiWV, UeVXOWiQg iQ 339 cRPSOe[eV

cRQWaiQiQg 1,897 diffeUeQW SURWeiQV. IQ VRPe aQaO\VeV, UeVXOWV ZeUe cRPSaUed ZiWh aQ

aOWeUQaWiYe \eaVW SURWeiQ cRPSOe[ daWaVeW ZaV dRZQORaded fURP Whe EBI CRPSOe[ PRUWaO

(MeOdaO eW aO., 2019) RQ Ma\ 5Wh 2020, aQd aOVR fiOWeUed fRU WhRVe cRQWaiQiQg WhUee RU

PRUe diffeUeQW SURWeiQ VXbXQiWV.

2
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¾Â Ahhig[i[g dg]jei[ daigqihe c]mbi[aji][h j] i[dipidkal v][eh

The VeaUch VSace Rf aOO SRVVibOe SaiUZiVe cRPbiQaWiRQV Rf SURWeiQV caQ be cOaVVified iQWR

fRXU diffeUeQW ³]RQeV´ baVed RQ WheiU UeOaWiRQVhiS WR Whe cRPSOe[RPe (FigXUe 1A). We

defiQe ZRQe A, Zhich Ze UefeU WR aV Whe iQQeU-cRPSOe[RPe, aV aOO SaiUZiVe cRPbiQaWiRQV

Rf SURWeiQV ZiWhiQ SURWeiQ cRPSOe[eV. SXch SaiUV ZRXOd iQcOXde fRU e[aPSOe RSW4 aQd

RSW5, WZR iQWeUacWiQg VXbXQiWV Rf Whe SURWeaVRPe (FiQOe\ eW aO., 2012), aQd RSV1A aQd

RSV14A Rf Whe UibRVRPe (ScaiROa eW aO., 2018). ZRQe B cRUUeVSRQdV WR SaiUV Rf SURWeiQV

ZheUe each SURWeiQ beORQgV WR a diffeUeQW cRPSOe[. FRU e[aPSOe, Whe RNA SRO\PeUaVe II

(RNA PRO-II) RSb2 VXbXQiW iV caSabOe Rf iQWeUacWiQg ZiWh Whe Tfg2 VXbXQiW Rf Whe

WUaQVcUiSWiRQ facWRU II cRPSOe[ TFIIH (POaVchka eW aO., 2016). ZRQe C UeSUeVeQWV aOO

SaiUZiVe cRPbiQaWiRQV ZheUe RQe SURWeiQ iV iQ a cRPSOe[ aQd Whe RWheU iV QRW. FRU

e[aPSOe, RSO10, a cRPSRQeQW Rf Whe OaUge UibRVRPaO VXbXQiW, iQWeUacWV ZiWh STW1, a

chaSeURQe iPSRUWaQW fRU RSO10 aVVePbO\ iQWR Whe UibRVRPe (EiViQgeU eW aO., 1997).

AQRWheU e[aPSOe ZRXOd be RbS2 Zhich iQWeUacWV ZiWh Rad26, a QXcOeRWide e[ciViRQ

UeSaiU SURWeiQ UecUXiWed WR DNA OeViRQV b\ RNA PRO II (XX eW aO., 2017). FiQaOO\, ZRQe D

cRUUeVSRQdV WR SURWeiQ SaiUV ZheUe QeiWheU SURWeiQ beORQgV WR a cRPSOe[. E[aPSOeV Rf

ZRQe D iQWeUacWiRQV iQcOXde PRVW PPIV ZiWhiQ VigQaO WUaQVdXcWiRQ SaWhZa\V, iQdiYidXaO

chaSeURQeV aQd WheiU cOieQWV RU kiQaVe-VXbVWUaWe SaiUV iQYROYed iQ ceOOXOaU SURceVVeV

VXch aV aXWRShag\.

WhiOe SRSXOaWed b\ UeOaWiYeO\ abXQdaQW SURWeiQV aQd OaUge PROecXOaU Vi]e

PachiQeV, Whe iQQeU-cRPSOe[RPe cRYeUV RQO\ a WiQ\ SURSRUWiRQ Rf Whe fXOO \eaVW

iQWeUacWRPe ³VeaUch VSace´, L.H. aOO a18,000,000 SaiUZiVe cRPbiQaWiRQV beWZeeQ aOO

a6,000 SURWeiQV. FRU e[aPSOe, Whe \eaVW UibRVRPe, Zhich accRXQWV fRU QeaUO\ 20% Rf

Whe SURWeRPic PaVV (LiebeUPeiVWeU eW aO., 2014), iV eQcRded b\ RQO\ 2% Rf aOO geQeV aQd

aOO cRPbiQaWiRQV beWZeeQ UibRVRPaO SURWeiQV cRUUeVSRQd WR a0.04% Rf Whe ZhROe VeaUch

VSace. TRgeWheU Whe 339 cRPSOe[eV iQ RXU cRPSOe[RPe PaS UeSUeVeQW 17,607 SaiUZiVe

cRPbiQaWiRQV beWZeeQ WheiU UeVSecWiYe VXbXQiWV, Zhich cRUUeVSRQdV WR RQO\ a0.1% Rf

Whe SURWeRPe-b\-SURWeRPe VSace. ThiV OeaYeV XV ZiWh a99.9% Rf Whe ZhROe VeaUch
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VSace fRU Whe RXWeU-cRPSOe[RPe, ZiWh iWV WhUee ]RQeV, B, C, aQd D, cRUUeVSRQdiQg WR

10%, 44%, aQd 46% Rf Whe SURWeRPe-b\-SURWeRPe VSace, UeVSecWiYeO\.

¾Ã Ahhembls a[d dehcgidji][ ]f bi]dhshical a[d ge[ejic dajahejh

Y2H-union: Uetz-screen, Ito-core and CCSB-YI1
AV deVcUibed SUeYiRXVO\ (YX eW aO., 2008), UeW]-VcUeeQ iV a VXbVeW Rf PPIV fURP UeW] eW

aO ((IWR eW aO., 2001; UeW] eW aO., 2000) WhaW ZaV RbWaiQed fURP a SURWeRPe-VcaOe

V\VWePaWic Y2H VcUeeQ, e[cOXdiQg a VPaOOeU-VcaOe, UeOaWiYeO\ biaVed, WaUgeWed

e[SeUiPeQW ZiWh a VPaOOeU QXPbeU Rf ZeOO-VWXdied baiW SURWeiQV. IWR-cRUe iV a VXbVeW Rf

PPIV fRXQd WhUee WiPeV RU PRUe iQ IWR eW aO (IWR eW aO., 2001), e[cOXdiQg XQUeOiabOe SaiUV Rf

SURWeiQV fRXQd RQO\ RQce RU WZice. CCSB-Y1 iV a SURWeRPe-VcaOe daWaVeW Rf Y2H PPIV

YaOidaWed XViQg Whe WZR RUWhRgRQaO aVVa\V MAPPIT aQd \PCA (YX eW aO., 2008). AfWeU

UeVWUicWiQg WR PPIV iQYROYiQg Whe 5,883 ORFV (deVcUibed abRYe) Whe daWaVeW Vi]eV aUe aV

fROORZV: UeW]-VcUeeQ: 645 PPIV; IWR-cRUe: 816 PPIV; CCSB-YI: 1,772 PPIV. The XQiRQ Rf

WheVe PaSV (Y2H-XQiRQ) cRQWaiQV 1.933 QRdeV aQd 2,833 PPIV.

Literature-curated biophysical datasets (Lit-NB, Lit-BS, Lit-BM)
LiWeUaWXUe-cXUaWed SaiUV ZeUe RbWaiQed fURP Whe daWabaVeV MINT (LicaWa eW aO., 2012),

IQWAcW (OUchaUd eW aO., 2014), DIP (SaOZiQVki eW aO., 2004), aQd BiRGRID

(ChaWU-AU\aPRQWUi eW aO., 2017). The daWa fiOeV XVed ZeUe Whe 2020-07-14 UeOeaVe fURP

IQWAcW (cRQWaiQiQg daWa fURP IQWAcW, MINT aQd DIP) aQd BiRGRID UeOeaVe 3.5.187 (fURP

2020-06-25). We e[cOXded eYideQce cRUUeVSRQdiQg WR Whe eighW V\VWePaWic,

SURWeRPe-VcaOe cR-cRPSOe[ aVVRciaWiRQ daWaVeWV (GaYiQ eW aO., 2002, 2006; HR eW aO.,

2002; IWR eW aO., 2001; KURgaQ eW aO., 2006; TaUaVVRY eW aO., 2008; UeW] eW aO., 2000; YX eW

aO., 2008). DaWa ZaV fiOWeUed WR eQVXUe YaOid IDV fRU UQiPURW acceVViRQ QXPbeUV, PXbPed

IDV aQd PSI-MI WeUPV. Each Siece Rf eYideQce fRU a SURWeiQ SaiU had WR cRQViVW Rf a

PXbPed ID aQd aQ iQWeUacWiRQ deWecWiRQ PeWhRd cRde iQ Whe PSI-MI cRQWUROOed

YRcabXOaU\ (hWWS://ZZZ.SVideY.iQfR/gURXSV/PROecXOaU-iQWeUacWiRQV). DXSOicaWed eYideQce

caQ aUiVe iQ caVeV ZheUe diffeUeQW VRXUce daWabaVeV cXUaWe Whe VaPe SaSeU. We PeUged

dXSOicaWed eQWUieV fRU each SaiU, aV deWecWed b\ PXOWiSOe SieceV Rf eYideQce ZiWh Whe

VaPe PXbPed ID aQd e[SeUiPeQWaO iQWeUacWiRQ deWecWiRQ cRdeV Zhich aUe eiWheU
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ideQWicaO RU haYe aQ aQceVWRU-deVceQdeQW UeOaWiRQVhiS iQ Whe PSI-MI RQWRORg\. IQ Whe

OaWWeU caVe, Whe PRUe VSecific deVceQdeQW WeUP ZaV aVVigQed WR Whe PeUged eYideQce. IQ

RUdeU WR VeOecW Whe VXbVeW Rf SURWeiQ SaiUV cRUUeVSRQdiQg WR biQaU\ iQWeUacWiRQV (aV

RSSRVed WR cR-cRPSOe[ aVVRciaWiRQV), Ze deYeORSed a PaQXaO cOaVVificaWiRQ Rf Whe

PSI-MI iQWeUacWiRQ deWecWiRQ PeWhRd WeUPV (RROOaQd eW aO., 2014). OXU cOaVVificaWiRQ haV

ViQce beeQ XSdaWed WR cRYeU QeZ e[SeUiPeQWaO PeWhRdV Zhich haYe beeQ added WR Whe

cRQWUROOed YRcabXOaU\ iQ Whe iQWeUYeQiQg WiPe. The PeWhRdV aUe cOaVVified iQWR WhUee

caWegRUieV; µiQYaOid¶, µbiQaU\¶ aQd µQRQ-biQaU\¶. WheUe µiQYaOid¶ cRUUeVSRQdV WR PSI-MI

WeUPV WhaW aUe QRW cRQVideUed YaOid e[SeUiPeQWaO SURWeiQ-SURWeiQ iQWeUacWiRQ deWecWiRQ

PeWhRdV, µbiQaU\¶ cRUUeVSRQdV WR WeUPV WhaW deWecW biQaU\ SURWeiQ-SURWeiQ iQWeUacWiRQV

aQd µQRQ-biQaU\¶ cRUUeVSRQdV WR WeUPV WhaW deWecW SRWeQWiaOO\ iQdiUecW aVVRciaWiRQV. AQ

e[aPSOe WeUP iQ Whe ³iQYaOid´ caWegRU\ iV ³cRORcaOi]aWiRQ´. AOO SURWeiQ SaiUV aQQRWaWed ZiWh

³iQYaOid´ WeUPV ZeUe e[cOXded. µBiQaU\¶ YeUVXV µQRQ-biQaU\¶ eYideQce ZaV XVed WR

caWegRUi]e SURWeiQ SaiUV iQ Whe OiWeUaWXUe-cXUaWed daWaVeW aV fROORZV. PaiUV ZiWh QR biQaU\

e[SeUiPeQWaO eYideQce ZeUe cOaVVified aV ³LiW-NB´, cRUUeVSRQdiQg WR 100,940 SaiUV.

PaiUV ZiWh a ViQgOe Siece Rf biQaU\ eYideQce aQd QR RWheU eYideQce ZeUe cOaVVified aV

³LiW-BS´, cRUUeVSRQdiQg WR 14,477 SaiUV. FiQaOO\, SaiUV ZiWh WZR RU PRUe SieceV Rf

eYideQce iQcOXdiQg aW OeaVW RQe biQaU\ eYideQce ZeUe cOaVVified aV ³LiW-BM´,

cRUUeVSRQdiQg WR 5,589 SaiUV.

PUeYiRXV OiWeUaWXUe-cXUaWed daWaVeWV geQeUaWed iQ 2017 aQd 2013 ZeUe XVed aV a

VRXUce daWaVeW fRU SaiUV e[SeUiPeQWaOO\ WeVWed iQ GPCA, MAPPIT aQd Y2H-Y4 (Vee

EQgiQeeUiQg Rf QeZ Y2H deVWiQaWiRQ YecWRUV) e[SeUiPeQWV. TheVe ZeUe geQeUaWed aQd

SURceVVed aV abRYe ZiWh VPaOO diffeUeQceV. LiW-BM-17 aQd LiW-BS-17 ZeUe RbWaiQed Yia

Whe PeQWha UeVRXUce daWa fiOe daWed AXgXVW 28Wh 2017 (CaOdeURQe eW aO., 2013).

LiW-BM-13/LiW-BS-13/LiW-NB-13 ZeUe geQeUaWed aV deVcUibed SUeYiRXVO\ (RROOaQd eW aO.,

2014). YeaVW PPIV aQQRWaWed WhURXgh DecePbeU 2013 fURP Vi[ VRXUce daWabaVeV: BIND

(BadeU eW aO., 2003), BiRGRID (ChaWU-AU\aPRQWUi eW aO., 2017), DIP (SaOZiQVki eW aO.,

2004), MINT (LicaWa eW aO., 2012), IQWAcW (KeUUieQ eW aO., 2012) aQd PDB (BeUPaQ eW aO.,

2000) ZeUe e[WUacWed aQd SURceVVed XViQg Whe VaPe SURWRcRO.

(KeUUieQ eW aO., 2012)
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Direct PPIs with experimental structures
The PRVW defiQiWiYe SURRf WhaW a SaiU Rf iQWeUacWiQg SURWeiQV aUe iQ Sh\VicaO diUecW cRQWacW

iV Whe aYaiOabiOiW\ Rf a WhUee-diPeQViRQaO (3D) VWUXcWXUe Rf WheiU iQWeUface. We XVed Whe

VXbVeW Rf IQWeUacWRPe3D (MRVca eW aO., 2013) UeVWUicWed WR e[SeUiPeQWaO VWUXcWXUeV,

e[cOXdiQg hRPRORg\ PRdeOV. The daWaVeW fURP Whe JaQXaU\ 2020 UeOeaVe Rf

IQWeUacWRPe3D, UefeUUed WR aV ³I3D-e[S-20´, ZaV XVed fRU PRVW cRPSXWaWiRQaO aQaO\VeV.

The daWaVeW fURP Whe JXQe 2017 UeOeaVe, ³I3D-e[S-17´, ZaV e[SeUiPeQWaOO\ WeVWed iQ iWV

eQWiUeW\ XViQg Y2H Y4 (Vee EQgiQeeUiQg Rf QeZ Y2H deVWiQaWiRQ YecWRUV). The daWe

aVVigQed WR PPIV ZaV RbWaiQed fURP Whe PDB daWabaVe WakiQg WheiU eaUOieVW UeOeaVe daWe

fRU aOO PDB VWUXcWXUeV fURP Whe ³cRPSOeWe´ IQWeUacWRPe3D daWaVeW.

Note on the overlap between I3D-exp-20 and Lit-BM-20 PPIs
TheUe ZeUe a VXUSUiViQgO\ OaUge QXPbeU Rf SaiUV iQ I3D-e[S-20 aQd QRW iQ LiW-BM-20

(1,015 SaiUV iQ Whe diffeUeQce Rf I3D-e[S-20 fURP LiW-BM-20 aQd 746 SaiUV iQ Whe XQiRQ,

Vee FigXUe S1B). TheVe SaiUV aUe PRVWO\ cU\R-EM VWUXcWXUeV (77% EOecWURQ MicURVcRS\

iQ Whe diffeUeQce YV 36% iQ Whe iQWeUVecWiRQ) Rf OaUgeU cRPSOe[eV (PediaQ QXPbeU Rf

eQWiWieV SeU VWUXcWXUe Rf 18 iQ Whe diffeUeQce YV 4 iQ Whe iQWeUVecWiRQ). The UeaVRQ fRU WhiV

iV WhaW iQ Whe geQeUaWiRQ Rf Whe OiWeUaWXUe-cXUaWed daWaVeWV (Vee VecWiRQ LiWeUaWXUe-cXUaWed

biRSh\VicaO daWaVeWV), Ze dRQ¶W XVe Whe VWUXcWXUaO daWa fRU diUecW cRQWacWV, Ze baVe Whe

biQaU\ YV QRQ-biQaU\ diVWiQcWiRQ RQ Whe e[SeUiPeQWaO PeWhRd XVed aQd Ze cOaVVif\

CU\R-EM aV QRQ-biQaU\ ViQce Ze dRQ¶W kQRZ if Whe UeSRUWed SaiUV aUe iQ diUecW cRQWacW RU

QRW.
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STAR Methods Table 1. Tested biophysical datasets
Number of pairs

attempted in:

Category Dataset
Co-complex
associations

Binary
PPIs

Y2H v4 GPCA MAPPIT

E[SeUiPeQWaOO\

deWecWed

CR-cRPSOe[

PURWeRPe [

SURWeRPe

GaYiQ (2002) 3,210 200

GaYiQ (2006) 6,531 200

CYC2008a 11,136 200 405

KURgaQ 7,059 200

HR 3,584 200

LiWeUaWXUe LiW-NB-17 71,260 151

BiQaU\

PURWeRPe [

SURWeRPe

IWR-cRUe 816 738 199 199

UeW]-VcUeeQ 645 470 193 193

CCSB-YI1 1,772 1,536 200 200

TaUaVVRY 2,761 199 199 199

WiWh VWUXcWXUe I3D-e[S-17 1,787 1,231

LiWeUaWXUe

LiW-BS-17 13,981 146 149

LiW-BM-13 4,115 584 168

LiW-BM-17 4,623 4,128

PUedicWed
JaQVeQ 9,870 200

PUePPIb 30,184 200 198

PRS aQd RRS
VcPRS-Y2 108 108 108 108

VcRRS-Y2 198* 198 198 198

YeRI YeRI 1,910 1,910 1,910

a SaiUZiVe cRPbiQaWiRQV Rf SURWeiQV ZiWhiQ each cRPSOe[
b high cRQfideQce VXbVeW

*NegaWiYe cRQWURO Rf UaQdRP SaiUV Rf SURWeiQV

Functional profile similarity networks (PSNs)
GeQeWic iQWeUacWiRQ ViPiOaUiW\ SURfiOe daWa (GI-PSN) ZeUe e[WUacWed fURP CRVWaQ]R HW DO.

2016 (CRVWaQ]R eW aO., 2016). The aYeUage PCC Rf a SaiU ZaV XVed if PXOWiSOe PCCV

ZeUe aYaiOabOe. PaiUV ZiWh PCCV UaQked iQ Whe WRS 1% ZeUe XVed WR geQeUaWe Whe GI
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PSN. CRQdiWiRQ-VeQViWiYiW\ daWa (CS-PSN) ZaV e[WUacWed fURP HiOOeQPe\eU HW DO. 2008

(HiOOeQPe\eU eW aO., 2008). The ORg Rf gURZWh UaWiRV fURP Whe hRPR]\gRXV deOeWiRQ daWa

ZeUe XVed WR caOcXOaWe PCC fRU each SaiU Rf geQeV. PaiUV ZiWh PCCV UaQked iQ Whe WRS

1% ZeUe XVed WR geQeUaWe Whe cRQdiWiRQ-VeQViWiYiW\ PSN. CR-e[SUeVViRQ daWa (CE-PSN)

ZaV dRZQORaded fURP hWWSV://cR[SUeVdb.jS (Oba\aVhi eW aO., 2019). The XQiRQ daWaVeW

(Sce-P.c3-0 Sce-U.c1-0, 2018.11.07) ZaV XVed. PaiUV ZiWh PCCV UaQked iQ Whe WRS 1%

ZeUe XVed WR geQeUaWe Whe cR-e[SUeVViRQ PSN.

STAR Methods Table 2. Numbers of genes and interactions in the top 1%
percentile of the genetic maps

PSN
PCC threshold
(top 1%)

Number of nodes Number of edges

GI 0.12 5,328 134,972

CS 0.42 3,479 65,147

GE 0.57 3,832 99,454

¾Ä Ge[egaji][ ]f hcPRS�pÁ a[d hcRRS�pÁ

DXe WR Whe chaQge iQ \eaVW ORFeRPe XVed, Ze XSdaWed RXU SRViWiYe UefeUeQce VeW

(PRS) aQd UaQdRP UefeUeQce VeW (RRS) fURP RXU RUigiQaO VeW (YX eW aO., 2008). We

QaPed Whe XSdaWed 6DFFKDURP\FHV FHUHYLVLDH SRVLWLYH DQG UDQGRP UefeUeQce VeWV

(VcPRS-Y2 aQd VcRRS-Y2 UeVSecWiYeO\). IQ YX eW aO., 188 PPIV ZiWh fiYe RU PRUe SaSeUV

ZeUe fiQaOi]ed aV PRS caQdidaWeV Rf Zhich 116 had bRWh ORFV iQ Whe cROOecWiRQ aW Whe

WiPe. Of Whe 188 PPIV, Ze fiOWeUed WhRVe SaiUV WR aOVR be iQ LiW-BM-20, WheQ WR haYe bRWh

ORFV iQ Whe FLEXGeQe cROOecWiRQ (HX eW aO., 2007) UeVXOWiQg iQ a fiQaO VcPRS-Y2 Rf 108

PPIV. Of 188 RRS SaiUV iQ YX HW DO., Ze UePRYed aOO ORFV aQQRWaWed aV dXbiRXV, WheQ

UeTXiUed Whe\ haYe bRWh ORFV iQ Whe FLEXGeQe cROOecWiRQ. TR WhaW Ze iQcUeaVed Whe

Vi]e b\ addiQg addiWiRQaO SaiUV UaQdRPO\ VeOecWed fURP Whe VSace Rf aOO SRVVibOe SaiUZiVe

cRPbiQaWiRQV Rf ORFV iQ Whe FLEXGeQe cROOecWiRQ. SiQce Whe RRS iV XVed aV a

QegaWiYe cRQWURO, Ze WheQ fiOWeUed RXW aQ\ SaiUV WhaW aSSeaUed iQ aQ\ Rf Whe e[SeUiPeQWaO
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PPI RU cR-cRPSOe[ aVVRciaWiRQ daWaVeWV, Zhich UeVXOWed iQ UePRYiQg RQe SaiU WhaW

aSSeaUed iQ LiW-NB-20 UeVXOWiQg iQ a fiQaO VcRRS-Y2 Rf 198 SaiUV.

¾Å E[gi[eegi[g ]f [eq YÁH dehji[aji][ pecj]gh

GaWeZa\ cRPSaWibOe 2ȝ high-cRS\ deVWiQaWiRQ YecWRUV SVV212 aQd SVV213 (HaOOe] eW

aO., 2007) ZiWh a GaO4 DNA biQdiQg dRPaiQ aQd a GaO4 acWiYaWiRQ dRPaiQ, UeVSecWiYeO\,

ZeUe PRdified WR be cRPSaWibOe ZiWh RXU VWaQdaUd Y2H YecWRUV SDEST-DB aQd

SDEST-AD-CYH2 (DUe]e eW aO., 2010) ZiWh UeVSecW WR Whe LE82 aQd 7RP1 aV VeOecWabOe

PaUkeUV. The UeVXOWiQg deVWiQaWiRQ YecWRUV SDEST-DB-QZ212 aQd SDEST-AD-QZ213

aOVR caUU\ CAN1 RU C<H2 geQeV aV cRXQWeUVeOecWabOe PaUkeUV, UeVSecWiYeO\. The C<H2

aQd CAN1 cRXQWeUVeOecWabOe PaUkeUV faciOiWaWe SOaVPid VhXffOiQg fRU Whe ideQWificaWiRQ Rf

aXWR-acWiYaWRUV (VidaOaiQ eW aO., 2004). GaWeZa\ LR UeacWiRQV beWZeeQ \eaVW ORFV
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fOaQked b\ aWWL1 aQd aWWL2 ViWeV ZiWh Whe aWWR1 aQd aWWR2 ViWeV Rf SDEST-DB-QZ212

aQd SDEST-AD-QZ213 UeVXOW iQ aWWB1 aQd aWWB2 ViWeV fOaQkiQg \eaVW ORFV QRZ fXVed

dRZQVWUeaP Rf eiWheU Whe GaO4 DB RU GaO4 AD VeTXeQceV Rf Whe UeVSecWiYe deVWiQaWiRQ

YecWRU. See STAR Methods Table 3 fRU deWaiOed iQfRUPaWiRQ.

STAR Methods Table 3. Yeast destination vectors

Name pDEST-DB
pDEST-DB

-QZ212
pDEST-AD

-CYH2
pDEST-AD

-QZ213

Fusion partner
(aa)

GaO4-DB

( 1-147)

GaO4-DB

(1-147)

GaO4-AD

(768-881)

GaO4-AD

(768-881)

Fusion location N-WeUPiQXV N-WeUPiQXV N-WeUPiQXV N-WeUPiQXV

Yeast Promoter
(nt)

TUXQcaWed ADH1

(-701 WR +1)

TUXQcaWed ADH1

(-410 WR +1)

TUXQcaWed ADH1

(-701 WR +1)

TUXQcaWed ADH1

(-410 WR +1)

Yeast replication
of origin

CEN 2ȝ CEN 2ȝ

Linker sequence
between
3’ of Gal4

element and
Gateway cloning

site
(aa)

SRSNQ PEFPS GGSNQ

ICMAYPYDVPDY

ASLGGHMAMEA

PS

Yeast terminator ADH1 TeUP ADH1 TeUP ADH1 TeUP ADH1 TeUP

E. cROL selection
marker

APSiciOOiQ APSiciOOiQ APSiciOOiQ APSiciOOiQ

Yeast
auxotrophic

selection marker
LeXciQe LeXciQe TU\SWRShaQ TU\SWRShaQ
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¾Æ Be[chmagki[g Yeahj Tq]�Hsbgid ¥YÁH¦ ahhas peghi][h

AVVa\ YeUViRQV ZeUe beQchPaUked XViQg VcPRS-Y2 aQd VcRRS-Y2. The QeZ Y2H

YeUViRQ ZiWh deVWiQaWiRQ cORQeV iQ YecWRUV SDEST-DB-QZ212 aQd SDEST-AD-QZ213

ZaV QaPed Y2H YeUViRQ 4 (Y2H Y4). Y2H Y1 - Y3 caQ be fRXQd iQ LXck eW aO, NaWXUe,

2020 (LXck eW aO., 2020a). The SeUfRUPaQce Rf Y2H Y4 ZaV cRPSaUed WR Y2H Y1, Zhich

cRQViVWV Rf deVWiQaWiRQ cORQeV iQ SDEST-AD-C<H2 aQd SDEST-DB, aQd ZaV XVed WR

geQeUaWe CCSB-YI1 (YX eW aO., 2008). The Y2H aVVa\ ZaV SeUfRUPed aV deVcUibed

SUeYiRXVO\ (DUe]e eW aO., 2010; RROOaQd eW aO., 2014). BUiefO\,

Y8930:SDEST-DB-QZ212-ORF aQd Y8800:SDEST-AD-QZ213-ORF haSORid VWUaiQV

ZeUe iQRcXOaWed aQd PaWed. AfWeU eQUichPeQW fRU diSORidV iQ SC-LeX-TUS, diSORidV ZeUe

VSRWWed RQ SC-LeX-TUS-HiV+3AT VROid Pedia, WeVWiQg fRU GAL1::HI63 acWiYaWiRQ aQd RQ a

VeW Rf SC-LeX-HiV+3AT SOaWeV VXSSOePeQWed ZiWh 10 Pg/L c\cORhe[iPide (CHX) WR

ideQWif\ VSRQWaQeRXV DB-ORF aXWR-acWiYaWRUV (DUe]e eW aO., 2010). AfWeU 3 da\V

iQcXbaWiRQ aW 30�C, \eaVW VWUaiQV gURZiQg RQ SC-LeX-TUS-HiV+3AT VROid Pedia aQd QRW

RQ SC-LeX-HiV+3AT+CHX Pedia ZeUe VcRUed aV SRViWiYeV. The iQWeUacWiQg SaiUV ZeUe

ideQWified baVed RQ SOaWe SRViWiRQ.

¾Ç Ge[egaji][ ]f a[ erda[ded seahj ORFe]me c]llecji][

YeaVW FLEXGeQe cORQe cROOecWiRQ (HX eW aO., 2007) Rf fXOO OeQgWh ORFV cORQed iQ eiWheU

SDONR201 RU SDONR221, bRWh KaQR, cRQWaiQV 4,933 ORFV, afWeU UePRYaO Rf

UedXQdaQW ORFV aQd ORFV WhaW QR ORQgeU PaWch SGD-aQQRWaWed ORFV (YeUViRQ 2014)

(hWWSV://ZZZ.\eaVWgeQRPe.RUg/). FRU Whe UePaiQiQg 950 SGD-aQQRWaWed ORFV QRW iQ

YeaVW FLEXGeQe, eQWU\ cORQeV ZeUe geQeUaWed iQ-hRXVe aQd aUe UefeUUed WR aV

VXSSOePeQWaO ORFeRPe cROOecWiRQ. ORF VeTXeQceV ZeUe aPSOified ZiWhRXW WheiU QaWiYe

VWRS cRdRQ VeTXeQceV fURP eiWheU 6. FHUHYLVLDH S288C geQRPic DNA (ORFV ZiWhRXW

iQWURQV) RU cDNA (ORFV cRQWaiQiQg iQWURQV) XViQg KOD high fideOiW\ SRO\PeUaVe

(NRYageQ) aQd 18-20 QXcOeRWide ORF-VSecific fRUZaUd aQd UeYeUVe PCR SUiPeUV WaiOed

ZiWh GaWeZa\ aWWB1 aQd aWWB2 VeTXeQceV

aWWB1 FRUZaUd SUiPeU WaiO 5¶ GGGGACAAGTTTGTACAAAAAAGCAGGCTCCACC

aWWB2 ReYeUVe SUiPeU WaiO 5¶ GGGGACCACTTTGTACAAGAAAGCTGGGTCCTA

fURP HX eW aO (HX eW aO., 2007), UeVSecWiYeO\, eVVeQWiaOO\ aV deVcUibed (RXaO eW aO., 2004).
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The CTA VeTXeQce iQ Whe GaWeZa\ WaiO Rf Whe UeYeUVe SUiPeU SURYided a V\QWheWic VWRS

cRdRQ fRU aOO ORFV. APSOified ORFV ZeUe WUaQVfeUUed WR SDONR223 (SSecR) b\

GaWeZa\ BP UecRPbiQaWiRQ cORQiQg (IQYiWURgeQ) aQd WUaQVfRUPed iQWR chePicaOO\

cRPSeWeQW DH5Į E. FROL ceOOV. SaQgeU VeTXeQciQg Rf PCR SURdXcWV, geQeUaWed ZiWh

XQiYeUVaO fRUZaUd aQd UeYeUVe SUiPeUV, ZaV XVed WR cRQfiUP Whe ideQWiW\ Rf aOO cORQed

ORFV aV deVcUibed (RXaO eW aO., 2004). 921 ORFV ZeUe RbWaiQed XViQg WhiV aSSURach.

¾È ORFe]me cl][i[g i[ YÁH dehji[aji][ pecj]gh

TR geQeUaWe aQ aUUa\ed OibUaU\ Rf DB-ORF aQd AD-ORF h\bUid SURWeiQV, Whe \eaVW ORFV

ZeUe WUaQVfeUUed iQWR bRWh deVWiQaWiRQ YecWRUV, SDEST-DB-QZ212 aQd

SDEST-AD-QZ213, b\ GaWeZa\ LR UecRPbiQaWiRQ cORQiQg (IQYiWURgeQ). GaWeZa\ LR

UeacWiRQ SURdXcWV ZeUe WUaQVfRUPed iQWR DH5Į E. FROL ceOOV, SOaVPid DNA ZaV e[WUacWed

aQd XVed WR WUaQVfRUP \eaVW VWUaiQV. SDEST-DB-QZ212 aQd SDEST-AD-QZ213

e[SUeVViRQ cORQeV ZeUe WUaQVfRUPed iQWR \eaVW VWUaiQV MA7Į Y8930 aQd MA7a Y8800,

UeVSecWiYeO\ (DUe]e eW aO., 2010).

¾À¿ Akj]�acjipaj]g dejecji][ f]g filjegi[g bef]ge YÁH hcgee[i[g

We WeVWed fRU aXWR-acWiYaWiRQ Rf Whe GAL1::HI63 UeSRUWeU geQe b\ AD-ORF RU DB-ORF

fXViRQ SURWeiQV iQ bRWh haSORid aQd diSORid \eaVW ceOOV. TR ideQWif\ aXWR-acWiYaWRU cORQeV iQ

haSORid \eaVW, Y8930:DB-ORF aQd Y8800:AD-ORF VWUaiQV ZeUe gURZQ WR VaWXUaWiRQ iQ

SC PediXP OackiQg LeXciQe (SC-LeX) RU TU\SWRShaQ (SC-TUS), UeVSecWiYeO\. AfWeU 24

hRXUV Rf iQcXbaWiRQ, Y8930:DB-ORF aQd Y8800:AD-ORF haSORidV ZeUe VSRWWed RQ

SC-LeX-HiV+3AT RU SC-TUS-HiV+3AT WR WeVW fRU GAL1::HI63 acWiYaWiRQ. ViabiOiW\ Rf Whe

haSORidV ZaV cRQfiUPed ZiWh gURZWh RQ SC-LeX RU SC-TUS, UeVSecWiYeO\.

TR ideQWif\ aXWR-acWiYaWRUV iQ diSORid \eaVW, MA7Į Y8930:DB-ORF aQd MA7a
Y8800:AD-ORF VWUaiQV ZeUe PaWed agaiQVW WheiU UeVSecWiYe RSSRViWe PaWiQg W\Se

VWUaiQV caUU\iQg Whe cRUUeVSRQdiQg deVWiQaWiRQ YecWRUV ZiWhRXW aQ\ fXVed ORFV. MaWiQg

ZaV cRQdXcWed iQ Uich PediXP, YEPD, aQd UeVXOWiQg diSORidV ZeUe eQUiched fROORZiQg

gURZWh iQ SC-LeX-TUS. DiSORidV ZeUe VSRWWed RQ SC-LeX-TUS-HiV+3AT, WR WeVW fRU

GAL1::HI63 acWiYaWiRQ, aQd RQ SC-LeX-TUS WR cRQfiUP Whe YiabiOiW\ Rf Whe diSORidV. FRU
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bRWh haSORidV aQd diSORidV, afWeU iQcXbaWiRQ aW 30�C fRU 3-4 da\V, VWUaiQV gURZiQg iQ Whe

abVeQce Rf hiVWidiQe ZeUe cRQVideUed aXWR-acWiYaWRUV. 560 DB-ORFV aQd 1 AD-ORF

ZeUe UePRYed fURP Whe fiQaO VcUeeQiQg cROOecWiRQ.

The UePaiQiQg DB-ORF aQd AD-ORF cORQeV ZeUe Ue-aUUa\ed iQWR fRXU diffeUeQW

gURXSV WR VeSaUaWe ORFV ZiWh ViPiOaU QXcOeRWide VeTXeQceV, defiQed aV BLAST VcRUeV

Rf 100 aQd abRYe. SeSaUaWiRQ Rf ViPiOaU ORFV PakeV Whe dRZQVWUeaP VeTXeQce

ideQWificaWiRQ Rf Whe VhRUW NGS UeadV PRUe accXUaWe, aV Whe UeadV aUe aOigQed WR VSecific

gURXSV Rf ORFV ZiWhRXW VeTXeQce aPbigXiW\. FiOWeUiQg fRU SaiUV WhaW SaVVed

aXWRacWiYaWRU VcUeeQiQg aQd VXcceVVfXO cORQiQg UeVXOWed iQ a fiQaO cROOecWiRQ Zhich ZaV

WheQ XVed fRU V\VWePaWic VcUeeQiQg iQcOXded 4,778 DB-ORF cORQeV aQd 5,700 AD-ORF

cORQeV, cRYeUiQg a WRWaO Rf 5,854 \eaVW ORFV.

¾ÀÀ Pgimags seahj jq]�hsbgid ¥YÁH¦ hcgee[i[g

ThUee UeSOicaWe Y2H VcUeeQV ZeUe SeUfRUPed. IQdiYidXaO MA7Į Y8930:DB-ORFV ZeUe

PaWed iQ YEPD agaiQVW a SRRO Rf a700 (FLEXGeQe cROOecWiRQ) RU a200 (VXSSOePeQWaO

cROOecWiRQ) MA7a Y8800:AD ORFV. AD-ORF SRRO Vi]e ZaV decUeaVed fRU Whe

VXSSOePeQWaO cROOecWiRQ WR faciOiWaWe VcUeeQiQg. AfWeU eQUichPeQW iQ SC-LeX-TUS, 5�O Rf

Whe cXOWXUe ZaV VSRWWed RQ SC-LeX-TUS-HiV+3AT VROid Pedia aQd RQ SC-LeX-HiV+3AT+

10Pg/L CHX WR ideQWif\ VSRQWaQeRXV DB-ORF aXWR-acWiYaWRUV (DUe]e eW aO., 2010). AfWeU

iQcXbaWiRQ aW 30�C fRU 3 da\V, VWUaiQV gURZiQg RQ SC-LeX-TUS-HiV+3AT bXW QRW RQ

SC-LeX-HiV+3AT+CHX ZeUe Sicked aQd gURZQ iQ OiTXid SC-LeX-TUS. AV Ze XVed

OibUaUieV Rf SRROV Rf MA7a Y8800:AD-ORF, iW iV SRVVibOe WR RbWaiQ PRUe WhaQ RQe

iQWeUacWiRQ SeU PiQi-OibUaU\. TR accRXQW fRU WhaW, Ze Sicked XS WR WhUee cRORQieV SeU

gURZWh VSRW. CeOO O\VaWeV ZeUe SUeSaUed fURP Whe VaWXUaWed cXOWXUeV aQd XVed aV

WePSOaWeV iQ PCR UeacWiRQV WR aPSOif\ aQd ideQWif\ Whe baiW aQd SUe\ VeTXeQceV (DUe]e

eW aO., 2010).

¾ÀÁ Yeahj c]l][s hefke[ci[g

TR efficieQWO\ aQd cRVW-effecWiYeO\ ideQWif\ bRWh baiW aQd SUe\ SURWeiQV fRU WhRXVaQdV Rf

SRViWiYe cRORQieV, Ze XVed a PeWhRd caOOed SWIM-VeT (ShaUed-WeOO IQWeUacWiRQ
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MaSSiQg b\ VeTXeQciQg) aV deVcUibed (LXck eW aO., 2020a). BUiefO\, DB aQd AD-ORFV

ZeUe ViPXOWaQeRXVO\ aPSOified fURP 3ȝO \eaVW O\VaWe, XViQg ZeOO-VSecific SUiPeUV. PCR

UeacWiRQV ZeUe SeUfRUPed XViQg POaWiQXP TaT (Life TechQRORgieV). AfWeU PCR

aPSOificaWiRQ, baUcRded PCR SURdXcWV fURP aQ eQWiUe 96 ZeOO SOaWe ZeUe SRROed WRgeWheU

aQd SXUified (QiageQ, PCR PXUificaWiRQ KiW). TheVe SRROed aPSOicRQV fURP each SOaWe

ZeUe VXbjecWed WR Ne[WeUa ³WagPeQWaWiRQ´ XViQg TQ5 WUaQVSRVaVe WR geQeUaWe a OibUaU\

Rf aPSOicRQV ZiWh UaQdRP bUeakV WR Zhich Whe adaSWeUV haYe beeQ OigaWed (WeiOe eW aO.,

2017). We WheQ Ue-aPSOified WhRVe fUagPeQWV WR geQeUaWe a OibUaU\ Rf aPSOicRQV VXch

WhaW RQe eQd Rf each aPSOicRQ beaUV Whe ZeOO-VSecific Wag aQd Whe RWheU ³OaddeU´ eQd

beaUV Whe Ne[WeUa adaSWeU. A fiQaO IOOXPiQa VeTXeQciQg OibUaU\ ZaV SUeSaUed b\ addiQg

SOaWe iQde[eV XViQg Whe i5 aQd i7 IOOXPiQa adaSWeU VeTXeQceV. Ne[W geQeUaWiRQ

VeTXeQciQg ZaV SeUfRUPed ZiWh IOOXPiQa SROe[a WechQRORg\ aOORZiQg fRU ideQWificaWiRQ Rf

iQWeUacWiQg fiUVW SaVV SaiUV Rf SURWeiQV (FiPPV) (Vee SeTXeQce ideQWificaWiRQ Rf iQWeUacWiQg

ORFV). DXe WR Whe VPaOO QXPbeU Rf SaiUV WR be ideQWified, iQWeUacWiQg SaiUV fURP Whe fiUVW

VcUeeQ Rf Whe VXSSOePeQWaO VSace ZeUe aPSOified ZiWh Whe XQiYeUVaO AD aQd DB fRUZaUd

aQd UeYeUVe SUiPeUV aQd ORF VeTXeQceV ZeUe ideQWified b\ SaQgeU VeTXeQciQg

(GeQeZi]). AOO SWIM-SUiPeUV (STAR Methods Table 4) ZeUe V\QWheVi]ed b\ TheUPR

FiVheU ScieQWific, ZheUeaV Whe XQiYeUVaO AD, DB aQd WeUP SUiPeUV ZeUe V\QWheVi]ed b\

EXURfiQV GeQRPicV.
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STAR Methods Table 4. Primers used (Ns denotes 13-mer well index)

AD DB

SWIM Universal SWIM Universal

Forward 5'-AGACGTGTGCTC

TTCCGATCT

NNNNNNNNNNNNN

CGATGATGAA

GATACCCCACCA-3¶

5'-CGCGTTTGGA

ATCACTACAGG

G-3¶

5'-AGACGTGTGCTCTT

CCGATCT

NNNNNNNNNNNNNGG

TCAAAGACA

GTTGACTGTATCGT-3¶

5'-GGCTTCAG

TGGAGACTG

ATATGCCTC-3

¶

Reverse 5'-GGAGACTTGACC

AAACCTCTGGCG-3¶

5'-GGAGACTTGA

CCAAACCTCTG

GCG-3¶

5'-GGAGACTTGACCAA

ACCTCTGGCG-3¶

5'-GGAGACTT

GACCAAACC

TCTGGCG-3¶

¾ÀÂ Paigqihe jehj

TR cRQfiUP aOO FiPPV, a SaiUZiVe WeVW ZaV SeUfRUPed iQ Whe VaPe DB-X/AD-Y RUieQWaWiRQ

Whe\ ZeUe fRXQd iQ Whe SUiPaU\ VcUeeQV. BUiefO\, gO\ceURO VWRckV fURP Y8930:DB-ORF

aQd Y8800:AD-ORF haSORid VWUaiQV ZeUe iQRcXOaWed iQ SC-LeX RU SC-TUS, UeVSecWiYeO\.

SaWXUaWed cXOWXUeV ZeUe PaWed iQ YEPD. AfWeU eQUichPeQW fRU diSORidV, \eaVW ZeUe

VSRWWed RQ SC-LeX-TUS-HiV+1 PM 3AT VROid Pedia, WeVWiQg fRU GAL1::HI63 acWiYaWiRQ.

PUeOiPiQaU\ iQYeVWigaWiRQV XViQg fRXU WechQicaO UeSOicaWeV dePRQVWUaWed WhaW iQ 97% Rf

Whe caVeV, Whe TXadUXSOicaWeV behaYed ideQWicaOO\ (daWa QRW VhRZQ). TheUefRUe, giYeQ

Whe high UeSURdXcibiOiW\ Rf WechQicaO UeSOicaWeV, Whe cXOWXUe ZaV VSRWWed RQO\ RQce SeU

VeOecWiYe Pedia. TR iQcUeaVe Whe URbXVWQeVV Rf RXU aSSURach Ze iPSOePeQWed aQ

addiWiRQaO WeVW WR ideQWif\ GH QRYR aXWR-acWiYaWRUV iQ Zhich Y8930:DB-ORF VWUaiQV ZeUe

PaWed agaiQVW a Y8800:AD ZiWh QR ORF fXVed WR Whe acWiYaWiRQ dRPaiQ

(Y8800:AD-EPSW\ ORF) aQd VSRWWed RQ SC-LeX-TUS-HiV+1 PM 3AT VROid Pedia.

DiSORidV WhaW gaYe UiVe WR gURZWh RQ SC-LeX-TUS-HiV+1 PM 3AT Pedia, bXW did QRW gURZ

ZheQ Whe UeVSecWiYe Y8930:DB-ORF ZaV PaWed WR Y8800:AD-EPSW\ ORF, ZeUe

VeOecWed aV SRViWiYe iQWeUacWiQg SaiUV Rf SURWeiQV. PRViWiYe SURWeiQ SaiUV ZeUe VeTXeQce
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cRQfiUPed aV dRQe fRU Whe SUiPaU\ VcUeeQV aV deVcUibed abRYe. AV SRViWiYe aQd

QegaWiYe cRQWUROV, Whe VcPRS-Y2 aQd VcRRS-Y2 SaiUV ZeUe diVWUibXWed UaQdRPO\ acURVV

Whe UeVSecWiYe PaWiQg SOaWeV aQd WeVWed aW Whe VaPe WiPe. FRU a baWch Rf SaiUZiVe WeVWiQg

WR be cRQVideUed VXcceVVfXO Ze UeTXiUed QR PRUe WhaQ 1% Rf RRS aQd beWZeeQ 10-25%

Rf PRS WR be VcRUed SRViWiYe.

¾ÀÃ Validaji][ i[ ]gjh]g][al ahhash

TR aVVeVV Whe SUeciViRQ Rf YaUiRXV daWaVeWV (VeQkaWeVaQ eW aO., 2009), PPIV ZeUe

YaOidaWed iQ WZR RUWhRgRQaO aVVa\V: MaPPaOiaQ SURWeiQ-SURWeiQ iQWeUacWiRQ WUaS

(MAPPIT) (E\ckeUPaQ eW aO., 2001) aQd GDXVVLD SULQFHSV OXcifeUaVe SURWeiQ

cRPSOePeQWaWiRQ aVVa\ (GPCA) (CaVVRQQeW eW aO., 2011a). AV SRViWiYe aQd QegaWiYe

cRQWUROV, Ze XVed SaiUV Rf VcPRS-Y2 aQd VcRRS-Y2 UeVSecWiYeO\. FRU bRWh aVVa\V,

e[SUeVViRQ cORQeV ZeUe geQeUaWed b\ GaWeZa\ LR UecRPbiQaWiRQ cORQiQg aV deVcUibed

abRYe. E[SUeVViRQ cORQeV fRU GPCA ZeUe geQeUaWed b\ WUaQVfeUUiQg ORFV iQWR

SSPICA-N1 aQd SSPICA-N2 deVWiQaWiRQ YecWRUV (CaVVRQQeW eW aO., 2011a), each

e[SUeVViQg a diffeUeQW fUagPeQW Rf hXPaQi]ed GDXVVLD SULQFHSV OXcifeUaVe (GL1 aQd

GL2) (TaQQRXV eW aO., 2005). MAPPIT e[SUeVViRQ cORQeV ZeUe geQeUaWed b\ LR WUaQVfeU

Rf ORFV iQWR SMBU-I-2994 aQd SMBU-I-4199 deVWiQaWiRQ YecWRUV (E\ckeUPaQ eW aO.,

2001). AfWeU WUaQVfRUPaWiRQ Rf aOO e[SUeVViRQ cORQeV iQWR DH5Į E. FROL ceOOV, SOaVPid DNA

ZaV e[WUacWed aQd SXUified XViQg QiageQ 96 TXUbR kiWV (QiageQ) RQ a BiRRRbRW 8000

(QiageQ). ThUee diffeUeQW GPCA aQd WZR diffeUeQW MAPPIT e[SeUiPeQWV ZeUe SeUfRUPed.

GPCA
GPCA e[SeUiPeQWV ZeUe SeUfRUPed aV deVcUibed SUeYiRXVO\ (CaVVRQQeW eW aO., 2011b).

BUiefO\, RQ Whe fiUVW da\ Rf Whe aVVa\, a30,000 WR 40,000 HEK293T ceOOV ZeUe Veeded iQ

each ZeOO Rf a 96 ZeOO PicURWiWeU SOaWe (GUeiQeU BiR-OQe). DNA cRQceQWUaWiRQ ZaV

PeaVXUed fRU aOO cORQeV aQd VaPSOeV ZeUe diOXWed WR a fiQaO cRQceQWUaWiRQ Rf 25Qg/ȝO.

AfWeU a 24-hRXU iQcXbaWiRQ aW 37�C, cRQfOXeQW ceOOV ZeUe WUaQVfecWed ZiWh 300Qg Rf

SSPICA-N1-ORF aQd SSPICA-N2-ORF YecWRUV XViQg SRO\eWh\OeQiPiQe (PEI). AfWeU a

VecRQd 24-hRXU iQcXbaWiRQ aW 37�C, ceOOV ZeUe ZaVhed ZiWh PBS VXSSOePeQWed ZiWh

caOciXP aQd PagQeViXP chORUide. TR O\Ve Whe ceOOV 40ȝO Rf 5[ diOXWed ReQiOOa O\ViV bXffeU
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(PURPega) ZeUe added WR each ZeOO. The SOaWe ZaV WheQ cRYeUed ZiWh aOXPiQXP fRiO aQd

agiWaWed aW 900 USP fRU 30 PiQXWeV aW 37�C fRU ceOO O\ViV. LXcifeUaVe acWiYiW\ ZaV

PeaVXUed RQ a TUiSWaU BeUWhROd MicURSOaWe UeadeU b\ addiQg 50ȝO SeU ZeOO Rf ReQiOOa

OXcifeUaVe VXbVWUaWe (ReQiOOa LXcifeUaVe AVVa\ S\VWeP, PURPega), ZiWh a PeaVXUePeQW

WiPe Rf 4 VecRQdV. The PeaVXUePeQW VcRUe, RLU (UeOaWiYe OighW XQiW), ZaV aVVigQed WR

Whe WeVWed SaiU.

MAPPIT
AV aQ RUWhRgRQaO YaOidaWiRQ aVVa\, MAPPIT e[SeUiPeQWV ZeUe SeUfRUPed aV deVcUibed

eOVeZheUe (LXck eW aO., 2020b; RROOaQd eW aO., 2014). IQ VhRUW, HEK293T ceOOV ZeUe

gURZQ iQ 384-ZeOO SOaWeV aQd cR-WUaQVfecWed ZiWh a OXcifeUaVe UeSRUWeU aQd SOaVPidV fRU

bRWh baiW aQd SUe\ fXViRQ SURWeiQV. TZeQW\-fRXU hRXUV SRVW-WUaQVfecWiRQ, ceOOV ZeUe eiWheU

VWiPXOaWed ZiWh OigaQd (eU\WhURSRieWiQ) RU OefW XQWUeaWed, WheQ iQcXbaWed fRU aQ addiWiRQaO

24 hRXUV befRUe OXcifeUaVe acWiYiW\ ZaV PeaVXUed iQ dXSOicaWe. The MAPPIT YaOidaWiRQ

e[SeUiPeQW ZaV deePed YaOid, if bRWh baiW aQd SUe\ ZeUe VXcceVVfXOO\ cORQed iQWR

e[SUeVViRQ YecWRUV aQd baiW e[SUeVViRQ ZaV deWecWed XViQg a chePiOXPiQeVceQce

PeWeU. ³FROd-iQdXcWiRQ´ YaOXeV (VigQaO fURP VWiPXOaWed ceOOV diYided b\ VigQaO fURP

XQVWiPXOaWed ceOOV) ZeUe caOcXOaWed fRU each WeVWed SaiU, aQd WZR QegaWiYe cRQWUROV (QR

baiW ZiWh SUe\ aQd baiW ZiWh QR SUe\). Each WeVWed SaiU ZaV aVVigQed a TXaQWiWaWiYe

VcRUe: Whe fROd-iQdXcWiRQ YaOXe Rf Whe SaiU diYided b\ Whe Pa[iPXP Rf Whe fROd-iQdXcWiRQ

YaOXe Rf Whe WZR QegaWiYe cRQWUROV.

Erdegime[jal be[chmagki[g ]f dkblic PPI dajahejh

PPIV e[WUacWed fURP Whe biRSh\VicaO PaSV deVcUibed iQ STAR Methods Table 1 haYe

beeQ WeVWed iQ aVVa\V Y2H Y4, GPCA aQd MAPPIT fROORZiQg Whe VaPe e[SeUiPeQWaO

SURcedXUeV aV deVcUibed abRYe. A VXPPaU\ Rf Whe QXPbeU Rf WeVWed SaiUV iQ each

daWaVeW iV aYaiOabOe iQ STAR Methods Table 1. SaPSOeV, if XVed, ZeUe dUaZQ UaQdRPO\.

¾ÀÄ Digecj ]g i[digecj c][jacj i[ a c]mdler hjgkcjkge

We TXeUied IQWeUacWRPe3D (YeUViRQ 2020_01) (MRVca eW aO., 2013) fRU cRPSOe[eV

iQYROYiQg WhUee RU PRUe SURWeiQV ZiWh aQ e[SeUiPeQWaO VWUXcWXUe aYaiOabOe. FRU aOO
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cRPbiQaWiRQV Rf SURWeiQ SaiUV ZiWhiQ a cRPSOe[, IQWeUacWRPe3D caOcXOaWed Whe QXPbeU Rf

UeVidXe-UeVidXe cRQWacWV b\ accRXQWiQg fRU h\dURgeQ bRQdV, YaQ deU WaaOV iQWeUacWiRQV,

aQd VaOW aQd diVXOfide bUidgeV. We defiQed SURWeiQ SaiUV ZiWh fiYe RU PRUe cRQWacWV aV

diUecW, aQd UePaiQiQg SaiUV aV iQdiUecW. UViQg WhiV aQQRWaWiRQ fRU each daWaVeW, Whe

fUacWiRQ Rf diUecW PPIV ZaV caOcXOaWed aV Whe QXPbeU Rf diUecW PPIV UeSRUWed iQ Whe

daWaVeW diYided b\ Whe QXPbeU Rf diUecW aQd iQdiUecW SaiUV UeSRUWed iQ Whe daWaVeW.

¾ÀÅ Kd dajahej

YeaVW PPIV ZiWh PeaVXUed diVVRciaWiRQ cRQVWaQW (KG) YaOXeV ZeUe RbWaiQed fURP Whe

PDBbiQd daWabaVe (LiX eW aO., 2015) 2017 UeOeaVe aQd fURP (KaVWUiWiV eW aO., 2011). IQ Whe

caVe ZheUe PXOWiSOe YaOXeV e[iVWed fRU a SaiU, Whe geRPeWUic PeaQ ZaV XVed.

¾ÀÆ PPIh i[ KEGG dajhqash a[d i[ jhe f]kg g]ld hja[dagd i[[eg� a[d

]kjeg�c]mdler]me dajahejh

We cROOecWed PPIV fURP KEGG aQQRWaWed aV acWiYaWiRQ, iQhibiWiRQ, ShRVShRU\OaWiRQ,

deShRVShRU\OaWiRQ, XbiTXiWiQaWiRQ, gO\cRV\OaWiRQ, PeWh\OaWiRQ, biQdiQg/aVVRciaWiRQ,

cRPSOe[ aV defiQed b\ KEGG. GeQe e[SUeVViRQ UeOaWiRQV aQd eQ]\Pe-eQ]\Pe UeOaWiRQV

ZeUe e[cOXded. The fRXU gROd VWaQdaUd iQQeU- aQd RXWeU-cRPSOe[RPe PPI daWaVeWV aUe:

i) diUecW cR-cRPSOe[ PPIV XViQg Whe iQWeUVecWiRQ beWZeeQ SURWeiQ cRPSOe[ daWaVeW

cROOecWed b\ CRVWaQ]R HW DO. 2016 fiOWeUed ZiWh WhUee RU PRUe VXbXQiWV aQd diUecW

iQWeUacWiRQV fURP IQWeUacWRPe3D (DiUecW cR-cRPSOe[); ii) cR-cRPSOe[ SaiUV aQQRWaWed iQ 5

KEGG \eaVW SaWhZa\V CeOO C\cOe, MeiRViV, MAPK SigQaOiQg SaWhZa\, AXWRShag\ aQd

MiWRShag\ (KEGG cR-cRPSOe[); iii) PPIV UegXOaWiQg acWiYaWiRQ RU iQhibiWiRQ fURP Whe

VaPe 5 KEGG \eaVW SaWhZa\V (KEGG UegXOaWiRQ); aQd iY) high-TXaOiW\ kiQaVe-VXbVWUaWe

SaiUV fURP Whe YeaVW KID daWabaVe (hWWS://ZZZ.PRVeVOab.cVb.XWRURQWR.ca/KID/)

(ShaUifSRRU eW aO., 2011) ZiWh VcRUe gUeaWeU RU eTXaO WR 6.4 (S-YaOXe < 0.01)

(KiQaVe-VXbVWUaWe).
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¾ÀÇ Lihj ]f ge[eh ]f k[k[]q[ fk[cji][

A OiVW Rf 979 6. FHUHYLVLDH geQeV Rf XQkQRZQ fXQcWiRQ ZaV RbWaiQed fURP TabOe S9 Rf

WRRd eW aO. 2019 (WRRd eW aO., 2019), Rf Zhich 950 ZeUe ZiWhiQ Whe OiVW Rf \eaVW ORFV

cRQVideUed fRU WhiV VWXd\ (Vee VecWiRQ YeaVW SURWeiQ-cRdiQg ORFV).

¾ÀÈ Pg]jei[ dg]degjieh

1. NXPbeU Rf SXbOicaWiRQV SeU geQe ZaV e[WUacWed fURP Whe geQe2SXbPed fiOe fURP

NCBI, dRZQORaded RQ 2018-08-01.

2. PURWeiQ abXQdaQce iQfRUPaWiRQ ZaV dRZQORaded fURP Pa[DB (hWWSV://Sa[-db.RUg)

XQdeWecWed SaiUV ZeUe giYeQ aQ abXQdaQce Rf 0.

3. GeQe eVVeQWiaOiW\ iQfRUPaWiRQ ZaV dRZQORaded fURP Whe 6DFFKDURP\FHV

GeQRPe DeOeWiRQ PURjecW (hWWSV://ZZZ.\eaVWgeQRPe.RUg).

4. CRQVeUYaWiRQ VcRUe ZaV deUiYed b\ cRPbiQiQg daWa fURP HRPRORGeQe

(fWS://fWS.Qcbi.Qih.gRY/SXb/HRPRORGeQe/bXiOd68) aQd (CaUYXQiV eW aO., 2012). FRU a

geQe ZiWh hRPRORgV iQ HRPRORGeQe, iWV cRQVeUYaWiRQ VcRUe iV Whe QXPbeU Rf

diVWiQcW QRQ-6. FHUHYLVLDH VSecieV WhaW iW VhaUeV Whe VaPe hRPRORgeQe gURXS ZiWh

SOXV 9, aVVXPiQg WhaW iW iV cRQVeUYed iQ Whe 10 AVcRP\cRWa VSecieV. FRU geQeV

ZiWhRXW hRPRORgV iQ HRPRORGeQe, Ze XVed cOaVVificaWiRQ SURSRVed iQ CaUYXQiV

HW DO ZheUe geQeV ZeUe VcRUed fURP 1-10 baVed RQ WheiU cRQVeUYaWiRQ WhURXghRXW

Whe AVcRP\cRWa Sh\ORgeQ\. GeQeV ZiWhRXW hRPRORgV iQ HRPRORGeQe aQd WhaW

did QRW aSSeaU iQ Whe CaUYXQiV daWa ZeUe giYeQ a VcRUe Rf 0.

5. FUacWiRQ Rf iQWUiQVic diVRUdeU Rf a SURWeiQ ZaV caOcXOaWed aV Whe OeQgWh Rf iWV

diVRUdeUed UegiRQ aV SUedicWed b\ IUPUed2A (hWWSV://iXSUed2a.eOWe.hX) diYided b\

iWV WRWaO OeQgWh.

6. CRPSOe[ Vi]e ZaV Whe QXPbeU Rf diffeUeQW SURWeiQ VXbXQiWV WakeQ fURP Whe

cRPSOe[RPe daWaVeW. If a SURWeiQ ZaV a PePbeU Rf PXOWiSOe cRPSOe[eV, Whe Vi]e

Rf Whe OaUgeVW cRPSOe[ ZaV XVed.

QUANTIFICATION AND STATISTICAL ANALYSIS
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¾Á¿ Tgeajme[j ]f hejeg]dimegh a[d h]m]dimegh

UQOeVV RWheUZiVe QRWed, hRPRdiPeUV ZeUe e[cOXded fURP PRVW aQaO\VeV ViQce

cRPSaUiVRQV beWZeeQ Sh\VicaO iQWeUacWiRQV aQd fXQcWiRQaO UeOaWiRQVhiSV aUe RbYiRXVO\

QRW aSSOicabOe WR ViQgOe geQeV (aOO PCC YaOXeV Rf fXQcWiRQaO SURfiOeV ZRXOd be 1.0 b\

defiQiWiRQ).

¾ÁÀ Calcklaji][ ]f gec]pegs gajeh i[ YÁH pÃ� MAPPIT a[d GPCA

IQ MAPPIT aQd GPCA aVVa\V, SaiUV ZeUe VcRUed SRViWiYe RU QegaWiYe baVed RQ

WhUeVhROdV VeW b\ Whe higheVW VcRUiQg VcRRS-Y2 SaiU iQ Whe cRUUeVSRQdiQg e[SeUiPeQW.

FRU aOO WhUee aVVa\V, SaiUV ZiWhRXW YaOid TXaQWiWaWiYe VcRUeV ZeUe dURSSed, aQd UecRYeU\

UaWeV ZeUe caOcXOaWed aV Whe QXPbeU Rf SRViWiYe SaiUV RYeU Whe VXP Rf Whe SRViWiYe aQd

QegaWiYe SaiUV. The eUURU baUV RQ Whe UecRYeU\ UaWeV ZeUe caOcXOaWed XViQg a Ba\eViaQ

PRdeO (a biQRPiaO OikeOihRRd ZiWh a XQifRUP SUiRU), WakiQg Whe ceQWUaO 68.27% iQWeUYaO Rf

BHWD (S + 1, Q + 1), ZheUe S aQd Q aUe Whe QXPbeU Rf SaiUV WeVWiQg SRViWiYe aQd QegaWiYe,

UeVSecWiYeO\. P-YaOXeV fRU diffeUeQce iQ UecRYeU\ beWZeeQ WZR daWaVeWV WeVWed iQ Whe

VaPe e[SeUiPeQW aUe caOcXOaWed XViQg FiVheU¶V e[acW WeVW, WZR-Vided iQ aOO caVeV e[ceSW

ZheQ WeVWiQg a daWaVeW agaiQVW Whe VcPRS-Y2 / VcRRS-Y2 SRViWiYe RU QegaWiYe cRQWUROV,

ZheUe a RQe-Vided WeVW iV XVed.

¾ÁÁ Calcklaji][ ]f i[jegface ageah ]f PPIh

We UeWUieYed e[SeUiPeQWaO VWUXcWXUeV XViQg IQWeUacWRPe3D YeUViRQ 2018_04 (MRVca eW

aO., 2013). FRU each VXbXQiW iQ a cRPSOe[ VWUXcWXUe, Ze defiQed iWV iQWeUacWiRQ iQWeUface

aV Whe UeVidXeV fRU Zhich Whe AcceVVibOe SXUface AUea (ASA) chaQged PRUe WhaQ 1Å2

beWZeeQ Whe bRXQd aQd XQbRXQd VWaWe.

¾ÁÂ I[jegacji][ ÁD hihj]ggam heaj madh

FRU a SaUWicXOaU geQe/SURWeiQ SURSeUW\ aQd a QeWZRUk, Ze UaQked aOO SURWeiQV XViQg WhaW

SURSeUW\. Tied YaOXeV ZeUe VRUWed UaQdRPO\. The SURWeiQV ZeUe VSOiW iQWR aQ eTXaO

QXPbeU Rf biQV, cUeaWiQg 2D biQV Rf Whe SURWeiQ-b\-SURWeiQ VSace. NXPbeU Rf edgeV iQ

Whe diagRQaO biQV ZeUe PXOWiSOied b\ a facWRU Rf N2 / (N2 / 2 - N / 2), ZheUe N iV Whe

QXPbeU Rf SURWeiQV iQ Whe biQ, WR cRUUecW fRU Whe VPaOOeU QXPbeU Rf SRVVibOe SaiUZiVe
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cRPbiQaWiRQV, ViQce edgeV ZeUe XQdiUecWed. HRPRdiPeUic iQWeUacWiRQV ZeUe e[cOXded.

IQ Whe caVe ZheUe Ze cRUUecWed Whe CS-PSN heaWPaSV fRU Whe XQWeVWed eVVeQWiaO

geQeV, Ze diYided Whe cRXQW iQ each biQ b\ Whe fUacWiRQ Rf SaiUV ZheUe bRWh geQeV ZeUe

WeVWed iQ geQeUaWiQg Whe CS-PSN daWa.

TR caOcXOaWe Whe S-YaOXeV fRU each 2D biQ, Ze UaQdRPO\ VhXffOed Whe RUdeU Rf Whe

SURWeiQV 1,000 WiPeV. IQ each SeUPXWaWiRQ Rf Whe SURWeRPe Ze caOcXOaWed Whe 2D

hiVWRgUaP cRXQWV, UecRUded Whe Pa[iPXP aQd PiQiPXP biQ cRXQW (WR accRXQW fRU Whe

PXOWiSOe WeVWiQg effecW Rf haYiQg PaQ\ biQV) aQd caOcXOaWed Whe S-YaOXe, fRU each biQ, aV

Whe fUacWiRQ Rf Whe UaQdRP Pa[iPXP/PiQiPXP cRXQWV WhaW Whe RbVeUYed cRXQW iV

abRYe/beORZ, PXOWiSOied b\ WZR WR accRXQW fRU Whe WZR-WaiOed QaWXUe Rf Whe WeVW. ThiV ZaV

dRQe VeSaUaWeO\ fRU diagRQaO aQd Rff-diagRQaO biQV becaXVe WheUe aUe a diffeUeQW QXPbeU

Rf SRVVibOe cRPbiQaWiRQV Rf XQdiUecWed edgeV beWZeeQ WheP.

¾ÁÃ Sefke[ce ide[jificaji][ ]f i[jegacji[g ORFh

We XVed aQ e[iVWiQg cRPSXWaWiRQaO SiSeOiQe (LXck eW aO., 2020a) WR SURceVV

dePXOWiSOe[ed SaiUed-eQd UeadV UeWXUQed fURP IOOXPiQa VeTXeQciQg aQd ideQWif\ Whe

iQWeUacWiQg ORF SaiUV fURP Whe Y2H VcUeeQ. PaiUed-eQd UeadV aUe iQ faVWT fRUPaW, ZiWh

RQe Uead, R1, cRQWaiQiQg a SaUW Rf Whe ORF VeTXeQce aQd Whe RWheU SaiUed Uead, R2,

cRQWaiQiQg Whe ZeOO iQde[. We XVed BRZWie 216 (Y2.2.3) WR aOigQ aOO R1 UeadV WR UefeUeQce

VeTXeQceV aQd e[WUacWed Whe ZeOO-ideQWif\iQg iQdiceV fURP Whe R2 UeadV. AD-ORFV aQd

DB-ORFV WhaW VhaUed Whe VaPe ZeOO iQdiceV ZeUe SaiUed WRgeWheU aQd caOOed FiPPS. TR

ideQWif\ OikeO\ WUXe AD/DB SaiUV, Ze deYeORSed a ³SWIM VcRUe´ (LXck eW aO., 2020a) 6

WhaW WakeV iQWR accRXQW Whe AD aQd DB UeadV iQ each ZeOO, WRWaO UeadV UeWXUQed fURP Whe

VeTXeQciQg UXQ, aQd RWheU facWRUV.

ZheUe [ aQd \ aUe Uead cRXQWV Rf aQ AD-ORF aQd DB-ORF iQ a giYeQ ZeOO UeVSecWiYeO\,

D aQd G aUe WRWaO Uead cRXQWV Rf aOO aOigQed AD-ORF aQd DB-ORF iQ WhaW ZeOO, aQd M

aQd N aUe SVeXdR-cRXQWV fRU AD aQd DB UeVSecWiYeO\, Zhich ZeUe cRQVWaQW fRU each

VeTXeQciQg baWch bXW YaUied fRU diffeUeQW baWcheV. We WheQ VeOecWed FiPPV fRU SaiUZiVe
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WeVWiQg XViQg a cXWRff WhaW baOaQceV Whe UiVk Rf WeVWiQg WRR PaQ\ faOVe SRViWiYeV FiPPV

YeUVXV QRW WeVWiQg WRR PaQ\ WUXe SRViWiYe FiPPV. The cXWRff YaUied fRU diffeUeQW VcUeeQV

aQd VeTXeQciQg UXQV WR adjXVW fRU VOighW YaUiaWiRQV iQ Whe VcUeeQiQg aQd VeTXeQciQg

SURWRcRO.

¾ÁÄ Calcklaji][ ]f e[gichme[j f]g c][[ecji[g dg]jei[h i[ jhe hame hkbcellklag

c]mdagjme[j� dajhqas� a[d c]mdler

SXbceOOXOaU cRPSaUWPeQW daWa ZaV (KRh eW aO., 2015) RbWaiQed fURP CYCLRPS (KRh eW

aO., 2015), XViQg Whe WT daWa, aQQRWaWiQg a SURWeiQ WR a cRPSaUWPeQW if iW haV aQ\

QRQ-]eUR YaOXe iQ aQ\ Rf Whe WhUee UeSeaWV. PaWhZa\V ZeUe RbWaiQed fURP KEGG

(KaQehiVa eW aO., 2019). CRPSOe[eV ZeUe RbWaiQed fURP CYC2008 (PX eW aO., 2009). The

QXPbeU Rf PPIV WhaW cRQQecWed WZR diffeUeQW SURWeiQV iQ Whe VaPe cRPSaUWPeQW,

SaWhZa\ RU cRPSOe[ ZaV diYided b\ Whe PeaQ YaOXe fRU 1,000 degUee-SUeVeUYed

UaQdRPi]ed QeWZRUkV, geQeUaWed XViQg Whe VigeU aQd LaWaS\ aOgRUiWhP iPSOePeQWaWiRQ

WhURXgh S\WhRQ iGUaSh (VigeU aQd LaWaS\, 2005), aQd CI YaOXeV ZeUe WakeQ fURP Whe

iQQeUPRVW 68.27% Rf Whe UaQdRP QeWZRUkV.

¾ÁÅ SAFE [ejq]gk pihkalivaji][

We XVed Whe SAFE QeWZRUk YiVXaOi]aWiRQ WRRO (Y1.5) (BaU\VhQikRYa, 2016). The Oa\RXWV

ZeUe geQeUaWed ZiWh C\WRVcaSe (Y3.4.0) (ShaQQRQ eW aO., 2003) XViQg Whe

edge-ZeighWed VSUiQg ePbedded Oa\RXW. GO WeUPV ZeUe dRZQORaded fURP SGD

daWabaVe (YeUViRQ RQ JaQ 17Wh 2019) aQd GO (BaU\VhQikRYa, 2016) WeUPV eQUiched ZiWh

P < 0.05 ZeUe cRORUed aQd OabeOed. SAFE aQaO\ViV ZaV UXQ ZiWh Whe defaXOW RSWiRQ

e[ceSW Oa\RXWAOgRUiWhP = QRQe (XViQg Oa\RXW geQeUaWed b\ C\WRVcaSe),

QeighbRUhRRdRadiXV = 200, aQd QeighbRUhRRdRadiXVT\Se = abVROXWe.

¾ÁÆ Ehjimajeh ]f jhe c]mdleje seahj i[jegacj]me hive

We XVed WhUee eVWiPaWeV, UeO\iQg RQ SaUWiaOO\ RYeUOaSSiQg aVVXPSWiRQV aQd daWa, Pade

b\ iQdeSeQdeQW gURXSV, WhaW SUedicWed Whe \eaVW SURWeiQ biQaU\ iQWeUacWRPe cRQWaiQV
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beWZeeQ a18,000 aQd a38,000 diUecW biQaU\ iQWeUacWiRQV, cRUUeVSRQdiQg WR a0.1-0.2% Rf

aOO a18,000,000 SRVVibOe SURWeiQ SaiU cRPbiQaWiRQV (YX eW aO., 2008).

- FURP YX HW DO. 2008 (YX eW aO., 2008) 18,000 (13,500-22,500 95% CI). TakeQ fURP

Page 107: ³Ze eVWiPaWed WhaW Whe \eaVW biQaU\ iQWeUacWRPe cRQViVWV Rf a18,000 +-

4500 iQWeUacWiRQV (SOM VI)´ FURP SOM VI Whe +/- UefeUV WR Whe 95% CI.

- FURP (SWXPSf eW aO., 2008) 28,472 (26,650-30,460 95% CI). TakeQ fURP Whe UeW]

eW aO. QXPbeUV fURP TabOe 1. We XVe Whe eVWiPaWe Pade XViQg UeW] eW aO.

becaXVe WhUee Rf Whe RWheU daWaVeWV cRQWaiQ iQdiUecW SURWeiQ-SURWeiQ aVVRciaWiRQV

(HR eW aO., GaYiQ eW aO. aQd DIP) aQd Whe eVWiPaWe XViQg IWR eW aO. XVeV Whe fXOO

daWaVeW, PaiQO\ Pade XS Rf Whe µIWR-QRQcRUe¶ VXbVeW WhaW ZaV VhRZQ WR be Rf SRRU

TXaOiW\ ZheQ UeWeVWed Y2H aQd PCA (YX eW aO., 2008).

- FURP (SaPbRXUg aQd ThieUU\-Mieg, 2010) 37,600 (32,252-43,472 95% CI).

TakeQ fURP Page 6: ³TakeQ WRgeWheU, WhiV aOORZV WR eVWiPaWe Whe Vi]e Rf Whe biQaU\

\eaVW iQWeUacWRPe aW a 37,600 iQWeUacWiRQV (95% cRQfideQce iQWeU- YaO:

32252-43472, cRQVWUXcWed ZiWh Whe QRUPaO aSSUR[iPaWiRQ PeWhRd).´

OQe UeOaWiYeO\ PiQRU diffeUeQce beWZeeQ Whe eVWiPaWeV iV WhaW SWXPSf eW aO. aUe

cRQVideUiQg RQO\ heWeURdiPeUic PPIV ZheUeaV YX eW aO. aQd SaPbRXUg eW aO. aUe aOVR

cRXQWiQg hRPRdiPeUic PPIV aQd VR Ze accRXQW fRU WhiV ZheQ eVWiPaWiQg Whe fUacWiRQ Rf

SUedicWed iQWeUacWRPe PaSSed b\ e[cOXdiQg hRPRdiPeUV fRU Whe SWXPSf eW aO. eVWiPaWe

aQd iQcOXdiQg WheP fRU Whe YX eW aO. aQd SaPbRXUg eW aO. eVWiPaWeV.

¾ÁÇ Pgedicji][ ]f ge[e fk[cji][h khi[g gkilj�bs�ahh]ciaji][ addg]ach

IQ Whe gXiOW-b\-aVVRciaWiRQ aSSURach Whe fXQcWiRQ Rf a QRde iV iQfeUUed fURP Whe fXQcWiRQ

Rf iWV QeighbRUV. IQ SaUWicXOaU, fRU each QRde Ze cRXQW Whe QXPbeU Rf iWV QeighbRUV

aQQRWaWed ZiWh a giYeQ fXQcWiRQ (Q). ThiV VcRUe iV WheQ cRPSaUed WR a UaQdRP

beQchPaUk, RbWaiQed b\ UaQdRPi]iQg Whe QeWZRUk 10,000 WiPeV iQ a degUee-SUeVeUYed

Za\. CaOcXOaWiQg Whe ]-VcRUe, , iV Whe WUadiWiRQaO Za\ Rf VXch𝑧 ࡧ  ഉ𝑛 − 𝑛ഊ ÷ σ

cRPSaUiVRQ, RbWaiQed b\ VWaQdaUdi]iQg Whe RUigiQaO VcRUe ZiWh Whe e[SecWaWiRQ YaOXe ( )𝑛

aQd VWaQdaUd deYiaWiRQ (ı) Rf Whe VcRUe WhaW ZRXOd be e[SecWed b\ chaQce. YeW, Whe
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]-VcRUe iV QRW fUee fURP degUee biaVeV aQd SUefeUV ORZ degUee QRdeV ZiWh e[WUePeO\

VPaOO ı. We WheUefRUe aSSO\ a UeOaWed PeaVXUe, caOOed Whe effecW Vi]e. The effecW Vi]e

iV RbWaiQed b\ cRPSaUiQg Whe RUigiQaO VcRUe ZiWh Whe UeaVRQabO\𝑛 − ഉ𝑛 + ασഊ𝑛

e[SecWed YaOXe Rf Whe UaQdRP beQchPaUk, eVWiPaWed aV Whe PeaQ YaOXe ( ) aQd Į-WiPeV𝑛

Whe VWaQdaUd deYiaWiRQ (ı). IQ SUacWice, Ze XVe Į = 2, VeOecWiQg Whe VaPe caQdidaWeV aV

a WUadiWiRQaO ]-VcRUe WhUeVhROd Rf ] � 2, bXW RUdeUiQg WheP baVed RQ Whe aPRXQW Rf VigQaO

be\RQd UaQdRP e[SecWaWiRQV WR aYRid a biaV WRZaUdV ORZ-degUee QRdeV. FXQcWiRQaO

aQQRWaWiRQV Rf geQeV ZiWh GO BiRORgicaO PURceVV WeUPV ZeUe RbWaiQed aV deVcUibed

abRYe aQd fXUWheU UeVWUicWed WR aQQRWaWiRQV ZiWh Whe e[SeUiPeQWaO eYideQce cRdeV EXP,

IDA, IPI, IMP, IGI, IEP, HTP, HDA, HMP, HGI, aQd HEP.

¾ÁÈ Pg]jei[ c]mdler hkb[ejq]gkh

FRU each SURWeiQ cRPSOe[, diUecW iQWeUacWiRQV ZeUe defiQed b\ I3D-e[S-20, deVcUibed

abRYe, iQdiUecW aVVRciaWiRQV ZeUe aOO SURWeiQ-SURWeiQ cRPbiQaWiRQV ZheUe bRWh SURWeiQV

aSSeaUed iQ Whe VaPe e[SeUiPeQWaO VWUXcWXUe bXW QRW iQ diUecW cRQWacW.

¾Â¿ Opeglad calcklaji][ bejqee[ bi]dhshical a[d fk[cji][al [ejq]gkh

FRU each biRSh\VicaO QeWZRUk aQd VeYeUaO KEGG SaWhZa\V, Ze PeaVXUed Whe fUacWiRQ Rf

iQWeUacWiRQV WhaW aUe aOVR cRQQecWed iQ each Rf Whe fXQcWiRQaO QeWZRUkV defiQed abRYe,

diVcaUdiQg hRPRdiPeUic PPIV. We caOcXOaWed Whe RYeUOaS b\ diYidiQg Whe QXPbeU Rf

iQWeUacWiRQV iQ Whe PPI QeWZRUk aOVR fRXQd iQ Whe fXQcWiRQaO QeWZRUk b\ Whe WRWaO QXPbeU

Rf iQWeUacWiRQV iQ Whe PPI QeWZRUk ZheUe bRWh SURWeiQV ZeUe SUeVeQW iQ Whe VeaUch VSace

Rf Whe fXQcWiRQaO QeWZRUk. The eUURU baUV ZeUe caOcXOaWed XViQg a Ba\eViaQ PRdeO (a

biQRPiaO OikeOihRRd ZiWh a XQifRUP SUiRU), WakiQg Whe ceQWUaO 68.27% iQWeUYaO Rf BHWD (S +

1, Q + 1), ZheUe S aQd Q aUe Whe QXPbeU Rf SaiUV WeVWiQg SRViWiYe aQd QegaWiYe,

UeVSecWiYeO\.

¾ÂÀ Daje a[d dagjs hkbh

CR-e[SUeVViRQ daWa ZaV RbWaiQed fURP COXPRESdb (Oba\aVhi eW aO., 2019). TR eQVXUe

URbXVWQeVV agaiQVW Whe e[acW defiQiWiRQ Rf daWe aQd SaUW\ hXbV, WhUee diffeUeQW cXWRffV
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ZeUe XVed, hXbV ZeUe defiQed aV SURWeiQV ZiWh a degUee iQ Whe WRS 5% RU 10% iQ each

QeWZRUk, RU WhRVe ZiWh degUee � 10. PCC cXWRffV Rf 0.3 aQd 0.35 ZeUe XVed, ZheUe

SURWeiQV ZiWh a PeaQ cRe[SUeVViRQ PCC acURVV aOO SaUWQeUV abRYe Whe cXWRff ZeUe SaUW\

hXbV aQd beORZ Whe cXWRff ZeUe daWe hXbV.

¾ÂÁ Opeglad bs deggee dl]jh

FRU each cRPbiQaWiRQ Rf a biRSh\VicaO aQd fXQcWiRQaO QeWZRUk, Ze cRQdXcWed a ORgiVWic

UegUeVViRQ, RQ Whe daWaVeW Rf biRSh\VicaO iQWeUacWiRQV, ZheUe Whe biQaU\ deSeQdeQW

YaUiabOe UeSUeVeQWV ZheWheU RU QRW Whe WZR SURWeiQV Rf Whe biRSh\VicaO iQWeUacWiRQ aUe

aOVR cRQQecWed b\ aQ edge iQ Whe fXQcWiRQaO QeWZRUk, aQd Whe ViQgOe iQdeSeQdeQW

YaUiabOe iV Whe higheU Rf Whe WZR degUeeV, iQ Whe biRSh\VicaO QeWZRUk, Rf Whe iQWeUacWiQg

SURWeiQV. The Pa[ degUee SeU PPI YaUiabOe iV ORg2 WUaQVfRUPed. OQO\ PPIV ZheUe Whe

SaiU Rf SURWeiQV ZeUe WeVWed iQ geQeUaWiQg Whe fXQcWiRQaO QeWZRUk ZeUe XVed. Shaded

eUURU baQdV UeSUeVeQW 95% CI. BiQQed daWa iV aOVR VhRZQ, ZiWh 10 eYeQO\ Vi]ed biQV,

ZiWh Whe biQQed daWa diVSOa\ed RQ Whe [-a[iV aW Whe PeaQ Pa[ degUee YaOXe Rf Whe biQ.
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