
Selective G protein signaling driven b\ Substance P-Neurokinin Receptor structural
d\namics

JXOLaQ A. HaUULV1,2*, BU\aQ FaXVW1,3,4*, AULVbeO B. GRQdLQ5,6*, MaUc AQdUp DlPJeQ7,8,9,10*,
CaUO-MLNaeO SXRPLYXRUL7,8,9,10, NLcKROaV A. VeOdKXLV5,6, YLIaQ CKeQJ3,11, RRQ O. DURU7,8,9,10, DaYLd
M. TKaO5, AaVKLVK MaQJOLN1,12

AIILOLaWLRQV:
1. DeSaUWPeQW RI PKaUPaceXWLcaO CKePLVWU\, UQLYeUVLW\ RI CaOLIRUQLa, SaQ FUaQcLVcR, CA, USA
2. CKePLVWU\ aQd CKePLcaO BLRORJ\ GUadXaWe PURJUaP, UQLYeUVLW\ RI CaOLIRUQLa, SaQ FUaQcLVcR,
CA, USA
3. DeSaUWPeQW RI BLRcKePLVWU\ & BLRSK\VLcV, UQLYeUVLW\ RI CaOLIRUQLa, SaQ FUaQcLVcR, CA, USA
4. BLRSK\VLcV GUadXaWe PURJUaP, UQLYeUVLW\ RI CaOLIRUQLa, SaQ FUaQcLVcR, CA, USA
5. DUXJ DLVcRYeU\ BLRORJ\, MRQaVK IQVWLWXWe RI PKaUPaceXWLcaO ScLeQceV, MRQaVK UQLYeUVLW\,
PaUNYLOOe, VLcWRULa, AXVWUaOLa
6. AXVWUaOLaQ ReVeaUcK CRXQcLO CeQWUe RI E[ceOOeQce LQ CRQYeUJeQW BLR-NaQR ScLeQce aQd
TecKQRORJ\, MRQaVK UQLYeUVLW\, PaUNYLOOe, VLcWRULa, AXVWUaOLa
7. DeSaUWPeQW RI CRPSXWeU ScLeQce, SWaQIRUd UQLYeUVLW\, CA, USA
8. DeSaUWPeQW RI MROecXOaU aQd CeOOXOaU PK\VLRORJ\, SWaQIRUd UQLYeUVLW\ ScKRRO RI MedLcLQe,
CA, USA
9. DeSaUWPeQW RI SWUXcWXUaO BLRORJ\, SWaQIRUd UQLYeUVLW\ ScKRRO RI MedLcLQe, CA, USA
10. IQVWLWXWe IRU CRPSXWaWLRQaO aQd MaWKePaWLcaO EQJLQeeULQJ, SWaQIRUd UQLYeUVLW\, CA, USA
11. HRZaUd HXJKeV MedLcaO IQVWLWXWe, UQLYeUVLW\ RI CaOLIRUQLa, SaQ FUaQcLVcR, CA, USA
12. DeSaUWPeQW RI AQeVWKeVLa aQd PeULRSeUaWLYe CaUe, UQLYeUVLW\ RI CaOLIRUQLa, SaQ FUaQcLVcR,
CA, USA

*TKeVe aXWKRUV cRQWULbXWed eTXaOO\: JXOLaQ A. HaUULV, BU\aQ FaXVW, AULVbeO B. GRQdLQ, MaUc
AQdUp DlPJeQ
CRUUeVSRQdeQce WR YLIaQ CKeQJ (YLIaQ.CKeQJ@XcVI.edX), RRQ O. DURU
(URQ.dURU@VWaQIRUd.edX), DaYLd M. TKaO (daYLd.WKaO@PRQaVK.edX) RU AaVKLVK MaQJOLN
(AaVKLVK.MaQJOLN@XcVI.edX)

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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 preprint (whichthis version posted May 17, 2021. ; https://doi.org/10.1101/2021.05.16.444192doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.16.444192
http://creativecommons.org/licenses/by-nc-nd/4.0/


Abstract

TKe QeXURSeSWLde SXbVWaQce P (SP) LV LPSRUWaQW LQ SaLQ aQd LQIOaPPaWLRQ. SP acWLYaWeV WKe

QeXURNLQLQ-1 UeceSWRU (NK1R) WR VLJQaO YLa GT aQd GV SURWeLQV. NeXURNLQLQ A aOVR acWLYaWeV

NK1R, bXW OeadV WR VeOecWLYe GT VLJQaOLQJ. HRZ WZR VWLPXOL \LeOd dLVWLQcW G-SURWeLQ VLJQaOLQJ aW

WKe VaPe G-SURWeLQ-cRXSOed-UeceSWRU UePaLQV XQcOeaU. We deWeUPLQed cU\R-EM VWUXcWXUeV RI

acWLYe NK1R bRXQd WR SP RU WKe GT-bLaVed SeSWLde SP6-11. PeSWLde LQWeUacWLRQV deeS ZLWKLQ

NK1R aUe cULWLcaO IRU UeceSWRU acWLYaWLRQ. CRQYeUVeO\, LQWeUacWLRQV beWZeeQ SP aQd NK1R

e[WUaceOOXOaU ORRSV aUe UeTXLUed IRU SRWeQW GV VLJQaOLQJ bXW QRW GT VLJQaOLQJ. MROecXOaU d\QaPLcV

VLPXOaWLRQV VKRZed WKaW WKeVe VXSeUILcLaO cRQWacWV UeVWULcW SP IOe[LbLOLW\ deeS LQ WKe NK1R

SRcNeW. SP6-11, ZKLcK OacNV WKeVe LQWeUacWLRQV, LV d\QaPLc ZKLOe bRXQd WR NK1R. SWUXcWXUaO

d\QaPLcV RI NK1R aJRQLVWV WKeUeIRUe deSeQd RQ LQWeUacWLRQV ZLWK WKe UeceSWRU e[WUaceOOXOaU

ORRSV aQd UeJXOaWe G-SURWeLQ VLJQaOLQJ VeOecWLYLW\. SLPLOaU LQWeUacWLRQV beWZeeQ RWKeU

QeXURSeSWLdeV aQd WKeLU cRJQaWe UeceSWRUV Pa\ WXQe LQWUaceOOXOaU VLJQaOLQJ.
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Introduction

SXbVWaQce P (SP) LV a SeSWLde ZLWK LQcUedLbO\ dLYeUVe UROeV LQ aQLPaO SK\VLRORJ\. LLNe RWKeU

QeXURSeSWLdeV, SP e[eUWV ORQJ-OaVWLQJ UeJXOaWLRQ RI V\QaSWLc QeXURWUaQVPLVVLRQ b\ acWLYaWLQJ LWV

cRJQaWe G SURWeLQ-cRXSOed UeceSWRU (GPCR), WKe QeXURNLQLQ 1 UeceSWRU (NK1R). SP acWLRQ LQ WKe

QeUYRXV V\VWeP LV LPSRUWaQW LQ SaLQ, PRRd, UeVSLUaWLRQ, aQd QaXVea1±3. AcWLRQ RI SP LQ RWKeU

WLVVXeV LV aVVRcLaWed ZLWK LQIOaPPaWLRQ RU VPRRWK PXVcOe cRQWUacWLRQ1,2. E[WeQVLYe VWXdLeV

VXJJeVW WKaW LQKLbLWLRQ RI SP acWLYLW\ b\ NK1R aQWaJRQLVWV PLJKW Oead WR eIIecWLYe WUeaWPeQWV IRU

SaLQ, LQIOaPPaWLRQ, aQd PRRd dLVRUdeUV4,5, aOWKRXJK WKe RQO\ cOLQLcaO VXcceVV WR daWe KaV beeQ

IRU WUeaWPeQW RI cKePRWKeUaS\-LQdXced QaXVea aQd YRPLWLQJ6,7

TKe NK1R LV eQdRJeQRXVO\ acWLYaWed b\ SP aQd aQRWKeU QeXURSeSWLde, QeXURNLQLQ A (NKA).

BRWK SP aQd NKA beORQJ WR WKe OaUJeU IaPLO\ RI WacK\NLQLQ QeXURSeSWLdeV WKaW VKaUe a cRPPRQ

C-WeUPLQaO µF(V/F)GLM-NH2¶ cRQVeQVXV VeTXeQce, ZKLcK LV UeTXLUed IRU WKeLU acWLYLW\ aW aQ\ RI

WKe WKUee QeXURNLQLQ UeceSWRUV. TKe PRUe dLYeUJeQW N-WeUPLQaO UeJLRQ RI WacK\NLQLQ SeSWLdeV KaV

SUeYLRXVO\ beeQ LPSOLcaWed LQ dLcWaWLQJ ZKLcK QeXURNLQLQ UeceSWRU a WacK\NLQLQ SUeIeUV8,9. LLNe

RWKeU QeXURSeSWLdeV, WacK\NLQLQ IXQcWLRQ IROORZV WKe ³PeVVaJe-addUeVV´ IUaPeZRUN, LQ ZKLcK WZR

dLVWLQcW SRUWLRQV RI a SeSWLde eQcRde eLWKeU WKe eIILcac\ (PeVVaJe) RU UeceSWRU VeOecWLYLW\

(addUeVV)10±12. FROORZLQJ WKLV IUaPeZRUN, NKA ZaV LQLWLaOO\ deVcULbed aV VSecLILc IRU WKe

QeXURNLQLQ 2 UeceSWRU (NK2R)8,13. HRZeYeU, bRWK SP aQd NKA acWLYaWe NK1R LQ ceOO OLQeV aQd LQ

YaULRXV SK\VLRORJLcaO VeWWLQJV14±18.

IQWULJXLQJO\, acWLYaWLRQ RI NK1R b\ SP RU NKA LQdXceV dLVWLQcW ceOOXOaU UeVSRQVeV aQd, LQ ceUWaLQ

WLVVXeV, dLVWLQcW SK\VLRORJLcaO RXWcRPeV16,19±21. SP LQcUeaVeV bRWK LQRVLWRO SKRVSKaWe (IP) aQd

cAMP VecRQd PeVVeQJeUV dRZQVWUeaP RI GT aQd GV VLJQaOLQJ SaWKZa\V, UeVSecWLYeO\17,18,22. B\

cRQWUaVW, NKA VLJQaOV SRWeQWO\ YLa GT bXW KaV decUeaVed GV VWLPXOaWRU\ acWLYLW\17,18. MROecXOaU

SKaUPacRORJ\ VWXdLeV UeYeaOed WKaW SP bLQdLQJ WR NK1R LV dLVWLQcW IURP NKA bLQdLQJ18,23,24. A

cRPPRQ PRdeO SURSRVed b\ WKeVe VWXdLeV LV WKaW NK1R e[LVWV LQ WZR dLVWLQcW acWLYe

cRQIRUPaWLRQV: aQ SP-VeOecWLYe VWaWe aQd a JeQeUaO-WacK\NLQLQ VWaWe WKaW bLQdV bRWK SP aQd

NKA18,24. MXWaWLRQV caQ aOWeU WKe UeOaWLYe SURSRUWLRQ RI WKeVe WZR VWaWeV, \LeOdLQJ cKaQJeV LQ WKe

PeaVXUed aIILQLWLeV IRU SP, NKA aQd UeOaWed WacK\NLQLQV18,24. IQWULJXLQJO\, WKeVe PXWaWLRQV aOVR

dUaPaWLcaOO\ aIIecW WKe abLOLW\ RI NK1R WR VLJQaO YLa GT RU GV, VXJJeVWLQJ WKaW WKeVe dLVWLQcW acWLYe

cRQIRUPaWLRQV aUe cRXSOed WR dLVWLQcW VLJQaOLQJ RXWcRPeV18.
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TKe abLOLW\ RI WZR aJRQLVWV WR LQdXce dLVWLQcW LQWUaceOOXOaU VLJQaOLQJ caVcadeV dRZQVWUeaP RI a

VLQJOe GPCR LV ZeOO eVWabOLVKed. HRZeYeU, KRZ WZR eQdRJeQRXV VWLPXOL \LeOd dLVWLQcW G SURWeLQ

cRXSOLQJ SUeIeUeQce aW WKe VaPe UeceSWRU UePaLQV XQcOeaU aW WKe bLRcKePLcaO aQd VWUXcWXUaO

OeYeO. HeUe, Ze cRPbLQe VWUXcWXUaO bLRORJ\ ZLWK PROecXOaU d\QaPLcV VLPXOaWLRQV aQd ceOOXOaU

VLJQaOLQJ VWXdLeV WR decLSKeU WKe PROecXOaU baVLV RI aJRQLVW-deSeQdeQW G SURWeLQ-VeOecWLYe

VLJQaOLQJ aW WKe NK1R.

Structure of the Substance P-NK1R-miniGs/q70 complex

TR eQabOe VWUXcWXUe deWeUPLQaWLRQ RI acWLYe KXPaQ NK1R ZLWKRXW WKeUPRVWabLOL]LQJ PXWaWLRQV RU

WUXQcaWLRQV, Ze JeQeUaWed a cRQVWUXcW ZLWK WKe eQJLQeeUed Gܤ VXbXQLW PLQLGV/T70 IXVed WR WKe

C-WeUPLQXV RI WKe UeceSWRU25. TKe PLQLGV/T70 SURWeLQ SUeVeQWV WKe GPCR-LQWeUacWLQJ Į5 KeOL[ RI

GܤT RQ aQ eQJLQeeUed GܤV SURWeLQ VWabLOL]ed LQ WKe acWLYe cRQIRUPaWLRQ aQd ZLWK cRPSOeWe

WUXQcaWLRQ RI WKe Gܤ aOSKa-KeOLcaO dRPaLQ. TKLV VWUaWeJ\ LPSURYed WKe bLRcKePLcaO VWabLOLW\ RI

SXbVWaQce P (SP)-bRXQd UeceSWRU cRPSaUed WR IXOO-OeQJWK NK1R aORQe (SXSSOePeQWaU\ FLJ. 1).

PXULILed SP-bRXQd NK1R-PLQLGV/T70 IXVLRQ SURWeLQ ZaV PL[ed ZLWK e[ceVV GȕȖ aQd QaQRbRd\ 35

(Nb35)26 IRU VWUXcWXUe deWeUPLQaWLRQ b\ cU\RJeQLc-eOecWURQ PLcURVcRS\ (cU\R-EM)

(SXSSOePeQWaU\ FLJ. 1).

We deWeUPLQed a cU\R-EM VWUXcWXUe RI WKe SP-NK1R-GV/T70 cRPSOe[ aW a JORbaO UeVROXWLRQ RI 3.0

c (FLJ. 1A aQd SXSSOePeQWaU\ FLJ. 2). AV LV cRPPRQ IRU PaQ\ GPCR-G SURWeLQ cRPSOe[

VWUXcWXUeV, RXU LQLWLaO PaSV \LeOded SRRU UeVROXWLRQ IRU SP, WKe RUWKRVWeULc bLQdLQJ SRcNeW, aQd WKe

e[WUaceOOXOaU ORRSV. TR LPSURYe UecRQVWUXcWLRQ LQ WKeVe UeJLRQV, Ze SeUIRUPed LWeUaWLYe IRcXVed

UeILQePeQWV XVLQJ a PaVN eQcRPSaVVLQJ RQO\ WKe XSSeU WUaQVPePbUaQe UeJLRQ RI WKe 7TM

bXQdOe. TKe UeVXOWLQJ LPSURYed PaSV eQabOed aQ aWRPLc PRdeO IRU aOO VXbXQLWV RI WKe cRPSOe[

aQd WKe SP SeSWLde (FLJ. 1B, SXSSOePeQWaU\ FLJ. 2, SXSSOePeQWaU\ FLJ. 3).

SP-acWLYaWed NK1R LV LQ a dLVWLQcW acWLYe cRQIRUPaWLRQ ZKeQ cRPSaUed WR RWKeU cOaVV A GPCRV.

LLNe RWKeU GPCRV, acWLYe NK1R dLVSOa\V aQ 8.3 c PRYePeQW RI WUaQVPePbUaQe KeOL[ 6 (TM6)

aZa\ IURP WKe 7TM KeOLcaO bXQdOe, eQabOLQJ LQVeUWLRQ RI WKe C-WeUPLQaO Į5-KeOL[ RI WKe PLQLGV/T70

SURWeLQ (FLJ. 1C). TKLV PRYePeQW LV aVVRcLaWed ZLWK RWKeU cRQVeUYed cKaQJeV LQ cOaVV A GPCR

acWLYaWLRQ, LQcOXdLQJ dLVSOacePeQW RI WKe W6.48 µWRJJOe-VZLWcK¶ (VXSeUVcULSWV deQRWe

BaOOeVWeURV-WeLQVWeLQ QXPbeULQJ27), UeaUUaQJePeQW RI WKe µP5.50I3.40F6.44¶ cRQQecWRU PRWLI, aQd

PRYePeQW RI WKe µD3.49R3.50Y3.51¶ PRWLI (SXSSOePeQWaU\ FLJ. 4)28. TKeVe cRQIRUPaWLRQaO cKaQJeV
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OLQN OLJaQd bLQdLQJ LQ WKe RUWKRVWeULc VLWe WR WKe LQWUaceOOXOaU G SURWeLQ cRXSOLQJ VLWe aQd IacLOLWaWe

G SURWeLQ bLQdLQJ.

B\ cRQWUaVW, WKe cRQVeUYed µN7.49P7.50[[Y7.53¶ PRWLI LQ WKe SP-NK1R-PLQLGV/T70 VWUXcWXUe UePaLQV LQ

aQ LQacWLYe cRQIRUPaWLRQ. A KaOOPaUN RI cOaVV A GPCR acWLYaWLRQ LV LQZaUd PRYePeQW RI TM7

LQWR WKe KeOLcaO cRUe28 (FLJ. 1D). TKLV aOORZV Y7.53 RI WKe NP[[Y PRWLI WR eQJaJe LQ aQ e[WeQded

ZaWeU-PedLaWed K\dURJeQ bRQdLQJ-QeWZRUN ZLWK RWKeU UeVLdXeV RQ WKe c\WRSOaVPLc Iace RI TM3

aQd TM5, aV RbVeUYed IRU WKe acWLYe � RSLRLd UeceSWRU29 (FLJ. 1E). TKLV LQZaUd PRYePeQW RI Y7.53

LV QRW RbVeUYed LQ WKe SP-NK1R-PLQLGV/T70 VWUXcWXUe aQd TM7 UePaLQV LQ a cRQIRUPaWLRQ WKaW

cORVeO\ UeVePbOeV WKe LQacWLYe-VWaWe (FLJ. 1E). IPSRUWaQWO\, RWKeU VWUXcWXUeV RI GPCRV VROYed LQ

cRPSOe[ ZLWK GT/11 IaPLO\ G SURWeLQV, PLQLGV, aQd PLQLGV/T70 SURWeLQV VKRZ caQRQLcaO LQZaUd

PRYePeQW RI TM7 XSRQ UeceSWRU acWLYaWLRQ30±34.

TKe XQLTXe acWLYe-VWaWe RI SP-bRXQd NK1R UeVePbOeV a SUeYLRXVO\ deWeUPLQed VWUXcWXUe RI WKe

QeXURWeQVLQ 1 UeceSWRU (NTS1R) bRXQd WR WKe cAMP LQKLbLWRU\ G SURWeLQ GL
35,36. TZR acWLYe-VWaWe

cRQIRUPaWLRQV RI NTS1R bRXQd WR GL KaYe SUeYLRXVO\ beeQ RbVeUYed: a caQRQLcaO VWaWe ZLWK

LQZaUd PRYePeQW RI TM7 aQd a µQRQ-caQRQLcaO¶ VWaWe ZLWKRXW TM7 UeaUUaQJePeQW35 (FLJ. 1E).

AOWKRXJK WKe VeYeQ WUaQVPePbUaQe dRPaLQ RI NK1R bRXQd WR PLQLGV/T70 LV LQ a VLPLOaU

cRQIRUPaWLRQ WR WKe µQRQ-caQRQLcaO¶ NTS1R cRQIRUPaWLRQ, Ze dR QRW RbVeUYe WKe 45� URWaWLRQ RI

WKe G SURWeLQ RbVeUYed IRU µQRQ-caQRQLcaO¶ NTS1R (SXSSOePeQWaU\ FLJ. 4). WKLOe WKeUe aUe

LPSRUWaQW caYeaWV WR RXU LQWeUSUeWaWLRQ RI WKe LQWeUacWLRQV beWZeeQ NK1R aQd WKe eQJLQeeUed

PLQLGV/T70 SURWeLQ, Ze VXUPLVe WKaW IXOO\ acWLYe NK1R bRXQd WR WKe C-WeUPLQXV RI GT e[LVWV LQ a

XQLTXe cRQIRUPaWLRQ cRPSaUed WR PRVW cOaVV A GPCRV.

UQOLNe WKe PaMRULW\ (98%) RI cOaVV A GPCRV, NK1R SRVVeVVeV a JOXWaPaWe UeVLdXe aW WKe KLJKO\

cRQVeUYed D2.50 SRVLWLRQ37,38. IQ LQacWLYe-VWaWe cOaVV A GPCRV, WKLV caQRQLcaO D2.50 UeVLdXe

SaUWLcLSaWeV LQ aQ e[WeQded, ZaWeU-PedLaWed K\dURJeQ-bRQdLQJ QeWZRUN beWZeeQ TM KeOLceV

2,3,6 aQd 7. FRU PRVW GPCRV, acWLYaWLRQ LV cRXSOed ZLWK aQ LQZaUd PRYePeQW RI TM7 dULYeQ b\

a dLUecW LQWeUacWLRQ beWZeeQ D2.50 aQd N7.49 (SXSSOePeQWaU\ FLJ. 4) RI WKe NP[[Y PRWLI. B\

cRQWUaVW, E782.50 IRUPV a dLUecW LQWeUacWLRQ ZLWK N3017.49 LQ WKe NK1R LQacWLYe-VWaWe. We

VSecXOaWe WKaW WKe VWabOe aQd dLUecW E2.50-N7.49 LQWeUacWLRQ LQ WKe NK1R LQacWLYe-VWaWe dLVIaYRUV

LQZaUd TM7 PRWLRQ dXULQJ acWLYaWLRQ aQd cRQWULbXWeV WR WKe µQRQ-caQRQLcaO¶ acWLYe-VWaWe. IQdeed,

SULRU ZRUN KaV VKRZQ WKaW dLVUXSWLQJ WKe E2.50-N7.49 LQWeUacWLRQ ZLWK PXWaJeQeVLV VeOecWLYeO\
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dLPLQLVKeV GV VLJQaOLQJ bXW dReV QRW aIIecW GT VLJQaOLQJ39, VXJJeVWLQJ WKaW WKe µQRQ-caQRQLcaO¶

NK1R acWLYe cRQIRUPaWLRQ LV LPSRUWaQW IRU URbXVW GV aQd GT VLJQaOLQJ dRZQVWUeaP RI NK1R

acWLYaWLRQ.

Molecular Recognition of Substance P b\ NK1R

SP bLQdV ZLWK aQ e[SaQVLYe LQWeUIace VWUeWcKLQJ IURP a deeSO\-bXULed 7TM SRcNeW WR WKe dLVWaO

SRUWLRQV RI WKe NK1R ECL2 aQd N-WeUPLQXV (FLJ. 2A). We RbVeUYed cOeaUO\ UeVROYed cU\R-EM

deQVLW\ IRU SP C-WeUPLQaO UeVLdXeV 6-11, eQabOLQJ XV WR XQaPbLJXRXVO\ PRdeO WKLV SRUWLRQ RI WKe

SeSWLde (FLJ. 2A). TKe N-WeUPLQaO SRUWLRQ RI SP, LQcOXdLQJ UeVLdXeV 1-5, LQWeUacW SULPaULO\ ZLWK WKe

e[WUaceOOXOaU ORRS 2 (ECL2) aQd WKe N-WeUPLQXV RI NK1R. TKe deQVLW\ IRU WKeVe UeVLdXeV LV OeVV

ZeOO UeVROYed, bXW Ze ZeUe abOe WR cRQILdeQWO\ SOace aOO PaLQcKaLQ aWRPV aQd aOO VLde cKaLQV ZLWK

WKe e[ceSWLRQ RI R1 aQd K3.

SP bLQdV WR NK1R LQ a dLVWLQcW PaQQeU cRPSaUed WR RWKeU QeXURSeSWLdeV aW WKeLU cRJQaWe

UeceSWRUV. We cRPSaUed WKe bLQdLQJ RI SP WR WKe NTS1R bRXQd WR QeXURWeQVLQ 8-1340, WKe

ȝ-RSLRLd UeceSWRU bRXQd WR WKe SeSWLde PLPeWLc aJRQLVW DAMGO41, aQd WKe RUe[LQ 2 UeceSWRU

bRXQd WR RUe[LQ B42 (SXSSOePeQWaU\ FLJ. 5). AOO RI WKeVe QeXURSeSWLdeV PaNe e[WeQVLYe cRQWacWV

ZLWK WKe deeS 7TM SRcNeW, OLNeO\ LPSRUWaQW IRU deWeUPLQLQJ WKeLU eIILcac\ aV aJRQLVWV IRU WKeLU

UeVSecWLYe UeceSWRUV. TKe e[WeQded cRQIRUPaWLRQV RI WKe SeSWLdeV LQ WKe UeceSWRU bLQdLQJ SRcNeWV

eQabOe IXUWKeU LQWeUacWLRQV ZLWK WKe e[WUaceOOXOaU ORRSV. IQ cRQWUaVW WR WKe bLQdLQJ RI WKeVe RWKeU

QeXURSeSWLdeV aW WKeLU cRJQaWe UeceSWRUV, SP PaNeV PRUe e[WeQVLYe cRQWacWV ZLWK ECL2 aQd WKe

N-WeUPLQXV RI NK1R, PaQLIeVWLQJ aV aQ RXWZaUd dLVSOacePeQW RI WKe e[WUaceOOXOaU WLS RI TM1 aQd

a PRUe RUdeUed N WeUPLQXV (SXSSOePeQWaU\ FLJ. 5).

TKe SP RUWKRVWeULc bLQdLQJ SRcNeW LV dLVWLQcW IURP WKe bLQdLQJ VLWeV RI NK1R aQWaJRQLVWV

deWeUPLQed LQ SUeYLRXV LQacWLYe-VWaWe VWUXcWXUeV38,43,44. FRU e[aPSOe, WKe aQWaJRQLVW QeWXSLWaQW38

(PDB: 6HLP) PLQLPaOO\ RYeUOaSV ZLWK SP (FLJ. 2B), ZLWK RQO\ WKe 2-PeWK\OSKeQ\O aQd

3,5-bLV(WULIOXRURPeWK\O)SKeQ\O JURXSV RI QeWXSLWaQW bLQdLQJ LQ WKe VaPe UeJLRQ aV M11 RI SP (FLJ.

2B). TKe cRUe RI WKe QeWXSLWaQW aQWaJRQLVW VcaIIROd, KRZeYeU, e[WeQdV aORQJ TM4 aQd TM5 WRZaUd

WKe e[WUaceOOXOaU UeJLRQ RI WKe UeceSWRU LQ a SRUWLRQ RI WKe RUWKRVWeULc SRcNeW WKaW LV QRW RccXSLed

b\ SP.  AOO VWUXcWXUaOO\ cKaUacWeUL]ed NK1R aQWaJRQLVWV SRVVeVV a VLPLOaU PROecXOaU VcaIIROd WR

QeWXSLWaQW aQd bLQd WR a UeOaWLYeO\ VPaOO SRUWLRQ RI WKe WRWaO SP bLQdLQJ VLWe (SXSSOePeQWaU\ FLJ.

5). TKLV dLVWLQcW bLQdLQJ WRSRORJ\ LV cRQVLVWeQW ZLWK SULRU PXWaJeQeVLV daWa, ZKLcK IRXQd RQO\ WZR

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted May 17, 2021. ; https://doi.org/10.1101/2021.05.16.444192doi: bioRxiv preprint 

https://paperpile.com/c/EI2Wid/AZII
https://paperpile.com/c/EI2Wid/NcWJ
https://paperpile.com/c/EI2Wid/rgBM
https://paperpile.com/c/EI2Wid/Dz5C
https://paperpile.com/c/EI2Wid/XwtB+GWIV+Lje5
https://paperpile.com/c/EI2Wid/GWIV
https://doi.org/10.1101/2021.05.16.444192
http://creativecommons.org/licenses/by-nc-nd/4.0/


NK1R UeVLdXeV, Q1654.60 aQd Y2877.35, aUe LPSRUWaQW IRU bRWK SP aQd QRQ-SeSWLde aQWaJRQLVWV

bLQdLQJ9,45±49 (SXSSOePeQWaU\ FLJ. 5).

TKe e[SaQVLYe SP-NK1R LQWeUIace LV cRQVLVWeQW ZLWK SULRU PXWaJeQeVLV eIIRUWV, ZKLcK IRXQd WKaW

UeVLdXeV bRWK ZLWKLQ WKe deeS 7TM VLWe aQd WKe NK1R N-WeUPLQXV SRWeQWO\ UedXce SP bLQdLQJ

aIILQLW\9,47,49. OXU VWUXcWXUe RI WKe SP-NK1R cRPSOe[ UeYeaOed WKaW WKe aPLdaWed C-WeUPLQXV RI SP

IRUPV aQ e[WeQVLYe K\dURJeQ-bRQdLQJ QeWZRUN ZLWK NK1R UeVLdXeV N852.57, N892.61, H1083.28, aQd

Y2877.35 (FLJ. 2D). TR ILQeO\ SURbe WKe LPSRUWaQce RI VSecLILc K\dURJeQ bRQdV LQ SP bLQdLQJ WR

NK1R, Ze WeVWed WKe abLOLW\ RI SP WR acWLYaWe NK1R PXWaQWV ZLWK cRQVeUYaWLYe aPLQR acLd

VXbVWLWXWLRQV aW WKeVe Ne\ SRVLWLRQV LQ a Ca2+ PRbLOL]aWLRQ aVVa\. IQ cRQWUaVW WR WKe dUaPaWLc ORVV

RI SRWeQc\ SUeYLRXVO\ RbVeUYed ZLWK QRQ-cRQVeUYaWLYe aOaQLQe PXWaWLRQV aW WKeVe VLWeV49, Ze

RbVeUYed UeOaWLYeO\ PLQRU cKaQJeV LQ SP SRWeQc\ RU Pa[LPaO eIILcac\ ZLWK WKeVe cRQVeUYaWLYe

PXWaWLRQV (FLJ. 2E aQd SXSSOePeQWaU\ FLJ. 6).

We K\SRWKeVL]ed WKaW RWKeU SP±NK1R LQWeUacWLRQV, SeUKaSV WKRVe LQ WKe e[WUaceOOXOaU UeJLRQV RI

WKe UeceSWRU, cRXOd cRPSeQVaWe IRU WKe dLVUXSWed K\dURJeQ bRQdLQJ QeWZRUN LQ WKe deeS SRUWLRQ

RI WKe NK1R SRcNeW. TR WeVW WKLV, Ze e[aPLQed WKe SRWeQc\ aQd eIILcac\ RI a WUXQcaWed YeUVLRQ RI

SP cRQWaLQLQJ RQO\ UeVLdXeV 6-11 (SP6-11, FLJ. 3A), ZKLcK ZRXOd be XQabOe WR LQWeUacW ZLWK WKe

NK1R ECL2 aQd N-WeUPLQXV. AV RbVeUYed SUeYLRXVO\18, Ze IRXQd WKaW SP6-11 LV eTXaOO\ SRWeQW

aV SP LQ VWLPXOaWLQJ Ca2+ VLJQaOLQJ aQd IP1 accXPXOaWLRQ aW ZLOd-W\Se NK1R (FLJ. 3B aQd

SXSSOePeQWaU\ FLJ. 6). WKeQ WeVWed aJaLQVW RXU cRQVeUYaWLYe NK1R PXWaQWV WaUJeWLQJ WKe SP

C-WeUPLQaO aPLde K\dURJeQ bRQdLQJ QeWZRUN, Ze RbVeUYed a dUaPaWLc 30-1000 IROd ORVV LQ

SRWeQc\ IRU SP6-11 (FLJ. 2E). We WKeUeIRUe cRQcOXde WKaW WKe e[WeQVLYe K\dURJeQ bRQdLQJ

QeWZRUN UecRJQL]LQJ WKe aPLdaWed C-WeUPLQXV RI SP LV LQdeed LPSRUWaQW IRU Ca2+ VLJQaOLQJ, bXW

WKaW WKe e[WeQded cRQWacWV beWZeeQ SP aQd NK1R LQ WKe e[WUaceOOXOaU UeJLRQV VeUYe aQ LPSRUWaQW

UROe LQ NK1R VLJQaOLQJ be\RQd VLPSO\ dLcWaWLQJ WKe WacK\NLQLQ UeceSWRU VXbW\Se VeOecWLYLW\ RI SP.

Structural interrogation of NK1R signaling bias

WKLOe SP SRWeQWO\ acWLYaWeV bRWK GT aQd GV VLJQaOLQJ dRZQVWUeaP RI NK1R22, NKA aQd

N-WeUPLQaOO\ WUXQcaWed SP aQaORJV aUe ZeaNeU aJRQLVWV RI GV VLJQaOLQJ17,18. We cRQILUPed WKeVe

SULRU UeVXOWV LQ VLJQaOLQJ VWXdLeV. SP, NKA, aQd SP6-11 SURdXced eTXaOO\ SRWeQW aQd eIILcacLRXV

Ca2+ aQd IP VLJQaOLQJ UeVSRQVeV (FLJ. 3B aQd SXSSOePeQWaU\ FLJ. 6). B\ cRQWUaVW, NKA aQd
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SP6-11 ZeUe 6- aQd 16-IROd OeVV SRWeQW WKaQ SP LQ eOLcLWLQJ cAMP accXPXOaWLRQ, UeVSecWLYeO\

(FLJ. 3C, SXSSOePeQWaU\ TabOe 2), cRQILUPLQJ WKeLU GT VeOecWLYe VLJQaOLQJ SURILOeV.

PULRU SKaUPacRORJ\ VWXdLeV KaYe dePRQVWUaWed WKaW SP aQd LWV aQaORJV bLQd WR NK1R LQ WZR

dLVWLQcW cRQIRUPaWLRQV WKaW OLNeO\ deSeQd RQ WKe VSecLILc G SURWeLQ cRXSOed WR WKe UeceSWRU24,50.

IQdeed, NK1R-GT aQd NK1R-GV IXVLRQ SURWeLQV dLVSOa\ dLIIeUeQW bLQdLQJ aIILQLWLeV IRU SP50,

VXJJeVWLQJ WKaW GT- aQd GV-cRXSOed NK1R e[LVW LQ dLVWLQcW cRQIRUPaWLRQV. We WKeUeIRUe UeaVRQed

WKaW addLWLRQaO cU\R-EM VWUXcWXUeV RI acWLYe NK1R Pa\ SURYLde LQVLJKW LQWR KRZ SP aQd RWKeU

WacK\NLQLQV LQdXce dLVWLQcW GT aQd GV VLJQaOLQJ RXWcRPeV. IQ SaUWLcXOaU, Ze VSecXOaWed WKaW

dLIIeUeQceV LQ WKe SP-ECL2 LQWeUacWLRQ LQWeUIace Pa\ e[SOaLQ WKe dLPLQLVKed GV aJRQLVP RI NKA

aQd SP6-11. TR e[SORUe KRZ SP LQdXceV GV VLJQaOLQJ, Ze deWeUPLQed a VWUXcWXUe RI SP-NK1R

bRXQd WR a PLQLG SURWeLQ aQaORJ RI GV (PLQLGV399) aW 3.1 c UeVROXWLRQ (FLJ. 3D, SXSSOePeQWaU\ FLJ.

1, SXSSOePeQWaU\ FLJ. 7). FXUWKeUPRUe, WR XQdeUVWaQd KRZ NKA aQd SP6-11 LQdXce GT VeOecWLYe

NK1R VLJQaOLQJ, Ze deWeUPLQed WKe VWUXcWXUe RI a SP6-11-NK1R-PLQLGV/T70 cRPSOe[ aW 3.2 c

UeVROXWLRQ (FLJ. 3E, SXSSOePeQWaU\ FLJ. 1, SXSSOePeQWaU\ FLJ. 8).

TKe VWUXcWXUe RI WKe IXOO-OeQJWK SP-NK1R-PLQLGV399 cRPSOe[ LV aOPRVW LdeQWLcaO WR RXU

SP-NK1R-PLQLGV/T70 cRPSOe[, ZLWK RYeUaOO NK1R URRW PeaQ VTXaUe deYLaWLRQ (RMSD) RI 0.38 c.

IPSRUWaQWO\, Ze RbVeUYe cOeaUO\ UeVROYed EM deQVLW\ IRU WKe N-WeUPLQXV RI SP, ZKLcK LQWeUacWV

ZLWK WKe NK1R e[WUaceOOXOaU UeJLRQV LQ a YeU\ VLPLOaU PaQQeU WR WKe SP-NK1R-PLQLGV/T70 VWUXcWXUe

(SXSSOePeQWaU\ FLJ. 9). TKe VLPLOaULW\ LQ WKeVe SP-NK1R-PLQLG SURWeLQ VWUXcWXUeV VXJJeVWV WKaW

WKe RYeUaOO cRQIRUPaWLRQ RI GT- aQd GV-cRXSOed NK1R Pa\ be VLPLOaU ZKLOe bRXQd WR SP.

HRZeYeU, WKeUe aUe LPSRUWaQW caYeaWV WR WKLV LQWeUSUeWaWLRQ. FLUVW, WKe SULPaU\ LQWeUacWLRQ beWZeeQ

NK1R aQd WKe PLQLG SURWeLQV LV WKe LQVeUWLRQ RI WKe G SURWeLQ C-WeUPLQaO Į5-KeOL[ LQWR WKe

UeceSWRU 7TM cRUe. IQ WKe cKLPeULc PLQLGV/T70 SURWeLQ, WKe Į5-KeOL[ LV deULYed IURP GT, ZKeUeaV WKe

UePaLQdeU RI WKe PLQLGV/T70 SURWeLQ LV deULYed IURP GV. IW LV SRVVLbOe WKaW WKe LQWeUacWLRQ beWZeeQ

NK1R aQd ZLOd-W\Se GT Pa\ be dLIIeUeQW IURP ZKaW Ze RbVeUYe ZLWK PLQLGV/T70 KeUe. FXUWKeUPRUe,

bRWK PLQLG SURWeLQV XVed KeUe KaYe beeQ eQJLQeeUed WR VWabLOL]e WKe acWLYe G SURWeLQ

cRQIRUPaWLRQ aQd LQcUeaVe WKe aIILQLW\ RI WKe G SURWeLQ±GPCR LQWeUacWLRQ. We caQQRW UXOe RXW WKe

SRVVLbLOLW\ WKaW WKeVe PRdLILcaWLRQV Pa\ LQIOXeQce WKe VSecLILc cRQIRUPaWLRQ RI NK1R WKaW Ze

RbVeUYed LQ RXU VWUXcWXUeV. FLQaOO\, RXU cU\REM UecRQVWUXcWLRQV caSWXUe a VLQJOe, ORZ-eQeUJ\ VWaWe

RI a QXcOeRWLde-IUee NK1R-PLQLG SURWeLQ cRPSOe[. IW LV aOVR SRVVLbOe WKaW GT aQd GV VLJQaOLQJ
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VeOecWLYLW\ aULVeV IURP WUaQVLeQW NK1R G SURWeLQ-cRXSOed VWaWeV WKaW aUe QRW VWUXcWXUaOO\ RbVeUYed

LQ RXU ZRUN.

TKe VWUXcWXUe RI SP6-11 acWLYaWed NK1R-PLQLGV/T70 aOVR UeYeaOed a KLJKO\ VLPLOaU UeceSWRU-G

SURWeLQ cRQIRUPaWLRQ ZKeQ cRPSaUed WR IXOO-OeQJWK SP, ZLWK QRWabOe e[ceSWLRQV LQ WKe SeSWLde

bLQdLQJ VLWe (FLJ. 3F,G aQd SXSSOePeQWaU\ FLJ. 9). We RbVeUYed a VKRUWeU deQVLW\ IRU SP6-11 LQ

WKe RUWKRVWeULc bLQdLQJ SRcNeW, cRQVLVWeQW ZLWK WKe N-WeUPLQaO WUXQcaWLRQ RI SP.  TKe cU\R-EM

deQVLW\ IRU SP6-11 LV cRPSaUaWLYeO\ ZRUVe WKaQ WKe deQVLW\ IRU bRWK IXOO-OeQJWK SP UecRQVWUXcWLRQV

ZKeQ YLeZed ZLWK XQVKaUSeQed PaSV aW WKe VaPe eQcORVed YROXPe WKUeVKROd (FLJ. 3G).

SSecLILcaOO\, WKeUe LV a OacN RI cRQWLQXRXV eOecWURQ deQVLW\ beWZeeQ WKe SeSWLde bacNbRQe aQd WKe

F7 VLdecKaLQ aQd WKe eOecWURQ deQVLW\ IRU WKe M11 VLdecKaLQ LV cRPSOeWeO\ PLVVLQJ. B\ cRQWUaVW,

WKe deQVLW\ IRU WKe UeceSWRU LV cRPSaUaWLYeO\ ZeOO UeVROYed IRU bRWK IXOO-OeQJWK SP aQd SP6-11

VWUXcWXUeV, VXJJeVWLQJ WKaW WKe ZeaNeU deQVLW\ Ze RbVeUYed IRU SP6-11 dReV QRW aULVe IURP ORcaO

UeVROXWLRQ aUWLIacWV (SXSSOePeQWaU\ FLJ. 9). SeOecWLYeO\ ZeaNeU deQVLW\ IRU F7 aQd M11 Pa\ aULVe

IURP LQcUeaVed d\QaPLc PRWLRQ RI SP6-11 cRPSaUed WR IXOO-OeQJWK SP. We VSecXOaWe WKaW

LQcUeaVed SP6-11 d\QaPLc PRWLRQ Pa\ UeVXOW IURP a OacN RI VWabLOL]LQJ cRQWacWV beWZeeQ WKe

N-WeUPLQXV RI SP aQd WKe e[WUaceOOXOaU UeJLRQV RI NK1R, SRWeQWLaOO\ OeadLQJ WR bRWK LQcUeaVed

VeQVLWLYLW\ RI SP6-11 WR PXWaWLRQV LQ WKe deeS 7TM SRcNeW (FLJ. 2E) aQd decUeaVed SRWeQc\ RI

SP6-11-PedLaWed GV-VLJQaOLQJ (FLJ. 3C).

Truncation of SP N-terminus increases C-terminus mobilit\

We WXUQed WR aOO-aWRP PROecXOaU d\QaPLcV (MD) VLPXOaWLRQV WR XQdeUVWaQd WKe PecKaQLVP b\

ZKLcK SP N-WeUPLQaO WUXQcaWLRQ OeadV WR GT VeOecWLYe VLJQaOLQJ. TR WKLV eQd, Ze SeUIRUPed 12

LQdeSeQdeQW 2-�V VLPXOaWLRQV RI acWLYe NK1R bRXQd WR SP aQd aQRWKeU 12 RI acWLYe NK1R bRXQd

WR SP6-11.

IQ RXU VLPXOaWLRQV, SP6-11 LV OeVV UeVWUaLQed LQ LWV PRWLRQ WKaQ WKe cRUUeVSRQdLQJ C-WeUPLQaO

UeVLdXeV RI SP aQd e[SORUeV PRUe VSace ZLWKLQ WKe bLQdLQJ SRcNeW (FLJ. 4). SP6-11 UeVLdXeV F7

aQd M11 e[KLbLW SaUWLcXOaUO\ QRWabOe dLIIeUeQceV LQ d\QaPLcV cRPSaUed WR SP. IQ VLPXOaWLRQV RI

NK1R bRXQd WR IXOO-OeQJWK SP, WKe F7 VLde cKaLQ UePaLQV PRVWO\ beWZeeQ TM7 aQd TM2, aV LQ

WKe SP-bRXQd NK1R VWUXcWXUe (FLJ. 4A). IQ VLPXOaWLRQV ZLWK SP6-11, RQ WKe RWKeU KaQd, WKe F7

VLde cKaLQ VaPSOeV a ZLdeU UaQJe RI RULeQWaWLRQV (FLJ. 4C). TKe VLde cKaLQ RI M11 adRSWV WZR

PaMRU RULeQWaWLRQV LQ VLPXOaWLRQV RI SP: RQe SRLQWLQJ beWZeeQ TM5 aQd TM6 aV LQ WKe SP-bRXQd
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VWUXcWXUe RI NK1R aQd RQe SRLQWLQJ beWZeeQ TM6 aQd TM7. FRU SP6-11, Ze RbVeUYe a ZLdeU

UaQJe RI M11 VLde cKaLQ RULeQWaWLRQV ZLWK addLWLRQaO cRQIRUPaWLRQV SRLQWLQJ WRZaUdV TM6 aQd

TM7 (FLJ. 4C). AOWRJeWKeU, Ze RbVeUYe a VLJQLILcaQW LQcUeaVe LQ WKe URRW PeaQ VTXaUe IOXcWXaWLRQ

(RMSF) IRU SP6-11 bRXQd WR NK1R, bRWK IRU WKe eQWLUe C-WeUPLQaO SeSWLde UeJLRQ aQd IRU WKe F7

aQd M11 UeVLdXeV (FLJ. 4B). TKLV LQcUeaVed IOe[LbLOLW\ LV cRQVLVWeQW ZLWK SRRUO\ UeVROYed UeJLRQV

IRU WKe SP6-11 SeSWLde LQ RXU cU\R-EM VWUXcWXUe (FLJ. 3G). We cRQcOXde WKaW dLVUXSWLRQ RI WKe

LQWeUacWLRQV beWZeeQ WKe SP N-WeUPLQXV aQd WKe NK1R OeadV WR deVWabLOL]aWLRQ RI SP C-WeUPLQaO

UeVLdXeV.

IQWULJXLQJO\, WKe dLIIeUeQW RULeQWaWLRQV RbVeUYed IRU M11 aQd F7 aIIecW cRQWacWV ZLWK TM7. GLYeQ

WKaW acWLYe NK1R LV aOUead\ LQ aQ XQXVXaO µQRQ-caQRQLcaO¶ cRQIRUPaWLRQ, ZLWK TM7 LQacWLYe bXW

TM6 LQ aQ RXWZaUd SRVLWLRQ, LW LV WePSWLQJ WR VSecXOaWe WKaW WKeVe dLIIeUeQW LQWeUacWLRQV ZLWK TM7

cRXOd aOVR VWabLOL]e dLVWLQcW LQWUaceOOXOaU cRQIRUPaWLRQV dLIIeULQJ LQ TM7 cRQIRUPaWLRQ. DLIIeUeQW

TM7 cRQIRUPaWLRQV KaYe beeQ SUeYLRXVO\ VKRZQ WR PedLaWe dLIIeUeQWLaO VLJQaOLQJ UeVSRQVeV RI

aQRWKeU SeSWLdeUJLc GPCR, WKe aQJLRWeQVLQ II W\Se 1 UeceSWRU51.

Disruption of SP contacts with ECL2 biases signaling

OXU VLPXOaWLRQV VXJJeVWed WKaW WKe LQWeUacWLRQV RI WKe N-WeUPLQaO UeJLRQ RI SP ZLWK NK1R ECL2

VeUYe WR VWabO\ SRVLWLRQ WKe C-WeUPLQXV RI WKe SeSWLde. DLVUXSWLRQ RI WKeVe LQWeUacWLRQV Pa\

WKeUeIRUe deVWabLOL]e WKe C-WeUPLQaO UeJLRQ RI SP aQd acKLeYe VLPLOaU GT SUeIeUeQWLaO VLJQaOLQJ aV

RbVeUYed IRU SP6-11. TR dLUecWO\ WeVW WKe UeOeYaQce RI LQWeUacWLRQV beWZeeQ ECL2 aQd SP, Ze

deVLJQed NK1R PXWaWLRQV WKaW dLVUXSW WKe SP-ECL2 LQWeUIace (SXSSOePeQWaU\ FLJ. 10). TZR VXcK

PXWaWLRQV, M174I aQd R177M, dLVSOa\ed GT SUeIeUeQWLaO VLJQaOLQJ b\ SP. IQ VWUXcWXUeV RI NK1R

bRXQd WR SP, M174 PaNeV K\dURSKRbLc cRQWacWV ZLWK F8 RI SP ZKLOe R177 IRUPV aQ e[WeQded

K\dURJeQ-bRQd QeWZRUN ZLWK WKe SP bacNbRQe aQd NK1R UeVLdXeV N962.68 LQ TM2 aQd N23 LQ WKe

N-WeUPLQXV (FLJ. 5A). IQ VLJQaOLQJ VWXdLeV, bRWK M174I aQd R177M aUe eTXaOO\ SRWeQW aQd

eIILcacLRXV aV ZLOd-W\Se NK1R aW Ca2+ PRbLOL]aWLRQ (FLJ. 5B). B\ cRQWUaVW, bRWK RI WKeVe PXWaWLRQV

VLJQLILcaQWO\ decUeaVe cAMP SURdXcWLRQ b\ SP, ZLWK R177M dLVSOa\LQJ a 20-IROd UedXcWLRQ LQ

SRWeQc\ aQd a >3-IROd UedXcWLRQ LQ eIILcac\ cRPSaUed WR ZLOd-W\Se NK1R (FLJ. 5C, SXSSOePeQWaU\

TabOe 2). IPSRUWaQWO\, WKeVe PXWaQWV aUe e[SUeVVed aW VLPLOaU OeYeOV aV ZLOd-W\Se NK1R

(SXSSOePeQWaU\ FLJ. 10). CRQWacWV beWZeeQ SP aQd NK1R ECL2 aUe WKeUeIRUe cULWLcaOO\ LPSRUWaQW

IRU SRWeQW GV-cRXSOed cAMP VLJQaOLQJ.
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Conclusion

SXbVWaQce P LV a SURWRW\SLcaO PePbeU RI WKe bURadeU IaPLO\ RI QeXURSeSWLdeV WKaW acW aW GPCRV

WR PRdXOaWe QeXURQaO IXQcWLRQ. OXU VWUXcWXUeV RI IXOO-OeQJWK SP bRXQd WR acWLYe NK1R UeYeaOed aQ

e[WeQVLYe cRQWacW LQWeUIace ZLWK NK1R, VWUeWcKLQJ IURP WKe deeSO\ bXULed UeJLRQV LQ WKe 7TM

dRPaLQ WR WKe e[WUaceOOXOaU UeJLRQV RI WKe UeceSWRU. A QeWZRUN RI VSecLILc K\dURJeQ bRQdV

beWZeeQ WKe aPLdaWed C-WeUPLQXV RI SP aQd WKe deeS RUWKRVWeULc SRcNeW RI NK1R aUe LPSRUWaQW

IRU SeSWLde UecRJQLWLRQ; UePRYaO RI VSecLILc K\dURJeQ bRQdV LPSaLUV WKe abLOLW\ RI SP6-11 WR

acWLYaWe NK1R. OXU VWUXcWXUeV aOVR UeYeaO LPSRUWaQW cRQWacWV beWZeeQ WKe SP N-WeUPLQXV aQd WKe

e[WUaceOOXOaU ORRSV RI NK1R, SURYLdLQJ LQVLJKW LQWR KRZ OeVV-cRQVeUYed VeTXeQceV LQ

QeXURSeSWLdeV eQJaJe GPCRV . WKLOe RXU VWUXcWXUaO YLeZV RI IXOO-OeQJWK QeXURSeSWLdeV bRXQd WR

WKeLU cRJQaWe GPCRV UePaLQV OLPLWed WR RQO\ a IeZ RWKeU e[aPSOeV42,52, aQ ePeUJLQJ WKePe LV

WKaW SeSWLdeV bLQd LQ aQ e[WeQded PaQQeU, ZLWK UeJLRQV RI WKe SeSWLde eQJaJLQJ WKe UeceSWRU

e[WUaceOOXOaU ORRSV.

OXU ZRUN UeYLVeV WKe µPeVVaJe-addUeVV¶ PRdeO IRU SeSWLdeUJLc VLJQaOLQJ aW GPCRV. IQ SaUWLcXOaU,

Ze dePRQVWUaWe WKaW LQWeUacWLRQV beWZeeQ WKe N-WeUPLQaO UeJLRQ RI SP aQd WKe e[WUaceOOXOaU ORRSV

RI NK1R, ZKLcK ZeUe SUeYLRXVO\ cKaUacWeUL]ed aV cRQIeUULQJ UeceSWRU VXbW\Se VeOecWLYLW\, aUe aOVR

UeTXLUed IRU baOaQced VLJQaOLQJ YLa bRWK WKe GT aQd GV VLJQaOLQJ SaWKZa\V. LRVV RI WKeVe

LQWeUacWLRQV, dXe WR eLWKeU WUXQcaWLRQ RI SP¶V N-WeUPLQXV RU NK1R ECL2 PXWaWLRQV, OeadV WR

GT-VeOecWLYe VLJQaOLQJ. OWKeU eQdRJeQRXV WacK\NLQLQV WKaW VLJQaO VeOecWLYeO\ YLa GT, VXcK aV NKA,

OLNeO\ dR VR becaXVe WKe\ OacN VeTXeQceV WKaW caQ eQJaJe WKe NK1R e[WUaceOOXOaU ORRSV.

NeXURSeSWLde UeJLRQV WKaW eQJaJe GPCR e[WUaceOOXOaU ORRSV Pa\ WKeUeIRUe VSecLI\ QRW RQO\

ZKLcK UeceSWRU VXbW\Se a SeSWLde SUeIeUeQWLaOO\ eQJaJeV bXW aOVR WKe VLJQaOLQJ RXWcRPeV

dRZQVWUeaP RI a VSecLILc GPCR.

OXU ZRUN KaV bURadeU LPSOLcaWLRQV IRU RWKeU QeXURSeSWLde GPCRV. PKaUPacRORJLcaO VWXdLeV ZLWK

RWKeU QeXURSeSWLdeV, LQcOXdLQJ RSLRLd SeSWLdeV53,54, QeXURSeSWLde S55,56, aQd QeXURSeSWLde Y57

VXJJeVW WKaW LQWeUacWLRQV beWZeeQ WKe dLYeUJeQW, OeVV cRQVeUYed UeJLRQV RI WKe QeXURSeSWLde aQd

WKeLU cRJQaWe UeceSWRU e[WUaceOOXOaU ORRSV, ZKLcK aOVR dLYeUJe LQ VeTXeQce, caQ WXQe VLJQaOLQJ

eIILcac\ YLa PXOWLSOe G SURWeLQV RU ȕ-aUUeVWLQV. OXU ZRUN KLJKOLJKWV WKe UROe RI SeSWLde-UeceSWRU

e[WUaceOOXOaU cRQWacWV LQ deWeUPLQLQJ WKe cRQIRUPaWLRQaO IOe[LbLOLW\ RI WKe cRUe ³PeVVaJe´ UeJLRQ RI

SP. A VLPLOaU PecKaQLVP Pa\ be UeVSRQVLbOe IRU ILQe-WXQLQJ LQWUaceOOXOaU VLJQaOLQJ, RU IRU

SURPRWLQJ a cRPSOeWe VLJQaOLQJ UeVSRQVe ZKeQ PXOWLSOe eQdRJeQRXV QeXURSeSWLdeV aUe SUeVeQW
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aQd acWLQJ aW a VLQJOe GPCR. AVVeVVLQJ WKe VWUXcWXUe aQd d\QaPLcV RI QeXURSeSWLdeV bRXQd WR

WKeLU cRJQaWe UeceSWRUV WKXV SURPLVeV WR \LeOd a PecKaQLVWLc XQdeUVWaQdLQJ RI ZKaW dULYeV GPCR

VLJQaOLQJ cRPSOe[LW\, aQd Pa\ eYeQWXaOO\ SURYLde a SaWK WR cRQWURO VXcK cRPSOe[ VLJQaOLQJ ZLWK

deVLJQed PROecXOeV.
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FIGURES

Figure 1. Cr\o-EM structure of active NK1R bound to Substance P
(A) UQVKaUSeQed cU\R-EM PaS RI SXbVWaQce P-bRXQd NK1R-PLQLGV/T70-Nb35 cRPSOe[.
(B) RLbbRQ dLaJUaP RI NK1R-PLQLGV/T70-Nb35 cRPSOe[. SXbVWaQce P LV VKRZQ aV RUaQJe
VSKeUeV.
(C) AOLJQPeQW RI acWLYe NK1R ZLWK LQacWLYe, aQWaJRQLVW-bRXQd NK1R (PDB: 6HLP38) VKRZV 8.3 c
RXWZaUd dLVSOacePeQW RI TM6.
(D) CRPSaULVRQ RI acWLYe NK1R WR RWKeU acWLYe-VWaWe GPCRV VKRZV PLQLPaO LQZaUd PRYePeQW RI
TM7 XSRQ acWLYaWLRQ. AcWLYaWLRQ-deSeQdeQW LQZaUd PRYePeQW RI TM7 IRU WZR cOaVV A
QeXURSeSWLde GPCRV LV VKRZQ IRU cRPSaULVRQ: �-RSLRLd (�OR, acWLYe PDB: 5C1M29, LQacWLYe
PDB: 4DKL58) aQd QeXURWeQVLQ 1 (NTS1R, acWLYe PDB: 6OS935, LQacWLYe PDB: 4BUO59).
(E) TKe acWLYe-VWaWe NK1R NP[[Y PRWLI VKRZV a VLPLOaU cRQIRUPaWLRQ WR WKe µQRQ-caQRQLcaO¶
acWLYe-VWaWe NTS1R cRQIRUPaWLRQ (PDB: 6OSA35). IQZaUd PRYePeQW RI Y7.53 aQd TM7 IRU
caQRQLcaOO\ acWLYe �OR aQd NTS1R LV VKRZQ IRU cRPSaULVRQ.
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Figure 2. Molecular recognition of Substance P b\ NK1R
(A) SKaUSeQed cU\R-EM deQVLW\ PaS IRU SXbVWaQce P (SP) LQ WKe NK1R bLQdLQJ SRcNeW VKRZQ aV
RUaQJe PeVK aQd cRQWRXUed aW a dLVWaQce RI 1.85 c IURP WKe SOacePeQW RI SXbVWaQce P aWRPV.
(B) OYeUOa\ RI SXbVWaQce P aQd QeWXSLWaQW bLQdLQJ VLWeV LQ NK1R RUWKRVWeULc VLWe.
(C) SXbVWaQce P IRUPV aQ e[WeQVLYe LQWeUacWLRQ LQWeUIace ZLWK NK1R, UeacKLQJ IURP WKe deeS
RUWKRVWeULc SRcNeW WR WKe dLVWaO e[WUaceOOXOaU UeJLRQV.
(D) TKe C-WeUPLQaOO\ aPLdaWed PeWKLRQLQe RI SXbVWaQce P (M11) IRUPV aQ e[WeQded
K\dURJeQ-bRQdLQJ QeWZRUN ZLWK NK1R. SKaUSeQed cU\R-EM deQVLW\ PaS IRU VLdecKaLQV LV
cRQWRXUed 1.85 c aZa\ IURP PRdeOed aWRPV.
(E) TUXQcaWed SP6-11 LV VeQVLWLYe WR PXWaWLRQV LQ WKe deeS RUWKRVWeULc SRcNeW, KLJKOLJKWLQJ WKe
LPSRUWaQce RI WKe e[WeQded K\dURJeQ-bRQd QeWZRUN IRU SXbVWaQce P UecRJQLWLRQ. BaU JUaSKV
UeSUeVeQW PeaQ ¨SEC50 (WT - MXWaQW) � V.e.P. IURP Q > 3 LQdeSeQdeQWO\ ILW bLRORJLcaO UeSOLcaWeV.
SWaWLVWLcaO VLJQLILcaQce beWZeeQ SP aQd SP6-11 ¨SEC50 IRU eacK PXWaQW LV cRPSaUed LQ a
WZR-Za\ aQaO\VLV RI YaULaQce (ANOVA) ZLWK âtdiN¶V PXOWLSOe cRPSaULVRQ±cRUUecWed SRVW KRc WeVW,
(* = S < 0.033, ** = S < 0.002, *** = S < 0.0002, **** = S < 0.0001). FXOO TXaQWLWaWLYe SaUaPeWeUV
IURP WKLV e[SeULPeQW aUe OLVWed LQ SXSSOePeQWaU\ TabOe 3.
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Figure 3. Structural interrogation of SP6-11, a Gq-selective tach\kinin
(A) SeTXeQce RI SP, SXbVWaQce P 6-11 (SP6-11) aQd NeXURNLQLQ A (NKA).
(B,C) Ca2+ aQd cAMP VLJQaOLQJ aVVa\V dePRQVWUaWe WKaW SP6-11 aQd NKA VLJQaO SRWeQWO\
WKURXJK GT bXW KaYe dLPLQLVKed SRWeQc\ IRU GV VLJQaOLQJ. SLJQaOLQJ JUaSKV UeSUeVeQW WKe JORbaO
ILW RI JURXSed daWa � V.e.P. IURP Q > 3 LQdeSeQdeQW bLRORJLcaO UeSOLcaWeV. FXOO TXaQWLWaWLYe
SaUaPeWeUV IURP WKLV e[SeULPeQW aUe OLVWed LQ SXSSOePeQWaU\ TabOe 2.
(D) CU\R-EM PaS RI SP-NK1R-PLQLGV399-Nb35 cRPSOe[.
(E) CU\R-EM PaS RI SP6-11-bRXQd NK1R-PLQLGV/T70-Nb35 cRPSOe[.
(F,G) UQVKaUSeQed deQVLW\ PaSV aW eTXLYaOeQW eQcORVed YROXPe WKUeVKROdV IRU SP aQd SP6-11
aUe VKRZQ aV PeVK. FRU SP6-11, deQVLW\ IRU WKe M11 VLde cKaLQ LV abVeQW, aV LV cRQQecWLQJ
deQVLW\ IRU WKe F7 VLde cKaLQ (LQdLcaWed b\ Ued aUURZV). B\ cRQWUaVW, WKeVe UeJLRQV aUe cOeaUO\
UeVROYed IRU SP. DeQVLW\ PaS IRU WKe SeSWLde LV cRQWRXUed 2 c aZa\ IURP PRdeOed aWRPV.
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Figure 4. Molecular d\namics shows increased mobilit\ of SP6-11.
(A) MROecXOaU d\QaPLcV VLPXOaWLRQ VQaSVKRWV IRU bacNbRQe RI C-WeUPLQaO UeVLdXeV RI SXbVWaQce
P (SP). Cܤ aWRPV IRU PeWKLRQLQe 11 (M11) aQd SKeQ\OaOaQLQe 7 (F7) aUe VKRZQ aV VSKeUeV. TKe
VWaUWLQJ cU\R-EM VWUXcWXUe RI SP LQ WKe bLQdLQJ SRcNeW LV VKRZQ ZLWK RXWOLQe; VLPXOaWLRQ
VQaSVKRWV aUe WUaQVSaUeQW. SLPXOaWLRQV LQcOXded aOO 11 aPLQR-acLdV RI SP, bXW RQO\ UeVLdXeV 6-11
aUe VKRZQ KeUe WR eQabOe cRPSaULVRQ ZLWK SP6-11. IQVeWV VKRZ cRQIRUPaWLRQV IRU F7 aQd M11
VLde cKaLQV RI SP.
(B) QXaQWLWaWLRQ RI SeSWLde PRbLOLW\ LQ PROecXOaU d\QaPLcV VLPXOaWLRQV aV PeaVXUed b\ URRW
PeaQ VTXaUe IOXcWXaWLRQ (RMSF). BaU JUaSKV VKRZ PeaQ RMSF � V.e.P. IURP WZeOYe
LQdeSeQdeQW PROecXOaU d\QaPLcV VLPXOaWLRQV (* = S < 0.05, WZR-VLded WeOcK¶V W-WeVW).
(C) SLPXOaWLRQ VQaSVKRWV IRU SP6-11. IQVeWV VKRZ aOWeUQaWLYe cRQIRUPaWLRQV IRU F7 aQd M11 VLde
cKaLQV RI SP6-11.
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Figure 5. Disruption of SP-NK1R ECL2 contacts leads to Gq-selective signaling
(A) NK1R ECL2 cRQWacWV ZLWK WKe N-WeUPLQaO UeJLRQ RI SP. R177 eQJaJeV LQ aQ e[WeQded
K\dURJeQ bRQdLQJ QeWZRUN ZLWK WKe SP bacNbRQe ZKLOe M174 PaNeV YaQ deU WaaOV cRQWacWV
ZLWK R1 aQd P4
(B, C) Ca2+ aQd cAMP VLJQaOLQJ aVVa\V IRU SRLQW PXWaQWV dLVUXSWLQJ ECL2-SP LQWeUacWLRQV.
DLVUXSWLRQ RI SP-NK1R ECL2 cRQWacWV OeadV WR VWURQJO\ GT VeOecWLYe VLJQaOLQJ. SLJQaOLQJ JUaSKV
UeSUeVeQW WKe JORbaO ILW RI JURXSed daWa � V.e.P. IURP Q > 3 LQdeSeQdeQW bLRORJLcaO UeSOLcaWeV. FXOO
TXaQWLWaWLYe SaUaPeWeUV IURP WKLV e[SeULPeQW aUe OLVWed LQ SXSSOePeQWaU\ TabOe 3.
(C) MRdeO IRU WXQLQJ RI G SURWeLQ VeOecWLYLW\ dULYeQ b\ cRQWacWV beWZeeQ SP aQd ECL2.
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METHODS

Expression and purification of full-length Substance P-NK1R-miniGs/q70 complex

FRU VWUXcWXUe deWeUPLQaWLRQ, KXPaQ TACR1 ZLWK aQ N-WeUPLQaO HA VLJQaO VeTXeQce IROORZed b\ a

FLAG eSLWRSe WaJ ZaV cORQed LQWR a ScDNATM3.1/ZeR(+) YecWRU cRQWaLQLQJ a WeWUac\cOLQe-LQdXcLbOe

e[SUeVVLRQ caVVeWWe. TKe PLQLGV/T70 SURWeLQ25 ZaV IXVed WR WKe NK1R C-WeUPLQXV, SUeceded b\ a

IOe[LbOe JO\cLQe/VeULQe OLQNeU aQd UKLQRYLUXV 3C SURWeaVe UecRJQLWLRQ VLWe (LEVLFQGP). TKe

UeVXOWLQJ NK1R-PLQLGV/T70 IXVLRQ cRQVWUXcW ZaV WUaQVIecWed LQWR adKeUeQW E[SL293FTM IQdXcLbOe

HXPaQ EPbU\RQLc KLdQe\ CeOOV (XQaXWKeQWLcaWed aQd XQWeVWed IRU P\cRSOaVPa cRQWaPLQaWLRQ,

LLIe TecKQRORJLeV) XVLQJ LLSRIecWaPLQe 2000� aQd ceOOV ZeUe PaLQWaLQed LQ DMEM (GLbcR,

11995-065) + 10% FBS (GLbcR), 100 U/PL SeQLcLOOLQ aQd 100 ȝJ/PL VWUeSWRP\cLQ aW 37 �C aQd

5% CO2 LQ a VWaQdLQJ LQcXbaWRU. CeOOV VWabO\ LQcRUSRUaWLQJ WKe NK1R-PLQLGV/T70 IXVLRQ SOaVPLd

ZeUe VeOecWed XQdeU aQWLbLRWLc SUeVVXUe ZLWK ]eRcLQ (500 ȝJ/PL) aQd bOaVWLcLdLQ (10 ȝJ/PL). TKe

UeVXOWLQJ SRO\cORQaO E[SL293FTM NK1R-PLQLGV/T70 VWabOe ceOO OLQe ZaV WKeQ adaSWed WR VXVSeQVLRQ

cXOWXUe aQd PaLQWaLQed LQ E[SL293TM E[SUeVVLRQ MedLXP (GLbcR) VXSSOePeQWed ZLWK ]eRcLQ (5

ȝJ/PL) aQd bOaVWLcLdLQ (5 ȝJ/PL) aW 37 �C aQd 8 % CO2 RQ a VKaNLQJ SOaWIRUP aW 125 USP.

E[SUeVVLRQ RI NK1R-PLQLGV/T70 IXVLRQ SURWeLQ ZaV LQdXced ZLWK addLWLRQ RI 4 ȝJ/PL dR[\c\cOLQe

K\cOaWe (SLJPa AOdULcK) aQd eQKaQced ZLWK 20 PM VRdLXP bXW\UaWe (SLJPa AOdULcK). TZR OLWeUV RI

LQdXced E[SL293FTM NK1R-PLQLGV/T70 VWabOe ceOOV ZeUe KaUYeVWed 24 KRXUV aIWeU LQdXcWLRQ aQd

VWRUed aW -80 �C XQWLO IXUWKeU XVe.

FRU SXULILcaWLRQ, ceOOV ZeUe WKaZed aQd ZaVKed ZLWK K\SRWRQLc bXIIeU (20 PM HEPES SH 7.5, 1

PM EDTA) VXSSOePeQWed ZLWK SURWeaVe LQKLbLWRUV (20 ȝJ/PL OeXSeSWLQ, 160 ȝJ/PL beQ]aPLdLQe,

1 PM PMSF), UedXcLQJ aJeQW (100 ȝM TCEP) aQd 100 QM SXbVWaQce P (TRcULV). TKe PePbUaQe

IUacWLRQ ZaV WKeQ VROXbLOL]ed ZLWK 50 PM HEPES SH 7.5, 300 PM NaCO, 1% (Z/Y) OaXU\O PaOWRVe

QeRSeQW\O JO\cRO (L-MNG, AQaWUace), 0.1% cKROeVWeU\O KePLVXccLQaWe (CHS, SWeUaORLdV), SURWeaVe

LQKLbLWRUV, 100 ȝM TCEP, 5 PM ATP, 2 PM MJCO2, aQd 1 ȝM SXbVWaQce P IRU 1.5 KRXUV aW 4 �C.

AIWeU KLJK-VSeed ceQWULIXJaWLRQ, WKe VXSeUQaWaQW ZaV VXbMecWed WR aIILQLW\ SXULILcaWLRQ XVLQJ

KRPePade M1 aQWL-FLAG aQWLbRd\ cRXSOed WR SeSKaURVe beadV. NK1R-PLQLGV/T70 bRXQd WR

M1-beadV ZaV ZaVKed e[WeQVLYeO\ WR JUadXaOO\ decUeaVe deWeUJeQW aQd VaOW cRQceQWUaWLRQ aQd

ZaV eOXWed LQ 50 PM HEPES SH 7.5, 150 PM NaCO, 0.0075% (Z/Y) L-MNG, 0.0025% (Z/Y)

JO\cR-dLRVJeQLQ (GDN, AQaWUace), 0.001% CHS, 100 ȝM TCEP, 100 QM SXbVWaQce P, 5 PM

EDTA, aQd 0.2 PJ/PL FLAG SeSWLde (GeQVcULSW). EOXWed NK1R-PLQLGV/T70 ZaV cRQceQWUaWed ZLWK
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a 50 NDa MWCO VSLQ cRQceQWUaWRU (MLOOLSRUe) aQd SXULILed WR KRPRJeQeLW\ ZLWK VL]e-e[cOXVLRQ

cKURPaWRJUaSK\, XVLQJ a SXSeUde[ S200 IQcUeaVe 10/300 GL cROXPQ (GE HeaOWKcaUe)

eTXLOLbUaWed LQ 20 PM HEPES SH 7.5, 150 PM NaCO, 0.0075% (Z/Y) L-MNG, 0.0025% (Z/Y)

GDN, 0.001% CHS, 100 �M TCEP, aQd 100 QM SXbVWaQce P. FUacWLRQV cRQWaLQLQJ

PRQRdLVSeUVe NK1R-PLQLGV/T70 IXVLRQ SURWeLQ ZeUe SRROed, PL[ed ZLWK 2.5[ PROaU e[ceVV RI

Gȕ1Ȗ2 KeWeURdLPeU, Nb35, aQd SXbVWaQce P, aQd LQcXbaWed RYeUQLJKW aW 4 �C. TKe Qe[W da\, WKe

KeWeURWULPeULc cRPSOe[ ZaV cRQceQWUaWed ZLWK a 50 NDa MWCO VSLQ cRQceQWUaWRU aQd e[ceVV

Gȕ1Ȗ2 aQd Nb35 ZaV UePRYed YLa VL]e-e[cOXVLRQ cKURPaWRJUaSK\, XVLQJ a SXSeUde[ S200

IQcUeaVe 10/300 GL cROXPQ (GE HeaOWKcaUe) eTXLOLbUaWed LQ 20 PM HEPES SH 7.5, 150 PM

NaCO, 0.00075% (Z/Y) L-MNG, 0.00025% (Z/Y) GDN, 0.0001% CHS, 100 �M TCEP, aQd 100 QM

SXbVWaQce P. ReVXOWLQJ SP-NK1R-PLQLGV/T70 KeWeURWULPeULc cRPSOe[ ZaV cRQceQWUaWed ZLWK a 50

NDa MWCO VSLQ cRQceQWUaWRU WR 1.93 PJ/PL (14 ȝM) IRU SUeSaUaWLRQ RI cU\R eOecWURQ PLcURVcRS\

JULdV.

Expression and purification of Substance P (6-11)-NK1R-miniGs/q70 complex

TKe SP6-11-bRXQd NK1R-PLQLGV/T70 IXVLRQ SURWeLQ ZaV e[SUeVVed aQd SXULILed e[acWO\ aV

deVcULbed abRYe IRU WKe IXOO-OeQJWK SP-NK1R-PLQLGV/T70 IXVLRQ SURWeLQ, ZLWK WKe e[ceSWLRQ RI

UeSOacLQJ aOO SP LQcXbaWLRQV ZLWK SP6-11 WKURXJKRXW WKe SXULILcaWLRQ. IQcXbaWLRQ RI

SP6-11-NK1R-PLQLGV/T70 IXVLRQ SURWeLQ ZLWK Gȕ1Ȗ2 aQd Nb35 ZaV SeUIRUPed aV deVcULbed abRYe

IRU WKe IXOO-OeQJWK SP cRPSOe[. TKe UeVXOWLQJ SP6-11-NK1R-PLQLGV/T70 KeWeURWULPeULc cRPSOe[ ZaV

cRQceQWUaWed ZLWK a 50 NDa MWCO VSLQ cRQceQWUaWRU WR 2.91 PJ/PL (21 ȝM) IRU SUeSaUaWLRQ RI

cU\R eOecWURQ PLcURVcRS\ JULdV.

Expression and purification of full-length Substance P-NK1R-miniGs399 complex

TKe NK1R-PLQLGV/T70 IXVLRQ cRQVWUXcW (JeQeUaWLRQ deVcULbed abRYe) ZaV PRdLILed WR UeSOace WKe

PLQLGV/T70 SURWeLQ ZLWK WKe PLQLGV399
33,34 SURWeLQ XVLQJ GLbVRQ cORQLQJ. TKe VXbVeTXeQW

NK1R-PLQLGV399 IXVLRQ cRQVWUXcW ZaV WUaQVLeQWO\ WUaQVIecWed LQWR 200-PLV RI E[SL293FTM

IQdXcLbOe HXPaQ EPbU\RQLc KLdQe\ CeOOV (XQaXWKeQWLcaWed aQd XQWeVWed IRU P\cRSOaVPa

cRQWaPLQaWLRQ, LLIe TecKQRORJLeV) XVLQJ WKe E[SLIecWaPLQe TUaQVIecWLRQ KLW (LLIe TecKQRORJLeV),

IROORZLQJ WKe PaQXIacWXUeU¶V LQVWUXcWLRQV. E[SUeVVLRQ RI WKe NK1R-PLQLGV399 IXVLRQ SURWeLQ ZaV

LQdXced aQd eQKaQced 18 KRXUV aIWeU WUaQVIecWLRQ ZLWK addLWLRQ RI 1 ȝJ/PL dR[\c\cOLQe K\cOaWe

(SLJPa AOdULcK), 10 PM VRdLXP bXW\UaWe (SLJPa AOdULcK), aQd addLWLRQ RI eQKaQceUV IURP WKe
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E[SLIecWaPLQe TUaQVIecWLRQ KLW, aV SeU WKe PaQXIacWXUeU¶V LQVWUXcWLRQV. CeOOV ZeUe KaUYeVWed 24

KRXUV aIWeU LQdXcWLRQ aQd VWRUed aW -80 �C XQWLO IXUWKeU XVe.

TKe IXOO-OeQJWK SP-NK1R-PLQLGV399 IXVLRQ SURWeLQ ZaV SXULILed e[acWO\ aV deVcULbed abRYe IRU WKe

IXOO-OeQJWK SP-NK1R-PLQLGV/T70 IXVLRQ SURWeLQ. IQcXbaWLRQ RI SP-NK1R-PLQLGV399 IXVLRQ SURWeLQ

ZLWK Gȕ1Ȗ2 aQd Nb35 ZaV SeUIRUPed e[acWO\ aV deVcULbed abRYe IRU WKe SP-NK1R-PLQLGV/T70

cRPSOe[. TKe UeVXOWLQJ SP-NK1R-PLQLGV399 KeWeURWULPeULc cRPSOe[ ZaV cRQceQWUaWed ZLWK a 50

NDa MWCO VSLQ cRQceQWUaWRU WR 2.86 PJ/PL (20 ȝM) IRU SUeSaUaWLRQ RI cU\R eOecWURQ PLcURVcRS\

JULdV.

Expression and purification of Gȕ1Ȗ2

TKe Gȕ1Ȗ2 KeWeURdLPeU ZaV e[SUeVVed LQ TULcKRSOXVLa QL (HL5) LQVecW ceOOV (E[SUeVVLRQ S\VWePV,

XQaXWKeQWLcaWed aQd XQWeVWed IRU P\cRSOaVPa cRQWaPLQaWLRQ) XVLQJ a VLQJOe bacXORYLUXV, aV

SUeYLRXVO\ deVcULbed60. A VLQJOe bLcLVWURQLc bacXORYLUXV eQcRdLQJ WKe KXPaQ Gȕ1 VXbXQLW ZLWK a

N-WeUPLQaO 6[ HLV-WaJ aQd UKLQRYLUXV 3C SURWeaVe VLWe aQd XQWaJJed KXPaQ GȖ2 VXbXQLW ZaV

JeQeUaWed XVLQJ WKe BeVWBac PeWKRd (E[SUeVVLRQ V\VWePV) LQ SSRdRSWHUa IUXJLSHUda (SI9) LQVecW

ceOOV (E[SUeVVLRQ S\VWePV 94-001F, XQaXWKeQWLcaWed aQd XQWeVWed IRU P\cRSOaVPa

cRQWaPLQaWLRQ). HL5 LQVecW ceOOV ZeUe WUaQVdXced ZLWK bacXORYLUXV aW a deQVLW\ RI a3.0 [ 106

ceOOV/PL, JURZQ aW 27 �C aQd VKaNLQJ aW 130 USP. CXOWXUeV ZeUe KaUYeVWed 48 KRXUV aIWeU

WUaQVdXcWLRQ, aQd ceOO SeOOeWV ZeUe VWRUed aW -80 �C XQWLO IXUWKeU XVe. FUR]eQ ceOO SeOOeWV ZeUe

WKaZed aQd ZaVKed LQ a K\SRWRQLc bXIIeU cRQWaLQLQJ 10 PM TULV SH 8.0, 5 PM

ȕ-PeUcaSWReWKaQRO (ȕ-ME), aQd SURWeaVe LQKLbLWRUV (20 �J/PL OeXSeSWLQ, 160 �J/PL

beQ]aPLdLQe). TKe PePbUaQe IUacWLRQ ZaV cROOecWed b\ ceQWULIXJaWLRQ aQd WKeQ VROXbLOL]ed ZLWK

20 PM HEPES SH 7.5, 100 PM NaCO, 1% (Z/Y) VRdLXP cKROaWe, 0.05% dRdec\O PaOWRVLde (DDM,

AQaWUace), 0.005% cKROeVWeU\O KePLVXccLQaWe (CHS, SWeUaORLdV), 5 PM ȕ-ME, SURWeaVe LQKLbLWRUV,

aQd 5 PM IPLda]ROe IRU 1 KRXU aW 4 �C. AIWeU KLJK-VSeed ceQWULIXJaWLRQ, WKe VXSeUQaWaQW ZaV

VXbMecWed WR aIILQLW\ SXULILcaWLRQ ZLWK HLVPXUTM NL-NTA UeVLQ (TKeUPR ScLeQWLILc). BRXQd Gȕ1Ȗ2

KeWeURdLPeU ZaV ZaVKed e[WeQVLYeO\ aQd deWeUJeQW ZaV VORZO\ e[cKaQJed WR 0.1% (Z/Y) OaXU\O

PaOWRVe QeRSeQW\O JO\cRO (L-MNG, AQaWUace) aQd 0.01% CHS beIRUe eOXWLRQ ZLWK 20 PM HEPES

SH 7.5, 100 PM NaCO, 0.1% L-MNG, 0.01% CHS, 270 PM LPLda]ROe, 1 PM dLWKLRWKUeLWRO (DTT),

aQd SURWeaVe LQKLbLWRUV. EOXWed Gȕ1Ȗ2 KeWeURdLPeU ZaV SRROed aQd 3C SURWeaVe ZaV added WR

cOeaYe WKe N-WeUPLQaO 6[ HLV-WaJ. TKe UeVXOWLQJ Gȕ1Ȗ2 KeWeURdLPeU ZaV dLaO\]ed RYeUQLJKW LQ 20

PM HEPES SH 7.5, 100 PM NaCO, 0.02% L-MNG, 0.002% CHS, 1 PM DTT, aQd 10 PM
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LPLda]ROe. ReYeUVe NL-NTA aIILQLW\ cKURPaWRJUaSK\ ZaV SeUIRUPed WR UePRYe XQcOeaYed

KeWeURdLPeU. TKe UeVXOWLQJ Gȕ1Ȗ2 ZaV WKeQ LQcXbaWed IRU 1 KRXU aW 4 �C ZLWK OaPbda SKRVSKaWaVe

(NeZ EQJOaQd BLROabV), caOI LQWeVWLQaO SKRVSKaWaVe (NeZ EQJOaQd BLROabV), aQd aQWaUcWLc

SKRVSKaWaVe (NeZ EQJOaQd BLROabV) WR deSKRVSKRU\OaWe WKe SURWeLQ. Gȕ1Ȗ2 ZaV IXUWKeU SXULILed

b\ aQLRQ e[cKaQJe cKURPaWRJUaSK\ XVLQJ a MRQRQ 4.6/100 PE (GE HeaOWKcaUe) cROXPQ. TKe

UeVXOWLQJ SURWeLQ ZaV SRROed aQd dLaO\]ed RYeUQLJKW LQ 20 PM HEPES SH 7.5, 100 PM NaCO,

0.02% L-MNG, aQd 100 �M TCEP, cRQceQWUaWed ZLWK a 3 NDa ceQWULIXJaO cRQceQWUaWRU. GO\ceURO

ZaV added WR a ILQaO cRQceQWUaWLRQ RI 20%, aQd WKe SURWeLQ ZaV IOaVK IUR]eQ LQ OLTXLd N2 aQd

VWRUed aW -80 �C XQWLO IXUWKeU XVe.

Expression and purification of Nb35

NaQRbRd\35 (Nb35)26 ZLWK a N-WeUPLQaO SeOB VLJQaO VeTXeQce aQd a C-WeUPLQaO PURWeLQ C aIILQLW\

WaJ (EDQVDPRLIDGK) ZaV cORQed LQWR a SET-26b IPTG-LQdXcLbOe bacWeULaO e[SUeVVLRQ YecWRU.

TKLV YecWRU ZaV WUaQVIRUPed LQWR BL21 RRVeWWa EVcKHULcKLa cROL ceOOV aQd JURZQ RYeUQLJKW LQ

LXULa BURWK VXSSOePeQWed ZLWK 50 �J/PL NaQaP\cLQ VKaNLQJ aW 225 USP aQd 37 �C. Ne[W da\, WKe

VaWXUaWed RYeUQLJKW cXOWXUe ZaV XVed WR LQRcXOaWe 8 L RI TeUULILc BURWK (VXSSOePeQWed ZLWK 0.1%

JOXcRVe, 2 PM MJCO2, aQd 50 �J/PL NaQaP\cLQ) aQd ceOOV ZeUe JURZQ VKaNLQJ aW 225 USP aW 37

�C. WKeQ ceOOV UeacKed aQ OD600 =  0.6, e[SUeVVLRQ RI Nb35 ZaV LQdXced ZLWK addLWLRQ RI 400

�M IPTG aQd WKe WePSeUaWXUe ZaV UedXced WR 20 �C IRU 21 KRXUV. CeOOV ZeUe KaUYeVWed b\

ceQWULIXJaWLRQ aQd VWRUed LQ WKe -80 �C XQWLO IXUWKeU XVe. FRU SXULILcaWLRQ RI Nb35, ceOOV ZeUe

WKaZed aQd UeVXVSeQded LQ SET BXIIeU (200 PM TULV SH 8.0, 500 PM VXcURVe, 0.5 PM EDTA)

VXSSOePeQWed ZLWK SURWeaVe LQKLbLWRUV (20 �J/PL OeXSeSWLQ, 160 ȝJ/PL beQ]aPLdLQe) aQd

beQ]RQaVe. AIWeU 30 PLQXWeV RI VWLUULQJ, WZR eTXaO YROXPeV RI PLOLQ H2O ZeUe added WR LQLWLaWe

K\SRWRQLc O\VLV. AIWeU 45 PLQXWeV RI VWLUULQJ, NaCO ZaV added WR 150 PM, CaCO2 ZaV added WR 2

PM, aQd MJCO2 ZaV added WR 2PM. IQVROXbOe PaWWeU ZaV WKeQ VeSaUaWed b\ KLJK VSeed

ceQWULIXJaWLRQ aQd WKe VXSeUQaWaQW ZaV VXbMecWed WR aIILQLW\ SXULILcaWLRQ ZLWK KRPePade

aQWL-PURWeLQ C aQWLbRd\ cRXSOed WR SeSKaURVe beadV. AIWeU e[WeQVLYe ZaVKLQJ, bRXQd Nb35 ZaV

eOXWed ZLWK 20 PM HEPES SH 7.5, 100 PM NaCO, aQd 2 PM CaCO2, 0.2 PJ/PL PURWeLQ C

SeSWLde, aQd 5 PM EDTA SH 8.0. EOXWed Nb35 ZaV cROOecWed, cRQceQWUaWed, aQd LQMecWed RYeU aQ

SXSeUde[ S75 IQcUeaVe 10/300 GL cROXPQ (GE HeaOWKcaUe) VL]e-e[cOXVLRQ cKURPaWRJUaSK\

cROXPQ eTXLOLbUaWed LQ 20 PM HEPES SH 7.5, 100 PM NaCO. FUacWLRQV cRQWaLQLQJ Nb35 ZeUe

cROOecWed, cRQceQWUaWed, JO\ceURO ZaV added WR a ILQaO cRQceQWUaWLRQ RI 20%, aQd aOLTXRWV RI Nb35

ZeUe IOaVK IUR]eQ LQ OLTXLd QLWURJeQ aQd VWRUed LQ WKe -80 �C XQWLO IXUWKeU XVe.
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Cr\o-EM sample vitrification and data collection

FRU cU\RJeQLc eOecWURQ PLcURVcRS\, 3 ȝL RI WKe SP-NK1R-PLQLGV/T70 KeWeURWULPeULc cRPSOe[ aW

13.8 ȝM ZaV added WR 300 MeVK 1.2/1.3R AX QXaQWLIRLO JULdV SUeYLRXVO\ JORZ dLVcKaUJed aW 15

PA IRU 30 VecRQdV ZLWK a PeOcR eaVLGORZ GORZ dLVcKaUJe cOeaQLQJ V\VWeP. GULdV ZeUe bORWWed

ZLWK WKaWPaQ NR. 1 TXaOLWaWLYe ILOWeU SaSeU LQ a VLWURbRW MaUN IV (TKeUPR FLVKeU) aW 8�C aQd

100% KXPLdLW\ IRU 1 VecRQd XVLQJ a bORW IRUce RI 4 SULRU WR SOXQJLQJ LQWR OLTXLd eWKaQe. TKe

SP-NK1R-PLQLGV399 aQd SP6-11-NK1R-PLQLGV/T70 KeWeURWULPeULc cRPSOe[eV ZeUe IUR]eQ XQdeU

LdeQWLcaO bORWWLQJ cRQdLWLRQV aW 20 ȝM aQd 20.7 ȝM, UeVSecWLYeO\.

FRU WKe SP-NK1R-PLQLGV/T70 KeWeURWULPeULc cRPSOe[, 3,755 VXSeU-UeVROXWLRQ PRYLeV ZeUe

UecRUded ZLWK a 300 NeV TLWaQ KULRV (TKeUPR FLVKeU) eTXLSSed ZLWK a K3 deWecWRU aQd

BLRQXaQWXP eQeUJ\ ILOWeU (GaWaQ) ZLWK a ]eUR-ORVV eQeUJ\ VeOecWLRQ VOLW ZLdWK VeW WR 20 eV aQd a

deIRcXV UaQJe RI -0.8 WR -2.0 �P. EacK dRVe-IUacWLRQaWed 120-IUaPe PRYLe ZaV cROOecWed aW a

dRVe UaWe RI 8.0 e-SL[-1V-1 IRU 5.9 VecRQdV aW a QRPLQaO PaJQLILcaWLRQ RI 105,000[ (SK\VLcaO SL[eO

VL]e RI 0.835 c SL[-1) UeVXOWLQJ LQ a cXPXOaWLYe dRVe RI 67 e- c-2. E[SRVXUe aUeaV ZeUe acTXLUed

ZLWK aXWRPaWed VcULSWV LQ a 3[3 LPaJe VKLIW cROOecWLRQ VWUaWeJ\ XVLQJ SeULaOEM.61 TKe 3878

VXSeU-UeVROXWLRQ PRYLeV RI WKe SP6-11-NK1R-PLQLGV/T70 KeWeURWULPeULc cRPSOe[ ZeUe acTXLUed

ZLWK LdeQWLcaO acTXLVLWLRQ VeWWLQJV RQ WKe VaPe 300 NeV TLWaQ KULRV aV SUeYLRXVO\ deVcULbed.

FRU WKe SP-NK1R-PLQLGV399 KeWeURWULPeULc cRPSOe[, 3670 dRVe-IUacWLRQaWed PRYLeV ZeUe

cROOecWed LQ cRXQWLQJ PRde ZLWK a 300 NeV TLWaQ KULRV eTXLSSed ZLWK a K3 deWecWRU aQd

BLRQXaQWXP eQeUJ\ ILOWeU (GaWaQ) ZLWK a ]eUR-ORVV eQeUJ\ VeOecWLRQ VOLW ZLdWK VeW WR 20 eV aQd a

deIRcXV UaQJe RI -0.8 WR -2.1 �P. AW a dRVe UaWe RI 24 e-SL[-1V-1, eacK 1.52V e[SRVXUe ZaV

IUacWLRQaWed acURVV 60 IUaPeV IRU a WRWaO dRVe RI 49.4 e- c-2. DaWa ZeUe cROOecWed XVLQJ

abeUUaWLRQ IUee LPaJe VKLIW (AFIS) ZLWK EPU 2.10.

Cr\o-EM Image Processing

DXULQJ daWa cROOecWLRQ, PRYLeV RI WKe NK1R-PLQLGV/T70 cRPSOe[ ZeUe PRWLRQ cRUUecWed aQd dRVe

ZeLJKWed ZLWK UCSF MRWLRQCRU262 aQd bLQQed WR SK\VLcaO SL[eO VL]e. PRVW-acTXLVLWLRQ,

PLcURJUaSKV ZeUe LPSRUWed LQWR cU\RSPARC63 IRU cRQWUaVW WUaQVIeU IXQcWLRQ deWeUPLQaWLRQ YLa

SaWcK CTF. 7,329,811 SaUWLcOeV ZeUe WePSOaWe SLcNed ZLWK 20 c ORZ-SaVV ILOWeUed SURMecWLRQV RI

WKe NK1R-PLQLGV/T70 KeWeURWULPeULc cRPSOe[ IURP a SULRU VcUeeQLQJ cROOecWLRQ RQ a 200 NeV TaORV
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AUcWLca. 3,555 PLcURJUaSKV cRPSULVLQJ 6,945,760 SaUWLcOeV ZeUe cXUaWed IRU IXUWKeU SURceVVLQJ

YLa CTF ILW eVWLPaWed UeVROXWLRQ, Lce WKLcNQeVV, aQd SaUWLcOe SLcN SRZeU VcRUeV. PaUWLcOeV ZeUe

e[WUacWed LQ a 72-SL[eO bR[, FRXULeU cURSSed IURP 288 SL[eOV. 200 2D cOaVV aYeUaJeV ZeUe

JeQeUaWed XVLQJ a Pa[LPXP aOLJQPeQW UeVROXWLRQ RI 8 c, 30 RQOLQe-EM LWeUaWLRQV, aQd 200

SaUWLcOeV SeU cOaVV dXULQJ eacK RQOLQe EM LWeUaWLRQ. 1,901,254 SaUWLcOeV ZeUe VeOecWed IURP

TXaOLWaWLYeO\ ³JRRd´ cOaVVeV cRQWaLQLQJ aQ\ aYeUaJeV WKaW VKRZed ³PXOWL-ORbed´ deQVLWLeV RU

aSSeaUed WR be ³WRS´ RU ³bRWWRP´ YLeZV. FROORZLQJ 2D cOaVVLILcaWLRQ, 500,000 VeOecWed SaUWLcOeV

ZeUe XVed IRU ab LQLWLR UecRQVWUXcWLRQ LQWR 3 cOaVVeV. A VLQJOe ³PXOWL-ORbed´ cOaVV VXJJeVWLYe RI

aQ LQWacW NK1R-PLQLGV/T70 KeWeURWULPeULc cRPSOe[ ZaV VeOecWed aQd XVed aORQJVLde WKUee SRRUO\

aOLJQed ³MXQN´ cOaVVeV JeQeUaWed IURP ab LQLWLR YROXPeV IURP <100 SaUWLcOeV. AOO SaUWLcOeV

VeOecWed IURP 2D cOaVVLILcaWLRQ aV deVcULbed abRYe ZeUe VXbMecW WR 3D cOaVVLILcaWLRQ ZLWK

aOLJQPeQW aJaLQVW WKe NK1R-PLQLGV/T70 aQd SRRUO\ aOLJQed cOaVVeV IURP WKe eaUOLeU ab LQLWLR UXQV.

718,386 SaUWLcOeV LQ WKe NK1R cRPSOe[ cOaVV ZeUe Ue-e[WUacWed ZLWKRXW FRXULeU cURSSLQJ aQd

VXbMecW WR WKe VaPe 3D cOaVVLILcaWLRQ VcKePe ZLWK a QeZ ab LQLWLR NK1R-PLQLGV/T70 KeWeURWULPeULc

cRPSOe[ cOaVV JeQeUaWed IURP 300,000 SaUWLcOeV aQd WKUee ³MXQN´ cOaVVeV. UVLQJ UCSF S\EM64,

589,973 SaUWLcOeV LQ WKe NK1R-PLQLGV/T70 cOaVV ZeUe e[SRUWed IURP cU\RSPARC IRU

aOLJQPeQW-IUee cOaVVLILcaWLRQ LQ RELION65 LQWR 4 cOaVVeV IRU 50 LWeUaWLRQV ZLWK a 𝜏 SaUaPeWeU RI 8.

TZR cOaVVeV cRQWaLQLQJ 122,222 SaUWLcOeV ZeUe LPSRUWed LQWR cLVTEM66 IRU PaQXaO ³IRcXVed´

UeILQePeQWV XWLOL]LQJ ZKROe cRPSOe[ aQd XSSeU-WUaQVPePbUaQe dRPaLQ PaVNV, UeVSecWLYeO\. TR

JeQeUaWe ORcaO UeVROXWLRQ eVWLPaWeV, WKe NK1R-PLQLGV/T70 cRPSOe[ PaVN aQd XQILOWeUed KaOI PaSV

ZeUe LPSRUWed LQWR cU\RSPARC. TKe VaPe KaOI PaSV aQd PaVN ZeUe XVed IRU dLUecWLRQaO FSC

cXUYe JeQeUaWLRQ67.

3,670 SP-NK1R-PLQLGV399 PRYLeV ZeUe PRWLRQ-cRUUecWed SRVW acTXLVLWLRQ ZLWK UCSF

MRWLRQCRU2. CTF eVWLPaWLRQ aQd WePSOaWe-baVed aXWRPaWLc SaUWLcOe SLcNLQJ ZeUe SeUIRUPed LQ

cU\RSPARC. 4,865,341 SaUWLcOeV ZeUe SLcNed XVLQJ WePSOaWeV JeQeUaWed IURP 2D cOaVV

aYeUaJeV RI SP-NK1R-PLQLGV399 aV deWeUPLQed IURP aQ eaUOLeU VcUeeQLQJ cROOecWLRQ. 4,256,322

SaUWLcOeV ZeUe e[WUacWed LQ aQ 80 SL[eO bR[ aIWeU cXUaWLQJ PLcURJUaSKV YLa CTF ILW eVWLPaWed

UeVROXWLRQ, Lce WKLcNQeVV, aQd SaUWLcOe SLcN SRZeU VcRUeV. E[WUacWed SaUWLcOeV ZeUe VXbMecW WR a

URXQd RI 3D cOaVVLILcaWLRQ ZLWK aOLJQPeQW (HeWeURJeQeRXV UeILQePeQW) XVLQJ a 20c ORZ-SaVV

ILOWeUed LQLWLaO YROXPe RI NK1R-PLQLGV399 aQd WKUee addLWLRQaO QawYe cOaVVeV JeQeUaWed IURP a

deOLbeUaWeO\ XQdeU-VaPSOed Ab LQLWLR MRb. PaUWLcOeV cOaVVLILed LQWR WKe NK1R-PLQLGV399 cOaVV ZeUe

VeOecWed IRU IXUWKeU ZRUNXS. TKLV SURceVV ZaV UeSeaWed RYeU WZR addLWLRQaO URXQdV, decUeaVLQJ
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SaUWLcOe FRXULeU cURSSLQJ aW eacK VXbVeTXeQW e[WUacWLRQ URXQd. 561,901 XQbLQQed SaUWLcOeV

SaUWLcOeV cOaVVLILed LQWR WKe NK1R-PLQLGV399 cRPSOe[ cOaVV ZeUe WKeQ e[SRUWed WR RELION IRU

aOLJQPeQW-IUee cOaVVLILcaWLRQ RQ RQO\ 7TM dRPaLQ IeaWXUeV IRU 25 LWeUaWLRQV, 4

cOaVVeV, 𝜏 = 8. 288,659 SaUWLcOeV LQ WKUee cOaVVeV ZeUe LPSRUWed LQWR cLVTEM IRU PaQXaO

³IRcXVed´ UeILQePeQWV aV LQ WKe NK1R-PLQLGV/T70 SURceVVLQJ.

3,878 PRWLRQ-cRUUecWed, dRVe-ZeLJKWed SP6-11-NK1R-PLQLGV/T70 cRPSOe[ VXPV ZeUe LPSRUWed

LQWR cU\RSPARC IRU CTF eVWLPaWLRQ aQd WePSOaWe-baVed aXWRSLcNLQJ aV SUeYLRXVO\ deVcULbed.

4,135,538 SaUWLcOeV ZeUe SLcNed ZLWK WePSOaWeV JeQeUaWed IURP 2D cOaVVeV deWeUPLQed IURP a

SULRU VcUeeQLQJ daWaVeW. PaUWLcOeV ZeUe e[WUacWed LQ a 72-SL[eO bR[ aQd XQdeUZeQW LWeUaWLYe

URXQdV RI 3D cOaVVLILcaWLRQ ZLWK aOLJQPeQW RQ VXcceVVLYeO\ XQbLQQed SaUWLcOeV cOaVVLILed LQWR a

SP6-11-NK1R-PLQLGV/T70 cRPSOe[ cOaVV. 553,506 SaUWLcOeV ZeUe e[SRUWed WR RELION IRU

aOLJQPeQW-IUee cOaVVLILcaWLRQ RQ WKe 7TM dRPaLQ XVLQJ WKe VaPe SaUaPeWeUV aV SUeYLRXVO\

deVcULbed, WKRXJK ZLWK VL[ cOaVVeV LQVWead RI IRXU. VLVXaO LQVSecWLRQ RI eacK cOaVV Oed WR

VeOecWLRQ RI a VLQJOe cOaVV JeQeUaWed IURP 59,926 SaUWLcOeV IRU PaQXaO ³IRcXVed´ UeILQePeQWV LQ

cLVTEM XVLQJ WKe VaPe PaVNLQJ VcKePe aV IRU WKe SUeYLRXVO\ deVcULbed cRPSOe[eV. HaOI PaSV

aQd PaVNV ZeUe Ue-LPSRUWed LQWR cU\RSPARC IRU GS-FSC deWeUPLQaWLRQ. dFSC cXUYe

caOcXOaWLRQ XWLOL]ed WKe VaPe KaOI PaSV aQd PaVNV IURP IRcXVed UeILQePeQW.

Model building and refinement: SP-NK1R-miniGs/q70

TKe LQLWLaO PRdeO IRU NK1R ZaV WaNeQ IURP WKe KLJK-UeVROXWLRQ (2.2 c) LQacWLYe-VWaWe VWUXcWXUe RI

NK1R bRXQd WR WKe cOLQLcaOO\ aSSURYed aQWaJRQLVW, QeWXSLWaQW (PDB: 6HLP)38. TKe PRdeO ZaV

dRcNed LQWR WKe 3.0 c EM deQVLW\ PaS XVLQJ PaQXaO adMXVWPeQW aQd WKe µILW LQ PaS¶ IXQcWLRQ LQ

UCSF CKLPeUaX68. TKe LQLWLaO PRdeO ZaV PaQXaOO\ UebXLOW LQ CRRW aQd UeILQed ZLWK bRWK LWeUaWLYe

adMXVWPeQW LQ CRRW aQd PXOWLSOe URXQdV RI JORbaO PLQLPL]aWLRQ aQd UeaO VSace UeILQePeQW XVLQJ

WKe PKeQL[.UeaO_VSace_UeILQe WRRO LQ PKeQL[69,70. IQ aUeaV RI ZeaN VLdecKaLQ deQVLW\, UeVLdXeV

ZeUe caSSed aW WKe Cȕ SRVLWLRQ WR UeWaLQ VeTXeQce LQIRUPaWLRQ; LQ aUeaV RI ZeaN PaLQcKaLQ

deQVLW\, UeVLdXeV ZeUe WUXQcaWed IURP WKe ILQaO PRdeO. TKLV SURceVV ZaV UeSeaWed WR PRdeO WKe

PLQLGV/T70 VXbXQLW (VWaUWLQJ PRdeO: PLQLGV VXbXQLW, PDB: 6LI330), Gȕ1Ȗ2 (VWaUWLQJ PRdeO: Gȕ1Ȗ2

KeWeURdLPeU, PDB: 3SN626), aQd Nb35 (VWaUWLQJ PRdeO: Nb35, PDB: 3SN626). MRdeOV ZeUe

cRPbLQed LQWR RQe PDB ILOe LQ CRRW aQd WKe PRdeO JeRPeWU\ ZaV aVVeVVed XVLQJ MROSURbLW\71.

FXUWKeU YaOLdaWLRQ ZaV SeUIRUPed ZLWK EMRLQJeU72 WR cRPSaUe WKe PaS WR WKe PRdeO. FLQaOO\,
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PaS-WR-PRdeO FSCV ZeUe caOcXOaWed LQ PKeQL[73. AOO VWUXcWXUe ILJXUeV ZeUe SUeSaUed ZLWK P\MOL

RU UCSF CKLPeUaX68.

TR PRdeO WKe SXbVWaQce P SeSWLde, aOO SeSWLde UeVLdXeV ZeUe PaQXaOO\ bXLOW LQWR WKe SXbVWaQce P

EM deQVLW\ LQ CRRW. TKe UeVXOWLQJ SXbVWaQce P PRdeO ZaV UeILQed ZLWK LWeUaWLYe adMXVWPeQW LQ

CRRW aQd PXOWLSOe URXQdV RI JORbaO PLQLPL]aWLRQ aQd UeaO VSace UeILQePeQW XVLQJ WKe

UeaO_VSace_UeILQe WRRO LQ PKeQL[. DXe WR ZeaN VLde cKaLQ deQVLW\, R1 aQd K3 RI WKe SeSWLde aUe

caSSed aW WKe Cȕ SRVLWLRQ RI WKe UeVLdXe. TR bXLOd WKe aPLdaWed C-WeUPLQXV RI M11, a SeSWLde

bRQd cRQQecWLQJ WKe caUbRQ\O-caUbRQ RI M11 WR a QeZ QLWURJeQ aWRP ZaV cUeaWed LQ CRRW.

BRQd-OeQJWKV, bRQd-aQJOeV, dLKedUaO aQJOeV, aQd SOaQeV IRU WKe QeZ aPLde PRLeW\ ZeUe PaQXaOO\

adMXVWed WR UeIOecW WKe acceSWed YaOXeV IRU aPLde PRLeWLeV LQ SURWeLQ VWUXcWXUeV.

Model building and refinement: SP-NK1R-miniGs399 & SP6-11-NK1R-miniGs/q70 complexes

TKe SP-NK1R-PLQLGV/T70 cRPSOe[ PRdeO ZaV dRcNed LQWR WKe 3.1 c aQd 3.2 c EM deQVLW\ PaSV

IRU WKe SP-NK1R-PLQLGV399 aQd SP6-11-NK1R-PLQLGV/T70, UeVSecWLYeO\. TKe PRdeOV ZeUe bXLOW

aQd UeILQed aV deVcULbed abRYe. MRdeOV ZeUe cRPbLQed LQWR RQe PDB ILOe LQ CRRW aQd WKe PRdeO

JeRPeWU\ ZaV aVVeVVed XVLQJ MROSURbLW\71. FXUWKeU YaOLdaWLRQ ZaV SeUIRUPed ZLWK EMRLQJeU72 WR

cRPSaUe WKe PaS WR WKe PRdeO. FLQaOO\, PaS-WR-PRdeO FSCV ZeUe caOcXOaWed LQ PKeQL[73. AOO

VWUXcWXUe ILJXUeV ZeUe SUeSaUed ZLWK P\MOL RU UCSF CKLPeUaX68.

Generation of Stable Cell lines and Transfection for signaling assa\s.

FOS-IQ-HEK293 ceOOV ZeUe JURZQ LQ DMEM VXSSOePeQWed ZLWK 5% IeWaO bRYLQe VeUXP aQd

PaLQWaLQed aW 37 �C LQ a KXPLdLILed LQcXbaWRU cRQWaLQLQJ 5% CO2. FOS-IQ-HEK ceOOV ZeUe

WUaQVIecWed ZLWK WKe SOG44 YecWRU eQcRdLQJ FOS UecRPbLQaVe aQd WKe ScDNA5 YecWRU eQcRdLQJ

WKe NK1R aW a UaWLR RI 9:1 XVLQJ OLSRIecWaPLQe aV WKe WUaQVIecWLRQ UeaJeQW. TZeQW\-IRXU KRXUV

aIWeU WUaQVIecWLRQ, WKe ceOOV ZeUe VXbcXOWXUed aQd IRUW\-eLJKW KRXUV OaWeU, WKe PedLXP ZaV

VXSSOePeQWed ZLWK 200 �J/PO H\JURP\cLQ B aV VeOecWLRQ aJeQW, WR RbWaLQ ceOOV VWabO\ e[SUeVVLQJ

WKe NK1R.

Intracellular Ca2+ mobili]ation signaling assa\

FOS-IQ-HEK293 ceOOV VWabO\ e[SUeVVLQJ KXPaQ NK1R WT RU PXWaQWV ZeUe SOaWed LQ

PRO\-D-L\VLQe cRaWed 96-ZeOO SOaWeV. CeOOV ZeUe ZaVKed ZLWK caOcLXP bXIIeU (10 PM HEPES,

150 PM NaCO, 2.2 PM CaCO2, 1.18 PM MJCO2, 2.6 PM KCO, 10 PM D-JOXcRVe, 0.5% Z/Y BSA, 4

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted May 17, 2021. ; https://doi.org/10.1101/2021.05.16.444192doi: bioRxiv preprint 

https://paperpile.com/c/EI2Wid/aY1O
https://paperpile.com/c/EI2Wid/0nxH
https://paperpile.com/c/EI2Wid/cUvb
https://paperpile.com/c/EI2Wid/lAWk
https://paperpile.com/c/EI2Wid/aY1O
https://paperpile.com/c/EI2Wid/0nxH
https://doi.org/10.1101/2021.05.16.444192
http://creativecommons.org/licenses/by-nc-nd/4.0/


PM SURbeQecLd, 0.05% Y/Y SOXURQLc acLd F127; SH 7.4) aQd WKeQ ORaded ZLWK 1 ȝM FXUa-2 AM

eVWeU (LLIe TecKQRORJLeV) LQ caOcLXP bXIIeU IRU 45 PLQ aW 37�C. CaOcLXP PRbLOL]aWLRQ ZaV

PeaVXUed XVLQJ a FOe[SWaWLRQ 3 SOaWe UeadeU (MROecXOaU DeYLceV). FOXRUeVceQce (e[cLWaWLRQ: 340

QP aQd 380 QP; ePLVVLRQ: 520 QP) ZaV PeaVXUed aW 4 V LQWeUYaOV IRU 5 c\cOeV. AIWeU

eVWabOLVKLQJ baVeOLQe IOXRUeVceQce, ceOOV ZeUe VWLPXOaWed ZLWK LQcUeaVLQJ cRQceQWUaWLRQV RI WKe

aJRQLVWV RU 1 �M LRQRP\cLQ (SRVLWLYe cRQWURO IRU QRUPaOL]aWLRQ, WR RbWaLQ a UeceSWRU-LQdeSeQdeQW

UeVSRQVe) aQd WKe UeVSRQVe ZaV PeaVXUed IRU 17 c\cOeV LQ SRIWMa[ PUR (Y5.4.4) VRIWZaUe.

GUaSKPad PULVP VRIWZaUe (Y. 9.0) ZaV XVed WR caOcXOaWe WKe aUea XQdeU WKe cXUYe IURP WKe

NLQeWLc daWa aQd IRU QRUPaOL]aWLRQ WR YeKLcOe aQd SRVLWLYe cRQWURO.

cAMP accumulation signaling assa\

FOS-IQ-HEK293 ceOOV VWabO\ e[SUeVVLQJ WKe KXPaQ NK1R WT RU PXWaQWV ZeUe Veeded aW a

deQVLW\ RI 2,000,000 ceOOV SeU 10-cP dLVK aQd ZeUe WUaQVIecWed WKe IROORZLQJ da\ XVLQJ

SRO\eWK\OeQLPLQe aV WKe WUaQVIecWLRQ UeaJeQW. TKe ceOOV ZeUe WUaQVIecWed ZLWK 5 ȝJ CAMYEL

bLRVeQVRU (cAMP VeQVRU XVLQJ YFP-ESac-RLXc), WR aOORZ WKe deWecWLRQ RI cAMP OeYeOV b\

BLROXPLQeVceQce ReVRQaQce EQeUJ\ TUaQVIeU. TZeQW\-IRXU KRXUV aIWeU WUaQVIecWLRQ, WKe ceOOV

ZeUe SOaWed LQWR PRO\-D-L\VLQe cRaWed 96-ZeOO CXOWXUPOaWeV (PeUNLQEOPeU) aQd JURZQ RYeUQLJKW.

TKe ceOOV ZeUe eTXLOLbUaWed LQ HaQN¶V baOaQced VaOW VROXWLRQ aW 37 �C beIRUe VWaUWLQJ WKe

e[SeULPeQW. CReOeQWeUa]LQe (PURPeJa) ZaV added aW a ILQaO cRQceQWUaWLRQ RI 5 ȝM aW OeaVW 3 PLQ

beIRUe PeaVXUePeQW. AIWeU eVWabOLVKLQJ a baVeOLQe UeVSRQVe, ceOOV ZeUe VWLPXOaWed ZLWK

LQcUeaVLQJ cRQceQWUaWLRQV RI WKe aJRQLVWV RU 10 ȝM IRUVNROLQ (SRVLWLYe cRQWURO IRU QRUPaOL]aWLRQ,

WR RbWaLQ a UeceSWRU-LQdeSeQdeQW UeVSRQVe) aQd WKe UeVSRQVe ZaV PeaVXUed IRU a WRWaO RI 30

PLQ. TKe VLJQaOV ZeUe deWecWed aW 445±505 QP aQd 505±565 QP XVLQJ a LUMIVWaU OPeJa

LQVWUXPeQW (BMG LabTecK). GUaSKPad PULVP VRIWZaUe (Y. 9.0) ZaV XVed WR caOcXOaWe WKe aUea

XQdeU WKe cXUYe IURP WKe NLQeWLc daWa aQd IRU QRUPaOL]aWLRQ WR YeKLcOe aQd SRVLWLYe cRQWURO.

IP1 accumulation signaling assa\

FOS-IQ-HEK293 ceOOV VWabO\ e[SUeVVLQJ WKe KXPaQ NK1R WT RU PXWaQWV ZeUe SOaWed LQ

PRO\-D-L\VLQe cRaWed 96-ZeOO SOaWeV RYeUQLJKW. CeOOV ZeUe eTXLOLbUaWed LQ CLVbLR BLRaVVa\V¶

IP-OQe GT NLW VWLPXOaWLRQ bXIIeU (10 PM HEPES, 146 PM NaCO, 4.2 PM KCO, 0.5 PM MJCO2, 1

PM CaCO2, 5.5 PM D-GOXcRVe,  50 PM LLCO, SH 7.4) IRU 1 KRXU SULRU WR aJRQLVW VWLPXOaWLRQ IRU 1

KRXU aW 37 �C. CeOOV ZeUe WKeQ O\Ved LQ 25 ȝO RI O\VLV bXIIeU (50 PM HEPES, 15 PM KF, 1.5%

(Y/Y) TULWRQ-X-100, 3% (Y/Y) IReWaO bRYLQe VeUXP, 0.2% (Z/Y) bRYLQe VeUXP aObXPLQ, SH 7.0) aQd
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14 ȝO RI O\VLV ZeUe added WR ZeOOV RI a 384 ZeOO ZKLWe SUR[LSOaWe (PeUNLQEOPeU) IRU aQaO\VLV. TKe

CLVbLR BLRaVVa\V¶ IP-OQe cRPSeWLWLYe LPPXQRaVVa\ NLW ZaV XVed WR PeaVXUe P\R-IQRVLWRO 1

SKRVSKaWe (IP1) accXPXOaWLRQ LQ ceOOV, baVed RQ HTRF� IOXRUeVceQce UeVRQaQce eQeUJ\

WUaQVIeU (FRET) beWZeeQ d2-OabeOed IP1 (acceSWRU) aQd aQWL-IP1-CU\SWaWe (dRQRU) aQWLbRd\.

TKeVe UeaJeQWV ZeUe dLOXWed 1:20 LQ WKe O\VLV bXIIeU aQd 3 ȝO RI eacK ZaV added WR eacK ZeOO

cRQWaLQLQJ WKe O\VaWeV. L\VaWeV ZeUe LQcXbaWed IRU 1 KRXU aW URRP WePSeUaWXUe beIRUe FRET

ZaV deWecWed XVLQJ aQ EQYLVLRQ SOaWe UeadeU (PeUNLQEOPeU). EPLVVLRQ RI LXPL4TM-Tb cU\SWaWe

ZaV deWecWed aW 620 QP aQd ePLVVLRQ RI d2-cRQMXJaWed IP1 aW 665 QP. ReVXOWV ZeUe caOcXOaWed

IURP WKe 665 QP / 620 QP UaWLR, VLQce WKe VSecLILc VLJQaO LV LQYeUVeO\ SURSRUWLRQaO WR WKe

cRQceQWUaWLRQ RI IP1, daWa ZeUe WUaQVIRUPed aQd QRUPaOLVed WR 1 ȝM SP LQ GUaSKPad PULVP

VRIWZaUe (Y. 9.0).

En]\me-linked immunosorbent assa\ (ELISA)

FOS-IQ-HEK293 ceOOV VWabO\ e[SUeVVLQJ KXPaQ FOaJ-NK1R WT, PXWaQWV, RU XQWUaQVIecWed aV a

cRQWURO ZeUe SOaWed LQWR SRO\-D-O\VLQe±cRaWed 48-ZeOO SOaWeV aQd aOORZed WR adKeUe RYeUQLJKW.

CeOOV ZeUe IL[ed ZLWK 3.7% (Y/Y) SaUaIRUPaOdeK\de LQ WULV-bXIIeUed VaOLQe (TBS) IRU 30 PLQ. FRU

WRWaO e[SUeVVLRQ, ceOOV ZeUe SeUPeabLOL]ed b\ 30-PLQ LQcXbaWLRQ ZLWK 0.5% (Y/Y) NP-40 LQ TBS.

CeOOV ZeUe WKeQ LQcXbaWed LQ bORcNLQJ bXIIeU [1% (Z/Y) VNLP PLON SRZdeU LQ 0.1 M NaHCO3] IRU 4

KRXUV aW URRP WePSeUaWXUe aQd LQcXbaWed ZLWK PRXVe M2 aQWL-FLAG aQWLbRd\ (1:2000,

RYeUQLJKW aW 4�C). AIWeU ZaVKLQJ WKUee WLPeV ZLWK TBS, ceOOV ZeUe LQcXbaWed ZLWK aQWL-PRXVe

KRUVeUadLVK SeUR[LdaVe±cRQMXJaWed aQWLbRd\ (1:2000) IRU 2 KRXUV aW URRP WePSeUaWXUe. CeOOV

ZeUe ZaVKed aQd VWaLQed XVLQJ WKe SIGMAFAST OPD VXbVWUaWe (SLJPa-AOdULcK). AbVRUbaQce

aW 490 QP ZaV PeaVXUed XVLQJ aQ EQVLVLRQ MXOWLOabeO ReadeU (PeUNLQEOPeU). DaWa ZeUe

QRUPaOL]ed WR LQWacW HEK293 ceOOV WUaQVIecWed ZLWK NK1R WT.

Quantification and Statistical Anal\sis

GUaSKPad PULVP VRIWZaUe (Y. 9.0) ZaV XVed IRU VLJQaOLQJ daWa aQd VWaWLVWLcaO aQaO\VLV. DaWa

SRLQWV aUe SUeVeQWed aV PeaQ � VWaQdaUd eUURU RI WKe PeaQ (V.e.P.) baVed RQ aW OeaVW 3

bLRORJLcaOO\ LQdeSeQdeQW e[SeULPeQWV ZLWK WKe SUecLVe QXPbeU LQdLcaWed LQ SXSSOePeQWaU\ TabOe

2 aQd 3. DaWa SRLQWV ZeUe QRUPaOL]ed WR YeKLcOe aV 0% aQd SRVLWLYe cRQWURO (1 ȝM LRQRP\cLQ RU

1 ȝM IRUVNROLQ) aV 100% XQOeVV RWKeUZLVe VWaWed. CRQceQWUaWLRQ-UeVSRQVe cXUYeV ZeUe ILWWed

XVLQJ WKe WKUee SaUaPeWeU ORJ(aJRQLVW) YV. UeVSRQVe eTXaWLRQ. SEC50 YaOXeV ZeUe e[WUacWed

IURP WKe cXUYe ILW RI eacK LQdLYLdXaO e[SeULPeQW. EPa[ ZaV caOcXOaWed b\ VXbWUacWLQJ BRWWRP
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IURP TRS IURP WKe cXUYe ILW RI eacK LQdLYLdXaO e[SeULPeQW. SWaWLVWLcaO aQaO\VLV RI SEC50 aQd

EPa[ YaOXeV ZaV SeUIRUPed XVLQJ RQe-Za\ aQaO\VLV RI YaULaQce (ANOVA) ZLWK DXQQeWW¶V

PXOWLSOe cRPSaULVRQ±cRUUecWed SRVW KRc WeVW aJaLQVW NK1R WT SP RU NK1R WT SP6-11 XQOeVV

RWKeUZLVe VWaWed.

Molecular D\namics: S\stem setup

We SeUIRUPed VLPXOaWLRQV RI NK1R bRXQd WR IXOO-OeQJWK VXbVWaQce P (SP) aQd a WUXQcaWed

YeUVLRQ RI SP UedXced WR WKe C-WeUPLQaO UeVLdXeV 6-11 (SP6-11). TKeVe VLPXOaWLRQV ZeUe LQLWLaWed

IURP WKe cU\R-EM VWUXcWXUe RI SP-bRXQd NK1R, ZLWK WKe LQWUaceOOXOaU G SURWeLQ UePRYed aQd, IRU

SP6-11-bRXQd VLPXOaWLRQV, UeVLdXeV 1-5 RI SP UePRYed.

TKe SeSWLde-bRXQd NK1R VWUXcWXUe ZaV SUeSaUed IRU VLPXOaWLRQ ZLWK MaeVWUR (ScKU|dLQJeU

ReOeaVe 2019-4: MaeVWUR, ScKU|dLQJeU, LLC, NeZ YRUN, NY, 2019). MLVVLQJ aPLQR acLd VLde

cKaLQV ZeUe PRdeOed XVLQJ PULPe74,75. ReVLdXeV 226-237 aUe PLVVLQJ LQ WKe cU\R-EM VWUXcWXUe

aQd ZeUe QRW PRdeOed LQ. NeXWUaO aceW\O aQd PeWK\OaPLde JURXSV ZeUe added WR caS WKe N- aQd

C-WeUPLQL, UeVSecWLYeO\, RI WKe NK1R SURWeLQ cKaLQV. TKe N-WeUPLQL RI SP aQd SP6-11 ZeUe

SUeSaUed LQ WKeLU cKaUJed IRUP, ZKLOe WKe C-WeUPLQL ZeUe aPLdaWed. TLWUaWabOe UeVLdXeV ZeUe NeSW

LQ WKeLU dRPLQaQW SURWRQaWLRQ VWaWe aW SH 7, e[ceSW IRU E2.50 (E78) aQd D3.49 (D129), ZKLcK

ZeUe SURWRQaWed WR WKeLU QeXWUaO IRUP, aV VWXdLeV LQdLcaWe WKaW WKeVe cRQVeUYed UeVLdXeV aUe

SURWRQaWed LQ acWLYe-VWaWe cOaVV-A GPCRV76,77. HLVWLdLQe UeVLdXeV ZeUe PRdeOed aV QeXWUaO, ZLWK

a K\dURJeQ aWRP bRXQd WR eLWKeU WKe deOWa RU eSVLORQ QLWURJeQ deSeQdLQJ RQ ZKLcK WaXWRPeULc

VWaWe RSWLPL]ed WKe ORcaO K\dURJeQ-bRQdLQJ QeWZRUN. DRZVeU78 ZaV XVed WR add ZaWeU PROecXOeV

WR SURWeLQ caYLWLeV, aQd WKe SURWeLQ VWUXcWXUeV ZeUe aOLJQed RQ WKe WUaQVPePbUaQe (TM) KeOLceV

RI WKe LQacWLYe NK1R cU\VWaO VWUXcWXUe (PDB ID: 6HLP)38 LQ WKe OULeQWaWLRQ RI PURWeLQV LQ

MePbUaQeV (OPM) daWabaVe79. TKe aOLJQed VWUXcWXUeV ZeUe LQVeUWed LQWR a SUe-eTXLOLbUaWed

SaOPLWR\OROeR\O-SKRVSKaWLd\OcKROLQe (POPC) PePbUaQe bLOa\eU XVLQJ DabbOe80. SRdLXP aQd

cKORULde LRQV ZeUe added WR QeXWUaOL]e eacK V\VWeP aW a cRQceQWUaWLRQ RI 150 PM. TKe ILQaO

V\VWePV cRPSULVed 57605±58494 aWRPV, LQcOXdLQJ 134 OLSLd PROecXOeV aQd 11565±11831 ZaWeU

PROecXOeV. ASSUR[LPaWe V\VWeP dLPeQVLRQV ZeUe 80 c [ 80 c [ 94 c.

Molecular D\namics: Simulation protocols

FRU eacK VLPXOaWLRQ cRQdLWLRQ (SP-bRXQd aQd SP6-11±bRXQd), Ze SeUIRUPed 12 LQdeSeQdeQW

VLPXOaWLRQV (a2-�V eacK) LQ ZKLcK LQLWLaO aWRP YeORcLWLeV ZeUe aVVLJQed UaQdRPO\ aQd
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LQdeSeQdeQWO\. We ePSOR\ed WKe CHARMM36P IRUce ILeOd IRU SURWeLQ PROecXOeV, WKe

CHARMM36 SaUaPeWeU VeW IRU OLSLd PROecXOeV aQd VaOW LRQV, aQd WKe aVVRcLaWed CHARMM

TIP3P PRdeO IRU ZaWeU81±83. SLPXOaWLRQV ZeUe UXQ XVLQJ WKe AMBER18 VRIWZaUe84 XQdeU SeULRdLc

bRXQdaU\ cRQdLWLRQV ZLWK WKe CRPSXWe UQLILed DeYLce AUcKLWecWXUe (CUDA) YeUVLRQ RI

PaUWLcOe-MeVK EZaOd MROecXOaU D\QaPLcV (PMEMD) RQ RQe GPU85.

AIWeU eQeUJ\ PLQLPL]aWLRQ, WKe V\VWePV ZeUe ILUVW KeaWed RYeU 12.5 SV IURP 0 K WR 100 K LQ WKe

NVT eQVePbOe XVLQJ a LaQJeYLQ WKeUPRVWaW ZLWK KaUPRQLc UeVWUaLQWV RI 10.0 NcaOÂPRO-1Âc-2 RQ

WKe QRQ-K\dURJeQ aWRPV RI WKe OLSLdV, SURWeLQ, aQd OLJaQd. IQLWLaO YeORcLWLeV ZeUe VaPSOed IURP a

BROW]PaQQ dLVWULbXWLRQ. TKe V\VWePV ZeUe WKeQ KeaWed WR 310 K RYeU 125 SV LQ WKe NPT

eQVePbOe. ETXLOLbUaWLRQ ZaV SeUIRUPed aW 310 K aQd 1 baU LQ WKe NPT eQVePbOe, ZLWK KaUPRQLc

UeVWUaLQWV RQ WKe SURWeLQ aQd OLJaQd QRQ-K\dURJeQ aWRPV WaSeUed RII b\ 1.0 NcaOÂPRO-1Âc-2 VWaUWLQJ

aW 5.0 NcaOÂPRO-1Âc-2 LQ a VWeSZLVe PaQQeU eYeU\ 2 QV IRU 10 QV, aQd ILQaOO\ b\ 0.1 NcaOÂPRO-1Âc-2

eYeU\ 2 QV IRU aQ addLWLRQaO 18 QV. AOO UeVWUaLQWV ZeUe cRPSOeWeO\ UePRYed dXULQJ SURdXcWLRQ

VLPXOaWLRQ. PURdXcWLRQ VLPXOaWLRQV ZeUe SeUIRUPed aW 310 K aQd 1 baU LQ WKe NPT eQVePbOe

XVLQJ WKe LaQJeYLQ WKeUPRVWaW aQd MRQWe CaUOR baURVWaW. TKe VLPXOaWLRQV ZeUe SeUIRUPed XVLQJ

a WLPeVWeS RI 4.0 IV ZKLOe ePSOR\LQJ K\dURJeQ PaVV UeSaUWLWLRQLQJ86. LeQJWKV RI bRQdV WR

K\dURJeQ aWRPV ZeUe cRQVWUaLQed XVLQJ SHAKE87. NRQ-bRQded LQWeUacWLRQV ZeUe cXW RII aW 9.0

c, aQd ORQJ-UaQJe eOecWURVWaWLc LQWeUacWLRQV ZeUe caOcXOaWed XVLQJ WKe SaUWLcOe-PeVK EZaOd

(PME) PeWKRd ZLWK aQ EZaOd cReIILcLeQW (ȕ) RI aSSUR[LPaWeO\ 0.31 c aQd B-VSOLQe LQWeUSROaWLRQ

RI RUdeU 4. TKe PME JULd VL]e ZaV cKRVeQ VXcK WKaW WKe ZLdWK RI a JULd ceOO ZaV aSSUR[LPaWeO\ 1

c.

Molecular D\namics: Simulation anal\sis protocols

TKe APbeUTRROV17 CPPTRAJ SacNaJe88 ZaV XVed WR UeLPaJe WUaMecWRULeV, ZKLOe VLVXaO

MROecXOaU D\QaPLcV (VMD)89 aQd P\MOL (TKe P\MOL MROecXOaU GUaSKLcV S\VWeP, VeUVLRQ 2.0

ScKU|dLQJeU, LLC.) ZeUe XVed IRU YLVXaOL]aWLRQ. MDAQaO\VLV90 ZaV XVed IRU VLPXOaWLRQ aQaO\VLV.

RRRW PeaQ VTXaUe IOXcWXaWLRQ (RMSF) YaOXeV VKRZQ LQ FLJXUe 4B PeaVXUe WKe e[WeQW WR ZKLcK a

JURXS RI aWRPV IOXcWXaWeV aURXQd LWV aYeUaJe SRVLWLRQ LQ VLPXOaWLRQ aQd LV WKXV a PeaVXUe IRU

PRbLOLW\. TKe ILUVW 500 QV RI eacK VLPXOaWLRQ WUaMecWRU\ ZeUe RPLWWed IURP WKLV aQaO\VLV WR aYRLd

LQcOXdLQJ aQ\ LQLWLaO UeOa[aWLRQ RI WKe V\VWeP LQ WKe PeaVXUePeQW. TKe aQaO\VLV ZaV SeUIRUPed

RQ 1501 IUaPeV SeU VLPXOaWLRQ, ZKeUe eacK IUaPe LV VeSaUaWed b\ 1 QV. FRU eacK VLPXOaWLRQ, aQ
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aYeUaJe SRVLWLRQ RI eacK aWRP LQ a VSecLILed JURXS (UeVLdXeV 6-11, F7, RU M11; IRU eacK RI WKeVe

WKUee JURXSV aOO aWRPV ZeUe LQcOXded) ZaV caOcXOaWed. TKeQ, WKe RMSF ZaV RbWaLQed aV WKe

WLPe-aYeUaJe RI WKe RMSD WR WKe aYeUaJe VWUXcWXUe IRU eacK VLPXOaWLRQ. FRU WKe RMSF RI

UeVLdXeV 6-11, WUaMecWRULeV ZeUe aOLJQed WR WKe LQLWLaO cU\R-EM VWUXcWXUe RQ aOO WUaQVPePbUaQe

KeOL[ CĮ aWRPV. FRU WKe RMSF RI UeVLdXeV F7 aQd M11, WUaMecWRULeV ZeUe aOLJQed WR WKe LQLWLaO

cU\R-EM VWUXcWXUe RQ aOO CĮ aWRPV RI UeVLdXeV 6-11 RI SP WR beWWeU caSWXUe WKe LQdLYLdXaO UeVLdXe

PRYePeQW LQdeSeQdeQW RI WKe RYeUaOO PRYePeQW RI WKe eQWLUe SeSWLde. EacK baU LQ FLJXUe 4

UeSUeVeQWV WKe PeaQ RMSF YaOXe RYeU aOO 12 VLPXOaWLRQV SeU cRQdLWLRQ (eLWKeU SP RU SP6-11)

aQd WKe eUURU baUV deQRWe WKe VWaQdaUd eUURU RI WKe PeaQ. TR WeVW VWaWLVWLcaO VLJQLILcaQce, Ze

SeUIRUPed WZR-VLded W-WeVWV RI XQeTXaO YaULaQce (WeOcK¶V W-WeVWV).

FRU eacK RI WKe 3 UeQdeULQJV LQ FLJXUe 4A aQd IRU eacK RI WKe 3 UeQdeULQJV LQ FLJXUe 4C, Ze

cKRVe 10 UeSUeVeQWaWLYe VLPXOaWLRQ IUaPeV LOOXVWUaWLQJ WKe d\QaPLcV RI WKe bacNbRQe RI UeVLdXeV

6-11 aQd WKe VLde cKaLQV RI F7 aQd M11.

Data Availabilit\

AOO daWa JeQeUaWed RU aQaO\]ed dXULQJ WKLV VWXd\ aUe LQcOXded LQ WKLV SXbOLVKed aUWLcOe aQd LWV

SXSSOePeQWaU\ IQIRUPaWLRQ. CRRUdLQaWeV IRU SP-NK1R-PLQLGV/T70, SP-NK1R-PLQLGV399, aQd WKe

SP6-11-NK1R-PLQLGV/T70 cRPSOe[ KaYe beeQ deSRVLWed LQ WKe PURWeLQ DaWa BaQN XQdeU

acceVVLRQ cRdeV XXXX, XXXX, XXXX, UeVSecWLYeO\. UQVKaUSeQed cU\R-EM PaSV IRU

SP-NK1R-PLQLGV/T70, SP-NK1R-PLQLGV399, aQd WKe SP6-11-NK1R-PLQLGV/T70 cRPSOe[ KaYe beeQ

deSRVLWed LQ WKe EOecWURQ MLcURVcRS\ DaWa BaQN XQdeU acceVVLRQ cRdeV XXXXX, XXXXX, aQd

XXXXX, UeVSecWLYeO\. SKaUSeQed cU\R-EM PaSV IRU SP-NK1R-PLQLGV/T70, SP-NK1R-PLQLGV399,

aQd WKe SP6-11-NK1R-PLQLGV/T70 cRPSOe[ KaYe beeQ deSRVLWed LQ WKe EOecWURQ MLcURVcRS\ DaWa

BaQN XQdeU acceVVLRQ cRdeV XXXXX, XXXXX, aQd XXXXX, UeVSecWLYeO\.
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