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MaWeULaOV aQd PeWKRdV 

CORQLQJ, e[SUeVVLRQ, aQd SXULfLcaWLRQ  

The cDNA Rf hXPaQ SSQV2 (UQLPURW ID: Q8IVW8) ZaV SXUchaVed fURP SLQR 

BLRORgLcaO (CaW: HG24134-UT) aQd cORQed LQWR SFaVWBac YecWRU (IQYLWURgeQ) ZLWh 

aPLQR-WeUPLQaO 10 î HLV Wag. BacXORYLUXV ZaV deYeORSed ZLWh Whe Bac-WR-bac V\VWeP 

(IQYLWURgeQ) aQd XVed fRU LQfecWLQg SSRdRSWeUa fUXgiSeUda (Sf9) ceOOV (UQLRQ-BLR) aW aQ 

deQVLW\ Rf 2 î 106 ceOOV SeU PL aQd 10 PL Rf YLUXV SeU OLWeU Rf ceOOV. SSQV2fXVLRQ aQd aOO 

PXWaWLRQV ZeUe cORQed LQWR ScDNA3.1 YecWRU ZLWh aPLQR-WeUPLQaO 1 î FOag Wag. AOO 

geQe fUagPeQWV ZeUe geQeUaWed ZLWh a VWaQdaUd PCR-baVed VWUaWeg\. SSQV2fXVLRQ ZaV 

e[SUeVVed LQ HEK293F ceOOV. CeOOV ZeUe cROOecWed afWeU 60 hRXUV b\ ceQWULfXgaWLRQ, 

fUR]eQ LQ OLTXLd QLWURgeQ, aQd VWRUed aW í80 �C. 

FRU SSQV2fXVLRQ, PaPPaOLaQ ceOO (HEK293F) PePbUaQe fUacWLRQV ZeUe hRPRgeQL]ed LQ 

20 PL VROXbLOL]aWLRQ bXffeU (25 PM TULV-HCO SH 8.5, 150 PM NaCO, 5% Y/Y gO\ceURO, 

1%DDM), Whe VaPSOe ZaV cOaULfLed b\ XOWUaceQWULfXgaWLRQ, aQd Whe VXSeUQaWaQW ZaV 

baWch bRXQd WR aQ aQWL-FLAG M2 affLQLW\ geO. The UeVLQ ZaV ZaVhed ZLWh bXffeU 

cRQWaLQLQg 25ௗPM TULV-HCO, SH 8.5, 150ௗPM NaCO, 0.02% GDN, aQd eOXWed LQ ZaVh 

bXffeU cRQWaLQLQg 0.25ௗPg/PLí1 FLAG SeSWLde. The SURWeLQ ZaV aSSOLed WR VL]e-

e[cOXVLRQ chURPaWRgUaSh\ RQ a SXSeURVe 6 IQcUeaVe 10/300 GL cROXPQ (GE HeaOWhcaUe) 

LQ geO ¿OWUaWLRQ bXffeU (25 PM TULV-HCO SH 8.5, 150 PM NaCO, 0.01% Z/Y GDN, 5 

PM DTT). FUacWLRQV cRQWaLQLQg Whe hLgheVW cRQceQWUaWLRQ Rf SSQV2fXVLRQ ZeUe cROOecWed 

aQd cRQceQWUaWed fRU CU\R-EM.  

FRU SSQV2ZW, ceOO SeOOeWV ZeUe dLVUXSWed XVLQg DRXQce, a WLVVXe gULQdeU (hRPRgeQL]eU) 

fRU 60 c\cOeV RQ Lce ZLWh O\VLV bXffeU (25 PM TULV-HCO SH 7.0, 150 PM NaCO, 5% Y/Y 

gO\ceURO, 10 ȝM 16d) aQd VXbMecWed WR XOWUaceQWULfXgaWLRQ aW 150,000 î g fRU 60 PLQ aW 

4 �C. The VXSeUQaWaQW ZaV dLVcaUded, aQd Whe PePbUaQe fUacWLRQV ZeUe hRPRgeQL]ed 

LQ 20 PL VROXbLOL]aWLRQ bXffeU (25 PM TULV-HCO SH 7.0, 150 PM NaCO, 5% Y/Y gO\ceURO, 

10 ȝM 16d) ZLWh cRcNWaLO LQhLbLWRUV (SLgPa) SeU LQLWLaO OLWeU Rf cXOWXUe YROXPe. 

MePbUaQe fUacWLRQV ZeUe dLVVROYed b\ addLQg 1% OaXU\O PaOWRVe QeRSeQW\O gO\cRO 

(AQaWUace) aQd 0.1% chROeVWeU\O hePLVXccLQaWe (CHS, SLgPa-AOdULch) aQd URWaWed aW 

4 �C fRU 2 h. CeOO debULV ZaV SeOOeWed aW 40,000 î g fRU 30 PLQ aW 4 �C, aQd Whe 
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VXSeUQaWaQW ZaV ORaded RQ NL2+-QLWULORWULaceWaWe af¿QLW\ UeVLQ (NL-NTA, QLageQ), 0.5 

PL UeVLQ SeU OLWeU ceOO cXOWXUe. The UeVLQ ZaV ZaVhed WZLce ZLWh 40 cROXPQ YROXPeV Rf 

ZaVh bXffeU (25 PM TULV-HCO SH 7.0, 150 PM NaCO, 5% Y/Y gO\ceURO, 30 PM 

LPLda]ROe SH 8.0, 0.01% Z/Y LMNG, 10 ȝM 16d), aQd eOXWed ZLWh eOXWLRQ bXffeU (25 

PM TULV-HCO SH 7.0, 150 PM NaCO, 5% Y/Y gO\ceURO, 250 PM LPLda]ROe SH 8.0, 0.01% 

Z/Y LMNG, 10 ȝM 16d). The SURWeLQ ZaV aSSOLed WR VL]e-e[cOXVLRQ chURPaWRgUaSh\ 

RQ a SXSeUde[ 200 IQcUeaVe 10/300 GL cROXPQ (GE HeaOWhcaUe) LQ ¿OWUaWLRQ bXffeU (25 

PM TULV-HCO SH 7.0, 150 PM NaCO, 0.005% Z/Y LMNG, 5 PM DTT, 10 ȝM 16d). 

FUacWLRQV cRQWaLQLQg Whe hLgheVW cRQceQWUaWLRQ Rf SSQV2 ZeUe cROOecWed aQd 

cRQceQWUaWed fRU CU\R-EM.  

 

IQ YLWUR CeOO BaVed TUaQVSRUW AVVa\ 

HEK293T ceOOV (ATCC CRL-11268; P\cRSOaVPa fUee) ZeUe cR-WUaQVfecWed LQ a 1.5:0.5 

UaWLR Rf SSQV2 (UQLPURW ID: Q8IVW8) RU PXWaQWV: SShN1 (UQLPURW ID: Q9NYA1) ZLWh 

SRO\eWh\OeQeLPLQe. CWU. PeaQV cRQWURO gURXS WUaQVfecWed ZLWh ePSW\ YecWRU（SCS2 

YecWRU）: SShN1=1.5:0.5. AfWeU aW OeaVW 18 h, WUaQVfecWed ceOOV ZeUe haUYeVWed aQd 

UeVeeded LQ 24-ZeOO aVVa\ SOaWeV aW a deQVLW\ Rf 120,000-200,000 ceOOV SeU ZeOO LQ PedLa 

(DMEM added 2% dLaO\]ed FBS) aQd gURZQ WR QeaU cRQÀXeQce. GURZWh PedLa ZeUe 

UePRYed b\ aVSLUaWLRQ, aQd 0.4 PL Rf UeOeaVe aVVa\ PedLXP (DMEM ZLWh 0.2% faWW\ 

acLd-fUee BSA) VXSSOePeQWed ZLWh 4-deR[\S\ULdLQROLQe (WR 1 PM), NaF (2 PM), aQd 

Na3VO4 (0.2 PM) WR UeWaUd degUadaWLRQ Rf S1P b\ S1P O\aVe aQd S1P ShRVShaWaVeV 

ZeUe added WR each ZeOO. SShLQgRVLQe RU FTY720 ZaV LQWURdXced LQWR dXSOLcaWe ZeOOV 

(WR 5 ȝM), aQd SOaWeV ZeUe SOaced LQ a WLVVXe cXOWXUe LQcXbaWRU fRU 3 h. FROORZLQg WhLV 

LQcXbaWLRQ, Whe PedLXP ZaV cROOecWed; afWeU ceQWULfXgaWLRQ, 100 ȝL PedLXP ZaV added 

WR 400 ȝL Rf aceWRQLWULOe/PeWhaQRO/fRUPLc acLd PL[WXUe (80:80:1), aQd Whe PL[WXUe ZaV 

heOd aW -80ႏ RYeUQLghW. AfWeU fXUWheU ceQWULfXgaWLRQ, 0.1 PL Rf Whe VXSeUQaWaQW ÀXLd 

ZaV added WR UPLC YLaOV, aQd S1P ZaV TXaQWL¿ed b\ LC-MS b\ LQMecWLQg 5 ȝL LQWR Whe 

cROXPQ.  
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TLPe cXUYe Rf SSQV2 WUaQVSRUWed S1P/FTY720-P  

HEK293T ceOOV ZeUe WUaQVfecWed ZLWh dLffeUeQW SOaVPLdV LQ a VL[-ZeOO SOaWe (SShN1 

(UQLPURW ID: Q9NYA1): SSQV2 (UQLPURW ID: Q8IVW8) =0.5 ȝg: 1.5 ȝg, WRWaO SOaVPLd: 

PEI=2 ȝg: 8 ȝg). AfWeU 24 h LQcXbaWLRQ (Whe QXPbeU Rf ceOOV ZaV XS WR QeaUO\ 3 î105), 

Whe PedLXP ZaV UePRYed aQd VXSSOLed ZLWh 400 ȝL DMEM ZLWh faWW\-acLd-fUee BSA 

(0.2%), 4-deR[\S\ULdR[LQe (WR 1 PM), NaF (WR 2 PM), aQd Na3VO4 (WR 0.2 PM). AfWeU 

2 h, 5 ȝM SShLQgRVLQe/FTY720 ZaV added, aQd 100 ȝL PedLXP ZaV PL[ed ZLWh 400 

�L e[WUacW VROXWLRQ aW 0.5 h, 1.5 h, 3 h, 6 h, aQd 9 h. TZR UeSOLcaWeV ZeUe dRQe fRU each 

WUaQVfeUUed SOaVPLd. The SORW ZaV Pade LQ GUaShPad PULVP 8. S1P LQ Whe PedLXP LQ a 

VL[-ZeOO SOaWe (caOcXOaWed aV S1P SURdXced b\ 106 ceOOV) = 5 �M î UeVSRQVe LQWeQVLW\ Rf 

VaPSOe/UeVSRQVe LQWeQVLW\ Rf 5 �M VWaQdaUd î 0.1 PL (PedLXP e[WUacWLRQ YROXPe) î 

20 (WRWaO PedLXP YROXPe RYeU acWXaO PedLXP YROXPe LQ Whe VaPSOe)/ 0.3 (QXPbeU Rf 

ceOOV). 

 

WeVWeUQ bORW aQaO\VLV  

The ZhROe HEK293T ceOO O\VaWe VaPSOeV ZeUe UXQ RQ SDS-PAGE GeO fRU 50 PLQ aW 

200 V. GeOV ZeUe WUaQVfeUUed WR PVDF PePbUaQeV fRU 90 PLQ aW 100 V. The PePbUaQeV 

ZeUe bORcNed b\ 5% (Z/Y) QRQ-faW PLON (1172GR500, BLRFUR[[) aW 4 �C fRU 1 hRXU 

befRUe beLQg VOLced LQWR VWULSeV accRUdLQg WR a SUe-VWaLQed CRORUML[ed PURWeLQ MaUNeU. 

The VOLced VWULSeV ZeUe LQcXbaWed ZLWh SULPaU\ aQWLbRd\ aW 4 �C RYeUQLghW. ȕ-acWLQ ZaV 

XVed WR be a UefeUeQce SURWeLQ fRU WeVWeUQ bORW LQ WhLV SURMecW. TheQ Whe PePbUaQeV ZeUe 

ZaVhed fLYe WLPeV ZLWh TBST bXffeU befRUe LQcXbaWLRQ ZLWh a VecRQdaU\ aQWLbRd\ fRU 

30 PLQ aW aPbLeQW WePSeUaWXUe. The PePbUaQeV ZeUe ZaVhed WhUee WLPeV aQd LPaged 

YLa ChePLScRSe 6200(COLQ[).  

 

S1P PeaVXUePeQW b\ LC-MS 

S1P LQ WUaQVfecWed ceOOV aQd PedLXP ZeUe e[WUacWed aQd PeaVXUed b\ LC-MS. LC-MS 

aQaO\VLV ZaV SeUfRUPed XVLQg a ShLPad]X LC V\VWeP cRXSOed WR a TULSOeTOF PaVV 

VSecWURPeWeU (QTOF 6600+, ABScLe[, Pade LQ WRRdOaQdV CeQWUaO IQdXVWULaO EVWaWe, 

SLQgaSRUe). ChURPaWRgUaShLc VeSaUaWLRQV ZeUe RbWaLQed XQdeU gUadLeQW cRQdLWLRQV 
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XVLQg a HILIC cROXPQ (WaWeUV XBULdge� APLde, 3.5 ȝP, 4.6 î 100 PP, Pade LQ 

IUeOaQd). The PRbLOe ShaVe ZaV SeUfRUPed ZLWh 20 PM aPPRQLXP aceWaWe, 0.1% 

aPPRQLXP h\dUR[Lde, aQd 5 ȝM aPPRQLXP ShRVShaWe LQ 95: 5 ZaWeU/ACN aV ShaVe 

A aQd ACN aV ShaVe B. The gUadLeQW ZaV aV fROORZV: 0 PLQ, 85% B; 2 PLQ, 85% B; 3 

PLQ, 75% B; 7 PLQ, 75% B; 8 PLQ, 70% B; 9 PLQ, 70% B; 10 PLQ, 50% B; 12 PLQ, 50% 

B; 12.1 PLQ, 5% B; 15.5 PLQ, 5% B; 15.6 PLQ, 85% B; 21.6 PLQ, 85% B. 5 ȝL Rf Whe 

e[WUacWed VaPSOeV ZeUe LQMecWed RQWR Whe LC±ESI-MS. The fORZ UaWe ZaV VeW aW 0.4 

PL/PLQ aQd Whe UXQ WLPe aW 21.6 PLQ. ESI SaUaPeWeUV VeWXS: GS1, 60; GS2, 60; CUR, 

40; WePSeUaWXUe, 500; ISVF, 5500 RU í4500 LQ SRVLWLYe RU QegaWLYe PRdeV. 

The fLOeV ZeUe cRQYeUWed WR Whe P]XML fRUPaW XVLQg MSCRQYeUW VRfWZaUe. The 

P]XML fLOeV ZeUe WheQ SURceVVed b\ EO-MAVEN VRfWZaUe (Y0.12.0) WR geQeUaWe a SeaN 

WabOe. IQ RQe e[SeULPeQW baWch, WZR UeVXOW WabOeV ZeUe geQeUaWed fURP SRVLWLYe aQd 

QegaWLYe LRQL]aWLRQ PRde deWecWLRQV. IQ each WabOe, VLgQaOV Rf cRQWURO aQd aOO PXWaQW 

VaPSOeV ZeUe QRUPaOL]ed WR Whe UefeUeQce VaPSOe (XVXaOO\ Whe aYeUage Rf WZR WT 

VaPSOeV). NRUPaOL]ed UeVXOWV fURP bRWh WabOeV ZeUe cRPbLQed WR VeUYe aV WZR WechQLcaO 

UeSOLcaWeV fRU each bLRORgLcaO VaPSOe. 

 

IQ YLYR aVVa\ fRU eYaOXaWLQJ SSQV2 PXWaQW aOOeOe fXQcWLRQV LQ ]ebrafish ePbU\RV 

SCS2-SSQV2 (ZLOd-W\Se aQd PXWaQW)-P2A-EGFP YecWRUV ZeUe cRQVWUXcWed XVLQg a 

VWaQdaUd PCR-baVed VWUaWeg\. CaSSed PRNAV ZeUe V\QWheVL]ed XVLQg PMESSAGE 

PMACHINE SP6 WUaQVcULSWLRQ KLW (APbLRQ #AM1340). 1 QL Rf 2.5 �M CaV9 SURWeLQ 

(GeQScULSW #Z03470) aQd 2.5 �M �VgRNA (WaUgeW VLWe 5'-

CAGCGGTCTGGGCTACATCC-3', GeQScULSW #SC1969) 1 WR NQRcN RXW ]ebUafLVh 

SSQV2 ZeUe LQMecWed LQWR ZLOd-W\Se ]ebUafLVh ePbU\RV aW RQe-ceOO VWage, WRgeWheU ZLWh 

caSSed RNA e[SUeVVLQg cRQWURO EGFP (10 Qg/ȝL) RU hXPaQ SSQV2 ZLOd-W\Se RU PXWaQWV 

(250 Qg/ȝL). TR YaOLdaWe caSSed RNA e[SUeVVLRQ, ePbU\RV ZLWhRXW EGFP VLgQaOV aW 

23hSf (hRXUV SRVW feUWLOL]aWLRQ) ZeUe UePRYed (OeVV WhaQ 8.5%); aW 24 hSf, ePbU\RV ZeUe 

cROOecWed LQ 4% SaUafRUPaOdeh\de aQd h\bULdL]ed WR DIG-OabeOed P\O7 ULbRSURbeV 

(SULPeUV F: 5¶-TGGCTGCATAGATCAGAACCG-3¶ aQd R: 5¶-

TAATACGACTCACTATAGGGGCAGCAGTTACAGACAGAATA-3¶,  
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RRche #11277073910) fROORZLQg ZhROe PRXQW LQ VLWX h\bULdL]aWLRQ SURWRcROV 2. TZR-

heaUW SheQRW\SeV ZeUe VcRUed accRUdLQg WR Whe VcRULQg V\VWeP LQ FLgXUe 1a. TR YaOLdaWe 

Whe CRISPR edLWLQg effecW, ePbU\RV LQ Whe ³-´ gURXS (QRUPaO heaUW) ZeUe cROOecWed fRU 

gDNA e[WUacWLRQ aQd VXbMecW WR SaQgeU VeTXeQcLQg Rf Whe SSQV2 VgRNA WaUgeW UegLRQV. 

Each PXWaQW ZaV UeSeaWed aW OeaVW WhUee WLPeV.  

 

TKe IC 50 PeaVXUePeQW Rf 33S 

HEK293T ceOOV ZeUe WUaQVfecWed ZLWh dLffeUeQW SOaVPLdV LQ a VL[-ZeOO SOaWe (SShN1: 

SSQV2=0.5 ȝg: 1.5 ȝg, WRWaO SOaVPLd: PEI=2 ȝg: 8 ȝg). AfWeU 24 h LQcXbaWLRQ (Whe QXPbeU 

Rf ceOOV ZaV XS WR QeaUO\ 3 î105), Whe PedLXP ZaV UePRYed aQd VXSSOLed ZLWh 400 ȝO 

DMEM ZLWh faWW\-acLd-fUee BSA (0.2%), 4-deR[\S\ULdR[LQe (WR 1 PM), NaF (WR 2 PM), 

aQd Na3VO4 (WR 0.2 PM) ZLWh cRQceQWUaWLRQ gUadLeQW Rf 33S. AfWeU 2 h, 5 ȝM 

SShLQgRVLQe ZaV added, aQd 100 ȝL PedLXP ZaV PL[ed ZLWh 400 �L e[WUacW VROXWLRQ 

(aceWRQLWULOe/PeWhaQRO/fRUPLc acLd PL[WXUe (80:80:1)) aW 1 h aQd SUecLSLWaWed aW -80℃ 

RYeUQLghW. S1P PeaVXUed b\ LC-MS. 33S gUadLeQWV UeVSRQVe QRUPaOL]ed WR 0 PM 33S 

UeVSRQVe. The SORW ZaV Pade LQ GUaShPad PULVP 8. DaWa aQaO\]ed b\ ORg(LQhLbLWRU) YV. 

UeVSRQVe:Y=BRWWRP + (TRS-BRWWRP)/(1+10^((X-LRgIC50))). 

 

IPPXQRfOXRUeVceQce  

HEK293T ceOOV (ATCCCRL-11268; P\cRSOaVPa fUee) ZeUe Veeded LQ a 6-ZeOO SOaWe 

(BIOFIL) aW a deQVLW\ Rf 5î105 ceOOV SeU ZeOO. The next day, cells were co-transfected 

in a 1:1 ratio of transporter: membrane marker EXOC7-GFP with polyethyleneimine. 

AfWeU 24 h SRVW-WUaQVfecWLRQ, Whe ceOOV ZeUe fL[ed ZLWh 4% SaUafRUPaOdeh\de fRU 10 PLQ 

aW URRP WePSeUaWXUe, SeUPeabLOL]ed ZLWh 0.2% WULWRQ aQd 0.1% BSA LQ PBS fRU 10 PLQ 

RQ Lce, aQd bORcNed ZLWh 5% BSA LQ PBS fRU 1 h. CeOOV ZeUe WheQ LQcXbaWed ZLWh M2 

aQWL-FOag PRQRcORQaO aQWLbRd\ (1:100, SLgPa-AOdULch, F1804) RYeUQLghW aW 4ႏ 

fROORZed b\ WhUee WLPeV ZaVh ZLWh PBS. CeOOV ZeUe WheQ LQcXbaWed ZLWh AOe[a FOXRU 

594 gRaW aQWL-PRXVe IgG VecRQdaU\ aQWLbRd\ (1:200, TheUPR FLVheU ScLeQWLfLc) fRU 3 h 

aW 4ႏ, fROORZed b\ aQRWheU WhUee WLPeV ZaVhed ZLWh PBS. CeOOV ZeUe WheQ VWaLQed ZLWh 
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DAPI aQd ZaVhed WhUee WLPeV ZLWh PBS befRUe cRYeU VOLdeV ZeUe PRXQWed. IPageV ZeUe 

WaNeQ XVLQg a ZeLVV LSM-780 cRQfRcaO PLcURVcRS\. 

 

Native mass spectrometry 

SSQV2fXVLRQ aQd SSQV2ZW SXULfLed aQd cRQceQWUaWed WR 100 ȝM (ZLWhRXW VXSSOePeQWed 

ZLWh addLWLRQaO S1P) ZLWh Whe O\VLV bXffeU 1(25 PM TULV-HCO SH 8.5, 150 PM NaCO, 

0.01% Z/Y GDN) aQd O\VLV bXffeU 2 (25 PM TULV-HCO SH 7.0, 150 PM NaCO, 0.005% 

Z/Y LMNG) UeVSecWLYeO\. 16 ȝL SURWeLQ VaPSOe added LQWR 60 ȝL OLSLd e[WUacWLRQ OLTXLd 

(aceWRQLWULOe/PeWhaQRO/fRUPLc acLd PL[WXUe) aQd SUecLSLWaWed aW -80ႏ RYeUQLghW. S1P 

PeaVXUed b\ LC-MS. 

 

Investigation of Spns2 transport mechanism by mass spectrometry 

For pH or cations dependent investigations assay, the transfection cells were reseeded 

in a 24-well plate at a density of 3x105 cells per well and exchange the culture 

conditions with different pHs: HaQN¶V baOaQced VaOW VROXWLRQ, HBSS, 5 mM HEPES-

NaOH pH 7.4 and condition 1 (140 mM NaCl, 20 mM MES pH 6.5, 2 mM CaCl2, 1 

g/L D-glucose); condition 2 (140 mM NaCl, 20 mM HEPES-NaOH pH 7.5, 2 mM 

CaCl2, 1 g/L D-glucose); condition 3 (140 mM NaCl, 20 mM Tris-HCl pH 8.5, 2 mM 

CaCl2, 1 g/L D-glucose) or different ionic conditions: condition 1 (HaQN¶V baOaQced VaOW 

solution, HBSS); condition 2 (140 mM NaCl, 20 mM Tris-HCl pH 7.5, 2 mM CaCl2, 1 

g/L D-glucose); condition 3 (140 mM KCl, 20 mM Tris-HCl pH 7.5, 2 mM CaCl2, 1 

g/L D-glucose). Briefly, Growth media were removed by aspiration, and 0.4 mL of 

condition buffer supplemented with 4-deoxypyridinoline (to 1 mM), NaF (2 mM), and 

Na3VO4 (0.2 mM) and 0.2% fatty acid-free BSA washed the cells and replaced. 

Sphingosine was introduced into duplicate wells (to 5 PM) and incubated for 3 h. 

FROORZLQg WhLV LQcXbaWLRQ, Whe PedLXP ZaV cROOecWed; afWeU ceQWULfXgaWLRQ, 100 ȝL 

medium added 400 PL of acetonitrile/methanol/formic acid mixture (80:80:1), and the 



 8 

variety was held at -80ႏ overnight. After further centrifugation, 0.1 mL of the 

VXSeUQaWaQW ÀXLd ZaV added WR UPLC YLaOV, aQd S1P ZeUe TXaQWL¿ed b\ LC-MS. 

 

CU\R-EM VaPSOe SUeSaUaWLRQ aQd daWa acTXLVLWLRQ 

FRU SSQV2fXVLRQ, a WRWaO Rf 3.5 ȝL Rf Whe cRQceQWUaWed SURWeLQ aW 5-10 Pg/PL ZaV aSSOLed 

WR gORZ-dLVchaUged hROe\ QLcNeO-WLWaQLXP cRaWed gROd gULdV (CU\RMaWUL[ M024-AX300-

R12/13, ZheQMLaQg LehXa TechQRORg\) aQd hROe\ gROd VXSSRUWed gULdV (UOWUAXfRLO AX 

300 PeVh, R1.2/1.3, QXaQWLfRLO). The gULdV ZeUe bORWWed fRU 3 V aQd fOaVh-fUR]eQ LQ OLTXLd 

eWhaQe XVLQg a VLWURbRW (MaUN IV, TheUPR FLVheU ScLeQWLfLc). IPageV ZeUe UecRUded RQ 

a 300 NV TLWaQ KULRV G3L eOecWURQ PLcURVcRSe (TheUPR FLVheU ScLeQWLfLc) eTXLSSed 

ZLWh a GaWaQ K3 SXPPLW dLUecW deWecWRU aQd a GIF QXaQWXP eQeUg\ fLOWeU (VOLW ZLdWh 20 

eV). MRYLe VWacNV ZeUe cROOecWed XVLQg SeULaOEM3 LQ cRXQWLQg PRde aW a PagQLfLcaWLRQ 

Rf 105,000[ ZLWh a cRUUeVSRQdLQg SL[eO VL]e Rf 0.85 c. MRYLe VWacNV Rf SSQV2fXVLRQ ZeUe 

cROOecWed aW dLffeUeQW WLPeV. Each PRYLe VWacN Rf SSQV2fXVLRQ ZLWh 50 fUaPeV ZaV e[SRVed 

fRU 2.5 RU 3 V. The dRVe UaWe UaQgeV fURP 14.61 WR 17.12 e/S[/V, ZLWh Whe WRWaO dRVe UaQge 

fURP 50.6 WR 59.2 SeU c2. The defRcXV UaQge ZaV VeW fURP í1.0 ȝP WR í1.8 ȝP. A WRWaO 

Rf 14,396 PRYLe VWacNV ZeUe cROOecWed. 

FRU SSQV2ZW, 16d ZaV added LQWR Whe cRQceQWUaWed SURWeLQ VROXWLRQV WR a fLQaO 

cRQceQWUaWLRQ Rf 150 ȝM. A WRWaO Rf 3.5 ȝL Rf Whe cRQceQWUaWed SURWeLQ aW 10 Pg/PL ZaV 

aSSOLed WR gORZ-dLVchaUged hROe\ caUbRQ-cRaWed gROd gULdV (QXaQWLfLRO AX 200 PeVh 

1.2/1.3) hROe\ gROd VXSSRUWed gULdV (UOWUaAXfRLO AX 300 PeVh, R1.2/1.3, QXaQWLfRLO). 

The gULdV ZeUe bORWWed fRU 3.5 V aQd fOaVh-fUR]eQ LQ OLTXLd eWhaQe XVLQg a VLWURbRW (MaUN 

IV, TheUPR FLVheU ScLeQWLfLc). IPageV ZeUe UecRUded RQ a 300 NV TLWaQ KULRV G3L 

eOecWURQ PLcURVcRSe (TheUPR FLVheU ScLeQWLfLc) eTXLSSed ZLWh a GaWaQ K3 SXPPLW 

dLUecW deWecWRU aQd a GIF QXaQWXP eQeUg\ fLOWeU (VOLW ZLdWh 20 eV). MRYLe VWacNV ZeUe 

cROOecWed XVLQg SeULaOEM3 LQ VXSeU-UeVROXWLRQ PRde aW a PagQLfLcaWLRQ Rf 105,000[ ZLWh 

a cRUUeVSRQdLQg SL[eO VL]e Rf 0.425 c. Each PRYLe VWacN Rf SSQV2ZW ZLWh 50 fUaPeV ZaV 

e[SRVed fRU 2 V. The dRVe UaWe LV 18.19 aQd 18.02 e/S[/V, cRUUeVSRQdLQg a WRWaO dRVe Rf 
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50.35 aQd 49.88 SeU c2. The defRcXV UaQge ZaV VeW fURP í1.5 ȝP WR í2.0 ȝP. A WRWaO 

Rf 8,640 PRYLe VWacNV ZeUe cROOecWed. 

 

DaWa PURceVVLQJ 

FRU SSQV2fXVLRQ, PRYLe fUaPeV ZeUe aOLgQed XVLQg MRWLRQCRU24 ZLWh fLYe b\ fLYe SaWcheV. 

MLcURgUaSh cRQWUaVW WUaQVfeU fXQcWLRQ (CTF) eVWLPaWLRQV ZeUe SeUfRUPed b\ 

CTFFLQd45 XVLQg PLcURgUaShV ZLWhRXW dRVe-ZeLghWLQg. The dRVe-ZeLghWed 

PLcURgUaShV ZeUe XVed fRU SaUWLcOe SLcNLQg aQd fXUWheU SURceVVLQg. PaUWLcOeV ZeUe 

aXWRPaWLcaOO\ SLcNed XVLQg SUeYLRXVO\ SURdXced WePSOaWeV b\ GaXWRPaWch 

(hWWSV://ZZZ.PUc-OPb.caP.ac.XN/N]haQg/GaXWRPaWch). 7,607,332 SaUWLcOeV Rf aOO 

PLcURgUaShV ZeUe SLcNed. MLcURgUaShV ZLWh eVWLPaWed CWf Ma[ ReVROXWLRQ (> 5 c) aQd 

CWf FLgXUe Of MeULW (> 0.3) ZeUe VeOecWed fRU fXUWheU SURceVVLQg. A WRWaO Rf 13,971 

PLcURgUaShV ZeUe VeOecWed. A WRWaO Rf 7,397,481 SaUWLcOeV ZeUe e[WUacWed b\ ReOLRQ3.16 

ZLWh a bR[ VL]e Rf 72 SL[eOV aQd a SL[eO VL]e Rf 3.4 c. IWeUaWLYe 2D cOaVVLfLcaWLRQV ZeUe 

SeUfRUPed XVLQg cU\RSPARC Y.2.14.27. A WRWaO Rf 4,032,474 SaUWLcOeV ZeUe VeOecWed aQd 

WheQ UeceQWeUed aQd Ue-e[WUacWed b\ ReOLRQ ZLWh a bR[ VL]e Rf 144 SL[eOV aQd a SL[eO VL]e 

Rf 1.7 c. TZeOYe SaUaOOeO ab LQLWLR UecRQVWUXcWLRQV ZeUe SeUfRUPed LQ cU\RSPARC. A 

WRWaO Rf 1,055,847 SaUWLcOeV fURP cRPbLQed gRRd cOaVVeV ZeUe VeOecWed. TheVe SaUWLcOeV 

ZeUe VXbMecWed WR LWeUaWLYe 2D cOaVVLfLcaWLRQV, aQd 976,861 SaUWLcOeV ZeUe VeOecWed. Ne[W, 

SaUWLcOeV ZeUe VXbMecWed WR PaQ\ URXQdV Rf SaUaOOeO aQd XQSaUaOOeO ab LQLWLR 

UecRQVWUXcWLRQV, aQd a PRUe hRPRgeQeRXV SaUWLcOe daWaVeW ZLWh 390,253 SaUWLcOeV ZaV 

geQeUaWed. The SaUaOOeO ab LQLWLR UecRQVWUXcWLRQ LV UefeUUed WR SeUfRUP ab LQLWLR 

UecRQVWUXcWLRQ ZLWh UeSeaWed UXQV (WZR RU PRUe UXQV ZLWh cRPSOeWed VaPe SaUaPeWeUV).  

TheQ, Ze VeOecW aQd cRPbLQe Whe SaUWLcOeV Rf gRRd cOaVVeV Rf UeSeaWed UXQV WR SURceed 

WR Whe Qe[W VWeS. cU\RSPARC ZLOO aXWRPaWLcaOO\ UePRYe Whe UeSeaWed SaUWLcOeV fURP Whe 

UeSeaWed UXQV. The XQSaUaOOeO ab LQLWLR UecRQVWUXcWLRQ LV MXVW Whe UegXOaU UXQ Rf Whe MRb. 

AfWeU RQe URXQd Rf ab LQLWLR UecRQVWUXcWLRQ aQd QRQXQLfRUP UefLQePeQW, a 3.4 c PaS 

ZaV geQeUaWed. OQe URXQd Rf QRQXQLfRUP UefLQePeQW ZaV SeUfRUPed, \LeOdLQg a 3.4 c 

PaS. SXbVeTXeQWO\, SaUWLcOeV ZeUe UeceQWeUed aQd Ue-e[WUacWed b\ ReOLRQ ZLWh a bR[ VL]e 

https://www.mrc-lmb.cam.ac.uk/kzhang/Gautomatch)


 10 

Rf 288 SL[eOV aQd a SL[eO VL]e Rf 0.85 c. TheQ, SaUWLcOeV ZeUe LPSRUWed LQWR cU\RSPARC 

Y.3.3.1. FXUWheUPRUe, RQe URXQd Rf ab LQLWR UecRQVWUXcWLRQ, QRQXQLfRUP UefLQePeQW, aQd 

ORcaO UefLQePeQW ZaV SeUfRUPed, \LeOdLQg a 3.60 c PaS. CRQYeUVLRQV Rf SaUWLcOe VWaU 

fLOeV beWZeeQ ReOLRQ aQd cU\RSPARC ZeUe SeUfRUPed PaLQO\ XVLQg Whe S\eP VcULSW8.  

FRU SSQV2ZW, PRYLe fUaPeV ZeUe aOLgQed XVLQg MRWLRQCRU24 ZLWh fLYe b\ fLYe SaWcheV. 

AfWeUZaUd, daWa SURceVVLQg ZaV SeUfRUPed XVLQg cU\RSPARC Y.3.3.1. MLcURgUaShV 

ZeUe LPSRUWed LQWR cU\RSPARC. CTF eVWLPaWLRQ ZaV SeUfRUPed XVLQg PaWch CTF. 

PaUWLcOeV ZeUe fLUVW SLcNed XVLQg a bORb SLcNeU ZLWh SaUWLaO PLcURgUaShV. 2D WePSOaWeV 

ZeUe geQeUaWed b\ 2D cOaVVLfLcaWLRQ. PaUWLcOe SLcNLQg Rf aOO PLcURgUaShV ZaV SeUfRUPed 

b\ a WePSOaWe SLcNeU. PaUWLcOeV ZeUe e[WUacWed XVLQg a bR[ VL]e Rf 256 SL[eOV aQd cURSSed 

LQWR 128 SL[eOV. AfWeU PaQ\ URXQdV Rf 2D cOaVVLfLcaWLRQ, WZR SaUWLcOe VeWV ZLWh 664,888 

SaUWLcOeV aQd 2,214,117 SaUWLcOeV ZeUe VeOecWed. FRU 664,888 SaUWLcOe VeWV, afWeU RQe 

URXQd Rf ab LQLWLR UecRQVWUXcWLRQ aQd fLYe URXQdV Rf heWeURgeQeRXV UefLQePeQW, a daWaVeW 

ZLWh 78,714 SaUWLcOeV ZaV geQeUaWed. AfWeU WhaW, RQe URXQd Rf QRQXQLfRUP aQd ORcaO 

UefLQePeQW ZaV SeUfRUPed. A 3.85 c PaS ZaV RbWaLQed. FRU 2,214,117 SaUWLcOe VeWV, 

afWeU WZR URXQdV Rf ab LQLWLR UecRQVWUXcWLRQ aQd WhUee URXQdV Rf heWeURgeQeRXV 

UefLQePeQW, a daWaVeW ZLWh 216,159 SaUWLcOeV ZaV geQeUaWed. SXbVeTXeQWO\, WZR SaUWLcOe 

VeWV ZeUe cRPbLQed WR dR heWeURgeQeRXV UefLQePeQW. 237,442 SaUWLcOeV ZeUe VeOecWed. 

AfWeU WZR URXQdV Rf UefLQePeQW, SaUWLcOe Ue-e[WUacWLRQ, fRXU URXQdV Rf ab LQLWLR 

UecRQVWUXcWLRQ, aQd RQe URXQd Rf heWeURgeQeRXV UefLQePeQW, a QeZ SaUWLcOe VeW ZLWh 

115,145 SaUWLcOeV ZeUe RbWaLQed. TheQ, RQe URXQd Rf ab LQLWR UecRQVWUXcWLRQ, 

QRQXQLfRUP UefLQePeQW, aQd ORcaO UefLQePeQW ZaV SeUfRUPed, \LeOdLQg a 3.80 c PaS. 

FXUWheUPRUe, SaUWLcOeV ZeUe Ue-e[WUacWed ZLWh a bR[ VL]e Rf 300 SL[eOV. FLQaOO\, RQe 

URXQd Rf ab LQLWR UecRQVWUXcWLRQ aQd QRQXQLfRUP UefLQePeQW ZaV SeUfRUPed. A 3.52 c 

PaS ZaV RbWaLQed.  

 

MRdeO bXLOdLQJ aQd UefLQePeQW 

The LQLWLaO PRdeO ZaV bXLOW XVLQg Whe SUedLcWed SSQV2 PRdeO b\ AOShaFROd2 aV a 



 11 

WePSOaWe 9. MRdeO ZaV fLWWed LQWR Whe deQVLW\ PaS aQd PaQXaOO\ adMXVWed aQd UebXLOW LQ 

COOT10. TheQ, Whe PRdeO ZaV UefLQed LQ PheQL[ XVLQg UeaO-VSace UefLQePeQW ZLWh 

VecRQdaU\ VWUXcWXUe aQd geRPeWU\ UeVWUaLQWV11 aQd fLQaOO\ adMXVWed LQ COOT. OYeUfLWWLQg 

Rf Whe PRdeO ZaV checNed b\ UefLQLQg Whe PRdeO XVLQg RQe Rf Whe WZR LQdeSeQdeQW PaSV 

fURP gROd-VWaQdaUd UefLQePeQW aQd caOcXOaWLQg FSC agaLQVW bRWh haOf PaSV12. The fLQaO 

PRdeO ZaV YaOLdaWed XVLQg MROSURbLW\ LQWegUaWed LQWR PheQL[ 13 (TabOe S1). The FSC 

beWZeeQ Whe PaS aQd PRdeO ZaV caOcXOaWed b\ PheQL[.PWULage14. SWUXcWXUaO fLgXUeV ZeUe 

SUeSaUed LQ P\MOL (hWWSV://S\PRO.RUg/2/), UCSF ChLPeUa15, aQd UCSF ChLPeUaX16. 

 

SWaWLVWLcV aQd UeSURdXcLbLOLW\ 

SWaWLVWLcaO aQaO\VeV ZeUe SeUfRUPed XVLQg GUaShPad PULVP 8 XVLQg aQ RUdLQaU\ RQe-Za\ 

ANOVA fRU UeSeaW e[SeULPeQWV. AOO UeVXOWV aUe e[SUeVVed aV PeaQ ±  VWaQdaUd 

deYLaWLRQ (SD) YaOXeV, Q = bLRORgLcaO UeSOLcaWeV. DLffeUeQceV ZeUe cRQVLdeUed 

VWaWLVWLcaOO\ VLgQLfLcaQW ZheQ S < 0.01(**); ³****´ UeSUeVeQWV S < 0.0001. The acWXaO S-

YaOXe fRU each WeVW caQ be fRXQd LQ Whe VXSSOePeQWaU\ WabOe. 
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SXSSOePeQWaU\ LQfRUPaWLRQ, QRWe1 

SPNS2-PedLaWed S1P aQd FTY720-P effOX[  

IQ ceOOV, VShLQgRVLQe NLQaVeV (SShNV) ShRVShRU\OaWe SShLQgRVLQe (SSh) WR \LeOd S1P. 

FLQgROLPRd (FTY720), RQe Rf Whe beQchPaUN dUXgV WR WUeaW UeOaSVLQg PXOWLSOe VcOeURVLV 

(MS), aOVR QeedV WR be ShRVShRU\OaWed b\ SShNV WR FTY720-P, a fXQcWLRQaO fRUP Rf S1P 

UeceSWRU agRQLVW (SXSSOePeQWaU\ LQfRUPaWLRQ, FLg. S1a). We RYeUe[SUeVVed hXPaQ 

SShN1 aQd SSQV2 YaULaQWV LQ HEK293 ceOOV. SSh RU FTY720 XSWaNeQ b\ ceOOV aUe 

ShRVShRU\OaWed b\ SShN1 WR fRUP S1P RU FTY720-P, ZhLch aUe WheQ e[SRUWed b\ ZLOd-

W\Se SSQV2 WR Whe cXOWXUe PedLXP. E[WUaceOOXOaU S1P ZaV e[WUacWed ZLWh RUgaQLc 

VROYeQWV aQd aQaO\]ed b\ LC-MS WR caOcXOaWe Whe e[SRUW acWLYLW\ Rf SSQV2 TXaQWLWLYeO\ 

(SXSSOePeQWaU\ LQfRUPaWLRQ, FLg. S1b). AV VhRZQ, S1P aQd FTY720-P LV accXPXOaWed 

WLPe-deSeQdeQWO\ Lf ZLOd-W\Se SSQV2 LV RYeUe[SUeVVed (SXSSOePeQWaU\ LQfRUPaWLRQ, FLg. 

S1c). The SUeYLRXVO\ UeSRUWed dLVeaVe UeOaWed ORVV-Rf-fXQcWLRQ PXWaWLRQ R200S RQ 

SSQV2 abROLVhed S1P aQd FTY720-P WUaQVSRUW acWLYLWLeV (SXSSOePeQWaU\ LQfRUPaWLRQ, 

FLg. S1c). TheVe UeVXOWV cRQfLUPed WhaW SSQV2 LV a WUaQVSRUWeU Rf S1P aQd FTY720-P. 

 

SWUXcWXUe deWeUPLQaWLRQ 

AfWeU e[WeQVLYe hRPRORg VcUeeQLQgV aQd cU\VWaOOL]aWLRQ WULaOV, Ze WXUQed WR XVe cU\R-

EM WR deWeUPLQe Whe VWUXcWXUeV Rf hXPaQ SSQV2. The LQVeUWed PGS SURPRWeV Whe LQLWLaO 

cOaVVLfLcaWLRQ b\ dLVWLQgXLVhLQg SaUWLcOe TXaOLWLeV. NeYeUWheOeVV, dXe WR Whe fOe[LbLOLW\ Rf 

Whe cRQQecWed ORRS beWZeeQ PGS aQd SSQV2, Whe fOe[LbOe PGS LQWeUfeUeV ZLWh Whe 

UecRQVWUXcWLRQ WR a hLgh UeVROXWLRQ. AfWeU PXOWLSOe URXQdV Rf 2D aQd 3D cOaVVLfLcaWLRQ 

XVLQg SaUaOOeO RU XQSaUaOOeO ab-LQLWLR UecRQVWUXcWLRQ LQ cU\RSPARC, Ze RbWaLQed aQ EM 

PaS Rf Whe SSQV2fXVLRQ cRQVWUXcW aW aQ RYeUaOO UeVROXWLRQ Rf 3.60 c. The deQVLWLeV fRU Whe 

WUaQVPePbUaQe heOLceV Rf SSQV2 ZeUe XQaPbLgXRXVO\ deWeUPLQed baVed RQ Whe ZeOO-

WUaced Į-heOLceV aQd aURPaWLc VLde chaLQV (SXSSOePeQWaU\ LQfRUPaWLRQ, FLg. S3N). DXe 

WR Whe fOe[LbLOLW\, Whe XQcOeaU deQVLW\ Rf PGS fXVLRQ SURWeLQ caQ be RbVeUYed aW ORZeU 

WhUeVhROd aQd SaUW Rf Whe e[WUa-/LQWUa-ceOOXOaU ORRSV aUe LQYLVLbOe. 
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The ZLOd-W\Se SSQV2 VWUXcWXUe bRXQd ZLWh LQhLbLWRU 16d ZaV deWeUPLQed XVLQg Whe 

deWeUgeQW Rf LMNG (LaXU\O PaOWRVe QeRSeQW\O gO\cRO) ZLWhRXW bLQdLQg QaQRbRd\ RU 

fXVLQg ZLWh aQ\ fXVLRQ SaUWQeU. 
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FLJ. S1 CHOO-EDVHG S1P WUDQVSRUW DVVD\ 

D. SWUXcWXUal fRUmXlaV Rf S1P aQd FTY720-P. E. SchemaWic Rf S1P efflX[ aVVa\ XViQg 

LC-MS. F. E[WUacellXlaU S1P RU FTY720-P accXmXlaWiRQV iQ cell-baVed efflX[ aVVa\. 

S1P cRQceQWUaWiRQV aW diffeUeQW Wime SRiQWV ZeUe meaVXUed. DaWa aUe SUeVeQWed aV meaQ 

� SD (Q=4). 
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FLg. S2 SeTXeQce aOLgQPeQW Rf KXPaQ SSQV1-3 ZLWK KRPRORgV LQ PRXVe, ]ebUafLVK, 

fUXLWfO\, QePRdaWe, aQd H\ShRmRnaV neSWXniXm.  

SecRQdaU\ VWUXcWXUaO eOePeQWV Rf hXPaQ SSQV2 aUe diVSOa\ed abRYe Whe aOigQPeQW. 

IQYaUiaQW aQd highO\ cRQVeUYed UeVidXeV aUe Vhaded VaOPRQ aQd gUa\, UeVSecWiYeO\. The 

cUiWicaO UeVidXeV ideQWified aUe iQdicaWed b\ gUeeQ aQd VaOPRQ ciUcOeV beORZ. 
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Fig. S3 SWUXcWXUaO deWeUPiQaWiRQ Rf SSQV2fXViRQ. 

a. SFKHPDWLF RI WKH LQVHUW SRVLWLRQ RI PGS LQ SSQV2. SSQV2 DQG PGS DUH FRORUHG JUHHQ 

DQG JUD\. b. IPPXQRIOXRUHVFHQFH ORFDOL]DWLRQ RI SSQV2IXVLRQ DQG SSQV2ZW, ERWK IXVHG 

ZLWK DQ N-WHUPLQDO IODJ WDJ. PODVPD PHPEUDQH LV ODEHOHG E\ GFP (JUHHQ) IXVHG 

PHPEUDQH PDUNHU E;OC7. SSQV2 LV ODEHOHG E\ AOH[D FOXRU 594 (UHG) JRDW DQWL-PRXVH 

IJG VHFRQGDU\ DQWLERG\. CHOO QXFOHL ZHUH VWDLQHG ZLWK DAPI (EOXH). c. TUDQVSRUW DVVD\ 
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RI H[WUDFHOOXODU S1P OHYHO ZKHQ RYHUH[SUHVVLQJ WKH ZLOG-W\SH DQG IXVLRQ IRUP RI SSQV2 

LQ HEK293T FHOOV. DDWD DUH SUHVHQWHG DV PHDQ � SD. N≥4. d. SSQV2IXVLRQ SXULILFDWLRQ. 

FLQDO VL]H H[FOXVLRQ FKURPDWRJUDSK\ (SXSHUGH[ 200 10/300 IQFUHDVH) HOXWLRQ SURILOH RI 

SSQV2IXVLRQ. SDS-PAGE RI RQH IUDFWLRQ DW WKH HOXWLRQ SHDN LV VKRZQ. e. RHSUHVHQWDWLYH 

PLFURJUDSK. f. FORZFKDUW IRU EM GDWD SURFHVVLQJ. DHWDLOV FDQ EH IRXQG LQ WKH MHWKRGV. 

RHSUHVHQWDWLYH 2D FODVVHV DUH GLVSOD\HG. g. AQJXODU GLVWULEXWLRQ RI WKH SDUWLFOHV XVHG 

IRU WKH ILQDO UHFRQVWUXFWLRQV. h. FRXULHU VKHOO FRUUHODWLRQ (FSC) FXUYHV RI WKH ILQDO 

UHILQHG PDS. i. LRFDO UHVROXWLRQ RI WKH ILQDO UHILQHG PDS RI SSQV2IXVLRQ HVWLPDWHG E\ 

FU\RSPARC. j. FRXULHU VKHOO FRUUHODWLRQ (FSC) EHWZHHQ PDS DQG PRGHO RI SSQV2IXVLRQ. 

FSC FXUYH RI WKH ILQDO UHILQHG PRGHO DJDLQVW WKH IXOO PDS, FRORUHG LQ EOXH. FSC FXUYH 

RI WKH PRGHO UHILQHG DJDLQVW WKH ILUVW KDOI PDS DJDLQVW WKH VDPH PDS, FRORUHG LQ RUDQJH. 

FSC FXUYH RI WKH PRGHO UHILQHG DJDLQVW WKH ILUVW KDOI PDS DJDLQVW WKH VHFRQG KDOI PDS, 

FRORUHG LQ JUD\. N. TKH GHQVLW\ PDSV RI WKH WUDQVPHPEUDQH DQG LQWUDFHOOXODU KHOLFHV RI 

SSQV2IXVLRQ DUH VKRZQ DV PHVK DW D FRQWRXU OHYHO RI 0.2. TKH GHQVLW\ PDSV RI S1P DUH 

VKRZQ DV PHVK DW D FRQWRXU OHYHO RI 0.1.  
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FLg. S4 IdeQWLfLcaWLRQ Rf S1P LQ SXULfLed SSQV2fXVLRQ aQd SSQV2ZW SURWeLQ VaPSOe b\ 
PaVV VSecWURPeWU\ 

a. BXffeU1: 25 PM TUiV-HCl SH 8.5, 150 PM NaCl, 0.01% Z/Y GDN. b. BXffeU2: 25 PM TUiV-

HCl SH 7.0, 150 PM NaCl, 0.005% Z/Y LMNG. c. BXffeU 1 VXSSlePeQWed ZiWh 0.5 ȝM S1P. 

d. BXffeU 2 VXSSlePeQWed ZiWh 0.5 ȝM S1P. e. 100 ȝM MfVd2a iQ bXffeU 2. f.100 ȝM SSQV2 iQ 

bXffeU 2. g.100 ȝM SSQV2fXViRQ iQ bXffeU 1. 
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FLg. S5 SWUXcWXUe aQaO\VLV Rf SSQV2fXVLRQ bRXQd ZLWh S1P 

a. IQZDUG-RSHQ VWUXFWXUH RI 6SQV2IXVLRQ ERXQG ZLWK 613. 7MV RI N7D DQG C7D DUH 

FRORUHG SDOH JUHHQ DQG VDOPRQ, UHVSHFWLYHO\. 7KH ORQJ IOH[LEOH F\WRSODVPLF ORRS (3282-

6301) EHWZHHQ N7D DQG C7D LV FRORUHG JUD\. 613 GHQVLW\ LV VKRZQ LQ PHVK DW D 

FRQWRXU OHYHO RI 0.0697. 613 LV VKRZQ DV VWLFNV DQG FRORUHG \HOORZ. A PDJQLILHG YLHZ 

RI 613 LV GLVSOD\HG RQ WKH ULJKW. b. A FXW YLHZ RI WKH FHQWUDO FDYLW\ ZLWK HOHFWURVWDWLF 

SRWHQWLDO LV GLVSOD\HG. A QDUURZ SRFNHW H[WHQGV LQWR C7D. 613 LV VKRZQ DV VWLFNV DQG 

FRORUHG \HOORZ. c. 5HVLGXHV (6326, 4463, 6464, H468, DQG D472) FRRUGLQDWHG WKH 

K\GURSKLOLF JURXS RI 613 LQ WKH VWUXFWXUH RI 6SQV2IXVLRQ. 7MV RI N7D DQG C7D DUH 
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FRORUHG SDOH JUHHQ DQG VDOPRQ, UHVSHFWLYHO\. 613 LV FRORUHG \HOORZ. 5HVLGXHV DQG 613 

DUH VKRZQ LQ DV VWLFNV. d. 5HVLGXHV (L332, I336, I429, E433, F437, DQG :440) LQWHUDFW 

ZLWK RI 613 LQ WKH VWUXFWXUH RI 6SQV2IXVLRQ. 7MV RI N7D DQG C7D DUH FRORUHG SDOH JUHHQ 

DQG VDOPRQ, UHVSHFWLYHO\. 613 LV FRORUHG \HOORZ. 5HVLGXHV DQG 613 DUH VKRZQ LQ DV 

VWLFNV. e. OWKHU UHVLGXHV (N112A, <116A, 5119A, <120A, 4144, <235, DQG <246) 

VXUURXQG 613 DW WKH N7D VLGH LQ WKH VWUXFWXUH RI 6SQV2IXVLRQ-613. f. 7UDQVSRUW DVVD\ RI 

H[WUDFHOOXODU 613 OHYHO ZKHQ RYHUH[SUHVVLQJ 6SQV2 ZLOG-W\SH RU PXWDWLRQV (N112A, 

<116A, <120A, 4144, DQG <235A) LQ HEK2937 FHOOV. DDWD DUH SUHVHQWHG DV PHDQ � 

6D. Q≥4 ELRORJLFDO UHSOLFDWHV; S < 0.0001(****). g. 7UDQVSRUW DVVD\ RI H[WUDFHOOXODU 

613 OHYHO ZKHQ RYHUH[SUHVVLQJ 6SQV2 ZLOG-W\SH RU PXWDWLRQV (I336A, L332, E433, 

F437, :440A, H468A, D472A, DQG WKUHH GRXEOH PXWDQWV RI 6326, 4463, DQG 6464) LQ 

HEK2937 FHOOV. DDWD DUH SUHVHQWHG DV PHDQ � 6D. Q≥4 ELRORJLFDO UHSOLFDWHV; S < 

0.0001(****). h. CKDUJH QHWZRUN DW WKH H[WUDFHOOXODU VLGH RI WKH LQZDUG-RSHQ 6SQV2IXVLRQ 

-613 VWUXFWXUH. 5HVLGXHV DUH VKRZQ DV VWLFNV. L. CULWLFDO UHVLGXHV DOLJQPHQW DPRQJ 

KXPDQ 6SQV1, 6SQV2, DQG 6SQV3. M. 7UDQVSRUW DVVD\ RI H[WUDFHOOXODU F7<720-3 OHYHO 

ZKHQ RYHUH[SUHVVLQJ 6SQV2 ZLOG-W\SH RU PXWDWLRQV (5119A, D128A, <246A, I429A, 

5227A-5456A, DQG D137A-5342A) LQ HEK2937 FHOOV. DDWD DUH SUHVHQWHG DV PHDQ � 

6D. Q=4 ELRORJLFDO UHSOLFDWHV; S < 0.0001(****).  
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FLg. S6 E[SUeVVLRQ OeYeO aQd SOaVPa PePbUaQe ORcaOL]aWLRQ Rf Whe ZLOd-W\Se aQd 

PXWaQWV Rf SSQV2  

a. WeVWeUQ bORW aQaO\VLV Rf WKe e[SUeVVLRQ OeYeO Rf KXPaQ SSQV2 PXWaQWV. WT, ZLOd-

W\Se. b. POaVPa PePbUaQe ORcaOL]aWLRQ Rf SSQV2 PXWaQWV aQd ZLOd W\Se b\ 

LPPXQRfOXRUeVceQce. SSQV2 PXWaQWV aQd WKe ZLOd-W\Se aUe aOO fXVed ZLWK aQ N-WeUPLQaO 

fOag Wag. POaVPa PePbUaQe LV OabeOed b\ GFP (gUeeQ) fXVed PePbUaQe PaUNeU EXOC7. 

SSQV2 LV PaUNed b\ AOe[a FOXRU 594 (Ued) gRaW aQWL-PRXVe IgG VecRQdaU\ aQWLbRd\. 

CeOO QXcOeL ZeUe VWaLQed ZLWK DAPI (bOXe).  
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FLJ. S7 SWUXFWXUaO FRPSaULVRQ RI SSQV2IXVLRQ aQG HQSSQV 

a. SXSeUSRVLWLRQ RI KXPaQ SSQV2IXVLRQ (SaOe JUeeQ) ZLWK HQSSQV (PDB ID: 6E8J) 

(ZKeaW). TKe RYeUaOO URRW PeaQ-VWaQdaUd deYLaWLRQ (U.P.V.d) beWZeeQ HQSSQV aQd 

KXPaQ SSQV2 LV 3.268 c RYeU 387 UeVLdXeV PaMRUO\ ORcaWed LQ WKe TM UeJLRQ. E. 

ReVLdXeV LQcOXdLQJ D118, R119, R200, aQd E207 RI SSQV2IXVLRQ (SaOe JUeeQ) 

VXSeULPSRVed ZLWK UeVLdXeV LQcOXdLQJ D41, R42, R122, aQd E129 RI HQSSQV (ZKeaW). 

ReVLdXeV aUe VKRZQ aV VWLcNV.  
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FLJ. S8 CRPSaULVRQ bHWZHHQ SSQV2IXVLRQ aQd WKH LPC WUaQVSRUWHU MFSD2A 

a. SXSeUSRViWiRQ Rf SSQV2fXViRQ (Sale gUeeQ) ZiWh aQ iQZaUd-RSeQ VWUXcWXUe Rf MFSD2A 

(PDB ID: 7MJS) (VlaWe). b. The iQZaUd-RSeQ VWUXcWXUe Rf MFSD2A (PDB ID: 7MJS) 

(VlaWe). AQ LPC mRlecXle biQdV aW Whe CTD Vide iQ Whe ceQWUal caYiW\. LPC iV VhRZQ aV 

VWickV aQd cRlRUed c\aQ. c. LPC iQ Whe VXbVWUaWe biQdiQg SRckeW Rf a cXW YieZ. The ceQWUal 

caYiW\ iV VhRZQ ZiWh elecWURVWaWic SRWeQWial. 
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Fig. S9 SWUXcWXUal deWeUPiQaWiRQ Rf SSQV2ZW 

a. SSQV2ZW SXULfLcaWLRQ. FLQaO VL]e e[cOXVLRQ cKURPaWRgUaSK\ (SXSeUde[ 200 10/300 

IQcUeaVe) eOXWLRQ SURfLOe Rf SSQV2ZW. SDS-PAGE Rf RQe fUacWLRQ aW WKe eOXWLRQ SeaN LV 

VKRZQ. b. ReSUeVeQWaWLYe PLcURgUaSK aQd 2D cOaVVeV. c. FORZcKaUW fRU EM daWa 

SURceVVLQg. DeWaLOV caQ be fRXQd LQ WKe MeWKRdV. ReSUeVeQWaWLYe 2D cOaVVeV aUe 

dLVSOa\ed. d. AQgXOaU dLVWULbXWLRQ Rf WKe SaUWLcOeV XVed fRU WKe fLQaO UecRQVWUXcWLRQV. e. 

FRXULeU VKeOO cRUUeOaWLRQ (FSC) cXUYeV Rf WKe fLQaO UefLQed PaS. f. LRcaO UeVROXWLRQ Rf 

WKe fLQaO UefLQed PaS Rf SSQV2ZW eVWLPaWed b\ cU\RSPARC. g. FRXULeU VKeOO cRUUeOaWLRQ 

(FSC) beWZeeQ PaS aQd PRdeO Rf SSQV2ZW. FSC cXUYe Rf WKe fLQaO UefLQed PRdeO agaLQVW 
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WKe fXOO PaS, cRORUed LQ bOXe. FSC cXUYe Rf WKe PRdeO UefLQed agaLQVW WKe fLUVW KaOf PaS 

agaLQVW WKe VaPe PaS, cRORUed LQ RUaQge. FSC cXUYe Rf WKe PRdeO UefLQed agaLQVW WKe 

fLUVW KaOf PaS agaLQVW WKe VecRQd KaOf PaS, cRORUed LQ gUa\. h. TKe deQVLW\ PaSV Rf WKe 

WUaQVPePbUaQe aQd LQWUaceOOXOaU KeOLceV Rf SSQV2ZW aUe VKRZQ aV PeVK aW a cRQWRXU OeYeO 

Rf 0.2. TKe deQVLW\ PaSV Rf 16d aUe VKRZQ aV PeVK aW a cRQWRXU OeYeO Rf 0.1. 
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FLg. S10 SWUXcWXUe Rf SSQV2ZW bLQdLQg ZLWh aQ LQhLbLWRU 16d 

a. SXSeUSRVLWLRQ Rf SSQV2ZW-16d (c\aQ) ZLWK SSQV2fXVLRQ-S1P (SaOe gUeeQ). TKe U.P.V.d. 

beWZeeQ WKe WZR VWUXcWXUeV LV 1.458 c RYeU 421 Ca aWRPV. b. IQZaUd-RSeQ VWUXcWXUe Rf 

SSQV2ZW bLQdLQg ZLWK aQ LQKLbLWRU 16d. SSQV2ZW LV cRORUed c\aQ. 16d deQVLW\ LV VKRZQ LQ 

PeVK aW a cRQWRXU OeYeO Rf 0.1. 16d LV VKRZQ aV VWLcNV aQd cRORUed ZKeaW. A PagQLfLed 

YLeZ Rf 16d LV dLVSOa\ed RQ WKe ULgKW. c. IQKLbLWLRQ Rf S1P UeOeaVe b\ 16d XVLQg 

HEK293T ceOOV RYeUe[SUeVVed SSQV2. DaWa aUe SUeVeQWed aV PeaQ � SD. Q=2 bLRORgLcaO 

UeSOLcaWeV. d. TKe IC50 PeaVXUePeQW Rf WKe QeZ SSQV2 LQKLbLWRU 33S. DaWa aUe 

UeSUeVeQWed aV PeaQ � SD (Q = 4 bLRORgLcaO UeSOLcaWeV).  
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Fig. S11 SWUXcWXUe comSaUiVon ZiWh WhUee UeSoUWed VWUXcWXUeV 

a. SXSHUSRVLWLRQ RI SSQV2IXVLRQ-S1P (SDOH JUHHQ) ZLWK SSQV2ZW-S1P (PDB ID:8EX4) 

(VDOPRQ). S1P LV VKRZQ DV VWLFNV. b. SXSHUSRVLWLRQ RI SSQV2ZW-16G (SSQV2: F\DQ; 16G: 

ZKHDW) ZLWK SSQV2-16G (PDB ID:8G92) (JUD\). 16G LV VKRZQ DV VWLFNV. A PDJQLILHG 

YLHZ RI 16G LV GLVSOD\HG RQ WKH ULJKW. c. DLIIHUHQW ELQGLQJ VLWH RI WKH KHDG SDUW RI S1P 

LQ SSQV2IXVLRQ-S1P (SDOH JUHHQ) DQG SSQV2ZW-S1P (PDB ID:8EX4) (VDOPRQ). S1P LV 

VKRZQ DV VWLFNV. d. CKDUJH QHWZRUN DW WKH LQWUDFHOOXODU VLGH RI WKH SSQV2 RXWZDUG-RSHQ 

VWUXFWXUH (PDB ID:8EX5). RHVLGXHV DUH VKRZQ DV VWLFNV. e. TUDQVSRUW DVVD\ RI 

H[WUDFHOOXODU S1P OHYHO RI RYHUH[SUHVVLQJ ZLOG-W\SH DQG PXWDWLRQV RI UHVLGXHV (D220 

DQG D445) LQ HEK293T FHOOV. DDWD DUH SUHVHQWHG DV PHDQ � SD. Q≥6 ELRORJLFDO 

UHSOLFDWHV; S < 0.0001(****). 
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FLg. S12 IQYeVWLgaWLRQV Rf ZheWheU SSQV2 LV a caWLRQ RU SURWRQ-cRXSOed V\PSRUWeU 

RU XQLSRUWeU XVLQg ceOO-baVed WUaQVSRUW aVVa\ 

a. TKH WUDQVSRUW DFWLYLW\ RI SSQV2 XQGHU GLIIHUHQW SH FRQGLWLRQV: HDQN¶V EDODQFHG VDOW 

VROXWLRQ, HBSS (SH 7.4) DQG FRQGLWLRQ 1 (140 PM NDCO, 20 PM MES SH 6.5, 2 PM 

CDCO2, 1 J/L D-JOXFRVH); CRQGLWLRQ 2 (140 PM NDCO, 20 PM HEPES-NDOH SH 7.5, 

2 PM CDCO2, 1 J/L D-JOXFRVH); CRQGLWLRQ 3 (140 PM NDCO, 20 PM TULV-HCO SH 8.5, 

2 PM CDCO2, 1 J/L D-JOXFRVH). DDWD DUH UHSUHVHQWHG DV PHDQ � SD (Q = 4 ELRORJLFDO 

UHSOLFDWHV). b. TKH WUDQVSRUW DFWLYLW\ RI SSQV2 XQGHU GLIIHUHQW LRQLF FRQGLWLRQV: FRQGLWLRQ 

1 (HDQN¶V EDODQFHG VDOW VROXWLRQ, HBSS); CRQGLWLRQ 2 (140 PM NDCO, 20 PM TULV-HCO 

SH 7.5, 2 PM CDCO2, 1 J/L D-JOXFRVH); CRQGLWLRQ 3 (140 PM KCO, 20 PM TULV-HCO 

SH 7.5, 2 PM CDCO2, 1 J/L D-JOXFRVH). DDWD DUH UHSUHVHQWHG DV PHDQ � SD (Q = 4 

ELRORJLFDO UHSOLFDWHV).  
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TabOe S1 CU\R-EM daWa cROOecWLRQ, UeILQePeQW, aQd YaOLdaWLRQ VWaWLVWLcV 

 Spns2fusion-S1P 

(EMDB-36284) 

(PDB 8JHQ) 

Spns2wt-16d 

(EMDB-36285) 

(PDB 8JHR) 

DaWa cROOecWLRQ aQd SURceVVLQJ   

Magnification    105,000 105,000 

Voltage (kV) 300 300 

Electron exposure (e–/Å2) 50.6-59.2 50.35; 49.88 

Defocus range (μm) -1.0-1.8 -1.5-2.0 

Pixel size (Å) 0.85 0.425 

Symmetry imposed C1 C1 

Initial particle images (no.) 7,397,481 14,975,881 

Final  particle images (no.) 390,253 113,289 

Map resolution (Å) 

    FSC threshold 

3.6 

0.143 

3.52 

0.143 

Map resolution range (Å) 3.0-5.0 3.0-5.0 

   

ReILQePeQW   

Initial model used (PDB code) N/A N/A 

Model resolution (Å) 

    FSC threshold 

3.5/3.8 

0.143/0.5 

3.4/3.7 

0.143/0.5 

Model resolution range (Å) N/A N/A 

Map sharpening B factor (Å2) N/A N/A 

Model composition 

    Non-hydrogen atoms 

    Protein residues 

    Ligands 

 

3420 

446 

1 

 

3302 

430 

1 

B factors (Å2) 

    Protein 

 

90.54 

 

86.30 
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    Ligand 91.89 80.13 

R.m.s. deviations 

    Bond lengths (Å) 

    Bond angles (°) 

 

0.003 

0.594 

 

0.003 

0.697 

 Validation 

    MolProbity score 

    Clashscore 

    Poor rotamers (%)    

 

1.71 

7.93 

0 

 

1.67 

10.96 

0.29 

 Ramachandran plot 

    Favored (%) 

    Allowed (%) 

    Disallowed (%) 

 

95.93 

4.07 

0 

 

97.42 

2.58 

0 

 

 



Table S2 SWaWiVWicV Rf S1P WUaQVSRUW aVVa\ aQd WZR-heaUW UeVcXe aVVa\ iQ ]ebUafiVh 

Samples Transport 
activity (% 

wt) 

Mean �SD Two-heart ratio 
(%wt) 

N value 

Spns2wt
a 100.00% 1 .000�0.012 4.05% 148 

Spns2wt
b 100.00% 1 .000�0.006 4.28% 544 

Ctr.a 0.56% 0.006�0.001 84.81% 237 
Ctr.b 6.00% 0.060�0.016 81.65% 670 

R200S 6.04% 0.060�0.008 86.96% 208 
R227A-R456A 14.27% 0.143�0.016 72.35% 207 

R342A 24.63% 0.246�0.026 22.00% 236 
D137A 29.26% 0.293�0.013 70.07% 224 
D128A 32.14% 0.321�0.020 63.33% 223 
R119A 33.31% 0.333�0.024 38.62% 228 

D137A-R342A 39.35% 0.394�0.020 51.86% 226 
R227A 40.39% 0.404�0.053 63.59% 143 
Y246A 42.71% 0.427�0.031 94.09% 203 

S326A-Q463A-S464A 49.25% 0.493�0.026 56.27% 279 
I429A 50.52% 0.505�0.017 66.77% 316 
E207A 50.87% 0.509�0.035 25.61% 162 
E207Q 52.72% 0.527�0.020 - - 
D118A 56.02% 0.560�0.044 50.27% 231 
R456A 83.16% 0.832�0.051 38.84% 120 

Cell baVed efflX[ aVVa\ daWa aUe SUeVeQWed aV transport activity (% wt) and meaQV � SD. Q≥4 

biRlRgical UeSlicaWeV. CWU. VWaQdV fRU Whe V\VWem cRQWURl ZiWhRXW SSQV2 e[SUeVViRQ. WT aQd CWU. fRU 

diffeUeQW gUaShV aUe liVWed VeSaUaWel\. aDaWa fRU Fig. 1e-f. bDaWa fRU Fig. 1j-k. TZR-heaUW UeVcXe aVVa\ 

daWa iQ Whe ]ebUafiVh aUe SUeVeQWed aV WZR heaUW UaWiRV. N YalXe iV Whe UeSlicaWe QXmbeU Rf embU\RV. 
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Table S3  SWaWiVWicV of S1P WUanVpoUW aVVa\ 

Samples Transport activity (% wt) Mean �SD 

Spns2wt
a 100.00% 1 .000�0.039 

Spns2wt
b 100.00% 1 .000�0.007 

Spns2wt
c 100.00% 1 .000�0.010 

Spns2wt
d 100.00% 1 .000�0.014 

Ctr.d 2.15% 0.022 �0.008 

Ctr.c 2.30% 0.023 �0.008 

Ctr.b 5.10% 0.051 �0.018 

Ctr.a 6.15% 0.062 �0.030 

H468A 30.43% 0.304�0.044 

D445A 40.32% 0.403�0.035 

E433A 54.74% 0.547�0.026 

D472A 55.06% 0.551�0.032 

W440A 62.08% 0.621�0.032 

N112A 67.07% 0.671�0.056 

Q144A 68.45% 0.685�0.032 

S326A-S464A 70.84% 0.708�0.031 

L332A 73.48% 0.735�0.054 

Y116A 75.37% 0.754�0.041 

S326A-Q463A 75.79% 0.758�0.049 

I336A 81.21% 0.812�0.054 

F437A 87.42% 0.874�0.030 

Spns2fusion 87.54% 0.875�0.043 

D220A 88.60% 0.886�0.030 

Q463A-S464A 89.70% 0.897�0.022 

Y235A 97.22% 0.972�0.032 

Y120A 101.40% 1.014�0.030 

Cell based efflux assay data are presented as transport activity (% wt) and means ± SD. n≥4 biological 
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replicates. WT and CWU. foU diffeUenW gUaShV aUe liVWed VeSaUaWel\. aDaWa foU fig. S3c. bDaWa foU fig. 

S5h. cDaWa foU fig. S5i. dDaWa foU fig. S11e. 
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TabOe S4 SWaWLVWLcV Rf FTY720-P WUaQVSRUW aVVa\ 

Samples Transport activity(% wt) Mean �SD 

Spns2wt 100.00% 1 .000�0.01� 

R119A 36.19% 0.362�0.01� 

D128A 36.52% 0.365�0.011 

Y246A 38.26% 0.383�0.011 

D137A-R342A 46.28% 0.463�0.011 

R227A-R456A 50.05% 0.501�0.010 

I429A 70.75% 0.708�0.010 

Cell based efflux assay data are presented as transport activity (% wt) and means ± SD. n=4 biological 

replicates.  

 

 


