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Supplementary Figure 1. Purification of SPNS2 and SPNS2-Nb complexes. a Preparative 
size-exclusion chromatography of SPNS2 in DDM or LMNG on a Superdex 200 Increase 
10/300 GL column. Peaks for momeric and oligomeric SPNS2 are assigned based on reten-
tion volume. Representative SDS-PAGE of SPNS2 purification from 10 biological replicates in 
(b) DDM and (c) LMNG. d Thermostabilization of DDM solubilized SPNS2 by FTY720-P (N = 
3). Data are presented as mean ± SEM. e Thermostabilization of LMNG solubilized the volt-
age-gated purine nucleotide uniporter by FTY720-P (N = 3). Data are presented as mean ± 
SEM.  f Surface Plasmon Resonance of NbD12 binding to DDM-solubilized SPNS2. g Immu-
nofluorescence of HEK293 cells with and without SPNS2 expression induced with doxycycline 
and stained with NbD12. h Immunoprecipatation using FLAG-tagged NbD12 and NbF09 of 
HEK293 cells expressing HA-tagged SPNS2, and stained with anti-HA and anti-FLAG antibod-
ies. 
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Supplementary Figure 2. Sequence alignment of SPNS2, other MFS lipid transporters, 
and prototype MFS proteins. Transmembrane helices of HsSPNS2 and amino acids coordi-
nating the DDM are indicated by colored bars above and cyan circles below, respectively. 

1       10        20        30        40        50        60        70         80        90         

HsSPNS2 M                                                                                                    MCLECASAAAGGAEEEEADAERRRRRRGAQRGAGGSGCCGARGAGGAGVSAAGDEVQTLSGSVRRAPTGP.PGTPGTPGCAATAKGPGAQQPKPASL..
MmSPNS2 M                                                                                                    MCLECASAAAGGAEEEEADAERRRRRRGAQPGAGGSACCGARGVGGAGVVSADEEVQTLSGSVRRVPSGL.PSIPSTPGCAAAAKGPSAPQPKPASL..
DrSPNS2 M                                                                                                    .....................................CVESDGCEIEGCSSS.DEVHTLSGSMSPALKSR.DLHHCRPG...........QKFHAAL..
HsSPNS3 M                                                                                                    AGGM.................................SAE.......................CPEPGPG.GLQGQSPGPG..RQCPPPI.TPTSWS..
HsSPNS1 M                                                                                                    .................................................AGSD..TAPFLSQADDPDDGPVPGTPGLPGSTGNPKSEEPEVPDQEGLQR
MmSPNS1 M                                                                                                    .................................................AGSD..TAPFLSQADDPDDGPAPGHPGLPGPMGNPKSGELEVPDCEGLQR
HnSPNS  M                                                                                                    .....................................TAT...........................................ADAAETGNGHITGF..
HsMFSD2B M                                                                                                    .....................................AAPP..............APAAKGSPQPEPHAP.............EPGPGSAKRGREDS..
HsMFSD2A M                                                                                                    AKGE.................................GAESGSAAGLLPTSILQSTERPAQVKKEPKKKK.............................
LplT    M                                                                                                    .....................................SES...........................................VHTNTS..........
LtaA    M                                                                                                    .....................................QDS............................................SLNNY..........
GlpT    M                                                                                                    LSIF.................................KPA............................................PHKARLPAAEIDP..
LacY    M                                                                                                    .....................................Y.............................................................

170        180       190          200            210       220          230       240       250       

HsSPNS2  L         AV     FI            L   LVG     I           II         R    M         LG  LG I    V     I SC.GIFFWS  TFSSS  PQ...QYFWLLV SRG   ..... GEASYSTIAPT  GDLF.TKNT TL.. LSVFYFAIP  SG  Y TGSS KQAA.
MmSPNS2  L         AV     FI            L   LVG     I           II         R    M         LG  LG I    V     I SC.GIFFWS  TFSSS  PQ...QYFWLLV SRG   ..... GEASYSTIAPT  GDLF.TKNT TL.. LSVFYFAIP  SG  Y TGSS KQAA.
DrSPNS2  L         AV     FI            L   LVG     I           II         R    M         LG  LG I    A     I SC.GIFFWS  TLLSS  TK...EYYWLLV SRC   ..... GESSYSSISPT  GDLF.TNNK TV.. LSVFYLAIP  SG  Y LGSI KDAG.
HsSPNS3  M          A     FI            L   IVG                 VL         R    V         VG  LG V    V     T SF.GILLWSG GLSSS  SP...RYSWLFF SRG   .....TGSASYSTIAPT  GDLF.VRDQ TR.. LAVFYIFIP  SG  Y LGSA TMLT.
HsSPNS1  M         LV     FI            L   LVG     V           LI         R    M         VG  LG I    V     L CG.GIAFWS  TLGSS  PG...EHFWLLL TRG   ..... GEASYSTIAPT  ADLF.VADQ SR.. LSIFYFAIP  SG  Y AGSK KDMA.
MmSPNS1  M         LV     FI            L   LVG     V           LI         R    M         VG  LG I    V     L CG.GIAFWS  TLGSS  PR...EHFWLLL TRG   ..... GEASYSTIAPT  ADLF.VADQ SR.. LSIFYFAIP  SG  Y AGSK KDVA.
HnSPNS   I         IM      A            L    V      I           II         R    A         VG  M  L    L     I SL.CVIIWS  TVFCGL ASF.....IWLL FRVG A..... GEAGCTPPANS  TDYY.PPKS AN.. IGIYSMGVT  GV AQ FGGA AGLQG
HsMFSD2B  V         LA     FL                L       A           L          R    A         AG  MG      I     W LG.CTPFIA  YFFLW  PPFTSLRGLWYTTFYC FQ..... LATFFQVPYTA TMLLTPCPRE DS.. TAYRMTVEM  TL  ATVHGL VSGAH
HsMFSD2A  I         IA     FV            L   L                   L          R    A         LG  LG A    I     W IF.STPLAV  YFLIW  PDFPHGQTYWYL FYC FE.....TMVTCFHVPYSA TMFISTEQTE DS.. TAYRMTVEV  TV  T IQGQ VGQAD
LplT     M         L      F             L   LVG     V           IL              A         A   LG V    L     V MF.ANGLKL GAASIC G........INPF GYT   ..... GAAAYSPAKYG  GELT.TGSKLVK.. NGLMEASTI AIL  S AGGV AD...
LtaA     L                W                 MLG     I           IM         R              LG  VG V    L     V TT.GFILAFTSLFLVI FP....ASPFVIIFSAM   ..... AV....SPIWV  LSSV.EEDK GK..QMGYVYFSWL  LL  M FMNL IKVH.
GlpT     L         AV     FV            V   L G                  M         R    I         VG  IP L          F PA.GLILAA  MLFMG  PWAT.SSIAVMF LLF C .....WFQGMGWPPCGRT VHWW.SQKE GG.. VSVWNCAHN  GG  P LFLLGMAWF.
LacY     L          A                       LVG     I           AV         R              VG  L       M     L WIITGMLVMF PFFIFIF........GPLLQYNI   SIVGG YLGFCFNAGAP  EAFI.EKVS RSNFEFGRARMFGC  WA CASIVGI FTI..

TM3 TM4 TM5a TM5b

                            260          270       280       290                     300       310  

HsSPNS2                                 A  V        MI   LI I V                                  W   M  L   ...........................GDWHW LR SPV...LG  TGT  L L PATKRGHADQ.............LGDQLK.ARTS LRD KA IRN
MmSPNS2                                 A  V        MI   LI I V                                  W   M  L   ...........................GDWHW LR SPV...LG  TGT  L L PATKRGHADQ.............LGGQLK.ARTS LRD KA IRN
DrSPNS2                                 A  V        L    LI I V                                  W   M  L   ...........................GHWYW LR SPM...LG TAGT  L F SEPKRGSADQ.............PGGRLK.TRTS VCD KA AKN
HsSPNS3                                 A  V        AV   LL L V                                  W   V  L   ...........................GNWRW LR MPC...LE  ALI  I L PDPPRGAAET...........QGEGAVGG.FRSS CED RY GKN
HsSPNS1                                 A  V        VV   LL L V                                  W   L  L   ...........................GDWHW LR TPG...LG  AVL  F V REPPRGAVER.............HSDLPPLNPTS WAD RA ARN
MmSPNS1                                 A  V        VL   LL L V                                  W   L  L   ...........................GDWHW LR TPG...LG  AVL  F V QEPPRGAVER.............HSGSPPLSPTS WAD KA ARN
HnSPNS                                  V  I        IL   IL L                                    F          ADFGNFLSSIGLGWLFS...GINWEEVEGWRL FV VGA...PG  VAL  W TTREPPRGYSD.............PKGKTPL.EKAG FEAFREFGAK
HsMFSD2B                                 L  I        VV   V    L                                  F   L      RPHRCEAT......ATP...GPVTVSPNA.AH YC AAA...VV  TYP CISL CLGVKERPD.............PSAPASG.PGLS LAG SLTTRH
HsMFSD2A                                 A  L        V    I  V L                                  Y   L  V   TPCFQDLNSSTVASQSANHTHGTTSHRET.QK YL AAG...VI CIYI CA I ILGVREQRE.............PYEAQQS.EPIA FRG RL MSH
LplT                                       V             VA I I                                  F      L   ...............................WHVL ALAACALAYGGAV  N Y PKLAAARPG.............QSWNLIN.MTRS LNACTS WRN
LtaA                                    A  M        VL   IL   V                                      L  I   ............................PTRF FM SLV.....  IAW  YYF DVKLTNY.......................NTRPVKAQ RQ VDV
GlpT                                    A  M        IL    A A M                                      M  V   ...........................NDWHA LY PAF...CA  VALF F M RDTPQSCGLPPIEEYKNDYPDDYNEKAEQ.ELTAKQIF QY LPN
LacY                                    V  L        LI   LL                                          A  L   ............................NNQF FW GSG...CA  LAV  FFAKTDAPSSATV.............ANAVGAN.HSAFSLKL LE FRQ

TM6 ICH1

     320        330       340       350        360       370          380       390       400       

HsSPNS2        L     V  A   L      YL     V                      AI         L V     A              V A   L  RSYVFSS .ATSA SF TGA GMWIPL  HRAQV QKTAETC.NSPPCGAKDSLIFG  TCF...TGF G VTGAG TRWCRLKTQRADPL C VGM GS
MmSPNS2        L     V  A   L      YL     V                      AI         L V     A              V A   L  RSYVFSS .ATSA SF TGA GMWIPL  HRAQV QKTAETC.NSPPCGAKDSLIFG  TCF...TGF G VTGAG TRWCRLRTQRADPL C VGM GS
DrSPNS2        L     V  A          YL     V                      AI         L V                    V A   L  RSYVFSS .ASAA SF TGAFGIWIPQ  VRAQV QKSAESC.TYQPCSSRDSLIFG  TCV...TGL G VIGAVTTRLCRQKTERADPL C VSM GS
HsSPNS3        L     M  V   L      FL     V                      AL         I V     A              I A   L  WSFVWST .GVTA AF TGA GFWAPK  LEARV HGLQPPC.FQEPCSNPDSLIFG  TIM...TGV G ILGAE ARRYKKVIPGAEPL C SSL AT
HsSPNS1        L     V  V   L      FL     V                      LI         L V     I              V A   L  PSFVLSS .GFTA AF TGS ALWAPA  LRSRV LGETPPCLPGDSCSSSDSLIFG  TCL...TGV G GLGVE SRRLRHSNPRADPL C TGL GS
MmSPNS1        L     V  V   L      FL     V                      LI         L V     I              V A   L  PSFVLSS .GFTS AF TGS ALWAPA  LRSRV LGETPPCLPGDSCSSSDSLIFG  TCL...TGV G GLGVE SRRLRRFNPRADPL C AGL GS
HnSPNS         L     V  V   L      FL     V                      A                  L              L     L  PTFWSLS .GAAF AF GYG ISFQAP  MRVHG SVS............EAAIRYG PLAA...VAAFGTFLGGF SEKFTPRFPAIVAW PGVGL IA
HsMFSD2B        I     I  A          F      L                      L          L       V                    A  PPYLKLV .SFLF SA VQVEQSYLVL CTHASQ HDH..............VQGLV TVLV...SAV STPLWEW LQRFGKK......TSAFGIF MV
HsMFSD2A                 A   V      F                             LA         L I                    A        GPYIKLIT.GFLFTSL FML EGNFVL CTYTLGFRNE..............FQNLL  IML...SAT T PIWQWFLTRFGKK......T VYVGISSA
LplT           V        A   L      WV     I                      AM         I I     A                M   I  GETRFSL .GTSLFWG GVT RFLLVL  PVALG TDN............ATPTYLN  VA....... G VVGAG AAKLVTLETV...SRC PAG LI
LtaA                    A   L      YA     V                      II         V M     L              V L   I  TKRHLLLFPGILLQGA IAA VPILPT  TKVIN STI............EYTVAI.  GGI...GCA S LFLSK IDNRSRN...FMYG I SGF LY
GlpT           I     V  L   I      YL                            L                  M                M      KLLWYIA .ANVF YL RYG LDWSPT  KEVKHFALD............KSSWAYF .YEY...AGIPGTLLCGW SDKVFRGNRGATGVFF TLVTIA
LacY           L     V             F                              V           M     I              A L      PKLWFLS .YVIG SCTYDVFDQQFAN FTSFFATGE.............QGTRVFGY TTMGELLNASI FFAPL INRIGGK......N L LAGTIM

TM7 TM8 TM9

410       420       430       440       450                460       470       480       490        

HsSPNS2    I L  V    SI   YI I V   LL    AI   IL  VV               T              A    L G I                AIF C IF AAKS  VGA  C F GET  FSNW  TAD  MY  I.........PTRRA AVALQSFTSHLLGD GSPY I F SDLIRQSTKDSP....
MmSPNS2    I L  V    SI   YI I V   LL    AI   IL  VV               T              A    L G I                AIF C IF AAKT  VGA  C F GET  FSNW  TAD  MY  I.........PTRRA AVALQSFTSHLLGD GSPY I F SDLIRQSTKDSP....
DrSPNS2    I L  V    SI   YI I I   LL    AI   IL  VV               T              A    L G I                AIF C IF VAKK  VGA  C F GET  FLNW  TAD  MY  I.........PTRRA AVAFQGFTSHLLGD GSPY I L SDSLQESYATSE....
HsSPNS3    L L  V    TL   YV L L   LL    AV   IL  VV               T              A    L G I                APC Y AL LAPT  LAS  F G GEL  SCNW  VAD  LS  V.........PRCRG AEALQITVGHILGD GSPY T L SSVLRARRPDSY....
HsSPNS1    L L  A    SI   YI I I   LL    AI   IL  VV               T              A    L G I                APF F SL CARG  VAT  F F GET  SMNW  VAD  LY  I.........PTRRS AEAFQIVLSHLLGD GSPY I L SDRLRRNWPPSF....
MmSPNS1    L L  A    SI   YI I I   LL    AI   IL  VV               T              A    L G I                APF F AL CARG  VAT  F F GET  SMNW  VAD  LY  I.........PTRRS AEAFQIVLSHLLGD GSPY I L SDRLRRSWPPSF....
HnSPNS       A  L    SL   F    I   A      A   V   IV               T                     G M                IPAYI AF TP..  TMA WMWV AAI HYAYLG QYT STA  S.........PRSRA TVSVLLLIVSLIGNGLGPMFT M SSAFMGGIIRKNGLEE
HsMFSD2B    I L  V    TA   YV A V    I    LL   ML  VV                              A    I                    PFA L AA P...  PVA  V F SGVS AVSL  PWS  PD  DDFQLQHRHGPGLETIFYSSYVFFTK.LSG CALG STLSLEFSGYKA........
HsMFSD2A    L L  L    NL   YA A A    V    LL   ML  VI                                   I                    VPF I VA MES.  IIT  V V AGIS AAAF  PWS  PD  DDFHLKQPHFHGTEPIFFSFYVFFTK.FASGVSLG STLSLDFAGYQT........
LplT       V I  L     L   YA L L   M     V    LL                   N                   L   I                GVV L FS QH..E LPA  L M IGV GGFFV PLNA  QERGK........KSVGAG AIAVQNLG.....ENSAML MLG YSLA............
LtaA       I    M    NI   WI A A   M      A    M   I                              M      G I                MIL FTLS IV..  HIL  I L IGL YGILLP WNTF ARF K.........SDEQEETWGVFNSI.QGFGS IGPLFG L TQFTNNL.........
GlpT         V  M    N     I M V   LI    ML    A  LA               T              V    I G                  ...TI YW NPAG PTVDM C I IGF  YGPV  IGLH LE  P.........KKAAG AAGFTGLFGYLGGS AASA V YTVDFFG...........
LacY       I         SA    I   L    V    V     I                   T              I    L G M                SVR IGSSFAT..  LEVV LKT HMFE PFLL GCFKY TSQFE.........VRFSA IYLVCFCFFKQLAM FMSV A N YESIG...........

TM11a TM11bTM10a TM12aTM9 TM10b

    100         110        120        130                    140        150       160               

HsSPNS2                IL     L   L    VA  L  I                   V     GLL   V     MV  PI G L DR           ....GRGR..GAAAA  SLGNV NY. DRYT  GV LD .QQHF.............G KDRGA   QS. FICSF  AA  F Y G  FN......RKV
MmSPNS2                IL     L   L    VA  L  I                   V     GLL   V     MV  PI G L DR           ....GRGR..GAAAA  SLGNV NY. DRYT  GV LD .QQHF.............G KDRGA   QS. FICSF  AA  F Y G  FN......RKV
DrSPNS2                IL     L   M    VA  L  I                   V     GLL   V     MV  PI G L DR           ....LRCRTPLVAAG  SFGNV NY. DRYT  GV LD .QKQF.............K GDSSA   QT. FICSF  AA  F Y G  FN......RKI
HsSPNS3                VL     L   M    IA  L  I                   I     GLL   V     LL  PV G L DR           ....LPPWRAYVAAA  CYINL NY. NWFI  GV LD .QEVF.............Q SDNHA   QT. FVSCL  SA  F Y G  HS......RKA
HsSPNS1                VL     L   M    VA  L  I                   I     GLI   V     MV  PV G L DR           ITGLSPGRSALIVA.  CYINL NY. DRFT  GV PD .EQFF.............N GDSSS   QT. FISSY  LA  F Y G  YN......RKY
MmSPNS1                VL     L   M    VA  L  I                   I     GLI   V     MV  PV G L DR           ITGLSRGHSTLIVV.  CYINL NY. DRFT  GV TD .EQFF.............N GDGST   QT. FISSY  LA  F Y G  YN......RKY
HnSPNS                 AL     L   I    I   A  I                   L     GLL         AL         DR           ....GSKPYRSYVLL  TLIYT NF. DRTV TVV QP .INTF.............S SDAQW   TGPPFALFY  MGIPIAMWA  GN......RVF
HsMFSD2B                           I     A  L                      I      LV         AA  PV G    R           ....RAGRLSFCTKVCYGIGGVPNQ. ASSAT FY QLFLLDIA.............Q PAAQVS  LF.GGKVSG  AD  A FFIN SQRTGSGRLMP
HsMFSD2A                           V    L   L                      V      II   V     AI  PL G    K           ......QQLSVCNKLCYALGGAPYQ. TGCA GFF QIYLLDVAQKDEEVVFCFSSFQ GPFSAS  LF. GRAWD  TD  V LCIS SPWTCLGRLMP
LplT                   AV     L        LL     L                         PIL   V     IL  P  G V D            ........LWSKGMK  IVAQF SA.FGDNA  FATLA .LKAQ.............FYPEWSQ   QM. FVGAY  FA FV Q A SFA......KGR
LtaA                   LM     L   A    IL  I  L                   I      LA   I     A    V G L  K           ........ANHKNFI  LIILF MEF RGMY  SY NF .PTVT.............S AVAITS  FS. HFIAD STNF I F LK FG......TKI
GlpT                    I     A   L     A  M  L                         G A              I G V DR           ....TYRRLRWQIFLG FFGYA YY. VRKNF LA PY ..VEQ.............GFSRGDL F LS.GISIAYGFSKF M S S  SN......PRV
LacY                   L          I           L                   I     GII   A     LL  PL G L DK           ....YLKNTNFWMFG FFFFYFF... MGAYFPFFPIW .HDIN.............H SKSDT   FA. ISLFS  FQ  F L S  LGL.....RKY

TM2 TM3TM1a TM1b TM1c

                            500        510          520               530         540               

HsSPNS2                                L     L    VVV   LG M  L      L          R                           .........................LWEFLS GYALM CP.F   ...  G FF A...TA FFVSD..... AR..AEQQVNQLAMPPASVKV......
MmSPNS2                                L     L    VVV   LG M  L      L          R                           .........................LWEFLS GYALM CP.F   ...  G FF A...TA FFLSD..... AK..AEQQVNQLVMPPASVKV......
DrSPNS2                                L     L    VIV   LG M  L      L          R                           .........................IWQFLS GYALM CP.F   ...  G FF A...TA FFLDD..... DK..AAKQVNQLARPPSTVKVTK....
HsSPNS3                                L          VIA   LG    L      L                                      .........................LQRFRS QQSFLCCA.F   ...  GGCF L...TA YLERD.....ETR..AWQPVTGTPDSNDVDSNDLERQG
HsSPNS1                                L     L    V A   LG A  L      I          R                           .........................LSEFRA QFSLM CA.F G ...  G AF G...TA FIEAD..... RR..AQLHVQGLLHEAGSTDDRIVVPQ
MmSPNS1                                L     L    V A   LG A  L      M          R                           .........................LSEFRA QFSLM CA.F G ...  G AF G...TA FIEDD..... RR..AQLHVQGLLHESGPSDDRIVVPQ
HnSPNS                                 L     A     LV   I  A                    R                           AFATFNPGLCAGRMAEIGEMGPALCSAYAEG RQSMV TV.VF  ... AA FYFL...ASRTFLKD..... WS..PAAD...................
HsMFSD2B                                L     A    MIL   AG    M      V                                      ........GVC...........KQAEEVVVT KVLIG VPTC   ...  LCIL ...... GSTPK...TPSRDASSRLSLRRRTSYSLA.........
HsMFSD2A                                L     M    LIL   LG L         M          R                           ........RGC...........SQPERVKFT NMLVT APIV   ...  L LFK...... YPIDE...ER RQ..NKKALQALRDEASSSGCSETDST
LplT                                   V     V     I     G L  L      L          R                           ............................... MIGIP VP.IG G...F A FA A..ITA WIWQR..... H..........................
LtaA                                              I L   V  V                    R                           ................................NNTFYFSA.L F ... LA FYG......SYFIVN..... EK..AK.....................
GlpT                                              MVM   IG    L      L          R                           ....................................WDGG.F   ...  GSI. A...VI LIVVMIGEKR HEQLLQERNGG................
LacY                                         V    VAL   L  V  L                                             ...............................FQGAYL LG.L   GFT IS FT SGPGPLSLLRRQ.....VNE..VA.....................

ICH2TM12a TM12b
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Supplementary Figure 3. Structure determination of SPNS2 in DDM. a Preparative 
size-exclusion chromatography of SPNS2 in complex with NbD12 in DDM on a Superdex 200 
Increase 10/300 GL column. b Representative SDS-PAGE of SPNS2-NbD12 complex purifi-
cation in DDM from 10 biological replicates. c Flow chart for determining the structure of the 
SPNS2-NbD12 complex in DDM. 
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Supplementary Figure 4. Structure and conservation of SPNS2. a Structure of SPNS2 in 
DDM. SPNS2 and NbD12 are colored in rainbow and grey, respectively.  b Topology of 
SPNS2. Structure and Coulombic potential map of the (c) pi-helix within TM11 and (d) DDM 
molecule in the binding site. e Sequence conservation of the SPNS2 pocket. f Sequence con-
servation of SPNS2 polar patch. g Sequence conservation of SPNS2 viewed from the cyto-
plasm. h Electrostatic potential of SPNS2 viewed from the cytoplasm.
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Supplementary Figure 5. Localization and structural effects of SPNS2 mutants. a 
Anti-FLAG immunofluorescence images of SPNS2 and its mutants, stained with FLAG-tagged 
NbF09 and DAPI. Arrows highlight plasma membrane staining with anti-SPNS2 NbF09. b 
Local structure and interactions of Arg200 within SPNS2. c Inhibition of S1P export by the 
SphK1 inhibitor PF543 (N = 8). Data are presented as mean ± SEM. d S1PR3 signalling in 
response to PF543 and 33p (N = 8). e Inhibition of S1P export by 33p with varying external 
sphingosine (N = 4).
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Supplementary Figure 6. Molecular dynamics of SPNS2 bound to S1P. a Time course of 
S1P location and pose for 5 simulations with 25 snapshots per simulations. b Frequency of 
contacts for residues within 4 Å of SPNS2. c Histogram of SPNS2 with S1P structural clusters. 
SPNS2 snapshots are clustered if within 1 Å RMSD. d S1P interactions with SPNS2 in clusters 
2 and 3. Carbons of SPNS2 side chains and S1P are shown in purple and cyan, respectively. 
Interaction types are annotated by PLIP. 
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Supplementary Figure 7. Molecular dynamics of SPNS2 bound to FTY720-P. a Time 
course of FTY720-P location and pose for 5 simulations with 25 snapshots per simulations. b 
Frequency of contacts for residues within 4 Å of SPNS2. c Histogram of SPNS2 with 
FTY720-P structural clusters. SPNS2 snapshots are clustered if within 1 Å RMSD. d 
FTY720-P  interactions with SPNS2 in clusters 2 and 3. Carbons of SPNS2 side chains and 
FTY720-P are shown in purple and cyan, respectively. Interaction types are annotated by 
PLIP. 
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Supplementary Figure 8. Molecular dynamics of SPNS2 bound to 33p. a Time course of 
33p location and pose for 5 simulations with 25 snapshots per simulations. b Frequency of 
contacts for residues within 4 Å of SPNS2. c Histogram of SPNS2 with 33p structural clusters. 
SPNS2 snapshots are clustered if within 1 Å RMSD. d 33p interactions with SPNS2 in clusters 
2 and 3. Carbons of SPNS2 side chains and 33p are shown in purple and cyan, respectively. 
Interaction types are annotated by PLIP, with the interaction between 33p and Tyr116 identified 
in PyMol. e Inhibition of SPNS2 mutants Y116F and W440A by 33p (N = 8). 
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Supplementary Figure 9. Structure determination of SPNS2 in LMNG. a Preparative 
size-exclusion chromatography of SPNS2 in complex with NbD12 in LMNG on a Superdex 
200 Increase 10/300 GL column. b Representative SDS-PAGE of SPNS2-NbD12 complex 
purification in LMNG from 10 biological replicates. c Flow chart for determining the structure of 
the SPNS2-NbD12 complex in LMNG. d Coulombic potential map for the SPNS2-NbD12 com-
plex determined in LMNG. e Cross section through the binding site of SPNS2’s  Coulombic 
potential maps. CryoEM maps determined in LMNG and DDM are colored in yellow and 
purple, respectively, with the density for DDM is highlighted in blue. 
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Supplementary Figure 10. Structural changes in SPNS2 upon substrate release or        
conformational change. a Structural alignment of SPNS2 in the presence and absence of 
bound DDM. Bound and apo structures are colored in purple and wheat, respectively. Coulom-
bic potential map near Trp440 for (b) DDM bound and (c) apo SPNS2. d Movement of Glu433 
in the DDM-bound and apo states. Coulombic potential map near Glu433 for (e) DDM bound 
and (f) apo SPNS2. g Overlay of the SPNS2 binding site in the DDM bound and apo states. 
Minimal structural changes are observed between the two states, except in the orientation of 
Trp440. h Change in secondary structure within TM11 between the inward-facing and out-
ward-facing apo states. i Movement of ICH1 toward the transport domain in the inward-facing 
apo state. j Overlay of inward-facing SPNS2 structures with occupied binding sites (PDB: 
7YUB, 8JHQ, 8EX4). DDM-bound and S1P-bound SPNS2 are shown in purple and grey, 
respecitvely. DDM and S1P are shown in cyan and grey, respectively.
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Supplementary Table 1  

CryoEM Data Collection, Processing, Refinement and Model Validation 

 SPNS2-NbD12 in 
DDM 

SPNS2-NbD12 in 
LMNG 

EMDB id EMD-18668 EMD-18667 
PDB id 8QV6 8QV5 
Data Collection:   
Microscope eBIC Krios IV eBIC Krios II 
Camera Gatan K3 Gatan K3 
Voltage (kV) 300 300 
Nominal Magnification 105,000 105,000 
Pixel Size (Å/px) 0.829 0.831 
Total dose (e/Å2) 40.74 41.42 
Defocus range (µm) -1.0 to -2.4 -1.0 to -2.4 
Movies collected 12,014 8680 
Image Processing:   
Initial Particles  6,672,673 3,376,229 
Final Particles 246,225 308,935 
Map resolution (Å)  
GSFSC=0.143 

3.68 3.69 

Refinement:   
Resolution (Å) 3.7 3.7 
Sharpening B-factor (Å2) -217.2 -211.1 
Map CC (phenix CC 
mask) 

0.83 0.80 

Map-to-model resolution 
(FSC =0.5) 

3.81 3.88 

Model validation:   
Non-hydrogen atoms 4104 4080 
Protein residues 551 548 
Ligands 1 - 
RMS bonds (Å) 0.002 0.002 
RMS angles (°) 0.461 0.413 
Molprobity Score 1.34 1.37 
Clash Score 6.13 6.66 
Rotamer outliers (%) 0.99 0.74 
Ramachandran favoured 
(%) 

98.34 98.70 

Ramachandran allowed 
(%) 

1.66 1.30 

 



Supplementary Table 2  

Details of simulation time, box dimensions, and numbers of lipid and solvent particles 
in each simulation condition. 

 
MD simulation systems 

SPNS2-S1P SPNS2-FTY720P SPNS2-33p 

Simulation replicates x time  5 x 250 ns 5 x 250 ns 5 x 250 ns 

Box dimensions (X, Y, Z nm3) 
initially/after energy 
minimization 

10.3, 10.3, 
12.19 

11.26, 11.18, 12.3 
10.3, 10.3, 

12.19 

Box dimensions (X, Y, Z nm3)  
after equilibration 

9.97, 9.97, 11.8 
10.16, 10.09, 

11.44 
9.93, 9.93, 11.9 

Total number of atoms 120,622 120,579 120,623 

Number 
of lipids 

Outer leaflet : POPC 134 134 134 

Inner leaflet : POPC 117 117 117 

Inner leaflet : 
PI(4,5)P2 

13 13 13 

Number 
of solvent 
molecules 

TIP3P water 
molecules 

26,028 26,014 26,029 

Na+ ions  
(incl. neutralizing 
ions) 

108 109 108 

Cl- ions 69 70 69 
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