
Supplementary Figure 1 | Multiple alignment of SemiSWEET and SWEET proteins. Sequence 
alignment of EcSemiSWEET, BjSemiSWEET, Leptospira biblexa (Lb) SemiSWEET, Vibrio sp. (Vs) 
SemiSWEET, and Arabidopsis (At) SWEET1–17, created using ClustalW2 and manually adjusted. 
The sequences of the SemiSWEETs are duplicated to align with the two 3TM repeats in the SWEETs, 
and are thus designated as “(species name) SemiSWEETx2”. The secondary structure of 
EcSemiSWEET is shown above the sequences. Predicted TM helices (TM4 to TM7) in the SWEETs 
are shown in parentheses. The positions of the conserved functional residues are indicated by red 
arrows. The positions of the glutamine residues in the PQ motif are indicated by white arrows. The 
glutamine residues are not conserved in the SWEETs. 
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EcSemiSWEETx2                                P                                 Y                                             E      Y   L     W   G                N...........MDTILLTGLFAAFFTTFAFA QSIKTIRT..RNT GISVVM IMF TGVIS IA  IMR.....SDFAVLIA IVTLFL
BjSemiSWEETx2                                P                                 Y                                           S                 LW   G                N.........MDPFLIKLIGFAAATCTTVAYA QFIKVLKT..R ARDISLGMFLVMVLGLA  LI  LLS.....GDAPLIAS AVTMLL
LbSemiSWEETx2                                P                                 Y                                          K         Y        LW   G                N.............MENLIGYVAAFLTTVSFL QVLRVVMT.. QTRDISRNM IMFFLGVV  FV  ILR.....SDLPIILA VVTLFF
VsSemiSWEETx2                                P                                 Y                                                             LW   G                N  G....MALIERIGKALEPLMLVMGLISPLATM QLYKLYVSHSEHALGLSLTTWLLYSFIAL  TI  IYH.....KNPTIWVG CL FLM
AtSWEET1                                P                                 Y                 G  GN      F     TF  I K KS E     PY   L    L    G              T N  G.........MNIAHTIF VF  ATALFL LA SI  KR I N  T QFSGI  PMT LNCL SAW  LPFVS..KDNTLVS I GT AVI
AtSWEET2                                P                                 Y                 G  GN      F     TF  I   KS E     PY   L         G              T N  GMDVFAFNASLSMCKDVA IA  IFAFGL VS MP  RR MRN  T QFSGL  IYA LNCLICLW  TPFISH..SNAMLM V SV ATF
AtSWEET3                                P                                 Y                 G  GN            TF    K KS E     PY   L         G              T N  G........MGDKLRLSI IL  GASLLLYTA IV  SRVF K  T EFSCF  VMT FNCLIYTW  LPIVSHLWENLPLV I GV ILL
AtSWEET4                                P                                 Y                 G  GN      F     TF  I K K  E     PY        LW   G              T N  G......MVNATVARNIA IC  VISLFL LS IP  IT Y K KV EYKAD  LATVLNCA  VF  LPMVQP..DSLLVI I GT LAI
AtSWEET5                                P                                 Y                 G  GN      F     T   I K KS       PY         W   G              T N  G......MTDPHTARTIV IV  VISFGL CA IP MVK W M  VSEFKPD  VATVLNCMM TF  LPFVQP..DSLLVI I GT LFM
AtSWEET6                                P                                 Y                 G  GN      F     TF  I K KS E     PY   L         G              T    G....MVHEQLNLIRKIV IL  FISLCL LS TP  IH V K  V KYSPL  LAT LNCLVRAL  LPMVHP..DSTLLV ISGI ITI
AtSWEET7                                P                                 Y                 G  GN      F     TF  I K KS E     PY   L     W   G              T N  G....MVFAHLNLLRKIV II  FIALCL LS TP  VR V K  V EYSPI  LAT INCLV VL  LPTVHP..DSTLVI I GT ILI
AtSWEET8                                P                                 Y                 G  GN      F     TF  I K KS E     PY        LW   G              T N  G......MVDAKQVRFII VI  VISFGL AA AK  WR F K  V EFSYV  VATVMNCM  VF  LPVVHK..DSILVS I GV LVI
AtSWEET9                                P                                 Y                 G  GN      F     TF  I K KS       PY   L    L    G                N  G.....MFLKVHEIAFLF LL  IVSFGV LS VP  YG Y K  SKGFQSI  ICA ASAT LLY  IMKT....HAYLIISI TF CFI
AtSWEET10                                P                                 Y                 G  GN            TF  I K KS E     PY   L    LW                  T N.....MAISQAVLATVF IL  IISFFVCLA IP  VR Y R  S GYQSI  VIS FSAM  MY AMIKK....DAMMLI I SFAFVV
AtSWEET11                                P                                 Y                 G  GN      F     TF  I K K  E     PY   L    LW                  T N  G...MSLFNTENTWAFVF LL  LISFAV LS VP  YR W K TT GFQSI  VVA FSAT  LY ATQKK....DVFLLV I AF CFI
AtSWEET12                                P                                 Y                 G  GN      F     TF  I K K  E     PY   L    LW                  T N  G...MALFDTHNTWAFVF LL  LISFAV LS VP  YR C K TT GFQSI  VVA FSAM  LY ATQKK....DVFLLV I SF CFI
AtSWEET13                                P                                 Y                 G  GN      F     TF  I K KS E     PY   L    LW                  T N  G.....MALTNNLWAFVF IL  IISFVV LA VP  VR C K  T GFQSL  VSA FSAM  IY AMQKDG...TAFLLI I AF CVI
AtSWEET14                                P                                 Y                 G  GN      F     TF  I K KS E     PY   L    LW                  T N  G.....MVLTHNVLAVTF VL  IISFIV LA VP  VR C K  I GFESL  VSA FSAM  IY ALQKDG...AGFLLI I AV CFI
AtSWEET15                                P                                 Y                 G  GN      F     TF  I K KS E     PY   L    LW                  T N  G...MGVMINHHFLAFIF IL  VISFLV LA VP  YR Y R  T SFQSL  QVS FSCM  LY ALIKK....DAFLLI I SF CVV
AtSWEET16                                P                                 Y                 G  GN      F     TF  I    S E     PY   L    LW   G              T N  G.........MADLSFYV VI  VISVLV LS VE  WR VQRR T EYECF  ICT MSSS  TY  ..IVTP..GEYLVS V GF ALA
AtSWEET17                                P                                 Y                 G  GN      F     TF  I K  S E     PY   L    LW   G              T N  G.........MAEASFYI VI  VISVLV LS VE  WK V RR T EYKSL  ICT LGSS  TY  ..IVTP..GEYLVS V GF ALV

EcSemiSWEETx2                                                                     PAAPVLVITLINRRKKHV...............................MDTILLTGLFAAFFTTFAFA QSIKTIRT..RNTEGISVVMY
BjSemiSWEETx2                                                                     P                                                                                SAGGILVMKLRYG..................................MDPFLIKLIGFAAATCTTVAYA QFIKVLKT..R ARDISLGMF
LbSemiSWEETx2                                                                     PVTIILYYKLTEGNQT...................................MENLIGYVAAFLTTVSFL QVLRVVMT..KQTRDISRNMY
VsSemiSWEETx2                                                                     P                                                                           VYVAMVVGIIAHTGGTY.........................MALIERIGKALEPLMLVMGLISPLATM QLYKLY SHSEHALGLSLTTW
AtSWEET1                                                                     PE                                                R    G              L     V  T SV  MPF LS TVYVLIFLFYAPKKE..KIKIFGIFSCVLAVFATVALVSLFALQGN.G KLFC LAATVFSIIMYAS  SIMRL VK K  EF   F
AtSWEET2                                                                     P                                                 R    G              L     V  T SV  MPF LSQLCYIILFIMHTDKKN...KMKMLGLLFVVFAVVGVIVAGSLQIPDQLT WYFV FLSCGSLVSMFAS  FVINL IR K  EF   Y
AtSWEET3                                                                     PE                                                R    G              L     V  T SV  MPF LS SIFIFIYFYYASPKE..KIKVGVTFVPVIVGFGLTTAISALVFDDHRH KSFV SVGLVASISMYGS  VVMKK IE R  EY   Y
AtSWEET4                                                                     PE                                                R    G              L     V  T SV  MPF LS LVYLAIFFFFSPTS..RKVKVGLWLIGEMVFVGIVATCTLLLFHTHNQ SSFV IFCVIFVSLMYIA  TIMSK IK K  KY   S
AtSWEET5                                                                     PE                                                R    G              L     V  T SV  MPF LS LVYVTIFFVFATSP..VRRKITIAMVIEVIFMAVVIFCTMYFLHTTKQ SMLI ILCIVFNVIMYAA  TVMKL IK K  KY   F
AtSWEET6                                                                     PE                                                R    G              L     V  T S   MPF LS IVFLTIFFVFCGRQQ.HRLVISAVLTVQVVFVATLAVLVLTLEHTTDQ TISV IVSCVFNAMMYAS  SVMKM IK K LEF   L
AtSWEET7                                                                     PE                                                R    G              L     V  T SV  MPF LS IVFLTIFFVYCGRQK.QRLIISAVIAAETAFIAILAVLVLTLQHTTEK TMSV IVCCVFNVMMYAS  SVMKM IK K  EF   W
AtSWEET8                                                                     PE                                                     G                    V  T SV  MPF LS LFYVGVYLMYCGHKKNHRRNILGFLALEVILVVAIILITLFALKGDFVKQTFV VICDVFNIAMYGA SLAIIK VK K  EY   L
AtSWEET9                                                                     PE                                                R    G              L     V  T SV  MPF LS ISYLFLYILYAPREA.KISTLKLIVICNIGGLGLLILLVNLLVPKQ.H VSTV WVCAAYSLAVFAS  SVMRK IK K  EY   L
AtSWEET10                                                                     P                                                 R    G              L     V  T S   MPF LSQIVYISLFFFYAPKKE.KTLTVKFVLFVDVLGFGAIFVLTYFIIHAN.K VQVL YICMVFALSVFVA  GIIRK IK K AEF   G
AtSWEET11                                                                     PE                                                R    G              L     V  T SV  MPF LS TIYISMFLAYAPKPA.RMLTVKMLLLMNFGGFCAILLLCQFLVKGA.T AKII GICVGFSVCVFAA  SIIRT IK R  EY   S
AtSWEET12                                                                     PE                                                R    G              L     V  T SV  MPF LS TIYISIFVAFASKKA.RMLTVKLLLLMNFGGFCLILLLCQFLAKGT.T AKII GICVGFSVCVFAA  SIIRT IK K  EY   S
AtSWEET13                                                                     PE                                                R    G              L     V  T SV  MPF LS TIYIVLFVSYANKKT.RISTLKVLGLLNFLGFAAIVLVCELLTKGS.T EKVL GICVGFSVSVFAA  SIMRV VR R  EF   S
AtSWEET14                                                                     PE                                                R    G              L     V  T SV  MPF LS TIYIILFITYANKKA.RISTLKVLGLLNFLGFAAIILVCELLTKGS.N EKVL GICVGFSVCVFAA  SIMRV IR K  EF   S
AtSWEET15                                                                     PE                                                     G              L     V  T SV  MPF LS TLYIAMFFAYATREK.RISAMKLFIAMNVAFFSLILMVTHFVVKTPPLQVSVL WICVAISVSVFAA  MIVAR IK K  EY   T
AtSWEET16                                                                     PE                                                R    G              L     V  T SV  MPF LS SIYVLIFLFFVPKSR.FLKTVVVVLALNVCFPVIAIAGTRTLFGDANS SSSM FICATLNIIMYGS  SAIKT VT R  QF   W
AtSWEET17                                                                     PE                                                R    G              L     V  T SV  MPF LS TIYVSLFLFYAPRHL.KLKTVDVEAMLNVFFPIAAIVATRSAFEDEKM SQSI FISAGLNIIMYGS  SAMKT VT K  KY   W

EcSemiSWEETx2             Y             N         W   G     DIMFLTGVIS IA  IMR.S FAVLIA IVTLFLAAPVLVITLINRRKKHV........................................
BjSemiSWEETx2             Y             N         W   GL    D                       YLVMVLGLAL LI   LS.G APLIAS AVTMLLAGGILVMKLR G.............................................
LbSemiSWEETx2             Y             N         W   G     DIMFFLGVVL FV  ILR.S LPIILA VVTLFFVTIILYYKLTEGNQT..........................................
VsSemiSWEETx2             Y             N         W   G               GLLYSFIALL TI  IYH.KNPTIWVG CL FLMYVAMVVGIIAHTGGTY.........................................
AtSWEET1             Y             N         W   GL    D     P   G   G  Q   Y  YLFVFLCGTS FV   IG.R PFVAI  GF CAL TL LIL FI CGNK.........GEKSADAQKDEKSVEMKDDEKKQNVVNGKQDLQ
AtSWEET2             Y             N             GL    D     P   G   G  Q   Y  YLSTFLMSASFLL   FN.S AFVYT  GI TIL IV LAL CY HRNSIEEETKEPLIVSYV............................
AtSWEET3             Y             N         W   GL    D     P       G  Q   Y  YFFSFLASSL LA   LS.H LFLAS  MVATPL IL LIL FK KNKKDLAPTTMVITKRNDHDDKNKATLEFVVDVDRNSDTNEKNSNN
AtSWEET4             Y             N         W    L    D         G   G  Q   Y  YLANFLNGVV VI A IK.F LFILIG GL TVS AV LIL AC YKTTPKDDEDEED......EENLSKVNSQLQLSGNSGQAKRVSA..
AtSWEET5             Y             N         W         D     P   G   G  Q   Y  YLANFMNGVV VI ACLK.F PYILI  GL SLS II LII IT YKTTNWNDDDEDK......EKRYSNAGIELGQA.............
AtSWEET6             Y             N         W   G     D     P   G   G  Q   Y  YVVGFLNAGV TI  FVP.F PFLAI  GI CVF LV LIL GT YKSTKGIMEERKNRLGYVGEVGLSNAIAQTEPENIPYLNKRVSGV.
AtSWEET7             Y             N         W    L    D     P   G   G  Q   Y  YVAGFLNAGV TI A MP.F PFMAI  GI CLF LA LIL GA YKSTKRIMAERENQP...GYVGLSSAIARTGSEKTANTNQEPNNV.
AtSWEET8             Y             N         W    L    D         G      Q   Y  YLVCFVNAGI TT S IFKI YYVLAS GI TFLALS LIV FM YKSTPKEKTVKPS......EVEISATERV.................
AtSWEET9             Y             N         W   GL    D     P   G   G  Q   Y  YLSLTLNAVM FF   LI.K KFIAM  IL FLF VA MIL MM QGSTKTDLPTENQLAN............................KT
AtSWEET10             Y             N         W   GL    D     P   G   G  Q      YFFLTLSAVM FF   LL.K MNIAL  VL FIF VL MILFLI KKPGTKVLE.PPGIKLQDISEHVVDVVRLSTMVCNSQMRTLVPQDS
AtSWEET11             Y             N         W   GL    D     P   G   G  Q   Y  YLTLTISAVI LL   AL.K IYVAF  VL FAL AL MIL VV KYCKTSPHLGEKEVEAAKLPEVSLDMLKLGTVSSPEPISVVRQANK
AtSWEET12             Y             N         W   GL    D     P   G   G  Q   Y  YLTLTISAVI LL   AL.K IYVAF  VI FVL AL MIL VV KYCKTPSDLVEKELEAAKLPEVSIDMVKLGTLTSPEPVAITVVRSV
AtSWEET13             Y             N         W   GL    D     P   G   G  Q   YLFLTISAVT LF   AI.K FYVAL  VL AFL AV MIL IIFKYYKTP..VAQKTDKSKDVSDHSIDIAKLTTVIPGAVLDSAVHQPP
AtSWEET14             Y             N         W   GL    D     P   G   G  Q   YLFLTISAIT LF   AI.K FYVAL  IL AFL AV MIL VIFKYYKTP.LVVDETEKPKTVSDHSINMVKLSSTP..........ASG
AtSWEET15             Y             N         W   GL    D     P   G   G  Q   Y  YFFLTISAVM FA   FL.N ICIAI  VV FVL LL MVL LV RNSNEKPEKINSS.EQQLKSIVVMSPLGVSEVHPVVTESVDPLSEA
AtSWEET16             Y             N         W    L    D     P   G   G  Q   Y  YFFLFLNGAI GV A LL.H MFLLV  GM FFL IM LLI AY RNAEPIVED..........EEGLIPNQPLLA...............
AtSWEET17             Y             N         W    L    D     P   G   G  Q   Y  YFFLFLNGAI AV A LQ.H VFLLV  GV FVF TM LIL GI RNAKPVGLSNGLSEIAQDEEEGLTSRVEPLLS..............
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Supplementary Figure 2 | Dimerization of SemiSWEET. (a, b) The crystal packing of Crystal-I, 
viewed parallel (a) or perpendicular (b) to the membrane layer. Chains A, B and C are labeled as Mol 
I-A, I-B and I-C, and colored blue, red and pink, respectively. (c, d) The crystal packing of Crystal-II, 
viewed parallel (c) or perpendicular (d) to the membrane layer. Chains A, B, C and D are designated 
as Mol II-A, II-B, II-C and II-D, and colored green, light green, orange and light orange, respectively. 
For each panel, the two crystallographic axes parallel to the plane of the view are depicted as arrows. 
(e–h) Dimeric assemblies of SemiSWEET. The dimers I-A/I-A (e), I-B/I-C (f) and II-A/II-B (g) 
adopt almost identical conformations (the inward-open state), whereas the dimer II-C/II-D (h) adopts 
a distinct conformation (the outward-open state). 
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Supplementary Figure 3 | Different conformations of SemiSWEETs. (a–d) Crystal structures of 
the inward-open EcSemiSWEET (a), the occluded L. biflexa SemiSWEET (PDB 4QNC) (b), the 
outward-open EcSemiSWEET (c) and the outward-open Vibrio sp. SemiSWEET (PDB 4QND) (d). 
Cut-away surface is shown on the bottom of each structure. 
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Supplementary Figure 4 | Monoolein molecule at the putative substrate-binding pocket. (a) The 
‘omit’ mFO – DFC electron density map of the inward-open dimer from Crystal-I, calculated without 
the monoolein molecule in the pocket, contoured at 3.0 σ. Strong electron densities were observed in  
the putative-substrate binding pocket. (b) Stereo view of the modeled monoolein molecule. The 
2mFO – DFC electron density map is contoured at 1.0 σ. The TM1 helix in front of the monoolein is 
omitted for clarity. 
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Supplementary Figure 5 | PQ-loop motif of the outward-open conformation. In the 
outward-open conformation, the rotamers of the Gln22 sidechains are slightly different between the 
two protomers, probably due to the low data quality of Crystal-II. While the Gln22 side chain of one 
protomer hydrogen bonds with the adjacent Ser36 main chain as shown in Fig. 3e, the equivalent 
Gln22 residue of the other protomer is not within the hydrogen-bonding distance with the Ser36 
main chain.  

Pro21

Gln22

1b

2

1b’

1a’

Gly34
Ile35

Ser36 3.8 Å



Supplementary Figure 6 | Local B-factors of Crystal-II. Main chain traces of the two 
SemiSWEET dimers from Crystal-II, colored according to the local B-factor values. The coloring 
scheme is shown at the bottom. 
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Supplementary Figure 7 | Examples of electron density. (a, b) Stereo views of the 2mFO – DFC 
electron density maps of the TM2 helix from Crystal-I (a) and Crystal-II (b), contoured at 1 σ.
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