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Supplementary Figure 1. The Fab and Fv fragments used for crystallization bind to OxlT both in the presence 
and absence of oxalate. a Typical size exclusion chromatography (SEC) profile of the OxlT-antibody complexes 
in the absence of oxalate (OxlT-Fab complex, blue line; OxlT-Fv complex, green line). A Superdex200 Increase 10/300GL 
column was equilibrated with a buffer composed of 20 mM MES-KOH (pH 6.2), 100 mM potassium acetate, and 0.02% 
DDM. OxlT (0.16 mg protein) was mixed with the excess antibody fragment (0.32 mg protein), incubated for 1 h on ice, 
and subjected to the SEC. OxlT alone (0.16 mg protein) was separated on the same column as a control (red line). 
Peak 1: OxlT-D5901Fab complex; peak 2: OxlT-20D033Fv complex; peak 3: free OxlT; peak 4: free D5901-Fab; and 
peak 5: free 20D033Fv. b SDS-PAGE analysis of the corresponding peak fractions in (a). FabH, FabL, FvH, and FvL 
represent the heavy and light chains of D5901Fab, as well as the heavy and light chains of 20D033 Fv fragments, 
respectively. c Typical size exclusion chromatography profile of the OxlT-antibody complexes in the presence of 10 mM 
oxalate (OxlT-Fab complex, blue line; OxlT-Fv complex, green line). The same column was equilibrated with a buffer 
conposed of  20 mM MES-KOH (pH 6.2), 100 mM potassium acetate, 10 mM potassium oxalate, and 0.02% DDM. 
OxlT (0.16 mg protein) was mixed with the excess antibody fragment (0.32 mg protein), incubated for 1 h on ice, and 
subjected to the SEC. OxlT alone (0.16 mg protein) was separated on the same column (red line). Peak 6: OxlT-D5901Fab 
complex; peak 7: OxlT-20D033Fv complex; peak 8: free OxlT; peak 9: free D5901Fab; and peak 10: free 20D033Fv. 
d SDS-PAGE analysis of the corresponding peak fractions in (c). The theoretical molecular masses of the D5901Fab, 
20D033Fv and OxlT are 47.2 kDa (FabL: 23.6 kDa, FabH: 23.6 kDa), 26.3 kDa (FvL: 12.0 kDa, FvH: 14.3 kDa), and 
44.5 kDa, respectively. In panels a-d, the experiments were repeated three times independently. Uncropped versions of
the gels in panels b and d are provided in the accompanying Source Data file.
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Supplementary Figure 2. Structure of OxlT. a The oxalate-bound OxlT in complex with an Fab fragment, D5901Fab
(PDB ID 8HPK). b the ligand-free OxlT in complex with an Fv fragment, 20D033Fv (PDB ID 8HPJ). c, d Positions of 
the glycine residues mapped on the superposition of oxalate-bound and ligand-free OxlT (c) and the occluded OxlT 
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                                                                                OxlT  

OxlT      1                                        W  L      M      QY WT                 Q   M                     S             R    VL VL   MI  V     LYA  V        AAV  .. .NNPQ.............TGQ TG.......LLGN  FY   A  L C  SG   S     NP KDNLGVSL    T

A8IFN4    1                                        W  L      M      QY WT                 Q   M                     S             R  Q VAGIVC  AAANI     LFV  I     W RA I  .. .VAQA...............G SP.......APST  L         V       S     PE QNAHG T  S  V

B0UN12    1                                        W  L      M      QY WT                 Q                         Q             R  Q  LGVIC  AAANI     LFV  I     W RAAI  MTSVAATR...............A AP.......AIAG  L  T      V       A     PE QKTFG D     V

B0U8J5    1                                        W  L      M      QY WT                 Q   M                     Q             R  Q A GVIC  MIANM      FV  M     W RAAI  .. ..................SGT EN.......ARGG  L   F     C       G  F  NP QERHG E     V

B0UG43    1                                        W  L      M      QY WT                 Q   M                     T             R  Q ALGVVC  MIANL      FV  I     F RAAI  .. ....................P STPINLNRVSDSY  M         I       G  F  PE QKTFG D     W

B0UA83    1                                        W  L      M      QY WT                 Q   M                                   K  Q A GIVC  MIANL     LFV  I     W R AI  .. ....................ERQD.......ASSA  W   F     A       G     DP DAKFH G T   F

A8INE2    1                                        W  L      M      QY WT                 Q   M                     Q             R  Q I GVVC  MIANL     LFV  I     W RAAI  .. AQA.................A PA.......SESQ  V   C     A       G     DP EAKHQ G     L

A8IFN2    1                                        W  L      M      QY WT                 Q   M                     S             R  Q LIGVVC  MIANL     LFV  I     W R AI  .. WEGKE.........MSSVQTA QG.......PVGG  L         S       G     EP NDKYH G P   V

F8JE15    1                                        W  L      M      QY WT                 Q   M                     S             R  Q ALGVLC  MIANL     LFV  L     W  AAI  .. TIQT................E RAPASGIATSTTG  A         T       G     NP HAKFG EM    W

D9S1F0    1                                        W  L      M      QY WT                 Q   M                                      Q IL MI   MIANL     LFV  L       RAAV  .. .TTST.........PQTSDRKGVYGS.....FIWNT T    A  G I       A     PE EKGFNAS     L

A6T9B0    1                                        W  L      M      QY WT                 Q   M                                   K  Q VLGLIC  AI S      L    L          L  .. .RFTEACLLKTENNMTTLSEPLVT.......PKYG  R         A  S P  V   LTKP AAKLGVGLPE  V

                                                         .                      OxlT  

OxlT     58  F           P          P              W                    G G    Y         WF A TL  V         GYFVDKFG RI L  GGAM  A       V SV ALYA    L  A VG V    M TA R  P    SQ IQAGSQ GG           P MF    VL G TFMGM D  P    LYT. A     I  GIA N  N    

A8IFN4   56  F           P          P              W                    G G    Y         WF A TIFVV  TWL  IEGYFIDKYG RAVV  GGL   L  IVN  A TL   YV  V I  I VG V  TCV SALK  P       VQ   T                FV   FTG S    SY T  TGF  GA . G     C  A   N       

B0UN12   59  F           P          P              W                    G G    Y         WF A TLFVV  TWL  VEG FIDRYG   VV  GGL   L  IIN  A SL   YL  V V  I VG V  TCI NALK  P       TQ   T    H       SR  MA   FTG A    SY T  SGY  GA . G     C  A   A       

B0U8J5   54  F           P          P              W                    G G    Y         WF A TLFVV  TWL  IEGWFVDKYG RIV   GGVL  I  VIN  A SL VLYI  A I    AG V  TCV N LK  P       TE   V               TLI    CA A    SY T  T    AA . G T   A  G   G S     

B0UG43   59  F           P          P              W                    G G    Y         WF A TLFVL  TWL  VEGWFVDKYG KVVV  GGVL  A  VIN  A SL M YV  V I  L AG V  TCV NALK  P       FE   V                LF    CG G    AY T  N F  GQ . A     A  G   G       

B0UA83   52  F           P          P              W                    G G    Y         WF A TIFVA  TWL  VE WFVDRYG  VVV  GGVM  L  VL   A SL LLYA  V I  I AG V  TCV NALK  P       TE   V   A        Q   FF    IA A   DAY E  P    GA . G     A  G   G       

A8INE2   55  F           P          P              W                    G G    Y         WF A TIFVL  TWL  VE WFVDRYG RVVL  G VM  L   LN  A SL VLYA  V V  I AG V  TCV NALK  P       TE   V   A            MF A  IA A S  SI S  F    AS . A     A  G   G       

A8IFN2   63  F           P          P              W                    G G    Y         WF A TIFVL  TWL  IEGWFVDKFG RIVV  GGIL  A  AMN  A SL LLYV  A I  I AG V  TCV  ALK  P       TE   V                FI    CA A    SV S  A    SA . G     A  G   GA      

F8JE15   63  F           P          P              W                    G G    Y         WF A TIFIL  TWL   EGY  DR G R LV  GGIM  L  LLN  A SL MLYV  A I  I AG V  TCV NALK  P       TE   I F   LE  L   P  LV    IG S    SQ D  A    AQ . G     C  G   G       

D9S1F0   64  F           P          P              W                    G G    Y         WF A SLFIA  SW   I GYFIDRY  RLLL    LM  I   A   V TL ALYV    L  I A  I    V   VR          LE  GQ  A       S     TIAA  VG G T MGI K  S    AYS. A    AF  SGA AAG    E

A6T9B0   71  F           P          P              W                    G G    Y         WF   SL II  TF     G  VEKFG R LI  G VM  M  VLS  V  L  LWL    M  L  G V    V  MVK  PT   L  LQ  FS FQ RL       R  AI T  AG S    AQ NG AT   VYGC G   T I  IGV GL      

                                                                            TT  OxlT  

OxlT    137    RG A G      G G       I       G        G                P                    D K  L    TAAGY L  L  L     VL       AF    LI GILI LI   I       A          T K F .     S F        V PF PL SS  KVE VGA  MYT   M    I  AFV RF GQQG KKQI....VV D D 

A8IFN4  135    RG A G      G G       I       G        G                P                    D K  L V LTAAGY    VLTIMP   ML T  Y   F  F LIQGAII LA   L       V         QS R Y .              S T       AN  K S  QDT FL         L  AGF RQ GSGE VYSASV..A  R D 

B0UN12  138    RG A G      G G       I       G        G                P                    D R  L V LTA GY A  ALTILP   MI    F  AF  F LIQGALI LA   L       V         QS R Y .          G     S       AS  AEG  QQ  FV         I  SVG RA GRSE TYSASV..L  R D 

B0U8J5  133    RG A G      G G       I       G        G                P                    D R  L A ITAMGF A  ALTVVP   MI T  Y  AF  F I QGLVV LL   L       V         QS R Y .                S       QW  K Q  ES  FY   G     C  ALF VA RKGE PEVAR..VS  R D 

B0UG43  138    RG A G      G G       I       G        G                P                    D K  L A ITAAGF A  ALTVAP   MI    F  AF  F I QGVIV AL   L       I         QS R Y .                S       QW  ADK  QA  LN   G     A  AFF AA RKGQ PEVTSTANL  R N 

B0UA83  131    RG A G      G G       I       G        G                P                    D R  L A ATAAGF A  ALTVVP   MI T  Y  AF  F LIQGAVV VL   L                 QS     .                A       AK  A S  QQ  LT         V  SFL RK GVAVPVKRKSLRLP  QVDR

A8INE2  134    RG A G      G G       I       G        G                P                         L A VTAAGF A  AITVVP   MI S  Y  AF  F I QGVVV VL   I       A         QS   YH.N               A       AQ  A H  ET  LT   G     F  SFF RK PAVM PPKKVSRLP  KIS 

A8IFN2  142    RG A G      G G       I       G        G                P                    D R  L A LTAAGF A  AITIVP   MI N  Y   F  F LLQG VV LL   L       L         QS R Y .                S       AD  H A  EQT LV      G  L  SLL QS KEGQ PKTVSKGIV  R N 

F8JE15  142    RG A G      G G       I       G        G                P                    D R  L A VTAAGF M  ALTIIP   VI S  Y  AF  F LLQGIVI LV   L                 S  R F .                S       SI  A Q  EA  LY         I  SFL RS SKDQFGARVE..LL AK S 

D9S1F0  143    RG A G      G G       I       G        G                P                      R  L   L  A F    AL I     AL N  Y  AF    IIQGILI IA   M       A         T  H FPS     S  VS A  S A  F PF AM  R Q  AS  VTT        F  AQL RV PKKP SGAKAD.TS EQ Q 

A6T9B0  151    RG A G      G G       I       G        G                P                           A A AAGY M  IIT  P    L T         F IL  LV  LA   L                 QS R FQ.Q  F    V       A   TF  SLS T N LEHTMTT    FA  GF  SQG NL PPAVSQPVSQT.VA  S S 

                                                                                OxlT  

OxlT    212           F             G                                          G  R   G  SD N  EMLRTP  WVLW AF  V  G LLL AN                   L A VL   VSI  L N    PFW FV  K SG      Q     T  FS NF     V  SVPYGRSLG.......... A G  TIG   QN F  GC          

A8IFN4  212           F             G                                          G  R   G  SD T  EALRTPV YVM  MFI  V G LMA AQL  IA D  V    VNL    M AL FAL LDRI N I  P F WI  H LG           LG   CT T     V   GV  E LG KKVE   YFFA A  P   M    L   S  L       

B0UN12  215           F             G                                          G  R   G  SD T  EALRTPV WVM LMF   V G LMA AQL  IA D  V    VNL  V M AL FAL LDRI N I  PFF WI  R LP           L   TCT T     V   GV  Q LG KNFQ   YF T A  P   M    M   S          

B0U8J5  210           F             G                                          G  R   G  SD T  EMVRTPI WVMYAMFV MA G LMA AQL  IA D  I    VSL  V L AL FAATLDRV N V  PFF WV  H PG                M  A     T   GP  K FK ADVP   LG T P  T        L   T          

B0UG43  217           F             G                                          G  R   G  SD T  EVVRQPI WLMY MFV V  G LMI ANL  IA D  V    VTI  V M AI FAATIDRV N L  PFF WV  K PS            F   I GA     T   KP  A IH DKVP   LG T V  T        L   T          

B0UA83  210           F             G                                          G  R   G  SD T  EAVRTPV WVMYAMFV VA G LM  AQI  IA D  V    VSM  L M AL FAISLDRI      PFF WV    PG                M  S    TA   AP  H FK ADVP   LG Q V  T        FD FG         N

A8INE2  213           F             G                                          G  R   G  SD      L  PI WLLYAMFV VA G LMA AQI  IA D  V    VTL  V M AL FAISLDRV      PFF WV   APRQT SK           M  S     A   AP  H FK ADVP   LG Q A  T        FD FG         N

A8IFN2  221           F             G                                          G  R   G  SD    EMAK PV WVMYLMFV VA G LMA AQL  IA D  I    VSL  I M AL FALSIDRV N L  PFF WV   GPG    A           L  A     T   GS  K FH GDVP   MG T P  T        L   T         N

F8JE15  219           F             G                                          G  R   G  SD    EMLKTPV WIMYLMFV MA G LMA AQL  IA D  V    VSL  I L AL FALSLDRI N V  PFF WV  KAPT                M  A     T   AP  K FK ADVP   VG T P  T        L   T          

D9S1F0  222           F             G                                          G  R   G  SD T  EM RT   WLIYIMFL IV G MVV AQ      D            I A II  AATV  V N A   FW  V  K TL  F  LH         F  T     T  TKPFGQ AG.......... P G  VL    NT A   G I   S    

A6T9B0  229           F             G                                          G  R   G  SD T  EMLRQPL WLMFVM A M    LMV  QM   A D  I     QA    M AL  ALTIDR  N L  P F FI  R SR              M M STS    TS  AVF E FG ....S  VVFG A  PL      FT   T  L       

                                                                                OxlT  

OxlT    282  GR  TM   F                    F           G    LF     D FG        G            I       VV  I  V LAL         VA IAM  IAF  W   Y   P T      T Y   N    W AK  A I    YK  S   G NA V   FPTIAALGD      LA   FT  GS A   S NS I   A SAR Y FF A  AT S F

A8IFN4  292  GR  TM   F                    F           G    LF     D FG        G            I  E   F A  M  I IVAL   G   P A IILS VVF AW EVYS   AT   T  SK V     VLY AKG A LL    K   F  A EG G    GTF .HN W      G   L         S  AA      H GKIY    C   V A  

B0UN12  295  GR  TM   F                    F           G    LF     D FG        G            I  E   FIA  L  L IVAL   G   P A VILS IVF AW EVYS   AT   T  SK I     VLY AKG A LL    K      S EG G    GYF .SN W      G   L         S  AA      H GKIY    C   L A  

B0U8J5  290  GR  TM   F                    F           G    LF     D FG        G            I  EN  FL   I  L I AL   G   PVA VILT LVF AW EIYS  PAT   T  TKYA TN  LLY AKG A LI         S A EG G Y  SVF .SD        G   F            CG        A  A    T   T A  

B0UG43  297  GR  TM   F                    F           G    LF     D FG        G            I  EN  FIA  M    I ML   G   PL  VLLS  VF AW EIYS  P T   T  SKFA TN  LLY AKG A LL           A EGFG Y  YLW .HD  W     GF  F          S CT        A  A    T   T A  

B0UA83  290  GR  TM   F                    F           G    LF     D FG        G            I  EN  FMA     A VIVL   G   PIV V AT V F VF EIYS  PAT   T  SKYA SN  LLY AKG A  L           ATAA A    LLF .RN     F  A Y G            CG        T  A    T   S AF 

A8INE2  293  GR  TM   F                    F           G    LF     D FG        G            I  EN  FIA  V    LAML   G   P V VI S L F VF EIYS  PAT   T  SKFA TN  MLY AKG A LL           A AAGS    VYQ .QN Y    F A F G            CG        A  A    T   T A  

A8IFN2  301  GR  TM   F                    F           G    LF     D FG        G            I  EN  FIA  L  V VLAL   G   PVA VLLT LVF AW EIYS  PAT   T  SKFA TN  LLY AKG A LV           A EA G    AKF .SN        G   F            CG        T  A    T   T S  

F8JE15  299  GR  TM   F                    F           G    LF     D FG        G            I  ET  FIA  I  V LLAL   G   PIL VVLT LVF AW EIYS  PAT   T  SKFA TN  LLY AKG A LL           G EG G    ARM .HD        G   F            CG        T  A    T   T S  

D9S1F0  292  GR  TM   F                    F           G    LF     D FG        G            L   Q  FLA  L  V MALV   G   PAM V L  LI   W ELY   PA       TKYA TN   MY AKG   IV   Y       T NG A    PFL .QS     F FA  MFT     A    VNA I      A  Y F  S   VGG  

A6T9B0  305  GR  TM   F                    F           G    LF     D FG        G               EQ  FIA  L  V MML        PLL VLLS VVF  W EIFS  P T   T  S  A SN   LY   G   I F          A EG A   WLACR.ED        G   FG         S LT     EH A  Y W  ISQ IGS F

        .                                                                       OxlT  

OxlT    362               W                 A                                                G L AA          AF   A  S IA AL   VI                                           G G G  I.ATNFG NT  LIT IT F  F   TF  PR......MGRPVKKMVK.LSPEEK..........AVH     

A8IFN4  371               W                 A                                               VP ANLI     G    V   VA M L AA A L VLRP         R                                 V    M.EAS S AT LYI  A D T  F   F    ......MLA HHRQNEAAAQALRE.....RDGIVRA     

B0UN12  374               W                 A                                               VP  NLL     G    V   VA L LIAA L L VLRP         R                                 VG   M.QAT T AT LYT  I D    T   A    ......MLR HHAANGVVLPEAAH............     

B0U8J5  369               W                 A                                               VP  SLL     G    VF  AA LNIVAALM V VLKP                                           YT   T.TWT S HA  IA  A          L    ......MRAAYTKSAAVLTPAPAA............     

B0UG43  376               W                 A                                               VP AN L     G    VF  AA ANILA IL I VLKP         R                                 F  Y Q.QST N DG  LA  G     S    A    ......WRK VVTNARTDAELPAG.....AKVAVA.     

B0UA83  369               W                 A                                               VP ASMV     G    VF  II LNV AAAL L VLKP         R                                 F    S.AAY . SA  AL  G   T      F    ......LRM YLSSAASTATAEAR.......AVQMA     

A8INE2  372               W                 A                                               VP ASLI     G    VF  AM LNIVAA L M VLKP         R                                 L    A.VRY . SA  AI  T      F   F    ......WRS FLARSAVEAEAEERNAAAWKASEAAH     

A8IFN2  380               W                 A                                               VP ASIA     G    VF   A VNAIAALM L VLKP         R                                 F    V.AQM N DM  LVT A          F    ......MRS FVAQAKIESEEIGK.....VQAKIAN     

F8JE15  378               W                 A                                               VP  SLL     G    VF  AA MNILAAIL L VLRP         R                                 FS   T.QAT N HA  YT  G          A    ......MRQ MARNI.....................     

D9S1F0  371               W                 A                                                  V AL          VF   A MSALA L  L LLR          K                               GSY A  V.AQLSG SP  FTG A     G G  V   LPRPVPPNTK VDTGASTPVH................     

A6T9B0  384               W                 A                                                G L AL          VF  AI L  V AAL L VLKP         R                               G P A  LYQYTHG HV  SC  G DF T     W    ......WRA FIRQHS....................     

 
Supplementary Figure 3. Amino acid sequence alignment of the OFA family proteins in MFS and the 
secondary structures of OxlT. Ten entries from oxalate/formate antiporter (InterPro 026355) were aligned via 
the structure-based sequence using PROMALS3D (Pei et al. Nucleic Acid Res. 36, 2295, 2008); the alignment 
was drawn by the ESPript3.0 server (https://espript.ibcp.fr). Note, all entries except of OxlT are uncharacterised.
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Supplementary Figure 4. Oxalate binding at the occluded OxlT. a Simulated-annealing omit map of for the bound 
oxalate molecule, shown in purple at 3.5 ı. 2F

o
-F

c
 map at the binding site in grey at 1.5 ı is also shown. b The QM-

calculated structure of the oxalate binding site at the occluded OxlT. Binding site residues were set frozen, whereas 
the oxalate molecule was set free. The oxalate ion in the crystal structure is shown in grey. c The QM/MM-calculated 
structure of the oxalate binding site at the occluded OxlT. The QM/MM calculation was performed by applying the 
oxalate and neighbouring nine residues for QM and the other part of the transporter for MM calculation. Slight 
rearrangement of the residues in the binding site was observed from the crystal structure shown in grey, such as 
an additional H-bond formation with Gln34 and the oxalate.
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Supplementary Figure 5. GFP-TS assay of OxlT-GFP fusion proteins. a Representative thermal melt curves of
OxlT-GFP fusion proteins analaysed by GFP-TS. au: arbitrary unit. b The apparent melting temperature (Tm) values 
of wild-type and mutant OxlT in the absence of oxalate. The bars represent the means of three independent 
experiments.
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Supplementary Figure 6. Validation of the OxOx system for proteoliposome oxalate uptake assays. 
a Correlation between the oxalate concentrations and the initial slopes of the fluorometric-time reaction curves in the 
OxOx assay. Oxalate concentrations are indicated in the figures, and the standard solutions are prepared in 50 mM 
MOPS-KOH and 10 mM potassium formate, pH 7.0. The OxOx reaction was performed and analyzed as described in 
WKH�0DWHULDOV�DQG�0HWKRGV�VHFWLRQ��ZKHUH�VORSH�YDOXHV�DUH�OLQHDUO\�FRUUHODWHG�EHWZHHQ���DQG�����ȝ0��7KH�H[SHULPHQW�
was performed once with technical duplicates. b Oxalate uptake by the liposomes reconstituted with wild-type or 
R272A OxlT and without OxlT (empty). The total amount of oxalate inside the (proteo)liposome was measured by 
the OxOx assay at different time points, as indicated in the figure. Data represent the initial slope values ± fitting errors
for their determination by a linear regression analysis. The largest observed value on the wild-type OxlT proteoliposome 
ZDV�a������ZKLFK�URXJKO\�FRUUHVSRQGV�WR�����ȝ0�LQ�WKH�a���ȝ/�OLSRVRPH�O\VDWH��7KH�H[SHULPHQW�ZDV�SHUIRUPHG�RQFH�
with technical quadruplicates. c The non-normalized graph of Fig. 2e in the main text showing that the slope values are 
within the reliable range for the OxOx assay. The bars represent the means of the results in three (data at 0 min and 
60 min for empty, WT, and R272A) or two (others) independent experiments. au: arbitrary unit.
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Supplementary Figure 7. Presumed binding of different dicarboxylates at the substrate-binding site in OxlT. 
a The models of oxalate, the C2 dicarboxylate, and oxaloacetate, a C4 dicarboxylate intermediate in the Krebs cycle, 
bound to the occluded OxlT, coloured white (PDB ID 8HPK). The oxaloacetate models with several different 
representative conformers observed in the PDB were simply supplanted with oxalate in the crystal structure; van der 
Waals surfaces are shown as spheres. b Docking model of the malonate-bound OxlT (OxlT, light orange; malonate, 
orange), superposed to the crystal structure of the oxalate-bound OxlT (OxlT, white; oxalate, yellow). c The thermal
melting curves in the absence and presence of 10 mM dicarboxylates. The apparent melting temperature (Tm) values 
FDOFXODWHG�IURP�WKH�FXUYHV�DUH�DV�IROORZV��QR�OLJDQG��������������Û&��R[DODWH��&��GLFDUER[\ODWH��DGGHG��������������Û&��
PDORQDWH��&��GLFDUER[\ODWH��DGGHG��������������Û&��VXFFLQDWH��&��GLFDUER[\ODWH��DGGHG��������������Û&��7KH�GDWD�SRLQWV�
are from three independent experiments, and their average values were fitted to the Gibbs–Helmholtz equation to 
estimate the Tm values. au: arbitrary unit. 
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Supplementary Figure 8. The initial positions of the binding oxalate in simulations initiated from the 
outward-open conformation (PDB ID 8HPJ), with Lys355 protonated (a) and deprotonated (b).
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Supplementary Figure 9. Water density in the occluded state during the simulation. The iso-surface of the relative 
density value of 0.5 to the bulk water is shown in red wires.
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Supplementary Figure 10. Structural alignment of OxlT (PDB ID 8HPK) and NarK (PDB ID 4U4W). 
The NarK transporter is in green. Residues in OxlT and NarK located at similar positions are labelled in black and 
green, respectively. The NarK periplasmic gate consists of Ser56 and Val60 in TM1, Ala275 and Met279 in TM7 
and Leu291 in TM8, whereas the NarK cytoplasmic gate consists of Met151 in TM4, Phe370 in TM10 and Leu407 
in TM11.
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Supplementary Figure 11. Gln34 side chain and hydrogen bond between Thr38 and Val240 in the simulation 
from the occluded conformation with oxalate (PDB ID 8HPK). a�7KH�VLGH�FKDLQ�GLKHGUDO�Ȥ

1
 of Gln34 is shown 

for three independent trajectories with different colours. The flip of Gln34 side chain can be characterised by the 

FKDQJH�RI�WKH�VLGH�FKDLQ�GLKHGUDO�Ȥ��b The hydrogen bond donor and acceptor distance between Thr38 and Val240 is 

shown for three independent trajectories with different colours. c Snapshots of the binding site are shown. Data are 

derived from trajectories shown in Fig. 4d; the results from the trajectory with conformational transition (in blue) and 

the other two without conformational transition (in orange and green) are shown in the left and right subpanels, 

respectively.
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Supplementary Figure 12. Simulation results from the occluded conformation (PDB ID 8HPK) with formate in the 
binding site. a RMSD plot for two independent trajectories. b Representative snapshots from a trajectory showing a 
transition from the occluded to the outward-open conformations. c�7KH�VLGH�FKDLQ�GLKHGUDO�Ȥ2 of Gln34 is shown for two 
LQGHSHQGHQW�WUDMHFWRULHV�ZLWK�GLIIHUHQW�FRORXUV��1RWH�WKDW�Ȥ1 of Gln34 did not show a significant change upon the Gln34 
flip in this case. d The hydrogen bond donor and acceptor distance between Thr38 and Val240 is shown for two independent 
trajectories with different colours.
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Supplementary Figure 13. OxlT-bound oxalate conformation during MD simulations. a The dihedral angle of the 
oxalate ion in the binding site in MD simulations based on the oxalate-bound occluded OxlT crystal structure (PDB ID 
8HPK) is shown for three independent trajectories in the same colour scheme as in Fig. 4d. b The dihedral angle of 
the spontaneously bound oxalate ion in the MD simulation started from the ligand-free outward-facing OxlT crystal 
structure (PDB ID 8HPJ) with protonated Lys355 is shown.
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Supplementary Figure 14. Western blots of samples used for in cellulo oxalate transport assay shown in Fig. 2d. 
The expression of His-tagged OxlT in recombinant E. coli�FHOOV�ZDV�GHWHFWHG�E\�3HQWDÂ+LV�$QWLERG\��4,$*(1���
,PDJH�-�VRIWZDUH�ZDV�XVHG�WR�TXDQWLI\�WKH�EDQG�LQWHQVLWLHV��6FKQHLGHU�et al., Nat Methods, ���������������DQG�WKH�
average values of triplicated samples were used to estimate the relative expression levels. The results of WT vs. mock, 
:7�YV��5���$��DQG�:7�YV��.���4�DUH�UHSRVWHG�IURP�UHI������+D\DVKL�et al., Prot. Sci.������������������IRU�FRPSDULVRQ�
Uncropped versions of the blots are provided in the accompanying Source Data file.   
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Supplementary Table 1. X-ray crystallographic data collection and refinement statistics. 

 OxlT-Fab 
(oxalate-bound form) 
(PDB 8HPK) 

OxlT-Fv  
(ligand-free form) 

(PDB 8HPJ) 

Data collection   
Space group P21212 P21 
Cell dimensions     
  a, b, c (Å) 114.95, 233.19, 50.77 76.87, 181.67, 81.17 
    a, b, g (°)  90, 90, 90 90, 111.37, 90 
Resolution (Å) 46.64-2.60 (2.94-2.60)a 47.26-3.10 (3.40-3.10) 
Rmerge 34.5(454.6)b 83.9(332.3)b 
I/s(I) 16.45 (1.71)b 5.01 (1.26) b 
CC1/2

 99.7 (65.1) b 98.0 (68.6) b 
Ellipsoidal completeness 
(%) 

92.9 (77.4) b 88.4 (54.8) b 
Spherical completeness 
(%) 

52.4(8.8) b 69.8(14.4) b 
Redundancy 99.8 (72.1) b 24.8 (24.5) b 
   
Refinement   
Resolution (Å) 21.08-3.00 (3.11-3.00) 46.23-3.30 (3.42-3.30) 
No. reflections 20960 25465 
Rwork / Rfree 23.7/27.8 (28.5/30.0) 26.0/28.6 (38.9/39.2) 
No. atoms   
    Protain 6200 9517 
    Oxalate 6 - 
B factors   
    Protein 51.2 53.9 
    Oxalate 42.4 - 
R.m.s. deviations   
    Bond lengths (Å) 0.003 0.003 
    Bond angles (°) 0.59 0.61 

aValues in parentheses are for highest-resolution shell.  
bValues reported by STARANISO anisotropy & Bayesian estimation server.    

 



Supplementary Table 2. Data statistics per resolution shell after the anisotropy correction. 
 
OxlT-Fab (oxalate-bound form) 

Resolution Rmerge I/s(I) CC1/2 
Ellipsoidal  
completeness 

Spherical  
completeness. 

Redundancy 

46.64 - 9.18 11.1 41.81 99.6 99.9 99.9 84.8 

9.18 - 7.18 14.3 40.20 99.9 100.0 100.0 97.5 

7.18 - 6.24 20.2 32.17 99.9 100.0 100.0 100.6 

6.24 - 5.64 23.4 27.25 99.9 100.0 100.0 101.6 

5.64 - 5.22 24.6 25.07 99.9 100.0 100.0 103.0 

5.22 - 4.90 24.2 24.07 99.9 100.0 100.0 102.8 

4.90 - 4.64 27.3 21.80 99.9 100.0 100.0 103.3 

4.64 - 4.44 33.3 19.24 99.9 100.0 100.0 103.9 

4.44 - 4.26 42.2 16.42 99.9 100.0 100.0 104.4 

4.26 - 4.11 52.2 13.82 99.8 100.0 100.0 104.3 

4.11 - 3.97 60.2 11.69 99.2 96.1 96.1 105.1 

3.97 - 3.85 86.5 10.27 98.7 95.7 91.6 104.7 

3.85 - 3.73 91.4 8.84 98.7 96.4 85.5 105.1 

3.73 - 3.61 105.0 8.49 99.4 91.5 75.2 103.4 

3.61 - 3.49 111.4 7.03 99.2 90.6 69.1 103.6 

3.49 - 3.38 153.1 5.86 97.9 89.5 59.9 102.1 

3.38 - 3.26 169.9 5.12 96.9 86.7 51.9 101.9 

3.26 - 3.12 197.9 4.46 94.6 74.4 36.4 98.4 

3.12 - 2.94 247.2 3.61 88.2 76.2 23.2 94.4 

2.94 - 2.60 454.6 1.71 65.1 77.4 8.8 72.1 

 

  



OxlT-Fv (ligand-free form) 

Resolution Rmerge I/s(I) CC1/2 
Ellipsoidal  
completeness 

Spherical  
completeness. 

Redundancy 

47.26  - 9.54  23.3 12.18  98.7  99.8  99.8  24.5  

9.54  - 7.56  27.9 10.79  98.8  100.0  100.0  24.8  

7.56  - 6.60  36.5 9.02  98.9  100.0  100.0  25.3  

6.60  - 6.00  43.8 8.07  98.2  100.0  100.0  25.6  

6.00  - 5.57  53.6 6.91  97.9  100.0  100.0  25.5  

5.57  - 5.23  57.5 6.67  96.8  100.0  100.0  24.8  

5.23  - 4.97  59.8 6.70  97.0  100.0  100.0  25.3  

4.97  - 4.75  62.7 6.60  96.7  99.9  99.9  25.5  

4.75  - 4.57  97.0 5.13  95.3  99.6  99.6  24.6  

4.57  - 4.30  173.2 2.29  61.9  56.8  56.8  16.4  

4.30  - 4.18  135.8 3.45  92.9  99.2  99.2  24.7  

4.18  - 4.06  109.3 4.33  91.8  99.4  99.4  25.0  

4.06  - 3.96  177.4 2.76  86.6  99.5  99.5  25.0  

3.96  - 3.87  150.6 3.46  86.2  97.8  97.8  25.6  

3.87  - 3.78  171.1 3.08  85.4  95.8  95.8  25.6  

3.78  - 3.70  269.4 1.97  81.3  92.1  92.1  26.3  

3.70  - 3.62  281.0 1.95  80.6  87.5  87.3  25.7  

3.62  - 3.53  261.9 1.82  82.5  79.8  72.8  25.7  

3.53  - 3.40  265.9 1.87  71.3  64.3  43.9  25.3  

3.40  - 3.10  332.3 1.26  68.6  54.8  14.4  24.5  

 

 



Supplementary Table 3. Oxalate dihedral angle and binding distances derived from QM and QM/MM 

geometry optimisations.  

 

 
Dihedral 

angle 
Binding distance 

  

O1-C1-C2-O2 
angle 

(˚) 

O1-Y124(OH) 
(Å) 

O2-K355(NZ) 
(Å) 

O3-R272(NH2) 
(Å) 

O4-Y35(OH) 
(Å) 

O4-Q34(NE2) 
(Å) 

Crystal 

structure 

(PDB ID 

 8HPK) 

60.1 3.0 3.2 2.6 2.3 > 3 

QM 

9 frozen residues (Q34, Y35, Y124, Y150, R272, W324, Y328, W352, K355) + free oxalate 

B3LYP 68.2 2.7 2.8 2.8 2.6 > 3 

B3LYP-

D3BJ 
68.2 2.7 2.8 2.8 2.6 > 3 

QM/MM 

Oxalate, Q34, Y35, Y124, R272, K355 (QM) + other region of the protein (MM) 

B3LYP-

D3BJ 
50.2 2.7 2.6 2.6 2.8 2.8 

QM/MM 

Oxalate, Q34, Y35, Y124, Y150, R272, W324, Y328, W352, K355 (QM) + other region of the 

protein (MM) 

B3LYP-

D3BJ 
52.3 2.7 2.7 2.6 2.7 2.8 

 
The dihedral angle and binding distances of oxalate in the OxlT binding site are shown for the 
crystal structure and the optimized geometries from QM and QM/MM calculations. The results 
of the QM calculation with the nine frozen residues and free oxalate using either the B3LYP or 
B3LYP-D3BJ functionals are displayed. The results of the QM/MM calculations using the 
B3LYP-D3BJ functional with two different definitions of the QM region are also presented. 



Supplementary Table 4. Relative binding free energy of oxalate to OxlT calculated with the molecular 

mechanics / generalized Born surface area (MM/GBSA) method.  

 

Stage Average Std. Dev. Std. Err. of Mean 

OxlT-op-

dih90 

-13.5 7.2 0.3 

OxlT-occ-

dih90 

-35.5 6.3 0.4 

OxlT-occ-

dih50 

-36.6 4.5 0.7 

 

It was determined for three stages: the outward-open conformation (PDB ID 8HPJ) with the oxalate 

dihedral ~ 90 degree (OxlT-op-dih90), the occluded conformation (PDB ID 8HPK) with the oxalate 

dihedral ~ 90 degree (OxlT-occ-dih90), and the occluded conformation with the oxalate dihedral ~ 50 

degree (OxlT-occ-dih50). The values are shown in kcal/mol unit. 

 



Supplementary Table 5. Summary of simulation systems. 

 

 Initial 

structure 

Lys355 

protonation 

Bound 

ligand 

Number of 

Trajectories 

Total 

Simulation 
Time [ns] 

System1 Outward-

open 

(PDB ID 

8HPJ) 

Protonated N/A 1 1700 

System2 Outward-

open 

(PDB ID 

8HPJ) 

Deprotonated N/A 1 1700 

System3 Occluded 

(PDB ID 

8HPK) 

Protonated Oxalate 3 3000 

System4 Occluded 

(PDB ID 

8HPK) 

Protonated Formate 2 2000 

 



Supplementary Table 6. Results of the Dunnett's multiple comparisons tests for Figure 2c and 2e. 

 Mean Diff. 95.00% CI of diff. Adjusted P Value 
Figure 2c    
WT vs. Q34A 2.399 1.533 to 3.264 <0.0001 
WT vs. Y35A 2.760 1.894 to 3.625 <0.0001 
WT vs. Y124A 3.755 2.889 to 4.621 <0.0001 
WT vs. Y150A 3.306 2.440 to 4.171 <0.0001 
WT vs. N268A 3.713 2.847 to 4.579 <0.0001 
WT vs. R272A 2.519 1.653 to 3.385 <0.0001 
WT vs. W324A 3.818 2.952 to 4.684 <0.0001 
WT vs. Y328A 0.9026 0.03713 to 1.768 0.0363 
WT vs. W352A 0.6586 -0.2069 to 1.524 0.2442 
WT vs. K355Q 3.234 2.368 to 4.099 <0.0001 
Figure 2ea    
WT vs. empty 67.60 41.16 to 94.04 <0.0001 
WT vs. Q34A 31.00 1.437 to 60.56 0.0384 
WT vs. Y35A 41.30 11.74 to 70.86 0.0058 
WT vs. Y124A 0.8500 -28.71 to 30.41 0.9999 
WT vs. N268A 61.70 32.14 to 91.26 0.0002 
WT vs. R272A 53.67 27.22 to 80.11 0.0003 
WT vs. W324A 15.75 -13.81 to 45.31 0.4932 
WT vs. Y328A 51.00 21.44 to 80.56 0.0010 

aThe data at 60 min were analysed. 
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