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Supplementary Fig. 1 | Multiple sequence alignment of SLC18 family proteins. The sequences 

of the Homo sapiens VMAT2 (HsVMAT2), Rattus norvegicus VMAT2 (RnVMAT2), Homo 

sapiens VMAT1 (HsVMAT1), Rattus norvegicus VMAT1 (RnVMAT1), Homo sapiens VAChT 

HsVMAT2    1                                            L                                                 M     A    L E R SR LIL IV LAL LDNML  VVVPIIPSYL  I                ............. ALSEL LVRW Q S R  K   F  F         LT          YS KHEKNATEIQTAR...

RnVMAT2    1                                            L                                                 M     V    L D R SR LIL IV LAL LDNML  VVVPIIPSYL  I                ............. ALSDL LLRW R S H  K   F  F         LT          YS KHEKNSTEIQTTR...

HsVMAT1    1                                            L                                                 L     A    L E R SR LVL VV VAL LDNML  VVVPIVPTFL  M                ............M RTILD PQRL K G A  Q   V  F         FT          YD EFKEVNSSLHLGHAGS

RnVMAT1    1                                            L                                                 L     A    L E R SR LVL VV VAL LDNML  VVVPIVPTFL                   ............M QVVLG PQRL K G Q  K   V  F         LT          YATEFKDSNSSLHRGPSVS

HsVAChT    1                                            L                                                 A     A    L E R QR LVL IV VAL LDNML  VIVPIVP YI  M                MESAEPAGQARAA TKLSE VGAA Q P R  R   V  C         YM       D  AH RGGGEGP.........

HsVPAT     1                                            L                                                                     A              V  LI  A  N    M                ...............MEALGDLEGPRAPGGDDP GSAGETPGW SREQ FV  SA SV LGSM CYSILGP.........

HsVMAT2   65                                                                        G  F   A                                    T                              E   V LL ASK  ..PVHTASISDSFQSIFSYYDNSTMVTGN.ATRDL LHQTATQHMVTNASAVP.SDCPSEDKDLLN NVQ         T

RnVMAT2   65                                                                        G  F   A                                    Q                              E   V LL ASK  ..PELVVSTSESIFSYYNNSTVLITGNATGTLPGG SHKATSTQHTVANTTVP.SDCPSEDRDLLN NVQ         T

HsVMAT1   69                                                                        G  F   A                                    N                              E   V VL ASK  SPHALASPAFSTIFSFFNNNTVAVEESVPSGIAWM DTASTIPPPATEAISAHKNNCLQGTGFLEE ITR         V

RnVMAT1   69                                                                        G  F   A                                    N                              E   I IL ASK  SQQALTSPAFSTIFSFFDNTTTTVEEHVPFRVTWT G...TIPPPVTEASSVPKNNCLQGIEFLEE NVR         L

HsVAChT   72                                                                        G  F   A                                    N                              E   I VL ASK  ..................TRTPEVWEPTLPLPTPA ASAYTANTSASPTAAWPAGSALRPRYPTES DVK         I

HsVPAT    57                                                                        G  F   A                                                                       I MI      .......................................................FFPKEAEKKGASNTI     GCF L

HsVMAT2  141   L      G              G       T  F                   R                  A     VQ I NP       RIGY IPI A   IMFVS IM AF          YA L IA SLQGIGS     AGM ML  VY D    T  FI LLTN    P   F  FC           SS.......S  F L          SCSSV   G   S  T 

RnVMAT2  142   L      G              G       T  F                   R                  A     VQ L NP       RIGY IPM A   IMFIS VM AF          YA L IA SLQGIGS     AGM ML  VY D    T  FI LLTN    P   F  FC           SS.......S  F L          SCSSV   G   S  T 

HsVMAT1  149   L      G              G       T  F                   R                  A     MQ L NP       RIGY IPM A   IMFLS VM AF          Y  L VA TLQGIGS     AGL ML  VY D    V  FV PLTN    H   F  FV           SG.......T TL F          SFSSV   G   S  T 

RnVMAT1  146   L      G              G       T  F                   R                  A     MQ L NP       RIGY IPM V   IMFLS LM AF          YA L VA TLQGIGS     AGL ML  VY D    V  FV PLTN    H   F  FM           SG.......T  L F          SFSSV   G   S  T 

HsVAChT  134   L      G              G       T  F                   R                  A     LQ L NP       RM Y VPL I   VMFAS VL AF          YA L AA SLQGLGS      GI MI   Y E    V  LS PFID  S D   L  LG           AE.......D  T F          AFADTS  A   DK P 

HsVPAT    82   L      G              G       T  F                   R                  A        L S        HIG      A   V     IL              A   LV  M  V       A   IL  AF  FE  A LVF NYLV   AKFMFV  MF SGGV    GVLDRVPDGPVFI MCF   V DA SFAAAMT SSS   K  PN

HsVMAT2  214         G        G     P G   Y   G   PF  L    L                               L   ER  VM  AL  L M VLVG  F  VL EFV K A  LV A LV LD AIQL VL P  V P        GT L   LDE  GN   I  GG A      P   S        T       A     G    F  Q SR Q ESQK....  P TT  

RnVMAT2  215         G        G     P G   Y   G   PF  L    L                               L   ER   M  AL  L M VLVG  F  VL EFV K A  LV A LV LD AIQL VL P  V P        GT L   LDE  GKP  I  GG A      P   S        T       A     G    F  Q SR Q ESQK....  P TT  

HsVMAT1  222         G        G     P G   Y   G   PF  L    L                               L   ER  AM  AL  L L LLVG  F  VM EFV K A  LI A LA LD ALQL IL P  V P        GT L   LDH  GR   T  GG A      A   S        S       F     G    C  Q SK S ESAK....  P FM  

RnVMAT1  219         G        G     P G   Y   G   PF  L    L                               L   ER  AM  AL  L L LLVG  F  VM EFV K    LI A LA LD ALQL IL P  V P        GT L   LNY  GR   I  GG A      A   S        SS      F     G    C  W SK S ESAM....  S LT  

HsVAChT  207         G        G     P G   Y   G   PF  L    L                               L   ER  AL  AL  I    LV   F  IL EFA K V  LV A V   D LL L VA P  A          GT I   MEP  SR   V  AF SF S  AP   G        R       A S F A  L A  K FS AARARANLPV  P HR  

HsVPAT   162         G        G     P G   Y   G   PF  L    L                               L       VL  L     L LILG      L       V  IV   VV L   LNM IL      P               IN..VAT   S ETFSG      P V GF  QSF YE      GC    MVP   Y  PNYESD GEHS.......FWK  

HsVMAT2  290   P     A            L P                 G   L               L         WL        D YILIA G I  ANMGIA  E  L IWMM TM    W L VAF PA I YLIGT IFGI A K G   R    LLGMIK         S CF      M   A P    E  CSRK Q        S S     N      H M ...   CA     

RnVMAT2  291   P     A            L P                 G   L               L         WL        D YILIA G I  ANMGIA  E  L IWMM TM    W L VAF PA I YLIGT IFGI A K G   R    LLGMVK         S CF      M   A P    E  CSRK Q        S S     N      H M ...   CA     

HsVMAT1  298   P     A            L P                 G   L               L         WL        D YILVA G I  ANMGVA  E  L IWMM TM    W L LAF PA V YLIGT LFGV A K G   R    LIGMLK         S CF      I   T P    Q  CSPK Q        S S     N      N M ...   CS     

RnVMAT1  295   P     A            L P                 G   L               L         WL        D YILVA G I  ANMGVA  E  L IWMM TM    W L LAF PA V YLIGT LFGV A K G   R    LVGMVK         S CL      I   T P    Q  CSPE Q        S A     N      N M ...   CS     

HsVAChT  287   P     A            L P                 G   L               L         WL        D YIAVV G L   NIPLA  E  I  WM  TM    W M MAW PA V  VLG  L    A R P        ALGLAL         A TTC     F   T AT  KH  AASE E        F PH   VY TVR  A Y HL.Q  YG     

HsVPAT   233   P     A            L P                 G   L               L         WL           V LI   I  LS      D  L LFVL         V LVF GM L YAI S LFGL   K P   K       LIAL K G   FV NS  SCFGF   T S    EKFNLPAGY        A S   S P     SD R PLR   LVFGN  

HsVMAT2  367   G        P       L                   P         H           G V              GPIV  SIL   I  AKN  G I    GV   I MVDSSMM  MG LVDLR  S       VY S YAIADVAF MGYAI     V   C..  F   IY   APNF  GFA G        I  Y      V .......             C       

RnVMAT2  368   G        P       L                   P         H           G V              GPIV  SIL   I  AKN  G I    GV   I MVDSSMM  MG LVDLR  S       VY S YAIADVAF MGYAI     I   C..  F   IY   APNF  GFA G        I  Y      V .......             C       

HsVMAT1  375   G        P       L                   P         H           G V              GPVV  SLL   V  AHN  G I    GL   I MVDSSMM  MG LVDLR  S       VY S YAIADVAF MGFAI     T   C..  L   IF   GPNA  GLA G        I  H      T .......             C       

RnVMAT1  372   G        P       L                   P         H           G V              GPAV  SLL   V  AHN  G I    GL   I MVDSSLM  MG LVDLR  S       VY S YAIADVAF VGFAI     I   C..  L   IF   GPNA  GFA G        I  Y      T .......             C       

HsVAChT  366   G        P       L                   P         H           G V              GPVI  S     V   RS  P V    GL   I LVDT LL  L  LVDVR  S       VY S YAIADI Y V YAL     A SCI..  AC  FA   VSLC  CFG A    A   T AF      V .......           S S A     

HsVPAT   313   G        P       L                   P         H           G V              GP A   ML   V  LH           L      A  SII   P IL     N              L  AMW IG  M  T  CY  LGP  I  IKSQ WLLVLI VVSGLS GM    TF E  SCA E GFEEGLSTL L SG FS   S  AF   

HsVMAT2  438    G      GF       G                                    L                       S G  IA  I   WLM I  II ILFAPL   L S             A EE  A               Q      P G A  A  KA   P   T I   D      CFF R P...........P K  KM I MDHNCPIKTKMYT NNIQSY I 

RnVMAT2  439    G      GF       G                                    L                       S G  IA  I   WLM I  II IAFAPL   L S             A EE  A               Q      P G A  A  KA   P   T I   D      CFF R P...........P K  KM I MDHNCPIKRKMYT NNVQSY I 

HsVMAT1  446    G      GF       G                                    L                       S G  IV  I   WLM I  VI IVYAPL   L S             A EE  A               Q      P G T  A  KA   P   V T   N      CYY R P...........P K  KL I SQDCPMETRMYAT KPTKEF L 

RnVMAT1  443    G      GF       G                                    L                       S G  IV  I   WLM I   I IIYAPL   L N             A EE  A               Q      P G T  V  QV   P   V I T N      CCF Q P...........P K  KR I SQECPTETQMYTF KPTKAF L 

HsVAChT  437    G      GF       G                                    L                            IV  L    L     LA LLYAPV   L N             L DE                  Q      P GIVA H  HS   EQ SLGM   N      LLL R VGLLTRSRSERDV L  PPQG YDAVRLRERPVSG DGEPRS P 

HsVPAT   393    G      GF       G                                    L                       T G  L   I   WAA I  L  LI                             M               S          L  F YEK   E   A Q  WA  SG.........................LA G FYLLEYSRRKRSK QNILSTEEE

HsVMAT2  507        D                                                                        EDEESES ........                                                                

RnVMAT2  508        D                                                                        DDEESES ........                                                                

HsVMAT1  515        D                                                                        EDSDEEP HEE.....                                                                

RnVMAT1  512 ENSDDPSSGE......                                                                

HsVAChT  517        D                                                                        PFDACED YNYYYTRS                                                                

HsVPAT   448        E                                                                        RTTLLPN T.......                                                                
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(HsVAChT) and Homo sapiens VPAT (HsVPAT) are aligned using CLUSTALW 

(https://www.genome.jp/tools-bin/clustalw). The secondary structure information for VMAT2 

used in this structural analysis is shown at the top of the sequence. α helices are shown as 

cylinders. Unmodeled residues are shown as dashed lines. Conserved residues are colored as red 

and blue boxes. The key residues discussed throughout the article are indicated by yellow triangles.  

https://www.genome.jp/tools-bin/clustalw


 
Supplementary Fig. 2 | Sample preparation of VMAT2-Fab0801 complex. a, Snake-shape 

diagram of the VMAT2 construct used in complex assembling. The snake-diagram of VMAT2 was 

adopted and modified from the Protter website (https://wlab.ethz.ch/protter/). b, Fluorescence size 

exclusion chromatography profiles of wild-type VMAT2 (VMAT2FL) and VMAT2 construct used 

for cryo-EM (VMAT2cryo). c, Size exclusion chromatography (SEC) profiles of VMAT2cryo and 

VMAT2cryo-Fab0801 complex. d, SDS-PAGE results of VMAT2cryo, VMAT2cryo-Fab0801 
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complex, and each mutant VMAT2 after SEC. Red and blue arrows indicate VMAT2 and Fab 

regions, respectively.  
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Supplementary Fig. 3 | Single-particle cryo-EM analysis procedure. a-f, Flow chart outlining 

cryo-EM image acquisition and processing performed to obtain structures of VMAT2. 

Representative cryo-EM micrographs and two-dimensional classification averages of VMAT2apo 
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(a), VMAT2dop (c) and VMAT2tet (e). Cryo-EM data processing workflows of the VMAT2apo (b), 

VMAT2dop (d) and VMAT2tet (f). Data processing was performed by Relion (in blue) and 

cryoSPARC (in black).  



 
Supplementary Fig. 4 | Cryo-EM density map. a-c, The transmembrane helices 1-12 of the 

VMAT2apo (a), VMAT2dop (b) and VMAT2tet (c). d, The region of the VMAT2apo corresponding to 

the dopamine binding site. c, d, The ligand-binding site of VMAT2dop (e) and VMAT2tet (f).  
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Supplementary Fig. 5 | Intracellular gate and intracellular-bound antibody of VMAT2. a, 

Side view of the VMAT2apo. The dash square represents the intracellular gate. b, Close-up view of 

a dash square in (a). The triad of Arg217-Asp411-Tyr418 hydrogen bonded network. The N-

terminal and C-terminal domain are indicated by blue and red. Proteins and residues are shown as 

ribbons and sticks. Dotted lines indicated hydrogen bonds. c, The electrostatic potential surface of 

VMAT2 and Fab0801. The positively charged surface of N-terminal tail of VMAT2 and the 

negatively charged surface of the CDRs of Fab0801 contribute to the complex formation. d, Close-

up view of the complex interfaces between VMAT2 and Fab0801. The interfaces were stabilized 

by hydrogen bonds (dashed lines) and hydrophobic interactions between several key residues 

(sticks).  
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Supplementary Fig. 6 | Neurotransmitter transport activity of VMAT2 and its variants.  a, b, 

Transport activity of dopamine (a) and 5-HT (b) in wild-type VMAT2 (VMAT2WT) 

proteoliposomes. Error bars represent mean ± SEM; points represent biologically independent 

measurements (n = 6). *P < 0.01; NS, not significant. c, 5-HT transport activity of VMAT2WT and 

cryo-EM construct (VMAT2Cryo) in the presence or absence of the intracellular recognition 

antibody Fab0801. d, Uptake of 5-HT by proteoliposomes containing purified VMAT2 variants. 

Error bars represent mean ± SEM; points represent biologically independent measurements (n = 5 

for N305Q, E312D and D399N; n = 6 for others).  
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Supplementary Fig. 7 | Comparison of amine ligand binding features of transporters and G 

protein-coupled receptors (GPCRs).  a-f, Proteins and ligands are shown as ribbons and sticks. 

Side chains are indicated by sticks. The substrate binding site on VMAT2 (a; orange), dopamine 

transporter (b; cyan, PDB 4XP1)24, dopamine D1 receptor (c; green, PDB 7CKZ)26, histamine H4 

receptor (d; purple, PDB 7YFC)28, 5-HT 2A receptor (e; pink, PDB  7WC4)27 and dopamine D2 

receptor (f; blue, PDB 7DFP)25.  
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Supplementary Fig. 8 | Different ligand binding modes in VMAT2.  a, Side view of the 

superposition of VMAT2dop (orange) and VMAT25HT (blue, PDB 8T6B)17. b, Close-up view of a 

dash square in (a). Dopamine and 5-HT are indicated by green and magenta sticks, respectively. c, 

Side view of the superposition of VMAT2tet (purple) and tetrabenazine-bound VMAT2 (white, 

PDB 8T69)17. d, Close-up view of a dash square in (c). Tetrabenazine in each structure was 
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indicated by yellow (VMAT2tet) and cyan (PDB 8T69) sticks, respectively. e, Side view of the 

superposition of VMAT2dop (orange) and reserpine-bound VMAT2 (gray, PDB 8T6A)17. f, Close-

up view of a dash square in (e). Dopamine and reserpine are indicated by green and pink sticks, 

respectively.  Proteins and ligands are shown as cylinders and CPK models (a, c, e). Residues that 

recognize each ligand alone are indicated by the corresponding-colored boxes (b, d, f). 

  



 
Supplementary Fig. 9 | pKa prediction. a-f, The pKa prediction server (a, c, e; 

https://www.ddl.unimi.it/vegaol/propka.htm, b, d, e; http://cospi.iiserpune.ac.in/depth) was used 

to predict the pKa of residues in VMAT2apo (a, b), VMAT2dop (c, d) and VMAT25HT (e, f, PDB 

8T6B). Asp is indicated by orange circles and Glu by blue circles. 
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Supplementary Fig. 10 | Conformational changes in the intracellular region of VMAT2. a-c, 

Comparison of intracellular gate structures. VMAT2dop (orange) was superimposed with VMAT2tet 

(purple) (a), VMAT25HT (blue, PDB 8T6B) (b) and reserpine-bound VMAT2 (gray, PDB 8T6A) 

(c), respectively. d, More “closed” structure of VMAT25HT. Superposition of VMAT25HT and two 

different reserpine-bound VMAT2 structures (left panel; PDB 8JTC, right panel; PDB 8T6A). 5-

HT and two reserpines are indicated by magenta, pink and purple sticks, respectively. The distances 
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between residues are shown as black dotted lines (VMAT2dop) and gray dotted lines (a: VMAT2tet, 

b: VMAT25-HT, c: reserpine-bound VMAT2). 

 


