
Supplementary Figure Legends and Supplementary Figures 
 
Figure S1. Protein sequence alignment of EXP2 from 12 Plasmodium species. The secondary structure 

elements and domain boundaries as observed in the reference structure of Pf-EXP2 [26] are indicated on top 

of the alignment. The pair of strictly conserved cysteines engaged in a disulfide bridges is highlighted in 

green. Other highly conserved cysteines are highlighted in grey. Alignment performed in Clustal-Ω [122] 

and displayed with ESPRIPT3.0 [123]. Although the predicted signal sequence cleavage site is between 

residues 20-22, the magenta arrow indicates the observed cleavage site after the first cysteine in Pf-EXP2. 

Sequences were retrieved from www.PlasmoDB.org. Human pathogens: P.falciparum, P.vivax, P.malariae, 

P.ovale – Monkey pathogens: P.knowlesi, P.cynomolgi, P.reichenowi – Rodent pathogens: P.berghei, P.yoelii, 

P.chabaudi – Bird pathogens: P.relictum, P.gallinaceum. The species infecting monkeys have also been found in 

humans. 

 

Figure S2. Protein sequence alignment for the core segment of PTEX150 from 10 Plasmodium species. (A) 

The secondary structure elements and domain boundaries as observed in the reference structure of Pf-

PTEX150 [26] are indicated on top of the alignment. Alignment performed in Clustal-Ω and displayed with 

ESPRIPT3.0. Human pathogens: P.falciparum, P.vivax, P.malariae, P.ovale – Monkey pathogens: P.knowlesi, 

P.cynomolgi, P.reichenowi – Rodent pathogens: P.berghei, P.yoelii, P.chabaudi. The species infecting monkeys 

have also been found in humans. Sequences were retrieved from www.PlasmoDB.org. (B) Matrix displaying 

the percentage of sequence identity. 

 

Figure S3. Splayed surface representation of the EXP2/PTEX150 tetradecameric pore assembly. The EXP2 

heptamer and EXP2/PTEX150 tetradecamer are shown in surface representation where three EXP2 (1, 2 and 

7) and three PTEX150 (1’, 6’ and 7’) subunits have been rendered transparent to show the geometry of the 

protein conducting path and the intricacy of the association between the soluble adaptor protein PTEX150 

and the membrane protein EXP2. Subunits are labeled and colored as in Figures 3 and 4. A model helix (P) 

indicates the axis of the central pore along the protein-conducting path. 

 

Figure S4. Comparison of three protein-conducting pores. Side, top and bottom views of (A) the anthrax 

protective antigen (PDB 3J9C) [47], a C7-symmetric β pore-forming translocon with a ring of residues (φ-

clamp, magenta) functioning as an acidic pH-sensing gate, (B) the rigid EXP2/PTEX150 tetradecamer and 

(C) the Sec61/SecY universal translocon (PDB 3MP7) [50]. Transmembrane regions (β-strands or α-helices) 

are colored in green or cyan, soluble regions are colored in grey. (A) and (B) are on the same scale, (C) is 

2.4X the scale of (A) and (B). For Sec61/SecY, the hydrophobic plug (yellow) and ring (magenta) regions seal 

the pore and prevent leakage of water and ions in the resting state or during translocation. The lateral gate 

provides an exit portal (dark dots) to partition transmembrane helices from the pore into the lipid bilayer. 

 



Figure S5. Protein sequence alignment of the catalytic domains of AAA+ protein unfoldase/disaggregases 

Pf-HSP101, Ec-ClpB, and Sc-HSP104. For the sake of clarity, the N-terminal domains have been omitted. 

The secondary structure elements and domain boundaries as observed in the reference structure of Pf-

HSP101 [26] are indicated on top of the alignment. Alignment performed in Clustal-W and displayed with 

ESPRIPT3.0. Nucleotide-Binding Domains (NBD) I and II, C-Terminal Domains (CTD) and middle domain 

(MD) are indicated. Walker A (-GxxxxGKT/S- x being any residue) and Walker B  (-hhhhDE- h being any 

hydrophobic residue) motifs bearing the catalytic residues are indicated together with the pore loop (PL) 

tyrosines (Y280 and Y686) interacting with the polypeptidic backbone of denatured substrates. The trans-

acting Arginine fingers (R360/R361 and R800) and the cis-acting Arginine finger (R859) are involved in inter 

and intra- protomer transition state stabilization, respectively.  

 

Figure S6. Protein sequence alignment of the catalytic domains from aspartic proteases P. vivax 

Plasmepsin V, P. falciparum Plasmepsin V and T. gondii Aspartic Protease 5 involved in the proteolytic 

licensing of PEXEL and TEXEL motifs, respectively. Sequence alignment of the conserved catalytic domains 

of Pv-PlmV, Pf-PlmV and Tg-Asp5. Alignment performed in Clustal-W and displayed with ESPRIPT3.0.  The 

secondary structure elements and domain boundaries as observed in the reference structure of Pv-PlmV are 

indicated on top of the alignment [95]. Catalytic aspartates in conserved motifs D80TGS and D317SGS/T are 

underlined in green. The 7 conserved disulfide bonds are numbered and colored accordingly; the only non-

bridged cysteine (C*) is not conserved between Toxoplasma and Plasmodium. A helix-turn-helix insertion also 

characteristic of Plasmodium is colored in magenta. Predicted C-terminal trans-membrane helices (TMH) 

responsible for ER- (in PlmV) or Golgi- (in Asp5) anchoring are indicated. Pv-PlmV has 540 residues, Pf-

PlmV has 590 residues and Tg-Asp5 has 1012 residues. Sequences were retrieved from www.PlasmoDB.org 

and www.ToxoDB.org. 

 

Figure S7. Sequences and properties of Toxoplasma gondii MYR vacuolar membrane proteins. Predicted 

signal sequences and trans-membrane helices are boxed in grey and yellow, respectively. Cysteines are 

boxed in red. Serine-phosphorylation sites are boxed in cyan; MYR1: S175, S227, S246 and S787 – MYR2: 

S157 and S162 – MYR3: S41, S52 and S115 – MYR4: S724. TEXEL vacuolar trafficking signals (-RRL-) 

processed by aspartic protease Tg-Asp5 are present in MYR1 and MYR4. For the MYR4 sequence, 

numbering adheres to the results from Cygan et al. resulting in a discrepancy with the sequence curated in 

www.ToxoDB.org where the encoded protein has an additional 60 residues at its N-terminus [109]. For this 

shorter protein, this results in the high-probability prediction of a signal sequence. 



Pfal
Pfal    1 MK             YK           Y D  AT A  T    P      D Y   VK P T      K  V YI S      V  NT NTVV       LA  S LT VIKD ISLTIK I EHG      KII KL    S  F FFLLFF     .    CDNG G                             N F    H   
Pviv    1 MK             YK           Y D  AT A  T    P      D Y   VK P T      K  V YI S     II  NT TNVV C     LA  S LT IVKD ISLTIK L EHG    I KLI KI    S  L LFFFL      T    E GG S                             D      H   
Pmal    1 MK             YK           Y D  AT A  T    P      D Y   VK P T      K  I    S     VI  NT TNVV C     LA  S LT IVKD ISLTIK L EHG    V KLI KL    SCFL FFLFF      .    Y GG G                             D      H   
Pova    1 MK             YK           Y D  AT A  T    P      D Y   VK P T      K  I YI S     VI  NT TNVV C     LA  S LT IVKD ISLTIK L EHG    I KLI KL    S  L FFLFL      .    Q DG S                             D      H   
Pkno    1 MK             YK           Y D  AT A  T    P      D Y   VK P T      K  V YI S     IV  N  TNVV C     LA  S LT IVKD ISLTIK L EHG    V KLI KI    T  F FLFFL     IT    Q GN S                             D      H   
Pcha    1 MK             YK           Y D  AT A  T    P      D Y   VK P T      K  I YI S     A    T TN V C     LA  T LS VIRD LSMTIR L D G    I  LI  L    R  V LFLFY T  H .  T Q DT S                         N   V   D  NS  
Pcyn    1 MK             YK           Y D  AT A  T    P      D Y   VK P T      K  V YI S     II  NT TNVV C     LA  S LT IVKD ISLTIK L EHG    I KLI KI    S  F LLFFL      T    H GG S                             D      H   
Pber    1 MK             YK           Y D  AT A  T    P      D Y   VK P T      K  I Y  S     A    T TNIV C     LA  T LS IIRD LSMSLK L DHG    I  MI  L    R FL LFLFY T  H .    K DA S                             I   D  NI  
Pyoe    1 MK             YK           Y D  AT A  T    P      D Y   VK P T      K  I Y  S     A    T TNIV C     LA  T LS VIRD LSMSLK L DHG    I  II KL    R FL LFLFY T  H .    K DA S                             V   D  N   
Pren    1 MK             YK           Y D  AT A  T    P      D Y   VK P T      K  V YI S      V  NT NTVV       LV  S LT VIKD LSLTIK I EHG      KII KL    S  F FFLLFF     .    CDNA G                             N F    H   
Prel    1 MK             YK           Y D  AT A  T    P      D Y   VK P T      K  V  I       LL  NS  TIV C     IA  S LQ VIKE ITLTIK L EHG    I KLV KI    IK FVLSFVF      ..   H GG G                             S      H   
Pgal    1 MK             YK           Y D  AT A  T    P      D Y   VK P T      K  I  I       LL  NN  NIA C     IA  S IQ IVKE ISLTIK L DH     V RLI KI    SK FIFSFVF      ..   Q EG G                          A  D      N   

Pfal
Pfal   70 K  RY K LRWSR WW LLVREIVG N  E  TE  LR IWDQCTI   NNTL     KP LFLHGILNE  I  R V     M  V        D  I KK  KA  E       AVY      VES  L          F                         T                         NA               
Pviv   71 K  RY K LRWSR WW LLVREIVG N  E  TE  LR IWDQCTI   NNTL     KP LFLHGILNE  V  R V     I  V        D  I RK  KA  E       AVY      IES  L          V                         A                         YA               
Pmal   70 K  RY K LRWSR WW LLVREIVG N  E  TE  LR IWDQCTI   NNTL     KP LFLHGILNE  V  R V     V  I        D  I RK  KA  E       AVY      IES  L          V                         A                         YS               
Pova   70 K  RY K LRWSR WW LLVREIVG N  E  TE  LR IWDQCTI   NNTL     KP LFLHGILNE  V  R V     I  I        D  I KK  KA  E       AVY      IES  L          V                         A                         YA               
Pkno   71 K  RY K LRWSR WW LLVREIVG N  E  TE  LR IWDQCTI   NNTL     KP LFLHGILNE  V  R V     I  V        D  I RK  KA  E       AVY      IES  L          V                         A                         YA               
Pcha   70 K  RY K LRWSR WW LLVREIVG N  E  TE  LR IWDQCTI   NNTL     KP LFLHGILNE     K I     M  V           I      I  E        IY      VES  M          SH                      N K  DA  C           S      FS               
Pcyn   71 K  RY K LRWSR WW LLVREIVG N  E  TE  LR IWDQCTI   NNTL     KP LFLHGILNE  V  R V     I  V        D  I RK  KA  E       AVY      IES  L          V                         A                         YA               
Pber   70 K  RY K LRWSR WW LLVREIVG N  E  TE  LR IWDQCTI   NNTL     KP LFLHGILNE  V  K I     M  I           V      I  D        IY      VES  I          A                       N K  EA  C           S      YS               
Pyoe   70 K  RY K LRWSR WW LLVREIVG N  E  TE  LR IWDQCTI   NNTL     KP LFLHGILNE  V  K I     I  V           V      I  D        IY      VES  I          A                       N K  EA  C           S      YS               
Pren   70 K  RY K LRWSR WW LLVREIVG N  E  TE  LR IWDQCTI   NNTL     KP LFLHGILNE  I  R V     M  V        D  I RK  KA  E       AVY      VES  L          F                         T                         NA               
Prel   69 K  RY K LRWSR WW LLVREIVG N  E  TE  LR IWDQCTI   NNTL     KP LFLHGILNE  L  R V     I  I        D  I KR  K   E       AVF      IDT  L          F                         N       E                 NT               
Pgal   69 K  RY K LRWSR WW LLVREIVG N  E  TE  LR IWDQCTI   NNTL     KP LFLHGILNE  L  R V     I  I        D  I KR  K   E       AVF      VET  L          V                         S       E                 NT               

Pfal
Pfal  140 C   F TKLR DP LIV K  QI KS IYRFWVS  YLK   S   Y  I    VP LPKE TL  LS Y RNN      Q      A ID  I  Q       EP   IGR        T          C  KH  S      A       S                             HTL TH  PDA  Q             
Pviv  141 C   F TKLR DP LIV K  QI KS IYRFWVS  YLK   S   Y  I    VP LPKE TL  LS Y KNN S    Q      A ID  L  Q       EP   IGK   F    N          C  KH  S              G                             SI  TR  SKN  P             
Pmal  140 C   F TKLR DP LIV K  QI KS IYRFWVS  YLK   S   Y  I    VP LPKE TL  LS Y KNN S    Q      A ID  L  Q       EP   IGR   F    T          C  KH  S              G                             NT  TR  PEM  P             
Pova  140 C   F TKLR DP LIV K  QI KS IYRFWVS  YLK   S   Y  I    VP LPKE TL  LS Y KNN S    Q      A ID  L  Q       EP   LGR   F    T          C  KH  S              G                             SI  TR  PKI  P             
Pkno  141 C   F TKLR DP LIV K  QI KS IYRFWVS  YLK   S   Y  I    VP LPKE TL  LS Y KNN S    Q      A ID  L  Q       EP   IGK   F    N          C  KH  S              G                             GI  TR  SKN  P             
Pcha  140 C   F TKLR DP LIV K  QI KS IYRFWVS  YLK   S   Y  I    VP LPKE TL  LS Y KSS S             ID  L  Q       EP   LGK   Y    N             KH  S           H  G   S                         GI  SK  HDN  E    H        
Pcyn  141 C   F TKLR DP LIV K  QI KS IYRFWVS  YLK   S   Y  I    VP LPKE TL  LS Y KNN S    Q      A ID  L  Q       EP   IGK   F    N          C  KH  S              G                             SI  TR  SNN  P             
Pber  140 C   F TKLR DP LIV K  QI KS IYRFWVS  YLK   S   Y  I    VP LPKE TL  LS Y KNS S             ID  L  Q       EP   IGR   F    T          C  KH  S           H  G   S                         NI  AN  QKN  L             
Pyoe  140 C   F TKLR DP LIV K  QI KS IYRFWVS  YLK   S   Y  I    VP LPKE TL  LS Y KNS S             ID  L  Q       EP   LGR   F    T          C  KH  S           H  G   S                         NT  AN  QKN  L             
Pren  140 C   F TKLR DP LIV K  QI KS IYRFWVS  YLK   S   Y  I    VP LPKE TL  LS Y RNN      Q      A ID  I  Q       EP   IGR        T          C  KH  S      A       S                             HTL TH  PDV  H             
Prel  139 C   F TKLR DP LIV K  QI KS IYRFWVS  YLK   S   Y  I    VP LPKE TL  LS Y K N S    Q      V M   I          E    I R   F    T             R   S   E          S      N     E        N    A  GI  KS  PSI  P    H   Y    
Pgal  139 C   F TKLR DP LIV K  QI KS IYRFWVS  YLK   S   Y  I    VP LPKE TL  LS Y KSN S    Q      A MD  I          D    IGR   F    T             K                  S            G        A       GI  KN  PKL  A    H   Y  A 

Pfal
Pfal  210 M  KLK  ESKKNIESGKYE D                                                 EE   SM            F VDS    S       D               D  D    D  FDDD                           SETD TKDDGKP D..........D..D DD NFDD DN    TV
Pviv  211 M  KLK  ESKKNIESGKYE D                                                 EE   SM            F VES    T                       D  DD   E  FEEE                           TKST DDGQ.................AD ED  ENE DA    ..
Pmal  210 M  KLK  ESKKNIESGKYE D                                                 EE   TM            F V S    T       E               D  DD   E  F DD                         A SNKS NDTEVTG D..........DQND DE  TFD ET K  ..
Pova  210 M  KLK  ESKKNIESGKYE D                                                 EE   SM            F VES    T       D               D  DD   E  FEDE                           TKNS NDTDD.E D..........DQNE ED  QND ES    ..
Pkno  211 M  KLK  ESKKNIESGKYE D                                                 EE   SM            F VES    T                       E   D   E  FEDE                           TKKS DDGL.................TD EE. ENE DV    ..
Pcha  210 M  KLK  ESKKNIESGKYE D                                                 EE   SM            F VDS            D               D  DD   D  FEED                           GNAGDDAYTEYE ............... QT  ILN QL    KP
Pcyn  211 M  KLK  ESKKNIESGKYE D                                                 EE   SM            F VES    T                       E  DD   E  FEEE                           TKNT DDSQ.................AD ED  ENE DA    ..
Pber  210 M  KLK  ESKKNIESGKYE D                                                 EE   SM            F VDS    N       D               D  DE   D  FEE                            KNDS DAYTEYE ............... QT  ILN QL   QET
Pyoe  210 M  KLK  ESKKNIESGKYE D                                                 EE   SM            F VDS    N       D               D  EE   D  FED                            ESAP DAYTEYE ............... QS  ILN QL   QET
Pren  210 M  KLK  ESKKNIESGKYE D                                                 EE   SM            F VDS    S       D               D       D  FDDD                           SETN TKDDGKP D..........D..D ......D DN    TV
Prel  209 M  KLK  ESKKNIESGKYE D                                                  D    L              I S            E                  DE   E    ED   V    A             I  S DEKTKKGEGDVD TTEDNLYEQLIKEEN..I  LAK VILG  TD
Pgal  209 M  KLK  ESKKNIESGKYE D                                                  D   SL              I              E               D  DE   E    DE   V                  I  GPDQEDKKDEATEK DDLDQTVEPDETTNE DN  TFN DDIN  TT

                                                                      Pfal
Pfal  268 EEEDASGDLFKNEKKDENKE........................................          
Pviv  262 ........TFEEKKSEEKKD........................................          
Pmal  268 ........IFNSKKTDEKKPKDKI....................................          
Pova  267 ........IFNDTNAEEKKE........................................          
Pkno  261 ........SFEEKKKEEKKDQ.......................................          
Pcha  265 ADTKEAQ.....................................................          
Pcyn  262 ........SFEEKKSEEKKD........................................          
Pber  265 DSNEA.......................................................          
Pyoe  265 DANGA.......................................................          
Pren  262 EEEDASGDLFKDEKKDENKE........................................          
Prel  277 DNE.....................SADNEVTDYNGDDNNES...TDNEGEDTEDN.....          
Pgal  279 NEDSSSSDLISEDGFDDDLIDGDNVEEGLIDEYNVDELDENEIDGILEGIDDEDNDGETS          
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Figure S1:  Plasmodium spp. Exported Protein-2 (EXP2) sequence alignments 
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Pfalciparum   659        EF  KD K L     L Y DLTE EL KLA PD  FY LSPYA      S N    L     SV  I K I  GI   E                  E        KDL   EDDD DED           EE   D      N  R   K  DN        SDE    L  

Pvivax        568        EF  KD K L     L Y DLTE EL KLA PD  FY LSPYA      S N E ELN    SV  I K I  GI   E    E             E      E KDL   E A   MN           SE   T         K   K  DM        N E    L  

Pmalariae     597        EF  KD K L     L Y DLTE EL KLA PD  FY LSPYA      S N E ELN    S   I K I  GI   E    E             E      E KDL   E D   IN   I       SD   T         R   S  KV        T D    I  

Povale        628        EF  KD K L     L Y DLTE EL KLA PD  FY LSPYA      S N E ELN        I K I  GI   E    E             E      E KDL   E E   MN  NL       DE   T         R   L  EP        S E    L  

Preichenowi   683        EF  KD K L     L Y DLTE EL KLA PD  FY LSPYA      S N    L     SV  I K I  GI   E                  E        KDL   EDDD DED           EE   D      N  R   K  DN        SDE    L  

Pknowlesi     584        EF  KD K L     L Y DLTE EL KLA PD  FY LSPYA      S N E EL     SV  I K I  G    E                  E      E  DL   E E  SMD           SE V T      D  K   K  DM        N ER   L  

Pcynomolgi    579        EF  KD K L     L Y DLTE EL KLA PD  FY LSPYA      S N E ELN    SV  I K I  GI   E    E             E      E KDL   E E   MN           SE   T         K   K  DM        N E    L  

Pberghei      596        EF  KD K L     L Y DLTE EL KLA PD  FY LSPYA      S N E E N    SV      I   I        E                    E KD      D V IK      L Q  QDN  D S       T   G  KA  D     N D  F T Y

Pyoelii       548        EF  KD K L     L Y DLTE EL KLA PD  FY LSPYA      S N E E N    SV      I   I        E                    E KD    E D I IK      L Q  QDN  D S       T   G  KA  D     N D  F I  

Pchabaudi     514        EF  KD K L     L Y DLTE EL KLA PD  FY LSPYA      S N   ELN    SV    K              E                    E K     END   IK      L   LEDDV D S       T   G  KA  D     N D EF V  

Pfalciparum   719  S   NEQL   L   G YHMSYD K  DY KQKK EKKE  Q     FYDAYKQI  SYT          F   N        S  I               EDD          KN    GLT    KN  GQ  T        S   A    S    DQ    DG            

Pvivax        628  S   NEQL   L   G YHMSYD K  DY KQKK EKKE  Q     FYDAYKQI  SYT          F  KN        S  I  L         E  EDD          KN    GVS    NA  R   S        A        A     E    N.            

Pmalariae     657  S   NEQL   L   G YHMSYD K  DY KQKK EKKE  Q     FYDAYKQI  SYT          F  KN        S  I  L         E  E D          KN    AVS    NA  K   Q        N        S     D  E T.            

Povale        688  S   NEQL   L   G YHMSYD K  DY KQKK EKKE  Q     FYDAYKQI  SYT          F  KN        S  I  L         E  EDD          KN    GVS    NA  K   S        S        L     E    N.            

Preichenowi   743  S   NEQL   L   G YHMSYD K  DY KQKK EKKE  Q     FYDAYKQI  SYT          F   N        S  I               EDD          KN    GLT    KN  GQ  T        S   A    S    DQ    DG            

Pknowlesi     644  S   NEQL   L   G YHMSYD K  DY KQKK EKKE  Q     FYDAYKQI  SYT          F  KN        S  I  L         E  EDD          KN    GVS    NA  R   S        A        A     E    N.            

Pcynomolgi    539  S   NEQL   L   G YHMSYD K  DY KQKK EKKE  Q     FYDAYKQI  SYT          F  KN        S  I  L         E  EDD          KN    GVS    NA  R   S        A        A     E    S.            

Pberghei      656  S   NEQL   L   G YHMSYD K  DY KQKK EKKE  Q     FYDAYKQI  SY              K         S     L         E  ED           K   G TLE    TTY N F Q        TL       S     D   EN.         S  

Pyoelii       608  S   NEQL   L   G YHMSYD K  DY KQKK EKKE  Q     FYDAYKQI  SY              K               L         E  ED           K   G TLE    ATY N F Q      N TL       S     D   EN.         S  

Pchabaudi     574  S   NEQL   L   G YHMSYD K  DY KQKK EKKE  Q     FYDAYKQI  SY           F  K         S     L         E    D              G TVE    TN  N Y Q        TL       S     D DE N.        QS  

Pfalciparum  779  GIP N  H APQL G  YVFTS YD K  LI F K                                      I                   L                         D   N FN E      NN     I  T EN  K   KNSEYDLYDDDDKEGG        

Pvivax       687  GIP N  H APQL G  YVFTS YD K  LI F K                            S YY      I        V          L    G                    E        D      EN        K KE  D   RSN ATDSSNSSAGKD        

Pmalariae    716  GIP N  H APQL G  YVFTS YD K  LI F K                            S YY               V          L    G                    L        E    V NN        K QD  N   RSN MTVDDAVNGSGT        

Povale       747  GIP N  H APQL G  YVFTS YD K  LI F K                            S YY      I        V               G                    D        D      NK        K QD  N I RSS ITSNDNNNNNND        

Preichenowi  803  GIP N  H APQL G  YVFTS YD K  LI F K                                      I                   L                         D   N FN E      NN     I  T EN  K   KNSEYDLHDDDDEESG        

Pknowlesi    703  GIP N  H APQL G  YVFTS YD K  LI F K                            S YY      I        V          L    G                    E        D      DN        K KE  D   RTH VTDESDSTSGKD        

Pcynomolgi   598  GIP N  H APQL G  YVFTS YD K  LI F K                            S YY      I        V          L    G                    E        D      DN        K KE  D   RSH ITDESDSSSGKD        

Pberghei     715  GIP N  H APQL G  YVFTS YD K  LI F K                            S YY      I        V          L    G                    Y        Q      DK        Q KD  K   KTN KSLYTHPDELGN        

Pyoelii      667  GIP N  H APQL G  YVFTS YD K  LI F K                            S YY      I        V          L    G                    S        Q      DK        Q KD  K   KTN KSIYTHPDELEN        

Pchabaudi    633  GIP N  H APQL G  YVFTS YD K  LI F K                            S YY      I        V          L    G                    S        Q      DK        Q KD  K   KTN KSIYVHPENMEN        
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Figure S2:  Plasmodium spp. structured core PTEX150 sequence alignments 

	
P.falciparum				100.00	
P.vivax															69.01		100.00	
P.malariae								67.84			78.36		100.00	
P.ovale														69.59			83.04			80.12		100.00	
P.reichenowi				98.26			69.01			67.25			69.59		100.00	
P.knowlesi								69.01			91.81			74.27			79.53			69.01		100.00	
P.cynomolgi					69.59			95.32			77.78			83.04			69.59			94.74		100.00	
P.berghei										62.57			66.67			69.01			64.33			61.99			64.91			66.08		100.00	
P.yoelii														61.40			66.67			69.01			64.33			61.40			64.91			66.08			95.32		100.00	
P.chabaudi							60.82			66.08			69.01			64.33			60.23			65.50			65.50			85.38			86.55		100.00		

Human	pathogens	
P.falciparum	(gene	PF3D7_1436300	)		
P.vivax	(gene	PVX_084720)		
P.malariae	(genePmUG01_13024000)		
P.ovale	(gene	PocGH01-13024000)		

Monkey	pathogens	
P.reichenowi	(gene	PRG01_1436300)	
P.knowlesi	(gene	PKNH_0422900)		
P.cynomolgi	(gene	PCYB_132260	)	

Rodent	pathogens	
P.berghei	(gene	PBANKA_1008500)	
P.yoelii	(gene	PY17X_1010100)	
P.chabaudi	(gene	PCHAS_1009400)		
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Figure S3. Splayed surface representation of the EXP2/PTEX150 tetradecameric pore 
assembly. The EXP2 heptamer and EXP2/PTEX150 tetradecamer are shown in surface 
representation where three EXP2 (1, 2 and 7) and three PTEX150 (1’, 6’ and 7’) subunits have 
been rendered transparent to show the geometry of the protein conducting path and the intricacy 
of the association between the soluble adaptor protein PTEX150 and the membrane protein 
EXP2. Subunits are labeled and colored as in Figures 3 and 4. A model helix (P) indicates the 
axis of the central pore along the protein-conducting path. 
 
 



 
 
Figure S4. Comparison of three protein-conducting pores. Side, top and bottom views of (A) 
the anthrax protective antigen (PDB 3J9C) [44], a C7-symmetric β pore-forming translocon with a 
ring of residues (φ-clamp, magenta) functioning as an acidic pH-sensing gate, (B) the rigid 
EXP2/PTEX150 tetradecamer and (C) the Sec61/SecY universal translocon (PDB 3MP7) [47]. 
Transmembrane regions (β-strands or α-helices) are colored in green or cyan, soluble regions 
are colored in grey. (A) and (B) are on the same scale, (C) is 2.4X the scale of (A) and (B). For 
Sec61/SecY, the hydrophobic plug (yellow) and ring (magenta) regions seal the pore and prevent 
leakage of water and ions in the resting state or during translocation. The lateral gate provides an 
exit portal (dark dots) to partition transmembrane helices from the pore into the lipid bilayer. 



Pf-HSP101
Pf-HSP101  187             E    GKL    GR EEIR  I  L R  K  P L G PG GKT I EG   RI      Y       M    R          D               N  V            V  L      GDTL IEQFGSN N KV N   QGIY       AI ES L YN  S   V N  T   T     VY  EK  
Ec-ClpB    158             E    GKL    GR EEIR  I  L R  K  P L G PG GKT I EG   RI       L KY ID T  A Q   DPVI  D     T  V   R  NN V I E      A V  LAQ  I G RQA K  T  L  R E               R  Q  Q  T           V              N E
Sc-HSP104  164             E    GKL    GR EEIR  I  L R  K  P L G PG GKT I EG   RI      YL KY IDMT  ARQ   DPVI        T  V   R   N   I E      A     AQ  I  DLE  S  A     Q            E    S  R  A  I S  C      I     I  V     DD 

Pf-HSP101
Pf-HSP101  257 VP  L G     L       G  Y G FE R K              LF DE H   G GK      A N     Q   V S      T     R E         KEL   K  II     I  L  A  A G  D A   KE   YT I  NFRKF S TS      T M NII   KNK NK    V    L L     E GT    
Ec-ClpB    228 VP  L G     L       G  Y G FE R K              LF DE H   G GK      A N         V   D  AL A AK R E  E   GVL  L       I  I        A  ADG  D     EG K RR LA  MG  V            L    ND AKQEGNV      L TMV       AM  G 
Sc-HSP104  234 VP  L G     L       G  Y G FE R K              LF DE H   G GK      A N     Q     S D  ALTA AK      E   GVLKE    K  I   I  I  L      D     A   TI   AKLF   LA        K D    F      IEES TL V       M M N  D ....   

Pf-HSP101
Pf-HSP101  327  LKP L  G     GATT  EYR   E   A ERRF K  V  PSV  T  ILR L   YE      I D      S  E K I           I     F      I          V      K K     G   T L   V  K  I L     IA   KF  SCS      E  L EP   DM  K   S  S   NFY IN   
Ec-ClpB    298  LKP L  G     GATT  EYR   E   A ERRF K  V  PSV  T  ILR L   YE      I D    A  R EL              I KD       Q    AE       A   G K     HH V  T M     A    HCV    LD   QY    A L      VF      ED I       ER  L  H Q   
Sc-HSP104  300  LKP L  G     GATT  EYR   E   A ERRF K  V  PSV  T  ILR L   YE      I D    A SR  LK I             KD  F    Q I  AE      VA   G   K   HHGV    I        Q  V     NN   SIV   G         E      RQ        QP   I    R L 

Pf-HSP101
Pf-HSP101  397  A V AA    R    R LPD A DL              KP   D   R       E   L      D   L A    S   I D     K I     ACS   VQ           E  I  L   I   EKD     K      KI D F K  Y        LNK   FLQ  LSG  RII VT  D ER SY  ST    ..V K
Ec-ClpB    368  A V AA    R    R LPD A DL              KP   D   R       E   L      D     A   LS  YI D     K I   D A S    Q DS  EEL      I  L     A  K      P I    T  H   A  Q        I E A SIRM I        RLD R IQ KL QQ  M E..S E
Sc-HSP104  370  A V AA    R    R LPD A DL              KP   D   R       E   L      D   L     L   Y              D  C    V  DS  EEL   E         I A E D     S   T  Q AK  LPY R   S L  V IS AGVA AR        SK  QLQLIQV  K   R EDA S

Pf-HSP101
Pf-HSP101  465   K                                        L                     L     S K    L  E   K EQL    EEY      L     I KK   LK                E Q   V   KYNK IK FEE K   KKYY   VITGER KRKKE E   ND  ELTQNYVYS.NKEPPI   NSL
Ec-ClpB    436   K                                        L                     L     S KRL  L  E   K  Q   L EE   EK  L     IK      K     A R  D A   E QY  A     DM NE LSD ER YSE E  WKA  AS SGTQT  AE EQA IAIEQ R VG L RMS    GK
Sc-HSP104  440   K                                        L                     L        RL           E L  L   Y  EK         KKK   L      A R  D A      Y  TT D  KLARQKEASLQ E EP RQR NE  HGHEELTQA    DE ENKALD E RY T TAAD R FA

Pf-HSP101
Pf-HSP101  534      K  E                      V          R  G P                  L          L      VA  E       M          S             LS       L      S  KEAQQ Y  LYKET  YV AKTHN.A NVDA YQEHV YIYL DS M LGS  FESSKGA KLYNS  KS
Ec-ClpB    506      K  E                      V          R  G P                  L   IP    QL           R         N      I E  A  T I V    ESE EKLL ME        ELE    AATQLEGKTM ......LLR K TDAE A VL  W     SRMM   R    R  QE HHR
Sc-HSP104  510      K  E                      V          R  G P                  L   IP    Q       VA  ER      M  N      ISE  A  T I V  LSESE EKL  ME   S    DIK  I KLEDQ  EE  RAGANS IQ V DSDT   TA  L     KK     N   IH  RD  SE

Pf-HSP101
Pf-HSP101  603   G        S A      G   P      FLFLG  G GKTEL K  A   F       R   SE  E I   D IK     V        D   PIG      PT V     A  L   L NS D  I V M  F  I  NE I  SL D  VKAAT MK  EK   T                T  IE    K NL   N    T 
Ec-ClpB    570   G        S A      G   P      FLFLG  G GKTEL K  A   F       R   SE  EVI Q  A  AV N  R SR  LAD  RPIGS     PT V        L  F   S   M   DM  F      NE VD     I R  A     N                   C A  N M D DEA V I     M 
Sc-HSP104  580   G        S A      G   P      FLFLG  G GKTEL K  A   F       R   SE  EV  Q DAIKAV N VR SR  LA   R   S              A     FL N  D MI VD       V  M           L  S   N . QPA      LS S       KV G    DE M     C  LS 

Pf-HSP101
Pf-HSP101  673    VS   G   GYVG    G LT      P SV L DE EKAH DV    LQ L DG          D  HS  K    PP            EAVR K      F          F VL        I D   R I FA     IT S      FSDS Q      E  H  V    L    A   K    I G  Y N NHR N   
Ec-ClpB    640    VS   G   GYVG    G LT      P SV L DE EKAH DV    LQ L DG          D KHS   L   PP    Y EG    EAVR   Y       V    P  F  L    D  R TDGQGRT  F     R V A       E   Y      RR    I L           NI   V     L       V  
Sc-HSP104  649    VS   G   GYVG    G LT      P SV L DE EKAH DV    LQ L DG          D K    KL         Y EG         K Y    F  V    P    V     D  RIT GQG TI   YA    L TTA     D   F  NQLQY     L            LT M  M       S   K   C

Pf-HSP101
Pf-HSP101  743  N   IMTSNLG                                      F PEF NRI     F  L  S TI        AEL                     E                      D I V  P       I          FKKKLFFDADNSGTPEYKRVM DVRLSLIKKCKKV K   V    K G  E  NK
Ec-ClpB    710  N   IMTSNLG                                      F PEF NRI     F  L    T V         LI               G       K LV G V    R       D  VV  P   R  V        SD  Q...........ERF ELDYAHM E  L V SHN     I    EV   H  GE
Sc-HSP104  719  N   IMTSNLG                                      F PEF NRI     F  L  S  IV       AE I               G    E  K LV G V    R         IV         C           F N...........SQQ SKIQ ST N  M A RQH     L   SS  I NK SR

Pf-HSP101
Pf-HSP101  813      I     K    R E             A        Y    GARP    I   I    A   L  K  HK V  R   LEK L E  K      S    D       DP                 K      K  NL    AL F K       .. NIQVSV EK I YIIDQS   EL    TLIF ESV MT F IMY  K
Ec-ClpB    769      I     K    R E             A        Y    GARP    I   I    A   L    I     I L  L K L E    Y    S E    L   G DP      L R  Q    N L   I   QH AS AQ Q  R Y     ..RG EIHI D  LKL SEN    VY     K A  QQ E P  QQ  SG
Sc-HSP104  778      I     K    R E             A        Y    GARP    I   I    A   L  K IHK V IRL   E       K Y      E  D L   G         L R  Q    NKL   I K  A     D    EI E F QND H KLNLTQ  K F AKY  SDDM     N L  NE L    LR   N

Pf-HSP101
Pf-HSP101  881 E                                                                      LVD   V V  N      V                                                      DMD F DY SKAKNL INLSKT...................................         
Ec-ClpB    837 E                                                                      LV         N      V                                                     PGKVIRLEV EDRIVA Q........................................         
Sc-HSP104  848 E                                                                        D   V V                                                             IK KET N VLKKGKSRDENVPEEAEECLEVLPNHEATIGADTLGDDDNEDSMEIDDDLD         
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Figure S5:  Sequence alignments of Pf-HSP101, Ec-ClpB and Sc-HSP104 Proteins 
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Pv-PlmV   34 G                  LYG    YAYYFLDI  G P QR S ILDTGSS L FPC GC  CG H                 LYKYK   DIDE        DI T    I L       S S   A  K     ME  RSESTE.GHSKDL                         E                      N  V   N

Pf-PlmV   72 G                  LYG    YAYYFLDI  G P QR S ILDTGSS L FPC GC  CG H       D         LYKYK   DIDE        DI      I L       S S      K     ME  NKN NV.KNASSD                       K S                  N   D  I   K

Tg-Asp5  384 G                  LYG    YAYYFLDI  G P QR S ILDTGSS L FPC GC  CG H       D                                T                    A            PPV LLGLPIRKKVFRAR   SMFS        LV   P  A V       L A      SE  Q LDP

Pv-PlmV  103       S T     C                             C Y Q Y EGS I G YFSD V    P NLN  K SSILY    ECPF L               CV  K E   S C   Q   F    V    S F   N         ENE    K N..............  KG    M         S        SVV 

Pf-PlmV  141       S T     C                             C Y Q Y EGS I G YFSD V    P NLN  K SSILY     CP GL               CV  K E   S C   Q   F       L S Y   Y         NKSN  Y  K..............  GN    L         Y      I T P 

Tg-Asp5  454       S T     C                             C Y Q Y EGS I G YFSD V                      E  FG                                         V  L  AMDTSR A GEWID KEQ RC  SCSGGTPLGGLGGGGVSSMRR M T T S   A R I      A GE

Pv-PlmV  159              GCH  E  LF  Q A G  G S  K    PT     F       K     C SE GGYNN     F KLM   MH ES  L  Q T VL   L  P G   FV LL    P L    F I I        E.RVT R              Y        M  S  Q I    N   DNA Q . QV T     N  

Pf-PlmV  197              GCH  E  LF  Q A G  G S  K    PT     F       K     C SE GGYNNKN   F KLM   MH ES  L  Q T VL   L  P G   FVDLL  HTP L     SI            KIS E              H        F  T  N V        K   S . PIY   V  H  

Tg-Asp5  524               GCH  E  LF  Q A G  G S  K    PT     F       K     C SE GG   KN                                         D    HT       FS  I     VEQ  PPVRYDFV   TQ TN  VT K A IF I FP GHRQ  LL VM G  NLVD KM  V    D  

Pv-PlmV  227  L  GGY P                          S                             W    E I       Y V    SKS            G V   L         E           AE IV    T   A   D A I RRGG   VSESVSGQ..GS P  ES S........ SGEDPQVALRE  K   ENV 

Pf-PlmV  266  L  GGY P                          S                             W    E I    E  Y       K             G V   L         E            E IV   IT   I     D FLSNQKE QKMDKSDNNSSNK N  IK KNNDKNDDE NNSKDVIVSNNV D   QA  

Tg-Asp5  594   L  GGY P                          S                             W           E    V    S S                                        A       I L TV     TLL APPE E TPATEALRPVAGEGA RR.............ISEKTSPHH ALLT TS I

Pv-PlmV  287     Y     G    G              VDSG T    P              C              RKYY YIK   LD   TN MS  K  L ML    S FTHI E  YN  NYF DIL I DM N Y  NKRL        VR   MF   M  SS G. E              DL  KL   F     Q  N A DV    

Pf-PlmV  336     Y     G    G              VDSG T    P              C              RKYY YIK   LD   TN M   K  L ML    S FTHI E  YN  NY LDIL I DM N Y  NKRL        IY   LY   I D.K E. D              NI  QI  Y      H  T I EI    

Tg-Asp5  651      Y     G    G              VDSG T    P              C                                  S                             FL                  SHST RVPLS MEVE LVLG GVDDFGNTM    T YSYF PAVFSRWRS  SRF ..............

Pv-PlmV  356                            E  C    DG  CW                       N    WK TNES N PLV F DF   LK II   N   KIV  VQ  K LEGLP   LF    V  TLSN YKM   M    F N   Q D  RKS  S  AK  M V          Y     ..D  .... ..        K 

Pf-PlmV  404                            E  C    DG  CW                       N    WK TNES N PLV F DF   LK II   N   KIV  VQ  K LE LP   L        TLSN YKM   L    L K   Y E  KTA  N  QN  L I          S  N  ..N Y....I..        I 

Tg-Asp5  707                             E  C    DG  CW                       N    W                                             G      F    V            .........................TP LF ERER  RP  RVSP TDLSSI PPIK SFGDEK SQVW 

Pv-PlmV  418  P  YLY       C G          LGL FFKN QV FD       F    CPS     RPR         S   KK ESFW K  EKQVNNKPI   T       I   Q NRIG   A      T     T NEY Q H      .       I                 R     I K     VD N   HP HT    Y   K

Pf-PlmV  466   P  YLY       C G          LGL FFKN QV FD       F    CPS     RPR         S   KK ESFW K LEKQVNNKPI   T    K  I   QQN I     K     T     T NEY K S      .                               L   Q A IES    NL SS    F   R

Tg-Asp5  752   P  YLY       C G          LGL FFKN QV FD       F    CPS     RPR                       L                 K       Q R G   AK                 W EG   RRTGGYF D  DDNRVSASV   S       L  RE D V  AA     FFLDQ   GPDSGD

Pv-PlmV  487          F                                L    AL     L                K N    I L    K P                     LY   V     VLLS   YVR L HM Y   R D ....   .... I ..................FFY  S F VF  S     VF   R Y  E S  

Pf-PlmV  483           F                                L    AL     L                K N    I L    KV                      LY  W       LLS I YVR    M Y   E E ....   ....  S..................YIN  C  LLL  TI     L   KMFY D F  

Tg-Asp5  822          F                                L    AL     L                               VP                         WV     V    I     L H      GPKGRPTAP TMPPLR  VPMDGGGVPGDAKQPEGLPLSPQQ   AA  V VAI  AVTVI L TIKR  
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Figure S6:  Aspartic Proteases Processing Vacuolar Trafficking Signals 
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MYR1  (gene TGGT1_254470) 
MRCLVALLCL VSSTALEGAE ATRAELLSVC LISLSLTGCF CCQPVAATDE SDLGNAFEQQ  60 
RKDSESDESL NPEQEISGMP PQNRNEGKNS SPMTSDTSTF QGERGTDSPK GGENAEAGFL 120 
GSLGVDAVLG ADGDDGYSDE DKAERGDPEF DMNSLDRQDQ ANPSEPRPSL PDEGSQGQHA 180 
STGEPEVKSD NVKFISYAQK AEKNQPDGDF KGSESFSPSG FDYREGSPGV GDYRILNEGA 240 
DSPTFSDHDY DDYDETSNGE LPLGRLRNKV QLTAAERYCG LKPKGPTVLY TPPGVRPDEL 300 
EALDLFAVTD AGFFELLRDS HGDLVCPERR RGERVLFRNL RLKNSELVGD MVYSDPRSYR 360 
HMTQVHPDGK ATKTPRAPTE QKTPPRREDR GSKERSKSVE NSGKKLSMWS RLLCKVSKRY 420 
CNTKVTGEKG QDEDSGDPTT HKRQPRQIVA AEVPLREVFG VKPLEIFDWK VKELLYRLDR 480 
EMGQEGNLDE RMPPYFAVPT EAAGRAPGVA QVPGSGSEGE TISHAGALQG DFQREPKGGD 540 
AERRRESHET QNSAGAGRQA PASRTDAPVE AGQGDVRRLS EQAYNDNPEK APEQSGGALD 600 
GGVDYPANDW LEAEYEDAPN ISIPDFLFSV PADRTHDDDE PNTMEQEATS VDLKVTVLCL 660 
ENGAPPILIK EWPAFTNVVK PRKVLPQKPA VPRKSVAVWG SSFLAAVAAG MYAIKRLVNP 720 
AALQYGSRYQ RLESFSLLGW LAVFVLGSAQ LAGLLTWNVR TAIHSSHLRH NLREELFADE 780 
KAGTDGSAGS VYPTGFIFYY DRHFRQSHNS      810 
            
MYR2   (gene TGGT1_270700) 
MQSVADSFAV LIQFIAISEP PATVARTPQT RRRRGGRARL VRACWNASVF FLFWCLATWA  60 
QDRWTADLFI VGEGADTNFP MVDQPGGPAD RDGVAFERQD SGVDSGSQEV GFDFENQGFG 120 
ADLGGQDGGT SMRDGDQRTT HNGALSLKSP TGGDTQSEAD LSGESSSGHE APKQGEPPEQ 180 
GDPPGQAVIP QAPVANSDFG YRGHSQVQAA PCVTRRCPYY KQPTEVIEEE NVMRKKPAVV 240 
SRKRQASEWY YGDEETTTSK VLRGVGYGWM AFMVYAIIRH GMSNERTEPY YYEEQ 295 
 
MYR3  (gene TGGT1_237230) 
MGRRESLVGF ETGKLDSGVK HSQEDKASDD TAADALETND SSDNYGPRPP KSEDAARLRK  60 
IYEQAHEGRK RQRKANFQAL LTSFGLVAYV AVSGFLFLRY ATPRSKRPQQ VGGGSDYGLH 120 
DGYPVRHDNW YIRDNPNPPV LTMDQLFACE SERREGDRVG IESFTDCDGE AIGCFFAIRT 180 
SECLERNQRD GRVYFEKKEL LDVDSSQAPP LCS                 223 

 
MYR4 (gene TGGT1_211460) 
MTTNRKGDVT VFRKERNQPS CTADVTMEGS SACGIPVAGQ NQRMAPLRND VRYRRCPRVA -60  
MTPRGGFERR ASALVPLSLL VITLLTKAEG KSSSNTEAKF ESHGAAQFSP LTVVNQPPAE  60 
PLSAAVEHAV NNSNDPSGSH DPLLLNDGVD SDEGSRPSRQ EHEEADGWGQ FGSRHLADVT 120 
QSGKQPQSED IQSGSQAGVA NHLSLAVGNS SSVKKEDVEQ GMSDETEFEP SHSDPVGKRH 180 
PRRLRGEGAA AEAADAVRQL SVEPSSVSDP PSHPQFGVEQ ESEFVTGAEK RPPPTAVPVA 240 
TTRAVQPVGI GVLSTTTLLA KRALEEVGSL GRGIGLYLYG VVFRGNLLLQ ANVLGKIKEN 300 
IGVLEFVEEF QPQFAPSRRA IVDELTVWQD TLQRVVQQEQ AFVLQYQAYV SALREWSNRK 360 
FHNDSGVHPT VSPVVDSQAS QAPPDSAPAT EQFSSETARD VDEQEVLEPS RNADITESRG 420 
PGDLGLMAPG GDMAPSSVPS NAEQVNAYEF QSKPASSLVQ VNDTGDYSAT RFARQVVNEK 480 
PPYTPHLRES SLPSAQVAVT GQPGDDEFVA HEGPETSEVL RASHSTDAGP DLVENPPEID 540 
RTSSAIDTEM TDVDSVVVAS QGSEAVHNNS NADATQGPPF VVPRGVRGPL TTPPSMHASA 600 
GIPPFFARKE DNDSADSPAK EVLPVSVAVD QHDEAIRESN GTKAPKEAGS SVLSTSHQNE 660 
SSKGVALEDN SPGKSPSLPA VPVEGLPGTK AVGERIAAET EEAFSGSKGE TVHGHLSTPE 720 
WVDSESDTER GLYGRQDSML LPPPDDVETL DLYLSLLQST FFKCGALLSR ALLADDSKEL 780 
TWFYQEVLPS MSHLGRVSIA VVASQHRRGV RSAASAERHL QKIRSMLFHV TVVDDAFLHA 840 
IYARDEPPTS ERLEASDSDE YRKPNARARS QKTKKDKVKV EGTRVGAAIE FAKAHLVKPW 900 
VIGLLTFASL VGIDHYGYNR YY             922 
 
Figure S7. Sequences and properties of Toxoplasma gondii MYR vacuolar membrane 
proteins. Predicted signal sequences and trans-membrane helices are boxed in grey and yellow, 
respectively. Cysteines are boxed in red. Serine-phosphorylation sites are boxed in cyan; MYR1: 
S175, S227, S246 and S787 – MYR2: S157 and S162 – MYR3: S41, S52 and S115 – MYR4: 
S724. TEXEL vacuolar trafficking signals (-RRL-) processed by aspartic protease Tg-Asp5 are 
present in MYR1 and MYR4. For the MYR4 sequence, numbering adheres to the results from 
Cygan et al. resulting in a discrepancy with the sequence curated in www.ToxoDB.org where the 
encoded protein has an additional 60 residues at its N-terminus [109]. For this shorter protein, 
this results in the high-probability prediction of a signal sequence.  
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