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Fig. S1. Buried surface areas in the D. gigas QFR. The buried surface area between 
individual subunits and the corresponding portions related to the total surface based 
on the determined QFR structure of D. gigas are calculated by PISA and listed in the 
table. FAD-binding proteins, iron-sulphur proteins and membrane-embedded proteins 
are colored green, cyan and pink, respectively. 
 
 
 
 
 
 
 
 

Structure	1/Structure	2	 Buried	surface	area		(Å2)	 Por6on		(%)	

Subunit	C/O	 1327/1353	 9.4/9.7	

Subunit	A/M	 468/475	 1.9/2.2	

Subunit	B/N	 negligible	 negligible	

Subunit	G/K	 1248/1216	 8.7/8.5	

Subunit	E/I	 546/547	 2.5/2.4	

Subunit	F/J	 negligible	 negligible	

Subunit	A/I	 386/379	 1.7/1.7	

Subunit	A/B	 2679/2839	 12.1/21.8	

Subunit	B/C	 1634/1610	 12.5/11.4	

Calculated	by	PISA		
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Fig. S2. The intermolecular interface between the two subunits C. Two adjacent 
subunits C are colored as green and cyan, respectively. The weak hydrogen bonds, 
with donor-acceptor distances of 3.2 – 4.0 Å, in the interface are shown in the table. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C	subunit/O	 Distance	(Å)	 C	subunit/C	
	

O:ARG		85[	NH1]		 3.37	 C:GLN		91[	OE1]		

O:GLN		91[	OE1]	 3.49	 C:ARG		85[	NH1]	

O:GLY	151[	O		]	 3.71	 C:THR	135[	OG1]	

0.219		
in	Complex	FormaCon	Significance	Score	
(CSS).		
CSS	ranges	from	0	to	1	as	interface	
relevance	to	complex	formaCon	increases.	
Achieved	CSS	implies	that	the	interface	
plays	an	auxiliary	role	in	complex	formaCon

		



	
	

 
 

 
 
 
 

 
 
 

 
 
 
Fig. S3. Purification and crystallization of QFR from D. gigas. (a) SDS-PAGE 
(10%) of purified protein from the Superdex-G200 (Superdex 200 10/300 GL) 
column. Lane 1, molecular-weight size marker and 2, purified QFR. Subunits A, B 
and C are indicated. The band below that of the subunit A is the proteolytic fragment 
of the subunit A and validated by the liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) (b) The initial QFR crystals. (c) The optimized crystal of 
QFR on the loop was used for data collection.  
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                                                                                D_gigas       
                                    1       10        20          30        40  

D_gigas                                                 D    G G AG R A                     RS                                    M      VL I A      V V A  AG  LKTIMLS V P   .................................... QIYHT   C    L  E    E SM  ..       L P R  

W_succinogenes                                           D    G G AG R A                     RS                                    M       LVI      L A V     G  L TIVLS I     .................................... KVQYC S    G L       ATQQK .. S     L PVK  

E_coli                                                  D    G G AG R A                     RS                                    M      LAIV A    L A I A  A   AK ALIS V P   .................................... QTFQA        G       A AQ NPN  I    K Y M  

A_suum                                                  D    G G AG R A                     RS                                    V      VVII A    L A M L  AG   KTAVVT M P   MLRAVRALICRIGARRTLSVSSSRLDVSTSNIAQYK IDHAY        G       G GE  ..F      K F T  

                                                                             TT D_gigas       
      50        60        70        80        90       100       110       120  

D_gigas       H  AA GG             D    HF DT  G DW   Q                    G P  R   G          S   Q  MQAALGN    DG S D      VK S   CD  VAR FA TAP VM EV  W V WN                S            AIMG    P V  A        G   E   I  D   I  R  AH       VVP KHTYYKGGK

W_succinogenes H  AA GG             D    HF DT  G DW   Q                    G P  R   G          S   Q  MQA LGN    DG N D      VK S   CD  VAR FV TAP AI EL  W V WT                A        S   SKMS    E L  M        G   K   M  N   K  R  AA       IHK DRMAIINAQ

E_coli        H  AA GG             D    HF DT  G DW   Q                    G P  R   G          T         AA      D  S E      V      CE  VV  FV   P  M  L  W   WS                V  E  S..  VA...Q H  F Y  H   A G  L   D  DY  HHC TE TQ EL  C    RPD S........

A_suum        H  AA GG             D    HF DT  G DW   Q                    G P  R   G          T   Q  INAALGS     P          AK S    D  AMH    NA  AV EL  F M FS                T            ...MN  DWKW  Y        LG  N   YLTR  VE  T  EN       TPE K........

                   TT                                                     TT    D_gigas       
     130       140               150       160       170        180       190   

D_gigas                       R FGG            RT   AD TG   L       L                        G             I                     CY      RSV  TL T     G VT  D   A  LI D   C  PFEAEEKAEKAGL HA A   ........TAKW    T  G      N  D KC QY .  VH RMQ EA  H GEN L 

W_succinogenes                 R FGG            RT   AD TG   L       L                        G             I                     CY      HTM   V N     G VS  D   AI LI   GKC  KTTITEEDFRHGL HS D   ........TKKW    T  A      FA A EC KL .  IQ RKE  A  HQD   Y 

E_coli                        R FGG            RT   AD TG   L       L                        G             V                      F        M  TL Q     P IQ  D   VL IL D GH   ............. NV R   ........MKIE  W A  K  FH  H  F TS QF Q  RF EHF  D  V D  VR 

A_suum                        R FGG            RT   AD TG   L       L                        G             I                     C       HSM  TL          T      AL LL D GRC  ............. YQ S   QSNNYGKGGVAK   CV  R      H  YGNS RC.HC FFIEYF  D  M K   V 

     TTT                            TT                   TT     TT              D_gigas       
    200       210       220       230       240       250       260       270   

D_gigas               G            ATGG GR Y   T      G G   A   G       E  Q HPT       L TEG R IA  L    LV Y A  TLI    Y  I K T NA I     QII L   LV M  M  V F   G  PT I V   C C  RC RT E  A L TS             A    V CD G      DT   P GN  A       TV  D        

W_succinogenes         G            ATGG GR Y   T      G G   A   G       E  Q HPT       L TEG RAVV  L    II Y A  TLI    Y  I K T NA V     TAI L   IA L  M  V F   PL PSGI L   C    RD VT D  A V KG             N    V CE T      ET   Q GN  A        F           

E_coli                G            ATGG GR Y   T      G G   A   G       E  Q HPT       L TEG RLVA  M    LV   A   VM       V R N N  I       M L   V  L  M  V Y   GL GSGI M   C    MN ME T  QIR NAV      A     Y   GG VT D MG   SH  P. RD  F        P           

A_suum                G            ATGG GR Y   T      G G   A   G       E  Q HPT       L TEG RVIA  L    I  F    TIV    Y  A     TA M     TAL     IA L  L  I F   GI G G  I        LC ED T HR RSKR            FSC   H NT D     TRA   . ED  F        Y V C     S 

        TT                                                TT                    D_gigas       
    280       290                  300       310       320       330       340  

D_gigas       G GG L      R    Y                 L  RD VS         G     P      L    L        L D    L      FM D  P              E AS  V  R     MRK  GV S  GDHLW DIRH G KHI TK     T  DVNQY   P  E ...........DKA          RMTEH    L  K  Y            E   T   

W_succinogenes G GG L      R    Y                 L  RD VS         G     P      L    L        L D        G  FM D  P              E AS  V  R     IRK  GV S  G HLW DI   G KHI T      I RDVD H   P  E ...........EKK          RMIEH    K  Q  Y Q      SI  R   E N 

E_coli        G GG L      R    Y                 L  RD VS         G     P      L    L        L E    V   G  YL D                 E               RK   I T  GD VY DLRH G KKL  R     I  NKN Y   Q  GMGPETPLGEPKNKYM  GP  K  QAFWHEW   NT S  R  V         E   HE  

A_suum        G GG L      R    Y                 L  RD VS         G     P      L    L        L E    V   G  FM    P              D AS  V  R     I    GV     DHIY  LHH P   L QR     F  NSE E   ER A ...........KAK          AETIE ME R  G. EK     Q     AEQ H   

                                             TT                     TT          D_gigas       
     350       360       370                380       390       400       410   

D_gigas                  G        PV P  HY MGG  T                   GL   GE      HG NRLG NS     V DI   FL V PIH  I    T   S   V              G    LK  F A   AC  M          LAERE Y  CTN    N   QL   R  H       R N.........RD AAYG     S   S  WD   F    G     

W_succinogenes            G        PV P  HY MGG  T                   GL   GE      HG NRLG NS     V EI   FA IDPA   A        S   I              G    LK  F A   AC  M          V ERD Q  CEY       EKW   L MQ       R D.........YR EAK.     S   A  WD   F    G   S 

E_coli                   G        PV P  HY MGG  T                   GL   GE      HG NRLG NS     I EL   YV VDPVK  I    T   T   I                   IK  F V       L          LAEPF C  AKA        EP   R  A       E ..........DQNCETR     A   CSSVG   A    S     

A_suum                   G        PV P  HY MGG  T                   GL   GE      HG NRLG NS     I E    FA VD  K  I    T   N   I              G    V   Y     AC  V          LLDPG S TAKI     VT EP   I  V       P NYKAQVIKYTKE GDKI P   AC  C  HS   A    A     

                                                                                D_gigas       
    420       430       440       450       460       470       480       490   

D_gigas        VV G        E                                 G          M   M    G  R              R IG  M       T       VE A          IV      E   KIR     I  E V IF  G  L K VT  A  Y  KR V FTKGA PSFGMQY  D HKKVQERITD  TGRK K NTF   DE HD  M G     N TD Q A 

W_succinogenes  VV G        E                                 G          M   M    G  R         A     IVG          Q       LE            LV      E   KIK     V  D V IF  G  L K V   A M   EYFA HCANT VDLETKT  KFVKGQEAYMKS  ES.K T DVF   NR KD  D N     D PH E A 

E_coli         VV G        E                                 G          M   M    G  R         L    RLAG  A       T       A  A           L      E   KIR     A  E   IY  P  M K I   F     EQ T RAA.. AGNGNEA IE QAAGVEQRLKD VNQD G NWA   DE GL  E GC    T EL Q T 

A_suum         VV G        E                                 G          M   M    G  R         A    RA    I                E A          AV           LR          A VF  G  L   V   F   CSIN K ELK..PDEKIPELP G GEESIAN.LD  RYAN DVPTAE  LT QKT QKH     R DI AEG 

                                                     TT   TT     TTT          TTD_gigas       
    500       510       520       530       540       550       560       570   

D_gigas            L                N  L            A      A  R ESRGAH R D                     KL E   R  KI LS        E    L I  MV L  C A   L         T E FP R D    NR L      N  E  YD SQ  S  SACKGM P  STA R RG  K  Q T YG  M T            E N KEWL  T SYWKEG

W_succinogenes      L                N  L            A      A  R ESRGAH R D                      L E   K K V I         E      V  ML V  C A   L         N E YP R D    NR L      KE E  YK S N G KNKRLHA P  EEAYR PM  K  L V KG  D T            K D INWL  T ASWPNP

E_coli             L                N  L            A      A  R ESRGAH R D                     KL E   R KRV IT        D    I L   L V  C A   M         Q    G           L      D  A  QE F   R  DTSSVF T  LYT E GHG N  E M HS  A K        L E ..CTERDDVNF KHTLAF

A_suum             L                N  L            A      A  R ESRGAH R D                     KM D     KRL  T        D    L L  LM      I               D FP R D    SK I      K  M  SKEL   KT DRSLIW S  TES E QN  LN TQT VA EN K      A     K E EYDY  P EGQTKR

                                                     TT                         D_gigas       
     580        590       600                          610       620            

D_gigas           PT   E        M P  R YG                            P E   I EAA              .ASM  LEY EASP.YYE P GD G  GG...................VTIANEL P KFV P   KENLKKAKL.....

W_succinogenes     PT   E        I P  R YG                          A G D   I EAL              EQTL  LEY ALDVNEME A GY G  AKGNYIENPLSVKRQEEIDKIQSELE A K RHA Q   MPYELPAKYKARNE

E_coli            GT   E        L P  R YG                          A   E     E A              RDAD  TRL YSDVKITT P AK V  .....................GEADA DKA AANKK K NG............

A_suum                                  P                          L P E   I  II              PFEKHWRKHTLTKQDPRTGHITLDYR .....................VIDKT D A VDW PP  RSY...........

                                                                                D_gigas       
                                                                                

D_gigas       .........                                                                       

W_succinogenes RLGDKQRRR                                                                       
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W_succinogenes P L     CR  ICGSC M       LAC                L       DL  D                         NF F   AG       MING P    RT  KD     I L P P F LIK   V    WF           H      D   D V         G     R S     LT  FEDGV T L   A K     S  TGN  NGMSQRVESWI AQ.KE

E_coli        P L     CR  ICGSC M       LAC                L       DL  D                         SY W   M        MVN  P    KT  RD     M V     F I R   V    F                   D   R S   A     G    NV K     FL  YT.DG K EA AN P E   V  MTH IESLEAIKPYIIGNSRTA

A_suum        P L     CR  ICGSC M       LAC                L       DL  D                         TF      G        I G                   I P P   VIK        FY           K      T   RRS  E      A N A ENT   ICNIDQNTSKTTK Y   HMF     VP MNL  AQYASIQPWLQ K..TK
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  TT                               .                                           TD_gigas       
130       140       150       160        170       180       190       200      

D_gigas                              CI C  C A C           G        R   D  D                     T          A  I  L      GC   A G T  M  DFL  V I  V  F L  R     D    V     GVFFDP ADEMRMDNDL NE FE DR  E    V    . AR RT    A S MR A  Y  P  KRSE DYYD IGNDQ   

W_succinogenes                        CI C  C A C           G        R   D  D                     S          A  V  L      GC   A G T  M  DFV  A L  V  F I  H     E    L     GVFHDI KLEERIEPEV QE FE DR  E    I    . KI RE    A G NR V  M  P  ERTD DYYE IGDDD   

E_coli                               CI C  C A C           G        R   D  D                     T          M            G    A P Q  L  EFI  A I  A  Y    R     E    L     GVWDQG NIQT...PAQ AKYHQFSG  N  L Y    . FG NP    P A TL H  NE S  HGKK RMAQ NSQN.   

A_suum                               CI C  C A C           G        R   D  D                                   L  L       C     P        YL  A L  A  W I  R     E    M      AFINLGEKQQYQSIKEQEK DG YE  L A  S S  SYWWNADK   P V MQ Y  I  S  DSAA RLAR QDG.FS  
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 210       220       230       240       250       260                          
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A_suum         C     C   CPK                                                                      IM         L     I  IK  L                                                   K HT  N TKT   H NPARA GE  ML TKMKTKPAPLPTPANF.............                      
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Fig. S4. The sequence alignment of distinct subunits of known structures from D. 
gigas, W. succinogenes, E. coli. and A. Suum (a) Subunits A (flavoproteins) (b) 
Subunits B (iron-sulphur proteins) and (c) Transmembrane domains (subunits C from 
D. gigas, and W. succinogenes and subunits C and D from E. coli and A. suum). The 
alignment was performed with ClustalW (http://embnet.vital-
it.ch/software/ClustalW.html) and ESPript	(http://espript.ibcp.fr/). α and β denote the 
α-helix and β-strand respectively. Histidine pairs coordinate hemes in the C subunit 
from D. gigas are labeled as blue and cyan triangles. 

     TT    ......                                                               D_gigas       
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Fig. S5. A bound detergent n-Dodecyl β-D-maltoside (DDM) in the subunit C of 
D. gigas.  (a) The QFR structure from D. gigas is shown with the electrostatic surface 
potential plot. The hydrophobic tail of DDM is bound in a hydrophobic pocket and 
the DDM is shown as green stick. (b) The bound DDM forms a hydrogen bond shown 
as dot lines with Lys-C95 colored as cyan and the hydrophobic tail of DDM is 
accommodated in the hydrophobic pocket colored as light gray. The hydrophobic 
residues formed the hydrophobic pocket are labeled. 
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Fig. S6. Stereo views of the superimposed structures of FAD-binding proteins, 
iron-sulphur proteins and membrane-embedded proteins between D. gigas and A. 
suum QFRs respectively. (a) FAD-binding proteins, (b) iron-sulphur proteins, and (c) 
membrane-embedded proteins. D. gigas and A. suum QFRs are shown as green and 
cyan ribbons respectively. 
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Fig. S7. A stereo view of superimposed structures of four subunits C near the 
menaquinol-binding sites of D. gigas QFR. The bound menaquinol molecule and 
the interacted Tyr-C63 of four chains in the asymmetric unit are shown as sticks. The 
four hemes are shown as green, orange, pink and blue sticks. The flexible short loop 
between helices 2 and 3 is indicated by the black arrow.  
 



	
	

 
 
 
 
 
 

 
Fig. S8. A stereo view of superimposed membrane-embedded proteins of D. gigas 
and E. coli QFR. The membrane-embedded proteins of D. gigas and E. coli QFRs 
are shown as green and cyan ribbons respectively. The hemes and one bound 
menaquinone in D. gigas QFR are shown as pink and yellow sticks whereas the two 
menaquinone in E. coli QFR are shown as orange sticks. 
  



	
	

	  
 
 

 
 
 
 
Fig. S9. The potential proton-transfer pathways in the subunit C of D. gigas. All 
potential proton transfer residues, glutamates and histidines, in the subunits B (yellow 
ribbon) and C (green ribbon) of D. gigas are shown. Glutamates and histidines in the 
subunit C are colored red and blue, respectively. The bound menaquinone is shown as 
the yellow stick. The possible proton pathways, A and B, in the subunit C are shown 
as dash lines and three critical residues near the bound menaquinone for proton 
transfer are indicated by arrows and labeled. Hemes are colored pink. 
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Fig. S10. All potential proton transfer residues, glutamates and histidines, in the 
QFR of D. gigas are shown. (a) Glutamates and histidines are colored red and blue 
respectively and the QFR protein backbone is shown as green ribbon. (b) Only 
glutamates and histidines are shown as red and blue respectively. The possible proton 
pathways, defined as A and B, in the QFR are shown as dash. The destination of the 
electron transfer, fumarate bound in the subunit A, is shown as the cyan stick. The 
bound menaquinone is shown as the yellow stick. The inner membrane is indicated by 
the black solid line. The proposed key residues for the proton transfer are labeled. 


