
Supplemental Figure 1. Sequence alignment of VP14 with CCDs from Arabidopsis thaliana and Zm CCD1. Blue 
background shows sequence identity, and purple background shows identity in the α1 and α3 helices. Blue letters 
show similarity, and purple letters show similarity in the α1 and α3 helices.   Orange background shows identity 
for the histidines coordinating the catalytic iron.  Red indicated residues that were mutated.  The alignment was 
done with ClustalW and the figure with ESPript (Gouet et al., 1999). Accession numbers are: Zea mays (Zm) VP14 
(AAB62181.2) and CCD1 (AAZ22349.1), Arabidopsis thaliana (At) NCED9 (NP_177960.1), NCED3 (NP_188062.1), 
NCED5 (NP_174302.1), NCED2 (NP_193569.1), NCED6 (NP_189064.1), NCED4 (NP_193652.1), CCD1 (NP_191911.1), 
CCD7 (NP_182026.1), and CCD8 (NP_195007.2).
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VP14                                                                             R    AA AL   E   VA              A   A   A V  E   V  L V G I   I GVYAKKQLNLFQRA  A  DAF EGF  NVLER.PHGLPSTADP VQI GNF P G. RPP HE P S R PPF D     NGANPC.FDPVAG
AtNCED9                                                                             R    AA VL   E   IS              A   A   F V  E   V  L V G V   I GVYVPK.LNPVQRT  M  DAV NAM  ..HERRRHPHPKTADP VQI GNF P P. KPV HN P T T PEC Q     NGANPL.HKPVSG
AtNCED3                                                                             R    AA AL   E   VS              S   A   A V  E   R  L V G L   I GVYVTKQMNLFQRA  A  DAA GFL  ..HEK.LHPLPKTADP VQI GNF P N. QPV RN P V K PDS K     NGANPL.HEPVTG
AtNCED5                                                                             R    AS AL   E   LR              R   S   A V  E   K  L V G I   I GVYLTSRWNPLQRA  A  DFA TAL  ..RER.SKPLPKTVDP HQI GNY P P. QSV SS S D K PDC D     NGANPL.FEPVSG
AtNCED2                                                                             R    AA AI   E   IS              R   A   S V  E   R  L V G I   I GVYIPLRLNIFQKA  I  DAA RAL  ..HEQ.DSPLPKTADP VQI GNY P P. SSV RN T E T PDC D     NGANPM.FEPTAG
AtNCED6                                                                             R    AA ML   E   VI              A   S   A V  E   Q  L V G I   L GVYIYPNLNLLQKL  T  DKI SSI  P.MEQ.NRPLPKPTDP VQL GNF P N. CPV NG E V Q PSC K     NGANPM.FPPLAG
AtCCD4                                                                             R    AT LF   E   NT              K   S   A V  E   T  E I G L   L GAYIPPKLRPEMTL  A  TTV DVI  FIDPP...SRPS.VDP HVL DNF P LD LPP DC I H T PLS N     NGPNPQ.FLPRGP
AtCCD1                                                                             R    SS LL   E   VK              L   S   A I  E   V  L V G L   L GEFVHP..RPSKGF  K  DLL RLV  LMHDA...SLP..... HYL GNF P RD TPP KD P H F PEC N     VGPNPK.FDAVAG
AtCCD7                                                                             R    TS AF   Q   VS              S   N   G Y  A   L  D H S V   D HGYL.GRTGILDES  S  RDY SLF  QRSETIEPVVIKPIEG IPV FPS T YL GPG FT D G T HPL G     ....AFHIDGNKR
AtCCD8                                                                             R    FA RI   T   IN              E   H   T V  Q   E  L V G I   L GTYLKTKPQVPHRL  R  FGV RAV  SAAPS.PLPEKEKVEG RRC VAW S Q. ENW GE T Q K PTW N     NGPGLWNIGDHDF
ZmCCD1                                                                             R    AS AL   E   VR              L   S   A V  E   A  L V G L   L GEFVAP..RPRKGL  W  DLL SLA  LGHDK...TKP..... HWL GNF P VE TPP PN T R H PEC N     VGPNPK.FAPVAG

                TTVP14
170       180       190          200       210       220       230       240           250

VP14    F                     R                                                              N  H DG  MV ALR     AE     FT T    R RQER  G     K I  L     I RL    A   LV          GVA AH L   DG  H   IRNGA  SYAC   E ...A L    AI RPVFP A GE HGHSG A  ALFY RAACG  DPSA....GT
AtNCED9    F                     R                                                              N  H DG  MV AVR     VS     FT T    R VQER  G     K I  L     I KL    T   LV          GVA AH L   DG  H   FDNGS  .YAC   E ...N L    EC RPVFP A GE HGHLG A  MLFN RGLFG  DPTG....GL
AtNCED3    F                     R                                                              N  H DG  MV AVK     AS     FT T    R VQER  G     K I  L     I RL    A   IV          GVA AH F   DG  H   FEHGS  .YAC   Q ...N F    QL RPVFP A GE HGHTG A  MLFY RAAAG  DPAH....GT
AtNCED5    F                     R                                                              N  H DG  MV AVK     AS     FT T    R VQEK  G     K I  L     I RL    A   LL          GVA AH L   DG  H   ITNGD  .YSC   E ...E L    QL SPIFP A GE HGHSG A  MLFY RGLFG  NHKN....GT
AtNCED2    F                     R                                                              N  H DG  MV AVK     AS     FT T    R VQEK  G     K I  L     I RL    A   LI          GVA AH L   DG  H   ITNGS  .YAC   K ...E L    RL RPVFP A GE HGHSG A  MLFY RGLCG  NNQN....GV
AtNCED6    F                     R                                                              N  H DG  MI AVS     QV     YT T    R VQET  G     K I  L     L RL    A   LV          GVA AH L   DG  H   IGFDN  SYSC   K ...N L    AL RSVFP P GE HGHSG A  ALFT RAGIG  DGTR....GM
AtCCD4    F                     R                                                              N  H DG  ML AIK     AT     YV T    K NVEK  G     N V  F     V AS    A   VL          GLA TY L   DG  H   IHNGK  .LCS   K ...Y Y    QT APVMP . .. SGFNG T  VARG LTAAR  TGQYNPVNGI
AtCCD1    F                     R                                                              N  H DG  MI GVR     AT     YV T    R KQEE  G     K I  L     L MV    L   IL          GTA TY W   DG  H   IKDGK  .YVS   K ...S L    FF AAKFM . GD KGFFG L  NVQQ RTKLK  DNTY....GN
AtCCD7    F                     R                                                              N  A TA  VK EAK     PV     FT R    V KGGK  G     K V  T     A RL    E   EI          GRF VK T   KY  T   KEEHD  TDTW   H GPFS L    RF NTKVM N AN SVLKW G  LCLW GGEPY  ESGS..LDTV
AtCCD8    F                     R                                                              N  H DG  TL KLQ     IF     LL S    A KAAK  N     E F  T     I KN    I   LF          DNA TR L   YS  V   FDGGR  .AAH   E ...D Y    KH RLCYR . SE PKSVI N  PFSG GEIVR  SGES....LT
ZmCCD1    F                     R                                                              N  H DG  MI AMR     AT     YV T    R KQEE  G     K I  L     L MV    L   VL          GTA TY W   DG  H   IKDGK  .YVS   K ...A L    YF GAKFM . GD KGFFG F  QMQQ RKKFK  DFTY....GF

     T.T      TT         TT                          TTT                          TTVP14
        260       270       280       290       300       310           320       330

VP14                                                 H LV      L  MSE DL   VR     DLET  R     Q   A IA PKLD  T EL AL        I     KY       TG  YFN.GR LA   D  PYH  VADDG    VG YDFDG LGC M       PA G  H  SYD....V KRPYL  FYFRPDG KSDD
AtNCED9                                                 H LV      L  MSE DL   VK     DLET  R     Q   T IA PKID  T EL AL        V     KY       EG  YFN.GH LA   D  PYH  VTQTG    SG YDFDG LKS M       PE R  F  SYD....V SKPYL  FRFTSDG KSPD
AtNCED3                                                 H LV      L  MSE DL   VQ     DLKT  R     Q   T IA PKVD  S EL AL        V     KY       TG  YFN.GR LA   D  PYQ  ITPNG    VG FDFDG LES M       PE G  F  SYD....V SKPYL  FRFSPDG KSPD
AtNCED5                                                 H LV      L  MSE DL   VR     DLET  R     Q   A IA PKID  T EL AL        V     KY       EG  YFH.DR LA   D  PYQ  VTDNG    IG FDFDG LSS M       PV K  F  SYD....V KKPYL  FKFSPEG KSPD
AtNCED2                                                 H LV      L  MSE DL   LK     DLQT  R     Q   A IA PKLD  T EL AL        V     KY       VG  YFN.NR LA   D  PYQ  ITQTG    VG YDFDG LKS M       PV K  H  SYD....V KKPYL  FRFSPDG KSPE
AtNCED6                                                 H VV      L  MSE DL   VK     DLET  R     Q   S IA PKVD  T DL TL        L     RY       KG  FFN.GR LA   D  PYQ  IDGQG    IG FGFDD IDS V       AT G  H  SYN....V KKPHL  LKFNTCG KTRD
AtCCD4                                                 H LA      L  LGE DL   VR     DIET  R     K   S TA PKTD  T ET AF        V     TY       KS  FFS.NR FA   S  PYA  LTESG    IG YDFDG LAM M       PI G  F  RYG....P P.PFL  FRFDSAG KQRD
AtCCD1                                                 H LV      L  LQE DK   IK     DLQT  I     R   S TA PKVD  T EM TF        T     TY       IA  YHH.GK LA   A  PYV  VLEDG    LG IDYDK LTH F       PV G  F  GYS....H P.PYL  RVISKDG MHDP
AtCCD7                                                 H NN      D  SSD DL   DI     DLLK  L     M   R LS YKVD  R RL TV        L     TF       KE  GCESCD DD   R  SGH  WDTAA    PI QGVFK PPK F       GR K  L  TCNAEDML PRSNF  CEYDSEF LIQT
AtCCD8                                                 H VI      V  LTE QK   LV     ETIG  E     S   I SA PIVT  E EM TL        V     VV       KG  KLGDGR MC   T  GSI  DHETL    KF YDDVL DHM Q       .. T  W  IPD....L KPGYR  RMEAGSN REVV
ZmCCD1                                                 H LI      L  LSE DK   VK     DLQT  L     R   S TA PKVD  T EM TF        E     TY       AA  YHH.GK MA   A  PYV  VLEDG    LG LDYDK LKH F       PF D  F  GYS....H P.PYC  RVINKEG MLDP
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VP14                H  A TV I     L I DF I EN VVV D  V FK     ML                 K     V  K A   S       M    VP  E P.... EQPTM         F   P HQ V  LQ..E  R.GGSPVVLDK.....E TSRFG LP H ADA E...... AWVD  D
AtNCED9                H  A TV I     L I DF I EN VVI D  V FR     MI                 K     I  K A   S       I    VP  E P.... DQPTM         F   P QQ V  LP..E  R.GGSPVVYDE.....K KSRFG LN N KDA S...... QWIE  D
AtNCED3                H  A TV I     L M DF I EN VVV D  V FK     MI                 K     I  K A   S       I    AP  E Q.... DQPTM         F   P QQ V  LP..E  R.GGSPVVYDK.....N VARFG LD Y EDS N...... KWID  D
AtNCED5                H  A TV I     L M DF I EN VVI D  V FK     MF                 K     I  R A   S       M    SP  E P.... ASPTM         F   P QQ V  LS..D  L.GKSPVKYDG.....E ISRFG LP N KDA E...... VWVE  E
AtNCED2                H  A TL I     L I DF I EN VVI D  V FK     MI                 K     I  K A   S       I    SP  E P.... ETPTM         F   P QQ V  LG..E  S.GKSPVVFDG.....E VSRLG MP D TEA Q...... IWVN  E
AtNCED6                H  A TV I     L I DF I EN VVI D  M FK     MI                 K     V  K D   S       I    VP  E T.... PEPTM         F   P QQ V  LS..E  R.GGSPVIYVK.....E MARFG LS Q LTG D...... NWVD  D
AtCCD4                H  A TV I     M L DF I KR AIF E  L MR     LV                 K     V  K A   S       M    VP  P FS... TSPSF         H   A IQ G  MNMLD  LEGGSPVGTDN.....G TPRLG IP Y GDE E...... KWFE  G
AtCCD1                H  A TV I     I M DF I ET AIF D  M FR     MV                 K     V  R A   L       I    LP  P T.... SEPIM         Y   M LP H  P..KE  KEKKMIYSFDP.....T KARFG LP Y KDE M...... RWFE  N
AtCCD7                H  A TK F     I I DW F DT YIL A  V LN     AA                 E     I  R S   S       V    SS  E K.... DDHMM         H   F NR K  PIGSI  MCGMSPMVSALSLNPSN SSPIY LP F DKY RGGRDWR PVEV  Q
AtCCD8                H  A TG V     S V SF V EN VVI E  L YS     LR                 P     I  M K   E       V    VP  R RCRSG WGPGW         Y   P MP R  VKN.L  AEPTPLYKFEW.....C QDGAF HV S LTG V...... ASVE  A
ZmCCD1                H  A TV I     I M DF I EN SIF D  L FR     MV                 K     I  R A   K       I    LP  P T.... PESVM         Y   M LP L  P..KE  KNGEFIYKFDP.....T KGRFG LP Y KDD L...... RWFQ  N

                                                                        TTT .VP14
410       420          430                           440       450       460        470

VP14     H  NF    A ED       EVVVI    T                           E  E     L EIRL A T  S TR  VLCFC  LW  W  EATG...     GSCM PAD....................SIFN SD RLESV T    D R GR .  RA  PPS.Q
AtNCED9     H  NF    S EE       EVVVI    T                           E  E     L EIRL L T  S TR  VICFC  LW  W  PETD...     GSCM PPD....................SIFN HD TLQSV S    N K GE .  RP  S...E
AtNCED3     H  NF    A EE       EVVVI    T                           E  E     L EIRL L T  S TR  IICFC  LW  W  PETD...     GSCM PPD....................SIFN SD NLKSV S    N K GE .  RP  SNEDQ
AtNCED5     H  NF    A ES       EVVVI    T                           E  E     L EIRL L T  S TR  IITFC  LW  W  PETD...     GSCM PAD....................SIFN CD QLNSV S    N K GK .  RT  PGS.V
AtNCED2     H  NF    A ES       EIVVI    S                           E  E     L EIRI L T  T TR  LLTFC  LW  W  PETE...     GSCM PAD....................SIFN RD SLRSV S    N R RK .  RS  VN..E
AtNCED6     H  NF    A EE       VIVVI    S                           E  E     L EIRL M T  S NR  IVCFC  LW  W  RTEEGDP     GSCM PPD....................TIFS SG PTRVE S    N R KE .  KV  TG...
AtCCD4     H  NI    A DE       SVVLI    M                           E  D     V KVKI L T  V RR  ISFNI  AI  W  DDGN...     APNI S.....................IEHTL RM LVHAL E    D V GI .  HP  AR...
AtCCD1     H  NF    A EE       EVVLI    E                           E  E     L EMRF M T  A SQ  LSCFI  NA  W  ED.....     TCRL NPDLD...............MVSGKVK KL NFGNE Y    N K GS .  KK  AS...
AtCCD7     H  NI    A ET       KIQIQ    S                           R  D     L KVSM L S  N NS  VELWL  SG  Y  REDNGDL     ASAC YRWFDFQKMFGYDWQSNKLDPSVMNLN GD KLLPH V    T D TG C  CD  PLNGW
AtCCD8     H  NF    A EE       ATVII    E                           G  V     I RFRI L G  Y KL  AVYVT  FI  Y  DKNGDGK     ADCC HNADTRILDM.......LRLDTLRSSH HD LPDAR G    P D SK G  ET  EAEKH
ZmCCD1     H  NF    A EE       EVVLI    E                           D  E     L EMRF M T  A SQ  LSCFI  NA  W  GD.....     TCRL NPDLD...............KVNGYQS KL NFGNE Y    N K GA .  KQ  VS...
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VP14          N    G                           K D                               E   LE   V    L R SRYAY        V       S  A   L T  L                  G   F G   FVPQEN VGM  RNL   E     LA...... AEPWPKE GF  E  S GE T.............KFEY EGR G  PC   MDPAAAHP
AtNCED9          N    G                           K D                               E   LE   V    L R TRYAY        L       S  A   L T  I                  G   Y G   FLPQVN AGM  RNL   K     LA...... TEPWPKV GF  V  S GE R.............KYIY EGK G  PL   .....SGD
AtNCED3          N    G                           K D                               E   LE   V    L R TKFAY        L       S  A   L T  V                  G   Y G   FLPQVN AGM  RNM   K     LA...... AEPWPKV GF  V  T GE K.............KHLY DNR G  PL   .....GEG
AtNCED5          N    G                           K D                               E   LE   V    L R TRYAY        I       S  A   L T  V                  G   Y G   FLPQMN AGM  RNL   K     LA...... AEPWPKV GF  V  S GE K.............NHFY GKK G  PF   ...RGLES
AtNCED2          N    G                           K D                               E   LE   V    L R TRFAF        I       S  A   L T  M                  G   Y G   FLPDVN IGM  RNR   K     LA...... AYPWPKV GF  V  C GE K.............KYIY GEK G  PF   GN.SGNGE
AtNCED6          N    G                           K D                               E   LE   I    V R SQFVY        I       S  A   I N  V                  G   F G   FVP.VN AGH  RSY   K     IA...... ADPWPKC GI  V  Q GT S.............EFNY PSR G  PC   .....EGE
AtCCD4          N    G                           K D                               E   LD   I    L R SRYVY        I       S  V   V K  R                  G   Y G   FVA..N FAV  PAF   C     AA...... GDPMPKI GV  L  S GD DDCTVARR........MY SGC G  PF   .RDPGNPE
AtCCD1          N    G                           K D                               E   VD   I    T K QRYVY        I       T  I   L A  E                  G   Y S   YVP..A FPR  ECY   K     GT...... LDSIAKV GI  F  H EA TGKRMLEVGGNIKGIYDL EGR G  AI   .RET....
AtCCD7          N    G                           K D                               E   SD   I    S K NKYMY        S       D  V   L S  V                  G   F G   FVPNKP FPV  SSW   K     SAASSGTR ELPHFPF MV  F  D NL R.............TWST ARR V  PM   .KNSVEEG
AtCCD8          N    G                           K D                               E   MD   I    L Q YRYVY        A       N  S   I E  V                  E   I S   FVPGRA MCS  PLY   K     ACG..... QRPCNFP AL  V  V KK KN..............WH HGM P  PF   ....RPGA
ZmCCD1          N    G                           K D                               E   VD   V    T R QRYVY        I       T  I   L A  E                  G   F S   FVP..A FPR  ESY   K     CT...... LDSIAKV GI  F  H EP SGVKVLEVGGNVQGIYDL PGR G  AI   .KHPG.VS

  TTVP14
    550       560       570           580         590       600

VP14   ED G                                    P     P G H      YV   V DER   S L VV AA      R EATVQL    RV F F G  IRG  D   LTF H   AGT E L  N  D....I L       S..        TF TGQELEAQAA..
AtNCED9   ED G                                    P     P G H      YI   V DEE   S L LI AV      K EATVTL    RV Y F G  IGE  G   MVF H   KVK E Q  N  N....M L       S..        TF SKEDLSKQALC.
AtNCED3   ED G                                    P     P G H      YI   V DEK   S L IV AV      E EATVKL    RV Y F G  IGE  E   LCF H   TWK E Q  N  S....L V       S..        TF GADDLAKQVV..
AtNCED5   ED G                                    P     P G H      YI   V DEE   S L IV AV      E EATVKL    RV Y F G  VDG  D   MSF H   SWE E H  N  T....L L       S..        TF NSADMLNQA...
AtNCED2   ED G                                    P     P G H      YI   V DEE   S L II AV      K EATIKL    RV Y F G  VEN  D   FCH H   TKT E Q  N  N....L L       S..        TF DSNELVDQL...
AtNCED6   ED G                                    P     P G H      YV   V DEE   S F VV AT      K VAAVRL    RV Y F G  VGE  K   MGF R   KDE E V  D  D....M Q       E..        TF SENQLKEQVF..
AtCCD4   ED G                                    P     P G H      YV   V DEV   S F VM AK      E VAAVRL    RV Y F G  VAE  D   VTY H   TGE K L  D  SP..EL I       R..        LF KESDLNKL....
AtCCD1   ED G                                    P     P G H      YL   V DEN   S V VI AK      E VAVVEL    RV Y F A  VAE  D   IFF H   TGK C T  D  TM..SA P       H..        LF TEEQLQEQTLI.
AtCCD7   ED G                                    P     P G H      YI   E AVS   C L IL AK      A VSRLEV    TF M F G  AEE  D   VVV Y   VER Y V  D  KIGESD V       RNL        LW SD..........
AtCCD8   ED G                                    P     P G H      VV   V EEN   S A LL GS      E IARAKF    GL Y L G  ITH  D   ISI S   GG. F I  D  S....F E       Y..        CW PKD.........
ZmCCD1   ED G                                    P     P G H      YL   V DEN   S V VI AK      D VAVVEL    RV Y F A  VGE  D   IFF H   TGK E N  D  TM..SA P       N..        FF TEDQLARQAEGQ
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