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Supplementary Figure 1 | HF is an ATP-dependent dual-site inhibitor of ProRS. 

HF occupies both the proline binding pocket and the pocket for the 3’-end of tRNAPro, 

and blocks the binding of these two substrates to ProRS. 
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Supplementary Figure 2 | ATPa binds to ProRS. Stick model cartoons present the 

interactions between ATPa and ProRS. The hydrogen bonds are indicated with dashes. 
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Supplementary Figure 3 | Conformation comparison of ATPa and ATP in 

different protein-ligand complexes. Superposition of the structure of eukaryote-like 

T. thermophilus ProRS (yellow) with bound ATP (gray-white, PDB 1H4Q), and of 

human ProRS (blue) with bound ATPa (magenta) (and HF (omitted)), shows that the 

bound nucleotides are superimposable. Thus, the ATP-dependent binding of HF to 

human ProRS does not change the orientation of ATP in the catalytic site. 
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X Conserved                             Residues within 4 Å of ATPa

X Partial conserved                     Residues within 4 Å of halofuginone piperidine ring
X   Not conserved                         Residues within 4 Å of halofuginone 4-quinazolinone group
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                                         TT
    1010      1020      1030      1040      1050      1060      1070

H.sapiens             G           WY  V  K     Y    G           W                   Y E Q  KKQT L L  KKEEN  D  SQ IT SEMIE  DIS CYILRPW YAI EAI D FD EIKKLGVENC G G GP    R   EA     LA               H           A       K F  A
D.melanogaster             G           WY  V  K     Y    G           W                   Y      KKQT L L   KEDN  D  SQ IT  EMIE YDVS CYILR WSFAI  AI  WFD EI  MGV EC DASGAV    R   EAT    LP         G               Q      K  KT   A  TR   K
C.elegans             G           WY  V  K     Y    G           W                   Y   Q  KKQT L V  KKDDNYSE  SE IT  EMIE YDVS CYVLRPWSFAV E IQEWFD  IKKLGV NC EKK DG    L   GT                A                       S      SG      K
S.pombe             G           WY  V  K     Y    G           W                   Y N           IT  KD DF N   Q  T SDMIE YDIS CYIL PWSY I EAIQ WFD EIKKLGV NK DAAIENAALI   VR  A  P   Q  L                 K    S      G   K       R G 
P.falciparum             G           WY  V  K     Y    G           W                   Y E N  K    L IT KK ENFSD   Q I  SELIE YDIS CYILRP  Y I E VQ  FN EIKKL VENV D KS DSNI    S  I       T   V                  AA Y   C  AF  K     N   S 
T.thermophilus             G           WY  V  K     Y    G           W                   Y             LT    QDFSE   E I   EL D   V    V RP  YAI E IQQ  D   K  G QN.......MAKEK   PQS.       L   Q A  A  GP R TI V  YG     N   VL RMF ET H  A 

                              TT
1080      1090      1100      1110      1120      1130      1140      1150

H.sapiens FP F     L  E  H   F PE A VT  G     E  A RPTSET       KW  S RDLP  LNQW  VVR  M VS    EK KT VAD A  V W  R    ELA PI I      VMYP YA  VQ H    IK     N      QSA                    S KT                  A                  C
D.melanogaster FP F     L  E  H   F PE A VT  G     E  A RPTSET       KW  S RDLP  LNQW  VVR    VS    EK KT IAD A  V W     DSDLA PI V      VMYP YA  VQ      I     NN  I   KAV                   KS                     A       Y     R
C.elegans FP F     L  E  H   F PE A VT  G     E  A RPTSET       KW  S RDLP  LNQW  VVR  M VS    E  KT IAD A  V W  RA NSEMA PI I      VMYP Y   VQ H    IK     N      NAA  R                                       S K                C
S.pombe FP F     L  E  H   F PE A VT  G     E  A RPTSET       KW  S RDLP  LNQW  VVR  L VS    EK KD VEG A  V W  RA  SEL  PI I      VMYP YA  IR H     K    N      SKV                      T   D               Y            L      S
P.falciparum FP F     L  E  H   F PE A VT  G     E  A RPTSET       KW  S RDLP  LNQW  VVR  L V     EK KN IEG    V W     DSNL   I I      IMY  F   IR       K    N     TKNK           S       KY     P E            SV P     Y    L      T
T.thermophilus FP F     L  E  H   F PE A VT  G     E  A RPTSET       KW  S RDLP  LNQW  VVR  L I      K  E VEG          A   EL  P  V      V        IR             N     PMSF R  A      S  L V  H  GE  E  L         IGYMWS     W    QL    G

       TTT                                                 TTT  TT
    1160      1170      1180      1190      1200      1210      1220

H.sapiens WE     PF RT EFLWQEGH A      A   V   L  Y        A P   G K E EKF G   T T E   FK P   L  R          FAT EE  EE  QI DL A VY ELL I VVK R T K   A GDY T I A    H Q              S    M   A   L       Q  E
D.melanogaster WE     PF RT EFLWQEGH A      A   V   L  Y        A P   G K E EKF G   T T E   FKQPT  L  R        T FAD EE  KE  DI DL A VYT LL I VVK R T K   A GDY T V A                          K   A   L       L   H
C.elegans WE     PF RT EFLWQEGH A      A   V   L  Y        A P   G K E EKF G   T T E   FK PT  L  R        T FAN  D  KE  QI DL A VYTDLL I VVK R S K   A GDF T V A    H                     PA  E   F       G
S.pombe WE     PF RT EFLWQEGH A      A   V   L  Y        A P   G K E EKF G   T T E   FKNP   L  R        T H T E   EE  QI DL ARIYTDLL V VIK   S     A G F T V      Q                 M L G T   H                     V   N      M      G
P.falciparum WE     PF RT EFLWQEGH A      A   V   L  Y        A P   G K E EKF G   T T E   FKQPT     R        T H N EE  K   DI DL  R Y E L V IIK   S        NF     A         I              K E   V L F      R W E Y        I   G   G A   S A
T.thermophilus WE     PF RT EFLWQEGH A      A   V   L  Y        A P   G K E EKF G   T T E          L           T HAT EE  EE        AR   E   I VI    T K   A   Y T I A  MR.TR     S             R   E   RRM SI   LAR YA     E L         AV

                               TT T......T                          TT
1230      1240      1250      1260            1270      1280      1290

H.sapiens      G   Q  TSH LG NF   F I   D                   SWG   R IG   M H D  GL LPFIS   RAI G    H  Q  SKM E VFE P          EK F  QN   LTT T  VM  V G N   V   AS      G                    KIP......G  Q AY              T      M
D.melanogaster      G   Q  TSH LG NF   F I   D                   SWG   R IG   M H D  GL LPFIS   RAI GA   H  Q  SKM E VYE PE Q       QK YV QN    TT T  VMI V   N   V   AS                            T .......  K  Y     I            A  Q
C.elegans      G   Q  TSH LG NF   F I   D                   SWG   R IG   M H D  GL LPYV  N R I GA   H  Q  SKM D  YE P  E       E  F  QN   LST T   MV I G DK  V  AC   G                   S    AK ......G RA AW            A
S.pombe      G   Q  TSH LG NF   F I   D                   SWG   R IG   M H D  GL LPYI    R I GA      Q  SKM N V E PN E        K FV QN   LST T  V V V G DK  PTT  G       C            V    A IGPTGERP L  W             A          K
P.falciparum      G   Q  TSH LG NF   F I   D                   SWG   R IG   M H D  GL LPFIS N RAI  A          KM    FE  N          K YV Q     TT    IMI   G DK  V   E      A    Y  T  A   K E   E EV........ Q  H T   C   S      T
T.thermophilus      G   Q  TSH LG NF   F I   D                   SWG   R IG   M H D  GL LP    D  A          E      D  FQ  D Q          YV      LS       I   G D   VLMK.  K L AG   Y     ARA   K   R L ........VK  HTT     W F  AI  T    R

1300      1310      1320      1330      1340      1350      1360      1370 

H.sapiens P          P                         L         D R     G KF  WE  G P R E GP RVA VQVVII CGIT    EED E L   CN    R    NIR    L DNYSP W  NH  LK V I L V    C           NALS   K A IAK  DYRR  LSV   VRA
D.melanogaster P          P                         L         D R     G KF  WE  G P R E GP  VA IQ IVV CGIT   KDDER  L DAC  L KR    GVR E    DNYSP W  NH  LK V   L V H  C  A        VNT     AQ L   KA E   VGG   C G Y                   L
C.elegans P          P                         L         D R     G KF  WE  G P R E GP RVA VQVIVV VG     K EN Q L DA D   K   A GV  E  L ENY   W  NH  LK V I   V    A         F.... T  K S F  V KVT D V D  KA H      NA               F
S.pombe P          P                         L         D R     G KF  WE  G P R E GP  IA VQ VVV CGIT    DQERN I   C  L  R  A DIR E  L   Y P Y   H  MK V   L A  L  S        NKTT     E EGF SK AD  N A   T A   A. T     S        L   Y
P.falciparum P          P                         L         D R     G KF  WE  G P R E GP  V    VVIV I      K  D N I   C    K     QI         YSP Y  NH  L  I I   V N SKYK      FY.... TT E A HSY KDIE I KNA  NCVY D AS            R     I
T.thermophilus P          P                         L         D R     G KF  WE  G P R E GP R A IQVVIV I      KDE RE V EA Q L     A G R      DQ  P Y      LK V  L P        Y.....   S  R L  A G RQA L Q L VHL D   HT     HE       F V L

            TTT
     1380      1390      1400      1410      1420      1430      1440

H.sapiens  D          R    K               L  MK  Q VAVR DTGE  TV  NE E       EDI   LF  A  DL  H V     EDF   LD   IV  PR   SC F          L  AE  A TKLQAI    QVT  TR SE  KT M VANTM   QKI  SGK  QI 
D.melanogaster  D          R    K               LK LK QQ VAVR DT E  TIPL D EK I  L E IH  M NKA  DM  H  KVT   DF   LEQK I LAP    A  L       V  I    A V  K PA   T  ES L   QE  TS TK   NWT  CGF    N L
C.elegans  D          R    K               L  L  NQ  AV    GE     LE L K V  L DEIH  MYNK  AQRD H    T  EEF   LDEK IIL PN  AK  VT  I HN   KQLS  G S T KS      TA    VL    S LKST CI   KKL    C   S 
S.pombe  D          R    K               L   K NQ  AVR DT E   VPLNNLEK V  L   I  NMYE A AERD H VKV    DF  ALN K IVM PN A K  VT      F  IP        G SD  AK QT    T K    A V   KEWA  VP   K N   I 
P.falciparum  D          R    K               LK L  N  V VR D  E   V  E        M  DIH NLF KA   LD   V VT   E   ALN K  VLAP   QN SC I    NN  CN KK SVLLETQQ  V   K   L  KKK  DSI Q  SFS VMN   K KM
T.thermophilus  D          R    K               LK L   Q V      G   T PL  L        D  H ELY  A A RE H  KV   E F  A QE    LA    EGG A LAS .L G E L  AA PEALPGK  AF E   RR L F  D TR  DTY A KE V  G.FA  F

                                                T ..T
1450      1460          1470      1480      1490          1500      1510

H.sapiens  C     E  I                          C P                             FF GEIDC D  KK TAR    DQD E  APSMGAKSL I F    E       KCVC    N AK Y L GRSY         W   T   ....   L PG             KPLC LQP..GA    GK.. P  Y T
D.melanogaster  C     E  I                          C P                             FF GEI C D  K DSAR     EE E  AP MGAKSL I FDQP         KCI   C N  K Y L GRSY     S   K  A    ....G  A PG  A             APIAA..SD   NPS T KP F T
C.elegans  C     E  I                          C P                             FF G  DC EE KK S R     ED E     MGAK L I LDQP QE      KC    C   AK F L GRSY   RP        A T .....  G ..GAQ    T        K  LP..S.  LFPS TYN  A A
S.pombe  C     E  I                          C P                             F     EC  E KKNSAR    DE  D  APSMGAKSL I LEQP  E         C  C N AK   L GRS W NTT   K        QVNG  PE EK                SG DAIIEGTTK AG G L  VWG     .
P.falciparum  C     E  I                          C P                             F   DI   EE KKET R    NQ       S   K L I LDQP            C      AK   L GRSYW E  AT        Q .LSL  TNSETTL GAM P        PMPP.....NMK FWSGKP  RWC
T.thermophilus  C     E  I                          C P                             F  GD  C      ET                  A    V FE   EE       CV                 YH   KA  RL QE  T................. TTR     AEP  .....GF  RCGRPSAYGKRVV AKA 
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Supplementary Figure 4 | Sequence alignment of eukaryotic or eukaryotic-like 

ProRSs. Sequence alignments reveal the conserved halofuginone and ATP binding 

sites amongst eukaryotic ProRSs. Symbolic notations for the colored residues and 

arrows are given at the bottom of the figure. Along the top of each segment of the 

alignment, the locations of helices (spirals), β-strands (arrows) and turns (T…T) are 

annotated. 
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Supplementary Figure 5 | Three different kinds of inhibitors block different steps 

of aminoacyl-tRNA synthesis. The AA-AMP mimics, including the “operational” 

mimic Mupirocin, an antibiotic targeting prokaryotic isoleucyl-tRNA synthetase, 

block the activation of amino acids. AN2690, an antifungal agent targeting 

leucyl-tRNA synthetase, traps tRNA at the editing site and blocks the synthetase 

recycle. Halofuginone is a dual site inhibitor blocking both amino acid activation and 

tRNA charging. 
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Supplementary Table 1 | Data collection and refinement statistics. 
 
 ProRS:HF:ATPa ternary complex
Data collection  
Space group P21 
Cell dimensions　　  
   a, b, c (Å) 72.54, 93.10, 87.00 

α, β, γ (°)  90.00, 107.95, 90.00 
Resolution (Å) 50.00-2.00 (2.03-2.00)* 
Rmerge 6.0 (58.2) 
I/σI 26.2 (3.5) 
Completeness (%) 98.6 (98.5) 
Redundancy 4.8 (4.5) 
  
Refinement  
Resolution (Å) 46.43-2.00 
No. reflections 69440 
Rwork/ Rfree 20.4/22.7 
No. atoms  
    Protein 7671 
    Ligand/ion 114 
    Water 204 
B-factors  
    Protein 50.4 
    Ligand/ion 43.2 
    Water 46.6 
R.m.s deviations  
    Bond lengths (Å)  1.065 
    Bond angles (º) 0.007 
*Highest resolution shell is shown in parenthesis.  

 


