
Supplementary Fig. S1. Partial multiple sequence alignment of the H homologs; IsrH, NfaH, MarH, NifH, AnfH, 
VnfH, CfbC, BchL/ChlL, and BchX.
Each ortholog sequence set were multiple sequence aligned with Mafft version 7.0 with default settings. Three motifs 
for ATP-binding (14 amino acid residues) and the iron-sulfur cluster binding (10 and 7 amino acid residues containing 
two Cys residues for chelating the [4Fe-4S] cluster) are shown. In the first iron-sulfur cluster motif Arg100 for ADP-
ribosylation site in purple bacteria is also shown. (Av) denotes the amino acid sequence number in NifH from A. 
vinelandii DJ (WP_012698831.1.1). Cysteine residues are in yellow (C), acidic amino acids are in light yellow (D, E), 
basic amino acids are green (H, K, R), neutral polar amino acids are orange (N, S, T, Q), and aromatic amino acids are 
dark blue (F, W, Y), Amino acid residues with non-polar side chains are shown as light blue (A, G, I, M, V, P, L).
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Rhodobacter_capsulatus_SB_1003_WP_013066316.1 A F Y G K G G I G K S T T S G V G C A G R G V I D V V C G G F
Clostridium_cellulovorans _743B_WP_010073575.1 A I Y G K G G I G K S T T T G V G C A G R G I N D V V C G G F
Clostridium_chromiireducens _WP_079440385.1 A I Y G K G G I G K S T T T G V G C A G R G I N D V V C G G F
Clostridium_luticellarii _WP_146127594.1 A I Y G K G G I G K S T T T G V G C A G R G I N D V V C G G F
Paenibacillus_apii _WP_165103218.1 A I Y G K G G I G K S T T T G V G C A G R G I N D V V C G G F
Paenibacillus_durus _WP_042208281.1 A I Y G K G G I G K S T T T G V G C A G R G I N D V V C G G F
Paenibacillus_rhizophilus _WP_124697082.1 A I Y G K G G I G K S T T T G V G C A G R G I N D V V C G G F
Propionispora_hippei _DSM_15287_WP_149735279.1 A I Y G K G G I G K S T T T G V G C A G R G I N D V V C G G F
Rhodoblastus_acidophilus _WP_088522308.1 A I Y G K G G I G K S T T T G V G C A G R G I A D V V C G G F
Rhodopseudomonas_palustris _CGA009_WP_011158165.1 A I Y G K G G I G K S T T T G V G C A G R G I N D V V C G G F
Ruminiclostridium_cellobioparum _DSM_1351_=_ATCC_15832_WP_027629033.1 A I Y G K G G I G K S T T T G V G C A G R G I N D V V C G G F
Anaeroarcus_burkinensis _DSM_6283_WP_210162491.1 A I Y G K G G I G K S T T T G V G C A G R G I I D V V C G G F
Clostridium_algoriphilum _WP_226125607.1 A I Y G K G G I G K S T T T G V G C A G R G I I D V V C G G F
Clostridium_algoriphilum _WP_226126611.1 A I Y G K G G I G K S T T T G V G C A G R G I I D V V C G G F
Endomicrobium_proavitum _WP_052570620.1 A I Y G K G G I G K S T T T G V G C A G R G I T D V V C G G F
Leadbettera_azotonutricia _ZAS-9_WP_015710526.1 A I Y G K G G I G K S T T T G V G C A G R G I I D V V C G G F
Ruminiclostridium_cellobioparum _DSM_1351_=_ATCC_15832_WP_004627179.1 A I Y G K G G I G K S T T T G V G C A G R G I I D V V C G G F
Blastochloris_viridis _WP_055037160.1 A I Y G K G G I G K S T T T G V G C A G R G I I D V V C G G F
Pararhodospirillum_photometricum _DSM_122_WP_041796112.1 A I Y G K G G I G K S T T T G V G C A G R G I I D V V C G G F
Pleomorphomonas_carboxyditropha _WP_100079641.1 A I Y G K G G I G K S T T T G V G C A G R G I I D V V C G G F
Pleomorphomonas_carboxyditropha _WP_100081799.1 A I Y G K G G I G K S T T T G V G C A G R G I I D V V C G G F
Rhodopseudomonas_palustris _CGA009_WP_011157906.1 A I Y G K G G I G K S T T T G V G C A G R G I I D V V C G G F
Rhodopseudomonas_palustris _CGA009_WP_011158185.1 A I Y G K G G I G K S T T T G V G C A G R G I I D V V C G G F
Rhodospirillum_rubrum _ATCC_11170_WP_011388553.1 A I Y G K G G I G K S T T T G V G C A G R G I I D V V C G G F
Azotobacter_vinelandii _DJ_WP_012698831.1 A I Y G K G G I G K S T T T G V G C A G R G V I D V V C G G F
Nostoc _sp._PCC_7120_=_FACHB-418_WP_010995048.1 A F Y G K G G I G K S T T S G V G C A G R G I I D V V C G G F
Nostoc _sp._PCC_7120_=_FACHB-418_WP_010995626.1 A F Y G K G G I G K S T T S G V G C A G R G I I D V V C G G F
Rhodobacter_capsulatus _SB_1003_WP_013066329.1 A I Y G K G G I G K S T T T G V G C A G R G V I D V V C G G F
Rhodospirillum_rubrum _WP_011388765.1 A F Y G K G G I G K S T T S G V G C A G R G V I D V V C G G F
Chlorobaculum_tepidum _WP_010933198.1 A I Y G K G G I G K S T T T G V G C A G R G I I D V V C G G F
Clostridium_pasteurianum _WP_003446488.1 A I Y G K G G I G K S T T T G V G C A G R G I I D V V C G G F
Methanosarcina_acetivorans _C2A_WP_011023791.1 A I Y G K G G I G K S T T T G V G C A G R G I I D V V C G G F

NifH (III) Methanothermobacter_thermautotrophicus _WP_048061088.1 A I Y G K G G I G K S T T Q G V G C A G R G V I D V V C G G F
Azotobacter_vinelandii _DJ_WP_012703362.1 A I Y G K G G I G K S T T T G V G C A G R G V I D V V C G G F
Rhodobacter_capsulatus _SB_1003_WP_013066406.1 S V Y G K G G I G K S T T S G T G C G G Y V V G D V V C G G F

Anf,VnfH (III) Methanosarcina_acetivorans _C2A_WP_011021227.1 A F Y G K G G I G K S T T Q G V G C A G R G V I D V V C G G F
Azotobacter_vinelandii _DJ_WP_012698955.1 A I Y G K G G I G K S T T T G V G C A G R G V I D V V C G G F
Trichormus_variabilis _WP_011320742.1 A F Y G K G G I G K S T T S G V G C A G R G I I D V V C G G F
Methanosarcina_acetivorans _C2A_WP_011023535.1 A I Y G K G G I G K S S T A G I G C A G R G I I D I V C G G F
Methanosarcina_barkeri _227_WP_048119935.1 A I Y G K G G I G K S S T A G I G C A G R G I I D I V C G G F
Methanosarcina_mazei _Go1_WP_011032466.1 A I Y G K G G I G K S S T A G I G C A G R G I I D I V C G G F
Chlorobaculum_tepidum _TLS_WP_010933803.1 A V Y G K G G I G K S T T S G S G C G G Y V V G D V V C G G F
Chloroflexus_aurantiacus _J-10-fl_WP_012258413.1 A I Y G K G G I G K S T T S G S G C G G Y V V G D V V C G G F
Rhodobacter_capsulatus _SB_1003_WP_013066431.1 A I Y G K G G S G K S F T L G R G C G G R G I I D V V C G G F
Rhodopseudomonas_palustris _CGA009_WP_011157104.1 S I Y G K G G I G K S T T S G T G C G G Y V V G D V V C G G F
Rhodospirillum_rubrum _ATCC_11170_WP_011388378.1 A I Y G K G G I G K S T T S G T G C G G Y V V G D V V C G G F
Nostoc _sp._PCC_7120_=_FACHB-418_WP_010999204.1 A V Y G K G G I G K S T T S G A G C G G Y V V G D V V C G G F
Chlorobaculum_tepidum _TLS_WP_164927029.1 A I Y G K G G I G K S F T T G R G C G G R G I I D V V C G G F
Chloroflexus_aurantiacus _J-10-fl_WP_012660438.1 A V Y G K G G M G K S F F T G R G C G G R G I T D V V C G G F
Rhodobacter_capsulatus _SB_1003_WP_013067945.1 A I Y G K G G I G K S T T T G V G C A G R G I S D V V C G G F
Rhodopseudomonas_palustris _CGA009_WP_011157083.1 A I Y G K G G I G K S F T L G R G C G G R G I I D V V C G G F
Rhodospirillum_rubrum _ATCC_11170_WP_011390728.1 A I Y G K G G I G K S F T L G R G C G G R G I I D V V C G G F
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Supplementary Fig. S2. Partial multiple sequence alignment of the D homologs; IsrD, NfaD, MarD, NifD, 
AnfD, VnfD, CfbD, BchN/ChlN, and BchY.
Each ortholog sequence set was multiple sequence aligned in the same manner as Fig. S1. Six motifs for the P-
cluster binding (NifD), the substrate binding (BchN), and FeMo-co binding (NifD) are shown. (Av) and (Rc) denote 
the amino acid sequence numbers in NifD from A. vinelandii DJ (WP_012698831.1.1) and BchN from R. capsulatus 
(WP_013066315.1). The color representation of amino acid residues is the same as in Fig. S1.

* * ** ** ● ● + +
(Av)
(Rc)

Rhodobacter_capsulatus_SB_1003_WP_013067944.1 R R I R S F S E A A P D D L P R G C G V R L G S P V V A S A V P A T G G D A A L V L A P D L A V L - - - -
Clostridium_cellulovorans _743B_WP_010073574.1 Q N I R T F S E A T Y D E V P A G C S T S L A T A V V A S K T A I N G Y D V V I A L N D D E I S I - - - -
Clostridium_chromiireducens _WP_079440384.1 Q N I R T Y S E A T F D E V P L G C G N A V A T P V V A S K A A I N G Y D L V I A L N H D E I S I - - - -
Clostridium_luticellarii _WP_106008747.1 Q R I R T F S Q T S F D E I P L G C S A V V T T P V V A S K S S I F G G D V A I S I D K D N I A V - - - -
Paenibacillus_apii _WP_165103215.1 Q R I R T Y S E T G D D E V P P G C G A I L A T P V V A S K T A V Y G Y D L V I A I D K D D A A V - - - -
Paenibacillus_durus _WP_042208280.1 Q R I R T Y S E T D D D E V P P G C G A I L A T P V V A S R T A V Y G Y D L V I A I D K D D A A V - - - -
Paenibacillus_rhizophilus _WP_124697081.1 Q R I R T Y S E T G D D E V P P G C G A I L A T S V V A S K T A V Y G Y D L V I A I D K D D A A V - - - -
Propionispora_hippei _DSM_15287_WP_149735278.1 Q R I R I F S E T H A D D V P R G C A A A I T T P V V A S Q A A I G G S D T A I A L N R D E V A L - - - -
Rhodoblastus_acidophilus _WP_088522307.1 K R I R T F S E A A H D D L P R G C A V G L G S P V V A S H I A A T G A D A A V V L D P D G A R L - - - -
Rhodopseudomonas_palustris _CGA009_WP_011158166.1 S R I R T F S Q V A S D D V A R G C A G A V A T P V V A S R I G A T G Y D I A V A V F Q D E V A I - - - -
Ruminiclostridium_cellobioparum _DSM_1351_=_ATCC_15832_WP_027629032.1 Q R V R T F S Q D T N S D I P R G C G I I L T T S V V A S K M G V T G Y D V A L V I K K G E L N I - - - -
Anaeroarcus_burkinensis _DSM_6283_WP_027937538.1 D T G R S F S Q C M G C G S P V G C A G D T T S C A S G S K I W T S G F D S A I Q V C P T L L L V - - - G
Clostridium_algoriphilum _WP_226125597.1 D C S R S F S Q C L D C A S P I G C A G D T T S C A S G S K I W T T G F D A A I E I C P T L L L I - - - G
Endomicrobium_proavitum _WP_052570612.1 D K N R S F S Q C L G C S T P V G C A G C I T T C A S G S K I W T S G F D A G I Q I C S T L L L I - - - G
Leadbettera_azotonutricia _ZAS-9_WP_015710518.1 E K N R S F S Q C L G C S T P V G C A G C I T T C A S G S K I W T S G F D A G M Q V C A T L L L I - - - G
Ruminiclostridium_cellobioparum _DSM_1351_=_ATCC_15832_WP_027627947.1 D S T R S F S Q C M G C S S P V G C S G D T T S C A S A S K I W T T G F D S A I Q I C P T L L L I - - - G
Blastochloris_viridis _WP_055037163.1 E S S T P Y S Q A S M C A E P I G C A A S A T S C A T G S K H W S S G W D V I V T M C F V L L P I - - - F
Blastochloris_viridis _WP_055037502.1 E L E S P F T Q G T G C S E P I G C S A L A T S C A T G S N H W S S G F D A I T S F C Y T F I P L E - - A
Blastochloris_viridis _WP_055038750.1 E L Q G P F T Q G S V C S E P I G C G A G A T S C A S G S K H W S T G F D A T V S F C Y T L I P L - - - G
Pararhodospirillum_photometricum _DSM_122_WP_041796109.1 E Q R S P F S Q G S V C S E P L G C G A G A T S C A T A S K H W S T G F D A T V G F C Y T L I P L - - - G
Pleomorphomonas_carboxyditropha _WP_100079640.1 E L K G P F T Q G S V C S E P I G C G T G A T S C A T G S K H W S T G F D A T V G F C Y T L I P L - - - G
Pleomorphomonas_carboxyditropha _WP_100081803.1 E L S S P Y S Q A S M C A E P I G C A S S A T S C A T G S R H W S S G W D V I V T M C F V L L P I - - - F
Rhodopseudomonas_palustris _CGA009_WP_011157901.1 E L E S P F S Q G S T C S E P I G C A A G A T S C A T G S K H W S S G F D A I A T F C Y S V I A L - - - G
Rhodopseudomonas_palustris _CGA009_WP_011157916.1 E Q S T P F A Q A S M C A E P I G C A A S A T S C A T G S K H W S S G W D V I V T M C F V L L P I - - - F
Rhodopseudomonas_palustris _CGA009_WP_011158186.1 E L E G P F T Q G S V C S E P I G C G A G A T S C A S G S K H W S T G F D A T V S F C Y T L I P L - - - G
Rhodospirillum_rubrum _ATCC_11170_WP_011388552.1 E M R S P F S Q G S V C S E P I G C G A G A T S C P T A S K H W S T G F D A T V G F C Y T L I P L - - - G
Azotobacter_vinelandii _DJ_WP_012698832.1 I R G C A Y A G S K G - - - P V G C G Q Y Q S E C P I G L G S Q S L G H H I A L V H C Y R S R Q M H S W D
Nostoc _sp._PCC_7120_=_FACHB-418_WP_044520961.1 A R G C A Y A G S K G - - - P V G C G Y W Q S E C P I G L G S Q S L G H H I A L I H C Y R S R Q M H S W D
Rhodobacter_capsulatus _SB_1003_WP_013066315.1 I R G C A Y A G S K G - - - P V G C G H Y Q S E C P I G L G S Q S L G H H I A L I H C Y R S R Q M H S W D
Rhodospirillum_rubrum _WP_011388766.1 I R G C A Y A G S K G - - - P V G C G Q Y Q S E C P I G L G S Q S L G H H I A L I H C Y R S R Q M H S W D
Chlorobaculum_tepidum _WP_010933201.1 Q R G C A Y A G C K G - - - P I G C S F Y F S T C P V G A G S Q S A G H H I A V I M C H R S K Q L H S Y D
Clostridium_pasteurianum _WP_003447876.1 A R G C A Y A G C K G - - - P I G C S F Y Y A T C P V G A G S Q S A G H H I A L V Q C H R S K Q L H S Y D
Methanosarcina_acetivorans _C2A_WP_011023794.1 N R G C A F A G T K G - - - P I G C A Y F C A T C P V G A G S Q S A G H H I A I L L C H R S R Q I H S Y D

NifD (III) Methanothermobacter_thermautotrophicus _WP_269889672.1 E R G C A F A G A K G - - - P V G C T A Y Y A T C T T G K G T Q S K G H Q V A L V R C Q R S V L I H S Y -
Azotobacter_vinelandii _DJ_WP_012703361.1 E R G C A Y C G A K H - - - P V G C T Y D Y Q T C A T A G P S Q S G G H H K I V L E C A R S L N A H A Y -
Methanosarcina_acetivorans _C2A_WP_011021232.1 E R G C A Y C G A K H - - - P V G C T Y D Y Q T C A S A G P S Q S G G H H K I V L E C A R S L N I H G Y -
Rhodobacter_capsulatus _SB_1003_WP_013066330.1 E R G C A Y C G A K H - - - P N G C T Y D Y Q T C T T A G P S Q S G G H H K I V L E C A R S L N A H A Y -
Azotobacter_vinelandii _DJ_WP_012698950.1 E R G C A F C G A K L - - - P L G C A Y D Y T T C P T A G V S Q S K G H H V L V V N C A R S V N G H G Y -
Methanosarcina_acetivorans_C2A_WP_011021237.1 E R G C S Y C G A K L - - - P V G C A Y D Y T T C T T A G V S Q S K G H H E L V V N C A R S I N G H A Y -
Trichormus_variabilis _WP_011320715.1 E R G C S Y C G A K L - - - P I G C A Y D Y T T C A T A G V S Q S K G H H V L V T N C A R S V N G H G Y -
Methanosarcina_acetivorans _C2A_WP_011023536.1 - - - - - - - - - - - - - - P P G C S F K V G T C A S M H N N T R G V L F A L L L K - - - - V L V - E I D
Methanosarcina_barkeri _227_WP_048119934.1 - - - - - - - - - - - - - - P P G C S F K V G T C P S M H D N T K G V L F A L L L K - - - - V L V - E I D
Methanosarcina_mazei _WP_011032467.1 - - - - - - - - - - - - - - P P G C S F K V G T C A S M H N N T K G V I F A L L L K - - - - V M V - E I D
Chlorobaculum_tepidum _TLS_WP_010933805.1 N V T H S F C G L A C - - - T H T C A H F L S S C T P E F - N F T Q A E D S V A P I - Q P Y K W S M E F -
Chloroflexus_aurantiacus _J-10-fl_WP_012258416.1 G I Y H S F C G L V S - - - T H T C A H L L S S C T P E Y - T F S Q S E D S V A P L - Q P Y K W G T E Y -
Rhodobacter_capsulatus _SB_1003_WP_013066409.1 G Q K A V F C G L T S - - - S R T C A H L V G S C P S E T - T F T Q G E D T C I L A - Q P F K W A I E L -
Rhodopseudomonas_palustris _CGA009_WP_011157101.1 G Q R E V F C G L T G - - - S R T C A H L V G S C P S E T - T F T Q G E D A C L M A - Q P F K W S I E L -
Rhodospirillum_rubrum _ATCC_11170_WP_011388381.1 G Q H E V F C G L A G - - - S R T C A H L V G S C P S E T - T F T Q G E D A C L L A - Q P F K W S I E L -
Nostoc _sp._PCC_7120_=_FACHB-418_WP_010999202.1 G N Y H T F C P I S C - - - T K T C G Y F I G T C T T E Y - A F T Q G E D T V A G V - N P F K W S V E F -
Chlorobaculum_tepidum _TLS_WP_164927095.1 - H P Q S M C P A F G - - - D Q G C L Y G V S T C V A E I R T H P E A K D V A A V L - H P F I Y Y T N N I
Chloroflexus_aurantiacus _J-10-fl_WP_012259636.1 - H P Q T M C P A F G - - - D T G C L Y G I S L C V A E I H S H P E A K D V A A A L - H P F V Y Y T N I L
Rhodobacter_capsulatus _SB_1003_WP_013066432.1 D K P Q T M C P A F G - - - S A C C V Y G I N L C V P T V P T H A E A K D V L A A I - H P F L Y F T N L I
Rhodopseudomonas_palustris _CGA009_WP_011157084.1 D Q P Q S M C P A F G - - - S A C C V Y G T N L C V P T V P T H A E A K D V L A A I - H P F L Y F T N L I
Rhodospirillum_rubrum _ATCC_11170_WP_011390727.1 D Q P Q S M C P A F G - - - S A C C V Y G T N L C V P T V P T H A E A K D I L A A I - H P F L Y F T N L I
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Supplementary Fig. S3. Partial multiple sequence alignment of the K homologs; IsrK, NfaK, MarK, NifK, 
AnfK, VnfK, BchB/ChlB, and BchZ.
Each ortholog sequence set was multiple sequence aligned in the same manner as Fig. S1. Three motifs 
containing three Cys residues for the P-cluster chelating in NifK are shown. (Av) denotes the amino acid sequence 
numbers in NifK from A. vinelandii DJ (WP_012698833.1.1). The color representation of amino acid residues is the 
same as in Fig. S1.

* * *
(Av)

Rhodobacter_capsulatus_SB_1003_WP_013067943.1 F G G C A L H T P G C A L R L T G C P A E
Clostridium_cellulovorans _743B_WP_010073573.1 R N S C A L Q T A G C T I Q L S G C S S E
Clostridium_chromiireducens _WP_079440383.1 R N S C A L Q T A G C T I Q L S G C A P E
Clostridium_luticellarii _WP_106008749.1 R N S C A F S T A G C A A Q L S G C A T E
Paenibacillus_apii _WP_165103212.1 R N S C M L H T L G C G V Q L T G C T P E
Paenibacillus_durus _WP_052410350.1 R N S C M L H T S G C G V Q L T G C T P E
Paenibacillus_rhizophilus _WP_124697080.1 R N S C M L H T L G C G V Q L T G C T P E
Propionispora_hippei _DSM_15287_WP_149735277.1 R N H C A L L T A G C G R Q L S G C A T E
Rhodoblastus_acidophilus _WP_088522306.1 H D G C A L H T P G C A L R I T G C P T E
Rhodopseudomonas_palustris _CGA009_WP_042441092.1 R A G C A L H T P G C G V Q L T G C P A E
Ruminiclostridium_cellobioparum _DSM_1351_=_ATCC_15832_WP_034861385.1 R N G C L L Q T A G C A V Q V S G C A S E
Anaeroarcus_burkinensis _DSM_6283_WP_027937537.1 R Y S C A L - G P G C S V K L T G C T S D
Clostridium_algoriphilum _WP_226125598.1 R Y S C A L - G P G C S G K L T G C T S D
Endomicrobium_proavitum _WP_052570613.1 R F M C A I - G P G C G T M L T G C T S A
Leadbettera_azotonutricia _ZAS-9_WP_015710519.1 R F M C S I - G P G C G T M L T G C T A S
Ruminiclostridium_cellobioparum _DSM_1351_=_ATCC_15832_WP_027627946.1 R Y S C A I - G P G C S S K L T G C T S D
Blastochloris_viridis _WP_055037159.1 R Y I C A I - G P G C T D K L T G C I P D
Blastochloris_viridis _WP_055037162.1 R Y G C S L - G P G C A T K Q S G C I P G
Blastochloris_viridis _WP_055037501.1 R Y V C S L - G P G C V S K V T G C I S D
Pararhodospirillum_photometricum _DSM_122_WP_014416390.1 R S V C S I - G P G C A D K L T G C I P D
Pleomorphomonas_carboxyditropha _WP_100079639.1 R Y G C A I - G P G C T D K L T G C I S D
Pleomorphomonas_carboxyditropha _WP_100081802.1 R Y A C A L - G P G C A S K Q S G C I P G
Rhodopseudomonas_palustris _CGA009_WP_011157900.1 R Y A C A L - G P G C A D K L T G C I P D
Rhodopseudomonas_palustris _CGA009_WP_011157917.1 R Y G C S L - G P G C A T K Q T G C I P G
Rhodopseudomonas_palustris _CGA009_WP_011158187.1 R Y V C A I - G P G C A D K L T G C I P D
Rhodospirillum_rubrum _ATCC_11170_WP_011388551.1 R Y I C S I - G P G C A D K L T G C I P D
Azotobacter_vinelandii _DJ_WP_012698833.1 A K A C Q P L S Q G C V A Y S T T C M A E
Nostoc_ sp._PCC_7120_=_FACHB-418_WP_010995612.1 A K G C Q P V S Q G C V A Y C T T C M A E
Rhodobacter_capsulatus _SB_1003_WP_013066314.1 A K A C Q P V S Q G C V A Y S T T C M A E
Rhodospirillum_rubrum _WP_011388767.1 N K A C Q P L S Q G C A A Y C T S C M A E
Chlorobaculum_tepidum _WP_010933202.1 A K T C Q P I S Q G C C A Y H S T C L S E
Clostridium_pasteurianum _WP_003447875.1 A K T C Q P V S Q G C C S Y H T T C L S E
Methanosarcina_acetivorans _C2A_WP_011023795.1 A K I C Q P I S Q G C L S Y H T T C V A E

NifK (III) Methanothermobacter_thermautotrophicus _WP_269889673.1 L V T C Q P F S Q G C S T F V T T C S S E
Azotobacter_vinelandii _DJ_WP_012703359.1 I F T C Q P A G Q G C V M F I T T C S T E
Methanosarcina_acetivorans _C2A_WP_011021230.1 I F T C Q P C G Q G C V M F I T T C S T E
Rhodobacter_capsulatus _SB_1003_WP_013066332.1 I F T C Q P A G Q G C V M F I T T C S T E
Azotobacter_vinelandii _DJ_WP_012698948.1 M Y D C Q P A G Q G C T M F I T T C S T E
Methanosarcina_acetivorans _C2A_WP_011021239.1 M Y T C Q P A G Q G C S M F I T T C S T E
Trichormus_variabilis _WP_011320716.1 I F T C Q P A G Q G C S M F I T T C S T E
Chlorobaculum_tepidum _TLS_WP_010933804.1 Y E G T A L H P Q G D D Y I A P S C S T A
Chloroflexus_aurantiacus _J-10-fl_WP_012258415.1 Y E G T A H H P Q G D D Y V V A S C S T I
Rhodobacter_capsulatus _SB_1003_WP_013066408.1 Y E G P P H V P Q G D T Y A A L T C T A E
Rhodopseudomonas_palustris _CGA009_WP_011157102.1 Y E G P P H V P Q G D T Y A G A S C T G S
Rhodospirillum_rubrum _ATCC_11170_WP_011388380.1 Y E G P P Q V P Q G D S Y A G S S C T G E
Nostoc _sp._PCC_7120_=_FACHB-418_WP_010997591.1 Y A G P A H I P L G D D Y F T P T C T S S
Chlorobaculum_tepidum _TLS_WP_010933779.1 S T A S A Y W P V G C Y N L V S S A E S E
Chloroflexus_aurantiacus _J-10-fl_WP_012259637.1 S D T S S Y W P I G C Y N L I S T A E S E
Rhodobacter_capsulatus _SB_1003_WP_013066433.1 D R A G G Y W P V G C E N L V T G S I A E
Rhodopseudomonas_palustris _CGA009_WP_011157085.1 D R A G G Y W P V G C E N L V T G S I A E
Rhodospirillum_rubrum _ATCC_11170_WP_011390726.1 D R A G G Y W P V G C E N L V T G S I A E

BchB, ChlB (V)

BchZ (V)

P-cluster ligands (*)

NifK (I)

NifK (II)

AnfK (III)

VnfK (III)

NfaK (IVB)

MarK (IVC)

IsrK (IVD)

70 95 153



Supplementary Fig. S4. Partial multiple sequence alignment of the B homologs; IsrB, NfaB, MarB and NifB.
Each ortholog sequence set were multiple sequence aligned with Mafft version 7.0 with default settings. Seven motifs 
including the radical SAM motif are shown. (Av) and (Mt) denote the amino acid sequence numbers in NifBs from A. 
vinelandii DJ (WP_012703541.1) and Methanothermobacter thermautotrophicus (WP_010877473.1), respectively.
The color representation of amino acid residues is the same as in Fig. S1.

* * *
(Av) 45 46 47 67 71 74 83 84 85 86 118 119 120 121 171 172 173 174 175 298 299 300 301 302 303 304 305 306 307

　(Mt)　K1,K2 18 24 31 115 260 263

Rhodobacter_capsulatus_SB_1003_WP_013067946.1 F P D R P A F Y G R T S D G V A R Q F F V A Y S N E C S Y K A K G E D C L F C N I N D T Y G E K T G I F T G G V I P E - - - Y A G V E D F R T V G L N L E F W D A - - - - - - - - - - - - - - -
Clostridium_cellulovorans _743B_WP_010073578.1 F E K R P N Y Y S K T S D G T S N H V F V A Y S N E C A L K D K G K D C L F C N I N D L Y A E S Q N I K S G G F I P E - - - Y T G L Q D F R T V A I N L E V W D Y - - - - - - - - - - - - - - -
Clostridium_cellulovorans _743B_WP_010073580.1 F D K R P H Y Y S K T S D G T A G T I G V A Y S N E C A L K D K G L D C L F C N A N D T Y A A K E N I T T G G F I P E - - - H T G L E D F R T I A I Q L E I W D A - - - - - - - - - - - - - - -
Clostridium_chromiireducens _WP_119365647.1 F D K R P N Y Y K N T S D G T E G T V G V A Y S N E C S L K E K G L D C L F C N A N D T Y A E K E N I K T G G F I P E - - - H T G L V D F R T I A I Q L E I W D A - - - - - - - - - - - - - - -
Clostridium_luticellarii _WP_106008745.1 F L S R P K Y Y D K T S D G M E G T I F V A Y S N E C A L K D K G L D C L F C N I N D T Y A E K E G I E S G G F I P E - - - Y T G L E D F R T I A M N I E I W D A - - - - - - - - - - - - - - -
Clostridium_luticellarii _WP_106008753.1 F L S R P K Y Y D K T S D G M E G T I F V A Y S N E C A L K D K G L D C L F C N I N D T Y A E K E G I E S G G F I P E - - - Y T G L E D F R T I A M N I E I W D S - - - - - - - - - - - - - - -
Clostridium_luticellarii _WP_106008760.1 F F H R P R Y Y N K T S D G T S G A I F V S Y S N E C A L K D K G L D C L F C N I N D T Y A E K Q N I T S G G F V P E - - - Y T G L E D F R T I A M N L E I W D A - - - - - - - - - - - - - - -
Paenibacillus_apii _WP_165102635.1 L K K R P K Y Y S K T S D G A N G A I F V S Y S N E C F L K E T G H D C K Y C N I N D T Y G E E H G V S S G G F I P E - - - H T G L Q D F R T V A M N L E I W D A - - - - - - - - - - - - - - -
Paenibacillus_apii _WP_165103210.1 F D K R P K Y Y G S A S D G T P G T V S I A Y S N E C S L K E K G Q D C L F C N I N D T Y S E I Q G I K T G G F V P E - - - S T G L Q D F R T L A M N L E M W D Y - - - - - - - - - - - - - - -
Paenibacillus_durus _WP_179945175.1 L K K R P K Y Y S K T S D G A N G A I F V S Y S N E C F L K E T G H D C K Y C N I N D T Y G E E H G V S S G G F I P E - - - H T G L E D F R T I A M N L E I W D A - - - - - - - - - - - - - - -
Paenibacillus_rhizophilus _WP_124696141.1 L K K R P K Y Y S K T S D G A N G A I F V S Y S N E C F L K E T G H D C K Y C N I N D T Y G E E H G V S S G G F I P E - - - H T G L Q D F R T V A M N L E I W D A - - - - - - - - - - - - - - -
Paenibacillus_rhizophilus _WP_221621541.1 F D K R P K Y Y A S A S D G T P G T V S I A Y S N E C S L K E K G Q D C L F C N I N D T Y S E I Q G I K T G G F V P E - - - S T G L R D F R T L A M N L E M W D Y - - - - - - - - - - - - - - -
Propionispora_hippei _DSM_15287_WP_223191753.1 F E K R P K Y Y N H T S N G K K S K I T V A Y S N E C S L Q E K N L D C R F C N I N A N Y A D R Q G I S T G G F I P E - - - T T G L D D F S R I A T N M E I W D Y - - - - - - - - - - - - - - -
Rhodoblastus_acidophilus _WP_088522325.1 F P E R P G Y Y G K T S D G A A R Q L F V A Y S N E C S Y K E K G E D C L F C N I N D T Y G E R E G V F S G G V I P E - - - Y G G V E D F R T T A M N I E I W E A - - - - - - - - - - - - - - -
Rhodopseudomonas_palustris _CGA009_WP_042441090.1 F R E R P A F Y G K T S D G I E R H L F V V Y S N E C S Y K D K G E D C L F C N I N D V Y G D K G G V F S G G V I P E - - - H T G L D D F R T T A M N I E I W D N - - - - - - - - - - - - - - -
Ruminiclostridium_cellobioparum _DSM_1351_=_ATCC_15832_WP_027628054.1 F E E D P G F Y S K T K D G A N K S I V V C Y S E E C A V K D K G Q T C L F C T F N K Y E D G P D G P V T G G F I P E - - - A L G K D T F S T I A F N T E V W G Y - - - - - - - - - - - - - - -
Ruminiclostridium_cellobioparum _DSM_1351_=_ATCC_15832_WP_027629037.1 F P K A P E F Y S F T K D G A S K S I I V S Y S T E C S V K D K G Q T C L F C T M N G L E K G E E R P P T G G F V P E - - - A L G R E E F S T I A F N T E V W G Y - - - - - - - - - - - - - - -
Ruminiclostridium_cellobioparum _DSM_1351_=_ATCC_15832_WP_027629038.1 F L E R P E Y Y R T T S D G V Q G V V F V T Y S N E C H L K E K G L D C L Y C N I N N T Y A D V E G I K T G G F V P E - - - E T G L N D F R T L A I N I E L W D N - - - - - - - - - - - - - - -
Anaeroarcus_burkinensis _DSM_6283_WP_051296564.1 K E R H P C L S - A K A H - - - G R M H L P V A P V C N I Q - - - - - C R F C S R G - K T G Q R P G T A I G V A G P G D A L L I F C L S T K S V T V T M N A V D F R H C R R C R A D A C G I P G
Clostridium_algoriphilum _WP_226125603.1 - K L H P C L G - G E A N - - - G R V H L P V S P A C N I Q - - - - - C K F C K R D - S D E D R P G V A V G I A G P G D T L L I K C L S T R T V T V T V N A V D F R H C K H C R A D A C G I P G
Clostridium_algoriphilum _WP_226126609.1 - K L H P C L S - K D A H - - - G R I H L P V S P A C N I Q - - - - - C K F C I R D - S N E E R P G V A V G I A G P G D T L L I K C M S T D T I T V T V N A V D F R H C K H C R A D A C G I P G
Endomicrobium_proavitum _WP_052570618.1 - R L H P C F G - G K A H - - - G R I H L P V S P A C N I Q - - - - - C R F C S R T - K T E E R P G V T V G I A G P G D T L L I K C L S T R S V T V T V N A V D F Y H C K H C R A D A C G I P G
Leadbettera_azotonutricia _ZAS-9_WP_245535089.1 - - - - - - - - - - - - - - - - G R I H L P V S P V C N I Q - - - - - C R F C K R T - K T E Q R P G V T A G I A G P G D T L L I N C L S T Q T L T V T V N A V D F R H C Q H C R A D A C G I P G
Ruminiclostridium_cellobioparum _DSM_1351_=_ATCC_15832_WP_084331133.1 - K R H P C F S - G E A H - - - G R I H L P V S P T C N I Q - - - - - C K F C K R S - K T E N R P G V A V G I A G P G D T L L I K C L S T K T I S V T V N A V D F R H C Q Q C R A D A C G I P G
Blastochloris_viridis _WP_082416827.1 - G R H P C F S T A E G H - - - A R L H L P V S P G C N I A - - - - - C A F C K R D - R R D Q R P G V A V G I A G P G D P L L I L C L S T A T L T V T V N A V D F T H C Q R C R A D A C G I P G
Pararhodospirillum_photometricum _DSM_122_WP_014416393.1 - E R H P C F A P R H A G - - - G R L H L P V S P A C N I T - - - - - C T F C A R G - P T A A R P G V A V G I A G P G D T L L I L C L S T Q T L T V T V N A V D F S H C Q R C R A D A A G I P G
Pleomorphomonas_carboxyditropha _WP_100081800.1 - G H H P C F S T A E G H - - - A R L H L P V S P A C N I A - - - - - C A F C R R D - R V E Q R P G V A V G I A G P G D P L L T L C V S T T T L T V T V N A V D F T H C Q R C R A D A A G V P G
Rhodopseudomonas_palustris _CGA009_WP_011157907.1 - G R H P C F S T S E G H - - - A R L H L P V S P G C N I D - - - - - C S F C K R D - R S D Q R P G V A V G I A G P G D P L L T L C L S T E T L T V T V N A V D F H D C Q R C R A D A C G V P G
Rhodopseudomonas_palustris _CGA009_WP_234803385.1 - G R H P C F S T A E G H - - - A R L H L P V S P G C N I D - - - - - C A F C I R D - R R D Q R P G V A V G I A G P G D P L L V L C L S T S T L T V T V N A V D F T H C Q R C R A D A C G I P G
Rhodospirillum_rubrum _ATCC_11170_WP_011388554.1 - G R H P C F D P P Q A H - - - G R L H L P V S P A C N I T - - - - - C Q F C A R D - A S D R R P G V A V G I A G P G D T L L I N C L S T Q T L T V T V N A V A F T H C Q R C R A D A A G V P G
Azotobacter_vinelandii _DJ_WP_012703541.1 - Q N H P C Y S - E E A H - - - A R M H V A V A P A C N I Q - - - - - C H Y C N R K - A N E S R P G V V L G I A G P G D P L I K L C V S T D H V T I T I N C V D M R H C R Q C R A D A V G M L G
Nostoc _sp._PCC_7120_=_FACHB-418_WP_010995686.1 - A K H P C Y S - E E A H - - - A R M H V A V A P A C N I Q - - - - - C N Y C N R K - A N E S R P G V V L G I A G P G D P L I K L C L S T D H V T I T L N T I D M R H C R Q C R A D A V G L L G
Rhodobacter_capsulatus _SB_1003_WP_013066310.1 - K D H P C Y S - E E A H - - - A R M H V S V A P A C N I Q - - - - - C N Y C N R K - S N E S R P G V V L G I A G P G D S A I K L C L S S D H V T I T I N M I D M K H C R Q C R A D A V G L L G
Rhodospirillum_rubrum _WP_011388749.1 - K N H P C Y S - E E A H - - - A R M H V A V A P A C N I Q - - - - - C N Y C N R K - A N E S R P G V V L G V A G P G D S L L K F C I S T D H V T I T L N C V D M K H C R Q C R A D A I G L L G
Chlorobaculum_tepidum _TLS_WP_010933205.1 - K N H P C F N - D S S R - - - G R I H L P V A P K C N I Q - - - - - C N Y C N R K - M N E N R P G I T V G I A G P G D P F M L L C V A T S H V T L T I N A I D M K H C A R C R A D A V G I I G
Clostridium_pasteurianum _WP_003447864.1 - C T H P C Y G - D N A H - - - A R M H I P V A P S C N I S - - - - - C N Y C N R K - T N E S R P G V T L G I A G P G D A L I T F C I S T S H V T V T M N S V D M Y H C K Q C R A D A I G T L G
Methanosarcina_acetivorans _C2A_WP_011024080.1 - S E H P C Y D - K N A Q - - - G R I H L A V A P A C N I Q - - - - - C N F C V R E - V N E S R P G V T V A I A G P G D P L I T L C M S T S T L T V T V N A I D M R H C R Q C R A D A Y G L L A
Methanothermobacter_thermautotrophicus _WP_010877473.1 - K A H P C F N - E K L H - - - G R V H V P I A P R C N I H - - - - - C K F C T R D - E C E R R P G V T I G V A G P G D A L L L K C M S T N T V T V T V N A V D F R A C T Q C R A D A Y G I P G
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Supplementary Fig. S5. Genes significantly induced in medium containing isethionate as the sole sulfur 
source
The Ise/Sul ratios (the transcript levels in the medium containing isethionate to that in the medium containing sulfate 
as the sole sulfur sources) for the 31 genes (rcc02220–rcc02250) in the 26-kb gene cluster are shown as values of 
log2 fold change. Log2100 (=6.64) (indicated by the dashed line) is the criterion for an Ise/Sul ratio greater than 100, 
which is significantly induced in the Ise condition. Genes with FDR<0.001 in the test by DEseq2 were marked with * 
(Table S8).
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Supplementary Fig. S6. Growth of ten knockout mutants including three isr mutants (∆B, ∆H, and 
∆DK) under anaerobic photosynthetic conditions with isethionate as the sole sulfur source.
WT and the mutants were grown in test-tubes and transferred to a micro-titer plate as described in Figure 3. 
OD660 values after 120-h incubation are shown below the mutant names. 
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Supplementary Fig. S7. Evaluation of ANI in 30 strains used for core gene comparisons.
Heatmap clustered by hierarchical clustering, where T represents the type strain. Clusters with 95% ANI are surrounded 
by thick black lines.
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Supplementary Fig. S8. Growth of R. sphaeroides 2.4.1 using sulfate and isethionate as the sole 
sulfur sources.
To examine whether R. sphaeroides 2.4.1. J001-1 has growth ability using isethionate as the sole sulfur 
source, R. sphaeroides J001-1 was grown in Sistrom medium. Sistrom (-S) was used a negative control for 
no sulfur medium, and MgSO4 (Sulfate) and sodium isethionate (Isethionate) were added to the Sistrom 
medium at the final concentration of 0.1 mM, respectively. R. sphaeroides J001-1 was grown under 
anaerobic photosynthetic heterotrophic conditions. Growth was monitored with OD660.

0

0.25

0.5

0.75

1

1.25

1.5

0 10 20 30 40 50

G
ro

w
th

 (O
D 6

60
)

Time(h)

-S

Sulfate

Isethionate

(n=3; error bar, SD)



–S

Sulfate

Taurine

Isethionate

WT ∆xsc ∆B ∆H ∆DK ∆2222

Supplementary Fig. S9. Growth of the four isr mutants of R. capsulatus under aerobic heterotrophic 
conditions with three sulfur sources.
WT and the mutants were grown with sulfate, taurine, and isethionate as sulfur sources in test tubes under 
aerobic conditions (reciprocal shaking at 105 rpm; 34ºC, 96 h), and the cultures were placed in a 24-well 
plate to show clearly their growth. Note that the final turbidity of even WT when grown under aerobic 
respiration conditions is much lower than that of growth under anaerobic photosynthetic conditions (Fig. 3).



Supplementary Fig. S10. RNA-seq quality control metrics. 
(A) Unsupervised hierarchical clustering heatmap. Heatmap was generated based on z-scaled Log CPM (Counts Per Million) 
expression counts between two groups, with 3 replicates each. (B) Principal component analysis (PCA) of RNA-seq data 
between Ise and Sul shows major separation of samples by the sulfur source.
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Supplementary Fig. S11. Volcano plot displaying differentially expressed genes in Ise and Sul cells. 
Red dots indicate genes with significantly different expression levels in the Ise condition. Y-axis represents -log10 FDR 
(False Discovery Rate), and the x-axis represents log2 fold change values. Dashed lines indicate cut-off borders. All 
genes shown in Fig. S5 as significantly induced under Ise conditions are included in this figure. The plots corresponding 
to the seven genes, isrBHDK and ssuCAB (rcc02223, rcc02224, and rcc02225) are indicated with the gene names.
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Supplementary Fig. S12. Molecular phylogenetic trees used to extract the isrBHDK orthologs from various 
bacterial species. 
Homologs to IsrB (A), IsrH (B), IsrD (C), and IsrK (D) were extracted as described in Materials and Methods (4-1-1), and 
molecular phylogenetic trees were constructed (4-1-2). Homologs in the clade containing the Isr subunit of R. capsulatus 
was selected as Isr orthologs (shaded with purple). Clades were determined based on Bootstrap values and length of 
branches from the common ancestor. The numbers of IsrB, IsrH, IsrD, and IsrK orthologs extracted were 65, 34, 38, and 40, 
respectively.
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