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  8 Non P450 redox proteins 

JDM601_0524( thioredoxin protein),  JDM601_1387( K03564 peroxiredoxin),  JDM601_2789( K06191 glutaredoxin-
like protein NrdH),  JDM601_2913( K18917 mycoredoxin)),  JDM601_3951( membrane-anchored thioredoxin-like 

protein)JDM601_2406(FdxA) 
JDM601_3423( K02192 bacterioferritin-associated ferredoxin),  JDM601_3951( membrane-anchored thioredoxin-like 

protein), 
 

mmi 
Mycobacterium marinum 

14 Ferredoxin 
MMAR_4933(4Fe-4S) MMAR_4734  MMAR_4736  MMAR_2879  MMAR_3973  MMAR_4716  MMAR_4763  

MMAR_4730  MMAR_2667  MMAR_4991  MMAR_2994  MMAR_2080  MMAR_4274  MMAR_3421 
 

  5 Ferredoxin reductase MMAR_4646( Ferredoxin reductase),   MMAR_3153(Ferredoxin reductase),  MMAR_1017( ferredoxin 
reductase),MMAR 0335(Ferredoxin reductase)  MMAR 2931 

  17 Non P450 redox proteins 

MMAR_0041( K18956 WhiB family transcriptional regulator),  MMAR_0575( K06889 uncharacterized protein 
K07397 putative redox protein), MMAR_0872( K06889 uncharacterized protein K07397 putative redox protein),  

MMAR_1132( K18955 WhiB family transcriptional regulator),  MMAR_1282( K18955 WhiB family transcriptional 
regulator),  MMAR_1338( K18955 WhiB family transcriptional regulator),  MMAR_1363( K18917 mycoredoxin),  
MMAR_1365( K18958 WhiB family transcriptional regulator),  MMAR_1640( K06191 glutaredoxin-like protein 
NrdH),  MMAR_2755( K03386 peroxiredoxin),  MMAR_3408( ferredoxin/flavodoxin),  MMAR_3956( K03564 

peroxiredoxin), MMAR_5161( thioredoxin-like protein),  MMAR_5170( K18955 WhiB family transcriptional 
regulator),  MMAR_5437( K18957 WhiB family transcriptional regulator) MMAR_4684( bacterioferritin-associated 

ferredoxin), 
MMAR_3408( ferredoxin/flavodoxin) 

 

mrh 
Mycobacterium rhodesiae 

20 Ferredoxin 

MycrhN_3929(4Fe-4S),  MycrhN_2409(4Fe-4S),  MycrhN_0189(4Fe-4S),  MycrhN_3206(4Fe-4S), 
MycrhN_5755  MycrhN_0118  MycrhN_3188  MycrhN_3146  MycrhN_4026  MycrhN_4000  MycrhN_4006  

MycrhN_2333  MycrhN_1308  MycrhN_3995  MycrhN_4188 MycrhN_0199   MycrhN_0935  
MycrhN_3649  MycrhN_3898  MycrhN_3989 

 
  1 Ferredoxin reductase MycrhN 0469( Ferredoxin reductase) 
  1 cytochrome P450 MycrhN_0102( cytochrome P450) 

  15 Non P450 redox proteins 

MycrhN_0288( K06889 uncharacterized protein K07397 putative redox protein),  MycrhN_0336( K18958 WhiB family 
transcriptional regulator),  MycrhN_0339( K18917 mycoredoxin), MycrhN_1105( Glutaredoxin-like domain (DUF836),  
MycrhN_3524( thioredoxin domain-containing protein),  MycrhN_3852( K05838 putative thioredoxin),  MycrhN_5607( 

thioredoxin-like protein), MycrhN_5866( putative redox protein), MycrhN_6003( K06191 glutaredoxin-like protein 
NrdH) MycrhN_6317( putative redox protein),  MycrhN_1355(Fe-S oxidoreductase)MycrhN_3122(4Fe-4S),  

MycrhN_4314( K00392 sulfite reductase (ferredoxin), 
MycrhN_0177( ferredoxin reductase 

MycrhN_0030( ferredoxin/flavodoxin) 

mmm 
Mycobacterium sp. MOTT36Y 

17 Ferredoxin 

W7S_03425(4Fe-4S),  W7S_07185(4Fe-4S),  W7S_03810  W7S_09175  W7S_03995  W7S_02760  W7S_03820 
W7S_03675 W7S_16725 W7S_09225 W7S_05985  W7S_09965  W7S_18975  W7S_13715 W7S_13835  W7S_07185   

W7S_23690 
 

  3 Ferredoxin reductase W7S 04360(Ferredoxin reductase),   W7S 08345( ferredoxin reductase), W7S 20245(ferredoxin reductase) 

  12 Non P450 redox proteins 

W7S_00165( K18956 WhiB family transcriptional regulator),  W7S_06735( K05838 putative thioredoxin), 
W7S_18770( glutaredoxin),   W7S_19955( K18917 mycoredoxin),  W7S_20330( rubredoxin-type Fe(Cys)4 protein), 

W7S_21440( K00384 thioredoxin reductase), W7S_21155( K03333 cholesterol oxidase),  W7S_13830( FAD dependent 
oxidoreductase),  W7S_05795(oxidoreductase) W7S_04140( bacterioferritin-associated ferredoxin),  W7S_08360(4Fe-

4S),  W7S 08340(4Fe-4S), 
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mcb 
Mycobacterium chubuense  

15 Ferredoxin 

Mycch_0448(4Fe-4S) Mycch_4564(4Fe-4S),  Mycch_1660(4Fe-4S),  Mycch_0257(4Fe-4S),  Mycch_4523(4Fe-4S),  
Mycch_3591(4Fe-4S)   Mycch_3612,  Mycch_3606,  Mycch_3616,  Mycch_1683¸ Mycch_3679,  Mycch_1678, 

Mycch_3933,  Mycch_3701,  Mycch_0360, 
 

  2 Ferredoxin reductase Mycch_1556( ferredoxin--NADP+ reductase), Mycch_4406 

  15 Non P450 redox proteins 

Mycch_1421( K18917 mycoredoxin),  Mycch_1780( K06191 glutaredoxin-like protein NrdH),  Mycch_1899( putative 
redox protein),  Mycch_2113( thioredoxin-like protein),  Mycch_2203( K18958 WhiB family transcriptional regulator),  

Mycch_2912( K07397 putative redox protein),  Mycch_3748( K05838 putative thioredoxin),  Mycch_3965( K00384 
thioredoxin reductase),  Mycch_4077( thioredoxin domain protein),  Mycch_5481( K06191 glutaredoxin-like protein 

NrdH),  Mycch_5499( K06191 glutaredoxin-like protein NrdH),  Mycch_5863( K06191 glutaredoxin-like protein 
NrdH),  Mycch_3622( flavodoxin reductase family protein),  Mycch_4429( putative F420-dependent oxidoreductase, 

Rv1855c family), Mycch 0396( Fe-S oxidoreductase) Mycch 3366(ferredoxin), 

mli 
Mycobacterium liflandii 

14 Ferredoxin 

MULP_02645(4Fe-4S), MULP_03687(fdxc) MULP_04956(FdxD_2),  MULP_04958,  MULP_01030(FdxD_3),  
MULP_04991¸ MULP_04938,  MULP_04952¸ MULP_04147(FdxD_1)¸ MULP_02412¸  MULP_05239(FdxD),  

MULP_03073(FdxA_1),  MULP_05296(FdxB),  MULP_03752, 
 

  6 Ferredoxin reductase MULP_04861(ferredoxin reductase), MULP_05324(ferredoxin reductase),  MULP_00312(ferredoxin reductase),  
MULP_03686(ferredoxin reductase),   MULP_01646(ferredoxin reductase), MULP_01143(ferredoxin reductase) 

  20 Non P450 redox proteins 

MULP_00035( K18956 WhiB family transcriptional regulator),  MULP_00580( K06889 uncharacterized protein 
K07397 putative redox protein),  MULP_00894( glutaredoxin-like protein),  MULP_00900( thioredoxin protein), 

MULP_01029( putative redox protein),  MULP_01271( K18955 WhiB family transcriptional regulator), MULP_01443( 
K18955 WhiB family transcriptional regulator),  MULP_01509( K18955 WhiB family transcriptional regulator), 

MULP_01534( glutaredoxin protein),  MULP_01537( transcriptional regulatory protein Whib-like WhiB7),  
MULP_01793( K06191 glutaredoxin-like protein NrdH),  MULP_02609( K03386 peroxiredoxin),  MULP_03672( 
pyruvate ferredoxin/flavodoxin oxidoreductase),  MULP_04127( K03564 peroxiredoxin),  MULP_04239( K05838 
putative thioredoxin )MULP_05437( membrane-anchored thioredoxin-like protein), MULP_05446( K18955 WhiB 
family transcriptional regulator),  MULP_05708( K18957 WhiB family transcriptional regulator),  MULP_03672( 

ferredoxin/flavodoxin oxidoreductase),  MULP 03369( FAD-dependent oxidoreductase). 

mks Mycobacterium kansasii 662 16 Ferredoxin 
LG40_09790  LG40_11130  LG40_09795  LG40_23565  LG40_11530  LG40_09670  LG40_01245  LG40_09745  

LG40_01305  LG40_00175  LG40_09965  LG40_25730 
LG40 07180  LG40 03870  LG40 13075  LG40 04235 

  2 Ferredoxin reductase LG40_09280  LG40_01300 

mki Mycobacterium kansasii 824 15 Ferredoxin LH54_11255  LH54_09935  LH54_09940  LH54_11665  LH54_09815  LH54_01255  LH54_09890  LH54_01315  
LH54_00175  LH54_10110  LH54_25860  LH54_07190  LH54_04235  LH54_03870  LH54_13215 

  3 Ferredoxin reductase LH54_09390  LH54_15880   LH54_01310 

mkn 
Mycobacterium kansasii ATCC 

12478 18 Ferredoxin 

MKAN_04240(4Fe-4S) MKAN_09955,  MKAN_23805,  MKAN_11680,  MKAN_09835,  MKAN_01235¸  
MKAN_09910,  MKAN_01295,  MKAN_00170,  MKAN_10125,  MKAN_13235,  MKAN_07250,  MKAN_03855, 

MKAN_11975,  MKAN_12135,  MKAN_01670,  MKAN_15935,  MKAN_22820, 
 

  7 Ferredoxin reductase 
MKAN_24980(ferredoxin reductase),  MKAN_22480(ferredoxin reductase),  MKAN_19550(oxidoreductase) 

MKAN_00605(3-phenylpropionate/trans-cinnamate dioxygenase ferredoxin reductase component),  MKAN_01240,  
MKAN_01290,  MKAN_09430(ferredoxin--NADP+ reductase),  MKAN_03850(ferredoxin--NADP+ reductase) 

  8 Non P450 redox proteins 
MKAN_04960(sulphite reductase),  MKAN_04965(sulphite reductase),  MKAN_06260( K05838 putative thioredoxin),  

MKAN_23165( K06191 glutaredoxin-like protein NrdH),  MKAN_03620(oxidoreductase),  MKAN_29025(4Fe-4S), 
MKAN 11285(4Fe-4S), MKAN 09950(4Fe-4S) 

mne 
Mycobacterium neoaurum 

10 Ferredoxin 
D174_23865(4Fe-4S), D174_16370(4Fe-4S),D174_12890(4fe-4S),  D174_04625,  D174_12405, D174_20885, 

D174_13840,  D174_02960,  D174_09705,  D174_19220 
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  6 Ferredoxin reductase D174_09620(ferredoxin reductase),  D174_03225, D174_16365, D174_23110,  D174_08080,  D174_13835 ( 
ferredoxin--NADP+ reductase) 

  12 Non P450 redox proteins 

D174_01045( K06889 uncharacterized protein K07397 putative redox protein), D174_07020( K00384 thioredoxin 
reductase),  D174_07210( K04063 osmotically inducible protein OsmC),  D174_10230( glutaredoxin),  D174_20080( 

K05838 putative thioredoxin),  D174_25635(OXIDOREDUCTASE),  D174_04385(oxidoreductase),  
D174_01075(oxidoreductase), D174_15525 
D174_13855 D174_06575(oxidoreductase) 

 

myv 
Mycobacterium sp. VKM Ac-

1817D 16 ferredoxin 

G155_05095(4Fe-4S), G155_12035(4Fe-4S) G155_20635,  G155_03845, G155_20490, G155_20655, G155_04895, 
G155_20825,  G155_22240,  G155_22210,  G155_01230,  G155_16695,  G155_07985,  G155_07895,  

G155_13780(2Fe-2S),  G155_24550(2Fe-2S), 
 

  7 Ferredoxin reductase 
G155_03130(ferredoxin reductase),  G155_08940(ferredoxin reductase),  G155_10200(ferredoxin reductase),  

G155_29565(ferredoxin reductase),  G155_23245(ferredoxin reductase),  G155_10535(ferredoxin NADP+ reductase),   
G155_05925(ferredoxin NADP+ reductase), 

  13 Non P450 redox proteins 

G155_05675( K18955 WhiB family transcriptional regulator),  G155_07610( K00384 thioredoxin reductase),  
G155_08110( K06889 uncharacterized protein K07397 putative redox protein),  G155_11010( glutaredoxin),  

G155_21205( K05838 putative thioredoxin),  G155_27135(hypothetical protein),  G155_29555( K06889 
uncharacterized protein K07397 putative redox protein),  G155_03435(oxidoreductase),  G155_09940(oxidoreductase),  

G155_27910(oxidoreductase)G155_16260 
G155 23550 G155 26450(4Fe-4S),  G155 01205(4Fe-4S), 
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After successful classification of redox proteins into different classes i.e. ferredoxins and 

ferredoxin reductases further studies were conducted to identify different groups within these 

types of P450 redox protiens.  

4.3.1. Ferredoxins (Fdx) 

A total number of 662 ferredoxins were found in 81 mycobacterial species (Table 4.2) belong 

to six different categories.  Mycobacterial tuberculosis complex species showed 1-6 

ferredoxins in their genomes.  Mycobacteria causing leprosy (MCL) included two species 

namely Mycobacterium leprae TN and Mycobacterium leprae Br4923 which both contained 

a single ferredoxin. The other group which is known to be Nontuberculosis mycobacteria 

(NTM) showcased a range of 7-18 for ferredoxins. Saprophytes showed a high number of 

ferredoxins with the range of 8-26. Mycobacterium avium complex species showed a range 

from 4 -19 ferredoxins in their genomes. 

 Phylogenetic anlaysis of ferredoxins revealed presence of two major clades of 

ferredoxins with characteristic Pfam/InterPro protein domains (Figure. 4.1 and Table 4.3). 

The clade with domains Fer4 (PF00037), Fer4_7 (PF12838) and Fer4_9 (PF13187) was 

associated with the same InterPro entry (IPR17896) and it was classified under group 2 of 

ferredoxins (Figure 4.1 and Table 4.3). The clade supported with 83% boostrap proportion 

with domains Fer4_13 (PF13370), Fer4_15 (PF13459) and Fer4_19 (PF06902) shared similar 

HMM-motifs which was classified under as group 1 (Figure 4.1 and Table 4.3). Some of the 

ferredoxin showed different Pfam/InterPro protein domains and their classification as P450 

ferredoxins is difficult to assing. Hence these ferredoxins were classified under divergent 

ferredoxins. Based on Pfam/InterPro domain the divergent ferredoxins were classified into 12 

groups (Table 4.3). 
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Figure 4.1. Maximul likelyhood phylogeny of Mycobacterium ferredoxins. Numbers on 

branches indicate bootstrap proportions (1000 replicates); supports below 50 are not shown. 

Assignment to groups and Pfam domain composition is given on the right. Terminal 

clades/groups are relatively well-supported. 

© Central University of Technology, Free State



CHAPTER 4: ANNOTATION AND PHYGENETIC ANALYSIS OF P450 REDOX PARTNERS IN 
MYCOBACTERIA 

 

83 
 

Table 4.3. Classification of ferredoxin based on Pfam/InterPro protein domains. 

Group 1 

Pfam/InterPro protein domains Fer4_13, PF13370, Fer4_15, PF13459, 

Fer4_19, PF06902 

Ferredoxins  

Mycsm_06648-msa-Fdx-G08, JDM601_3439-mjd-Fdx-G22, MUL_0334-mul-Fdx-G22, LG41_03725-mie-Fdx-G22, LA63_03885-mavr-

Fdx-G22 (2),  NF84_03785-mavd-Fdx-G22, MAP4_3160-mao-Fdx-G22, Mycsm_04559-msa-Fdx-G22, MSMEI_4732-msg-Fdx-G22 (4) 

LI98_24030-msh-Fdx-G22, LJ00_24020-msb-Fdx-G22, LI99_24025-msn-Fdx-G22 , MycrhN_3929-mrh-Fdx-G22, Mflv_2417-mgi-Fdx-

G22, Mvan_4235-mva-Fdx-G22, Mvan_0681-mva-Fdx-G23, Mycch_0448-mcb-Fdx-G23, MUL_287-mul-Fdx-G18 (2) MULP_02645-mli-

Fdx-G18,Mvan_3976-mva-Fdx-G18, MSMEG_0761-msm-Fdx-G23 (5) MSMEI_0745-msg-Fdx-G23, LJ00_03780-msb-Fdx-G23, 

LI99_03780-msn-Fdx-G23, LI98_03780-msh-Fdx-G23 , Mycsm_00403-msa-Fdx-G23, LG41_06455-mie-Fdx-G21, MAP4_3198-mao-

Fdx-G19 (3) LA63_03685-mavr-Fdx-G19, NF84_03595-mavd-Fdx-G19 MT2063-mtc-FdxA-G01 , W7S_03425-mmm-Fdx-G19, 

LG41_03470-mie-Fdx-G19, MAP4_1478-mao-Fdx-G21 (4) MAV_1636-mav-Fdx-G21, LA63_07405-mavr-Fdx-G21, NF84_07270-mavd-

Fdx-G21 , Mvan_5849-mva-FdxD-G03 , MUL_3830-mul-Fdx-G21, OCQ_14690-mir-Fdx-G21 (4) LG41_08110-mie-Fdx-G21, 

MIP_02348-mid, OEM_15020-myo-Fdx-G21 , OCO_17020-mit-Fdx-G21, W7S_07185-mmm-Fdx-G21, Mycsm_05549-msa-Fdx-G10, 

MSMEI_6514-msg-3Fe4SFdx-Fdx (4) LJ00_33085-msb-Fdx-G10, LI99_33090-msn-Fdx-G10, LI98_33095-msh-Fdx-G10 , Mvan_0399-

mva-Fdx-G10, MSMEI_4053-msg-3Fe4SFdx-G09 (4) LJ00_20585-msb-3Fe4SFdx-G09, LI99_20590-msn-3Fe4SFdx-G09, LI98_20595-

msh-3Fe4SFdx-G09 ,Mflv_0591-mgi-Fdx-G17(2), Mflv_0681-mgi-Fdx-G17 Mspyr1_01440-msp-Fdx-G17, Mycch_4523-mcb-Fdx-G04, 

MSMEI_5705-msg-Fdx-G04 (4) LJ00_29000-msb-Fdx-G04, LI99_29005-msn-Fdx-G04, LI98_29010-msh-Fdx-G04 , D174_23865-

mneFdx-G04, G155_05095-myv-Fdx-G04, Mspyr1_09810-msp-Fdx-G04, MycrhN_2409-mrh-Fdx-G04, LA62_06160-may-Fdx-G04 (4) 

NF82_06135-mabo-Fdx-G04, LA61_06065-maz-Fdx-G04, NF90_17480-mys-Fdx-G04 , LH56_17005-mak-Fdx-G04, LG41_03015-mie-

Fdx-G04, MAP4_3268-mao-Fdx-G04 (3) LA63_03310-mavr-Fdx-G04, NF84_03215-mavd-Fdx-G04 , MUL_0472-mul-Fdx-G04 (2) 

MMAR_4933-mmi-Fdx-G04, OCO_10870-mit-Fdx-G04, Mycsm_05682-msa-G04, BN42_20521-mcx-Fdx-G04, TBFG_10778-mtf-Fdx-

G04 (24) TBMG_00778-mtb-Fdx-G04, TBSG_00782-mtk-Fdx-G04, TBXG_000771-mtz-Fdx-G04, MRGA327_04750-mtg-Fdx-G04, 

CFBS_0802-mtur-Fdx-G04, MTCTRI2_0782-mto-Fdx-G04, ERDMAN_0845-mtn-Fdx-G04, J112_04105-mtj-Fdx-G04, J113_05385-

mtuc-Fdx-G04, J114_04075-mtue-Fdx-G04, I917_05410-mtuh-Fdx-G04, TBHG_00755-mtul-Fdx-G04, HKBT2_0803-mtu-Fdx-G04, 

HKBS1_0802-mtq-Fdx-G04, Mb0786c-mbo-Fdx-G04, BCG_0815c-mbb-Fdx-G04, JTY_0785-mtb-Fdx-G04, BCGMEX_0786c-mbm-Fdx-

G04, K60_008160-mbk-Fdx-G04, LH58_04155-mbz-Fdx-G04, MAF_07750-maf-Fdx-G04, BN44_10833-mcq-Fdx-G04, BN43_20198-

mcv-Fdx-G04 , M943_03995-mtx-Fdx-G04, MT0787.1-mtc-Fdx-G04, MCAN_07671-mce-Fdx-G04 (2) BN45_20032-mcz-Fdx-G04, 

Mflv_4111-mgi-Fdx-G20, Mvan_2235-mva-Fdx-G20, Mycsm_02382-msa-Fdx-G20, G155_12035-myv-Fdx-G20, MSMEG_2559-msm-

Fdx-G20 (5), MSMEI_2499-msg-Fdx-G20, LI99_12735-msn-Fdx-G20, LJ00_12735-msb-Fdx-G20, LI98_12740-msh-Fdx-G20 , 

Mmcs_2015-mmc-Fdx-G20 (3) MAV_1949-mav-Fdx-G13, Mjls_1996-mjl-Fdx-G20 LA63_08920-mavr-Fdx-G13,MIP_00228-mid-

3Fe4SFdx-G24, Mycsm_04694-msa-Fdx-G24, LA63_08920-mavr-Fdx-G03 (4), MAV_1949-mav-Fdx-G13, LA63_08920-mavr-Fdx-G13, 

NF84_08780-mavd-Fdx-G13, NF84_08780-mavd-Fdx-G13 , Rv1786-mtu-Fdx-G02 (28) MT1835-mtc-Fdx-G02, TBFG_11816-mtf-Fdx-
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G02, TBMG_02211-mtb-Fdx-G02, TBSG_02223-mtk-Fdx-G02, TBXG_002192-mtz-Fdx-G02, MRGA327_11075-mtg-Fdx-G02, 

CFBS_1875-mtur-Fdx-G02, MTCTRI2_1817-mto-Fdx-G02, J112_09550-mtj-Fdx-G02, MT7199_1812-mtub-Fdx-G02, J113_12425-mtuc-

Fdx-G02, J114_09545-mtue-Fdx-G02, M943_09300-mtx-Fdx-G02, I917_12705-mtuh-Fdx-G02, TBHG_01744-mtul-Fdx-G02, 

HKBT2_1882-mtu-Fdx-G02, HKBS1_1878-mtq-Fdx-G02, Mb1814-mbo-Fdx-G02, BCG_1818-mbb-Fdx-G02, JTY_1802-mtb-Fdx-G02, 

BCGMEX_1799-mbm-Fdx-G02, K60_018710-mbk-Fdx-G02, LH58_09585-mbz-Fdx-G02, MAF_18080-maf-Fdx-G02, BN43_30924-

mcv-Fdx-G02, BN42_30041-mcx-Fdx-G02, BN45_50042-mcz-Fdx-G02 , MCAN_18041-mce-Fdx-G02 (2) BN44_40043-mcq-Fdx-G02, 

LA63_08555-mavr-Fdx-G02 (2) NF84_08415-mavd-Fdx-G02, LA63_11975-mavr-Fdx-G02 (2) NF84_11695-mavd-Fdx-G02, 

LG41_06845-mie-Fdx-G02, MAP4_2337-mao-Fdx-G02 (2) >LA63_13250-mavr-Fdx-G02, LG41_13025-mie-Fdx-G02, MUL_3090-mul-

Fdx-G02, OCU_15300-mia-Fdx-G11, Mvan_0549-mva-Fdx-G11, MycrhN_3206-mrh-Fdx-G11, MAP4_3135-mao-Fdx-G15 (3) 

LA63_04010-mavr-Fdx-G15, NF84_03910-mavd-Fdx-G15 , LG41_03860-mie-Fdx-G15 (2) OEM_07860-myo-Fdx-G15, Mmcs_3705-

mmc-Fdx-G16 (2) Mkms_3778-mkm-Fdx-G16, Mjls_3718-mjl-Fdx-G16, Mvan_4179-mva-Fdx-G16, MSMEG_4822-msm-Fdx-G16 (5) 

MSMEI_4698-msg-4Fe4SFdx-G16, LJ00_23850-msb-Fdx-G16, LI99_23855-msn-Fdx-G16, LI98_23860-msh-Fdx-G16 ,JDM601_3492-

mjd-G12, Mycsm_04480-msa-Fdx-G12, MAP4_3124-mao-Fdx-G12 (3) LA63_04060-mavr-Fdx-G12, NF84_03960-mavd-Fdx-G12 , 

LG41_03925-mie-Fdx-G12, MSMEI_4689-msg-Fdx-G12, LI98_23815-msh-G16 (3), LJ00_23805-msb, LI99_23810-msn, LA63_06380-

mavr-Fdx-G14 (3) NF84_06250-mavd-Fdx-G14, NF84_13100-mavd-Fdx-G14 , MAP4_1296-mao-Fdx-G14, LJ00_23750-msb-Fdx-G14 

(3) LI99_23755-msn-Fdx-G14, LI98_23760-msh-Fdx-G14 , Mycch_3591-mcb-Fdx-G14, Mycsm_04467-msa-Fdx-G14, MAV_0941-mav-

Fdx-G14 (3) LA63_04145-mavr-Fdx-G14, NF84_04045-mavd-Fdx-G14, MUL_0316-mul-Fdx-G14, LG41_04010-mie-Fdx-G14, 

Mmcs_0454-mmc-3Fe4SFdx-G08 (3) Mkms_0465-mkm-Fdx-G08, Mjls_0441-mjl-3Fe4SFdx-G08 , Mycch_1660-mcb-Fdx-G08, 

Mvan_4176-mva-Fdx-G07, Mycsm_04486-msa-Fdx-G07, MSMEG_4819-msm-Fdx-G07 (5) >MSMEI_4695-msg-Fdx-G07,LJ00_23835-

msb-Fdx-G07, LI99_23840-msn-Fdx-G07, LI98_23845-msh-Fdx-G07, Mmcs_3697-mmc-Fdx-G07 (3) Mkms_3770-mkm-Fdx-G07, 

Mjls_3710-mjl-Fdx-G07 , Mflv_2478-mgi-Fdx-G07, JDM601_3498-mjd-FdxD-GU,   MKAN_09950-mkn-Fdx-G07, OCO_07800-mit-

Fdx-G07 (5) OCQ_07950-mir4Fe-4S-G7, LG41_03870-mie-Fdx-G07, MIP_01339-mid-Fdx-G07, OEM_07880-myo-Fdx-G07, 

MAP4_3133-mao-Fdx-G07 (4) MAV_0915-mav -Fdx-G07, LA63_04020-mavr-Fdx-G07, NF84_03920-mavd-Fdx-G07 , MAB_4157c-

mabb-FdxD-G03 (7) MASS_4156-mabb-FdxD-G03,LA62_21130-may-Fdx-G03, NF82_20825-mabo-Fdx-G03, LA61_21025-maz-Fdx-

G03, LH56_03400-mak-Fdx-G03, NF90_03455-mys-Fdx-G03, Mmcs_4621-mmc-FdxD-G03 (2) Mkms_4709-mkm-FdxD-G03, 

Mjls_5004-mjl-FdxD-G03, Mycch_4564-mcb-Fdx-G03, LA63_09145-mavr-Fdx-G03, Mkms_5381-mkm-FdxD-G03, Mvan_5849-mva-

FdxD-G03 (2) Mvan_5849-mva-Fdx-G03, OCQ_18210-mir-FdxD-G03, OEM_17420-myo-fdxD-G03, LG41_09270-mie-Fdx-G03, 

MSMEG_5904-msm-Fdx-G03 (5), MSMEI_5744-msg-FdxD-G03,LJ00_29200-msb-Fdx-G03, , LI99_29205-msn-Fdx-G03, LI98_29210-

msh-Fdx-G03 , MT3607-mtc-Fdx-G03 (27) TBFG_13537-mtf-FdxD-G03, TBMG_03548-mtb-FdxD-G03, TBSG_03570-mtk-FdxD-G03, 

TBXG_003519-mtz-FdxD-G03, MRGA327_21565-mtg-FdxD-G03, MRGA423_22055-mti-FdxD-G03,CFBS_3719-mtur-FdxD-

G03,MTCTRI2_3569-mto-FdxD-G03,Rv3503c-mtu-FdxD-G03,ERDMAN_3844-mtn-FdxD-G03,J112_18830-mtj-FdxD-G03,J113_24450-

mtuc-FdxD-G03,J114_18730-mtue-FdxD-G03,M943_18015-mtx-FdxD-G03,I917_24570-mtuh-FdxD-G03,TBHG_03447-mtul-FdxD-

G03,HKBT2_3713-mtu-FdxD-G03, HKBS1_3716-mtq-FdxD-G03,Mb3533c-mbo-FdxD-G03,BCG_3567c-mbb-FdxD-G03  ,JTY_3567-

mtb-FdxD-G03, K60_036380-mbk-FdxD-G03, LH58_18975-mbz-FdxD-G03, MAF_35160-maf-FdxD-G03, BN44_80180-mcq-FdxD-G03, 

BN43_70172-mcv-FdxD-G03 ,  BN45_70168-mcz-FdxD-G03, MCAN_35171-mce-FdxD-G03 (2) BN42_50183-mcx-FdxD-G03, 

MAP4_3307-mao-Fdx-G03 (5) MAV_0653-mav-Fdx-G03, LA63_03030-mavr-Fdx-G03, NF84_02960-mavd-Fdx-G03, LG41_02825-mie-

Fdx-G03 , MIP_01026-mid-FdxD-G03 (2) OEM_05700-myo-FdxD-G03, Mvan_0399-mva-Fdx-G10, MMAR_2932-mmi-G03, 
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MULP_02900-mli-G03, G155_20605-myv-Fdx-G12 

Group 2 

Pfam/InterPro protein domain IPR17896 [Fer4 (PF00037), Fer4_7 (PF12838) 

and Fer4_9 (PF13187)] 

Ferredoxins  

OCQ_34530-mir-FdxA-G01 (2) LG41_15760-mie-Fdx-G01, MUL_3264-mul-FdxA-G01, MAP4_1090-mao-4Fe4SFdx-G01 (3) 

MAV_3500-mav-Fdx-G01, NF84_15875-mavd-Fdx-G01 , LG41_09305-mie-Fdx-G01, MycrhN_0189-mrh-Fdx-G01, MSMEG_1124-

msm-FdxA-G01 (3) LJ00_05585-msb-Fdx-G01, LI98_05585-msh-Fdx-G01 , MSMEI_1090-msg-fdxC-G01, LA62_06720-may-Fdx-G01 

(5) NF82_06685-mabo-Fdx-G01, MMASJCM_1355-mabl-Fdx-G01, LH56_16460-mak-Fdx-G01, NF90_16945-mys-Fdx-G01 

,Mycsm_04917-msa-Fdx-G01, MUL_1025-mul-FdxD-G01, OCO_12260-mit-Fdx-G01 (4) OCQ_12280-mir-Fdx-G01, MIP_01957-mid-

Fdx-G01, OEM_12410-myo-Fdx-G01 OCU_12220-mia-Fdx-G01 (2) OCU_12220-mia-Fdx-G01, MAP4_1211-mao-4Fe4SFdx-G01 (5) 

MAV_1316-mav-Fdx-G01 LA63_05975-mavr-Fdx-G01, NF84_05845-mavd-Fdx-G01, MAP4_1211-mao-4Fe4SFdx-G04 ,MT1214-mtc-

FdxC-G01(32) TBMG_02804-mtb-FdxC-G01, TBSG_02818-mtk-FdxC-G01, TBXG_002784-mtz-FdxC-G01, MRGA327_07415-mtg-

FdxC-G01, MRGA423_07345-mti-FdxC-G01, CCDC5079_1089-mte-FdxC-G01, CFBS_1256-mtur-FdxC-G01, CCDC5180_1082-mtl-

FdxC-G01, MTCTRI2_1209-mto-FdxC-G01, ERDMAN_1320-mtn-FdxC-G01, J112_06365-mtj-FdxC-G01, MT7199_1207-mtub-FdxC-

G01, J113_08245-mtuc-FdxC-G01, J114_06365-mtue-FdxC-G01, M943_06175-mtx-FdxA-G01, TBHG_01161-mtul-FdxC-G01, 

HKBT2_1260-mtu-FdxC-G01, HKBS1_1258-mtq-FdxC-G01, Mb1210-mbo-FdxC-G01, BCG_1240-FdxC-G01, JTY_1213-mtb-FdxC-

G01, BCGMEX_1212-mbm-FdxC-G01, K60_012700-mbk-FdxC-G01, LH58_06490-mbz-FdxC-G01, MAF_11960-maf-FdxC-G01, 

MCAN_11881-mce-FdxC-G01, BN44_11316-mcq-FdxC-G01, BN43_30245-mcv-FdxC-G01, BN42_21043-mcx-FdxC-G01, 

BN45_30238-mcz-FdxC-G01, , I917_08355-mtuh-FdxC-G01, Mflv_2170-mgi-Fdx-G01, Mjls_4260-mjl-Fdx-G01, MSMEG_5122-msm-

Fdx-G01 (5)MSMEI_4993-msg-FdxC-G01, , LJ00_25320-msb-Fdx-G01, LI99_25325-msn-Fdx-G01, LI98_25330-msh-Fdx-G01  

Mvan_4529-mva-Fdx-G01, ML1489-mle-FdxA-G01 (2) MLBr_01489-mlb-FdxA-G01 , MUL_2700-mul-FdxD-G01 (2) MULP_03687-

mli-FdxC-G01, OCO_21220-mit-fdxC1 (6) OCQ_20140-mir-FdxC1, OCU_21470-mia-FdxC1, LG41_10100-mie-Fdx-G01, MIP_03002-

mid-Fdx-G01, OEM_19090-myo-FdxC1, MAV_2150-mav-Fdx-G01(3), MAV_2150-mav-Fdx-G01(3) LA63_09875-mavr-Fdx-G01, 

NF84_09675-mavd-Fdx-G01 , MT2063-mtc-FdxA-G01 (33) TBFG_12039-mtf-FdxA-G01, TBMG_01979-mtb-FdxA-G01, TBSG_01990-

mtk-FdxA-G01, TBXG_001963-mtz-FdxA-G01, MRGA327_12375-mtg-FdxA-G01, MRGA423_12495-mti-FdxA-G01, CCDC5079_1854-

mte-FdxA-G01, CFBS_2117-mtur-FdxA-G01, CCDC5180_1829-mtl-FdxA-G01, MTCTRI2_2041-mto-FdxA-G01, ERDMAN_2211-mtn-

FdxA-G01, J112_10735-mtj-FdxA-G01, MT7199_2038-mtub-FdxA-G01, J113_13860-mtuc-FdxA-G01, J114_10740-mtue-FdxA-G01, 

M943_10425-mtx-FdxA-G01, I917_14190-mtuh-FdxA-G01, TBHG_01965-mtul-FdxA-G01, HKBT2_2113-mtu-FdxA-G01, 

HKBS1_2118-mtq-FdxA-G01, Mb2030c-mbo-FdxA-G01, BCG_2024c-mbb-FdxA-G01, JTY_2019-mtb-FdxA-G01, BCGMEX_2006c-

mbm-FdxA-G01, K60_020800-mbk-FdxA-G01, LH58_10650-mbz-FdxA-G01,MAF_20190-maf-FdxA-G01, MCAN_20271-mce-FdxA-

G01, BN44_40292-mcq-FdxA-G01, BN43_31187-mcv-FdxA-G01, BN42_30305-mcx-FdxA-G01, BN45_50286-mcz-FdxA-

G01,CCDC5079_1854-mte-FdxA-G01,  , Mkms_2763-mkm-Fdx-G01, Mvan_0299-mva-Fdx-G01, Mspyr1_03730-msp-Fdx-G01, 

LA63_15525-mavr-4Fe4SFdx-G05 (2) NF84_15390-mavd-Fdx-G05 , LG41_15315-mie-4Fe4SFdx-G05, D174_12890-mne-4Fe4SFdx-

G05, LA62_11400-may-Fdx-G05 (5) NF82_11195-mabo-Fdx-G05, LA61_11290-maz-Fdx-G05, LH56_12705-mak-Fdx-G05, 
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NF90_13170-mys-Fdx-G05 , MAB_2240-mabbFdx-G05, MSMEG_5533-msm-4Fe4SFdx-G06(5) MSMEI_5381-msg-4Fe4SFdx-G06, 

LJ00_27355-msb-Fdx-G06,LI99_27360-msn-Fdx-G06, LI98_27365-msh-Fdx-G06  ,Mflv_3156-mgi-Fdx-G06,REM2_Fer_LA63_16020-

mavr-G10 

Divergent ferredoxins 

Groups Pfam/InterPro protein 

domains 

Protein IDs 

Group 1  MAV_4796-mav-

G03 

Group 2 FAD_binding_3 MRGA423_03510-

mti-G14,  

MT7199_1774-mtub-

G05 

Group 3 POR,POR_N,PFOR_II Mmcs_3567-mmc-

G05 (2) 

Mkms_3640-mkm-

G05, Mflv_2616-

mgi-G05, 

Mjls_3572-mjls-G05, 

Group 4 AhpC-TSA CCDC5079_0494-

mte-G03 

Group 5 NIR_SIR MycrhN_4314-mrh-

G06, Mycch_3366-

mcb-G06 

Group 6 Rieskie Mvan_1329-mva-GU 

Group 7 GFO_IDH_MocA, LG41_04965-mie-
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GF0_IDH_MocA_C G01 

Group 8 Pyr-redox_3 Mvan_1519-mva-

G05 

Group 9 POR_N,PFOR_II, 

POR,EKR, Fer4, TPP 

enzyme 

MycrhN_0030-mrh-

G07, Mvan_4109-

mva-G07, 

MMAR_3408-mmi-

G07, Mkms_4954-

mkm-G07 (2), 

Mmcs_4865-mmc-

G07 Mjls_5233-mjl-

G07 

Group 10 OsmC MycrhN_0177-mrh-

G03 

Group 11 Adh_short LA63_14695-mavr-

G02 

Group 12 Pyr_redox_2, 

Pyr_redox_dim 

MAF_08060-maf-

G14, BN44_10869-

mcq-G14 
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4.3.2 Ferredoxin reductase (FdR) 

Ferredoxin reductase also proved to be part of redox proteins by showing that it is also 

capable of transferring electrons. Ferredoxin reductase were also divided into different groups 

for analyses of the phylogenetic tree. All total of 374 ferredoxin reductase were identified and 

were also eligible to transfer electrons to P450s. Mycobacterium tuberculosis complex ranged 

from 8-2 ferredoxins reductases, the species with highest number of ferredoxin reductases 

was Mycobacterium tuberculosis CDC1551, Mycobacterium Beijing/NITR203, 

Mycobacterium bovis BCG Pasteur 1173P2 and Mycobacterium bovis BCG korea 1168P. 

Mycobacteria causing leprosy ranged from 2-2 with both species Mycobacterium leprae TN 

and Mycobacterium leprae Br4923 having 2 numbers of ferredoxiin reductases. 

Nontuberculosis mycobacteria ranged from 7-2, Mycobacterium kansasii ATCC 12478 had a 

highest number of ferredoxin reductases which is 7 and the lowest number of ferredoxins 

reductase was Mycobacterium ulcerans and Mycobacterium kansassi with both 2 reductases 

each. Saprophytes ranged from 0-6 with Mycobacterium smegmatis MC2 155 and 

Mycobacterium neoaurum both obtaining highest number of ferredoxin reductases, and 

Mycobacterium vanaalenii showed no reductases. MAC ranged from 0-7 with 

Mycobacterium intracellulare MOTT-64 with highest number of reductases 7 and 

Mycobacterium avium subsp. paratubercoluis K-10 showed no number of reductases. MCAC 

ranged from 1-6 with Mycobacterium abscessus subsp.bolletii MA 1948 showing highest 

number of ferredoxin reductases 6 and Mycobacterium abscessus DJ0-44274 showed least 

number of ferredoxin reductase 1. Preliminary phylogenetic analyses (Figure 4.2) indicated 

two major divergent clades of ferredoxin reductase proteins; the bacterial-type, which belong 

to the Plant-type FdRs, and the gluthatione reductase (GR)- type (Aliverti et al., 2008). 

Within the GR-type FdRs, the adrenodoxin (Adr)-like clade and the oxgynase-coupled 

NADH-ferredoxin reductase (ONRF) - like clade were identified. Due to the sequence 
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divergence, separate phylogenies were generated for the bacterial-type and the GR-type 

FdRs. 

4.3.2.1 Bacterial-type FdRs 

Conserved Pfam domains characteristics of bacterial-type FdRs were the FAD_binding_6 

(PF00970, IPR08333), The NAD_binding_1 (PF00175, IPR01433), and the Fer2 (PF00111, 

IPR001041) domains. The Group (G04) subclade also included the FA_desaturase domain 

(PF00487, IPR005804). FAD and NAD-binding domains were aligned and used in the 

phygenetic analysis. The best model of amino acid substitution according was the 

WAG+I+G+F. 
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Figure 4.2. Maximum likelihood phylogeny of Bacterial-type FdRs based on alignment of 

FAD and NAD-binding domains. Numbers on branches indicate bootstrap proportions (1000 

replicates); supports below 50 are not shown. Assignment to groups and Pfam domain 

composition is given on the right. Terminal clades/groups are relatively well-supported. 
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4.3.2.1 Glutathione reductase-type FdRs 

There were two major clades of GR-type reductases; the AdR-like FdR clade and the ONFR-

like FdR clade (Figure 4.3). The conserved domain found in all GR-type reductases was the 

Pyr_redox_2 (PF07992, IPR023753) domain. A subclade of AdR-like FdRs also contained 

the Fer4 domain (PF00037, IPR01879).In addition to the Pyr_redox_2 domain, all ONFR-

like FdRs contained a C-terminal Reductase_C domain (PF07992, IPR023753). 
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Figure 4.3. Maximum likelihood phylogeny of GR-type FdRs based on alignment of the the 

Pyr_redox_2. Numbers on branches indicate bootstrap proportions (1000 replicates); supports 

below 50 are not shown. Assignment to groups and Pfam domain composition is given on the 

right. The AdR-like and ONFR-like clades, as well as terminal clades/groups are relatively 

well-supported. 
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Table 4.4. Bacterial type ferredoxin reductase. 

Group  1 FAD_binding_6 PF00970, 

NAD_binding_1 PF00175, Fer2 

PF00111 

Mjls_4115-mjl-G01, 

MSMEG_2893-msm-G01, 

MSMEI_2819-msg-G01 (2), 

Mflv_1462-mgi-fDXr-G01, 

MSMEI_5878-msg-G01, 

MSMEG_6039-msm-G01 

(02), JDM601_3855-mjd-

G01, MT3676-mtc-G01, 

MULP_05324-mli-G01, 

OEM_38530-myo-G11, 

LG41_18000-mie-G11, 

OCQ_39120-mir-FxdR-G11, 

Mflv_2468-mgi-FdxR-G01, 

MSMEI_0288-msg-G01, 

MSMEG_0295-msm-G01, 

MMAR_0335-mmi-G18, 

MULP_00312-mli-G18, 

LG41_23695-mie-G18, 

MAV_5168-mav-G18, 

LA63_23905-mavr –G18, 

JDM601_2873-mjd-G18, 

MycrhN_0469-mrh-G18, 

MSMEG_1742-msm-G18 
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MSMEI_1702-msg-G18, 

LJ00_08705-msb-G18 

LI99_08705-msn-G18 

LI98_08705-msh-G18 (5), 

G155_08940-myv-G18, 

OCU_28180-mia-G15, 

MIP_03758-mid-G15, 

MSMEI_1845-msg-G23, 

Mvan_1767-mva-FdxR-G23, 

Mkms_1376-mkm-FdxR-

G23, MAP4_0440-mao-G23, 

OCO_40550-mit-G23, 

OCQ_41640-mir-G23 (3) 

OCU_40460-mia-G23, 

MIP_06111-mid-G23, 

W7S_20245-mmm-G23, 

OEM_40800-myo-G23, 

MRGA327_19880-mtg-GU, 

TBFG_13259-mtf-G24 (18), 

mt3327-mtc-G24 

TBMG_03278-mtb-G24 

TBSG_03301-mtk-G24 

TBXG_003259-mtz-G24 
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MRGA423_20255-mti-G24 

CCDC5079_2981-mte-G24 

CFBS_3420-mtur-G24 

MTCTRI2_3297-mto-G24 

CCDC5180_2943-mtl-G24 

ERDMAN_3543-mtn-G24 

J114_17320-mtue-G24 

J112_17365-mtj-G24 

MT7199_3272-mtub-G24 

TBHG_03166-mtul-G24 

HKBT2_3414-mtuu-G24 

HKBS1_3417-mtg-G24 

MAF_32420-maf-G24 , 

BN43_60240-mcv-G30, 

BN45_60260-mcz-G30 (2), 

Mb3259c-mbo-G24(9), 

BCG_3353c-mbb-G24, 

BCG_3260c-mbb-G24, 

JTY_3255-mbt-G24, 

BCGMEX_3351c-mbm-G24, 

K60_041260-mbk-G24, 
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K60_040920-mbk-G24, 

K60_033600-mbk-G24, 

BCGMEX_3258c-mbm-G25 

BN42_41281-mcx-G30, 

BN44_70011-mcq-GU, 

OCU_39570-miaG21 (2) 

OCO_39530-mit-G21, 

OEM_40050-myo-G21, 

LG41_18775-mie-G21, 

OCQ_40760-mir-G21, 

MAV_4119-mav-G21 (3) 

LA63_19055-mavr-G21, 

NF84_18860-mavd-G21 , 

MAP4_0504-mao-G21, 

NF84_16680-mavd-G21,(3) 

MAV_3669-mav-G21, 

LA63_16845-mavr-G21 

MAP4_0923-mao-G21, 

LH58_16535-mbz-G21, 

MKAN_24980-mkn-G21, 

BN42_40756-mcx-G21, 

K60_028720-mbk-G21, 

MRGA423_17210-mti-GU, 

TBFG_12789-mtf-G25 (11) 
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MT2846-mtc-G25, 

TBMG_01198-mtb-G25, 

TBXG_001187-mtz-G25, 

CCDC5079_2546-mte-G25, 

CCDC5180_251-mtl-G25, 

ERDMAN_3042-mtn-G25, 

M943_14340-mtx-G25, 

TBHG_02708-mtul-G25, 

LH58_14740-mbz-G25, 

14740 

BN44_60238-mcq-G25 

J112_14865-mtj-G07 (14), 

MRGA327_17010-mtg-G26, 

CFBS_2933-mtur-G26, 

MTCTRI2_2829-mto-G26, 

MCAN_28041-mce-G26, 

MT7199_2809-mtub-G26, 

HKBT2_2924-mtuu-G26, 

HKBS1_2928-mtg-G26, 

Mb2798c-mbo-G26, 

BCG_2793c-mbb-G26, 

JTY_2787-mbt-G26, 

BCGMEX_2786c-mbm-G26, 

MAF_27810-maf-G26 27810 
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J114_14805-mtue-G26, 

BN45_51163-mcz-G25, 

BN43_40463-mcv-G31, 

MSMEI_1945-msg-G03, 

,Mflv_2623-mgi-G03   

Group 2 FAD_binding_6 PF00970, 

NAD_binding_1 PF00175 

LI99_21840-msn-G01, (4) 

MSMEG_4411-msm-G01, 

LJ00_21835-msb-G01, 

MSMEI_4304-msg-G01 , 

OEM_31170-myo-G01, 

OCQ_32640-mir-G01, 

LA62_08080-may-G17, (3) 

NF82_08040-mabo-G17, 

LA61_07975-maz-G17 

LH56_15135-mak-G17, 

NF90_15630-mys-G17, 

MMASJCM_1611-mabl-G17,  

Group 3 Fer2 PF00111, FAD_binding_6 

PF00970 NAD_binding_1 

PF00175 

MT1987-mtc-G07 

Group 4 FAD_binding_6 PF00970, Fer2 

PF00111 

MAB_0088c-mab-G10, 

Mflv_3426-mgi-G10, 

LJ00_18275-msb-G10 (2) 
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MSMEI_3589-msg-G10 

Group 5 FA_desaturase 

PF00487,FAD_binding_6 

PF00970, NAD_binding_1 

PF00175, Fer2 PF00111 

FdxB (Rv3554)-Mtu-G04, 

CCDC5180_3247-mtl-G02, 

(2) CCDC5079_3295-mte-

G04, J113_24860-mtuc-G04, 

mt3658-mtc-G04, 

CFBS_3770-mtur-G04 (4) 

J112_19130-mtj-G04, 

HKBT2_3764-mtuu-G04, 

HKBS1_3767-mtg-G04 , 

TBFG_13587-mtf-G04 (11), 

TBSG_03620-mtk-G04, 

TBXG_003569-mtz-G04, 

MRGA327_21950-mtg-G04, 

MRGA423_22465-mti-G04 

MTCTRI2_3618-mto-G04 

MT7199_3616-mtub-G04 

J114_19010-mtue-G04 

TBHG_03494-mtul-G04 

Mb3584-mbo-G04 

BCG_3618-mbb-G04 , 

I917_24940-mtuh-G04 

© Central University of Technology, Free State



CHAPTER 4: ANNOTATION AND PHYGENETIC ANALYSIS OF P450 REDOX PARTNERS IN 
MYCOBACTERIA 

 

100 
 

Group 6 NAD_binding_1 PF00175, Fer2 

PF00111 

D174_13855-mne-G01, 

MSMEI_4054-msg-G01, 

LJ00_20590-msb-G01 

Group 7 FAD,NAD NEW-LH54_15880 

NEW2-MKAN_15935 

NEW-D174_08080 

NEW2-Mflv_4699 

NEW2-Mmcs_1358 

NEW2-Mjls_1392 

NEW2-W7S_13715-

mmm_G29 

NEW2-OEM_26770-

myo_G29 

NEW2-Mflv_5247 

NEW2-Mmcs_2269-

mmc_G15 

NEW2-Mkms_2316-

mkm_G15 

NEW2-Mjls_2308 

NEW2-Mmcs_0319-mmc_G8 
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NEW2-Mkms_0329-mkm_G8 

NEW2-MKAN_12135 

NEW2-Mmcs_4710-mmc_G9 

NEW2-Mkms_4796-mkm_G9 

NEW2-Mjls_5095-mjl_G9 

NEW2-W7S_18975 

NEW2-Mmcs_3712-mmc_G7 

NEW2-Mkms_3785-mkm_G7 

NEW2-Mjls_3725 

NEW2-LJ00_01480 

NEW2-G155_01230 

NEW2-MKAN_01670 

NEW2-MULP_05296(FdxB) 

NEW2-MKAN_11975 

NEW2-G155_16695 

NEW2-Mmcs_2875-

mmc_G11 

NEW2-Mkms_2919-

mkm_G11 
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NEW2-Mjls_2905-mjl_G11 

NEW2-LA62_00445-may_G2 

NEW2-NF82_00440-

mabo_G2 

NEW2-LA61_00450-maz_G2 

NEW2-LH56_21915-mak_G2 

NEW2-LA62_20430-may_G1 

NEW2-LA61_20330-may_G1 

NEW2-LH56_04080-mak_G3 

NEW2-NF92_04140-mys_G2 

NEW2-D174_02960 

NEW2-D174_09705 

NEW2-Mmcs_1520-

mmc_G14 

NEW2-Mkms_1543-

mkm_G14 

MSMEI_4267-msg-G01 

Mmcs_2259-mmc-G01 

NEW2-Mmcs_2259-

mmc_G10 
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NEW2-Mkms_2306-

mkm_G10 

NEW2-Mjls_2298-mjl_G10 

NEW2-G155_07985 

NEW2-LJ00_09925-

msb_G30 

NEW2-LI98_09925-msh_G30 

 

 

 

Table 4.5. Glutathione reductase type ferredoxin reductase 

 

AdR like Pyr_redox_2 PF07992 G155_29565-myv-G08, 

MMASJCM_4256-mabl-G08 

(3), NF90_03385-mys-G08 

MASS_4170-mabb-

GR,LA61_21100-maz (2) 

LA62_21205-may-G08 

Fer4 PF00037, Pyr_redox_2 

PF07992 

G155_03130-myv-G01, 

MASS_0913-mabb-G01, 

MAB_0930-mab-G01, 
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LA61_04605-maz-G01, 

Mmcs_4462-mkm-G01, 

Mjls_4845-mjl-G01, 

JDM601_0812-mjd-G01, 

Mflv_1720-mgi-G01, 

Mvan_5031-mva-G01, 

LI99_28095-msn-G01(5), 

MSMEG_5681-msm-G01, 

MSMEI_5531-msg-G01, 

LJ00_28090-msb-G01, 

LI98_28100-msh-G01, 

ML2134-mle-G01, 

MLBr_02134-mlb (2), 

MAV_5072-mav-G01, 

MAV_1015-mav  (2), 

LA63_04500-mavr-G01, 

NF84_04400-mavd (2), 

MAP4_3035-mao-G01, 

OCO_08830-mit-G01, 

MIP_01480-mid-G01, 

OCU_08900-mia-G01, 

OEM_08950-myo-G01, 

LG41_04370-mie-G01, 

W7S_04360-mmm-G01, 
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OCQ_08980-mir-G01, 

MMAR_4646-mmi-G01, 

MUL_0264-mul-G01, 

MULP_04861-mli-G01, 

BN45_20176-mcz-G01, 

BN43_20341-mcv-G01, 

MT0909-mtc-G01 (27), 

TBFG_10903-mtf-G01, 

TBFG_13123-mtf-G01, 

TBMG_03104-mtb-G01, 

TBSG_03124-mtk-G01, 

UDA_0886-mtd-G01, 

TBXG_003083-mtz-G01, 

MRGA327_05550-mtg-G01, 

CFBS_0929-mtur-G01, 

MTCTRI2_0909-mto-G01, 

J112_04765-mtj-G01, 

MT7199_0905-mtub-G01, 

J114_04715-mtue-G01, 

M943_04625-mtx-G01 

TBHG_00874-mtul-G01 

HKBS1_0929-mtg-G01 

Mb0910-mbo-G01 
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BCG_0938-mbb-G01 

JTY_0908-mbt-G01 

BCGMEX_0909-mbm-G01 

K60_009450-mbk-G01 

LH58_04815-mbz-G01 

MAF_08950-maf-G01 

FprB-Rv0886-Mtu-G01 

MCAN_08871-mce-G01 

BN44_10967-mcq-G01 

HKBT2_0930-mtuu-G09, 

ERDMAN_3899-mtn-

G01,(4) CCDC5079_0817-

mte-G01, CCDC5180_0810-

mtl-G01, ERDMAN_0979-

mtn-G01, D174_07670-mne-

G02, MIP_00230-mid-G02, 

W7S_08345-mmm-G02, 

MMASJCM_1033-mabl-

G01, OCQ_16640-mir-G01 

GR type Pyr_redox_2 PF07992 MAB_3482-mab-G03,(4) 

LA62_17705-may-G03, 

NF82_17440-mabo-G03, 

© Central University of Technology, Free State



CHAPTER 4: ANNOTATION AND PHYGENETIC ANALYSIS OF P450 REDOX PARTNERS IN 
MYCOBACTERIA 

 

107 
 

LA61_17605-maz-

G03,MASS_3512-mabb-

G03,(2) LH56_06695-mak-

G03 LJ00_17885-msb-

G03,G155_01205-myv-

G03,(2) G155_10200-myv-

G03, MSMEI_2039-msg-

G03,(4) LJ00_10390-msb-

G03, LI99_10390-msn-G03, 

LI98_10390-msh-G03 , 

Mjls_1578-mjl-G03, 

Mkms_1632-mkm-G03, 

Mvan_1910-mva-G03, 

Mflv_4452-mgi-G03, 

D174_09620-mne-G03, 

MULP_03686-mli-G03, 

MKAN_22480-mkn-G03, 

OCO_38590-mit-G03 (5)  

OCQ_39750-mir-G03 

OCU_38560-mia-G03 

LG41_18315-mie-G03 

MIP_05836-mid-G03 

OEM_391000-myo-G03 ,  
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MAV_4007-mav-G03(3)  

LA63_18495-mavr-G03 

NF84_18305-mavd-G03, 

OCU_40460-mia-G23 

MAP4_0613-mao-G03, 

ML0666-mle-G03, (2) 

MLBr_00666-mlb-G03, 

BN42_41139-mcx-G03, 

BN45_60104-mcz-G03, 

MRGA423_19380-mti-G03, 

Mb3133-mbo-G03 (4) 

BCG_3131-mbb-G03, 

BCGMEX_3128-mbm-G03, 

K60_032230-mbk-G03, 

MAF_31130-maf-G03, 

MT7199_3139-mtub-G03, 

TBMG_00860-mtb-G03 

(13), FprA-Rv3106-Mtu-

G03, TBSG_00866-mtk-

G03, MRGA327_19110-

mtg-G03, CFBS_3276-mtur-

G03, CCDC5180_2826-mtl-

G03, MTCTRI2_3169-mto-

G03, UDA_3106-mtd-G03, 

© Central University of Technology, Free State



CHAPTER 4: ANNOTATION AND PHYGENETIC ANALYSIS OF P450 REDOX PARTNERS IN 
MYCOBACTERIA 

 

109 
 

ERDMAN_3402-mtn-G03, 

J112_16650-mtj-G03, 

HKBT2_3268-mtuu-G03, 

HKBS1_3274-mtg-G03,  

TBHG_03037-mtul-G03  , 

M943_16035-mtx-G03 (4) 

MCAN_31331-mce-G03, 

BN44_60625-mcq-G03, 

BN43_60100-mcv-G03, 

J114_16620-mtue-G03, 

MRGA423_19385-mti 

ONFR-like Pyr_redox_2 PF07992, 

Reductase_C PF14759 

JDM601_1956-mjd-G03, 

MSMEI_3512-msg-G03,(3) 

LJ00_17885-msb-G03, 

LI98_17895-msh-G03, 

BN45_50134-mcz-G27, 

BN42_30134-mcx-G27, 

BN43_31010-mcv-G27, 

MCAN_18841-mce-G27 (2) 

BN44_40132-mcq-G27, 

BCG_1905c-mbb-27,(4) 

JTY_1889-mbt-G27, 

BCGMEX_1886c-mbm-G27, 

K60_019560-mbk-G27 , 
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TBFG_11897-FdxR-FdrA-

G19 (23), MT1918-mtc-G19, 

MT3189-mtc-G19, 

TBMG_02125-mtb-G19, 

MRGA327_11545-mtg-G19, 

TBXG_002107-mtz-G19, 

TBSG_02136-mtk-G19, 

HKBT2_1966-mtuu-G19, 

CCDC5180_1704-mtl-G19, 

CFBS_1961-mtur-G19, 

MTCTRI2_1901-mto-G19, 

MT7199_1895-mtub-G19, 

J112_09960-mtj-G19, 

ERDMAN_2061-mtn-G19, 

J114_09960-mtue-G19, 

J113_12960-mtuc-G19, 

M943_09710-mtx-G19, 

HKBS1_1962-mtg-G19, 

Mb1900c-mbo-G19, 

LH58_10020-mbz-G19, 

MAF_18910-maf-G19, 

TBFG_11897-mtf-G19, 

TBHG_01824-mtul-GR , 

MRGA423_11670-mti-G19, 
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LA63_12860-mavr-G02(2) 

NF84_12705-mavd-G02, 

LG41_12640-mie-G02, 

JDM601_0700-mjd-G01, 

MAP4_4272-mao-G29, 

MAV_4485-mav-G29, 

CCDC5180_0631-mtl-GU, 

BN42_20441-mcx-G28, 

HKBS1_0723-mtg-G28, 

MT0716-mtc-G22 (3) 

ERDMAN_0759-mtn-G22, 

MT7199_0706-mtub-G22, 

I917_04905-mtuh-G28, 

CCDC5079_0640-mte-G28, 

J113_04870-mtuc-G28, FdrA 

(Rv0688)-Mtu-G22 (22)  

TBMG_00701-mtb-G22 

TBSG_00705-mtk-G22 

TBFG_10702-mtf-G22 

TBXG_000694-mtz-G22 

MRGA327_04305-mtg-G22 

MRGA423_04295-mti-G22 
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CFBS_0723-mtur-G22 

MTCTRI2_0704-mto-G22 

J112_03680-mtj-G22 

J114_03670-mtue-G22 

HKBT2_0724-mtuu-G22 

BCG_0737-mbb-G22 

Mb0707-mbo-G22 

JTY_0707-mbt-G22 

BCGMEX_0708-mbm-G22 

K60_007330-mbk-G22 

MCAN_06891-mce-G22 

MAF_06970-maf-G22 

BN44_10756-mcq-G22 

BN43_20118-mcv-G22 

BN45_10786-mcz-G22 , 

MKAN_19550-mkn-G27, 

MMAR_1017-mmi-G27, 

MULP_01143-mli-G27, 

MUL_0769-mul-G20, 

Mvan_0400-mva-G12, 
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OCQ_28970-mir-G03, 

LA62_22195-may-G12,(3) 

NF82_21885-mabo-G12, 

LA61_22090-maz-G12 

Mvan_0467-mva-G12, 

Mjls_4216-mjl-G12, 

G155_23245-myv-G01, 

MMAR_3153-mmi-G02, 

Mflv_4591-mgi 

 PyrRedox2 NEW-LG40_09280-mks 

NEW-LH54_09390-mki 

NEW-MKAN_09430-mkn 

NEW-D174_23110 

NEW-G155_05925 

NEW-Mjls_4084 

NEW-G155_10535 

NEW-D174_03225 

NEW-D174_16365 

NEW-D174_13835 

NEW-Mycch_1556 

NEW-MULP_01646 
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NEW-MKAN_03850 

NEW2-Mmcs_4866Â  

NEW2-Mkms_4955-

mkm_G18 

NEW2-Mjls_5234-mjl_G18 

NEW-LG40_01300-mks 

NEW-LH54_01310-mki 

NEW-MKAN_01290-mkn 

NEW-MMAR_2931 

NEW-MKAN_01240 

NEW-MAB_3838c 

NEW-JDM601_4002 
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Table 4.6. Ferredoxin Reductases divergent 

Group 1 Fer4_15 JDM601_3492-MDJ-G01, 

G155_20605-myv-G01 

Group 2 Fer4  REM2_Fer4_LA63_16020-mavr-

G10 

Group 3 Fer2 REM2_Fer2_OCO_28550-mit-

G01, REM9_J113_06210-mtuc-

GR, 

REM6_Fer2_MSMEG_6836_msn-

G16(4) MSMEI_6654-msg-G16 

LJ00_33780-msb-G16 

LI99_33785-msn-G16 

Group 4 Fer_11 MSMEI_1805-msg-G01 

LJ00_09210-msb-G01 

Group 5 Fer4_8,CCG LI99_03425-msn-G13, 

MASS_4335_mabb-G08, 

BN42_20067-mcx-G13, MT0352-

FumaratRed-G13, 

I917_02395_mtuh-G13, 

MAV_4817-mav-G13, 

OCO_47210-mit-G13, 

OCU_46960-mia-G13, 
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OCQ_48240-mir-G13, 

MIP_07142-mid-G13 

Group 6 Fer4_13 MULP_02900-mli-G03, 

MMAR_2932-mmi-G03 

 

4.4. Conclusion 

Redox partners have shown that they can transfer electrons for P450s to function. Number of 

ferredoxins and ferredoxin reductase have been classified and identified based on their 

prosthetic groups. A total number of 622 ferredoxins and 374 ferredoxins reductases were 

obtained and most of them had similar prosthetic groups. All species were categorised 

accordingly.  

 

 

 

 

 

 

 

 

 

 

© Central University of Technology, Free State



CHAPTER 4: ANNOTATION AND PHYGENETIC ANALYSIS OF P450 REDOX PARTNERS IN 
MYCOBACTERIA 

 

117 
 

4.5. Reference 

Aliverti, A., Pandini, V., Pennati, A., de Rosa, M. and Zanetti, G., 2008. Structural and 

functional diversity of ferredoxin-NADP+ reductases. Archives of biochemistry and 

biophysics, 474(2), pp.283-291. 

Archakov, A.I. and Bachmanova, G.I., 1990. Cytochrome P-450 and active oxygen. Taylor & 

Francis Group. 

Bernhardt, R., 1995. Cytochrome P450: structure, function, and generation of reactive 

oxygen species. In Reviews of Physiology Biochemistry and Pharmacology, Volume 127 (pp. 

137-221). Springer Berlin Heidelberg. 

Bernhardt, R., 2006. Cytochromes P450 as versatile biocatalysts. Journal of 

biotechnology, 124(1), pp.128-145 

Degtyarenko, K.N. and Archakov, A.I., 1993. Molecular evolution of P450 superfamily and 

P450‐containing monooxygenase systems. FEBS letters, 332(1-2), pp.1-8. 

Durairaj, P., Hur, J.S. and Yun, H., 2016. Versatile biocatalysis of fungal cytochrome P450 

monooxygenases. Microbial Cell Factories, 15(1), p.125. 

Guindon, S. and Gascuel, O., 2003. A simple, fast, and accurate algorithm to estimate large 

phylogenies by maximum likelihood. Systematic biology,52(5), pp.696-704. 

Hamdane, D., Zhang, H. and Hollenberg, P., 2008. Oxygen activation by cytochrome P450 

monooxygenase. Photosynthesis research, 98(1-3), pp.657-666. 

Hannemann, F., Bichet, A., Ewen, K.M. and Bernhardt, R., 2007. Cytochrome P450 

systems—biological variations of electron transport chains. Biochimica et Biophysica Acta 

(BBA)-General Subjects, 1770(3), pp.330-344. 

© Central University of Technology, Free State



CHAPTER 4: ANNOTATION AND PHYGENETIC ANALYSIS OF P450 REDOX PARTNERS IN 
MYCOBACTERIA 

 

118 
 

Katoh, K., Misawa, K., Kuma, K.I. and Miyata, T., 2002. MAFFT: a novel method for rapid 

multiple sequence alignment based on fast Fourier transform. Nucleic acids research, 30(14), 

pp.3059-3066. 

Keane, T.M., Creevey, C.J., Pentony, M.M., Naughton, T.J. and Mclnerney, J.O., 2006. 

Assessment of methods for amino acid matrix selection and their use on empirical data shows 

that ad hoc assumptions for choice of matrix are not justified. BMC evolutionary 

biology, 6(1), p.1. 

Lewis, D.F. and Hlavica, P., 2000. Interactions between redox partners in various cytochrome 

P450 systems: functional and structural aspects.Biochimica et Biophysica Acta (BBA)-

Bioenergetics, 1460(2), pp.353-374. 

Sirim, D., Widmann, M., Wagner, F. and Pleiss, J., 2010. Prediction and analysis of the 

modular structure of cytochrome P450 monooxygenases.BMC structural biology, 10(1), p.1. 

Syed, K., Shale, K., Pagadala, N.S. and Tuszynski, J., 2014. Systematic identification and 

evolutionary analysis of catalytically versatile cytochrome P450 monooxygenase families 

enriched in model basidiomycete fungi. PLoS One, 9(1), p.e86683. 

 

 

 

 

© Central University of Technology, Free State



CHAPTER 5: CONCLUSION AND FUTURE WORK 
 
 

119 
 

CHAPTER 5 

CONCLUSION AND FUTURE WORK 
 

 

P450 redox partners are very important as they are responsible for transferring electrons to 

P450s.  Most of the P450s, except self-sufficient P450s, need redox partners to perform their 

reactions. If one can target redox partners it will result inhibition of P450 function and 

possibly led to the death of an organism. Due to this reason it is possible that P450 redox 

proteins can serve as novel drug targets against pathogenic organisms.  

This study serve as the basis for further exploring P450 redox proteins as drug targets 

against species belong to the genus Mycobacterium.  In this study, genome data mining was 

performed in 81 mycobacterial species and identified possible redox proteins and then these 

proteins were annotated into ferredoxins and ferredoxin reductases. Furthermore, based on 

the phylogenetic analysis ferredoxins and ferredoxin reductases were grouped into different 

groups.  

Future work involves genome mapping of these P450 redox proteins to authenticate 

their capability to transfer electrons to P450s that includes structural analysis (homology 

modeling based) and identifying the commonly conserved ferredoxins and ferredoxin 

reductases across the mycobacterial species. The P450 redox proteins that conserved across 

species and uniquely conserved in different mycobacterial groups will be explored as novel 

drug targets.  
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