Supplementary information about studied pathways of tetrapyrrole cofactors
biosynthesis

Table S1. Metabolism of tetrapyrrole cofactors: list of enzymes involved in the biosynthesis
of siroheme, heme and cobalamin

Name of enzyme EC Gene Reaction References
number | shortcut
Uroporphyrinogen III biosynthesis pathway
5-aminolevulinate biosynthesis, pathway 1
5-aminolevulinate synthase 2.3.1.37 ALAS zlri:icr:(r)llyel ;Sﬁil; %_l}gér[f; (5?-02 [14]
5-aminolevulinate biosynthesis, pathway 2
EARS ATP + L-glutamate + tRNAGlu
glutamyl-tRNA synthetase 6.1.1.17 gltX ’ = AMP + diphosphate + L- [73]
glutamyl-tRNAGIu
L-glutamate 1-semialdehyde +
glutamyl-tRNA reductase 1.2.1.70 hemA ;ﬁg;;;éﬁi%?it_NIXDpH N [16]
H-+
gluFamate-l—semialdehyde 2,1- 5438 hemL L—glqtamate 1.—semialdehyde = [74]
aminomutase 5-aminolevulinate
main pathway of uroporphyrinogen 111 biosynthesis
porphobilinogen synthase 42.124 26&% ifggﬁﬁfg’;ﬁtz 0 [75,76]
hydroxymethylbilane synthase 2.5.1.61 I}ﬁ;{ng S’ ﬁ;&?}gﬁg&?}?ﬁ:ﬁa;ﬁszH3 [15,77]
uroporphyrinogen-III synthase 4.2.1.75 {lf;{n(% ﬁfﬁ;gxrg}g iﬁ(})’;ﬁaﬁf L0 [18]
Siroheme biosynthesis pathwa
CobA, 2 S-adenosyl-L-methionine +
uroporphyrin-IIT C- 21.1.10 CObA- uroporphyrinogen III = 2 S-
.1.1.107 hemD, . [18]
methyltransferase METL, adenosyl-L-homocystelne +
hemX precorrin-2
uroporphyrin-III C- 21.1.107:
methyltransferase / precorrin-2 1 3 1 76 ’ cysG, precorrin-2 + NAD+ = [17]
dehydrogenase / sirohydrochlorin 4' 9‘9 1 4 METS sirohydrochlorin + NADH + H+
ferrochelatase T
Protoporphyrin-dependent heme biosynthesis pathway
uroporphyrinogen decarboxylase 4.1.1.37 [I}%n(l)% E;%Ir’ gglgﬁglr?ﬁggeglﬂl +4CO0 [19,21,22]
CPOX coproporphyrinogen III + O2 +
coproporphyrinogen III oxidase 1.3.33 hemF’ 2 H+ = protoporphyrinogen-IX [19,78]
+2 C0O2+2 H20
coproporphyrinogen 11T + 2 S-
oxygen-independent hemN adenosyl-L-methionine =
coproporphyrinogen III oxidase 1.3.98.3 hemZ’ protoporphynqogen IX +2C02 [20]
+ 2 L-methionine + 2 5'-
deoxyadenosine
protoporphyrinogen/ 1.3.3.4; PPOX, | protoporphyrinogen IX +3 O2 = [2123]
coproporphyrinogen III oxidase 1.3.3.15 hemY protoporphyrin IX + 3 H202 ’
. rotoporphyrinogen IX + 3
menaquinone-dependent 1.3.5.3 hemG guinorr)lerli pyrotopgorphyrin IX+3 [79,80]
protoporphyrinogen oxidase quinol




protoporphyrinogen IX + 3

protoporphyrinogen IX oxidase 1.3.99.- hemJ acceptor = protoporphyrin + 3 [81]
reduced acceptor
protoporphyrin/coproporphyrin 4.99.1.1; hemH, protoheme + 2 H+ = 82]
ferrochelatase 4.99.1.9 FECH protoporphyrin + Fe2+
COX10, | (2E,6E)-farnesyl diphosphate +
heme o synthase 2.5.1.141 ctaB, protoheme IX + H20 = [83]
cyoE diphosphate + ferroheme o
COX15 ferroheme o + H20 + 2 acceptor
heme a synthase 1.17.99.9 ctaA > | =ferroheme a + 2 reduced [84]
acceptor
Coproporphyrin -dependent heme biosynthesis pathway
protoporphyrinogen/ 1.3.3.4; PPOX, coproporphyrinogen III + 3 O2 [21.23]
coproporphyrinogen III oxidase 1.3.3.15 hemY = coproporphyrin III + 3 H202 i
protoporphyrin/coproporphyrin 4.99.1.1; hemH, Fe-coproporphyrin III + 2 H+ = 82]
ferrochelatase 4.99.1.9 FECH protoporphyrin + Fe2+
hydrogen peroxide-dependent Fe-coproporphyrin 111 + 2 H202
heme synthase 13985 hemQ = protoheme + 2 CO2 +4 H20 [27]
Fe-coproporphyrin IIT + 2 S-
adenosyl-L-methionine =
g‘:}‘ngdependem heme 1.3.98.6 ahbD | protoheme +2 CO2 +2 5'- [24]
deoxyadenosine + 2 L-
methionine
Siroheme-dependent heme biosynthesis pathway
Pathway I
siroheme decarboxylase 4.1.1.111 ahbAB siroheme = 12, 18- [26]
T didecarboxysiroheme + 2 CO2
dihydro-heme d1 dehydrogenase - NirN gle};}llgr(;)l_ }frrlclefh?clezi_ Zgzzg:g; B [25]
Pathway II
siroheme decarboxylase 4.1.1.111 ahbAB filir(?e}z:earieo;yls?rjéﬁéme +2Co2 o
Fe-coproporphyrin III synthase - Ahbc éﬁiii;ﬁﬁgﬁ;ﬁ;ﬁ?ﬁ? heme =
hydrogen peroxide-dependent Fe-coproporphyrin IIT + 2 H202
heme synthase 13985 hemQ = protoheme + 2 CO2 + 4 H20 [(27]
Fe-coproporphyrin IIT + 2 S-
adenosyl-L-methionine =
giﬁx:;'dependem heme 1.3.98.6 ahbD | protoheme +2 CO2 +2 5'- [24]
deoxyadenosine + 2 L-
methionine
Anaerobic cob(Il)yrinate a, ¢ diamide biosynthesis pathway
. . . cobalt-sirohydrochlorin + 2 H+
sirohydrochlorin cobaltochelatase 4.99.1.3 cbiK — sirohydrochlorin + Co2+ [31]
precorrin-2/cobalt-factor-2 C20- | 2.1.1130; | cobl- | 5-adenosyl-L-methionine +
methyltransferase 2.1.1.151 cbilL cobalt-factor Il = S-adenosyl-L- [85]
homocysteine + cobalt-factor 111
. S-adenosyl-L-methionine +
precorrin-3B C17- 2.1.1.131 cobl, precorrin?]3B = S-adenosyl-L- [86]
methyltransferase cbiH . .
homocysteine + precorrin-4
S-adenosyl-L-methionine +
cobalt-factor I1I + reduced
cobalt-factor Il methyltransferase | 2.1.1.272 cbiH60 | acceptor = S-adenosyl-L- [87]
homocysteine + cobalt-
precorrin-4 + acceptor
S-adenosyl-L-methionine +
precorrin-4/cobalt-precorrin-4 2.1.1.133 cobM, cobalt-precorrin-4 = S-adenosyl- [29]
C11-methyltransferase 2.1.1.271 cbiF L-homocysteine + cobalt-

precorrin-5A




cobalt-precorrin-5SA + H20 =
cobalt-precorrin SA hydrolase 3.7.1.12 cbiG cobalt-precorrin-5B +
acetaldehyde + 2 H+
S-adenosyl-L-methionine +
cobalt-precorrin-5B (C1)- 21.1.19 cbiD cobalt-precorrin-5B = S-
methyltransferase T adenosyl-L-homocysteine +
cobalt-precorrin-6A 187]
precorrin-6A/cobalt-precorrin-6A 1.3.1.54; cobK - | cobalt-precorrin-6B + NAD+ =
. cobalt-precorrin-6A + NADH +
reductase 1.3.1.106 cbil He
S-adenosyl-L-methionine +
cobalt-precorrin-6B (C15)- . cobalt-precorrin-6B = S-
methyltransferase 2.1.1.196 cbiT adenosyl-L-homocysteine +
cobalt-precorrin-7 + CO2
S-adenosyl-L-methionine +
cobalt-precorrin-7 (C5)- . cobalt-precorrin-7 = S-adenosyl-
methyltransferase 2.1.1.289 cbif L-homocysteine + cobalt- [28]
precorrin-8
precorrin-8X/cobalt-precorrin-8 5.4.99.61; cobH- i Lo .
methylmutase 5499 60 biC cobalt-precorrin-8 = cobyrinate [30]
2 ATP + cobyrinate + 2 L-
cobyrinic acid a,c-diamide 6.3.5.9; cobB- glutamine + 2 H20 =2 ADP +2 [88]
synthase 6.3.5.11 cbiA phosphate + cobyrinate a,c-
diamide + 2 L-glutamate
Aerobic cob(Il)yrinate a, ¢ diamide biosynthesis pathway
precorrin-2/cobalt-factor-2 C20- 2.1.1.130; cobl - S-aden(')syl-E-methmmne -
. precorrin-2 = S-adenosyl-L- [89]
methyltransferase 2.1.1.151 cbil . .
homocysteine + precorrin-3A
precorrin-3A + NADH + H+ +
precorrin-3B synthase 1.14.13.83 cobG 02 = precorrin-3B + NAD+ + [28]
H20
. S-adenosyl-L-methionine +
precorrin-3B C17- 2.1.1.13 cobl, | ecorrin-3B = S-adenosyl-L- [86]
methyltransferase cbiH . )
homocysteine + precorrin-4
. . - -L- ionine +
precorrin-4/cobalt-precorrin-4 2.1.1.133; cobM, Sf:ggﬁ?;ﬁ ]; g_l :g::;lsmle_ L- [29]
C11-methyltransferase 2.1.1.271 cbiF p . Y
homocysteine + precorrin-5
S-adenosyl-L-methionine +
precorrin-6A synthase 2.1.1.152 cobF precorrin-5 + H20 = §-
adenosyl-L-homocysteine + (28]
precorrin-6A + acetate
precorrin-6A/cobalt-precorrin-6 A 1.3.1.54; cobK - precorrin-6B + NADP+ =
reductase 1.3.1.106 cbiJ precorrin-6A + NADPH + H+
precorrin-6B C5,15- 211.132: 2 S-adenosyl-L-methionine +
methyltransferase / cobalt- 2.1.1'289T cobL- precorrin-6B = 2 S-adenosyl-L- [90]
precorrin-6B C5,C15- 2' 1' l' 19 6’ cbiET homocysteine + precorrin-8X +
methyltransferase U CO2
precorrin-8X/cobalt-precorrin-8 5.4.99.61; cobH- precorrin-8X = [91]
methylmutase 5.4.99.60 cbiC hydrogenobyrinate
2 ATP + hydrogenobyrinic acid
S - +2L- ine + =
cobyrinic acid a,c-diamide 6.3.5.9; cobB- 2 L-glutamine + 2 H20 =2
. ADP + 2 phosphate +
synthase 6.3.5.11 cbiA S
hydrogenobyrinic acid a,c-
diamide + 2 L-glutamate [28]
ATP + hydrogenobyrinate a,c-
diamide + Co2+ + H20 = ADP
cobaltochelatase CobN 6.6.1.2 cobN + phosphate + cob(IT)yrinate a,c-
diamide + H+

Cobalamin biosynthesis pathway from cob(Il)yrinate a,c diamide




cob(I)alamin adenosyltransferase

2.5.1.17

MMAB,
pduO,
CObA,

btuR

(1) 2 ATP + 2 cob(Il)alamin + a
reduced flavoprotein = 2
triphosphate + 2
adenosylcob(Il)alamin + an
oxidized flavoprotein;

(1a) 2 cob(IT)alamin + 2
[corrinoid adenosyltransferase]
=2 [corrinoid
adenosyltransferase]-
cob(Ilalamin;

(1b) a reduced flavoprotein + 2
[corrinoid adenosyltransferase]-
cob(Il)alamin = an oxidized
flavoprotein + 2 [corrinoid
adenosyltransferase]-
cob(I)alamin (spontaneous);
(1c) 2 ATP + 2 [corrinoid
adenosyltransferase]-
cob(I)alamin = 2 triphosphate +
2 adenosylcob(IlI)alamin + 2
[corrinoid adenosyltransferase]

adenosylcobyric acid synthase

6.3.5.10

cobQ,
cbiP

4 ATP + adenosylcobyrinic acid
a,c-diamide + 4 L-glutamine + 4
H20 =4 ADP + 4 phosphate +
adenosylcobyric acid + 4 L-
glutamate

adenosylcobinamide-phosphate
synthase

6.3.1.10

cbiB,
cobD

ATP + adenosylcobyric acid +
(R)-1-aminopropan-2-ol = ADP
+ phosphate +
adenosylcobinamide

adenosylcobinamide kinase /
adenosylcobinamide-phosphate
guanylyltransferase

2.7.1.156;
2.7.7.62

cobP,
cobU

RTP + adenosylcobinamide =
adenosylcobinamide phosphate
+ RDP [where RTP is either
ATP or GTP

cobalamin biosynthesis protein
CobC/
adenosylcobinamide-phosphate
synthase

CobC

ATP + adenosylcobyric acid +
(R)-1-aminopropan-2-ol = ADP
+ phosphate +
adenosylcobinamide

(28]

adenosylcobinamide kinase /
adenosylcobinamide-phosphate
guanylyltransferase

2.7.1.156;
2.7.7.62

cobP,
cobU

GTP + adenosylcobinamide
phosphate = diphosphate +
adenosylcobinamide-GDP

adenosylcobinamide-GDP
ribazoletransferase

2.7.8.26

cobS,
cobV

(1) adenosylcobinamide-GDP +
alpha-ribazole = GMP +
adenosylcobalamin

(2) adenosylcobinamide-GDP +
alpha-ribazole 5'-phosphate =
GMP + adenosylcobalamin 5'-
phosphate]

nicotinate-nucleotide--
dimethylbenzimidazole
phosphoribosyltransferase

24221

cobU,
cobT

beta-nicotinate D-ribonucleotide
+ 5,6-dimethylbenzimidazole =
nicotinate + alpha-ribazole 5'-
phosphate

alpha-ribazole phosphatase

3.1.3.73

cobC,
phpB

(1) adenosylcobalamin 5'-
phosphate + H20 = coenzyme
B12 + phosphate

(2) alpha-ribazole 5'-phosphate
+ H20 = alpha-ribazole +
phosphate

(93]
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Figure S1. Biosynthetic pathway of uroporphyrinogen III

H
N NHp
V4
HO
o] O=
OH
porphobilinogen
hemC EC:2.5.1.61
F Iq
e
7
HO ”\\
t IU"J“L
(=]
hydroxymethylbilane



o
n'.l'l
- _‘\,-\
L
{n]
I
I
Q Q
KV
@]
Ie] X
Q
T

o S o7 P
- H[J“{/ | . | ~%  cobA cys G
uroporphryinogen III L S~ 0 ’
biosynthesis pathway > Yo e >
/ N EC:2.1.1.107
\‘;__ - / OH
F~tH e o~
Q. N s
\\?__J' T - |
) | L o
HO \."""'() {
HO OH precorrin 2
uroporphyrinogen 111

cysG EC: 1.3.1.76

HO,C COH

HO,C COH

siroheme sirohydrochlorin

Figure S2. Biosynthetic pathway of siroheme



Qs aH

o /o i HG Gt HiC Oy
LANAA D a “__coo hemF
S NS OOC— P -
uroporphryinogen III <—\NH HQ hemE o0e c00 h:EN ooc e,
biosynthesis pathway { ) o _—
P L EC:4.1.1.37  ooc— - ‘ooc
a SN b ) “% EC:1.3.33 CHy
Hr?__ II\.;._() "'*»ﬁo HC EC: 1.3.98.3 HyC e?
: P { ;
HO OH coo
uroporphryinogen 11 coproporphyrinogen IIT protoproporphyrinogen 11
EC: 1.3.99.- hemJ
EC: 1.3.53 hemG
EC: 1334 hemY
il oy oy ~CHa
_J CH; ‘(EH_. H_
i 7 o, 7
o CH, j
. g:,f\w coxls cox10 HG hemH,
™ A <«
o b
EC: 1.17.99.9 e
o%,-\'\/ﬁ\ P S, EC:2.5.1.141  we v, EC:4.99.1.1
T % ~=:;,:___.-'%}'-
& on heme O I'-m.\ o Ton oo HO,C COH
heme B
heme A = eme protoporphyrin IX
\L - 1 cytohrome B
cytohrome A P

Figure S3. Biosynthetic pathway of protoporphyrin-dependent heme
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