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Coenzyme F420 is one of the ancient and rare coenzymes. The unique electrochemical properties of F420 are compared with the ubiquitous 
flavin coenzymes FMN (flavin mononucleotide), FAD (flavin adenine dinucleotide), and nicotinamide coenzyme NADP+ (nicotinamide 
adenine dinucleotide phosphate). The 7,8-didemethyl-8-hydroxy-5-deazaflavin core of F420 is structurally and biosynthetically related to FMN 
and FAD, but chemical reactions are similar to NADP+. The role of F420 and related ancient coenzymes and cofactors in methanogenesis and 
methanotrophic reactions in methane and short alkane oxidations is widely increasing to understand the mechanism of global warming and 
climate change.  
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INTRODUCTION 
Coenzymes are organic molecules that bind to the active site 

of selected enzymes during the catalysis of the reactions. These 
are small organic non-protein molecules that bind especially to 
proteins and participate in catalytic biotransformation. Most of 
them are distributed across all phylogenetic kingdoms. 
Coenzymes are involved in redox reactions, group activations, 
group transformations, and other diverse reactions.1–3 Several 
ancient coenzymes and metal-based cofactors are involved in 
methanogenesis and they do not occur in other organisms.3 These 
methanogens belong to the domain of the archaea and are capable 
of the biosynthesis of methane.4,5 Methanogenesis has been 
widely accepted as an ancient metabolism, but the precise 
evolutionary trajectory remains hotly debated.6–8 Revisiting the 
phylogenies of key catabolism-involved proteins further suggests 
that the last archaea common ancestor (LACA) was capable of 
versatile H2, CO2, and methanol-utilizing methanogenesis.  
Methanogenesis is not only a hallmark metabolism of archaea, 
but also the key to resolving the enigmatic lifestyle that ancestral 
archaea took and the transition that led to physiologies prominent 
today. Based on phylogenetic and experimental analyses indicate 

that methane (and other alkanes) metabolism preceded the origin 
of archaea and the innovation of a protein dedicated to methane 
production coincided with the emergence of LACA.9 From this 
ancestor, downstream inheritance and loss of methane 
metabolism paralleled early diversification of the domain, 
pointing towards a key role of methanogenesis in the origin and 
evolution of archaea.10 Archaea are abundant in soils, ocean 
sediments, and the water column. They have crucial roles in 
processes mediating global carbon and global warming. 
Moreover, they represent an important component of the human 
microbiome, where their role in human health and disease is well 
understudied.11 The development of culture-independent 
sequencing techniques has provided unprecedented access to 
genomic data from a large number of inaccessible archaeal 
lineages. This is revolutionizing the diversity and metabolic 
potential of the archaea in a wide variety of environments, an 
important step toward understanding their ecological role and 
industrial applications.12–14   

The ancient coenzyme F420 is one of the important members of 
the ancient coenzymes and cofactors that participate in 
methanogenesis, sulfate-reduction, and methanotrophic reactions 
in archaea.15,16 The coenzyme F420 is also present in a wide range 
of actinomycetes, mycobacteria, and other bacteria. The 
coenzyme F420 more structurally resembles universal flavin-
coenzymes FMN and FAD. Further, coenzyme F420 chemically 
more resembles nicotinamides NADH and NADPH (Figure-
1).15,16 The coenzyme F420 consists of three components: a) the 
redox active isoalloxazine head group F0, b) a phospho-organic 
acid linker, and c) a ϒ-link polyglutamate tail of variable length. 
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The F0 is a 5-deazaflavin moiety that contains three chemical 
substituents as compared to flavin which gives F420 unique 
spectral and electrochemical properties. The important change is 
the substitution of the redox active N-5 atom of the isoalloxazine 
ring for a carbon which prevents F420 from forming a stable 
semiquinone leading to F420 as a hydride carrier similar to NAD+ 
and NADP+.  The second change is that C-7 and C-8 methyl of 
flavin are demethylated in F420 and the third is a hydroxyl group 
which is introduced at the C-8 position. As a result of three 
substituents, F420 has a much lower standard redox potential (-340 
mV) than riboflavin (-210 mV), FAD (-220 mV), and FMN (-190 
mV). This leads to F420 being well suited to mediate the low 
potential reactions of anaerobic metabolism, as well as reductions 
that require a low potential electron donor. The reduced 
coenzyme F420 H2 functions as cellular hydride transfer similar to 
NADPH2 (Figure-1). The F420H2 is used by different F420H2-
dependent reductases to reduce substrates in ene-reduction and 
enantioselective reductions.12–14 The coenzyme F420 is used in the 
catalysis of different steps in antibiotic biosynthesis, xenobiotic 
biodegradation, climate change, reductive activation of prodrug 
nitroimidazole, and biosynthesis of natural products.15,16 In this 
brief account, the isolation of F420, characterization by 
spectroscopic techniques, chemical synthesis, biosynthesis, and 
applications of various reactions of coenzyme F420 in the 
environment are discussed. 

ISOLATION, CHARACTERIZATION, AND CHEMICAL 
SYNTHESIS OF COENZYME F420                                                                                                                                                                                                                            
Isolation of coenzyme F420 

The isolation, purification, and properties of a fluorescent 
compound from Methanobacterium strain M. o. H was reported 
in 1972.17 The yellow compound had a strong absorption 
maximum at 420 nm and blue-green fluorescence which 
disappeared on reduction. The results of analysis of hydrolytic 
fragments and periodate oxidation products of the coenzyme by 
infrared, UV-visible, 1H, and 13C-NMR spectroscopy, mass 
spectrometry, and quantitative elemental analyses indicate that 
coenzyme F420 is N-[N-O-[5-(8-hydroxy-5-deazaisoalloxazin-10-
yl)-2,3,4-tryhydroxy-4-pentoxy hydroxy phosphinyl]-L-lactyl]-
ϒ-L-glutamyl]-L-glutamic acid (Figure-2).17–19 The acidic 
hydrolysis of cofactor F420 gives cofactor F0, F0-P and lactyl-ϒ-
L-glutamyl-L-glutamic acid (Figure-2).19 The hydrolysis product 
of the co-factor F420 is FO-5′-phosphate (FO-P). The structure of 
FO-P is an analogue of FMN (Figure 2). Chemoenzymatic 
synthesis of this unnatural deazaflavin cofactor has been 
achieved and used as F420-dependent reductase.20,21 The high-
performance liquid chromatographic analysis of aerobically 
grown stationary-phase cultures of three bacterial species 
confirmed that these bacteria-synthesized F420 with oligo 
glutamate side chains of different lengths.22,23 The analysis of the 
distribution, phylogeny, and genetic organization of the Cof 
genes suggest that F420 was first synthesized in ancestral 
actinobacterium and F420 biosynthesis genes were then 
disseminated horizontally to archaea and other bacteria.22,23 

Coenzyme F420 has been isolated from marine sponges and its 
structure was characterized.24 Analyses of the F420s present in 

Methanococcus jannaschii have shown that these cells contain a 
series of ϒ-glutamyl-linked F420s capped with a single, terminal 
α-linked L-glutamate. The predominant form of F420 was 
designated as α-F420-3 and represented 86% of the F420s in these 
cells. Analyses of Methanosarcina thermophila, Methanosarcina 
barkeri, Methanobacterium thermoautotrophicum, 
Archaeoglobus fulgidus, and Mycobacterium smegmatis showed 
that they contained only ϒ-glutamyl-linked F420s.25 The 
methanogenic archaea Methanosarcina thermophila and 
Methanoclleus thermophilus were cultivated on different carbon 
sources and their coenzyme F420 composition has been assayed 
by reversed-phase ion-pair high-performance liquid 
chromatography regarding both, overall cofactor F420 production 
and distribution of F420 glutamyl tail length.26 Flow cytometric 
quantification, sorting, and sequencing of methanogenic archaea 
based on F420 autofluorescence.27 Purification of a novel 
coenzyme F420 from Mycobacterium smegmatis was 
characterized by UV-visible spectrum.28 Purification of a novel 
coenzyme F420-dependent glucose-6-phosphate dehydrogenase 
from Mycobacterium smegmatis was achieved and Si-Face 
stereospecificity at C-5 of coenzyme F420 for F420- dependent 
glucose-6-phosphate dehydrogenase was confirmed.29–32 
Production of coenzyme F420 and its biosynthetic precursor F0 
was examined with a variety of aerobic actinomycetes to identify 
an improved source for these materials. Based on fermentation 
costs, safety, and ease of growth, Mycobacterium smegmatis was 
the best-reported source for F420-5,6. M. smegmatis produced 1 to 
3 μmol of intracellular F420 per liter of culture, which was more 
than the 0.85 to 1.0 μmol of F420-2 per liter usually obtained with 
Methanobacterium thermoautotrophicum and ∼10-fold higher 
than the best reported aerobic actinomycetes.33,34 Coenzyme F420 
has been assayed by high-performance liquid chromatography 
with fluorimetric detection; this permits quantification of 
individual coenzyme F420 analogs, whilst avoiding the inclusion 
of interfering materials. The most abundant analogs in M. barkeri 
were coenzymes F420-2 and F420-4, whilst in M. mazei coenzymes 
F420-2 and F420-3 predominated. Significant changes in the 
relative proportions of the coenzyme F420 analogs were noted 
during batch growth, with coenzymes F420-2 and F420-4 showing 
opposite responses to each other and the same being also true for 
coenzymes F420-3 and F420-5. F420 degradation in 
Methanobacterium thermoautotropicum during exposure to 
oxygen. This suggests that an enzyme responsible for transferring 
pairs of glutamic acid residues may be active.  The degradation 
fragment FO was also detected in cells in the late exponential and 
stationary phase.35 This isolation is important to know that F0 is 
degradation or residual from an unreacted intermediate during the 
biosynthesis of F420.36 The isolation and identification of a 
naturally occurring 7,8-didemethyl-8-hydroxy-5-
deazariboflavins with mono glutamate of coenzyme F420 was 
reported from Mycobacterium avium.37 In the search for 
lincomycin cosynthetic factor (LCF) the Isolation and 
identification of 7,8-didemethyl-8-hydroxy-5-deazaribo 
flavin(F0) in place of F420, an unusual cosynthetic factor in 
streptomycetes, from Streptomyces lincolnesis has been 
reported.38,39 Similarly, in the search for synthetic factor I, a factor 
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involved in hydrogen-transfer in Streptomyces aureofaciens, the 
isolation and characterization of F0 has been reported.40,41 The F0 
was abundant in the culture supernatant, whereas F420 was 
restricted. Hence the fluorescence observed in bacterial cells of 
P. rhizoxinica is derived from 3PG-F420 and F0. Genome 
sequencing revealed F420 biosynthetic genes in the   Gram-
negative, endofungal bacterium P. rhizoxinica a symbiont of 
phytopathogenic fungi. The structure elucidation by 
Fluorescence microscopy, high-resolution LC-MS, and high-
resolution NMR demonstrated that the encoded pathway is active 
and yields the unexpected derivatives of a new coenzyme 
F420 (3PG-F420).42   

 
Synthesis of 
Cofactor F0: 

To confirm the 
chemical structure of 
naturally occurring 5-

deazaisoalloxazine 
cofactors F420, the 
synthesis of cofactor 
F0, the acid hydrolysis 
product of cofactor 
F420, has been 
undertaken by 
different research 
groups. In the first 
synthesis, the 

important 
intermediate N-
(ribityl)-3 hydroxy 
aniline was prepared 
by reduction of N-

(ribosyl)-3-
hydroxyaniline with 
NaBH3CN. The 
reaction of N-ribityl-
3-hydroxyaniline with 
6-chlorouracil formed 

6-N[(ribityl)3-
hydroxylanilino] 

uracil which on 
reaction with a large 
excess of trimethyl 
orthoformate in the 
presence of p-toluene 
sulfonic acid as 
catalyst formed 
cofactor F0

43
 which is 

identical to natural 
product.19 

1-Deoxy 1-(3,4-
dihydro-8-hydroxy-

2,4-
dioxopyrimido[4,5-b] 
quinolin-10-(2H)-yl)-

D-ribitol (7,8-didemethyl-8-hydroxy-5-deazariboflavin), the 
flavin moiety of Methanobacterium coenzyme F420, and its 7-
methyl analog were prepared by acid-catalyzed reaction of 
appropriately substituted 6-(N-D-ribityl anilino) uracil with 
trimethyl or triethyl orthoformate followed by deprotection.44 

The cofactor F0 was prepared by method A without the use of 
protecting groups by condensation of 2-chloro-4-
hydroxybenzaldehyde with 6-D-ribitylaminouracil in 70% yield, 
whereas in method B cofactor F0

45 was formed in 92% yield by 
condensation of N-ribityl-3-hydroxyaniline with 6-chloro-5-
formyluracil in by modifications of their earlier publications.46,47   
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Figure 1: Comparison of Coenzyme F420 with FAD and NADP+ 



S.M.S. Chauhan 
 

 
Journal of Molecular Chemistry                        2024, 4(2), 696           Page 4 of 15 

The purification of natural and non-natural 
deazaflavins is challenging, hence the synthesis 
of F0 and F420 is more tedious due to the 
presence of electron-rich and acidic 8-hydroxyl 
substituent in both cofactors. The anaerobic 
and dark conditions are required for early-stage 
intermediates purification by ion exchange 
chromatography, hence the synthesis of 
deazaflavin cofactor F0 has been started by O- 
protection of 3-aminophenol with tert-butyl 
dimethyl silyl chloride in the preparation of 5-
[(3-(tert-butyl dimethyl 
silyl)oxy)phenyl)amino]pentane which on 
reaction with 6-chloro-2,4-
dioxohexahydropyrimidine-5-carbaldehyde 
gave cofactor F0.

48 
The bis-isopropylidene D-ribose was 

converted to the corresponding aldehyde, then 
to the corresponding ribitylamine via oxime 
followed by reduction with LiAlH4.The 
reaction of amine with 6-chlorouracil followed 
by deprotection with TFA and subsequent 
reaction with 6-chloro-4-hydroxybenzaldehyde 
gave the cofactor F0.

49  The study of 
chromatographic and spectral properties 
indicates that the detected low molecular-
weight activators and putative emitters in the 
luminescent reaction of Siberian 
enchytraeid Henlea sp. is F0.

50 The reaction of 
N(ribityl)-3(silyl protected hydroxy) aniline 
with paraformaldehyde and barbituric acid in 
DMF/acetic acid followed by purification by 
column chromatography gives F0 in moderate 
yield.45,50 

 
Chemical synthesis of the selected coenzyme 
F420:   

 The first total synthesis of Methanobacterium redox 
coenzyme Factor F 420 has been achieved by the formation of a 
phosphotriester bond between a protected 8-hydroxy-10-D-
ribityl-5- deazaisoalloxazine moiety and a peptide moiety, (L-
lactoyl-ϒ-L-glutamyl) -L-glutamic acid tribenzyl ester, by the 
phosphite triester approach using 2,2,2-trichloroethyl 
phosphorodichloridite, followed by successive deprotection.46 
The synthetic product was comparable to natural F420 in terms of 
chromatographic and spectroscopic methods.17 A proposed 
isomer of redox coenzyme F420 having α-glutamyl bonding, has 
been synthesized from 8- benzoyloxy-10-D-ribityl-5-deazaflavin 
and α-L-glutamyl-l glutamic acid moiety, by the phosphite 
triester approach followed by deprotection procedure51 which is 
similar to the product isolated from natural source.25,52                                                                                                                                                                                                                                    

 
Chemoenzymatic synthesis of F0, F0-P and their application 
in enzymatic reactions:                                                                   

The main challenge in the use of F420-dependent enzymes is 
the limited availability of the coenzyme F420. Many of the 

organisms that produce F420 are hard to culture or grow relatively 
slowly. The best organism for the isolation of coenzyme F420 is 
Mycobacterium smegmatis.34 Hence the applications of F0 and F0-
P in selected enzymatic reactions have been examined. Fo is 
redox-active and used in the catalysis of hydride transfer 
reactions with less efficiency than F420.

48 F420 has been replaced 
by F0 in the biosynthesis of tetracycline in S. cerevisiae. 53 

 The structure of FO-P is analogous to FMN, the cofactor that 
is used in enzymes that share homology with the TIM barrel fold 
and split β-barrel-like fold F420-dependent oxidoreductases and 
that may be the ancestors of F420-dependent oxidoreductases. The 
FO core was synthesized by following the literature 
procedure with small modifications.48 FO was 5′-phosphorylated 
with an engineered variant of the riboflavin kinase from C. 
ammoniagenes and site-directed mutagenesis was applied to the 
enzyme to accommodate FO. The enzyme activity with FO-P as a 
coenzyme was tested for a representative member of each 
structural class of F420-dependent oxidoreductases and results 
indicate show that FO-P could be used as an alternative 
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deazaflavin cofactor in vivo.20 
Heterologous expression of the 
riboflavin kinase 
from Schizosaccharomyces 
pombe enabled in vivo 
phosphorylation of FO, which 
was supplied by either organic 
synthesis ex vivo, or by a co-
expressed FO synthase in vivo, 
producing FO-P in E. coli as 
well as in S. cerevisiae. The 
results show that bacterial and 
eukaryotic hosts can be 
engineered to produce the 
functional deazaflavin cofactor 
mimic FO-P for the biocatalytic 
production of valuable 
compounds.20 

 
Recombinant DNA 
technology in the production 
of coenzyme F420 and 
biosynthesis of secondary 
metabolites:   

 Protein production using 
recombinant DNA technology 
has had a fundamental impact 
on molecular biology. A 
combination of co-expression 
of the F420 biosynthetic proteins 
and fine-tuning of the culture media has encreased the production 
of F420 levels of up to 10 times higher compared to the wild-
type M. smegmatis strain.34,54      

The identification of phospho-enol pyruvate (PEP) as a 
limiting precursor and its improvement by use of gluconeogenic 
carbon sources and overexpression of PEP synthase, the 
biosynthesis of F420 in E. coli has been optimized.55 The 
combination of F0 biosynthesis and variations of T7 promoter 
strengths and ribosome binding site activity to varying the 
expression ratio for the eight biosynthetic genes have been used 
in the high-yield production of F420  in E. coli.36 The extensive 
and increasing availability of genomic and metagenomic data and 
their uses in the F420-dependent transformations may lead to the 
discovery of novel secondary metabolites and untapped resources 
in various technological applications.56 

BIOSYNTHESIS OF F420                                                                                                                                                                           
 The early steps of the F420 biosynthesis pathway are shared 

with riboflavin biosynthesis57 starting with the cleavage of the 
imidazole ring of GTP by enzyme GTP cyclohydrolase II (RibA), 
deamination/reduction by RibD and YigB-mediated 
dephosphorylation to 5-amino-6-(ribitylamino)-uracil.58                                                                                                                                                                                                 
Biosynthesis of cofactor F420      

A key step in the biosynthesis of F420 is the formation of the 
deazaflavin fluorophore F0   which is formed by condensation of 
tyrosine with 5-amino-6-ribiytylaminouracil. It is demonstrated 

that fbiC is required by Mycobacterium bovis BCG for coenzyme 
F420 and FO biosynthesis.59 Further CofG and CofH are required 
for Fo biosynthesis in Methanocalducoccus jannaschii.60 The F0 
synthase is isolated from the thermophilic soil bacterium 
Thermobifida fusca (T. fusca) with high G+C content. The 
bioinformatic study predicted that the T. fusca genome contains 
genes encoding for F420-dependent enzymes.61 Further, the 
isolation and characterization of thermostable F420: NADPH 
oxidoreductase confirmed the presence of an F420-dependent 
enzyme in T. fusca.62 The sequence analysis of the gene coding 
for the enzyme responsible for F0 biosynthesis, F0 synthase, 
suggests that it contains two subunits in archaea and 
cyanobacteria (CofG/CofH), whereas a single large bifunctional 
enzyme is present in actinobacteria. The chemically challenging 
step is catalyzed by the radical SAM enzyme complex CofG/H 
in archaea or the homologous dual-domain protein FbiC in 
actinobacteria.63–66 The abstraction of the tyrosine amine 
hydrogen by the CofH 5’ deoxyadenosyl radical undergoes 
fragmentation leading to the formation of the p-hydroxybenzyl 
radical. The addition of this radical to diamino uracil followed by 
oxidation gives an intermediate that diffuses to the CofG active 
site where a second hydrogen abstraction generates a radical 
which on cyclization, followed by oxidation and elimination of 
ammonia completes the formation of deazaflavin FO.

67,68 No 
crystal structures have been reported for any F0 synthase and 
would be important to obtain in the future to provide structural 
evidence for the mechanistic details of the two radical SAM 
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reactions necessary for the synthesis of the unique deazaflavin 
core F0.

 (Scheme-1).67,68 
The subsequent decoration of F0 is diverged and therefore 

hampered the transferability to other hosts.69 F420 is 
biosynthesized through two converging biosynthetic branches. In 
one branch, F0 synthase (FbiC or CofGH pair, where Fbi and Cof 
refer to mycobacterial and archaeal protein respectively) 
catalyzes the formation of the cofactor F0 which is the first 
intermediate in the biosynthetic pathway to possess a complete 
deazaflavin chromophore. F0 is redox-active and capable of 
catalyzing hydride transfer reactions but is less efficient than F420.  
Fo is uncharged and might easily diffuse across membranes.54 

DIVERSITY IN THE BIOSYNTHESIS OF F420    
Biosynthesis in archaea:  

The rare metabolite 2-phospho-L-lactate represents a new 
natural product that was chemically identified in 
Methanobacterium thermoautotrophicum, M. thermophila, and 
M. Jannaschii. In the biosynthetic pathway of F420 in archaea, the 
lactaldehyde is converted to L-lactate by CofA to L-lactate.70  
The biochemical route for the formation of the phosphodiester 
bond in coenzyme F420 has been studied in the Methanoarchaea: 
Methanosarcina thermophila and Methanococcus jannaschii by   
Graupner and White in 2001.71 The enzyme-lactate kinase 
catalyzes the reaction of GTP to 2-phospho-L-lactate(2PL).72 The 
enzyme 2-PL guanylyltransferase (CofC) activates 2PL by 
condensation with GTP to form the intermediate compound 
lactyl-diphospho-5’-guanosine. The CofD transfers 2PL from 
LPPG to F0 to form F420-0. The enzyme CofE catalyzed the 
reaction of F420-0 with L-glutamate in the presence of GTP to 
form variable-length-ϒ-linked glutamate F420.

52,73–76 The α-F420-3 
is produced by CofF from ϒ-F420-2 (Scheme 2).52 
Biosynthesis in bacteria 

The analysis of purified F420 biosynthesis enzymes from 
mycobacteria indicated that the central glycolytic and 
gluconeogenic intermediate phosphoenolpyruvate (PEP), is a 
precursor for F420 biosynthesis.77–80

 The bacterial enzyme Mtb- 
FbiD64 catalyzes the reaction of GTP with PEP to form 
enolpyruvyl-diphospho-5’-guanosine (EPPG) which 
subsequently reacts with F0 in the presence of FbiA to form DH-
F420-0.64,65 The DH-F420-0 is modified to form mature F420 by 
dual-function enzyme FbiB.77,81 The bacterial enzyme FbiB 
possesses an N-terminal domain homologous to archaeal enzyme 
CofB, which adds a variable-length ϒ-linked polyglutamate tail 
of residues. The C-terminal domain of FbiB reduces the enol 
group of DH-F420 converting it into mature F420.82,83 The reduction 
of DH-F420 improves the stability of the molecule by removing 
the high-energy phosphate bond. The methylene group of the 
enolpyruvyl moiety is reduced by FMNH2 of FbiB/CofX. The 
FbiB is a two-domain protein and produces F420 with 
predominantly 5–7 L-glutamate residues in the polyglutamate 
tail. The N-terminal domain of FbiB is homologous to CofE with 
an annotated ϒ-glutamyl ligase activity, whereas the C-terminal 
domain has sequence similarity to an FMN-dependent family of 
nitroreductase. 82,83 Genomic analysis indicates that independent 
FbiE homologs are present in the genomes of several predicted 

bacterial and archaeal F420 producers and putative F420-producing 
members of the archaeal phylum Lokiarchaeota possess a dual 
functional FbiB homolog suggesting that bacteria and archaea 
also employ a PEP dependent pathway for F420 biosynthesis. 82,83 

(Scheme-2). A convergent pathway to the biosynthesis of the 
versatile coenzyme F420 is presented for a deeper understanding 
of F420-dependent enzymes and metabolites across 
microorganisms.69 The biosynthetic route of coenzyme F420 in a 
class of Gram-negative bacteria redefines functional subgroups 
of the NTR superfamily by heterologous expression and in vitro 
assays that stand-alone NTR enzymes from Thermomicrobia 
exhibit dehydro-F420 reductase activity.84                                                                                                                                                                                                  
Biosynthesis in betaproteobacterium P. rhizoxinica 

Genome sequencing, fluorescence spectroscopy, and 
analytical chemistry revealed that some Gram-negative bacteria 
have acquired F420 genes by horizontal transfer.4,5,22 Gram-
negative, endofungal bacterium Paraburkholderia rhizoxinica, a 
symbiont of phytopathogenic fungi.85,86 P. rhizoxinica produces 
F420 derivatives(3PG-F420) both in symbiosis as well as axenic 
culture. Heterologous expression and large-scale production in E. 
coli allowed for the elucidation of their chemical structure. 
Enzyme assays showed that a switch in substrate specificity of 
CofC is responsible for the biosynthesis of 3PG-F420. The most 
plausible scenario is that CofC is incorporated in 3-phospho-D-
glycerate(3PG) in place of 2PL or PEP for F420 biosynthesis. The 
CofD3PGcatalyzes the reaction of 3PG with GTP to form 3-
guanisine-5’-diphospho-D-glycerate (GPPG) which further 
reacts with F0 in the presence of FbiA3PG to form 3PG-F420-0. A 
homolog of CofE catalyzes a variable-length-ϒ-linked poly 
glutamate tail of 1-6 residues to form mature F420

42,87 (Scheme-2).   

ROLE OF COENZYME F420 IN METHANOGENESIS AND 
METHANOTROPHIC REACTIONS AND THEIR IMPACTS ON THE 
ENVIRONMENT:   
Methanogenesis:    

The production of methane greatly impacts our society. The 
impact of methane is positive, when it is considered as renewable 
fuel produced in biogas generators and the impact of methane is 
negative, when it is considered as it is a strong greenhouse 
gas.   Methanogenesis is first proposed in 1970s.88,89 The majority 
of biological methane production is performed by methanogenic 
archaea, strict anaerobes that use carbon dioxide gas as a carbon 
source and hydrogen gas as an electron donor for methane 
production.90 The methane formation from hydrogen and carbon 
dioxide by methanogenic archaea could be cyclic in nature.90 
Indirect evidence indicated that the first step, the reduction of 
CO2 to formylmethanofuran, was somehow coupled with to last 
step, the reduction of the heterodisulfide (CoM-S-S-CoB) by 
electron-bifurcating hydrogenase-heterodisulfide reductase 
complex to coenzyme M (CoM-SH) and coenzyme B (CoB-SH) 

(Scheme 3).91 The coupling mechanism was unraveled in 2011 
via flavin-based electron bifurcation, the reduction of CoM-S-S-
CoB with H2 provides the reduction to formylmethanofuran.  
Sodium motive force-driven reduction of ferredoxin with 
hydrogen catalyzed by the energy-converting hydrogenase 
EhaA-T as anaplerotic reaction (Scheme 3).92 Biological methane 

https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Marion++Graupner
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Marion++Graupner
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Robert+H.++White
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formation from H2 and CO2 (Wolfe cycle) is not only a 
quantitatively important process but possibly one of the ancient.93 
The anaerobic production of methane from CO2 requires seven 
coenzymes (Coenzyme F420, Methanofuran, Coenzyme M, 
Coenzyme B, Tetrahydromethanopterin, FeGP cofactor and 
Cofactor F430).94 The coenzyme F420 is the dominant catabolic 
coenzyme involved in hydrogenotrophic, formatotrophic, and 
methylotrophic methanogenesis.1-3,95–97 Anaerobic oxidation of 
the methane route occurs in the reverse direction of CO2 
reduction to methane. Warren and co-workers elucidated the 

biosynthetic pathway of 
F430, where the late stage 
comprises four 
enzymatically controlled 
steps in which the 
porphyrin-like skeleton 
is gradually modified 
including chelation, 
amidation, reduction by 
six electrons with the 
addition of seven 
protons, lactamization, 
and closure of a 
propionate side chain 
coupled to water 

extrusion.98–100 
Anaerobic oxidation of 
methane proceeds from 
CH3-S-CoM in the same 
way in the reverse 
direction of CO2 
reduction.101 The 
methane activation 
reaction is considered to 
be a reversal of methane 
formation during the 
final step of 
methanogenesis (Scheme 
3). A radical mechanism 
involving the 
heterodisulfide made of 
coenzymes M and B 
(CoB-S-S-CoM) would 
react with methane, 
generating methyl-S-
CoM and HS-CoB.102 
The structural 
information about the 
MtrA-H complex is only 
available for MtrA from 
M. Jannaschii and the 
cytoplasmic MtrA 
homolog from 

Metbanotbermus 
fervidus.103 The reaction 
is assumed to be 
catalyzed by the methyl-

coenzyme M reductase (MCR) family harbouring a nickel-
containing porphinoid, the cofactor F430

103 (Scheme 3). The 
activation of methane and reaction with heterodisulfide is 
involved in methanotrophic reaction. The change in the 
substitutions in cofactor F430 such as the normal cofactor is 
present in methanogen and ANME-2 and ANME-3, whereas the 
modified cofactor is present in ANME-1. 103–105 
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Scheme 2: Biosynthesis of the coenzyme F420 in Archaea, Mycobacteria and Mycetohabitans 
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Sulfate-reducing archaea  
The most common methane-producing microorganisms have 

a high demand for sulfur due to their specific enzymes and 
metabolism. Most of these methanogens use sulfides (HS-), and 
some methanogens have been shown to metabolize higher 
oxidation states of sulfur or even metal sulfide (for example FeS2) 
for sulfur acquisition.106–110 However, Methanothermococcus 
thermolithtrophicus is the known methanogen capable of 
growing on sulfate (SO4

2-) as its sole sulfur source.111,112 The 
metabolism of this hydrogenotroph, isolated from geothermally 
heated sediments near Naples (Italy), is paradoxical, as SO4

2-

reduction should lead to several physiological obstacles for 
methane-producing microbes: (a) methanogens commonly thrive 
in reduced sulfidic environments where all electron acceptors 
other than CO2 are depleted, including (SO4

2-),113 (b) at the 
interface where methanogens and SO4

2- ion coexist, 
hydrogenotrophic methanogens must out compete with 
dissimilatory SO4

2- reducing microorganisms for common 

substrate dihydrogen(H2).114 and (c). methanogens live 
thermodynamic limits of life and the adenosine triphosphate 
(ATP) hydrolysis coupled with sulfate reduction would be a 
substantial investment for such energy-limited 
microorganisms.110 Finally, the SO4

2- -reduction pathway 
generates toxic intermediates that would interfere with cellular 
processes. To assimilate SO4

2-, the organisms would have to 
capture the anion and transport it into the cell using a transporter 
inside the cell, SO4

2- is activated by an ATP sulfurylase (ATPS) 
to generate adenosine 5’-phosphate (APS).115–117 Organisms can 
use different strategies: Path a, APS is directly reduced by an ApS 
reductase (APSR) to generate AMP and SO3

2-. Path b, APS can 
further be phosphorylated to 3’-phosphoadenosine-5’-phosphate 
(PAPS)by APS kinase (APSK). A PAPS reductase will reduce 
PAPS to SO3

2- and the toxic nucleotide 3’-phosphoadenosine-5’-
phosphate (PAP). PAP must be quickly hydrolyzed to AMP and 
inorganic phosphate by PAP phosphatase (PAPP). Path c, in a 
different pathway, the sulfite group of PAPS is transferred to 
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another acceptor to build up sulfated metabolites (Scheme 4).118–

121                                                                                                                                                                                                                         
Sulphite is reduced to sulfide (HS-) by sulfite reductase and 

finally incorporated into cysteine by O-acetylserine-(thiol)-lyase 
(Scheme 4, Assimilatory sulfite reduction). The dissimilatory 
APsRs and dissimilatory sulfite reductases are structurally and 
phylogenetically distinct from their assimilatory counterparts and 
indirectly couple their reactions to membrane pumps allowing for 
energy conservation122–126 (Scheme 4, Dissimilatory sulfite 
reductase). Dissimilatory sulfate reduction (DSR) is one of the 
oldest and most prominent microbial metabolic pathways on 
Earth. It is generally accompanied by zero-valent sulfur (ZVS) 

that is involved in several cryptic pathways in marine and 
terrestrial environments. The unknown DSR pathway or sulfate-
to-ZVS conversion is mediated by sulfate-reducing 
microorganisms.122 The simultaneous microbial production and 
consumption of methane appears to be an important process 
preventing the build-up of methane in these sediments and the 
emission into the water column and atmosphere.126  

Anaerobic oxidation of methane with sulfate, iron, 
manganese, nitrate, and humic substances  

The coenzyme F420 is an important coenzyme in CO2 reduction 
and methylotrophic pathways of methanogenesis. Methane is a 
climate-active greenhouse gas that is approximately 30 times 
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more potent than carbon dioxide.104,127 Methane is consumed 
through the process of anaerobic oxidation of methane (AOM) in 
seep sediments. This process removes approximately 90% of the 
methane produced globally in marine sediments and acts as an 
efficient filter. Thus, the marine sediments are critical in 
regulating the amount of methane released into the overlying 
waters and atmosphere and they play a vital role in mitigating 
global warming. AOM is performed by anaerobic 
methanotrophic archaea (ANME).128 Anaerobic methanotrophs 
archaea are involved in the regulation of the earth’s climate and 
environment. In seafloor sediments, the anaerobic oxidation of 
methane (AOM) consumes most of the methane formed in anoxic 
layers, preventing this greenhouse gas from reaching the water 
column and finally the atmosphere. Anaerobic oxidation of 
methane is performed by syntrophic consortia of specific 
anaerobic methane-oxidizing archaea (ANME) and sulfate-
reducing bacteria (SRB). Hydrothermally heated sediment of the 
Guaymas Basin, the cultured deep-branching ANME-1c grows in 
syntrophic consortia with Thermodesulfobacterium torris (T. 

torris) at 70°C.  Both partners encode and express genes coding 
for extracellular appendages and multiheme cytochromes by 
direct interspecies electron transfer (DIET). ANME-1c might be 
associated specifically with T. torris, but their co-occurrence is 
so far only documented for heated sediments of the Gulf of 
California (Scheme 5).129,130 Anaerobic oxidation of methane 
(AOM) coupled with sulfate reduction is a key microbiological 
process in ocean sediments that controls the amount of methane 
released into overlying waters and the atmosphere. However, 
despite the global relevance and importance of this process, there 
are currently no pure culture isolates available. Thus, the 
physiological and biochemical basis for AOM has advanced 
much more slowly than for many other microbially mediated 
biogeochemical processes.131 Strong evidence emerged that 
archaea may be involved in AOM based on stable isotope 
measurements of archaeal lipids and small subunit ribosomal 
RNA (SSU or 16S rRNA) gene clone libraries from marine 
methane seeps and fluorescence in situ hybridization 
demonstrating consortia consisting of an archaeon related to 

known methanogens and a 
bacterium related to sulfate-
reducing bacteria (SRB).132–134                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

The driving force for different 
microbial syntrophic 
interactions is important for both 
partners by sharing their 
nutrients and electrons, 
combining their resources, and 
avoiding the need for both 
partners to expend energy for the 
synthesis of common nutrients. 
Syntrophic interactions appear to 
be specific in at least some cases, 
with the same organisms co-
associating across different 
ecosystems and environments.135 
A classic syntrophic partnership 
is at the heart of the important 
biogeochemical process, sulfate-
coupled anaerobic oxidation of 
methane.136 Anaerobic 
methanotrophic archaea 
(ANME) and sulfate-reducing 
bacteria (SRB) coexist in 
multicellular consortia, with 
ANME performing methane 
oxidation coupled with sulfate 
reduction by the SRB.137–139 
Direct interspecies electron 
transfer (DIET) from ANME to 
SRB is predicted to be the 
dominant mechanism of 
syntrophic coupling in many 
observed cases of sulfate-
coupled anaerobic oxidation of 
methane AOM140 though 
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diazotrophic nitrogen is also shared between these partners.141 
Genomic evidence indicates that multi-heme c-type cytochromes 
(MHCs) may facilitate the extracellular electron transfer (EET) 
from ANME to different electron sinks (Scheme 5).105,141  

Anaerobic oxidation of methane (AOM) coupled with 
reduction of metal oxides is supposed to be a globally important 
bioprocess in marine sediments.  High amounts of buried reactive 
Fe (III)/Mn  (IV) minerals could be an important available 
electron acceptor for AOM.142 Archaea of the order 
Methanosarcinales, related to "Candidatus Methanoperedens 
nitroreducens," couple the reduction of environmentally relevant 
forms of Fe3+ and Mn4+ to the oxidation of methane.143 The iron-
dependent AOM to microorganisms detected in numerous 
habitats worldwide enables a better understanding of the 
interaction between the biogeochemical cycles of iron and 
methane.144 Experimental evidence supporting cytochrome-
mediated EET for the reduction of metals and electrodes by 
‘Candidatus Methanoperedens nitroreducens’, an ANME 
acclimated to nitrate reduction.145,146 Microorganisms from 
marine methane-seep sediment in the Eel River Basin in 
California are capable of using manganese (birnessite) and iron 
(ferrihydrite) to oxidize methane, revealing that marine AOM is 
coupled, either directly or indirectly, to a larger variety of 
oxidants than previously thought. Large amounts of manganese 
and iron are provided to oceans from rivers, indicating that 
manganese- and iron-dependent AOM have the potential to be 
globally important.147–150 Nitrate-dependent AOM, in contrast, 
seems to be catalyzed by an archaeal methanotroph alone that 
was named Methanoperedens nitroreducens and is affiliated to 
the ANME-2d clade.151–153 The environmental genome and 
transcriptome of a Methanoperedens-like archaeon that was 
found in an enrichment culture performing nitrate-dependent 
anaerobic oxidation of methane. The genomics is used to 
establish a putative model for nitrate-dependent anaerobic 
oxidation of methane. The cytoplasmic process of methane 
oxidation via reverse methanogenesis may be coupled to the 
pseudoperiplasmically located reduction of nitrate to nitrite and 
ammonium by Nar- and Nrf-type nitrogen cycle enzymes. 
Several cytoplasmic and membrane-bound enzyme complexes 
homologous to enzymes in methanogens were found and are 
combined with several metabolic traits not previously found in 
methanogenic or methanotrophic archaea.154 The oxidation of 
methane and aromatic compounds has been studied in different 
environments.155–157 Further anaerobic oxidation of methane in 
wetlands, cold seep sediments, and different parts of the ocean 
have been examined in different environments.158–163 Humic 
substances are redox-active organic molecules, that play pivotal 
roles in several biogeochemical cycles due to their electron-
transferring capacity involving multiple abiotic and microbial 
transformations. The redox properties of humic substances and 
the metabolic capabilities of microorganisms to reduce and 
oxidize them. Humic substances mediate the anaerobic oxidation 
of methane (AOM) coupled with the reduction of nitrous oxide 
(N2O) in wetland sediments. The humic substances might play an 
important role in preventing the emission of greenhouse gases 
(CH4 and N2O) from wetland sediments.164 Methane (CH4) is 

both generated and consumed in paddy soils, where anaerobic 
oxidation of methane (AOM) serves as a crucial process for 
mitigating CH4 emissions.165 The application of Fe2(SO4)3 

enhanced the iron reduction synergistic quinone redox cycling 
and promoted the generation of free radicals during the 
humification of composting.166 Anaerobic oxidation of methane 
(AOM) mediated by microorganisms plays an important role in 
the global carbon cycle and methane emission control. This study 
demonstrated the simultaneous multi-electron acceptor-driven 
AOM that existed in the electroactive constructed wetland 
environment of freshwater, which is crucial to global carbon, 
sulfur, and nitrogen cycles in the presence of manganese, iron, 
and humic substances. 

CONCLUSIONS 
Coenzyme F420 is one of the ancient coenzymes that are 

involved in the reduction of carbon dioxide to methane. 
Methanogenic archaea produce methane for their energy-
generating metabolism. Archaea are a diverse group of single-
celled organisms that are found in a variety of habitats such as 
deep-sea hydrothermal vents, wetlands, anaerobic digesters, 
agriculture fields, the rumen of cattle, and the hindgut of termites. 
Coenzyme F420 and related ancient coenzymes are also involved 
in the methanotrophic oxidation of methane to carbon dioxide. 
The emission of methane is also one of the main contributors to 
climate change and the environment of the earth. 
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