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1.1. Flavins and deazaflavins 

The role of vitamins in human health was first realized over a century ago. It was found 

that the deficiency of these essential small molecules, which were required in trace 

amounts, caused many diseases. The term vitamin, composed of the terms ‘vita’ (in Latin, 

vita = life) and ‘amine’, was coined in 1912 by Casimir Funk (Funk 1911). As it was later 

realized that vitamins are not always amines, the ‘e’ was omitted. Since then, almost one 

century long research on vitamins has significantly contributed towards our understanding 

of human health and disease. 

Like other vitamins, the role of riboflavin (vitamin B2) has been very well studied over the 

last few decades. Riboflavin consists of a tricyclic isoalloxazine ring with a ribityl tail at-

tached at position N10 (Figure 1A). The isoalloxazine moiety provides riboflavin an intense 

yellow color (in Latin, flavus = yellow). In fact, it is also used as colorant in food products. 

Riboflavin serves as a precursor of the flavin cofactors that are generated and used in cells 

for specific enzymes, the so-called flavoproteins. There are two ubiquitous riboflavin-

based flavin cofactors: (1) flavin mononucleotide (FMN), which is the 5’−OH phosphory-

lated product of riboflavin, and (2) flavin adenine dinucleotide (FAD), which is the result of 

the condensation of FMN with adenosine monophosphate (AMP). FAD and FMN generally 

form a non-dissociable (covalently as well as non-covalently attached) part of a flavopro-

tein hence serving as prosthetic groups. Flavin cofactors equip enzymes with redox func-

tionalities making them versatile biocatalysts. Flavoenzymes are found in many different 

enzyme classes, including e.g. dehydrogenases, oxidases, monooxygenases, reductases, 

and halogenases. Due to their catalytic versatility the range of processes in which flavopro-

teins play a crucial role is astounding and includes photoreception, light production, elec-

tron transfer pathways and degradation of xenobiotics. 

Except for the flavin cofactors mentioned above, there is another natural cofactor that 

shows quite some resemblance: cofactor F420 (Figure 1B). F420 is a so-called deazaflavin 

cofactor found in certain groups of microorganisms. It was first discovered and isolated in 

1972 by Cheesman et al from a methanogen (Cheesman et al. 1972) in which it plays a 

pivotal role in methane metabolism. For a long time, it was considered a very rare cofactor 

that only occurs in specific archaea. Later, it was also found to exist in various actinobac-

teria (Daniels et al. 1985) and recent genome sequence analyses have revealed that it also 

plays a role in other bacteria (Selengut and Haft 2010), such as cyanobacteria and some 

members of betaproteobacteria (Li et al. 2014; Ney et al. 2017). Its widespread occurrence 

in bacteria and archaea suggests that it fulfils important roles in these microbes. 
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Figure 1. Natural flavins (A) and 5-deazaflavins (B). FO stands for 7,8-didemethyl-8-hydroxy-5-

deazariboflavin. F4200 has an additional phospho-L-lactate group attached to FO. Cofactor F420 

carries a poly-γ-glutamate moiety (2-9 glutamates) attached to the lactyl group. 

1.2. Structure and properties of F420 

The redox-active moiety of cofactor F420 is the tricyclic ring which is structurally quite sim-

ilar to the regular flavins. Yet, when compared with the isoalloxazine part of riboflavin, F420 

has a carbon at position 5 instead of nitrogen and is regarded as a deazaflavin (Figure 1). 

This absence of the N5 attributes to its obligate two electron chemistry (hydride transfer) 

while, in contrast, riboflavin-based cofactors are also capable to support single electron 

transfers and oxygen reactivity. Besides that, there is a hydroxyl group at position 8 instead 

of methyl group and the no methyl group at position 7. The riboflavin analog of F420 is 7,8-

didemethyl-8-hydroxy-5-deazariboflavin and is called FO. Similar to riboflavin for the 
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biosynthesis of the FMN and FAD flavin cofactors, FO is the precursor for the full F420 co-

factor. The absorption spectrum of FO has a blue shift of about 50 nm when compared 

with the absorption spectrum of riboflavin which is typical for a 5-deazaflavin. The 8-hy-

droxy group of FO/F420 allows extensive (p-quinoid) conjugation as a result of relatively 

facile deprotonation of the phenolic moiety. This conjugation is interrupted in the reduced 

form of the deazaflavin cofactor (Figure 2). As a result of the differences in the isoalloxazine 

moiety, the redox potential of F420 (-360 mV) is much lower when compared with FAD or 

FMN (-240 mV). In fact, its redox properties are more similar to the nicotinamide cofactors 

by only catalyzing hydride transfer and displaying a low redox potential, which is even 

lower then that of NAD(P)+ (-320 mV). F420 can be regarded as a nicotinamide cofactor in 

disguise. 

 

 

 

Figure 2. Protonation states of 5-deazaflavin (oxidized and reduced). 

Riboflavin is converted into a common flavin cofactor, FMN, by phosphorylation. In a next 

step, FMN is converted into FAD by the addition of an AMP moiety. The biosynthesis of F420 

is fundamentally different. While the deazariboflavin cofactor FO, shows still some similar-

ity with riboflavin, the first step in converting this precursor of F420 includes, except phos-

phorylation, also the incorporation of a lactyl moiety (vide infra). The next step in maturing 

the F420 cofactor involves the attachment of a poly-γ-glutamate tail, which is catalyzed in a 

step-wise manner. Clearly, there is a dedicated biosynthetic route towards F420 which is 

totally different from the route towards FMN/FAD and which involves unique enzymes to 

build this atypical redox cofactor. Only in the synthesis of the FO precursor some enzymes 

are shared with the riboflavin synthesis route. Intriguingly, the length of the poly-gluta-

mate moiety is organism dependent and is essential to prevent diffusion of the cofactor 

out of the cell while it does not play a role in catalysis. In most of the crystal structures, the 
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poly-glutamate chain has relatively little interactions with the protein and is often only 

partly bound to a patch on the surface of the respective deazaflavoprotein.  

 

Figure 3. Proposed biosynthetic pathway for F420. 

1.3. Biosynthesis of F420 

1.3.1. Biosynthesis of the deazariboflavin core, FO 

Analogous to riboflavin and its derivatives FMN and FAD, F420 is synthesized starting from 

a deazariboflavin precursor, the chromophore FO. FO already contains the catalytic moiety 

of the F420 cofactor and some F420 enzymes can even use this minimal deazaflavin as a co-

factor for catalysis (Hossain et al. 2015). FO also serves as light antenna molecule for DNA 

photolyases which repair thymine-thymine dimers. FO, in these enzyme complexes, trans-

fers energy to FAD (Glas et al. 2009). Intriguingly, the FO-containing DNA photolyases are 

from eukaryotic origin and therefore it is still unclear how these enzymes sequester FO as 

no deazaflavin biosynthetic genes have been reported for eukaryotes. 
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The biosynthetic pathway for riboflavin and the deazariboflavin FO diverges from a com-

mon intermediate; 5-amino-6-(ribitylamino)-2,4(1H,3H)-pyrimidinedione  (ribityldiamino-

uracil) (Figure 3) which is obtained from GTP after a multistep reaction. FO is synthesized 

by condensation of ribityldiaminouracil with tyrosine. A radical S-adenosyl-L-methionine 

(SAM) dependent enzyme, FO synthase, catalyzes this reaction. In archaea and cyanobac-

teria, FO synthase comprises two proteins encoded by two adjacent or non-adjacent genes 

(cofG and cofH in Methanocaldococcus jannaschii)(Graham et al. 2003). Both enzymes con-

tain one radical SAM site each and are capable of generating radicals independently. How-

ever, for FO production, the first reaction is catalyzed by CofH and it forms an intermediate 

product. This intermediate serves as substrate for CofG and eventually deazaflavin chro-

mophore formation takes place (Decamps et al. 2012). In bacteria, the same reaction is 

catalyzed by a bifunctional enzyme, FbiC, which is encoded by one fbiC gene. FbiC has N- 

and C-terminal domains each containing one radical SAM site (Choi et al. 2002; Graham et 

al. 2003). Detailed mechanistic studies has been carried out on these enzymes (Philmus et 

al. 2015). The fbiC gene, when cloned and expressed in E. coli cells, resulted in in vivo pro-

duction of FO (unpublished data). Since FO can diffuse across the cell membrane, FO pro-

duction was detected in the growth medium.  

1.3.2. Phospho-L-lactylization of FO 

Addition of the phospho-L-lactate group to the ribityl tail of FO leads to the formation of a 

polar molecule, F420-0. Unlike FO, F420-0 cannot easily diffuse across the cell membrane due 

to the charged group. The lactate group added to the FO has been argued to originate from 

lactaldehyde (Grochowski et al. 2006). An NAD+ dependent lactate dehydrogenase (CofA) 

catalyzes this reaction. As shown in figure 3, phosphorylation of lactate to 2'-phospho-l-

lactate is believed to be catalyzed by CofB. The reaction mechanism for this reaction is still 

not clear. The pyrophosphate linkage from GTP is used in this process. Two enzymes have 

been identified that catalyze the steps of forming an activated phospho-L-lactate interme-

diate, L-lactyl-2-diphospho-5'-guanosine (LPPG) (Grochowski et al. 2008) and to add this to 

the ribose moiety of FO (Figure 3). In Methanocaldococcus jannaschii, CofC and CofD are 

involved in such phosphorylation event. CofD (FbiA in actinobacteria) is a 2-phospho-l-lac-

tate transferase and structural data show that substrate dependent conformational 

changes initiate the condensation process. Upon action of CofD, the F420 precursor F420-0 is 

formed (Forouhar et al. 2008). It has not been reported whether this deazaflavin has any 

relevance as a cofactor. It is seen as precursor of the mature F420 cofactor. 
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1.3.3. Addition of poly-γ-glutamyl tail 

The last steps of maturation of the F420 cofactor entail the addition of an unusual poly-γ-

glutamyl tail. For this, dedicated enzymes, γ-glutamyl ligases, have been identified. The 

coupling of each L-glutamate moiety goes at the expense of a GTP molecule. For the ar-

chaeon M. jannaschii, CofE has been found to be responsible for this processive decoration 

of F420-0. In that case, as in other archaea, on average only 2 glutamates are coupled to 

form F420-2. In actinobacteria, the poly-γ-glutamyl tail is typically longer, in the range of 4 

to 9 glutamates long. The respective enzyme from Mycobacterium tuberculosis, FbiB, has 

been studied in detail recently. The longer peptide formed by FbiB, when compared with 

CofE, may be explained by an additional C-terminal domain in the bacterial enzyme. How-

ever, the exact mechanism of formation of the poly-γ-glutamyl tail is still unclear. Although 

a crystal structure of FbiB has been elucidated, even the details on how L-glutamates are 

incorporated in the growing peptide (by insertion or extension) remain to be established. 

1.4. Physiological role of F420 

Cofactor F420 has an important role in metabolism of many microorganisms. The first com-

prehensive studies on F420-dependent enzymes focused on methanogenic archaea and re-

vealed a role of the deazaflavin cofactor in multiple pivotal enzymes. In fact, methanogens 

contain such high amounts of F420 that they can be detected by its cofactor specific fluo-

rescence (Doddema and Vogels 1978). Since the discovery of the F420 cofactor in 1972, a 

relatively small number of F420-dependent enzymes have been reported, mainly from 

methanogenic archaea and Streptomyces species (Greening et al. 2016). In methanogens, 

CO2, H2 and acetate are mainly fixed into methane. In the process of the reduction of CO2 

to CH4, F420-dependent hydrogenases/dehydrogenases come into play. The required elec-

trons mainly come from H2 by action of F420-dependent hydrogenases (Muth et al. 1987; 

Michel I et al. 1995; Mills et al. 2013), and in some cases from formate dehydrogenases 

(Tzeng et al. 1975) and secondary alcohol dehydrogenases (Berk and Thauer 1997). 

Only recent genome sequence analyses revealed that the F420 cofactor is also produced by 

many bacteria (Selengut and Haft 2010). Except for conservation of the F420 biosynthesis 

genes, predicted proteomes of many bacteria appear rather rich in F420-dependent pro-

teins. For example, the proteome of Rhodococcus jostii RHA1 is predicted to include >100 

deazaflavoproteins, most of them with unknown function. The deazaflavin biosynthetic 

genes are well conserved in actinobacteria and it has been shown that these bacteria con-

tain relatively high levels of the cofactor. M. smegmatis is typically used for isolating F420 
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because its high content of the cofactor and ease of cultivation (Isabelle et al. 2002; Bashiri 

et al. 2010). The role of F420 in actinobacteria has been most intensely studied for the path-

ogen M. tuberculosis. It appears that F420 is essential to resist oxidative stress for which M. 

tuberculosis cells sustain a high level of glucose-6-phosphate (Hasan et al. 2010) which is 

used by a F420-dependent glucose-6-phosphate dehydrogenases to generate F420H2. Sev-

eral quinone reducing F420H2-dependent reductases appear essential for this. The same 

reductases were found to be essential for activating antitubercular prodrugs. Also a F420H2-

dependent biliverdin reductase, generating bilirubin, adds to the capacity of M. tuberculo-

sis to withstand stress conditions (Ahmed et al. 2016). Except for combating (oxidative) 

stress, the deazaflavin cofactor is also used by other enzymes in M. tuberculosis: for exam-

ple, for biosynthesis of a special kind of mycobacterial lipid, phthiocerol dimycocerosates, 

a F420H2-dependent phthiodiolone ketoreductase is produced, while a F420-dependent hy-

droxymycolic acid dehydrogenase is essential for the biosynthesis of ketomycolic acids 

(Purwantini and Mukhopadhyay 2013). The genome of M. tuberculosis is predicted to con-

tain more deazaflavoenzymes, awaiting identification and future biochemical studies to 

reveal their role in metabolism. 

1.5. Biocatalytically relevant F420-dependent enzymes  

F420-dependent enzymes represent a diverse group of unexplored biocatalysts which play 

an important role in archaeal and bacterial metabolism(Greening et al. 2016). In archaea, 

F420-dependent enzymes serve a function in central metabolic pathways. It is estimated, 

based on genome sequence analysis, that around 1 out of 10 bacteria contain the required 

genes for F420 biosynthesis (Selengut and Haft 2010). Based on homology searches using 

the sequences of known deazaflavoproteins, F420 producing bacteria are predicted to con-

tain many (uncharacterized) F420-dependent enzymes. Future studies will reveal the full 

biocatalytic potential of these redox enzymes. Being an obligate hydride transferring co-

factor, F420-dependent enzymes are expected to correspond to dehydrogenases and re-

ductases. Yet, it may also be that new activities will be revealed by studying novel F420-

dependent enzymes. For example, some F420-dependent enzymes may have evolved ways 

to utilize the unique photoreactive properties of the deazaflavin cofactor, similar to FO in 

DNA photolyases. 

Based on the current biochemical knowledge, it is clear that there are several distinct struc-

tural families that contain F420-dependent enzymes. Especially the elucidation of crystal 

structures of a number of these F420-dependent enzymes has helped to realize the distinct 
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features of various deazaflavoprotein classes. Concerning their catalytic properties, they 

can be divided into two types: 1) those which use oxidized form of the F420 (dehydrogen-

ases), and 2) those that use the reduced form of the cofactor (reductases). This is analo-

gous to the superfamily of nicotinamide cofactor dependent enzymes. Below, some F420-

dependent enzymes are highlighted in the context of their potential use as biocatalysts. In 

Table 1, an overview of some F420-dependent enzymes is provided. 

1.6. F420H2 regenerating enzymes 

Since F420 is not commercially available, it has to be purified from a suitable host. Previous 

work has shown that the levels of the deazaflavin cofactor varies considerably among F420 

producers. Due to the intracellular level of F420 and the ease by which the organism can be 

grown, F420 is mostly isolated from M. smegmatis. Still, the yield of the cofactor is very low, 

upto 1.4 µmol/L (Isabelle et al. 2002). Clearly, when considering F420-dependent enzymes 

for biocatalysis, efficient cofactor recycling systems will be essential. Alternatively, one 

could opt for whole cell conversion using a host that expresses the deazaflavin cofactor. 

However, this does not seem to be a real option because the most common hosts for re-

combinant protein expression (e.g. E. coli, yeast, filamentous fungi) do not harbor the F420 

biosynthetic pathway. Therefore, it is essential to have efficient F420 regenerating enzymes 

available, analogous to the developed systems for NAD(P)H dependent biocatalysts. Both 

in archaea as well as in prokaryotes, such enzymes are available with a similar physiological 

function. As F420-dependent enzymes show greatest potential in performing selective re-

ductions, it will be most valuable to develop a toolbox of enzymes for the regeneration of 

F420H2 at the expense of a sacrificial cosubstrate. For generating the reduced deazaflavin 

coenzyme, F420-dependent glucose-6-phosphate dehydrogenases (FGD) and F420-depend-

ent alcohol dehydrogenases (ADF) are promising candidates. Alternatively, one could also 

consider the so-called F420:NADPH oxidoreductase (FNO). Though this enzyme assists 

methanogens in transferring the surplus of electrons from reduced F420 to NADP+, gener-

ating NADPH, FNO can also be used in the reverse mode. More details on these F420H2 

regenerating enzymes are provided below. 

1.6.1. F420-dependent dehydrogenases 

F420-dependent D-glucose-6-phosphate dehydrogenases (FGD) catalyze the oxidation of 

the substrate to 6-phospho-D-glucono-1,5-lactone which is spontaneously hydrolyzed to  

6-phosphogluconate. FGDs from several actinomycetes have been characterized. In case 

of M. tuberculosis, the physiological role of FGD is to provide the reduced form of F420 for 
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F420H2 dependent reductases. Interestingly, M. tuberculosis has both a NADP+-dependent 

D-glucose-6-phosphate dehydrogenase as well as a F420-dependent glucose-6-phosphate 

dehydrogenase, both tapping from the same pole of glucose-6-phophate. It has been 

shown that cells that accumulate glucose-6-phosphate as response to oxidative stress. M. 

tuberculosis knockout mutants lacking FGD (Δfgd) were significantly more sensitive to oxi-

dative stress. A similar observation was made for the FO synthase knockout mutant (ΔfbiC). 

This shows that the FGD plays a crucial role in M. tuberculosis, to sustain a sufficient level 

of F420H2 in the cytosol, to serve the F420H2-dependent enzymes. Work in this thesis (Chap-

ter 4) investigates new subclass of F420-dependent glucose-6-phosphate dehydrogenases 

from Nocardiacae and Cryptosporangium sp. These enzymes, unlike previously described 

enzymes, also accept other sugar-6-phosphates as substrate.  

 

 

Figure 4. F420-dependent glucose-6-phosphate dehydrogenases as F420H2 cofactor recycling sys-

tem. 

A disadvantage of the F420-dependent glucose-6-phosphate dehydrogenase is the required 

cosubstrate, glucose-6-phophate. As this is a rather expensive compound, FGD can only be 

considered when synthesizing high value compounds. As an alternative, one may consider 

F420-dependent alcohol dehydrogenases which belong to the same structural family as the 

FGDs (TIM barrel containing luciferase family). So far only two ADFs have been reported in 

literature. These enzymes accept a range of small (and cheap) alcohols and therefore are 
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interesting candidates for use in biocatalysis. With the available crystal structure of one of 

these ADFs, it may also be possible to improve them for biocatalytic purposes through en-

zyme engineering. 

1.6.2. F420:NADPH oxidoreductase (FNO) 

Another interesting candidate enzyme for the generation of F420H2 is the F420:NADPH oxi-

doreductase (FNO). FNO is thought to connect the anabolic NADPH pathway to the cata-

bolic F420 pathway as it catalyzes the reversible reduction of NADP+ using F420H2. Its physi-

ological function within the cell is to shuttle the reducing equivalents between nicotina-

mide and deazaflavin molecules. In methanogens, this enzyme acts as a F420H2-dependent 

NADP+ reductase, whereas in prokaryotes, it seems to act as a NADPH-dependent F420 re-

ductase. In the latter catalytic mode, one can envisage its use for the generation of F420H2 

at the expense of NADPH. Many systems have been developed for generating NADPH using 

cheap starting compounds, such as glucose in combination of a NADP-dependent glucose 

dehydrogenase. Though such F420H2 regeneration system would rely on several enzymes, 

the well-developed nicotinamide recycling systems make this approach appealing when a 

robust FNO is available. In addition to that, FNO may serve as ‘bridge’ recycling enzyme in 

cascade reactions involving both F420;NADPH or F420H2:NADP+ dependent enzymes.  

 

 

 

 

 

 

 

 

 

 

Figure 5. F420:NADPH oxidoreductase as F420H2 recycling system. Phosphite dehydrogenase 

(PTDH) can be used for NADPH recycling. 
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F420 Oxidoreductase Reaction catalyzed Reference 
Rossman fold   

F420:NADPH oxidoreductase (FNO)/ F420H2 dependent NADP+ 
reductase 

NADPH + F420  NADP+ + 
F420H2 

This thesis 

TIM barrel fold   

F420-dependent glucose-6-phosphate dehydrogenase (FGD) D-glucose-6-phosphate + F420 
D-6-phosphoglucono-1-lactone + F420H2 

(Nguyen et al. 
2016) 

F420-dependent sugar-6-phosphate dehydrogenase (FSD)  This thesis 
Alcohol dehydrogenase (ADF) Isopropanol + F420                             Acetone + 

F420H2 
(Aufhammer et al. 

2004) 
Methylene hydropterin reductase (Mer)    
F420 dependent hydroxymycolic acid dehydrogenase Hydroxy-mycolic acid + F420  

Keto-mycolic acid + F420H2 
(Purwantini and 
Mukhopadhyay 

2013) 

Split β-barrel like fold   

Deazaflavin dependent nitroreductase (Ddn) PA824 (Prodrug) + F420H2                           PA824 
(Active) + F420  

(Cellitti et al. 2012) 

Biliverdin reductase Biliverdin + F420H2                                 Bilirubin + F420 (Ahmed et al. 2016) 
Aflatoxin degrading FDRs Reduction of α,β unsaturated bonds (Gurumurthy et al. 

2013) 
                F420 dependent oxidoredutases (FDORs)   

F420 dependent ene-reductase Reduction of α,β unsaturated bonds This thesis 

Table 1. Some F420-dependent enzymes. 
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1.7. F420-dependent reductases 

Due to the relatively low redox potential, F420-dependent enzymes are predicted to be ef-

fective in reductions. In line with this, many of the described deazaflavoenzymes function 

as reductases. The generation of the required reduced form of the deazaflavin coenzyme 

is accomplished by the enzymes mentioned above. Intriguingly, the F420-dependent reduc-

tases described in literature have hardly been explored for biocatalytic purposes. Most of 

the known examples have been studied in the context of elucidating a metabolic pathway 

or understanding the mode of action of prodrugs. The latter mainly refers to the finding 

that is M. tuberculosis a deazaflavin-dependent nitroreductase (Ddn) (Cellitti et al. 2012) 

has been shown to be responsible for the activation of the prodrug PA-824 (Pretonamid) 

into an active toxic form (Manjunatha et al. 2006; 2008). This promising prodrug PA-824 

and similar nitroimidazoles are currently in clinical trials. The activated form of PA-824 

leads to the release NO after reduction by Ddn. This NO, in turn, kills M. tuberculosis, in-

cluding the non-replicating form of the organism (Singh et al. 2008). This is important be-

cause other drugs can only target the active form of M. tuberculosis and TB, most of the 

cases is dormant for years. 

Apart from M. tuberculosis, other members of actinobacteria such as R. jostii RHA1, M. 

smegmatis, and T. fusca also have a large number of F420-dependent enzymes most of 

which are yet to be characterized. F420-dependent reductases are part of the split β-barrel 

enzyme superfamily (FDORs) (Ahmed et al. 2015). These enzymes are distantly related to 

FMN-dependent pyridoxamine 5'-phosphate oxidases (PNPOx).  

Some members of F420-dependent reductases (FDR) catalyze the reduction of α,β-unsatu-

rated esters of recalcitrant aflatoxin compounds (Taylor et al. 2010). Some enzyme from 

M. tuberculosis help in persistence by reducing quinones, xenobiotics and bactericidal 

agents (Gurumurthy et al. 2013; Jirapanjawat et al. 2016). Reductases from M. smegmatis 

has been also shown to reduce diverse compounds through common mechanism 

(Greening et al. 2017). However, these enzymes have not been explored as biocatalysts for 

enantio- and/or regioselective reductions. Our work on F420-dependent reductases (chap-

ter 5) shows that these enzymes display a broad substrate scope and can catalyze ene-

reduction reactions in an enantio- and regioselective manner. Crystal structures of several 

of these small F420-dependent reductases have been solved which will accelerate the im-

provement of these enzymes as efficient biocatalysts through enzyme engineering. 
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1.8. Aim and outline of the thesis 

The main goal of the work described in this thesis was to identify, characterize and engi-

neer bacterial F420-dependent enzymes for their potential use as biocatalysts. Both ge-

nome mining and proteomic techniques were explored in order to identify such deazafla-

voenzymes. Since there are relatively few deazaflavoenzymes characterized till date, we 

did not restrict ourselves to one particular class of enzyme. Several novel F420-dependent 

enzymes have been discovered and studied in detail (chapters 2-5, see below). Except for 

deazaflavoenzymes, also work has been performed on identifying flavin-containing 

monooxygenases that can convert furanoid compounds (chapter 6). 

Chapter 2 involves a proteomic approach aimed at identifying F420-binding proteins. By 

generating F420-bound column material, an affinity chromatography method was devel-

oped and validated. By using recombinantly expressed F420-dependent glucose-6-phos-

phate dehydrogenase it could be shown that this method indeed is able to isolate F420-

binding proteins. The method was used to identify the novel F420-binding proteins by ana-

lyzing cell free extract of M. smegmatis cells. Upon SDS-PAGE and MS analyses, several 

putative F420-binding proteins were identified. While, based on their protein sequence, a 

large portion of the isolated proteins are predicted to be F420- dependent, some of the 

identified proteins have not been studied before. Future studies will reveal for what pur-

pose these proteins utilize the deazaflavin cofactor. 

In chapter 3, a newly identified F420:NADPH oxidoreductase (Tfu-FNO) from the mesother-

mophile Thermobifida fusca is described. Except for establishing an expression and purifi-

cation protocol for this deazaflavoenzyme, also a detailed characterization was performed. 

This resulted in elucidation of its crystal structure, in complex with NADP+. Tfu-FNO is a 

valuable biocatalyst for regenerating reduced F420 at the expense of NADPH, or vice versa. 

Since wild-type Tfu-FNO is specific for NADP+/NADPH and has very poor activity towards 

NAD+/NADH, mutant enzymes were prepared in order change the nicotinamide coenzyme 

specificity. 

Chapter 4 describes a thorough sequence analysis of the family of sequence-related F420H2-

dependent alcohol dehydrogenases. This revealed that this specific family of deazaflavoen-

zymes has evolved from an FMN-dependent ancestral enzyme. A predicted ancestral se-

quence of a F420-dependent alcohol dehydrogenases was used to resurrect the correspond-

ing protein. By using a synthetic gene, this ancestral protein was expressed and purified. 

Biochemical characterization revealed that it acts as a glucose-6-phosphate dehydrogen-

ase and that it exhibits a relatively high thermostability. As part of this study, also a new 
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subgroup of dehydrogenases was identified. Expression and characterization of a repre-

sentative revealed that it has a somewhat more relaxed substrate acceptance profile when 

compared with the closely related F420-dependent glucose-6-phosphate dehydrogenases. 

These data provide new insights in how F420-dependent dehydrogenases have evolved over 

time. 

The work described in chapter 5 concerns an explorative study of F420H2-dependent reduc-

tases. While such reductases had been described in literature as enzyme capable to reduce 

quinoid substrates, here it was shown for the first time that they can be exploited as bio-

catalysts for regio- and enantioselective reductions of α,β-unsaturated ketones and alde-

hydes. The observation that the enantioselectivity is opposite to the flavin-dependent re-

ductases that are typically used for such reactions, confirm that the F420H2-dependent re-

ductases are structurally and mechanistically different from the most widely applied re-

ductases. The observed excellent enantioselectivities indicate that this is an interesting 

group of reductases in the context of biocatalysis. Future enzyme engineering efforts 

aimed at improving the rate of catalysis may turn them into potent biocatalysts. 

In chapter 6, FAD-containing Baeyer-Villiger monoxygenases (BVMO) were tested for their 

ability to convert furanoid aldehydes. Interestingly, most of the tested BVMOs were found 

to be active on these compounds. Product analysis revealed that the acid form (instead of 

formate ester) was formed as product using furfural and furfural derivatives (HMF, DFF 

and FFA) as substrates. A mutant of phenylacetone monooxygenase (PAMO) showed a rel-

atively high activity towards furanoid aldehydes. This study shows that BVMO are interest-

ing biocatalysts for the conversion of furanoid compounds and could perhaps serve a role 

in the recent interest in producing 2,5-furandicarboxylic acid (FDCA) starting from 5-(hy-

droxylmethyl)furfural (HMF) Although at slower rate, these enzymes could oxidize both 

the aldehyde groups of DFF to a bioplastic precursor, FDCA. 
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Abstract 

Cofactor F420 serves as a natural deazaflavin cofactor in methanogenic and non-methanogenic 

archaea, and in various bacteria. Although the role of cofactor F420 in methane metabolism is 

well known, its role is still unclear in F420-containing bacteria such as Mycobacterium 

tuberculosis. Using computational approaches, these organisms have been predicted to be rich 

in F420-binding proteins. In this study, we used a newly developed proteomic approach to identify 

F420-binding proteins by making use of their affinity towards F420 that was covalently tethered 

to column material. The free carboxylic groups of the F420 cofactor were chemically coupled to 

amine-functionalized column material. The initial experiments revealed that coupling of F420 to 

polymethacrylate beads, that contain two carbons long linkers, resulted in the best affinity 

chromatography material. The bound proteins from extracts of Mycobacterium smegmatis 

could be eluted using F420 and analyzed by mass spectrometry. Of the identified proteins, a large 

portion indeed were predicted to be F420-dependent enzymes while also some aspecific binding 

was observed. Intriguingly, also proteins were identified for which no function is known. These 

proteins may well be F420-dependent enzymes for the function still has to be uncovered.  
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2.1. Introduction 

Flavins serve as cofactor for various classes of enzymes and equip them with unique func-

tionalities (Romero et al. 2018). Most of the known flavoenzymes rely on FAD or FMN as 

cofactor. FAD- and FMN-dependent enzymes are the most extensively studied group 

among cofactor dependent enzymes. The majority of these enzymes contain the flavin co-

factor as a tightly bound prosthetic group. In fact, in a significant number of flavoenzymes, 

the flavin cofactor is covalently tethered to the protein (Heuts et al. 2008). Except for FAD 

and FMN, also some other flavin cofactors are used by enzymes. Several derivatives of FAD 

or FMN have been discovered to act as cofactor. For example, it was found that 8-formyl 

FAD is the native cofactor in formate oxidase (Robbins et al. 2017). This FAD derivative 

seems to be formed from FAD bound in the enzyme and the oxidized FAD variant is better 

in supporting catalysis by the oxidase. Another recently discovered alternative FAD-based 

cofactor was identified in an enzyme involved in the synthesis of enterocin (Teufel et al. 

2015). The respective redox enzyme was found to contain FAD in which the N5 was oxy-

genated. This over-oxidized FAD cofactor allows the enzyme to perform two subsequent 

oxidations of its substrate. An even more astonishing discovery was made in 2016 when a 

prenylated form of FMN was encountered in (de)carboxylases (Payne et al. 2015). 

All flavoenzymes mentioned above contain a riboflavin molecule as core moiety. In fact, 

biosynthesis of FMN and FAD and their derivatives involve the incorporation of riboflavin. 

FMN is produced by phosphorylation of riboflavin and FAD can be regarded as FMN deco-

rated with an AMP moiety. Yet, there is another natural flavin cofactor that is not built out 

of riboflavin. Already a few decades ago a chromophore was isolated from methanogenic 

bacteria which displayed a particular feature: high absorbance at 420 nm (Cheesman et al. 

1972) therefore, it was called cofactor F420. Elucidation of its structure revealed that it 

shows some resemblance with the commonly known flavin cofactors. However, a funda-

mental difference is the fact that the flavin N5 atom is replaced by a carbon atom (Figure 

1). Hence F420 is also referred to as a deazaflavin cofactor. Furthermore, it does not carry 

the typical methyl groups in the phenyl part of the isoalloxazine ring, but only a hydroxyl 

group at the 8’-position. These features result in significantly different spectral properties 

of the F420 cofactor when compared with FMN and FAD. Another important difference is in 

the modification of the ribityl moiety. Except for a phosphate group, which is common for 

flavin cofactors, it has also an unusual lactyl-polyglutamyl extension in which the number 

of glutamyl moieties varies between different species. 
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Figure 1. Structure of FMN and F420 with 5 glutamate residues.  

While the F420 cofactor was first isolated almost 50 years ago, knowledge on F420-depend-

ent enzymes is still lagging behind when compared with other flavoenzymes. In the last 

few decades only a small number of F420-dependent enzymes have been isolated and stud-

ied (Greening et al. 2016). While it was first thought that this deazaflavin was rather an 

aberrant cofactor only used in a restricted number of microorganisms, e.g. methanogens, 

recent studies have revealed that the F420 cofactor is much more widespread in nature. 

Genome analysis of F420 biosynthetic genes suggest that it is present in various bacterial 

and archaeal taxa. Biochemical studies have confirmed that F420-dependent enzymes play 

a crucial role in methane metabolism in methanogens. It has also been demonstrated that 

they fulfil various roles in metabolism of actinobacteria. Comparative genomic studies on 

using sequences of known F420-dependent enzymes, revealed that there are more than 20 

probable F420-dependent proteins in Mycobacterium tuberculosis. Yet, only of a few of 

them their function is known. It is even more extreme when analyzing the predicted pro-

teome of Rhodococcus jostii RHA1: it is predicted to contain >100 F420-dependent enzymes 

with unknown function. Clearly, there is a huge gap in knowledge on F420-dependent en-

zymes. 

While the above-mentioned studies predict that many microbes contain many unexplored 

F420-dependent enzymes, these predictions are all based on analyzing genomes/proteomes 

for homologs of enzymes that have been isolated in the past. In this study we aimed at 

developing an experimental approach to identify F420-binding proteins in an unbiased man-

ner. All known F420-dependent enzymes described so far utilized the deazaflavin cofactor 

as a coenzyme. Similar to most NAD-dependent enzymes, they only temporarily bind the 

oxidized or reduced deazaflavin cofactor in order to catalyze a hydride transfer. The eluci-

dated structures of F420-dependent enzymes also confirm that the polyglutamyl tail of the 
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cofactor is always solvent accessible. Based on these observations, we set out to develop 

a F420-based affinity chromatography method that would allow isolating and identifying 

F420-binding proteins by attaching the deazaflavin cofactor to column material via their pol-

yglutamyl tail. After preparing polymethacrylate-based carrier material decorated with 

F420, extracts of Mycobacterium smegmatis were used to isolate F420-binding proteins (Fig-

ure 2). 

 

 

Figure 2. Schematic representation of the F420-binding protein identification method using a 

F420-immobilized column. a) deazaflavoproteins present in the cell extract will bind to the F420 

immobilized column. FMN and other flavin binding proteins may also bind, but with lower af-

finity. b) unbound or loosely bound proteins will be removed during the washing step. c) bound 

proteins can then be eluted using F420 and/or high salt and identified using mass spectrometry. 
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2.2. Experimental section 

2.2.1. Materials 

Low density aminoethyl functionalized agarose beads were purchased from Agarose Bead 

Technologies (ABT), Madrid, Spain. Amine functionalized polyvinyl alcohol magnetic beads 

(M-PVA N12) were purchased from PerkinElmer, Germany. These superparamagnetic 

beads consist of a matrix of polyvinyl alcohol, which is subsequently aminated using an 

eight-atom spacer. Hexamethylenamino- and ethylenediamino-functionalized polymeth-

acrylate beads were purchased from ReliZyme™. All other chemicals, unless mentioned, 

were purchased from Sigma Aldrich.  

2.2.2. Purification of F420 and F420-binding proteins 

F420 was isolated using Mycobacterium smegmatis (kindly provided by Dr. G. Bashiri) cells. 

A protocol for F420 purification was based on a previously described method (Isabelle et al. 

2002). As reference proteins, F420-dependent glucose-6-phosphate dehydrogenase from 

Rhodoccous jostii RHA1 (Nguyen et al. 2017), F420:NADPH oxidoreductase (Kumar et al. 

2017) and F420 dependent ene-reductase from Mycobacterium hassiacum (chapter 5) were 

purified using the described methods.  

2.2.3. Preparation of the F420-immobilized column 

The isolated F420 cofactor was crossed-linked to the functionalized beads/cross-linked pol-

ymers through a coupling reaction catalyzed by EDC (N-(3-dimethylaminopropyl)-N’-ethyl 

carbodiimide). This results in an amide linkage between free carboxyl groups of F420 and 

amine groups from the beads or matrix. The immobilization protocol was based on previ-

ously described literature (Haase et al. 1992). Amine-functionalized beads (0.5 g) were first 

washed with 25 mL of 1.0 M NaCl followed by wash with 25 mL of 1.0 mM NaCl (pH 4.5). 

Then, the washed beads were mixed with 5 mL of 1 mM NaCl solution (pH 4.5) containing 

70-100 µM of F420 and 100 mM (95 mg) EDC. The beads were then incubated at 4° C in a 

rocking shaker for three hours in dark. After incubation, the beads were poured into a col-

umn and the solution was drained. The next step was to block the unreacted free amino 

groups present in the column material. To do so, the beads were further incubated with 5 

mL solution containing 25 mM sodium acetate (pH 4.8) and 100 mM EDC (3 h, 4° C). After 

that, the beads were washed with 25 mL of 25 mM sodium acetate solution (pH 4.0) fol-

lowed by 25 mL 50 mM Tris/HCl buffer (pH 8.0) containing 0.5 M NaCl. As a control, column 

material was also treated without F420: all free amino groups were blocked by using 25 mM 

sodium acetate instead of F420 and following a similar procedure. The different types of 
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functionalized beads used in this study are shown in table 1. The column names mentioned 

in the table will be used hereafter. The column material without the F420 bound will be 

referred to as control column while the one with bound F420 will be called test column. 

Prepared column 
material 

Spacer length 
(carbons) 

Original column material Coupled F420 

CEA2 2 Agarose no 
FEA2 2 Agarose yes 
CPM2 2 Poly methacrylate no 
FPM2 2 Poly methacrylate yes 
CPM6 6 Poly methacrylate no 
FPM6 6 Poly methacrylate yes 
CPV8 8 Poly vinyl alcohol (magnetic) no 
FPV8 8 Poly vinyl alcohol (magnetic) yes 

Table 1. Column materials used in this study. 

2.2.4. Affinity chromatography using F420-decorated column 

M. smegmatis mc24517 cells were grown in 250 mL baffled flasks containing 50 mL me-

dium. Medium contained (in grams per liter) soluble starch (25), glucose (5), yeast extract 

(5), soy peptone (10), ammonium sulfate (2), and KH2PO4 (0.3), as reported before (Isabelle 

et al. 2002). Cells were grown at 30 °C for 72 hours under shaking condition (200 rpm). 

Cells were harvested by centrifugation (6000 rpm) and resuspended in 10 mL 50 mM Tris-

HCl (pH 8.0) containing 20 % glycerol, 1.0 mM DTT, 0.01% Triton X-100, and 0.1 mM PMSF 

(polymethyl sulfonyl fluoride). Cells were disrupted at 4 °C using a VCX130 Vibra-Cell soni-

cator (Sonics&Materials, Inc., Newtown, USA) for 10 mins (10 sec on, 15 sec off cycle). Cell 

debris was removed by centrifuging at 40,000 × g for 45 mins, 4 °C and discarding the pel-

let. The supernatant was filtered using 0.45 µm syringe filters to obtain a cleared cell ex-

tract (CCE). 5 ml of CCE was incubated for 3 h with 2 ml of test column (F420-coupled col-

umn) and control column (column without coupled F420) which were pre-equilibrated with 

50 mM Tris-HCl buffer (pH 8.0) containing 20 % glycerol, 1.0 mM DTT and 0.01% Triton X-

100. The unbound proteins were removed by washing with buffer using gravity flow. Pro-

teins were eluted using either 50 µM F420, or 50 mM Tris-HCl buffer (pH 8.0) containing 

different concentrations of the NaCl (50, 100, 500 and 1000 mM). Fractions from each elu-

tion were concentrated using 10 kDa cutoff filters and used for SDS-PAGE analysis and sub-

sequent LC-MS/MS analysis. 
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2.2.5. In-solution and in-gel trypsin digestion 

Protein concentrations of the samples were determined using the Bradford assay. For in 

solution trypsin digestion, the protein samples were denatured, followed by alkylation. 

Protein denaturation was started by mixing protein samples with urea to make a total vol-

ume of 40 µL (1.6 M urea and 10-100 µg protein). Concentrated samples were diluted using 

100 mM ammonium bicarbonate. 1.0 µL of 0.5 M TCEP (TRIS(2-carboxyethyl)phosphine) 

was added to the mixture and vortexed, and incubated at 37 °C for 1 h. Samples were 

alkylated in the dark upon addition of 1.0 µL iodoacetamide (0.4 M) at 25 °C for 30 minutes 

at 500 rpm. 1.0 µL of trypsin (1.0 µg/µL) was added to the solution after checking the pH 

of the sample which should be around pH 8-9. Ammonium bicarbonate (1 M) was used to 

adjust the pH if needed. The mixture was incubated at 37 °C overnight. Trypsin was inacti-

vated by adding 8.0 µL of 5 % TFA (1% final concentration) followed by centrifugation 

(13,000 × g) at 4 °C. The supernatant was transferred to fresh tubes and used for solid 

phase extraction. In this step, the peptide samples were reconstituted with 1% TFA and 

cleaned with Pierce® C18 tips (87784; Thermo) according to the instruction manual. The 

eluted fractions were dried under vacuum and reconstituted with 20 µL 2% ACN, 0.1% for-

mic acid (FA). 

2.2.6. Liquid chromatography coupled to tandem mass spectrometry 

Peptide separation was performed with 2 µL peptide samples using a nano-flow chroma-

tography system (EASY nLC II; Thermo) equipped with a reversed phase HPLC column (75 

µm, 15 cm) packed in-house with C18 resin (ReproSil-Pur C18–AQ, 3 µm resin; Dr. Maisch) 

using a linear gradient from 95% solvent A (0.1% FA, 2% acetonitrile) and 5% solvent B 

(99.9% acetonitrile, 0.1% FA) to 28% solvent B over 45 min at a flow rate of 200 nL/min. 

The peptide and peptide fragment masses were determined by an electrospray ionization 

mass spectrometer (LTQ-Orbi-trap XL; Thermo) 

2.2.7. Data analyses 

Raw files were imported into the Peaks Studio software (Bioinformatics Solutions) ana-

lyzed against forward and reverse peptide sequences of the predicted M. smegmatis pro-

teome. The search criteria were set as follows: one end tryptic specificity was required 

(cleavage after lysine or arginine residues but not when followed by a proline); three 

missed cleavages were allowed; carbamidomethylation (C) was set as fixed modification; 

oxidation (M) and deamination (NQ) as variable modification. The mass tolerance was set 

to 10 ppm for precursor ions and 0.5 Da for fragment ions. 
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2.3. Results and discussion 

2.3.1. F420 binds to the amino-functionalized column 

Cofactor F420 isolated from M. smegmatis MC24715 was successfully immobilized on 

amino-functionalized beads composed of agarose (FEA2 column), polyvinyl alcohol (FPV8 col-

umn), polymethacrylate (FPM2 & FPM6 column) and different linker lengths. After the immo-

bilization procedure, the modified column material retained the characteristic yellow color 

of F420 in all cases, except for column FPV8. Due to its intense brown color, the decoration 

with F420 could not be verified by eye. A similar treatment of resin materials with FMN did 

not show any significant immobilization of the flavin cofactor as evidenced by visual in-

spection. This was supported by the observation that the amount of eluted FMN after all 

washing steps was equal to the applied amount. However, in case of F420 treatment, only 

15-20% of the initial amount was recovered after washing in all cases, meaning that most 

of the F420 was utilized for immobilization. The covalent attachment was dependent on the 

free carboxyl groups of cofactor F420. Once F420 was covalently coupled, the remaining free 

amino groups were blocked using 25 mM sodium acetate. Based on eluent absorption at 

400 nm, we were able to estimate the amount of coupled F420: 4.5 µmoles/g of the column 

material. To check the functionality of the column, known F420-binding proteins  were used 

to test their binding to the column. The following purified F420-dependent enzymes were 

tested: F420-dependent glucose-6-phosphate dehydrogenase from Rhodococcus jostii 

RHA1 (Nguyen et al. 2017), F420:NADPH oxidoreductase from Thermobifida fusca (Kumar 

et al. 2017) and F420-dependent reductases (chapter 5). In case of F420-bound agarose col-

umn material, the control column, CEA2, showed non-specific binding of the F420-dependent 

proteins at low salt concentration. This was probably due to the column material polymer 

because we did not observe this with the polymethacrylate control column, CPMA2. Purified 

F420-dependent proteins did bind to the polymethacrylate F420 columns (FPM2 & FPM6) and 

could be eluted using F420 or high salt concentration (o1 M NaCl). In case of column FPV8, 

we observed a very low binding efficiency which might be due to the longer spacer arm. 

The use of the CPV8 & FPV8 columns was abandoned thereafter. Among all the columns 

tested, polymethacrylate column FPM2 showed the best binding to the proteins while CPM2 

bound to the least number of proteins. This column material could be used multiple times 

without any significant loss in efficiency. 
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(A)         (B) 

Figure 3. Ethylamine-functionalized agarose beads without (A) and with F420 bound (B). The 

F420-immobilized column retains a yellowish color indicative of covalently attached F420. 

2.3.2. SDS-PAGE gel analysis of proteins with affinity towards the F420-decorated col-

umn material using M. smegmatis cell free extract 

Cell free extract of M. smegmatis mc24517 was used for exploring the use of the generated 

F420-modified column material to isolate F420-binding proteins. SDS-PAGE analysis of pro-

teins eluted from both the F420-decorated column material as well as proteins eluted from 

a similarly treated column material, but without F420 exposure (in essence, material with 

only blocked amino groups), was done to confirm selective binding of proteins. SDS-PAGE 

analysis of samples obtained using agarose as carrier material clearly shows that the con-

trol column also binds to a significant number of proteins (Figure 4). Yet, clearly there are 

quite a number of proteins specifically enriched by using the F420-bound column material 

(Figure 4, lane 5). Upon MS analysis of some gel spots from lane 2, 5 and 6 (Figure 4), we 

found that most of the proteins that bound to the column are ribosomal binding proteins. 

Although ribosomal binding proteins were frequently identified, also some F420-binding 

protein homologues were found. This means that the size of ribosomal binding proteins 

and F420-binding proteins was similar and hence they both appeared in the results. Due to 

their intracellular abundance and their affinity towards RNA, the binding of these proteins 

appears to be caused by aspecific binding. Nonetheless, two out of 11 proteins analyzed 

were clearly putative luciferase-like monooxygenases (MSMEG_5715 and MSMEG_3380) 

which are in fact predicted to be F420-binding proteins. This shows that the method works 

to some extent but suffers from aspecific binding of proteins using this specific activated 

agarose as carrier. To investigate the obtained protein samples in more detail, we also 

performed MS analysis of whole elution fractions and compared the results of the columns 

FEA2 and CEA2. Using whole fraction comparative analysis, we were able to pinpoint those 
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proteins which were only bound by the F420-decorated column (FEA2). To rule out the hy-

pothesis that F420 actually binds to ribosomal binding proteins, we switched to another 

column material (polymethacrylate), and repeated similar experiments. SDS-PAGE gels 

from Figure 5A (lane 5) and 5B (lane 3 & 5) clearly show that the control column displays 

minimal non-specific binding and MS analysis revealed that the background noise was sig-

nificantly lower. We observed that elution with 50 µM F420 resulted into specific elution of 

a number of proteins as shown in Figure 5A (lane 6). Similarly, elution with buffer contain-

ing 500 mM NaCl and 1 M NaCl also resulted into elution of specific proteins (Figure 5B, 

lane 4 & 6). It is worth noticing that according to gel pictures, the proteins eluted using F420 

and NaCl are not similar.  

 

 

 

 

 

 

 

 

 

Figure 4. A SDS-PAGE gel (15%) showing the proteins eluted using F420-immobilized agarose 

column (FEA2) and control agarose column (CEA2) without immobilized F420. Lane 1 corresponds 

to the buffer wash fraction of control column. Lane 2, 3 and 4 are fractions from control column 

eluted using 300 mM, 600 mM and 1 M of NaCl in the buffer respectively. Lane 5, 6 and 7 

correspond to fractions eluted from F420-coupled column material. 
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                                  (A)                                                                         (B) 

Figure 5. SDS-PAGE gel (12%) pictures of proteins eluted using control and F420-bound 

polymethacrylate columns (CPM2 & FPM2). Bound proteins were eluted using 50 µM F420 (A) and 

different concentrations of NaCl (B). In gel A, lane 1, 3 and 5 are flow through, wash fraction 

and elution fraction using control column. Lane 2,4 and 6 are flow through, wash fraction and 

elution fraction using F420-bound column. In gel B, lane 1 and 2, represent flow through frac-

tions. Lane 3 and 4 represent elution fractions using 500 mM of NaCl in the buffer. Lane 5 and 

6 shows proteins eluted using 1 M of NaCl in buffer. Lane 1, 3 and 5 are from control column 

while lane 2, 4 and 6 are from F420-immobilized column. 
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Sr. 

No. 
Name Uniprot ID Predicted family 

Elution us-

ing F420 

Elutes 

with NaCl 

1 Putative oxidoreductase MSMEG_2516 A0QVB6_MYCS2 Luciferase like domain yes yes 

2 Cold shock protein A MSMEG_0559 A0QPY2_MYCS2  yes yes 

3 Uncharacterized protein MSMEG_5592 A0R3T9_MYCS2 Luciferase like domain yes yes 

4 
Pyridoxamine 5’-phosphate oxidase family 

protein MSMEG_0048 
A0QNH8_MYCS2 

Pyridoxamine 5’-phosphate oxi-

dase family 
yes yes 

5 Uncharacterized protein MSMEG_3977 A0QZC7_MYCS2 Luciferase like domain yes yes 

6 Uncharacterized protein MSMEG_4321 A0R0A8_MYCS2 DUF3052 superfamily yes yes 

7 FeS assembly protein SufD MSMEG_3123 A0QX00_MYCS2 
FHA domain, Fe-S cluster assem-

bly 
yes yes 

8 Ribosome-binding factor A MSMEG_2629 RBFA_MYCS2 Ribosome-binding factor family yes no 

 

Table 2. List of the proteins bound to F420-affinity column material, FPM2, and that were specifically eluted with the 50 µM of F420 or NaCl.



 

44 | Identifying novel F420-dependent proteins through a proteomic approach 

2.3.3. Identification of the proteins bound to F420 column 

Proteins bound to F420-bound ethylene polymethacrylate column material (FPM2) and 

eluted using 50 µM of F420 were analyzed in more detail. There were 100-110 proteins 

which selectively bound to the F420-bound column and could be identified by MS analysis. 

Based on the known and predicted F420-dependent proteins, we confirmed the selective 

binding of F420-dependent proteins to the column as shown in table 2. Among the top 5 

most abundant proteins (based on spectrum count), four of them are known or predicted 

to be F420-binding proteins in the literature (Selengut and Haft 2010). This clearly shows 

that the FPM2 column works very well. Besides these proteins, we also observed a number 

of proteins which have never been reported or predicted to be F420-dependent. For exam-

ple, MSMEG_0559 and MSMEG_4321 show selective binding to the column FPM2. 

MSMEG_0559 is a very small protein (monomer size - 6 kDa) containing a lot of acidic res-

idues (pI = 4.1). MSMEG_4321 has a domain of unknown function (DUF3053) and is highly 

conserved among actinobacteria which possess F420-synthesizing machinery. We found 

that MSMEG_4321 contains sequence features very similar to the fingerprint sequence for 

F420-dependent proteins (unpublished data). Future research on heterologously expressed 

protein will tell more about the function of such proteins. Other proteins (MSMEG_3123 

and MSMEG_2629) also have lower pI values due to abundant acidic residues, so the bind-

ing based on charge cannot be excluded. The spectrum count of almost most of the pro-

teins not mentioned in the table was very low (1-3) indicating they were present in rela-

tively low amounts. Among these low abundant proteins were several known or predicted 

F420-dependent enzymes (MSMEG_2027, MSMEG_3609, MSMEG_5170, MSMEG_1027, 

MSMEG_1566, MSMEG_3863). Among the proteins that were eluted in both the test (FPM2) 

and control (CPM2) column, we noticed significant enrichment of some proteins on column 

FPM2. We observed that F420-dependent glucose-6-phosphate dehydrogenase in FPM2 was 

enriched more than three times (based on the spectrum count) as compared to CPM2. This 

can also be due to the higher intracellular levels of such enzymes and the washing may not 

be enough for removing them fully from the column CPM2. When we compared the F420-

eluted proteins to that of the NaCl-eluted proteins, we observed similar results when con-

sidering the known F420-dependent proteins 
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2.4. Conclusion 

F420 is a comparatively little studied but interesting deazaflavin cofactor and has a unique 

distribution among organisms. It shares significant structural similarity with the riboflavin 

based cofactors but it is different in chemical properties. Unlike flavins, it serves as disso-

ciable coenzyme for F420-dependent enzymes and catalyzes hydride transfer reactions. 

However, riboflavin-based cofactors typically are tightly bound to enzyme in order to func-

tion properly. In some flavoenzymes, the flavin cofactor is even mono- or bicovalently 

bound. We exploited the dissociable binding of F420 as coenzyme in a newly developed and 

generic affinity chromatography method to identify novel deazaflavoenzymes. We show 

that a F420-decorated affinity column can be used to selectively fish out F420-dependent 

proteins from the cell free extract of M. smegmatis. The carboxylic groups of the F420 poly-

glutamyl tail can be used to covalently immobilize F420 on column material. Dependent on 

the type of column material, there is a risk for aspecific protein binding. Hydroxyl groups 

of agarose tend to bind proteins non-specifically. This non-specific binding can be signifi-

cantly lowered by using polymethacrylate as column material, as observed in this study. 

Another variable in coupling a ligand to column material is the linker length between the 

carrier and the activated group. Based on the binding efficiency, a two carbons long spacer 

was found to result in better binding efficiency. Upon incubating the cell free extract of M. 

smegmatis with the best performing F420-decorated column material and eluting with 50 

µM F420, mass spectrometric analysis of whole elution fractions were performed. It was 

found that the column does have specificity towards F420-dependent proteins as known 

proteins were found to bind selectively. As hypothesized, F420-bound column also bound 

selectively to certain proteins which were not known to be F420-dependent. Among many 

others, one of the interesting candidates to look into is MSMEG_4321. Interestingly, there 

has not been any biochemical studies performed on this protein. Future binding and struc-

tural studies on heterologously expressed candidate deazaflavin-binding proteins will re-

veal their role in M. smegmatis. 
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Abstract 

F420H2-dependent enzymes reduce a wide range of substrates that are otherwise recalcitrant 

to enzyme-catalyzed reduction, and their potential for applications in biocatalysis has 

attracted increasing attention. Thermobifida fusca is a moderately thermophilic bacterium 

and holds high biocatalytic potential as a source for several highly thermostable enzymes. We 

report here on the isolation and characterization of a thermostable F420: NADPH 

oxidoreductase (Tfu-FNO) from T. fusca, the first F420-dependent enzyme described from this 

bacterium. Tfu-FNO was heterologously expressed in Escherichia coli, yielding up to 200 mg of 

recombinant enzyme per liter of culture. We found that Tfu-FNO is highly thermostable, 

reaching its highest activity at 65 °C and that Tfu-FNO is likely to act in vivo as an F420 

reductase at the expense of NADPH, similar to its counterpart in Streptomyces griseus. We 

obtained the crystal structure of FNO in complex with NADP+ at 1.8 Å resolution, providing the 

first bacterial FNO structure. The overall architecture and NADP+-binding site of Tfu-FNO were 

highly similar to those of the Archaeoglobus fulgidus FNO (Af-FNO). The active site is located 

in a hydrophobic pocket between an N-terminal dinucleotide binding domain and a smaller C-

terminal domain. Residues interacting with the 2 -phosphate of NADP+ were probed by 

targeted mutagenesis, indicating that Thr-28, Ser-50, Arg-51, and Arg-55 are important for 

discriminating between NADP+ and NAD+. Interestingly, a T28A mutant increased the kinetic 

efficiency >3-fold as compared with the wild-type enzyme when NADH is the substrate. The 

biochemical and structural data presented here provide crucial insights into the molecular rec-

ognition of the two cofactors, F420 and NAD(P)H by FNO. 
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3.1. Introduction 

Flavins can arguably be regarded as the most extensively studied redox cofactors. One 

natural flavin analogue is cofactor F420, which was first isolated and characterized from 

methanogenic archaea in 1972 (Cheeseman et al. 1972). Since then, F420 has been found 

in members of methanogens, Actinomycetes, Cyanobacteria, and some Betaproteobacte-

ria (Daniels et al. 1985). Replacement of the 5' nitrogen of flavins with a carbon in F420, 

resulting in a so-called deazaflavin, renders the cofactor nearly unreactive toward molec-

ular oxygen. Hence, F420 is an obligate hydride-transfer cofactor similar to the nicotina-

mide cofactors (Fig. 1). In addition, the 8'-OH group on the isoalloxazine ring in F420 has 

been suggested to slow down the autooxidation of the reduced cofactor (F420H2) in air; 

thus, the reduced species is much more stable than that of flavins (Jacobson and Walsh 

1984). 

Many F420(H2)-dependent enzymes have been characterized recently, and their potential 

for applications in biocatalysis has attracted increasing attention (Taylor et al. 2013; 

Greening et al. 2016). F420-dependent enzymes studied so far have been shown to be ca-

pable of reducing a wide range of substrates that are otherwise recalcitrant to enzyme-

catalyzed reduction (Taylor et al. 2013; Greening et al. 2016). However, the commercial 

unavailability of cofactor F420 remains a bottleneck for studying and applying the respec-

tive enzymes. Therefore, it would be attrac-tive to have access to an efficient F420H2 co-

factor recycling system. In this context, F420:NADPH oxidoreductases (FNOs,3 EC 1.5.1.40; 

Fig. 1) could become very valuable as NADPH-driven F420H2-recycling systems. FNOs cata-

lyze the reduction of NADP+ using F420H2 and have been found in a number of archaea 

(Dudley Eirich and Dugger 1984; de Wit and Eker 1987; Kunow et al. 1993; Berk and 

Thauer 1997; Elias et al. 2000) and bacteria (Eker et al. 1989)(Fig. 1). It has been argued 

that in methanogens, FNO catalyzes mainly the reduction of NADP+ using F420H2, whereas 

bacterial FNOs are supposed to catalyze the reverse reaction (Eker et al. 1989). 

Thermobifida fusca is a moderately thermophilic soil bacterium with high G + C content. 

This actinomycete holds high biocatalytic potential as it has already served as a source for 

several highly thermostable enzymes, e.g. catalase, Baeyer-Villiger monooxygenase, and 

glycoside hydrolases (Lončar and Fraaije; Wilson 2004; Fraaije et al. 2005). Interestingly, a 

recent bioinformatic study predicted that the T. fusca genome contains 16 genes encod-

ing for F420-dependent enzymes (Selengut and Haft 2010). Nevertheless, there has been 

so far no biochemical evidence for such enzymes. Here, we describe the identification 

and characterization of a dimeric thermostable F420:NADPH oxidoreductase from T. fusca 
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(Tfu-FNO), confirming the presence of F420-dependent enzymes in this mesophilic bacte-

rium. Despite the high GC content (67%) of the gene sequence, Tfu-FNO is readily ex-

pressed in Escherichia coli. Notably, Tfu-FNO is a thermostable enzyme and shows a clear 

substrate preference toward NADP(H) instead of NAD(H). By solving the three-

dimensional crystal structure of Tfu-FNO, we set out site-directed mutagenesis to cor-

roborate the role of residues that interact with the phosphate moiety at 2' position of 

NADP+. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The reversible reaction catalyzed by F420:NADPH oxidoreductase. The num-
ber of glutamate residues attached to the phospholactyl moiety may vary (n = 2-8 in 
case of M. smegmatis). 

3.2. Experimental section 

3.2.1. Cloning, expression, and purification of Tfu-FNO 

T. fusca YX was grown at 55 °C in Hägerdahl medium, and its genomic DNA was extracted 

using the GeneElute Bacterial Genomic DNA kit (Sigma). The gene Tfu-fno (Tfu_0970, 

TFU_RS04835) was PCR-amplified from genomic DNA of T. fusca using the pair of primers 

listed in Table 2 with the NdeI and HindIII restriction sites introduced at the 5' and 3' posi-

tions of the gene, respectively. The purified PCR product and the pBADN/Myc-HisA vector 

were digested with the restric-tion enzymes NdeI and HindIII, purified, and ligated (vector 

to insert ratio ca. 1 to 5 (mol/mol)) using T4 DNA ligase (Promega) with quick ligation 

buffer. The pBADN/Myc-HisA vector is a variant of the commercial pBAD/Myc-HisA (Invi-

trogen) where the unique NcoI site at the translation start is replaced with NdeI. The liga-
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tion product was transformed into chemically competent E. coli TOP10 cells using the 

heat shock method. Correct transformants were confirmed by sequencing the recombi-

nant plasmid pBAD-fno. Site-directed mutagenesis was carried out by using the pBAD-fno 

vector as template and the QuikChange® mutagenesis method with the corresponding 

pairs of primers listed in Table 2. The primers (200 nM) were used in a 10 ml reaction 

mixture. In the case of the double mutants, plasmids with a single mutation were used as 

the template. The remaining parent template vector was digested by incubating with 

DpnI (New England BioLabs) at 37 °C for 2 h. DpnI was then inactivated at 80 °C for 10 

min, and the mutant plasmid was transformed into chemically competent E. coli TOP10 

cells. Mutations were confirmed by sequencing. 

fno genes Forward primers (5 –3 ) Reverse primers (5 –3 ) 

FNO WT TGCCATATGTCGATTGCCGTGCTG TCG AAGCTTTAGATGTCGGTGATGCGGATAC 

FNO_R51M TGATTCTCGGTTCGATGAGCGCGGAGCGGG CCCGCTCCGCGCTCATCGAACCGAGAATCA 

FNO_S50Q GCACGAGGTGATTCTCGGTCAGCGGAGCGCG CGCGCTCCGCTGACCGAGAATCACCTCGTGC 

FNO_S50E GCACGAGGTGATTCTCGGTGAGCGGAGCGCG CGCGCTCCGCTCACCGAGAATCACCTCGTGC 

FNO_R55S GGAGCGCGGAGAGCGCCCAGGCGGT ACCGCCTGGGCGCTCTCCGCGCTCC 

FNO_R55N GCGGAGCGCGGAGAACGCCCAGGCGGTTG CAACCGCCTGGGCGTTCTCCGCGCTCCGC 

FNO_T28A GTGCTGGGGGGCGCGGGTGATCAGG CCTGATCACCCGCGCCCCCCAGCAC 

FNO_R51A GATTCTCGGTTCGGCGAGCGCGGAGCGG CCGCTCCGCGCTCGCCGAACCGAGAATC 

FNO_R51V GATTCTCGGTTCGGTGAGCGCGGAGCGG CCGCTCCGCGCTCACCGAACCGAGAATC 

FNO_R51E GATTCTCGGTTCGGAGAGCGCGGAGCGG CCGCTCCGCGCTCTCCGAACCGAGAATC 

FNO_R55A GGAGCGCGGAGGCGGCCCAGGCGG CCGCCTGGGCCGCCTCCGCGCTCC 

FNO_R55V GGAGCGCGGAGGTGGCCCAGGCGG CCGCCTGGGCCACCTCCGCGCTCC 

FNO_R55E GGAGCGCGGAGGAGGCCCAGGCGG CCGCCTGGGCCTCCTCCGCGCTCC 

FNO_S50A ACGAGGTGATTCTCGGTGCGCGGAGCG CGCTCCGCGCACCGAGAATCACCTCGT 

Table 2: Primers used in this study. Sites of mutations are marked with oligonucleotides in 

bold, whereas restriction sites are in bold italic. 

E. coli TOP10 cells with pBAD-fno were grown overnight at 37 °C, 130 rpm in a 5-ml lyso-

genic broth (LB) containing 50 µg/ml ampicillin. This preculture was used to inoculate 500 

ml of the same medium and grown at 37 °C, 130 rpm. When the A600 reached 0.4 – 0.6, 

the protein expression was induced by the addition of 0.02% (w/v) arabinose followed by 

incubation at 30 °C, 130 rpm for 12 h. Cells were harvested by centrifugation at 6000 g 

for 15 min (JLA 10.500 rotor, 4 °C) and resuspended in 10 ml of 50 mM Kpi, pH 7.0, sup-

plemented with 1 µg/ml of DNase I. Cells were sonicated for 7 min (10 s on, 15 s off cycle, 

70% amplitude) at 4 °C using a VCX130 Vibra-Cell sonicator (Sonics & Materials, Inc., 

Newton, CT) and then centrifuged at 15000 × g (JA 17 rotor) for 45 min to obtain the cell-

free extract. Tfu-FNO was precipitated by adding 50% saturated ammonium sulfate fol-

lowed by anion exchange chromatography with a HiTrap™ Q HP 5 ml (GE Healthcare) 
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column pre-equilibrated with the same resuspension buffer. Tfu-FNO was eluted by using 

a linear gradient of 0 – 1 M NaCl in the same buffer. At around 250 mM NaCl, Tfu-FNO 

started eluting. Excess salt was removed by using a PD-10 desalting column, and the pro-

tein was stored in 50 mM Kpi buffer (GE Healthcare). Protein con-centration was estimat-

ed using Bradford assay (Bradford 1976). 

3.2.2. Temperature, pH optima, and thermostability of Tfu-FNO 

F420 was isolated from M. smegmatis mc2 4517 as previously published protocol (Isabelle 

et al. 2002). F420H2 was prepared by biocatalytic reduction of F420 using a recombinant 

F420-dependent glucose-6-phosphate dehydrogenase from Rhodococcus jostii RHA1 

(Nguyen et al. 2017) as previously described (Manjunatha et al. 2006). The apparent 

melting temperature, Tm, was determined using the Thermofluor® technique (Pantoliano 

et al. 2001) with a Bio-Rad C1000 Touch Thermal Cycler (Bio-Rad). The reaction volume 

was 25 µl, containing 10 µM of enzyme and 5 µl of 5 × SYPRO Orange (Invitrogen). To de-

termine the temperature for optimal activity of Tfu-FNO, the enzyme activity was meas-

ured using 1.25 mM NADH and 20 µM F420 in 50 mM Kpi, pH 6.0, in a 100 µl reaction vol-

ume. The cuvette containing the substrates in pre-heated buffer was heated to the test-

ed temperature (25 – 90 °C), and the reaction was started by adding 10 nM enzyme. The 

pH optimum was determined for both the forward and backward reactions of Tfu-FNO. 

F420 depletion at 400 nm (ε400 = 25 mM-1 cm-1) (Dudley Eirich and Dugger 1984)(Wolfe 

1985) or NADH formation at 340 nm (ε340 = 6.22 mM-1 cm-1) was followed using a V-660 

spectrophotometer from Jasco (IJsselstein, The Netherlands). In this experi-ment the re-

action (100 µl) contained 250 µM NADPH and 20 µM F420 (F420 reduction) or 250 µM 

NADP+ and 20 µM F420H2 (NADP+ reduction) in 50 mM buffer. Sodium acetate, Kpi, and 

Tricine-KOH based buffers were used for pH 4.5–5.5, 6.0 –7.5, and 8.0 –9.5, respectively. 

3.2.3. Steady-state kinetic analyses 

To determine the kinetic parameters of the enzyme, initial F420 reduction rates were 

measured using a SynergyMX micro-plate reader (BioTek) using 96-well F-bottom plates 

(Greiner Bio-One GmbH) at 25 °C. The reaction was performed in 50 mM Kpi, pH 6.0, and 

was started by adding 25 – 50 nM enzyme in the final volume of 200 µl. The concentra-

tion of one of the substrates was kept constant (250 µM for NADPH and 20 µM for F420, 

respectively) while varying the concentration of the other substrate. All the measure-

ments were performed in duplicate. A decrease of absorption either at 400 nm (F420 re-

duction, ε400 = 25.7 mM-1 cm-1) or at 340 nm (NADPH oxidation, ε340 = 6.22 mM-1 cm-1) 

was followed to determine the observed rates, kobs (s-1). Km and kcat values for NADP+, 

NADPH, F420, and F420H2 were calculated by fitting the data into the Michaelis-Menten 
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kinetic model using nonlinear regression with GraphPad Prism 6.00 (GraphPad Software, 

La Jolla, CA).  

3.2.4. Crystallization, X-ray data collection, and structure determination of Tfu-FNO 

Native Tfu-FNO was crystallized using the sitting-drop vapor diffusion technique at 20 °C 

by mixing equal volumes of 9.0 mg/ml protein in 10 mM Tris/HCl, pH 7.5, 100 mM NaCl 

and of the reservoir solution containing 5% (w/v) PEG 3000, 30% (v/v) PEG 400, 10% (v/v) 

glycerol, 0.1 M HEPES, pH 7.5. Before data collection, crystals were cryo -protected in the 

mother liquor and flash-cooled by plunging them into liquid nitrogen. X-ray diffraction 

data to 1.8 Å were collected at the ID30B beamline of the European Synchrotron Radia-

tion Facility in Grenoble, France (ESRF). Image indexing, integration, and data scaling 

were processed with XDS package (Kabsch 2010a; Kabsch 2010b) and pro-grams of the 

CCP4 suite (Pettersen et al. 2004). The Tfu-FNO structure was initially solved by molecular 

replacement method with Phaser (McCoy et al. 2007) using the coordinates of FNO from 

A. fulgidus (PDB ID code 1JAY; (Warkentin et al. 2001)), which shares 40% sequence iden-

tity with Tfu-FNO as a starting model devoid of all ligands and water molecules. Manual 

model correction and structure analysis was carried out with Coot (Emsley et al. 2004), 

whereas alternating cycles of refinement was performed with Refmac5 (Murshudov et al. 

1997). The figures were generated by using UCSF Chimera (Pettersen et al. 2004). Atomic 

coordinates and structure factors were deposited in the Protein Data Bank under the ac-

cession code 5N2I. Detailed data processing and refinement statistics are available in Ta-

ble 3. 

PDB ID code 5N2I 

Space group P212121 

Resolution (Å) 1.80 

a, b, c (Å) 82.4, 86.1, 136.8 

Rsym
a,b (%) 11.2 (99.1) 

Completenessb (%) 98.6 (90.2) 

Unique reflections 89383 

Multiplicityb 4.5 (2.8) 

I/σb 7.9 (0.9) 

CC1/2
b 0.99 (0.25) 

Number of atoms 

6594 Protein 
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NADP+/glycerol/water 4   48/7   6/600 

Average B value for all atoms (Å2) 25.0 

Rcryst
b,c (%) 16.5 (34.1) 

Rfree
b,c (%) 21.4 (35.7) 

Root mean square bond length (Å) 0.019 

Root mean square bond angles (°) 2.02 

Ramachandran outliers 0 

Table 3. Data collection and refinement statistics 

3.3. Results 

3.3.1. Purification of Tfu-FNO 

A BLAST search for Af-FNO homologs in T. fusca resulted in the identification of the 

Tfu_0907 gene (TFU_RS04835). The encoded protein shares 40 and 70% sequence identi-

ty to FNOs from Archaeoglobus fulgidus and Streptomyces griseus, respectively (Fig. 2). 

The Tfu-fno gene, with a high GC content (67%), was amplified from the genomic DNA of 

T. fusca and transformed into E. coli TOP10 as a pBAD-fno construct. Purification of the 

respective protein, Tfu-FNO, was achieved through ammonium sulfate precipitation fol-

lowed by anion exchange chromatography. DNase I treatment during the first steps of 

protein purification was found to be essential to remove residual DNA. Tfu-FNO was ob-

tained in pure form with a relatively high yield: 120 – 200 mg/liter culture. It is worth not-

ing that the amount of purified Tfu-FNO obtained in our system is significantly higher 

than that of Af-FNO when heterologously expressed in E. coli (2 mg/liter culture; (Le et al. 

2015)). 

3.3.2. Effects of pH and temperature on activity 

FNOs are known to catalyze the reduction of NADP+ at higher pH, whereas at lower pH it 

catalyzes the reverse reaction. Fig. 3 shows the effect of pH on Tfu-FNO activity. The re-

duction rate of NADP+ is highest at pH 8.5–9.0, whereas the reverse reaction is optimal 

between pH 4.0 and 6.0. From the kobs values of both the forward and backward reac-

tions, it can be concluded that FNO catalyzes NADP+ reduction more efficiently (Fig. 3). 

This is in line with the redox potential of F420 ( 340 mV) being lower when compared with 

that of NADP+ ( 320 mV) (Jacobson and Walsh 1984). 
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Because FNO originates from the mesophilic organism T. fusca, the enzyme is expected 

to be stable at relatively high temperatures. Measuring the activities at temperatures 

between 25 and 90 °C revealed that the enzyme displays highest activity between 60 and 

70 °C (Fig. 4). The activity at 65 °C is almost 4 higher than that at 25 °C. The apparent 

melting temperature of Tfu-FNO was found to be 75 °C, as measured by the Thermoflu-

or® method (Pantoliano et al. 2001). All the generated Tfu-FNO mutants had melting 

temperatures similar to the wild-type enzyme (data not shown). This indicates that FNO 

is remarkably thermostable and is most active at elevated temperatures. 

3.3.3. Steady-state kinetics 

The steady-state kinetic parameters were measured for NADPH and F420 as substrates by 

following absorbance of these two cofactors at either 340 nm or 400 nm, respectively. 

The concentration of one substrate was varied while keeping the other substrate at a 

constant, saturated concentration. The kinetic data fitted well to the Michaelis-Menten 

kinetic model when the observed rates (kobs) were plotted against substrate concentra-

tions. Tfu-FNO had a Km value of 7.3 µM and 2.0 µM for NADPH and F420, respectively, at 

pH 6.0 and 25 °C (Table 1). Thus, Tfu-FNO has a significantly lower Km for NADPH (2.0 µM) 

compared with the values featured by Af-FNO (40 µM) and FNO from S. griseus (19.5 

mM) (Eker et al. 1989; Kunow et al. 1993). The kcat (3.3 s-1) of Tfu-FNO was somewhat 

lower when compared with that of Af-FNO (5.27 s -1) (Hossain et al. 2015). 

3.3.4. The overall structure of Tfu-FNO 

Crystallization of Tfu-FNO was successful, which allowed the elucidation of its crystal 

structure. This revealed that NADP+ had been co-purified with the native enzyme, as it 

was found to be bound in the active site (Figs. 5 and 6). All crystal soaking attempts to 

obtain the F420 cofactor bound in the enzyme active site failed, which can be explained by 

the tight molecular packing found in Tfu-FNO crystals that would hamper cofactor bind-

ing in the same position as found in Af-FNO (Fig. 5A). It is known that, depending on the 

bacterial species, the number of glutamate moieties of F420 can vary from two to nine, 

with five to six being the predominant species in mycobacteria (Bair et al. 2001). Given 

the crystal arrangement of Tfu-FNO molecules, an oligoglutamate tail of F420 of any 

length would clash against another subunit interacting through crystal packing (Fig. 5A). 

Nevertheless, the architecture of the active site is highly conserved, and NADP+ adopted 

a virtually identical position with respect to that observed in Af-FNO (Fig. 5B). Therefore, 

F420 was tentatively modeled in Tfu-FNO upon superposition of the archaeal enzyme (Fig. 

5C). The modeled F420 fit very well into the Tfu-FNO active site without any clashes. Simi-
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larly to Af-FNO, F420 would bind in Tfu-FNO at the C-terminal domain with its 

deazaisoalloxazine ring buried deep inside the catalytic pocket and the highly polar oli-

goglutamyl tail directed toward the exterior of the dimer (Fig. 5, B and C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Multiple sequence alignment of selected FNOs from T. fusca (Tfu_FNO), A. fulgidus 

(Af_FNO), Methanothermobacter marburgensis (Mma_FNO), Methanobrevibacter smithii 

(Msm_FNO), Methanosphaera stadtmanae (Mst_FNO), and S. griseus (Sgr_FNO). The figure 

was generated with Clustal X2.1. Residues involved in binding the 2 -phosphate group of 

NADP+ are indicated with an arrow. 
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Figure 3. pH optimum for the Tfu-FNO-catalyzed F420 reduction using NADPH (dots) or the 
NADP+ reduction using F420H2 (squares) at 24 °C. The kobs (s -1) for the NADP+ reduction (pH 
optima 8 –10) was almost 3 times higher than that for the F420 reduction (pH optimum 4 – 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Effect of temperature on Tfu-FNO activity. The reaction mixture of 100 µl contained 
1.25 mM NADH, 20 µM F420 in 50 mM Kpi, pH 6.0. The reaction was started by adding 50 nM 
FNO. The error bars represent S.D. from two measurements. 

As mentioned above, NADP+ binds to the N-terminal part of Tfu-FNO in a highly similar 

manner to that of Af-FNO, which is characteristic for members of the dinucleotide-

binding protein family (Carugo and Argos 1997; Warkentin et al. 2001). The hydrogen-

bonding network between NADP+ and the residues that form the active site are illustrat-

ed in Fig. 6. In particular, the nicotinamide ring directly docks to the protein by hydrogen-

bonding the cofactor amide group to the peptide nitrogen of Ala-155 (corresponding to 

Ala-137 in Af-FNO). This conserved interaction is believed to be crucial in conferring the 

trans conformation of the amide group. With this conformation, the pyridine ring of 
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NADP+ is maintained planar, which in turn facilitates the hydride transfer between the C4 

of the NADP+ and C5 of F420 by shortening the distance of the two atoms (Warkentin et al. 

2001). 

3.3.5. NADP+ binding site 

The residues involved in binding the ADP moiety are also conserved in Tfu-FNO (Fig. 6). 

Analogous to Af-FNO, the negatively charged group of the ribose 2' -phosphate interacts 

with the side chains of Thr-28, Ser-50, Arg-51, and Arg-55 (corresponding to Thr-9, Ser-

31, Arg-32, and Lys-36 in Af-FNO). These residues are highly conserved in other known 

FNOs (Fig. 2). These residues, therefore, appear to be crucial for substrate recognition 

and help to discriminate between NADP+ and NAD (Warkentin et al. 2001). To get more 

insights into the role of these residues, they were mutated into amino acids. 

Tfu-FNO variant 
 
 

 NADH   NADPH  kcat/Km,NADPH/ 
kcat/Km, NADH 

 Km (mM) kcat (s
-1

) kcat
/Km (M-1s-1) Km (µM) kcat (s-1) 

kcat
/Km 

(mM-1s-1) 

Wild type 14 ± 4.2 2.2 ± 0.4 160 7.3 ± 1.0 3.3 ± 0.1 450 2800 

T28A 5.0 ± 0.6 2.6 ± 0.1 520 19 ± 2.6 14 ± 0.5 720 1400 

S50E 3.2 ± 1.0 2.7 ± 0.3 840 >500 ND   

S50Q 8.2 ± 2.7 4.2 ± 0.6 510 >500 ND   

R51A 8.6 ± 0.9 3.2 ± 0.2 370 >180 >1.6 6.2 17 
R51V 8.7 ± 1.1 3.4 ± 0.2 290 >180 >1.3 9.3 32 
R55A 7.0 ± 0.8 3.0 ± 0.2 420 29 ± 4.0 8.8 ± 0.3 300 710 
R55N 6.3 ± 3.6 2.8 ± 0.7 440 >500 ND   

R55S 4.4 ± 1.3 3.5 ± 0.4 790 170 ± 38 6.9 ± 0.7 41 52 

R55V 9.6 ± 1.4 3.2 ± 0.2 330 49 ± 7.2 ND   

T28A/R55A 5.4 ± 1.5 2.5 ± 0.3 460 93 ± 29 3.3 ± 0.4 3.5 8 

T28A/R51V 12 ± 2.2 2.7 ± 0.3 230 >500 ND   

S50E/R55A 20 ± 9.2 2.3 ± 0.7 120 >500 ND   

S50E/R55V 9.8 ± 2.3 1.8 ± 0.2 180 >500 ND   

R51E/R55A 10 ± 2.7 1.6 ± 0.2 160 >500 ND   

R51E/R55N 6.5 ± 1.3 2.7 ± 0.2 420 >500 ND   

R51E/R55S 32 ± 1.9 4.9 ± 0.2 150 >500 ND   

R51V/R55V 10 ± 1.4 2.8 ± 0.2 280 >500 ND   

T28A/R51V/R55V 12 ± 2.2 3.3 ± 0.3 280 >500 ND   

Table 1. Steady-state kinetic parameters for wild-type and mutant Tfu-FNOs using NADH and 

NADPH as substrate 

ND, not determined. 

with different charge and/or size and tested for the cofactor specificity toward the two 

nicotinamide cofactors. Table 1 shows the kinetic parameters for both NADH and NADPH 

as substrate. For wild-type Tfu-FNO, the Km value for NADH (14 mM) is several orders of 

magnitude higher than that for NADPH (7.3 µM), clearly confirming that the enzyme pre-



  Chapter 3 | 61 

fers NADP(H) over NAD(H). For all mutants, the Km value for NADPH significantly in-

creased (from 2.6- to 68-fold) compared with that of the wild-type enzyme, which veri-

fied the crucial role of these residues in binding NADP(H) . Intriguingly, recognition of 

NADH remained the same or improved in all mutants (see Table 3), with a Km value rang-

ing from 0.23 to 2.3 that from the wild type. Noticeably, R55N and R55S variants have a 

significantly improved affinity toward NADH. In the case of mutant R55N, Km, NADPH in-

creased 100-fold, whereas Km, NADH decreased almost 4-fold. The S50E mutant was the 

best among the tested mutants with a Km, NADH of almost 5 lower and a Km, NADPH of 100-

fold higher as compared with wild-type Tfu-FNO. Interestingly, the T28A mutant showed 

an increased activity toward both NADPH and NADH, with a 4-fold increase in catalytic 

rate (kcat 14 s-1) for NADPH and a 2.8-fold decrease in Km value (5 mM) for NADH when 

compared with the wild-type enzyme. This resulted in significantly improved kcat/Km val-

ues for both NADPH and NADH, respectively. Unfortunately, combinations of the muta-

tions did not show significant additive effects (Table 1). 
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Figure 5. Crystal structure of FNO from T. fusca. A, the asymmetric unit of Tfu-FNO crystals 
contains two dimers, AB and CD, colored in coral (monomer A), orchid (monomer B), deep sky 
blue (monomer C), and green (monomer D), respectively. B, superposition of the Tfu-FNO 
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monomer C onto the homo-logous NADP+ - and F420-bound Af-FNO monomer (carbon atoms 
are in white, 40% sequence identity, PDB ID 1JAY; Ref. 20). The two structures largely share 
the same overall topology and the binding pocket architecture, with the nic-otinamide rings 
adopting a similar position in the active site. C, close-up view of Tfu-FNO binding pocket with 
a modeled F420 molecule (in shaded colors with carbon atoms in yellow) as a result of super-
position as in B. The NADP(H) carbon atoms are shown in yellow, oxygen atoms in red, nitro-
gen atoms in blue, and phosphorous atoms in orange. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Active site of Tfu-FNO in complex with NADP+ . Unbiased 2Fo Fc electron density 
map calculated at 1.8 Å and contoured at 1.0 s is drawn as gray chicken-wire. Potential hydro-
gen bonds are depicted with dashed lines and water molecules as red spheres. Residues in 
direct contact with NADP+ are labeled. The orientation of the molecule is 180° clockwise ro-
tated along an axis perpendicular to the plane of the paper with respect to that in Fig. 5. Color 
coding for atoms is as in Figure 5. 

3.4. Discussion 

F420-dependent enzymes are interesting candidates for biotechnological applications 

(Taylor et al. 2013). Recent studies have suggested widespread occurrence of such 

deazaflavin-dependent enzymes in Actinobacteria (Selengut and Haft 2010). Some specif-

ic lineages seem especially rich in F420-dependent enzymes, such as Mycobacterium tu-

berculosis. This makes members of this superfamily of deazaflavoproteins potential drug 

targets due to their absence in the human proteome and the human gut flora. The work 

of Selengut and Haft (Selengut and Haft 2010) also predicted the presence of at least 16 

F420-related genes in T. fusca, including all genes required for F420 biosynthesis. Through 
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our study, we experimentally confirmed the presence of an F420-dependent enzyme in 

this actinomycete by cloning and characterization of a thermostable F420:NADPH oxidore-

ductase (Tfu-FNO), which catalyzes the reduction of NADP+ using reduced F420 and the 

reverse reaction. 

3.4.1. The role of FNO in generating reduced F420 

F420 cofactor provides microorganism alternative redox pathways. The deazaflavin cofac-

tor seems especially equipped for reduction reactions, as it displays a redox potential 

that is lower when compared with the nicotinamide cofactor. Two enzymes have been 

identified in previous studies that serve a role in reducing F420:FNO and F420-dependent 

glucose-6-phosphate dehydrogenase (FGD) (Greening et al. 2016). Using T. fusca cell-free 

extract and heterologously expressed Tfu_1669 (a putative M. tuberculosis FGD homo-

log), we could not detect any FGD activity. This suggests that the T. fusca proteome in-

deed does not include an FGD. In fact, it has been shown before that not all actinomy-

cetes have an FGD (Purwantini et al. 2006). Therefore, FNO may be the primary enzyme 

in actinomycetes for providing the cells with F420H2. Nevertheless, at physiological pH (7.0 

– 8.0; Fig. 3) Tfu-FNO performs reduction of NADP+ slightly better than reduction of co-

factor F420, which is different from the FNO from S.griseus (Eker et al. 1989) and more 

similar to the archaeal FNOs (de Wit and Eker 1987; Kunow et al. 1993) This can partly be 

explained by the experimental condition (24 °C) differing from the optimum temperature 

at which the bacteria grow (55 °C) and the intercellular environment (e.g. cofactor con-

centrations, salt concentrations). Several lines of evidence suggest that in other actino-

mycetes, such as Rhodococcus opacus and Nocardioides simplex, FNO is also the main 

source of F420H2. In these bacteria, the fno gene was embedded in the same operon with 

genes encoding for the F420H2-dependent reductases, which are involved in the metabo-

lism of picrate and 2,4-dinitrophenols (Ebert et al. 1999; Ebert et al. 2001; Knackmuss et 

al. 2002). FNO-catalyzed regeneration of F420H2 was also proposed to be crucial for the 

reductive steps in the biosynthesis of tetracycline by Streptomyces (NovotnÃ¡ et al. 

1989). 

3.4.2. Structure and NADP(H) binding site of Tfu-FNO 

FNO is believed to be the only F420-dependent enzyme known so far that is conserved 

between archaea and bacteria (Greening et al. 2016). Except for a 19-amino acid exten-

sion loop at the N terminus, Tfu-FNO largely shares the overall topology and cofactor 

binding site with that from A. fulgidus (Figs. 2 and 5B). The residues that interact directly 

with the 2 -phosphate group of NADP(H) are also highly conserved (Fig. 6) and have prov-
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en to be essential for binding this cofactor. Upon disrupting the hydrogen-bonding net-

work by mutagenesis, all the mutants lost virtually all ability to recognize NADPH (Table 

1). Intriguingly, the affinity of these variants toward NADH improved, with the S50E mu-

tant being the best in terms of specificity for NADH (5.3-fold higher kcat/Km than that of 

WT). Yet, an effi-cient NADH-dependent FNO has still to be engineered. For this, a newly 

developed tool could be explored that can guide structure-inspired switching of coen-

zyme specificity (Cahn et al. 2016). 

3.4.3. Potential applications in biocatalysis 

Tfu-FNO represents a highly attractive candidate for the biocatalytic reduction of F420. 

The enzyme is very thermostable, remains active over a wide range of pH (Figs. 3 and 4), 

and can be easily expressed in E. coli (120 –200 mg/liter culture). Tfu-FNO is also a rela-

tively fast enzyme, especially with the T28A mutant displaying a kcat of 14 s-1 for NADPH 

(Table 1). Whereas the majority of current enzymatic F420H2 regeneration protocols em-

ploy FGDs (Manjunatha et al. 2006; Nguyen et al. 2017), the cost of the expensive, non-

recyclable cosubstrate glucose-6-phosphate remains the main bottleneck for the use of 

such enzyme in large-scale applications. Therefore, an F420H2-generating system whose 

cosubstrate could be recycled, such as T28A Tfu-FNO, would be highly promising. Availa-

ble, robust NAD(P)H regeneration machineries, such as glucose dehydrogenase or other 

dehydro-genases, have been thoroughly investigated and widely applied in industry 

(Wichmann and Vasic-Racki 2005). Therefore, by combining Tfu-FNO with an appropriate 

NAD(P)H recycler, F420H2 reductases can be exploited for biocatalytic purposes. 
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Abstract 

During the last decade the number of characterized F420-dependent enzymes has significantly 

increased. Many of these deazaflavoproteins share a TIM-barrel fold and are structurally 

related to FMN-dependent luciferases and monooxygenases. In this work, we traced the origin 

and evolutionary history of the F420-dependent enzymes within the luciferase-like superfamily. 

By a thorough phylogenetic analysis we have discovered that the F420-dependent enzymes 

emerged from a FMN-dependent common ancestor. Furthermore, the data show that during 

evolution, the family of deazaflavoproteins split into two well-defined groups of enzymes: the 

F420-dependent dehydrogenases and the F420-dependent reductases. By such event, the 

dehydrogenases specialized in generating the reduced deazaflavin cofactor, while the reduc-

tases employ the reduced F420 (F420H2) for catalysis.  

Particularly, we focused on investigating the dehydrogenase subfamily and demonstrated that 

this group diversified into three types of dehydrogenases: the already known F420-dependent 

glucose-6-phosphate dehydrogenases (FGDs), the F420-dependent alcohol dehydrogenases 

(ADHs), and the sugar-6-phosphate dehydrogenases (FSDs) that were identified in this study. 

By reconstructing and experimentally characterizing ancestral and extant representatives of 

F420-dependent dehydrogenases their biochemical properties were investigated and compared. 

By integrating all data, we propose an evolutionary path for the emergence and diversification 

of the TIM-barrel fold F420-dependent dehydrogenases subfamily. 
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4.1. Introduction 

The naturally existing deazaflavin cofactor F420 is a peculiar cofactor involved in central 

metabolism of some specific Archaea and Bacteria lineages. It shows important 

structural differences compared to the ubiquitous FAD and FMN flavin cofactors. 

Compared with the canonical flavins, F420 has a hydroxyl group replacing the 8-methyl 

group, it lacks the 7-methyl group and, more interestingly, a C atom is replacing the N 

atom at the 5 position of the characteristic isoalloxazine ring. Furthermore, it contains 

an atypical group connected to the ribityl moiety through a phospholactyl linker: a 

poly-γ-glutamyl chain of varying length (Eirich et al. 1978). The redox potential of free 

F420 is −340 mV, much lower than that of free FAD and FMN and comparable to the 

nicotinamide cofactor NAD(P)H. Being a deazaflavin, the semiquinone form of F420 is 

highly unstable, making it an obligate hydride transferring cofactor (Jacobson and 

Walsh 1984; Walsh 1986). While for a long time F420-dependent enzymes were con-

sidered as a rare enzyme class, research in recent years has surprisingly revealed that 

such enzymes are far more widespread and form a significant part of some bacterial 

and archaeal proteomes (Greening et al. 2016).  

F420 metabolism in methanogenic Archaea has been precisely described (Hendrickson 

and Leigh 2008; Costa et al. 2010). This cofactor plays a role in multiple central redox 

reactions such as the oxidation of energy sources and CO2 fixation. For bacteria, the 

physiological role of F420 is somewhat enigmatic. It has been proposed that F420 is an 

alternative hydride source to NAD(P)H that allows better control of the electron flow 

in redox reactions (Hasan et al. 2010). Different genera have been described to harbor 

F420-dependent enzymes, among them are, Mycobacterium, Streptomyces, Nocardia 

and Chloroflexi (Bown et al. 2016; Ney et al. 2017). Undoubtedly, most research has 

focused on studying Mycobacterium tuberculosis F420-dependent enzymes which are 

involved in prodrug activation (Cellitti et al. 2012; Jirapanjawat et al. 2016). A 

significant amount of M. tuberculosis proteome is made of F420-dependent proteins. 

These are mainly distributed among three classes: luciferase-like monooxygenases 

(LLM), pyridoxamine 5ʹ-phosphate oxidases (PPOX), and deazaflavin-dependent nitro-

reductases (DDN), with most of them belonging to the LLM family (Selengut and Haft 

2010). Remarkably, all these classes also include FAD and FMN-dependent enzymes. 

Unfortunately, several classification criteria have been proposed for these enzymes 

and literature is difficult to bring together. Aflatoxin degrading F420-dependent reduc-

tases from Mycobacterium smegmatis were shown to belong to a class called F420-

dependent reductases (FDR-A, FDR-B) which are related by sequence similarity to 
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members of the PPOX family (Taylor et al. 2010). More recently, Ahmed et al, proposed 

that previously called FDRs should be referred to as flavin/deazaflavin oxidoreductases 

(FDORs A and B). FDOR A includes DDNs while FDOR B encompasses the so-called PPOX 

deazaflavoenzymes and enzymes using FMN, FAD and heme cofactors (Ahmed et al. 

2015). Although the three above-mentioned major deazaflavoprotein families are 

structurally distinct, there is a common pattern: they also include proteins that rely on 

other flavin cofactors or even non-related cofactors, such as heme or HMPT. This 

opens the question on what the evolutionary paths of these different families were 

and which constraints determined how the cofactor switching events could have 

occurred.  

In this work, we aimed to describe the evolutionary events that gave rise to the F420-

enzymes belonging to the luciferase-like class. Particularly, we focused on the 

members that act as dehydrogenases. By carefully describing the evolutionary history 

of dehydrogenases, we discovered a new class of enzymes and characterized two 

members from this group. In addition, to thoroughly understand the sequence of 

changes that led to the emergence of the different dehydrogenase functionalities, we 

reconstructed ancestral sequences and characterized an ancestral F420-dependent 

dehydrogenase.  

4.2. Experimental setup 

4.2.1. Dataset construction & evolutionary analyses 

To identify the major F420-dependent enzyme superfamilies sequences of structure 

solved F420-using enzymes were collected from PDBsum and clustered by CATH (Sillitoe 

et al. 2015). Each superfamily was defined as sharing the four-numbered CATH code. 

Clustering was refined and reinforced by using the profile databases INTERPRO and 

Pfam (Finn et al. 2016; Finn et al. 2017). 

Luciferase-like superfamily dataset, including FMN- and F420-depending enzymes, was 

constructed by HMM-profiling search in reference proteomes and UniprotKB 

databases employing protein alignments in HMMER3 (Finn et al. 2011). For these 

searches, multiple sequence alignments (MSAs) of experimentally characterized 

enzymes were obtained in MAFFT v.7. Initially, 250 first hits (E≤ 0.03) were collected. 

The generated HMM profile was used as input for a new search and the obtained 250 

first hits (E≤ 0.03) were also collected. This searching strategy was repeated restricting 

the taxonomy to the three domains life in order to vet all possible homologous 
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sequences. All retrieved sequences were gathered, MSAs constructed and redundancy 

removed. Sequence annotated by structure (SAS) tool (Milburn et al. 1998) and 

ConSurf server (Ashkenazy et al. 2016) were employed to characterize the HMM 

profiles of subfamilies inside the superfamily.  

Phylogenetic analyses were performed employing Bayesian inference (Mr. Bayes 

v.3.2.6) with a mixed model until reaching convergence (1.500.000–2.000.000 

generations, split frequency < 0.02). Maximum likelihood inference method was also 

implemented (PhyML v.3.0) with 500 bootstraps. Best fit model parameters were 

determined by the Akaike information criterion (ProtTest v.3.4). Rooting was 

performed by using the external group strategy, which was selected on the basis of 

structural homology as previously described (Mascotti et al. 2016).  

4.2.2. Ancestral Sequence Reconstruction 

Ancestral sequence reconstruction was performed using the maximum likelihood 

inference method (PAMLX software v.4.9). Sequences were analyzed using an 

empirical amino acid substitution model (model= 3), fixed alpha= 0.607, 4 gamma 

categories and amino acid distance matrix G1974 (aadist= 1). The posterior probability 

distribution of ancestral states at each site was analyzed at nodes corresponding to 

AncDR, AncD2 and AncD1 sequences. Sites were considered ambiguously 

reconstructed if the most likely state had a posterior probability < 0.5 (Eick et al. 2016). 

Sequences of targeted nodes were submitted to the Swiss-Model server to obtain 3D 

homology models. Structures were visualized, compared, and analyzed using the 

PyMOL v.1.7.6 molecular visualization system and the Xtal-Pred web server (Slabinski 

et al. 2007) was used to estimate the stability parameters. 

4.2.3. Expression & purification of ancestral and extant dehydrogenases 

Genes with optimized codons for protein expression in Escherichia coli were ordered 

from Thermo scientific and cloned into a pBAD vector (Invitrogen). Two expression 

vectors were generated: one for expressing the protein with a N-terminal 6×His tag, 

while the other version resulted in expression of the target protein with a N-terminal 

6×His-SUMO tag. NdeI and HindIII restriction sites were used for cloning the pBAD-fgd 

constructs while NcoI and HindIII sites were used to make the pBAD-SUMO-fgd 

constructs. All constructs were confirmed by sequencing at GATC Biotech.  

Plasmids were transformed into E. coli NEB® 10-beta chemical competent cells for 

storage and expression. Overnight cultures of transformants were diluted 100 times in 

fresh 5 mL Terrific broth containing 50 µg/mL ampicillin and, grown at 37°C until OD600 
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reaches 0.6. Cells were then induced using 0.02% (w/v) of L-arabinose and further 

incubated at different temperatures (17, 24, 30 and 37°C) to test expression. 

Constructs that resulted in expression of the target protein were used for growing 

large cultures and subsequent protein purification.  

AncD1 and FSD-Cryar were expressed as SUMO fusion proteins while FSD-Noca was 

expressed as native protein. Proteins were expressed in E. coli TOP10 cells grown in 

Terrific broth containing 50 µg/mL ampicillin. Expression was induced by adding 0.02% 

(w/v) L-arabinose when cells reached an OD600 of 0.4–0.6 followed by incubation at 

24ºC for 36 h while shaking at 200 rpm. Cells were harvested by centrifugation at 7000 

× g for 15 min (Beckman–Coulter JA-9.1 rotor, 4°C) followed by one washing step. Cells 

were re-suspended in lysis buffer containing 50 mM potassium phosphate (KPi) pH 7.5, 

10% (v/v) glycerol, 1.0 mM β-mercaptoethanol, DNaseI (5 µg/mL) and disrupted by 

sonication (VCX130 Vibra-Cell, Sonics & Materials, Inc., Newtown, USA) with 10 sec on 

and 15 sec off cycles at 4°C. This was followed by centrifugation at 39,000 × g 

(Beckman–Coulter JA-17 rotor, 4°C) to remove cell debris. 

Cell extract containing FGD-Noca was loaded on a 5 mL anion exchange column (Hi-

Trap™ QFF) pre-equilibrated with buffer A [50 mM KPi pH 7.5, 10% (v/v) glycerol, 1.0 

mM β-mercaptoethanol] using an FPLC (Aktapure, GE healthcare). Unbound proteins 

were removed by washing the column with the same buffer. The protein eluted at 20% 

of buffer B (1 M NaCl in buffer A) after running a linear gradient. AncD1 enzyme and 

extant FGD-Cryar were purified using TALON® metal affinity resins. After equilibrating 

the resins with 5.0 mM of imidazole in buffer A, cell free extracts were incubated with 

the pre-equilibrated resins in a rocking shaker for 1 h at 4ºC. After incubation, the 

suspension was loaded into gravity flow columns and unbound proteins were let flow 

through. Then, the resin was washed with 10 column volume (CV) of the washing 

buffer [50 mM KPi pH 7.5, 10% (v/v) glycerol, 1.0 mM β-mercaptoethanol, 15 mM 

imidazole]. The target protein was eluted using 10 CV of the elution buffer [50mM KPi 

pH 7.5, 10% (v/v) glycerol, 1.0 mM β-mercaptoethanol, 500 mM imidazole]. Purity of 

proteins was analyzed by SDS-PAGE. 

4.2.4. Substrate acceptance profiling 

Sugars (phosphorylated as well as non-phosphorylated) and alcohols were tested as 

substrates. D-glucose-6-phosphate (G6P) was used as a prototype substrate to initially 

verify activity. Other 6-phosphorylated sugars tested were: D-fructose-6-phosphate, D-

mannose-6-phosphate and D-glucosamine-6-phosphate. D-glucose, D-fructose, D-

mannose, D-xylose, D-galactose-1-phosphate, D-glucose-1-phosphate, isopropanol, 
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isobutanol, butanol and cyclohexanol were also tested for activity. Kinetics of all 

enzymes was measured in a Synergy MX microplate reader (BioTek) using 96-well F-

bottom plates (Greiner Bio-One GmbH) at 25°C. Assays were performed in a volume 

of 200 µL, containing 20 µM F420, 50–100 nM of enzyme and varying concentrations of 

the substrates in buffer (50 mM KPi, pH 7.5). Reaction was started by adding 100 µL of 

enzyme. All measurements were followed at λ= 400 nm for 3 min. The observed rates 

(kobs) were calculated by using a molecular extinction coefficient of ε400 (F420) = 25.7 

mM−1cm−1.  

4.2.5. Binding assay 

KD values were determined based on the fluorescence quenching when the cofactor 

binds to the protein. A Synergy MX microplate reader (BioTek) with 96-well F-bottom 

black plates (Greiner Bio-One GmbH) at 25°C was used for the measurements. For F420, 

an excitation wavelength of 420 nm and an emission wavelength of 475 nm were used, 

while FMN was excited at 450 nm and emission was recorded at 530 nm. A total 

reaction volume of 200 µL contained 0.1 µM of cofactor (F420 or FMN) and different 

concentrations of the protein in each well. The decrease in the fluorescence was 

plotted against the concentrations to obtain apparent KD values. One site specific 

binding function of GraphPad Prism 6 software (version 6.04): Fobs = Fmax * X/ (KD + X), 

where Fobs is the observed fluorescence, and Fmax is the fluorescence at a saturating 

concentration of the ligand, was used for plotting and calculating KD values.  

4.2.6. Melting temperature and pH optimum 

The apparent melting temperatures (Tm) of studied proteins were determined using 

the Thermoflour® technique with a Bio-Rad C1000 Touch Thermal Cycler (Bio-Rad 

Laboratories, Inc.). The reaction volume of 25 µL contained 10 µM of enzyme and 5 µL 

of 5 × SYPRO Orange (Invitrogen). Thermal stability was assayed by incubating the 

enzymes at 40°C and 50°C for 1 h and collecting samples every 15 min, followed by 

activity assay. FGD-Rha from R. jostii RHA1 was employed as reference (Nguyen et al. 

2017). 

Enzyme activity at different pH values was measured by using 1 mM D-glucose-6-

phosphate as substrate and 50 mM of buffer: sodium acetate (pH 4.5–5.5), potassium 

phosphate (pH 6.0–7.5) and tricine–KOH (pH 8.0–9.5). 
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4.3. Results 

4.3.1. Structural clustering of F420-dependent enzymes 
A relatively large number of F420-dependent enzymes are related to FMN-dependent 

luciferases by sequence similarity and structure, suggesting that they represent a 

major family. Investigating the structural information reveals all these F420- and FMN-

depending enzymes share a TIM barrel fold and belong to the CATH 3.20.20.30 

superfamily. While CATH classification typifies this superfamily as “FMN-dependent 

fluorescent proteins,” clearly it also has members that specifically bind a deazaflavin 

cofactor. Examples of some well-characterized FMN-dependent enzymes in this 

superfamily are the FMN-dependent bacterial luciferases (Eichhorn et al. 2002; 

Campbell et al. 2009) and the Type II Baeyer–Villiger monooxygenases (Isupov et al. 

2018). On the other hand, some F420-dependent enzymes are the archaeal methylene-

tetrahydromethanopterin reductases (MERs)(Hagemeier et al. 2003; Aufhammer et al. 

2005) and bacterial FGDs (Bashiri et al. 2008; Nguyen et al. 2017a). While at first sight 

it seems surprising to observe that this superfamily harbors enzymes depending on 

two different cofactors, FMN and F420 are cofactors that show quite some similarities. 

Both contain a phosphorylated riboflavin moiety which, in the case of F420 is slightly 

modified in the isoalloxazine part (Eirich et al. 1978). In addition, it has been shown 

that some F420 dependent reductases are also able to bind FMN and this modifies the 

enzyme reactivity (Lapalikar et al. 2012). To address the question on the cofactor 

divergence we propose that from ancestral FMN-dependent enzymes the deazaflavin 

cofactor specificity evolved, or vice versa. In this scenario, one aim of this study is to 

understand how such switch in cofactor dependence occurred. 

4.3.2. Evolutionary history of luciferase-like F420-dependent enzymes 
To understand the evolutionary relationships among the F420 and FMN-dependent 

enzymes, a representative and non-redundant dataset was carefully constructed 

employing both structures and HMM profiling in homology searches. Interestingly, a 

thorough phylogenetic analysis of the retrieved sequences shows that all the F420-

dependent enzymes form a clade [posterior probability (PP)= 0.81] (Figures 1). This 

indicates that the F420-dependent enzymes of this superfamily have evolved from a 

single ancestral protein, probably by the accumulation of major changes in the 

cofactor binding pocket. 
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Inside the lineage of F420-dependent enzymes two clades are observed: one including 

the so-called MERs (PP= 0.82) and the other gathering the FGDs and F420-dependent 

alcohol dehydrogenases (PP= 1). Therefore, these two clades will be called from now 

on reductase and dehydrogenase groups, respectively. In the reductase group a few 

divergent sequences are observed: some archaeal uncharacterized sequences and the 

phthiodiolone/phenolphthiodiolone dimycocerosates ketoreductase from 

Mycobacterium bovis (Uniprot ID: Q7TXK4) (Simé et al.). The latter enzyme was 

recently shown to act as a F420-dependent reductase reducing phthiodiolones into 

phthiotriols (Purwantini et al. 2016), in line with other members of this group utilizing 

F420H2. In the dehydrogenases clade, three subgroups are observed: DH1 (PP= 0.71), 

DH2 (PP= 1), and DH3 (PP= 1) (inset Figure 1). The most basal group of sequences form 

the DH1 clade and include the unique dehydrogenases: Adf from Methanoculleus 

thermophilus (Uniprot ID: O93734, PDB: 1RHC), catalyzing oxidation of small aliphatic 

alcohols (Aufhammer et al. 2004), and FGD2 from M. tuberculosis (Uniprot ID: P96809), 

which catalyzes the oxidation of hydroxymycolic acid to ketomycolic acid (Purwantini 

and Mukhopadhyay 2013). Also some other uncharacterized archaeal sequences are 

found. The two other well-defined subgroups, DH2 and DH3, can be recognized as: 

DH2 contains the already characterized FGDs from M. tuberculosis (Uniprot ID: 

P9WNE1, PDB: 3B4Y) (Bashiri et al. 2008) and Rhodococcus jostii RHA1 (Uniprot ID: 

Q0RVH7, PDB: 5LXE)(Nguyen et al. 2017a) and DH3 contains non-characterized 

proteins from various bacterium species.  
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Figure 1. Phylogeny of the luciferase-like superfamily. Molecular phylogenetic analysis by Bayesian Inference from a MSA of full sequences. 

Posterior probabilities (PP) values corresponding to most important divergences are indicated above the branches. The sequence of an alanine 

racemase from Thermaerobacter marianensis (Uniprot code: E6SIZ8) was used as an external group to root the tree (black branch). The color of 

the branches indicates: FMN-dependent enzymes (dark yellow), F420-dependent reductases (purple) and F420-dependent dehydrogenases 

(green). Right inset: Dehydrogenases subtree. Monophyletic clades are colored in different ranges of green: DH1 (bluish green), DH2 (green) 

and DH3 (dark green). PP values are indicated above the branches. 
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4.3.3. Experimental characterization of the newly identified dehydrogenases clade  

As it was described before, there is a clade (DH3) in the dehydrogenases family 

containing uncharacterized bacterial sequences. To explore the characteristics of 

members of this clade, two DH3 sequences were selected for experimental 

characterization: FGD-Noca from Nocardioidaceae bacterium (GenBank: EGD40158.1) 

and FGD-Cryar from Cryptosporangium arvum (GenBank: WP_035860858.1). The FGD-

Noca and FGD-Cryar sequences showed 59 and 37% identity (> 90% coverage) to 

mycobacterial characterized FGDs, respectively and 71% identity between FGD-Noca 

and FGD-Cryar. Both proteins could be overexpressed as soluble proteins in Escherichia 

coli either as native protein (FGD-Noca) or as a fusion protein with the partner SUMO 

(FGD-Cryar) (Figure S2). The proteins were purified and their enzymatic properties 

were investigated. As the closest known homologs are true FGDs, both putative 

dehydrogenases were first assayed for FGD activity. This revealed that they can oxidize 

d-glucose-6-phosphate with significant activity. Yet, interestingly, it was found they 

exhibit a broader substrate acceptance than all previously characterized FGDs, which 

are rather specific towards d-glucose-6-phosphate. Other 6-phosphate sugars were 

also well accepted by both DH3 dehydrogenases (Table S1). 

 

 

 

 

 

 

 

 

Figure 2. Steady-state kinetics of FSDs. Steady-state kinetic experiments were conducted 

following the reduction of F420 (ε400= 25.7 mM−1cm−1). All the experiments were performed in 

duplicates.  
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Table 1. Kinetic parameters of F420-dependent dehdydrogenases 

Substrates 
FGD-Noca (FSD-Noca) FGD-Cryar (FSD-Cryar) AncD1 

kcat [s-1] Km [mM] kcat [s-1] Km [mM] kcat [s-1] Km [mM] 

D-glucose-6-phosphate 4.1 ± 0.24 0.94 ± 0.19 6.2 ± 0.82 0.9 ± 0.4 0.9 ± 0.05 1 ± 0.19 

D-fructose-6-phosphate 2.1 ± 0.2 4.5 ± 1.1 3.6 ± 0.41 6.1 ± 1.7 0.3 ± 0.05 45 ± 15 

D-mannose-6-phosphate 2.6 ± 0.15 16.4 ± 2.5 0.23 ± 0.03 7 ± 2.7 0.04 ± 0.01 7.2 ± 4.7 

D-glucose - > 500 - > 500 - > 500 

Substrates [400 mM] kobs [s−1] kobs[s−1] kobs[s−1] 

D-fructose  - - - 

D-mannose 0.02 ± 0.01 - 0.1 ± 0.03 

D-xylose 0.11 ± 0.05 0.13 ± 0.1 - 

Binding affinity KD [µM] KD [µM] KD [µM] 

F420 0.09 ± 0.02 2.2 ± 0.7 1.6  ± 0.1 

FMN > 150 > 150 > 150 

Activity features 

pH 7 7.5–8.0 7 

Tm [°C] 45.5 43 53 
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The observed substrate scope and kinetic profiles are in stark contrast with the typical 

FGDs (Table 1 & Figure 2). FGD-Noca displayed high affinity not only towards D-glucose-

6-phosphate (G6P) (Km= 0.94 mM) but also for D-fructose-6-phosphate (Km= 4.5 mM). 

Similarly, FGD-Cryar has a low Km value for G6P (0.9 mM) and also affinity for D-

fructose-6-phosphate (Km= 6.1 mM) and D-mannose-6-phosphate (Km= 7 mM). FGD-

Msmeg from M. smegmatis transforms exclusively G6P (Km= 1.6 mM) and no activity 

is observed with other phosphorylated sugars (Purwantini and Daniels 1996), while 

FGD-Mtb from M. tuberculosis behaves similarly (Km,G6P= 0.1 mM). Likewise, FGD-Rha1 

from Rhodococcus jostii RHA1 is highly specific for G6P (Km= 0.31 mM): < 2% of other 

6-phosphate 6-membered sugars were transformed by the enzyme when 10 mM of 

these sugars is employed compared to 1.0 mM of G6P. Furthermore, FGD-Noca and 

FGD-Cryar could accept also non-phosphorylated 5- and 6-carbon sugars at high 

concentrations (400 mM) albeit with low rates. Based on these unusual features we 

called this clade FSDs, accounting for “F420 sugar-6-phosphate dehydrogenases”. From 

now on, we will also refer to the FSDs described above as FSD-Noca and FSD-Cryar. 

Hence, the F420 dehydrogenases family has diverged into three subfamilies: alcohol 

dehydrogenases (ADHs), sugar-6-phosphate dehydrogenases (FSDs) and glucose-6-

phosphate dehydrogenases (FGDs) (Figure 3a). 

4.3.4. Reconstruction of dehydrogenases ancestors 

The evolution of the dehydrogenases was explored by performing ancestral sequence 

reconstruction in the quest of tracing the emergence of the sugar dehydrogenase 

functionality. Initially, a curated phylogeny was employed, including reductases as an 

external group. Also, a phylogeny containing only dehydrogenases was used and both 

outputs were compared. Three specific ancestral states were selected for further 

analysis: the node between the dehydrogenases and reductases (named AncDR), the 

cenancestor of the three dehydrogenases subfamilies’ (AncD2) and the ancestor 

shared by FSDs and FGDs (AncD1) (Figure 3a). The accuracy of the reconstruction was 

low at the most divergent nodes, DR and D2, as expected.  In case of ancestral 

sequence D1, although some ambiguous positions (20/340 with PP ≤ 0.5) were 

detected, alternative amino acids appeared as conservative changes. Therefore we 

decided to opt for the residues displaying the highest probability for gene synthesis. 
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Figure 3. Ancestral sequence reconstruction of dehydrogenases subfamily. a) 

Dehydrogenases tree with reconstructed ancestral nodes. Groups are presented as FGDs, FSDs 

and ADHs. Blue circles represent selected nodes for experimental characterization: DR 

(Ancestor of Dehydrogenases and Reductases), D2 (Cenancestor of FGDs, FSDs and ADHs) and 

D1 (Ancestor of FGDs and FSDs). b) Kinetic features of AncD1 enzyme. Steady-state kinetic 

experiments were conducted following the reduction of F420 (ε400= 25.7 mM-1cm-1). c) Binding 

of AncD1 to the F420. Fluorescence spectrum was measured using excitation wavelength at 420 

nm. 
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Figure 4. Thermal stability of FSD-Cryar, FGD-Rha1 and AncD1. Enzymes were incubated at 

40°C or 50°C for 1 h and samples were taken after regular intervals for activity measurements 

4.3.5. Experimental resurrection of the ancestral sugar dehydrogenase enzyme 

Ancestral state D1 was successfully expressed in E. coli as a SUMO fusion protein. 

Although several expression strategies were assessed, no functional expression of 

AncDR and AncD2 was obtained. Purified AncD1 was found to tightly bind F420 (KD= 1.5 

µM) and displayed a substrate profile similar to that of FSDs. Somewhat lower kcat and 

higher Km values were obtained compared to FGDs and FSDs (Table 1 and Figure 3b). 

This suggests that, different from FGDs, the ancestral dehydrogenase D1 behaves as a 

more generalist enzyme which has not a much-defined substrate preference.  

Remarkably, when its melting temperature (Tm) was assessed, AncD1 displayed a 10 °C 

higher Tm value (53°C) than that of the studied FSDs and FGDs (≈ 43°C), revealing that 

it is a rather thermostable enzyme. Moreover, upon incubating the enzyme at 40°C 

and 50°C, it was found that AncD1 retains almost full activity at 40°C up to an hour 

while FSD-Cryar and FGD-Rha1 are totally inactive after a few minutes. Even more, at 

50°C AncD1 retained almost 80% of activity after 15 minutes of incubation (Figure 4). 

These results clearly show that the resurrected AncD1 enzyme is much more robust 

than the modern FGDs and FSDs. 
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Figure 5. Evolutionary history of the clade FGD/FSD. A schematic tree is presented displaying 

in the tip of branches a representative enzyme of each class: FGD-Mtb from the FGDs (PDB: 

3B4Y), FSD-Noca from FSDs and Adf (PBD: 1RHC) from ADHs. Blocks represent genes and colors 

indicate their functionalities; green= G6P dehydrogenase, dark blue= sugar-6-phosphate 

dehydrogenase, cyan= secondary alcohol dehydrogenase, grey= unknown. Below the clade 

FGD/FSD a triangle in red to orange gradient symbolizes the decrease of thermostability 

observed from AncD1 to modern enzymes.  

4.4. Discussion 

F420 is at the same time a versatile and exceptional cofactor in Nature. Its low redox 

potential makes it perfect to be involved either in reductions or oxidations. Besides, its 

distribution seems restricted in taxonomy (frequent only in some Bacteria and a few 

Archaea groups) but not in functionalities. Various kinds of oxidoreductases have been 

described employing this deazaflavin coenzyme in combination, or not, with other 

cofactors. When vetting structural databases searching for F420-dependent enzymes, 

the luciferase-like group appears particularly rich in these deazaflavoenzymes. This 

superfamily includes FMN- and F420-depending enzymes. Among these, those 

employing the deazaflavin cofactor perform opposite reactions: reductions or 

oxidations. These peculiarities invited us to rationalize the question on the origin of 

cofactor dependence divergence (FMN/F420), and the nature of the family’s common 

ancestor.  

By inferring a rooted phylogeny we postulate the dependence of F420 emerged from an 

FMN-using ancestor, in a singular event, suggested by the well supported monophyly 
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of the F420 clade (PP= 0.81) (Figure 1). Closest FMN extant proteins include enzymes 

such as bacterial luciferases and type II BVMOs. The F420 family is clearly split into two 

clades, reductases and dehydrogenases, both including sequences from Bacteria and 

Archaea domains. The absence of members from Eukarya suggests that the copy of 

the ancestral gene originating the family might have been lost in this lineage. Also, this 

indicates that the evolutionary events leading to the switch in cofactor usage occurred 

in primitive times (more than 4 bya), when the three domains of life were not yet 

defined (Woese et al. 1990; Woese 1998). 

Focusing on the phylogeny of the dehydrogenases family, evolutionary history 

indicates the divergence into three subfamilies. The first emerging group includes the 

alcohol dehydrogenases as Adf and FGD2. These enzymes have been described to 

transform exclusively linear alcohols into ketones, while not accepting sugars as sub-

strates (Bashiri et al. 2012)(Bleicher and Winter 1992). After this early divergence, the 

emergence of two other groups is observed; one including the well-known FGDs and 

the other is described here by us, containing the FSDs. This newly characterized FSD 

clade is formed by enzymes displaying broader sugar acceptance profiles when 

compared to FGDs. Interestingly, when the taxonomic distribution of FGDs and FSDs 

was analyzed, it was observed that some orders harbor both kind of enzymes, such as 

Micrococcales (e.g. Microbacterium spp) and Propionibacteriales (Nocardioides spp), 

while other orders, such as the Corynebacteriales including the well-known 

Mycobacterium species, exclusively contain FGD-encoding genes. This scenario can be 

interpreted as that the FGDs arose through a functional optimization or subfunctiona-

lization process from the duplication of an FSD like ancestral gene. To test this 

hypothesis we investigated when the sugar dehydrogenase functionality emerged. By 

resurrecting and experimentally characterizing the node before the divergence of 

FGDs and FSDs that interrogation could be solved. The resurrected ancestral enzyme 

(AncD1) was found to prefer sugars over linear alcohols with low specificity and 

affinity. Figure 5 shows how this promiscuous ancestral enzyme with relatively low 

activity evolved to present day dehydrogenases which display high activity for certain 

substrates and little or no activity for others. The emergence of the sugar oxidation 

function dates at least 3069 mya, accounting for the divergence of Actinobacteria and 

Chloroflexi phyla (Hedges et al. 2015).  

To understand the observed differences in substrate acceptance, a 3D model of AncD1 

was constructed and compared to FSDs models, and FGD (3B4Y and 5LXE) and Adf 

(1RHC) structures. Although among FGDs and FSDs we expected differences in residues 

involved in the phosphate moiety recognition (Bashiri et al. 2008)(Nguyen et al. 
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2017a), these were not found. In fact, differences in these residues were only found in 

comparison to Adf, as expected (mainly changes in Leu256/Cys249) (Aufhammer et al. 

2004). Also, all other key residues described forming hydrogen bonds with the pyridine 

ring or involved in the hydride transfer mechanism were conserved (Oyugi et al. 2016). 

However, major differences in the dimensions of the active site cavity were observed 

when analyzing the structures. The Adf active site is very narrow compared to both 

FGDs and FSDs. Interestingly, this cavity is larger in AncD1, probably explaining its 

relaxed substrate specificity and suggesting that a constraint in the emergence of this 

enzyme lineage may have been imposed by the availability of more voluminous 

substrates. When the first layer of residues defining the substrate pocket was 

inspected (10 Å from the surroundings of the cofactor), we observed the conserved 

Gly177 from FGDs (numbering from 3B4Y) is replaced by a Ser (175 in FSD-Noca) in 

FSDs while in Adf this position is occupied by a more bulky Met (175). Interestingly, by 

analyzing the evolutionary trajectory of this position we observed a first switching from 

Met to Ser (Adf → AncD1), as the sequence AncD1 displays a serine (PP= 0.99). Then, 

while FSDs conserved this serine, it changed to Gly in FGDs lineage probably 

influencing the exacerbated activity of this group towards G6P. Although deeper 

structural analyses are required, this might be the tip of the iceberg to disclose the 

molecular basis for substrate recognition (Lichtarge and Sowa 2002). 

Finally and remarkably, we found that AncD1 is not only a generalist enzyme due to its 

catalytic properties, but also a very robust enzyme displaying 10°C higher melting 

temperature compared to modern FGDs and FSDs. Even more, we found that AncD1 

retains > 80% activity upon incubation at 50°C. This thermostability trend has been 

observed for other resurrected enzymes, in agreement with the theory that protein 

stability must be sacrificed to support the conformational flexibility necessary for 

enzymatic activity (Goldstein 2011; Nguyen et al. 2017b). 

Based on our evidences we propose the evolutionary history of the F420-dependent 

dehydrogenases family has gone through, among other mechanisms, gene duplication 

followed by subfunctionalization, leading to more specific enzymes over time (Figure 

5). This history is in agreement with the EAC (escape of adaptative conflict) scenario 

when gene duplication takes place (Innan and Kondrashov 2010). FSDs and FGDs 

evolved from the multifunctional AncD1 by the accumulation of changes, conferring 

both paralogs different subfunctions. While the first enzymes in this family were able 

to reduce simple linear alcohols, the use of sugars as substrates emerged as a new 

functionality later at a preduplication stage. After this, a gene duplication occurred and 

resulting paralogs display different subfunctions: a group of enzymes retained the 
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ability of transforming a broader sugars’ profile (FSDs) while the other specific group 

evolved by functional optimization toward the most abundant sugar in biological 

systems, glucose (the FGDs). Our study provides a strong basis for future work on the 

discovery of novel F420 reductases and the engineering of available ones for biotechno-

logical purposes, such as switching substrate specificities or enhancing thermal 

stabilities. 
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Abstract 

In the last decade it has become clear that many microbes harbor enzymes that employ an 

unusual flavin cofactor, the F420 deazaflavin cofactor. Herein we show that F420-dependent 

reductases (FDRs) can successfully perform enantio-, regio- and chemoselective ene-reductions. 

For the first time we demonstrate that an F420H2–driven enzyme having an opposite 

enantioselectivity than Old Yellow Enzymes (OYE) can be used as biocatalyst for the reduction 

of α,β-unsaturated ketones and aldehydes with good conversions (>99%) and excellent 

regioselectivity and enantiomeric excess (>99% ee). 
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5.1. Introduction 

Asymmetric reduction of activated double bonds is one of most widely used industrial 

reactions as it is capable to generate up to two chiral centers (Toogood et al. 2010; 

Toogood and Scrutton 2014). Furthermore, the biocatalytic synthesis of chiral 

compounds is regarded as one of the top aspirational reactions in the pharmaceutical 

industry due to its characteristic features such as excellent regio- and enantioselectivity. 

Among the biocatalytic routes developed for the reduction of activated C=C double 

bonds in α,β-unsaturated compounds, flavin-dependent enzymes from the 'Old Yellow 

Enzyme’ (OYE) family have been extensively studied over the years and their utility in 

biocatalytic applications is well established (Toogood et al. 2010; Walsh and Wencewicz 

2013; Toogood and Scrutton 2014; Winkler et al. 2018). Alongside the ubiquitous flavin 

cofactors FAD and FMN, recent genomic analyses have revealed that various bacteria and 

archaea also utilize a rather unusual flavin cofactor, the deazaflavin cofactor F420 

(Greening et al. 2016). This natural flavin analogue was first discovered in 1972 from a 

methanogen and found to play a critical role in various enzymes in methane-forming 

archaea (Greening et al. 2016). Only later it was established that the deazaflavin cofactor 

is also widespread in bacteria (Ney et al. 2017). For example, the reduced form of the 

deazaflavin cofactor (F420H2) was found to be playing a crucial role in the biosynthesis of 

tetracycline antibiotics in Streptomyces (Novotná et al. 1989; Wang et al. 2013), in the 

degradation of aflatoxin (Taylor et al. 2010), and in stress response in Mycobacterium 

tuberculosis (Gurumurthy et al. 2013).  

 

 

 

 

 

 

 

 

 

Figure 1. Redox moieties of the deazaflavin cofactor F420 (R1=phospho-lactyl-

polyglutamyl group) and flavin cofactors (R2=phosphate for FMN or ADP for FAD) 
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Also, it was recently found that the newly developed antitubercular prodrugs delamanid 

and pretomanid only exerts their bactericidal effect upon activation by a specific F420-

dependent reductase (Singh et al. 2008; Baptista et al. 2018).  

Although the flavin moiety of the F420 cofactor is structurally similar to the regular flavin 

cofactors (Figure 1), it displays fundamentally different chemical properties. While FAD 

and FMN are quite versatile cofactors that can mediate one- and two-electron transfers 

and are able to use oxygen as an electron acceptor, F420 is poorly reactive with oxygen 

and only able to catalyze two-electron (hydride) transfer reactions. Furthermore, F420 has 

an exceptionally low redox potential (-340 mV) which is even lower when compared with 

the flavin and nicotinamide cofactors (FAD/FMN, -220 mV; NAD+/NADP+, -320 mV). These 

properties explain why F420 typically feature as a coenzyme to catalyze reductions and 

oxidation, similar to the nicotinamide cofactors. 

Intriguingly, the use of F420-dependent enzymes in biocatalysis has not yet been 

extensively explored. From the available biochemical and genomic data, it has become 

clear that many deazaflavin dependent redox enzymes exist, most of which predicted to 

be reductases. Greening et al have recently shown that members of a specific family of 

F420H2-dependent reductases (FDRs) follow a common mechanism of hydride transfer 

from F420H2 to the electron-deficient alkene groups of substrates (Greening et al. 2017). 

Several FDRs, which represent the A1 subgroup of flavin/deazaflavin oxidoreductase 

enzymes, were previously identified and characterized (Singh et al. 2008; Taylor et al. 

2010; Lapalikar et al. 2012; Ahmed et al. 2015; Mashalidis et al. 2015; Greening et al. 

2017; Baptista et al. 2018). Unlike OYEs, these reductases do not depend on nicotinamide 

cofactors. However, FDR’s capability to enantio- and regioselectively reduce compounds 

has not hitherto been reported and its utility as a biocatalyst is yet to be demonstrated.  

5.2. Experimental section 

5.2.1. Cloning, expression and purification of FDRs 

Rhodococcus jostii RHA1 was grown in lysogeny broth (LB) at 30 °C; subsequently its 

genomic DNA was extracted using the GenElute Bacterial Genomic DNA kit from Sigma. 

Two putative FDR genes (RHA1_ro04677 and RHA1_ro05392) were amplified from 

extracted the genomic DNA using Phusion High-Fidelity DNA polymerase (Thermo 

Scientific) along with the primers listed in table (page 3). The purified PCR products (100–

200 ng) were treated with 0.5 U Taq polymerase (Roche) and 0.75 mM dATP by 
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incubation at 72 °C for 15 min. The resulting insert DNA fragments were ligated into the 

pET-SUMO vector.  

The plasmid was then introduced into the chemically competent Escherichia coli (BL21) 

cells using Hanahan method and the transformants were grown at 37 °C in 1 L of Terrific 

broth (TB) containing 50 μg/ml of kanamycin. When the OD600 reached 0.5–0.6, 

isopropyl β-d-1-thiogalactopyranoside (IPTG) was added to a final concentration of 1 

mM. After 48 h of induction at 24 °C, the over-expressed cells were centrifuged at 4000 

rpm for 20 min at 4 °C. Cells were resuspended in lysis buffer [50 mM KPi pH 8.0, 400 mM 

NaCl, 100 mM KCl, 20% (v/v) glycerol, 1.0 mM β-mercaptoethanol, 0.5 mM 

phenylmethylsylfonyl fluoride (PMSF)] and disrupted by sonication using a VCX130 Vibra-

Cell at 4 °C (5 s on, 5 s off, 70% amplitude, total of 15 min). The sonicated cells were then 

centrifuged at 39742 × g for 30 min. The N-terminal His6-tagged fusion protein was 

purified at 4 °C on a Ni-NTA agarose resin obtained from Qiagen (Hilden, Germany). 

Briefly, the crude extract was passed directly over a column containing 5 ml of Ni-NTA 

agarose resin. The column was then washed with KPi buffer (pH 8.0) containing 50 mM 

imidazole and the N-terminal His6-tagged protein was eluted with phosphate buffer (pH 

8.0) containing 500 mM imidazole. The eluted solution containing purified protein was 

concentrated using an Amicon PM-10 ultrafiltration unit and then desalted against 50 

mM Tris/HCl buffer (pH 8.0) containing 20% (v/v) glycerol and 1.0 mM β-

mercaptoethanol. The desalted protein was stored at -20 °C for further studies. 

5.2.2. Enzymatic reaction of substrates 

A typical reaction mixture contained 400 µL of 50 mM Tris/HCl supplemented with 1 mM 

of substrate, 20 µM of F420, 0.1 µM of FGD-Rha1, 10 mM glucose 6-phosphate, 25 µM 

FDR-Rh1-SUMO and DMSO (3% v/v). The reaction was performed in a closed 2 mL glass 

vial in the dark at 24 °C and 135 rpm. 

5.2.3. Analysis of products 

Substrates (1–11) were initially analyzed in HPLC to see the depletion of substrate at 240 

nm. On the confirmation of complete depletion of substrates, the reaction mixture was 

extracted with equal volume of ethyl acetate containing 2 mM of mesitylene as an 

external standard. This mixture was then vortexed, centrifuged (13,000 rpm, 10 minutes), 

passed over anhydrous magnesium sulfate and finally analyzed using GC-MS QP2010 ultra 

(Shimadzu) with electron ionization and quadrupole separation. The column employed 

was a HP-1 (Agilent, 30 mx 0.25 mm x 0.25 μm) and the method used for the GC-MS was 

as follows: Injection temp: 300 °C; Oven program: 40 °C for 2 min; 5 °C/min until 100 °C 
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for 0 min; 10 °C/min until 250 °C for 10 mins. 3 µL was injected in to the GC and the split 

ratio was 5. The software to analyze chromatograms, MS spectra and to generate the 

figures was GCMSsolution Postrun Analysis 4.11 (Shimadzu). The library for the MS 

spectra was NIST11. The products were confirmed with commercial 

standards/synthesized products.  

 

 

 

 

 

 

 

Figure 2. Substrates used for the initial screening with crude extracts containing FDR-Mha, 

FDR-Rh1, and FDR-Rh2 respectively. 

5.3. Results and discussion 

5.3.1. Initial screening 

To identify novel FDRs, a BLAST search was performed against the NCBI protein database 

using a previously reported FDR from M. tuberculosis (Rv3547)11 as the query sequence. 

Three homologues were selected: one from Mycobacterium hassiacum (FDR-Mha, 

WP_005623184.1) and two from R. jostii RHA1 (FDR-Rh1, ABG96463.1; FDR-Rh2, 

ABG97172.1). First, expression for FDR-Mha was established using an Escherichia coli 

codon-optimized gene for FDR-Mha cloned into a pBAD vector with a C-terminal His-tag. 

Expression in E. coli NEB 10β cells was verified and crude extract was incubated with 100 

µM menadione and 20 µM F420H2 in 100 mM Tris/HCl, pH 8.0. However, no activity was 

observed when monitoring the absorbance of the reduced deazaflavin cofactor. We 

speculated that the enzyme might be inactive due to the location of the His-tag as 

previously reported FDRs had N-terminal expression (Singh et al. 2008; Cellitti et al. 2012; 

Gurumurthy et al. 2013). Subsequently, we cloned all three target genes in a pET-SUMO 

vector with an N-terminal His-tag and expressed them in E. coli BL21. For expression of 

FDR-Rh1 and FDR-Rh2, the native genes were used. Gratifyingly, using this expression 
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strategy, activity of all three targeted FDRs on menadione could be confirmed using the 

aforementioned assay. 

 

 

 

 

Scheme 1. Reduction of substrates using FDR and FGD. 

Previous reports on FDRs had shown that these enzymes exhibited activity towards 

strongly activated compounds such as quinones and nitroimidazoles (Greening et al. 

2017)(Gurumurthy et al. 2012). Since F420 has a relatively low redox potential, we wanted 

to explore the activity of FDRs towards α,β-unsaturated aldehydes, ketones, esters and 

nitriles where the double bond is less activated (Supporting information, Fig S3). To 

quickly explore the substrate acceptance of all the three enzymes (FDR-Mha, FDR-Rh1 

and FDR-Rh2), a reaction mixture of 10 target compounds was incubated with each FDR 

using crude cell extracts. A previously reported glucose-6-phosphate dehydrogenase 

(FGD) from R. jostii RHA1 was used for F420 recycling (Scheme 1) (Nguyen et al. 2017). 

Negative control reactions were performed by omitting F420 from the incubations. It was 

found that the tested α,β-unsaturated nitrile and ester were not converted (Supporting 

information, Table S1). The inactivity of FDR-Rh1 towards nitriles and esters might be 

because they are weakly activated substrates. Interestingly, except for the nitrile and the 

ester, almost all other tested compounds (α,β-unsaturated aldehydes and ketones) were 

found to be good substrates for each reductase. Isophorone (7) was the only exception 

and only FDR-Rh1 accepted this substrate. Based on its higher enzyme expression and a 

broader substrate scope, FDR-Rh1 was selected for further studies. 

5.3.2. Product analysis 

To explore the biocatalytic potential of FDR-Rh1, the enzyme was purified and its SUMO 

tag was cleaved using SUMO protease (Nguyen et al. 2017). However, it was observed 

that the enzyme quickly lost considerable activity when the expression-tag was removed, 

even when stored at 4 °C. This suggests a protective effect of SUMO on the folded state 

of FDR-Rh1 and we decided to use the SUMO-tagged FDR-Rh1 for further studies. For 

determining the kinetic parameters of FDR-Rh1, menadione was used as a substrate. At 

25 °C, the KM and kcat towards menadione when using 20 μM F420H2 and 0.1 µM FDR-Rh1 

were 29 µM and 0.8 s-1 respectively (Supporting information, Fig S2).  
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Figure 3. Substrates used for the biocatalytic exploration of FDR-Rh1. 

To investigate the potential of FDR-Rh1 as a biocatalyst, conver-sions were performed 

using different types of aldehydes (1-4) and ketones (5-11) (Figure 2). Besides 

establishing a substrate acceptance profile, we also set out to examine the enantio- and 

regioselectivity of the reductase. All reactions were performed in duplicate and reactions 

in the absence of F420 or FDR-Rh1 served as controls (Table 1). All substrates 

demonstrated good to excellent conversions within 24 h and only substrates 7 and 9 

required a prolonged incubation time (72 h) to reach conversions of >50%. The relatively 

low activity of FDR-Rh1 towards 7 may be due to some steric hindrance in the substrate 

binding pocket as it is a bulkier compound compared to 6. Moderate activity of the 

enzyme towards substrate 9 compared to substrate 6 may be due to its smaller ring size 

which may fail to fit properly in the active site. This suggests that cyclic five-membered 

α,β-unsaturated ketones are poor substrates for FDR-Rh1. 

Intriguingly, excellent enantioselectivities were achieved with substrates 6, 7 and 9 (>99% 

ee). Substrate 4 displayed only a moderate enantioselectivity (~78% ee), which is 

probably due to isomerization of 4 to 3. FDR-Rh1 displays a rather poor enantioselectivity 

for 3 (~15% ee, S-enantiomer major). This effect was confirmed by performing control 

reactions (substrate in presence of only buffer). Isomerization of these compounds was 

expected because substrates 3 and 4 naturally exist in a mixture (cis/trans) known as 

citral. Ketoisophorone 11 was converted with moderate ee (~86%). The double bond in 

11 is activated on both carbon atoms (C-2 and C-3). This can be the reason for the 

relatively low enantioselectivity for this substrate: the addition of a hydride can occur at 

the α- or β-position. Based on the observed enantioselectivity, FDR-Rh1 preferably 

catalyses hydride transfer to the β-position, probably due to steric hindrance. The 

exquisite regioselectivity of FDR-Rh1 was clearly demonstrated when conjugated double 
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bond activated substrates 2 (dienal) and 10 (dienone) underwent only 1,4-reduction to 

generate their respective products (Scheme 2-A). The enzyme also showed full 

conversion with moderate diastereoselectivity (trans/cis = 4/1) and excellent 

chemoselectivity in the reaction with d-carvone 8. In this reaction, only the activated 

double bond was reduced, while the other non-activated double bond stayed intact. This 

exact behavior was also seen in the conversion of geranial 3 and neral 4.  

 

Substrates Conversion (%) ee (%) Time (h) 

1 >99 - 3 

2 >99 - 24 

3 >99 15 (S) 3 

4 >99 78 (R) 3 

5 >99 - 24 

6 >99 >99 (R) 24 

7 62 >99 (R) 72 

8 >99 
81 (trans) 

19 (cis) 
24 

9 75 >99 (R) 72 

10 >99 - 48 

11 >99 86 (S) 3 

 

Table 1. Biocatalytic reduction of various substrates by FDR-Rh1. Reaction conditions: 0.4 mL 

containing 1 mM substrate, 10 mM glucose-6-phosphate, 20 µM F420 , 0.1 µM FGD-Rh1, 100 

mM Tris/HCl (pH 8.0) was incubated at 24 °C  
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5.4. Discussion 

Our results demonstrate that FDR-Rh1 can be used as a biocatalyst to perform regio- and 

enantioselective reductions by using the reduced F420 deazaflavin cofactor as hydride 

donor. The data are also in agreement with the mechanism proposed by Greening 

(Greening et al. 2017). Additionally, based on the observed enantioselectivity, we 

deduced that the hydride transfer occurs stereospecific from F420H2 to the Si-face of the 

activated double bond. In substrate 3 and 11, the transfer is to the Re-face due to the 

different priority of the groups. In order to predict which hydride is transferred from the 

reduced F420, we built a homology model of FDR-Rh1. The structural model clearly 

revealed that substrates could only approach the Re-face of the deazaflavin cofactor 

(Supporting information, Fig S3). This suggests that the pro-R hydride from F420H2 is 

transferred on the Si-face of the substrate (Scheme 2-B). It is worth noting that FDR-Rh1 

showed opposite enantioselectivity compared to wild-type OYEs on previously tested 

substrates 6, 9 and 11 (Scholtissek et al. 2017).  

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2. A) Regioselective reduction of substrate dienal 2 by FDR-Rh1. B) Proposed 

enantioselective hydride transfer from F420H2 to substrate 6. 
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In summary, we identified a novel F420H2 dependent enzyme capable of performing 

chemo-, regio- and enantioselective ene reductions. This is the first report demonstrating 

that deazaflavin dependent enzymes can be exploited for enantioselective ene 

reductions. The recently established expression of F420-dependent glucose-6-phosphate 

dehydrogenase allowed the use of glucose-6-phophate for regenerating reduced F420. The 

identification of various FDRs and an efficient F420H2 recycling system will facilitate future 

studies to explore this newly identified family of ene-reductases. One challenge will be 

the discovery of new FDRs with a higher efficiency, because the catalytic rate observed 

for FDR-Rh1 is rather low. Alternatively, it might be possible to fine-tune FDR-Rh1 and 

other FDRs to enhance their biocatalytic activity through enzyme engineering 

approaches. Once the crystal structure of FDR-Rh1 is solved, it would be interesting to 

compare the active site of FDR-Rh1 with OYE ene reductases which may give leads to 

alter the enantioselectivity of FDR-Rh1 by protein engineering. Future research will reveal 

whether these FDRs can be developed in such a way that they can compete with or 

outperform the currently used ene-reductases 
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the experiments.  Q.-T. N. and H. K. performed the cloning. S. M. and H. K. expressed and 
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drafted the manuscript. All authors contributed to analyzing the data and writing the 

paper.  
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Supporting information 

Gene Seuquences 

Codon optimized nucleotide sequence of FDR from Mycobacterium hassiacum (FDR-

Mha) 

>FDR-Mha 

ATGGATCCGAAAAATAAACCGGCTCAACTGAACTCCCCGTGGGTCTCCAAAATCATGAAATATGGTGGCAAAGCA

CACGTCGCAGTCTATCGTCTGACCGGCGGTCGCATTGGCAGTAAATGGCGTATCGGCGCTGGTTTTAAAAAACCG

GTTCCGACGCTGCTGCTGGAACATGTGGGCCGTAAAAGCGGTAAACGCTTCGTCACCCCGCTGGTGTATATTACG

GATGGCCCGGACATCGTGGTTGTCGCATCTCAGGGCGGTCGTGATGACCACCCGCAATGGTATCGCAACCTGGTT

GCCAATCCGGAAGCATACGTCGAAATTGGTCGTGAACGTCGCGCAGTGCGTGCTGTTACCGCAGATCCGGAAGAA

CGTGCCCGCCTGTGGCCGAAACTGGTTGATGCGTACGCCGACTTTGACACCTACCAATCGTGGGCGAATCGTGAA

ATCCCGGTCGTTATCCTGCAGCCGCGTAA 

Nuclotide sequence of FDR-Rj1 (RHA1_ro04677) from Rhodococcus jostii RHA1 

>NC_008268.1:c4929566-4929081 Rhodococcus jostii RHA1 

ATGAATGCACCCGCACCCGCCCGACCGCCCGGCCTCGACTCGAAGTGGACGGTCTCCTTCATCAAGTGGATGTCG

AAGATCAACGTCGTGCTCTACCGGCGGACGGGCGGGCGCCTGGGCAGCAAGTGGCGGGTGGGCAGCGCCTTCCC

CCGCGGGTTGCCCGTCTGCCTGCTCACCACCACGGGACGGAAGAGCGGCGAGCCGCGGATCAGCCCGCTGCTGTT

CCTCGAGGACGGCGACCGCATCATCCTCGTCGCCTCGCAGGGCGGCCTCCCGAAGCACCCGATGTGGTACCTCAA

CCTGCGCGCGAACCCCGACGTGACCGTCCAGGTGAAGTCGCGGGTCCGGCCGATGACCGCCCACGTGGCGGACC

CCGAGGAACGCGCGCGCCTGTGGCCGCGGCTCGTCGCCATGTATCCGGATTTCGACAACTACCAGGCCTGGACCG

ACCGCACGATCCCCGTCGTGGTCTGCACTCCCCGATAG 

Nuclotide sequence of FDR-Rj2 (RHA1_ro05392) from Rhodococcus jostii RHA1 

 

>NC_008268.1:c5741722-5741291 Rhodococcus jostii RHA1 

ATGCCGACGGACCGCGGACTCAAGTTCATGAACGCCGCCCACCGCGCCCTCCTGCGCGTGACCGGCGGGCGGGT

GGGGCGGAGTTTCGGCAAGATGCCGGTGGTGGAGTTGACCACCGTCGGCCGCAGGACCGGGAAGGTGCACAGC

GTCATGCTGACCGTCCCGGTGAGGGAAGGCGACACGCTCGTCGTGGTGGCCTCACGCGGCGGCGACGACCGCCA

CCCCGCGTGGTTCCTGAACCTGCAGGCCAACCCGGTGGTCCAACTGTCGCTGCAGGGAAACCCCGCGCAGTCCAT

GCGCGCCCACGTGGCAACCCCGGAGGAGCGGGCCCGTCTGTGGCCGAAAGTGACCGCCGCCTACAAGGGGTATG

CCGGCTACCAGAAGAAAACGGACCGCGAGATCCCTCTGGTCCTGCTCGACCCCACGACCTGA 
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Table S1 Initial screening of substrates using FDR-Rh1, FDR-Rh2 and FDR-Mha whole cell rea

ctions. Reaction conditions: 1.0 mM substrate, F420 (100 µM), G6P (10 mM), FGD-Rha1 (10 mg

/mL), SUMO-FDRs (10 mg/mL), DMSO (10% v/v), Tris/HCl (50 mM, pH 8.0) at 25 °C for 18h. Th

e degree of conversion was determined semi-quantitatively by analyzing GC peaks of substrat

es and products. The conversions are categorized as 100%, +++; >50%, ++; 1-50%, +; and 0%, -. 

 

 

  Rh1 Rh2 Mha 

K
e

to
n

e
s 

5 +++ ++ ++ 

7 + - - 

8 ++ + + 

10 ++ + + 

Q
u

in
o

n
e

s 12 +++ +++ +++ 

14 +++ +++ +++ 

Es
te

r 

15 - - - 

N
it

ri
le

 

16 - - - 

A
ld

e
h

yd
e

s 1 +++ +++ +++ 

13 +++ +++ +++ 
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Table S2. Retention time of substrates and products. 

 

 

Substrates 

Retention 
time 

(min) 

Products 

Retention 
time 

(min) 

1S 17.1 1P 14.6 

2S 20.4 2P 20.0 

3S 17.3 3P 14.8 

4S 16.7 4P 14.8 

5S 7.7 5P 6.8 

6S 11.4 6P 8.6 

7S 13.6 7P 11.3 

8S 16.8 8P 
15.8 (trans) 

15.9 (cis) 

9S 8.6 9P 8.6 

10S 20.9 10P 20.2 

11S 14.0 11P 14.5 
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Homology model of FDR-Rh1 

The structural homology model of FDR-Rh1 was built using the crystal structure of the 

F420-complexed Ddn deazaflavin-dependent nitroreductase from Nocardia farcinica 

(PDB:3R5Z, 40% sequence identity with FDR-Rh1). For building the homology model, the 

Phyre2 server (Protein Homology/analogY Recognition Engine V 2.0) was used in the 

default mode using the protein sequence of FDR-Rh1 (http:// 

http://www.sbg.bio.ic.ac.uk/phyre2).i For visualization, PyMol was used. The F420 

cofactor, as bound to the Ddn, was superimposed in the FDR-Rh1 structural model. 

 

 

 

Figure S6. Structural model of F420-complexed FDR-Rh1 with the F420 cofactor in orange 
(C atoms). 

 

1 Kelley, L.A.; Mezulis, S.; Yates, C.M.; Wass, M.N.; Sternberg, M.J. Nature Protocols 2015, 10, 845. 
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Abstract 

Various furans are considered as valuable platform chemicals as they can be derived from 

plant biomass. Yet, for their exploitation, follow-up chemistry is required. Here we 

demonstrate that Baeyer-Villiger monooxygenases (BVMOs) can be used as biocatalysts for 

the selective oxidation of several furans, including 5-(hydroxymethyl) furfural (HMF) and 

furfural. A total of 15 different BVMOs were tested for their activity on furfural, which 

revealed that most of the biocatalysts were active on this aromatic aldehyde. Phenylacetone 

monooxygenase (PAMO) and a mutant thereof (PAMOM446G) were selected for studying 

their biocatalytic potential in converting furfural and some other furans. While BVMOs are 

usually known to form an ester or lactone as a ‘normal’ product by inserting an oxygen atom 

adjacent to the carbonyl carbon of the substrate, our results reveal that both biocatalysts 

produce furanoid acids as the main product from the corresponding aldehydes. Altogether, 

our study shows that BVMOs can be employed for the selective oxidation of furans. 
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6.1. Introduction 

Due to limited fossil reserves and concern over environmental pollution, the search for 

new routes towards biomass-derived products has intensified in the last decade. One 

class of compounds that can be easily prepared from plant biomass are furans. These 

aromatic compounds can be prepared from lignocellulose material by the acid-catalysed 

dehydration of sugars. Known plant biomass-derived furans are furfural and 5-

(hydroxymethyl)furfural (HMF) (Zhou and Zhang 2016). HMF is regarded as a highly 

promising platform chemical for the synthesis of furan-2,5-dicarboxylic acid (FDCA). FDCA 

can be used for the synthesis of polyethylene furanoate (PEF), a promising polyester. Be-

sides PEF, there are various other compounds of interest that can be synthesized using 

FDCA as a starting material (Sousa et al. 2015). The conversion of HMF into FDCA involves 

a cascade of oxidation reactions involving 2,5-diformylfuran (DFF), 5-formyl-2-

furancarboxylic acid (FFA) as a possible intermediate. Furfural is also considered as a re-

newable platform chemical with high potential as it can serve as a precursor for many 

types of value-added products (Mariscal et al. 2016). 

The oxidation of HMF or other furans to FDCA has been achieved mainly by metal-based 

catalysis (Mei et al. 2015; Zhang et al. 2015; Li et al. 2016; Yi et al. 2016). Yet, the search 

for an efficient chemical process for converting HMF into valuable building blocks such as 

FDCA is still ongoing. As an alternative to metal-based procedures, fermentative and bio-

catalytic approaches are also explored. Only a few biocatalytic or fermentative methods 

have been described for the production of FDCA starting from HMF. A bacterial flavopro-

tein oxidase was shown to be capable of performing the complete oxidation of HMF into 

FDCA (Dijkman et al. 2014; Dijkman et al. 2015). Similar results were obtained by using a 

combination of two or more enzymes (Carro et al. 2015; McKenna et al. 2015). 

Baeyer-Villiger monooxygenases (BVMOs) have been very well studied in the last few 

decades for their performance of a plethora of selective oxidative reactions (Torres 

Pazmiño et al. 2010; Leisch et al. 2011; Bucko et al. 2016). They are mainly known to 

catalyse Baeyer-Villiger oxidations by incorporating a single oxygen atom adjacent to the 

carbonyl carbon to form an ester or lactone. Yet, BVMOs are also capable of carrying out 

other oxygenation reactions such as epoxidations (Gursky et al. 2010) and sulfoxidations 

(de Gonzalo and Fraaije 2013). The oxygen atom inserted in the substrate comes from 

molecular oxygen while an external reductant such as NAD(P)H is required. The oxygena-

tion reactions are typically catalysed with high enantio-, chemo-, and/or regioselectivity. 

As these biocatalysts operate in the absence of harmful reagents, they offer advantage 
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over their chemical counterparts. Yet, several factors limit the application of BVMOs. One 

of these is the fact that they require NAD(P)H as a coenzyme, which is expensive. The 

BVMOs used in this study have been fused to phosphite dehydrogenase (PTDH). Such 

PTDH-BVMO fusions can utilize phosphite for the efficient recycling of NADPH (Torres 

Pazmiño et al. 2008). 

Some previous studies have shown that BVMOs can also accept aldehydes as a substrate 

(Branchaudlaib and Walsh 1985; Moonen et al. 2005; Torres Pazmiño et al. 2007; Bisagni 

et al. 2013). In these cases, the formed product (the respective acid and/or ester) varied 

depending on the enzyme and substrate employed. The ability of BVMOs to perform 

Baeyer-Villiger oxidations and other oxygenations lies in the ability of these enzymes to 

form a reactive peroxyflavin intermediate. In the case of a Baeyer-Villiger oxidation, the 

attack of the peroxyflavin on the carbonylic carbon results in the formation of a Criegee 

intermediate. Depending on the type of substrate and the microenvironment formed by 

the flavin cofactor, the nicotinamide cofactor, and active site residues, the Criegee inter-

mediate will decay to form the final oxygenated product. In the case of aldehydes, both 

the typical Baeyer-Villiger product (the formyl ester) and/or the acid product can be 

formed (see Figure 1). To the best of our knowledge, there are no previous reports on 

enzymatic Baeyer-Villiger oxidations of HMF or related furanoid aldehydes. 

As part of our efforts to develop BVMOs as valuable biocatalysts, we have studied these 

enzymes for the first time on furanoid aldehydes. Thus, we have checked a collection of 

15 distinct BVMOs in the oxidation of furfural. Intriguingly, most of the tested BVMOs 

showed significant activity on furfural. We selected the thermostable phenylacetone 

monooxygenase (PAMO) and a specific PAMO mutant (PAMOM446G) for a more detailed 

biocatalytic study. PTDH-PAMO and mutants thereof have been well studied, are easily 

expressed, and represent rather robust biocatalysts (Torres Pazmiño et al. 2008). This 

revealed the ability of PAMO and the PAMO mutant to convert furfural, HMF, and related 

compounds. 

 

Figure 1. Example of the biocatalytic oxidation of furfural by the action of a Baeyer-Villiger 

monooxygenases (BVMO). The reactive peroxyflavin enzyme intermediate of a BVMO will 
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form a Criegee intermediate leading to 2-furoic acid (route A) or to the typical Baeyer-Villiger 

oxidation product, the formyl ester (route B). The formyl ester undergoes hydrolysis in an 

aqueous solution. 

6.2. Experimental section 

6.2.1. Materials 

All chemicals, unless mentioned otherwise, were purchased from Sigma-Aldrich 

(Zwijndrecht,The Netherlands). HisTrap FF, and HiTrap Q columns were purchased from 

GE Healthcare (Eindhoven, The Netherlands). For buffer exchange of the purified enzyme 

samples, DG-10 EconoPac desalting columns from BioRad (Veenendaal, The Netherlands) 

were used. 

6.2.2. Expression and Purification 

In-house PTDH-fused BVMO expression constructs for protein production in E. coli were 

used in this study. Details of the constructs and the source of the respective genes are 

shown in Table 3. Transformed E. coli TOP10 cells were grown overnight in 5 mL lysogeny 

broth (LB) medium containing ampicillin (50 µg mL−1). The overnight cultures were dilut-

ed 100 times in fresh 5 mL LB, incubated at 37 °C, and induced with 0.02–0.002% of arab-

inose at OD600 0.4–0.6. After induction, cells were grown at different temperatures, de-

pending on the specific expression vector (48 h at 17 °C or 36 h at 24 °C). Cells were har-

vested using centrifugation (6000× g, 20 min), washed, and resuspended in 500 µL of 50 

mM phosphate buffer, pH 7.5, and sonicated for 1 min (Vibra cells; cycles of 5 s on, 10 s 

off). Cell debris was removed by centrifugation at 15,000× g for 45 min (JA17 rotor, 4 °C) 

to obtain the cell extracts. Similarly, cell extract was also prepared from non-transformed 

E. coli TOP10 cells and used as a control. PTDH-PAMO and PTDH-PAMOM446G were puri-

fied as described previously (Fraaije et al. 2005). An additional purification step of Q se-

pharose chromatography was used to make sure that the enzyme was pure. The yield of 

purified enzyme per L of culture broth was 35 mg for PTDH-PAMO and 45 mg for PTDH-

PAMOM446G. Enzyme concentrations were measured spectrophotometrically at 440 nm 

using the molecular extinction coefficient of 12.4 mM−1 cm−1 for protein bound flavin ad-

enine dinucleotide (FAD) (Fraaije et al. 2005). 



 

  chapter 6 | 118 

 

BVMO Construct Source Reference 

BVMO02 pCRE2-BVMO02 Rhodococcus jostii RHA1 (Riebel et al. 2012) 
BVMO04 pBADNK-BVMO04 Rhodococcus jostii RHA1 (Riebel et al. 2012) 
BVMO15 pBADNK-BVMO15 Rhodococcus jostii RHA1 (Riebel et al. 2012) 
BVMO20 pBADNK-BVMO20 Rhodococcus jostii RHA1 (Riebel et al. 2012) 
BVMO24 pBADNK-BVMO24 Rhodococcus jostii RHA1 (Riebel et al. 2012) 

HAPMO pCRE2-HAPMO 
Pseudomonas fluorescens 

ACB 
(Torres Pazmiño et al. 2009) 

CPDMO pCRE2-CPDMO 
Pseudomonas sp. strain HI-

70 
(Iwaki et al. 2006) 

ACMO pCRE2-ACMO Gordonia sp. strain TY-5 (Kotani et al. 2003) 
AcCHMO pCRE2-CHMO Acinetobactor sp. (Torres Pazmiño et al. 2009) 
TmCHMO pCRE2-TmCHMO Thermocrispum municipale (Romero et al. 2016) 
CPMO pCRE2-CPMO Comamonas sp. (Torres Pazmiño et al. 2009) 
STMO pCRE2-STMO Rhodococcus rhodochrous (Franceschini et al. 2012) 
PAMO pCRE2-PAMO Thermobifida fusca (Fraaije et al. 2005) 
PAMOM446G pCRE2-PAMOM446G Thermobifida fusca (Torres Pazmiño et al. 2009) 

PockeMO pCRE2-PoKeMO 
Thermothelomyces 

thermophila 
(Fürst et al. 2017) 

Table 3. PTDH-BVMOs constructs used along with their source organisms. 

6.2.3. Kinetic Measurements 

For measuring specific activity, oxygen consumption was measured using a Firesting O2 

detector (Pyroscience, Aachen, Germany). For calibration, air-saturated water was used 

to set the signal at 100%. Nitrogen-flushed water was used as 0% oxygen solution. Reac-

tions were performed using cell-free extract of induced BVMOs in 50 mM phosphate 

buffer, pH 7.5 at 25 °C. The reaction volume of 1 mL contained 2 mM furfural, 100 µM 

NADPH, and 25 µL cell-free extract (0.2-0.4 mg of total protein) of induced cells express-

ing PTDH-fused BVMO. For measuring kinetic parameter, NADPH depletion was moni-

tored at 370 nm during the first 3 min. NADPH was monitored at 370 nm, and not at 340 

nm as commonly done, to avoid interfering with the absorbance of the furanoid alde-

hydes. The observed rates were calculated using a molecular extinction coefficient 

(ɛ370,NADPH) of 2.7 mM−1 cm−1. For determining the steady-state kinetic parameters 

with HMF as a substrate, initial activities at 10 different substrate concentrations (0.5–20 

mM) were measured. All the kinetic measurements were performed in duplicate using 50 

mM phosphate buffer, pH 7.5 at 25 °C, unless mentioned otherwise. DMSO (up to 30%) 

was used to dissolve furfural, DFF, and FFA in stock solutions such that the final DMSO 

concentration was always less than 5%. For measuring the kinetic parameters of DFF and 
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FFA, oxygen consumption was measured using a Firesting O2 detector (Pyroscience, Aa-

chen, Germany). For calibration, air-saturated water was used to set the signal at 100%. 

Nitrogen-flushed water was used as 0% oxygen solution. Reactions were performed using 

50–100 nM of enzyme and 50 mM phosphate buffer, pH 7.5 at 25 °C. The rates of de-

crease of NADPH/oxygen were converted to observed rates. The Michaelis-Menten equa-

tion for substrate inhibition, V = (Vmax × [S])/Km + [S] × (1 + [S/Ki)) was used for curve 

fitting in order to obtain steady-state kinetic parameters. GraphPad Prism (version 6) 

software was used for fitting the kinetic data. 

6.2.4. Product Identification Using HPLC 

For product analysis, 2 mL samples of 2–10 mM substrate, 100 µM NADPH, 50 mM phos-

phite, 150–200 U catalase, and 5.0 µM enzyme were incubated at 25 °C and 150 rpm for 

12 h. Substrates used were 5-hydroxymethylfurfural (HMF), 2,5-diformyl furan (DFF), 5-

formyl-2-furoic acid (FFA), and furfural. The reactions were stopped by removing the en-

zyme using ultrafiltration (30 kDa cutoff Amicon ultracentrifugal filters). Reactions with 

higher substrate concentrations were diluted to 2.0 mM before analysis to avoid over-

loading of the column. Negative controls (incubations without enzyme) were incubated 

and analyzed using the same conditions. A Zorbax Eclipse XDB-C8 HPLC column (Agilent, 

Amstelveen, The Netherlands) was used for the separation of the furanoid substrates and 

products. Also, 12 mM phosphate buffer at pH 7.0 and 100% acetonitrile were used as 

mobile phase A and B respectively. A previously established HPLC method for the separa-

tion of furanoid compounds was used (Dijkman and Fraaije 2014). Reference compounds 

were used to identify and quantify the products. 

6.2.5. NMR Analysis 

For a large-scale conversion, 20 mM HMF, 30 mM phosphite, 100 µM NADPH, 0.5 µM 

PTDH-PAMO or PTDH-PAMOM446G, and 150–200 U catalase in 250 mL 50 mM Tris-HCl 

buffer (pH 7.5) was incubated at 25 °C, while shaking at 150 rpm. Then, 25-mL samples 

were taken at regular intervals to monitor the formation of products. In the case of DFF 

and FFA, 10 mM of the substrate was used and upto 5 µM  of enzymes were used. Sam-

ple preparation was carried out in two ways; ethyl acetate extraction at acidic pH using 1 

N HCl, and freeze drying. An equal volume of ethyl acetate was mixed with the acidified 

sample. After rigorous mixing, the organic phase was collected and dried. Subsequently, 

5 mg of dry sample was mixed with 700 µL deuterated DMSO and filtered before NMR 

analysis. In the case of freeze-drying, the 25-mL sample was frozen in liquid nitrogen and 

subsequently lyophilized to obtain a dry sample. For NMR analysis, again, 700 µL deuter-

ated DMSO was added. The samples were analyzed by NMR (Varian Unity Plus 1H: 400 
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MHz spectrometer). Mesternova software was used to analyze the data and ChemDraw 

software was used to predict the NMR resonance peaks of unknown compounds. 

6.3. Results and Discussion 

6.3.1. Exploring BVMOs for Activity on Furfural and HMF 

To establish whether BVMOs display activity on furans, we tested 15 BVMOs. With our 

previously developed expression strategy in which a BVMO is expressed as a PTDH fusion 

protein, or by using the pBAD expression vector, good to excellent expression levels of all 

studied BVMOs could be achieved. Because the proteome of the expression host, Esche-

richia coli, is known to be void of any BVMO, cell extracts were used to screen for BVMO 

activity on the test furan, furfural. As a control, the extract of uninduced cells was also 

used. While we first attempted to measure the rate of furfural conversion by monitoring 

NADPH consumption, we noted that uninduced cell extracts also showed significant 

background activity. This is probably due to endogenous NADPH-dependent aldehyde 

reductase activity present in E. coli. In fact, using HPLC analysis, we could confirm that E. 

coli cell extract can be used to reduce HMF into the corresponding alcohol, 5-

(hydroxymethyl)furfuryl alcohol. To avoid such false positive results, we decided to 

measure BVMO activity by monitoring oxygen consumption upon the addition of a sub-

strate. Figure 2 shows the observed specific activities. 
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Figure 2. Specific activities of BVMOs on furfural. 

All tested BVMOs except BVMO02 showed significant activity towards furfural. From the 

BVMOs that showed the highest activities, we selected PAMOM446G for further biocata-

lytic exploration, as this enzyme is highly thermostable and solvent tolerant [22]. In fact, 

for the same reason we also included wild-type PAMO as it still displayed activity on fur-

fural and it is known to exhibit differences in enantio- and regioselectivity when com-

pared with the mutant PAMOM446G (Torres Pazmiño et al. 2007). All subsequent exper-

iments were carried out using purified enzymes to exclude possible background activities. 

6.3.2. Kinetic Analysis 

To explore the efficiency of PAMO and PAMOM446G on furans, a steady-state kinetic 

analysis was performed using purified enzymes and furfural, HMF, DFF, and FFA as poten-

tial substrates. This confirmed that both biocatalysts displayed significant activity to-

wards furfural, HMF, and DFF (Table 1). Also, with FFA some activity was observed but 

the observed activity at the highest FAA concentration was relatively low (< 0.1 s−1). This 

may be due to the fact that the BVMOs are typically active on non-charged compounds. 

The kinetic parameters for furfural, HMF, and DFF revealed that similar kcat values are 

achieved when compared with the native substrate phenylacetone, while the Km values 

are relatively high. For some combinations of substrate and enzyme, substrate inhibition 

was observed. Substrate inhibition has been observed before for other BVMOs and may 

reflect multiple binding modes of the substrate near or in the active site. It is worth not-
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ing that the observed activities were lower when the enzymes were pre-incubated with 

the furanoid substrates for a few minutes. This effect was dependent on the specific fu-

ran and more severe at higher concentrations. Such apparent enzyme inactivation may 

be due to the reactive aldehyde groups of the substrates. 

Substrate 

PAMO PAMOM446G 

kcat 
(s−1) 

Km 
(mM) 

Ki 
(mM) 

kcat/
Km 

(s−1m
M−1) 

kcat 
(s−1) 

Km 
(mM) 

Ki 
(mM) 

kcat/K

m 
(s−1mM

−1) 

Furfural 
2.8 ± 
0.3 

2.2 ± 
0.5 

36.9 ± 
9.8 

1.2 
7 ± 
0.8 

17.3 ± 
1.3 

6.4 ± 
0.5 

0.4 

5-
(hydroxyme-
thyl) furfural 

(HMF) 

1.4 ± 
0.1 

16.9 
± 3.3 

n.d. 0.08 
0.67 

± 0.1 
20.5 ± 
2.3 

n.d. 0.03 

2,5-
diformylfuran 

(DFF) 

0.3 ± 
0.1 

4.3 ± 
2.3 

n.d. 0.07 
1.2 ± 
0.8 

5.8 ± 
2.0 

10.3 
± 3.0 

0.1 

Table 1. Steady-state kinetic parameters of PAMO and PAMOM446G for furanoid aldehydes. 

n.d.: no substrate inhibition observed. 

6.3.3. Product Analysis 

HPLC and NMR were used for product analysis. HPLC methods were derived from previ-

ous studies in our laboratory (Dijkman and Fraaije 2014; Dijkman et al. 2014). Calibration 

curves for the substrates and possible products (furfural, 2-furoic acid, HMF, DFF, 5-

hydroxymethyl-2-furancarboxylic acid (HMFCA), FFA and FDCA) were determined before-

hand. The conversion of furfural by PAMO or PAMOM446G resulted in around 60% con-

version after 12 h (Table 2) with 2-furoic acid as the main product. This shows that 

BVMOs offer an alternative biocatalytic route towards this furan that can be used as food 

preservative and flavor. Furfural can also be oxidized into the acid by using alcohol dehy-

drogenases, but these enzymes may also reduce the furfural into the corresponding alco-

hol. BVMOs do not exhibit reducing activities as they operate via the oxidizing peroxyfla-

vin enzyme intermediate (see Figure 1). Yet, with PAMO or PAMOM446G and furfural, 

also a tiny other product peak was observed which was probably the formyl ester formed 

from furfural by a typical Baeyer-Villiger oxidation. Such an ester may undergo hydrolysis 

to form the corresponding alcohol and formic acid. Since the reference for the respective 

ester/alcohol was not available, we could not confirm the identity of the minor product. 
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Substrate Concen-

tration 

(mM) 

Reaction 

Time (h) 

PAMO PAMOM446G 

Concen-

tration 

(µM) 

Conver-

sion (%) 

Concentra-

tion (µM) 

Conver-

sion (%) 

Furfural 5 12 5 60 5 60 

HMF 5 16 5 66 5 85 

DFF 2 12 5 30 5 98 

5-formyl-2-

furancarbox-

ylic acid (FFA) 

10 24 10 60 10 90 

 

Table 2. HPLC analysis of conversion of furans by PAMO and PAMOM446G. 

Similar to what was observed for the conversion of furfural, most of the HMF was largely 

converted with PAMO or PAMOM446G after 16 h of incubation (Table 2). The major 

product obtained was the corresponding acid (HMFCA). A minor product peak (probably 

the corresponding ester or alcohol) was also observed but could not be confirmed due to 

the lack of a reference compound. HPLC analysis of the conversion of 2 mM DFF using 5 

µM biocatalyst revealed that PAMOM446G gave the best result: 98% conversion after 12 

h. The formation of only one product, FFA, was observed, which indicates that again the 

corresponding acid is formed as the main product. As we noted some activity on FFA, we 

also incubated this furan with a high enzyme loading (10 µM) and for a long reaction time 

(24 h). This revealed that both BVMOs were able to produce FDCA (Table 2). 

In order to verify the identity of the products formed upon the conversion of HMF, DFF, 

and FFA, 1H-NMR analyses were also performed (Figure 3). While preparing samples for 

1H-NMR, it was observed that freeze-drying caused significant loss of material. Similar 

problems have been reported earlier with such aldehydes used as substrates (Bisagni et 

al. 2013). Hence, extraction at low pH was performed using ethyl acetate and the ob-

tained material was dried in vacuum. Protonation was found to be essential for effective 

extraction. The 1H-NMR spectra clearly identified FFA and FDCA as products upon the 

conversion of DFF and FFA, respectively (Figure 3). 1H-NMR spectra of the reaction mix-

ture upon the conversion of HMF clearly showed that more than one product was 

formed in the reaction. One of the products is indeed HMFCA, while the other represents 

the alcohol. 
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(a) (b) 

Figure 3. 1H-NMR spectra of FFA (a) and DFF (b) conversions. Spectra in purple are the nega-

tive controls (without enzyme) and the product reference spectrum is in red. Green spectra 

are conversions with PAMOM446G and blue spectra are conversions with PAMO. 

6.4. Conclusions 

Our study shows that BVMOs can be used for converting various furanoid aldehydes. 

Wild type PAMO and PAMOM446G were shown to convert the five-membered aromatic 

aldehydes, furfural, HMF, DFF and FFA, into the corresponding acids as main products. 

Previous studies on BVMOs had already revealed that some BVMOs act on six-membered 

aromatic and aliphatic aldehydes as substrates. Branchaud and colleagues found that 

cyclohexanone monooxygenase converts an aliphatic aldehyde exclusively into the corre-

sponding acid, while a mixture of acid and ester is formed when converting aromatic al-

dehydes (Branchaudlaib and Walsh 1985). PAMO, on the other hand, has been shown to 

exclusively produce the ester product when converting 2-phenylpropionaldehyde 

(Rodríguez et al. 2007). Moonen et al. showed that, unlike chemical B-V oxidations of 

aromatic aldehydes that result in the acid product, BVMO-catalysed oxidations of six-

membered aromatic aldehydes with electron withdrawing substituents result mainly in 

ester products (Moonen et al. 2005). So it appears that, although the basic mechanism 

for B-V oxidation is the same, whether it is chemical or enzymatic, enzymes can steer the 

outcome towards the formation of the acid or ester product. 

PAMOM446G and PAMO were explored further for kinetic and product analysis. Both 

BVMOs are able to convert HMF and furfural into the corresponding acids as major prod-
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ucts. Also, DFF and FFA were found to be converted into the corresponding acids as main 

products (FFA and FDCA, respectively). PAMOM446G was found to perform slightly bet-

ter as a biocatalyst when compared with the wild type counterpart. In fact, the rate of 

conversion of HMF by PAMOM446G is in the same range as the recently discovered HMF 

oxidase (Dijkman et al. 2014). Yet, as also observed for HMF oxidase, the subsequent 

steps in oxidizing DFF and FFA are very slow, excluding the use of these BVMOs for the 

conversion of HMF into FDCA. Furthermore, unfortunately, both studied BVMOs suffer 

from substrate inhibition and inactivation. Hence, it would be worthwhile to optimize the 

conditions and/or engineer the enzymes towards better performance. As PAMO is a ra-

ther stable enzyme and its structure is known, targeted enzyme engineering may solve 

the enzyme inactivation by replacing lysine residues that are expected to react with the 

aldehyde substrates. When engineered into a robust biocatalyst, PAMO or another 

BVMO may be turned into relevant biocatalytic tools to convert furans into compounds 

of higher value. We could show that PAMO is a good starting point to develop a biocata-

lyst that can help in converting HMF or related compounds into FDCA or other furanoid 

compounds. 
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Flavin-dependent enzymes form an important class of enzymes capable of catalyzing 

a wide range of reactions. As biocatalysts, they are especially known for their ability to 

catalyze oxidations and reductions in an enantio- and regioselective manner.  Enzyme 

discovery and engineering tools such as genome mining, computational design, 

directed evolution and structural biology altogether have contributed significantly 

towards improving the overall performance of flavoenzymes for industrial applications 

and are continuing to do so. However, there are still a lot of enzymes hidden in the 

genomic databases which are potentially promising. Except for flavin-dependent 

enzymes, there are also other enzyme classes that may be sources for development of 

redox biocatalysts. Cofactor F420-dependent enzymes belong to such class of enzymes 

which have hardly been explored. Cofactor F420 is a natural deazaflavin analogue of 

flavin cofactors which has more reducing power than the conventional flavins due to 

its lower redox potential. Research described in this thesis focused on unveiling the 

biocatalytic potential of F420-dependent enzymes, deazaflavoenzymes. 

Chapter 1 provides a general introduction about cofactor F420: its chemical properties 

and biosynthetic pathway in archaea and bacteria, and details about F420-dependent 

enzymes which are promising from a biocatalytic point of view. F420-dependent 

enzymes can only catalyze two electron (hydride) transfer reactions which limits their 

applicability. Yet, because of the redox properties of the cofactor, (in theory) they can 

catalyze more demanding hydride transfer reaction when compared with enzymes 

that employ a flavin or nicotinamide cofactor. F420H2-dependent reductases have been 

shown to  degrade recalcitrant aflatoxins, activate pro-drugs for treating tuberculosis 

(such as PA-824) and perform enantioselective biotransformations (chapter 5), 

advocating their potential as biocatalysts. Therefore, it is attractive to use genome 

mining, proteomics, structural biology, and enzyme engineering tools to identify, 

characterize and engineer F420-dependent enzymes. Such novel enzymes will 

complement the current set of available redox biocatalysts, especially complementing 

the biocatalyst toolbox used for selective reductions. 

We have combined a newly developed proteomics approach, involving a cofactor 

affinity chromatography step, to identify novel F420-binding proteins (chapter 2). The 

method was validated using cell extract of Mycobacterium smegmatis. Covalently 

immobilized cofactor F420 on one hand fished out F420-dependent proteins from the cell 

free extract of M. smegmatis and by mass spectrometry the protein sequences were 
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determined. For this method, the deazaflavin cofactor was covalently immobilized on 

a series of commercially available column materials of varying spacer lengths. The free 

carboxylic groups of F420 reacted with the amine-activated column materials. While the 

polyglutamyl tail is covalently tethered to the carrier material, the part of the cofactor 

essential for binding to the apo proteins remains available for binding. It was found 

that the type of column material played an important role in non-specific binding of 

proteins. Hydroxyl groups of agarose were found to be responsible for such non-

specific binding. Other column material types, such as polymethacrylate, gave better 

results. Mass spectrometry results confirmed the specific binding of known and 

predicted F420-dependent proteins to the F420-polymethacrylate-based affinity column 

material. It also resulted in identifying proteins with no known function; they may 

represent truly novel deazaflavoenzymes with unexplored catalytic properties. 

The fact that cofactor F420 is not commercially available and only very low amounts (1 

µmole F420 /L) can be isolated from a conventional host (M. smegmatis) poses one of 

the challenges to study and utilize F420-dependent enzymes. In order to perform 

biocatalysis using F420H2–dependent reductases without using a significant amount of 

F420, F420H2 recycling enzymes are desperately needed. We have identified a 

thermostable F420:NADPH oxidoreductase (FNO) (chapter 3) by genome mining of the 

mesophilic bacterium Thermobifida fusca. To best of our knowledge, Tfu-FNO is the 

first bacterial FNO for which a crystal structure was solved (1.8 Å resolution). Tfu-FNO 

was heterologously expressed in E. coli Top10 cells with high yield (200 mg/L). As 

NADPH, the natural substrate of FNO, is ten times costlier than NADH, we performed 

engineering of the NADPH binding site to make it accepting NADH. Residues interacting 

with the 2'-phosphate moiety of NADP+ (T28, S50, R51 and R55) were mutated to other 

amino acids. Results showed that these residues are important in discriminating NADP+ 

from NAD+. Mutant S50E was able to lower the Km almost three times as compared to 

wild type FNO. Wild type FNO and mutant S50E can be used for F420H2 recycling at the 

expense of NADPH and NADH, respectively. 

In chapter 4, we investigated evolutionary aspects of F420-dependent enzymes 

belonging to the one particular enzyme family. Cofactor F420 was first of all discovered 

in methanogens and is also found in archaea where it plays an important role in 

metabolism. This gives the impression that the cofactor F420-dependent enzymes might 

be primitive or even the ancestors of the flavoenzymes. Through a detailed 
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phylogenetic analysis, we found out that the previous statement is not true. F420-

dependent enzymes have actually emerged from a common FMN-dependent 

ancestor. During phylogenetic analysis of F420-dependent dehydrogenases, we 

identified a novel subgroup of dehydrogenases which also accept substrates other 

than glucose-6-phosphate, hence called sugar-6-phosphate dehydrogenases (FSD). 

The resurrected ancestor of FSD and FGD was thermotolerant and flexible in terms of 

substrate acceptance. 

The reducing power of cofactor F420 is utilized by F420H2-dependent reductases. In 

chapter 5, we report for the first time on the ability of F420-dependent enantio- and 

regioselective ene-reductions using F420H2-dependent reductases (FDRs). These 

relatively small deazaflavoenzymes can convert α,β-unsaturated aldehydes and 

ketones with excellent enantioselectivity (often with >99% ee). Interestingly, the 

enantioselectivity obtained using these enzymes is opposite to that observed for the 

well-known and explored flavin-dependent ene-reductases. Unfortunately, the rate at 

which the reductions are catalyzed are rather low. These newly studied F420H2-

dependent enzymes are a good starting point for future enzyme engineering attempts 

to obtain more efficient biocatalysts.  

Flavin-containing Baeyer-Villiger monoxygenases (BVMOs) are examples of well-

studied flavoenzymes used for biocatalytic oxidations. In chapter 6, we report on the 

ability of BVMOs to act on furanoid aldehydes, a class of compounds that had not been 

tested with BVMOs before. Surprisingly, most of the tested BVMOs were found to 

accept furfural as substrate. Furfural and several other furanoid aldehydes were 

converted to the acid instead of being converted into the expected formate esters via 

a typical Baeyer-Villiger oxidation. This affords a new biocatalytic route towards 

producing an attracttive polymer precursor, 2,5-furandicarboxylic acid (FDCA). 
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Flavine-afhankelijke enzymen vormen een belangrijke klasse van enzymen die in staat zijn 

om een breed scala aan reacties te katalyseren. Als biokatalysatoren staan ze vooral 

bekend om hun vermogen om oxidaties en reducties op een enantio- en regioselectieve 

manier te katalyseren. Middelen voor enzym ontdekking en enzyme engineering zoals 

genome mining, computational design, directed evolution en structurele biologie hebben 

in belangrijke mate bijgedragen aan het verbeteren van de prestaties van flavoenzymen 

voor industriële toepassingen, en blijven dit doen. Er zijn echter nog steeds veel enzymen 

verborgen in de genoom-databanken die mogelijk veelbelovend zijn. Naast flavine-

afhankelijke enzymen zijn er ook andere enzymklassen met kandidaten voor de 

ontwikkeling van redox-biokatalysatoren. Cofactor F420-afhankelijke enzymen behoren tot 

een dergelijke klasse van enzymen die nauwelijks zijn onderzocht. Cofactor F420 is een 

natuurlijk deazaflavine-analoog van flavine cofactoren, en het heeft een hoger reducerend 

vermogen dan de conventionele flavines vanwege het lagere redoxpotentieel. Het 

onderzoek beschreven in dit proefschrift richtte zich op het onthullen van het 

biokatalytisch potentieel van F420-afhankelijke enzymen, deaza-flavoenzymen. 

Hoofdstuk 1 geeft een algemene inleiding over cofactor F420: de chemische eigenschappen 

en biosyntheseweg in archaea en bacteriën, en details over F420-afhankelijke enzymen die 

veelbelovend zijn vanuit biokatalytisch oogpunt. F420-afhankelijke enzymen kunnen slechts 

twee elektronen (hydride) overdrachtsreacties katalyseren, dus hun toepasbaarheid is 

enigszins beperkt. Toch kunnen ze vanwege de redox-eigenschappen van de cofactor (in 

theorie) moeilijkere hydride-overdrachtsreacties katalyseren, ten opzichte van met 

enzymen die een flavine- of nicotinamide-cofactor gebruiken. Van F420H2-afhankelijke 

reductasen is aangetoond dat ze recalcitrante aflatoxinen afbreken, pro-geneesmiddelen 

activeren voor de behandeling van tuberculose (zoals PA-824) en enantioselectieve 

biotransformaties uitvoeren (hoofdstuk 5), welke getuigen geven van hun potentieel als 

biokatalysatoren. Het is daarom aantrekkelijk om genome mining, proteomics, structurele 

biologie en enzymtechnieken te gebruiken om F420-afhankelijke enzymen te identificeren, 

karakteriseren en te ontwikkelen. Dergelijke nieuwe enzymen zullen de huidige 

verzameling beschikbare redox-biokatalysatoren aanvullen, in het bijzonder de collectie 

van enzymen die worden gebruikt voor selectieve reducties. 

We hebben een recentelijk ontwikkelde techniek voor proteomics gecombineerd met een 

cofactor-affiniteitschromatografie stap, om nieuwe F420-bindende eiwitten te identificeren 

(hoofdstuk 2). De methode werd gevalideerd met behulp van celextract van 

Mycobacterium smegmatis. Covalent geïmmobiliseerde cofactor F420 was in staat F420-

afhankelijke eiwitten te vissen uit het celvrije extract van M. smegmatis, en door 
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massaspectrometrie werden de eiwitsequenties bepaald. Voor deze methode werd de 

deazaflavinecofactor covalent geïmmobiliseerd op een reeks verkrijgbare 

kolommaterialen met variërende tussenlengtes. De vrije carboxylgroepen van F420 

reageerden met de amine-geactiveerde kolommaterialen. Hoewel de polyglutamyl-staart 

covalent is gebonden aan het dragermateriaal, blijft het deel van de cofactor dat essentieel 

is voor binding aan de apo-eiwitten beschikbaar voor binding. Het bleek dat het type 

kolommateriaal een belangrijke rol speelde bij niet-specifieke binding van eiwitten. 

Hydroxylgroepen van agarose bleken verantwoordelijk te zijn voor dergelijke niet-

specifieke binding. Andere kolommateriaaltypen, zoals polymethacrylaat, gaven betere 

resultaten. Massaspectrometrie resultaten bevestigden de specifieke binding van bekende 

en voorspelde F420-afhankelijke eiwitten aan het F420-polymethacrylaat kolommateriaal. 

Het resulteerde ook in het identificeren van eiwitten zonder bekende functie; ze kunnen 

werkelijk nieuwe deazaflavoenzymen vertegenwoordigen met onontgonnen katalytische 

eigenschappen. 

Het feit dat cofactor F420 niet commercieel verkrijgbaar is, en slechts in zeer lage 

hoeveelheden (1 μmol F420 / L) kan worden geïsoleerd van een conventionele gastheer (M. 

smegmatis), vormt één van de uitdagingen voor het bestuderen en toepassen van F420-

afhankelijke enzymen. Om biokatalyse met behulp van F420H2-afhankelijke reductasen uit 

te voeren zonder een aanzienlijke hoeveelheid F420 te gebruiken, zijn enzymen die F420H2 

regenereren hard nodig. We hebben een thermostabiel F420: NADPH-oxidoreductase (FNO) 

(hoofdstuk 3) geïdentificeerd door genome mining van de mesofiele bacterie Thermobifida 

fusca. Voor zover ons bekend is Tfu-FNO de eerste bacteriële FNO waarvoor een 

kristalstructuur is opgehelderd (1,8 A resolutie). Tfu-FNO werd op heterogene wijze tot 

expressie gebracht in Topio-cellen van E. coli met hoge opbrengst (200 mg / l). Aangezien 

NADPH, het natuurlijke substraat van FNO, tien keer duurder is dan NADH, hebben we de 

engineering van de NADPH-bindingsplaats uitgevoerd om het NADH te laten accepteren. 

Residuen die een interactie hadden met de 2'-fosfaatgroep van NADP+ (T28, S50, R51 en 

R55) werden gemuteerd tot andere aminozuren. De resultaten toonden aan dat deze 

residuen belangrijk zijn bij het discrimineren van NADP+ van NAD+. Mutant S50E was in 

staat om de Km bijna driemaal te verlagen ten opzichte van wild type FNO. Wild type FNO 

en mutant S50E kunnen worden gebruikt voor recycling van F420H2 ten koste van 

respectievelijk NADPH en NADH. 

In hoofdstuk 4 onderzochten we evolutionaire aspecten van F420-afhankelijke enzymen 

behorend tot de kenmerkende enzym familie. Cofactor F420 werd voor het eerst ontdekt in 

methanogenen, en het werd ook aangetroffen in archaea, waar het een belangrijke rol 
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speelt in het metabolisme. Dit geeft de indruk dat de cofactor F420-afhankelijke enzymen 

primitief kunnen zijn, of zelfs de voorouders van de flavoenzymen. Door middel van een 

gedetailleerde fylogenetische analyse kwamen we erachter dat de vorige verklaring niet 

waar is. F420-afhankelijke enzymen blijken eigenlijk voort te zijn gekomen uit een 

gemeenschappelijke FMN-afhankelijke voorouder. Tijdens de fylogenetische analyse van 

F420-afhankelijke dehydrogenases identificeerden we een nieuwe subgroep van 

dehydrogenases die in staat zijn om substraten anders dan glucose-6-fosfaat accepteren, 

en zijn daarom suiker-6-fosfaat dehydrogenases (FSD) genoemd. De herrezen voorouder 

van FSD en FGD (F420-afhankelijke glucose-6-phosphate dehydrogenase) was 

thermotolerant en flexibel wat betreft substraat acceptatie. 

Het reducerende vermogen van cofactor F420 wordt benut door F420H2-afhankelijke 

reductasen. In hoofdstuk 5 rapporteren we voor de eerste keer over het vermogen van 

F420-afhankelijke enantio- en regioselectieve een-reducties (van C=C bindingen) met 

behulp van F420H2-afhankelijke reductasen (FDR's). Deze relatief kleine deazaflavoenzymen 

kunnen α, β-onverzadigde aldehyden en ketonen omzetten met uitstekende 

enantioselectiviteit (vaak met >99% ee). Interessant is dat de enantioselectiviteit die kan 

worden verkregen met behulp van deze enzymen tegengesteld is aan die van de 

welbekende en onderzochte flavine-afhankelijke een-reductasen. Helaas is de snelheid 

waarmee de reducties worden gekatalyseerd tamelijk laag. Deze nieuw bestudeerde 

F420H2-afhankelijke enzymen zijn een goed startpunt voor toekomstige pogingen tot 

enzym-engineering om efficiëntere biokatalysatoren te verkrijgen. 

Flavine-bevattende Baeyer-Villiger monoxygenases (BVMOs) zijn voorbeelden van goed 

bestudeerde flavoenzymen die worden gebruikt voor biokatalytische oxidaties. In 

hoofdstuk 6 rapporteren we over het vermogen van BVMO's om op furanoïde aldehyden 

in te werken, een klasse van verbindingen die nog niet eerder met BVMO's zijn getest. 

Verrassend genoeg bleek dat een groot deel van de geteste BVMO's furfural als substraat 

te accepteren. Furfural en verschillende andere furanoïde aldehyden werden omgezet in 

het zuur, in plaats van te worden omgezet in de verwachtte formiaatesters via een typische 

Baeyer-Villiger-oxidatie. Dit levert een nieuwe biokatalytische route op voor het 

produceren van een belangwekkende polymeerprecursor, 2,5-furandicarbonzuur (FDCA). 

 

  



140 | Nederlandse samenvatting 

 



List of publications 

Kumar H, Fraaije MW (2017) Conversion of Furans by Baeyer-Villiger Monooxygen-

ases. Catalysts 7:179. 

Kumar H*, Nguyen Q-T*, Binda C, Mattevi A, Fraaije MW (2017) Isolation and charac-

terization of a thermostable F420 :NADPH oxidoreductase from Thermobifida fusca. J 

Biol Chem 292(24):10123–10130. 

Mathew S*, Trajkovic M*, Kumar H, Nguyen Q-T, Fraaije MW (2018) Enantio- and re-

gioselective ene -reductions using F420 H2-dependent enzymes. Chem Commu. 

54:11208–11211. 

Mascotti LM*, Kumar H*, Nguyen Q-T, Ayub MJ, Fraaije MW (2018) Reconstructing 

the evolutionary history of F420-dependent dehydrogenases Nat. Sci. Rep. Manuscript 

accepted.  

  

 

 

 

 

 

 

 

 

 

 

 

 

*Equally contributed 



 



Acknowledgements 

This exciting journey of PhD which wouldn’t have been complete without the 
contribution of a number of people.  

First of all, I am grateful to my promoter, Prof. Marco Fraaije for accepting me as group 
member. Thank you, Marco, for your continuous support throughout the PhD and 
beyond. I had a rather slower start as PhD but your optimistic guidance has made me 
reach this far. I haven’t only learnt fundamentals of research from you in these years but 
your honest feedbacks and personalized supervision have also helped me to achieve few 
‘long-term’ personal and scientific improvements within myself which I will cherish for 
rest of my life. I benefited from your rapid manuscript corrections and availability for 
discussions and I don’t remember walking out of your office without motivation, new 
ideas and positivity. Thank you for being a great mentor and for your patience! I equally 
enjoyed dinners/board game at your place every now and then. I wish you continued 
success and good health! 

I would like also to thank Prof. Dick B Janssen for being my second promoter. Although 
we never had project related meetings, but you always provided useful suggestions and 
ideas during the work discussions.  

I am grateful to the members of assessment committee, Prof. Willem van Berkel, Prof. 
Gerrit Poelarends and Prof. Dirk Slotboom. Thank you for your valuable time and useful 
suggestions! 

My PhD in Netherlands would not have been possible without the Erasmus Mundus 
‘Svaagata’ scholarship for Indian students. I would like to thank Erasmus mundus for 
considering me for this scholarship. I am grateful to Drs. Anita Veltmaat for answering 
our scholarship related queries. Thank you, Anita, for staying in touch throughout theses 
years and for organizing occasional dinners at your house, hikes and city tours. I would 
also like to thank my fellow Svaagata scholars.  

I would like to acknowledge my paranymphs for the defense, Nikola and Max. You both 
had major contribution towards my good times in Groningen. Nikola, thank you for all the 
countless barbecues and parties since 2013! You undoubtly possess the quality of uniting 
people which is amazing. It was great to know you as a person. I am grateful to you and 
Marco for considering me for GECCO. Working for GECCO was new, but wonderful 
experience for me and I totally loved it. Thank you for helping me discover my love for 
money! While working, I also learned a lot of useful tricks from you besides research.  I 
wish you great success with GECCO and in general!  

Dear Max, thank you for the parties at your place including pizza at midnight! You are an 
awesome chef and I must apologize for screwing up with the food few times during the 
cooking scheme. I have great respect for your hard work and your work life balance. 



Thank you for all those investment ideas and for being my paranymph.  My best wishes 
for your future plans!  

Throughout my research, I worked in close collaboration with many of you. Dear Thai, 
you and me were newbies to the F420 project. You taught me the ins and outs of the lab 
and we worked on the deazaflavin projects together or to say, you introduced me to the 
project. I still remember your priceless excitement after we isolated F420 for the first time. 
Our collaboration continued after you moved to Pavia for next phase of your PhD and 
you solved the structure of Tfu-FNO (chapter 3). I am very happy to share publications 
with you and enjoyed working with you. I wish you the best for your future! I am also 
thankful to Prof. Andrea Mattevi for the collaboration and hosting me for the lab outing.  

Dear Laura, I entered into the project with you when you had already performed 
evolutionary predictions/studies. Thank you for explaining me the bioinformatics part of 
the project. We worked together for a short but productive period in the lab. I really 
appreciate your passion and your focused approach towards work. Our work has resulted 
into a nice manuscript (chapter 4). Thank you for the nice collaboration and I am sure you 
will excel as a group leader. Best wishes for your future! 

I would also like to thank Patricia for her useful suggestions for furan project (chapter 6). 
Thank you, Marleen, for the initial help with the MS analysis of samples for chapter 2.  

Simone, thank you for showing me around the crystallography lab and good luck with the 
FBP and your future plans. 

For my chapter 5, I got chance to work with Sam and Milos. Both of you, being postdocs, 
had previous experience/knowledge hence I was always learning from you both. I am 
happy that we share a nice publication together. Thank you, Sam, for the collaboration 
and best wishes for your future! Thank you, Milos for being the chemistry support for me 
and the whole group, I guess! You are a nice person and a good friend. I really enjoyed 
your company and working with you. I wish you, Jasna and little sofija all the very best! 

My best wishes to the enthusiastic members of F420 team, Jeroen and Caterina. Good luck 
with the F420 adventures! 

Thank you, Christiaan for all kind of technical help throughout the stay! I am also grateful 
to Piet who had up to the date knowledge about instruments/softwares in the lab. I 
would also like to thank Sandra for the help with administrative works. 

It was a great learning experience while supervising student projects. Thank you, Marco, 
for trusting me on that! Thank you, Nadia, Jacques, Jesse (bachelor’s thesis) and Marlieke 
(Master’s thesis) for being my students. I hope you enjoyed working during the project as 
much as I did. I would also like to thank the students from different bachelor and master 
practical courses for making all those mutants/fusions. 



Then I would like to thanks the past and present members of our King’s office. Alex, 
Willem and Geoffery, thanks for naming the office first of all. I enjoyed sharing the office 
and winning the best baton during rondje lab with you all. Thank you for the company. 
Elisa, thank you for being the voice of our office and good luck with your next adventure!  

Thank you, Ale, for recommending me good series/shows and all the discussions. 
Mohamed, I enjoyed having culture related conversations with you from non-European 
prospective. Qing long, I enjoyed playing ping-pong with you. Good luck to all of you with 
your PhDs as Dr. Milos already has his degree. I enjoyed working behind the computer as 
well as having a chat with you all. Thank you for organizing the breakfast service from lidl 
almost every morning! Gracias! Hvala! Shukraan! Xièxiè!  

Thank you, Friso for translating the dutch summary for me. Elvira, your hard work and 
immense knowledge about flavoenzymes are just inspiring. Best wishes with your next 
step. Misun, thank you for your friendly company in the lab and Good luck with your 
almost there PhD. Thank you, Dana for your help specially during the last phase of PhD. 
Good luck with job applications. 

I am grateful to rest of the current group members, Elvira, Niklas, Estela, Gautier, 
Antonija, Zhou, Yapei, Heijn, Henriette, Hugo, Fabiola, Brenda for making the stay a good 
one. I am also thankful to previous group members, Hanna, Patricia, Gosia, Cyntia, Matt, 
Marzena, Nina, Hesam, Suzan, Yasser and Ana. Thank you all for making the stay in the 
lab pleasant.  

Then I would like to acknowledge people from upstairs. Thank you, Clemens for your help 
with CV and motivation letter. Cora, Manu, Ivana, Liliana, Clemens, Yans, Arjun, Bart 
Ruben, Zhi, Lur, Sambi, Linda, thank you guys for contributing towards my nice stay here. 

I feel lucky to have friends not only from work but also outside work. Ajay, I appreciate 
your productivity. Thanks for the trips together and good luck for your future. Arun, it 
was great to know you. Thanks for all the trips, parties, dinners and your help organizing 
GISA events. Best wishes for your future. Ketan, I really appreciate your determined 
mindset. Thank you for all the dinners, trips and nice time. Good luck with your job. 
Milon da, Soma, Varsha di and Ravi da, thank you for all the good time and good food. It 
felt like home when you guys were around. Best wishes to all of you. Sid and Malli, we all 
started our PhDs at the same time. Sid, thanks for chai and running sessions. Good luck 
for your future. Thank you Malli for discussions about writing and for delicious tamarind 
rice. Thank you, Anil and Bhabhi ji for hosting me for Himachali dinners. I wish you luck 
with job applications. Thank you, Shabnam, for your friendship and chemdraw tips. Best 
wishes for your future. Thank you Karabee for the good food and good luck with rest of 
your PhD. I also want to thank my other Indian friends who I might have forgot to 
mention. You all have made my stay here memorable. 

A big thanks to all the cricket players from ZICS! I enjoyed every moment of the game and 
thank you all for sharing laugh with me. Ali bhai, Milon da, Abbasi bhai, Jacob, Afzal, 



Dharmendra, Pulkesh, Ketan, Ankur, Tarun, RP bhaiya, Kumar, Arijit, Saurabh, Aditya, 
Vamsi, Suresh babu and others that I forgot to mention.  

It was a learning experience while being the Groningen Indian Student Association. I got 
to meet new people and organize events together with different student organizations 
from different countries. Thank you Nilesh, Ashish, Ajay, Soma, Amulya, Ketan and 
Jasmine for this wonderful experience.  

At last but not the least, I would like to thank my friends, parents and family member for 
their continuous support. Thank you, Pita ji, for everything that you have taught me. You 
may not be with us today but you will live forever within me. Ama ji, you are the 
strongest woman I know. I will never find enough words for your sacrifices. Thank you 
and my sister for your unending support! 

Thank you! 

 

         Hemant 

 

 


	Front page print version 7112018
	Title Page_Kumar
	dedicated to my father
	Table of content
	Introduction first and second page_25102018
	Introduction from 3rd page_25102018
	Chapter 2 - F420 proteomics 25102018 first 2 pages
	Chapter 2 - F420 proteomics 25102018 3 page onwards
	Chapter 3 Isolation and characterization of a thermostable FNO from T fusca first 2 pages 25102018
	Chapter 3 Isolation and characterization of a thermostable FNO from T fusca 3rd page onwards 25102018
	chapter 4 Evolutionary history of F420 dependent dehydrogenases first 2 pages 28102018
	20181106 [yellow deleted]chapter 4 Evolutionary history of F420 dependent dehydrogenases 3rd page onwards
	Chapter 5 Enantioselection reduction using F420H2 dependent enzymes first 2 pages 28102018
	Chapter 5 Enantioselection reduction using F420H2 dependent enzymes 3rd page onwards 07112018
	Chapter 6 Conversion of furans using BVMOs first two pages
	Chapter 6 Conversion of furans using BVMOs 3rd page onwards
	Summary_Kumar first 2 pages
	Summary_Kumar
	Nederlandse samenvatting
	Summary_Kumar -Dutch_F
	List of publications
	Acknowledgements

