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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). 



 

Chapter 5 | 97 

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) 



 

98 | Enatio- and regioselective ene reductions using F420H2 dependent enzymes 

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 

Author contributions—S. M., M. T., H. K. and M. W. F. conceived the study and designed 

the experiments.  Q.-T. N. and H. K. performed the cloning. S. M. and H. K. expressed and 

purified the enzymes. S. M., M. T. and H. K. set up reactions for biocatalysis. M. T. 

synthesized the mentioned compounds and characterized them. S. M., M. T. and H. K. 

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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