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A B S T R A C T   

Promiscuous enzymes have shown their synthetic abilities in generating various organic com
pounds with high selectively and efficiency under mild conditions. Therefore, the design and 
development of conditions to raise promiscuity to the enzymes have been under the spotlight in 
recent years. Flavin reductase, that reduces flavins by using NADH as a cofactor, has not been 
studied in promiscuous reactions. In the present study, it was aimed to develop a catalytic pro
miscuous activity in the recombinant E. coli flavin reductase by removing its cofactor. The flavin 
reductase demonstrated a promiscuous activity for Knoevenagel condensation and Michael 
addition reactions individually. The cofactor-independent promiscuous activity of the flavin 
reductase was further enhanced by altering the reaction conditions to proceed a Knoevenagel- 
Michael addition cascade for tetraketone synthesis. Yet, the presence of the cofactor blocked 
the promiscuous Knoevenagel condensation, Michael addition, and therefore the cascade reac
tion, demonstrating that the removal of NADH was pivotal in inducing the promiscuous activity. 
Furthermore, molecular docking and MD simulations were performed to obtain more structural 
and mechanistic details of the transformation. The computational studies identified the most 
likely catalytic sites of the flavin reductase in the reaction. Additionally, a truncated variant of the 
enzyme that lacked 28 residues from the C-terminus displayed comparable activity to the wild- 
type enzyme, indicating the robustness of the enzyme in performing the cascade reaction. In 
brief, the cofactor-elimination method presented in this work could be considered as a straight
forward and economical approach for inducing enzyme promiscuity in promoting organic 
transformations.   

1. Introduction 

Enzymes are the most considerable proteins, which show their robust catalytic activities in synthetic chemistry as green, cheap, and 
selective catalysts. Albeit enzymes are well-known for their specificity, over recent years, it has been evidenced that many enzymes are 
capable of performing non-native reactions, called promiscuous reactions. Enzyme promiscuity, which has played a paramount role in 
the evolution of novel enzymes [1–4], has been placed in three groups. The first group named catalytic promiscuity, occurs when the 
enzyme catalyzes a non-native catalytic activity. Many studies clearly have shown this type of promiscuity; for instance, lipases are the 
most studied enzymes in performing promiscuous reactions. Although the native catalytic activity of lipase is the formation of ester 
bond or its hydrolysis, lipases have displayed the ability to form carbon-carbon, heteroatom-heteroatom, and carbon-heteroatom 
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bonds [5–13]. The second group, substrate promiscuity, occurs when the enzyme serves a non-native substrate. Oleate hydratase from 
Elizabethkingia meningoseptica catalyzes the hydration of non-natural substrates by using a decoy fatty acid molecule [14]. N-ace
tylhexosamine 1-kinase was shown to perform its catalytic activity on various N-acetylglucosamine [15]. When an enzyme performs 
the catalytic reaction under different conditions, the condition promiscuity takes place. The engineered protease subtilisin E was 
demonstrated to improve activity in organic media [16]. Besides of this categorization, often various types of promiscuities are 
merged. Indeed, one approach in developing promiscuity has been altering the cofactor for the cofactor-dependent enzymes. Previous 
studies have demonstrated that altering the cofactor of enzymes could induce promiscuity in them. As an example, carbonic anhydrase 
was shown to perform epoxide synthesis by exchanging Fe2+ to Mn2+ [17]. Additionally, it was reported that the replacement of zinc 
with rhodium could result in a promiscuous reductase activity for the stereoselective hydrogenation of olefins [18]. Catechol oxidase 
activity was achieved from zinc-dependent aminopeptidase via the introduction of Cu2+ [19]. Although considerable advances have 
been achieved, they have mostly been limited by substituting metal cofactors. 

Reactions with the capability of C–C bond formation are widely used in different industries to synthesize value-added products; 
therefore, developing new strategies, which could promote this type of transformation in straightforward and eco-friendly manners, 
are always of great interest among researchers [20–23]. Several enzymes have shown promiscuous activities in generating C–C bonds 
in recent years [24–26]. The first enzymatic asymmetric Mannich reaction was performed via protease type XIV from Streptomyces 
griseus. The mentioned enzyme was capable of catalyzing direct three component Mannich reaction with enantioselectivity up to 88% 
[27]. The three-to six-carbon aldose carbohydrates have been synthesized through tandem aldol reaction by engineered D-fructo
se-6-phosphate aldolase from Escherichia coli (E. coli) [28]. Recently, Ene-reductase demonstrated its promiscuous catalytic activity for 
performing the Knoevenagel condensation-reduction cascade; since the enzyme utilizes NADH as a cofactor, the glutamate dehy
drogenase was used for in situ generation of the expensive cofactor [29]. Despite the dramatic progress, enzyme promiscuity suffers 
from limited substrate scope, cofactor dependency, and active site engineering; hence, improved biocatalytic systems which have a 
broader substrate scope with no cofactor dependency or further engineering and modifications are still in great demand. 

Tetraketones are widely used as precursors for synthesizing diverse heterocyclic compounds such as xanthenediones, thio
xanthenes, and acridinediones; these compounds are present in many natural and synthetic bioactive molecules [30]. Furthermore, 
tetraketones have shown some tyrosinase inhibitory properties [31]. Tetraketones are usually synthesized by a Knoevenagel 
condensation reaction followed by a Michael addition reaction. Various methods using catalysts including taurine [32], HClO4 –SiO2 
[33], DABCO-based acidic organic salt [34], eutectic solvents [35], piperidine [36], proline [37], ZnCl2 [38], Fe3O4 @SiO2–SO3H 
[39], ultrasound [40], ZnAl2O4 [41] have been developed for synthesizing these compounds. Owing to the importance of these 
compounds, developing novel green approaches are still missing. The concept of enzyme promiscuity equips chemists to design and 
improve novel catalytic systems. 

A few biocatalysts have been reported to perform a cascade reaction that entails Knoevenagel condensation and Michael addition in 

Scheme 1. Introduction to previous and current work for enzymatic Knoevenagel-Michael addition cascade.  
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a row. A zinc-dependent acylase was shown to perform the Knoevenagel-Michael addition reactions between cyanoacetamide, al
dehydes, and 1,3-dicarbonyl compounds in organic media [42]. A series of enzymes were screened for Knoevenagel-Michael addition 
cascade, and a Lipase RMIM was identified for catalyzing the enzymatic cascade for 4-hydroxycoumarin and aldehydes [43]. The 
commercially immobilized lipase TLIM was used to carry out the Knoevenagel-Michael addition cascade reactions of 1,3-diketones 
with aromatic aldehydes to produce xanthones [44]. The previous reported enzyme-catalyzed Knoevenagel-Michael cascade re
actions also suffer from long reaction time, a relatively large amount of enzymes, and the dependency on metal cofactor in the case of 
the acylase (Scheme 1). 

In humans, NAD(P)H flavin reductases are responsible for the reduction of flavins, biliverdins [45], and pyrroloquinoline quinone 
[46] in the presence of NAD(P)H. In bacteria flavin reductase is composed of two-component systems in which NAD(P)H flavin 
reductase is coupled with another enzyme such as halogenase [47,48] and monooxygenase [49]. However, in E. coli, flavin reductase 
participates in the reactivation of ribonucleotide reductase in which the reduced flavin reduces the Fe(III) of ribonucleotide reductase 
to Fe(II) [50]. Flavin reductase is found as a monomer in solution, but in the crystal form, the enzyme is found as tetramers in the 
asymmetric unit forming two dimers; the two dimers are linked together by a disulfide bond and each monomer is composed of 232 
residues [51]. An ordered sequential mechanism is suggested for the NAD(P)H-dependent flavin reductase [52]. 

In the present work, catalytic promiscuous activity was induced in the recombinant NADH-dependent flavin reductase by removing 
the enzyme cofactor. This promiscuous activity led to Knoevenagel condensation and Michael addition reactions. The observed 
promiscuous activity was further improved for the Knoevenagel-Michael addition cascade, resulting the desired tetraketones from the 
corresponding C–C bond formation between aldehydes and 1,3-diketones. Furthermore, the promiscuous activity was honed by 
optimizing the reaction conditions without the need for any catalytic site engineering. Consequently, the promiscuous cascade reaction 
proceeds in mild and benign conditions, accompanied by an easy work-up process and broad substrate scope including aromatic, 
heterocyclic, and aliphatic aldehydes. In comparison to the previous enzymatic Knoevenagel-Michael addition cascade, the present 
work benefits from shorter reaction time, low enzyme-loading, aqueous media, lower temperature, and cofactor independency 
(Scheme 1). Moreover, molecular docking and molecular dynamics studies revealed the details about the involved residues and 
structural insights which raised a plausible mechanism. Additionally, due to the high cost of NADH and its regenerating systems, the 
deletion of such cofactors brought about affordability and simplicity in the reaction. Finally, the elimination of the cofactor could be a 
novel approach to induce promiscuity to the cofactor-dependent enzyme. 

2. Materials and methods 

All commercial reagents and solvents were used without further purification. Unless stated otherwise, all reagents and chemicals 
were purchased from Sigma-Aldrich®. Restriction enzymes, T4 ligase, Taq DNA polymerase, and Pfu DNA polymerase were obtained 
from Thermo Scientific. The DNA gel extraction and purification kit was acquired from Macherey-nagel. Unless otherwise mentioned, 
all NMR spectra were recorded on a Bruker 500 spectrometer (for 1H NMR 500 MHz and 13C NMR 125 MHz) and chemical shifts were 
reported as ppm. The 4-chlorobenzaldehyde derivative NMR spectra were recorded via Bruker 300 spectrometer (for 1H NMR 300 
MHz and for 13C NMR 75 MHz). UV–visible analysis was carried out via Carey 100 Spectrophotometer. Sanger sequencing was 
performed at the sequencing lab at Microsynth’s AG (Balgach, Switzerland). 

2.1. Wild-type flavin reductase cloning 

The gene encoding flavin reductase was amplified via polymerase chain reaction (PCR) using genomic DNA of the E. coli BL21 as a 
template and Pfu DNA polymerase. The used primers were designed based on the nucleotide sequence of the E. coli’s flavin reductase 
(Accession No. M61182) : 

Forward primer (NdeI): CGC CAT ATG ACA ACC TTA AGC TGT AAA 
Reverse primer (XhoI): CCG CTC GAG TCA GAT AAA TGC AAA CGC 
The amplified PCR fragments and vector pET-26b-(+) were first purified via a purification kit (Figure S2) then digested with NdeI 

and XhoI restriction enzymes at 37 ◦C for 2.5 h for each digestion step. 1 μL of alkaline phosphatase was then added to the mixture and 
incubated at 37 ◦C for 1 h. Subsequently, the fragments were extracted using a purification kit (Figure S1). The purified PCR product 
ligated to the NdeI and XhoI sites of the pET-26b-(+) via T4 ligase at 16 ◦C for 12 h, then transformed to the E. coli DH5α. Afterwards, 
the construct pET-26b-(+)/flavin reductase transferred to the E. coli BL21 as an expression strain. The DNA sequencing demonstrated 
no mutations in the cloned gene (Figure S4). 

2.2. General procedure for tetraketone synthesis 

Generally, 0.2 mmol of dimedone and 0.1 mmol of the aldehyde compound were transferred to the 10 ml round bottom flask and 1 
ml di-H2O was added. 200 μg of the enzyme (dissolved in water) was added to the reaction mixture. The reaction stirred for 2 h at 40 
◦C. In the workup process, 3 ml di-H2O was added to the reaction mixture and was stirred for 10 min. The product was filtered and 
washed with di-H2O to remove the impurities. The obtained solid was then placed to dry in an oven at 60 ◦C. 
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3. Results and discussions 

3.1. Screening for promiscuous activities using the flavin reductase 

Since the native catalytic activity of the flavin reductase belongs to the oxidoreductase family of enzymes, promiscuous activity 
screening for the flavin reductase was first examined for a number of non-native organic redox reactions (Table S1). Each reaction was 
performed in the presence of NADH under different conditions. The recombinant enzyme showed no promiscuous activity towards 
examined redox reactions. Therefore, as a second strategy, eliminating the enzyme cofactor from the reaction condition, to reduce the 
steric hindrance of the cofactor in the catalytic pocket of the enzyme, was employed. Due to an unoccupied catalytic pocket, the 
enzyme would have enough space for the non-native substrates to enter the catalytic pocket. Assuming the effective interaction be
tween the substrate and catalytic residues, the chance of promiscuous activity attainment would be increased. Based on the afore
mentioned concept, a number of non-redox organic reactions were examined in the absence of NADH (Table S1). Eventually, the E. coli 
flavin reductase showed promiscuous activity towards catalyzing the Michael addition and the Knoevenagel condensation. To study 
the effect of the enzyme on the Michael addition and Knoevenagel condensation reactions, some control reactions were performed, and 
it was shown that the enzyme catalyzed both reactions (Tables 1 and 2). 

As regards to the ability of the enzyme to catalyze both Knoevenagel condensation and Michael addition reactions separately, the 
ability of the enzyme in catalyzing both reactions in a cascade was questioned. However, the promiscuous activity of the flavin 
reductase towards tetraketone synthesis through the Knoevenagel-Michael addition cascade was investigated, and it was realized that 
the tetraketone formation reaction between the active methylene and an aldehyde compound was catalyzed by the E. coli flavin 
reductase. 

3.2. Promiscuous activity of the flavin reductase: tetraketone synthesis 

The promiscuous activity of the enzyme towards tetraketones synthesis was further investigated. The reaction between 4-methox
ybenzaldehyde and dimedone was chosen as a model reaction. Surprisingly the enzymatic reaction resulted in a 36% yield. To explore 
the effect of the enzyme, the selected model reaction was examined under different conditions as shown in Table 3, the control reaction 
in the absence of the enzyme resulted in a much lesser amount of the product (Table 3, entry 6). To verify whether the 3D shape of the 
enzyme (enzyme native folding) was responsible for catalyzing the reaction , a reaction in the presence of the denatured enzyme was 
conducted. In comparison with the active enzyme, the deactivated enzyme resulted in a much lesser amount of the product which was 
almost as same as the control reaction (Table 3, entries 4 and 6), making it clear that the native folding of the enzyme plays a pivotal 
role in proceeding the reaction. However, in order to see the effect of the residues which are on the surface of the enzyme or any other 
contaminants in the solution, two more control reactions (Table 3, entries 3 and 5) were performed, and the results demonstrated that 
possible contaminants had no catalytic effect on the reaction. 

3.3. Optimization of reaction conditions: solvent, temperature, time and catalyst-loading 

The model reaction was used to investigate the effect of various solvents on the enzymatic reaction. As seen in Table 4, polar 
solvents afforded higher yields. Nonetheless, water seemed to be the best solvent for the model reaction, giving an 81% reaction yield 
(Table 4, entry 6). The significant increase in the enzymatic reaction yield, in water, probably is due to the better activation of the 
enzyme even though it might decrease the reactants’ solubility. 

Table 1 
Evaluation of the effect of the flavin reductase as biocatalyst on the Knoevenagel condensation reaction. a. 

Entry Catalyst Buffer Yield (%) b 

1 Flavin reductase No buffer 56 
2 Uninduced cell lysate soup Tris-HCl pH 8 N.R. 
3 Denaturated flavin reductase No buffer N.R 
4 BSA No buffer N.R. 
5 No catalyst No buffer N.R.  

a Reaction condition: 4a (0.1 mmol), 2a (0.1 mmol), and flavin reductase (400 μg) in 2 ml dioxane at 40 ◦C for 24 h. 
b Isolated yield. 
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The effect of the temperature on the model reaction was also investigated. Three different temperatures: room temperature, 40 ◦C, 
and 55 ◦C were examined for the progression of the model reaction. The best result was achieved at 40 ◦C (Table 5, entry 2). The yield 
for the control reaction at 40 ◦C, in the absence of the enzyme, turned out to be only 20% (Table 5, entry 4). 

Furthermore, the model reaction was studied to determine the optimal time for the reaction. The best yield was achieved in 15 h 
(Table 6, entry 7); however, in 2 h (Table 6, entry 4) a notable yield (76%) was obtaied. Therefore, due to the high yield in this short 
time; the 2 h reaction time was selected as the optimal time. The reaction with no catalyst resulted in only 17% of the product in 2 h 
(Table 6, entry 8). It was noteable that alternating reaction conditions largely affected the enzyme performance with no need for active 
site modification or any protein engineering. 

Afterwards, the effect of E. coli flavin reductase loading was studied in the reaction (Fig. 1). To this end, the model reaction was 

Table 2 
Evaluation of the effect of the flavin reductase as biocatalyst on the Michael addition reaction. a. 

Entry Catalyst Buffer Yield (%) b 

1 Flavin reductase No buffer 100 
2 Uninduced cell lysate soup Tris-HCl pH 8 33 
3 Denaturated flavin reductase No buffer 35 
4 BSA No buffer 32 
5 No catalyst No buffer 33  

a Reaction condition: 1a (0.1 mmol), 6a (0.1 mmol), and flavin reductase (200 μg) in 2 ml ethanol at 40 ◦C for 15 h. 
b isolated yield. 

Table 3 
Evaluation of the effect of the flavin reductase as biocatalyst. a. 

Entry Catalyst Buffer Yield (%) b 

1 Flavin reductase Tris-HCl pH 7 36 
2 Flavin reductase No buffer 35 
3 Uninduced cell lysate soup Tris-HCl pH 8 23 
4 Denaturated flavin reductase No buffer 17 
5 BSA No buffer 15 
6 No catalyst No buffer 18  

a reaction condition: 1a (0.2 mmol), 2a (0.1 mmol) and 100 μg catalyst in 2 ml solvent at room temperature for 24 h. 
b isolated yield. 
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performed with different amounts of the enzyme. The best result was achieved when 200 μg of flavin reductase was used (Table 7, 
entry 2). A further increase in the catalyst loading not only did not improve the yield but also decreased it. Surprisingly, the model 
reaction progressed with a negligible amount of enzyme in a significant yield. It must be mentioned that when comparing the loading 
of the E. coli flavin reductase to other biocatalysts that perform similar reactions [42–44], the reductase catalyzed the tetraketone 
synthesis almost 100 times less loading. 

3.4. Substrate scope for the reaction 

To investigate the scope of the promiscuous reaction performed by the flavin reductase, a wide range of aldehydes including 

Table 4 
Evaluation of the effect of the solvent on the yield of the reaction. a. 

Entry Catalyst solvent Yield (%) b 

1 Flavin reductase DMSO 49 
2 Flavin reductase Ethylene glycol 61 
3 Flavin reductase Ethanol 34 
4 Flavin reductase Methanol 63 
5 Flavin reductase Octanol Trace 
6 Flavin reductase H2O 81 
7 Flavin reductase PEG-400 59 
8 Flavin reductase Acetonitrile 51 
9 – H2O 23  

a reaction condition: 1a (0.2 mmol), 2a (0.1 mmol) and 100 μg catalyst in 2 ml solvent at room temperature for 24 h. 
b isolated yield. 

Table 5 
Evaluation of the effect of the temperature on the yield of the reaction. a. 

Entry Catalyst Temperature Yield (%) b 

1 Flavin reductase Room temperature 80 
2 Flavin reductase 40 ◦C 88 
3 Flavin reductase 55 ◦C 67 
4 – 40 ◦C 20  

a reaction condition: 1a (0.2 mmol), 2a (0.1 mmol) and 100 μg catalyst in 2 ml H2O at mentioned temperature for 24 h. 
b isolated yield. 
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aliphatic, heterocyclic, and aromatic compounds bearing both electron-withdrawing and electron-donating groups were scrutinized in 
the reaction (Table 8). It was determined that flavin reductase could embrace various aldehydes as the non-native substrates in the 
reaction, suggesting a great potential for promiscuity of the enzyme in organic reactions. As expected, when electron-donating groups 
(Table 8, entries 1 and 2) were used, the yield increased in comparison with electron-withdrawing groups (Table 8, entries 5 and 7). A 
noticeable decrease in the yield of the reaction was observed when chlorinated benzaldehyde was used as an electrophile in the re
action (Table 8, entries 8 and 9). Likewise, in the case of aliphatic aldehyde, showing 40% yield, the reaction furnished moderate 
amounts of the corresponding product (Table 8, entry 14). Furthermore, to study the capability of enzyme in catalyzing double-site 
aldehydes, terephthalaldehyde was used in the reaction and the biocatalytic transformation yielded only the symmetric product 
with both sites involved in the reaction (Table 8, entry11), and in comparison with a previous report [53], a mixture of products was 
not detected under our condition. Heterocyclic aldehydes as important building blocks in synthetic organic chemistry were also 
explored in the transformation and proceeded with moderate to excellent yield (Table 8, entries 12 and 13). Furfural, in particular, as a 
known molecule in biomass upgrading conversions, turned into the corresponding product with an acceptable high yield in the re
action (Table 8, entry 13). The exact structure of the product from salicylaldehyde (Table 8, entry 4) as the substrate of the reaction has 
been left in doubt (Scheme S1). A recent report [54], has suggested the formation of the corresponding tetraketone derivative although 
its NMR pattern was completely different from other obtained derivatives. To clarify this ambiguity, X-ray crystallography of this 
product (3d) was obtained (Fig. 2). The resulting structure confirmed the formation of the corresponding xanthone skeleton instead of 
teraketone derivatives. When the linear diketone (acetylacetone) was used, the enzyme only catalyzed the Knoevenagel condensation 
reaction and did not give the desired tetraketone product. 

Table 6 
Evaluation of the effect of the time on the yield of the reaction. a. 

Entry Catalyst Time Yield (%) b 

1 Flavin reductase 15 min 19 
2 Flavin reductase 45 min 20 
3 Flavin reductase 1.5 h 35 
4 Flavin reductase 2 h 76 
5 Flavin reductase 5 h 76 
6 Flavin reductase 8 h 77 
7 Flavin reductase 15 h 88 
9 – 2 h 17  

a reaction condition: 1a (0.2 mmol), 2a (0.1 mmol) and 100 μg catalyst in 2 ml H2O at 40 ◦C for mentioned time. 
b isolated yield. 

Fig. 1. The effect of the flavin reductase loading on the yield of the cascade reaction. Reaction condition: 1a (0.2 mmol), 2a (0.1 mmol) and catalyst 
in 2 ml H2O at 40 ◦C for 2 h. 
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3.5. Investigating the mechanism for the model reaction 

To explore the effect of the NADH on the enzymatic cascade, the model reaction was performed in the presence of equimolar 
quantities of NADH, dimedone, and 4-methoxybenzaldehyde (Table 9). When the enzymatic promiscuous reaction was performed in 
the presence of the NADH, a trace amount of the product was afforded (Table 9, entry 1). Since the yield of this reaction turned out to 
be much lower than the reaction with no enzyme and NADH (entry 4), a control reaction was set in the presence of NADH and the 
absence of the enzyme in order to elucidate the inhibitory role of the NADH (Table 9, entry 3); only 8% yield for the reaction was 
obtained. By comparing entries 3 and 4, it may be deduced that the cofactor inhibits the non-enzymatic tetraketone formation as well 
as the enzymatic tetraketone formation. In other words, the inhabitation of enzymatic tetraketone formation reaction most probably 
pertains to the binding of the cofactor in the binding site of the flavin reductase, excluding the reactants binding to the catalytic pocket. 

To investigate the mechanism of the promiscuous enzymatic cascade, the ability of the enzyme to catalyze Knoevenagel 
condensation and Michael addition reactions separately, was studied in the presence of the NADH. As shown in Table 10, the 
Knoevenagel condensation reaction was catalyzed by the E. coli flavin reductase resulting in 28% yield (Table 10, entry 1) whereas in 
the absence of the enzyme, no product was observed (Table 10, entry 2). Interestingly, when NADH was included in the enzymatic 
Knoevenagel reaction, no product was detected (Table 10, entry 3), alluding to the inhibitory role of NADH. Furthermore, the Michael 
addition , using dimedone and an α,β-unsaturated compound was studied (Table 11). Intriguingly, the enzymatic Michael addition 
reaction produced the desired product with a 100% yield (Table 11, entry 1). However, the enzymatic reaction carried out in the 
presence of NADH and followed by TLC, similar to the control reaction 33% yield was obtained and no side product was detected 
(Table 11, entry 3). These findings could demonstrate that NADH plays an inhibitory role for both reactions. 

To further explore the NADH inhibitory mechanism of the enzymatic tetraketone synthesis, molecular docking was performed. The 
substrates and NADH were docked separately onto the E. coli flavin reductase. The docking illustrated that the two dimedone molecules 
and the aldehyde molecule were found to bind in the cavity to which NADH was also bound (Fig. 3a and b). These overlapping binding 
sites can explain the inhibitory effect of NADH on the tetraketone formation reaction and confirm the experimental results. 

The docking results also indicated that the two dimedone molecules were located at both sides of the 4-methoxybenzaldehyde with 
a distance of 8.3 Å and 7.8 Å (Fig. 4a). Indeed, a hydrogen bonding at 2.7 Å between Ser 49 and dimedone carbonyl oxygen, could 
stabilize the dimedone in the binding site. 4-methoxybenzaldehyde was found to be stabilized and activated by three hydrogen bonds 
with Tyr 146, Ser 115 (side chain), and Ser 115 (main chain) (Fig. 4b). 

To gain more details on the mechanism of the model reaction, Molecular Dynamics (MD) simulation was employed. The simu
lations, were performed for 100 ns for the free enzyme, enzyme docked with two dimedone molecules and 4-methoxybenzaldehyde, 
and the enzyme docked with Knoevenagel adduct and a dimedone molecule. As shown in Figure S8, the root mean square deviation 
(RMSD) for enzyme-substrates complex displayed less variation, alluding to more stability in the presence of the substrate. The protein 
gyration, in the presence of substrates, changed more significantly indicating better folding (Figure S9). The number of H-bonding 
between the enzyme and substrates were also examined during the simulation. The results demonstrated a consistent pattern of H- 
bonding between the enzyme and the substrates throughout the simulation (Figure S10). Indeed, a snapshot at 100 ns demonstrated 

Table 7 
Evaluation of the effect of the catalyst loading on the yield of the reaction. a. 

Entry Catalyst loading (μg) Yield (%) b 

1 10 24 
2 30 58 
3 50 64 
4 70 69 
5 100 74 
6 200 79 
7 300 79 
49 400 75  

a reaction condition: 1a (0.2 mmol), 2a (0.1 mmol) and catalyst in 2 ml H2O at 40 ◦C for 2 
h. 

b isolated yield. 
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Table 8 
Scope of the reaction.a,b 

a Reaction condition: 1a (0.2 mmol), 2 (0.1 mmol) and catalyst (200 μg) in 2 ml H2O at 40 ◦C for 2 h. 
b Isolated yield. The products were confirmed by H-NMR and C-NMR (Figures S13-S42). 
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the same pattern of H-bonding as at the beginning of the simulation, underpinning the role of stable H-bonding between the enzyme 
and substrates. As shown in Fig. 5b, the average distance between the electrophilic carbon (from the aldehyde) and the nucleophilic 
carbon (from dimedone) decreased to 1.1 Å as simulation progressed, indicating a meaningful approach for forming the desired bond. 
During the 100 ns MD simulation, the second dimedone molecule came out from the cavity of the flavin reductase at 10 ns and the first 
dimedone molecule and 4-methoxbenzaldehyde stayed in the cavity (Fig. 5a), suggesting that at first probably only one dimedone and 
4-methoxybenzaldehyde were bound to the protein so that the Knoevenagel reaction could take place. When the MD simulation for the 

Fig. 2. Molecular structure obtained from X-ray crystallography of the compound 3d with atom numbering scheme.  

Table 9 
The effect of NADH on the reaction. 

Entry Cofactor Catalyst Yield (%) d 

1a NADH Flavin reductase trace 
2b – Flavin reductase 79 
3c NADH – 8   

– 15 

Reaction condition: 1a (0.1 mmol), 2a (0.05 mmol) in 1 ml H2O at 40 ◦C for 2 h. 
a NADH (0.05 mmol) and flavin reductase (200 μg). 
b Flavin reductase (200 μg). 
c NADH (0.05 mmol). 
d isolated yield. 
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Knoevenagel adduct and dimedone was analyzed, both substrates stayed in the cavity of the flavin reductase during the 100 ns 
simulation (Fig. 6a). It was determined that duing the simulation, the Knoevenagel adduct and dimedone had an average distance of 
about 1.53 Å (Fig. 6b). 

Based on experiments reported in the present study, molecular docking and MD simulation, H-bond assisted enol formation 
mechanism is the most plausible mechanism for tetraketone synthesis (Scheme 2). The mechanism suggests that two H-bonds between 
the first dimedone molecule and Ser 49 assist the enol formation. Additionally, the oxygen atom of the Asp 227, located at a distance of 
4.3 Å, could aid the dimedone deprotonating. On the other hand, the carbonyl of the aldehyde molecule is activated by the three H- 
bonds. and it becomes capable of accepting the nucleophile. The protonated Asp 227 probably donates its proton to the compound (III), 
producing compound (IV). After protonation and dehydration of compound (IV), the Knoevenagel adduct (V) would be generated and 

Table 10 
The Knoevenagel condensation reaction. a. 

Entry Cofactor Catalyst Yield d (%) 

1 – Flavin reductase 28 
2b NADH Flavin reductase N.R 
3c – – N.R  

a Reaction comdition: 4a (0.1 mmol), 2a (0.1 mmol), and flavin reductase (200 μg) in 2 ml dioxane at 40 ◦ C for 15 h. 
b NADH (0.1 mmol). 
c no cofactor and no enzyme. 
d isolated yield. 

Table 11 
The Michael addition reaction. a. 

Entry Cofactor Catalyst Yield d (%) 

1 – Flavin reductase 100 
2b NADH Flavin reductase 33 
3c – – 32  

a Reaction condition: 1a (0.1 mmol), 6a (0.1 mmol), and flavin reductase (200 μg) in 2 ml ethanol at 40 ◦C for 15 h. 
b NADH (0.1 mmol). 
c no cofactor and no enzyme. 
d isolated yield. 
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is stabilized by the three H-bonds (Figure S11). Furthermore, the H-bonds with Thr 16 and Thr 112 activate the Knoevenagel adduct for 
the 1,4-additition reaction. The second dimedone molecule enters the catalytic pocket of the flavin reductase and is stabilized by its 
two H-bonds as similar to the first dimedone molecule. The H-bonds once again could assist the enol formation. The dimedone in enol 
form would attack the β-carbon of the Knoevenagel adduct giving rise to the desired compound. 

During the process of cloning of the E. coli reductase, using Taq polymerase accidentally, a mutated version of the reductase was 
cloned (Fig. 7). After DNA sequencing (Figure S5), it was determined that the cloned gene had one point mutation Ile135T and a 
premature stop codon resulting in a truncated enzyme lacking the last 28 amino acids (Fig. 7a and b). The mutated enzyme was 
expressed in E. coli as inclusion bodies. After solubilization and activation by using urea gradient, its size and activity were examined. 
As shown in Figure S12, the truncated enzyme as compared to the wild-type moved faster in electrophoresis, demonstrating its 
truncated size. Fig. 8 compares a turnover frequency (TOF) of the wild-type and the truncated flavin reductase; interestingly, the 
activity of truncated enzyme was similar to the wild-type enzyme, indicating that such a severe truncation and a point mutation did not 

Fig. 3. a) Two dimedone molecules and 4-methoxybenzaldehyde b) The NADH cofactor molecule docked into the E. coli flavin reductase structure 
(PDB ID: 1QFJ). 

Fig. 4. Two dimedone and 4-methoxybenzaldehyde molecules docked into the flavin reductase structure (PDB ID: 1QFJ). a) The distance between 
α-carbon of the dimedone and the electrophilic carbon of 4-methoxybenzaldehyde. b) The interactions between substrates and catalytic pocket. 
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Fig. 5. a) Snapshot at 100 ns of simulation for the dimedone-4-methoxybenzaldehde-dimedone-flavin reductase complex, first dimedone molecule 
(pink), second dimedone molecule (cyan) and 4-methoxybenzaldehyde (purpule) (PDB ID: 1QFJ). b) The distance between the nucleophilic C of the 
dimedone and the electrophilic C of the 4-methoxybenzaldehyde during 100 ns simulation. 

Fig. 6. a) Snapshot at 100 ns of simulation for the Knoevenagel adduct-dimedone-flavin reductase complex, dimedone molecule (cyan) and 
Knoevenagel adduct (red) (PDB ID: 1QFJ). b) The distance between the nucleophilic C of the dimedone and the electrophilic C of the Knoevenagel 
adduct during 100 ns simulation. 
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affect the activity of the enzyme in performing the promiscuous reaction. 
Some of the limitations of the present study relate to the production and the activity of the enzyme. The production of the re

combinant enzyme was time-consuming process, and the structural stability of the enzyme was influenced with respect to the oper
ating temperature. Furthermore, the activity of the enzyme decreased over time. The homogenous character of the recombinant 
enzyme challenged the recycling of the biocatalyst. 

4. Conclusion 

In the present study, E. coli flavin reductase was used to catalyze the Knoevenagel condensation and the Michael addition reactions, 
and the promiscuous activity of the flavin reductase was further explored in cascade tetraketone synthesis reactions that entailed 
Knoevenagel condensation and Michael addition reactions. The above cascade reaction was only possible when NADH was omitted 
from the reaction. The scope of substrate includes aromatic, heterocyclic, and aliphatic aldehydes. The product of the reaction with 

Scheme 2. Proposed mechanism for tetraketone formation by E. coli flavin reductase.  

Fig. 7. The first dimedone (pink), second dimedone (cyan) and 4-methoxyenzaldehyde (purple) docked into the a) the wild-type flavin reductase. b) 
The mutated flavin reductase (PDB ID: 1QFJ). 
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salicylaldehyde, confirmed by X-ray crystallography, as a xanthone derivative. Using computational approaches, the roles that the 
binding residues could play in the mechanism of the reaction, were put forward. A truncated version of the reductase , lacking 28 
amino acids at the C-terminus, did not lose activity as compared to the wild-type, indicating the robustness of the enzyme in per
forming the promiscuous reaction. Omitting the natural cofactor of enzymes in order to induce promiscuity could be a novel approach 
based on the present study. Since the approach taken in this study proceeds in a green reaction condition and under moderate tem
perature it can be considered a highly eco-friendly method for synthesizing tetraketon derivatives. 
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