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Catalytic promiscuity is a promising starting point for improving the existing enzymes and
even creating novel enzymes. In this work, site-directed mutagenesis was performed to
improve promiscuous alcohol dehydrogenase activity of reductive aminase from
Aspergillus oryzae (AspRedAm). AspRedAm showed the cofactor preference toward
NADPH in reductive aminations, while it favored NADH in the reduction reactions.
Some key amino acid residues such as N93, I118, M119, and D169 were identified
for mutagenesis by molecular docking. Variant N93A showed the optimal pH and
temperature of 8 and 30°C, respectively, in the reduction of 5-hydroxymethylfurfural
(HMF). The thermostability was enhanced upon mutation of N93 to alanine. The
catalytic efficiency of variant N93A (kcat/Km, 23.6 mM−1 s−1) was approximately 2-fold
higher compared to that of the wild-type (WT) enzyme (13.1 mM−1 s−1). The improved
catalytic efficiency of this variant may be attributed to the reduced steric hindrance that
stems from the smaller side chain of alanine in the substrate-binding pocket. Both the WT
enzyme and variant N93A had broad substrate specificity. Escherichia coli (E. coli) cells
harboring plain vector enabled selective reduction of biobased furans to target alcohols,
with the conversions of 35–95% and the selectivities of >93%. The introduction of variant
N93A to E. coli resulted in improved substrate conversions (>98%) and
selectivities (>99%).

Keywords: alcohol dehydrogenases, biobased furans, catalytic promiscuity, protein engineering, reductive
aminases

1 INTRODUCTION

Enzymes are well known for their exquisite chemo-, regio-, and stereoselectivities. In addition to the
reactions that they have evolved for, nonetheless, more enzymes have been found to be capable of
promiscuously catalyzing mechanistically distinct transformations (termed catalytic promiscuity)
(Kazlauskas, 2005). Enzyme catalytic promiscuity presumably plays a crucial role in biological
evolution (Khersonsky et al., 2006). From the synthetic chemistry point of view, the promiscuous yet
low activities may be an attractive starting point for improving the existing enzymes and even
creating enzymes for novel synthetic routes that are currently not available (Bornscheuer and
Kazlauskas, 2004; Brandenberg et al., 2017; Leveson-Gower et al., 2019).
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Reductive aminases (RedAms), a subclass of imine reductases
(IREDs), have evolved to be capable of catalytic formation of
imines as well as their reduction, namely, reductive amination
reactions (Aleku et al., 2017; Sharma et al., 2017; Ducrot et al.,
2020). We recently found that a RedAm from Aspergillus oryzae
(AspRedAm) (Aleku et al., 2017) possessed promiscuous alcohol
dehydrogenase (ADH) activity, which enabled 5-
hydroxymethylfurfural (HMF) to be selectively but slowly
reduced to 2,5-bis(hydroxymethyl)furan (BHMF). Likewise,
Lenz et al. reported that IREDs could promiscuously reduce
an activated ketone (Lenz et al., 2017). Also, the primary
function of IREDs was identified as a promiscuous activity of
DHs such as β-hydroxyacid dehydrogenases and glucose
dehydrogenase (Roth et al., 2017; Lenz et al., 2018). More
importantly, a variety of engineering strategies were
successfully applied to turn the promiscuous activities of many
enzymes into the primary ones for organic synthesis (Svedendahl
et al., 2005; Leveson-Gower et al., 2019). Lenz et al. described the
generation of new IREDs from β-hydroxyacid dehydrogenases by
single amino acid substitutions (Lenz et al., 2018). Amine
dehydrogenases (AmDHs), a type of useful enzymes catalyzing
the conversion of ketones to enantiomerically pure amines, were
created from amino acid dehydrogenases (Tseliou et al., 2019; Liu
et al., 2020). Recently, Tseliou reported that L-lysine-
ε-dehydrogenase variants showing dual AmDH/ADH activities
were applied for direct conversion of alcohols to amines using a
single enzyme (Tseliou et al., 2020).

The concerns on fossil resource crisis and environmental
issues (e.g., global warming) motivate the production of
chemicals and fuels from renewable, abundant, and carbon-
neutral biomass (Tuck et al., 2012; Sheldon, 2014; Sheldon,
2018). Biobased furans obtained via carbohydrate dehydration
are versatile platform chemicals bridging the gap between
biomass and biobased chemicals as well as between biomass
and biofuels (van Putten et al., 2013; Mariscal et al., 2016;
Galkin and Ananikov, 2019; Shen et al., 2020). Due to their
high reactivity, these biobased furans could be readily reduced to
value-added furan alcohols such as BHMF and furfuryl alcohol
(Li et al., 2016; He et al., 2018; Hu et al., 2018; Petri et al., 2018;
Yan et al., 2019; Zhang et al., 2019; Amarasekara et al., 2020),
important building blocks in polymer, food, and pharmaceutical
industries. Recently, our group has focused our attention on
biocatalytic valorization of biobased furans (Qin et al., 2015; Li
et al., 2017; Zhang et al., 2017; Jia et al., 2019b; Zhang et al., 2020a;
Wang et al., 2020; Wen et al., 2020). To continue our interest in
the furan upgrading, the reduction of HMF was used as the model
reaction for evaluating the ADH activities of the engineered
enzymes. In this work, a structure-guided semirational strategy
was used to improve the promiscuous ADH activity of
AspRedAm. Some key amino acid residues in the active site
were identified as the potential hotpots for molecular
modifications of AspRedAm. Like L-lysine-ε-dehydrogenase
variants mentioned above (Tseliou et al., 2020), on the other
hand, the engineered AspRedAms may be potential biocatalysts
capable of direct single-enzyme catalytic N-alkylation of amines
using alcohols, due to its dual RedAm/ADH activities. A
comparison study on the enzyme properties of the wild-type

(WT) enzyme and variant N93A was conducted, together with
the evaluation of their substrate spectra. Escherichia coli (E. coli)
whole cells harboring variant N93A were used for the synthesis of
biobased furan alcohols from furans.

2 MATERIALS AND METHODS

Chemical and Biological Materials
HMF 1 (98%) and cyclohexanone (99%) were purchased from
Aladdin (Shanghai, China). Furfural 2 (99%), BHMF (98%), and
propylamine (98%) were obtained from Macklin Biochemical
Co., Ltd. (Shanghai, China). 5-Methoxymethylfurfural 3 (97%)
was bought from Adamas Reagent Ltd. (Shanghai, China). 5-
Methylfurfural 4 (97%) and furfuryl alcohol (98%) were
purchased from TCI (Japan). NAD(P)H was obtained from
Yuanye Biotech (Shanghai, China). 5-Methylfurfuryl alcohol
(98%) was purchased from Apollo Scientific Ltd.
(United Kingdom). 5-Methoxymethylfurfuryl alcohol was
synthesized and purified according to a recent method (Cheng
et al., 2020). Other chemicals are of analytical grade and
commercially available.

Escherichia coli BL21(DE3) and plasmid pET-28a were
obtained from Novagen Inc. (Madison, United States). Protein
marker, restriction endonucleases XhoI and NdeI, and T4 DNA
ligase were purchased from Thermo Fisher Scientific GmbH
(Schwerte, Germany). Q5 High-Fidelity DNA polymerase was
obtained from New England Biolabs Inc. (United States). DpnI
endonuclease was purchased from TaKaRa Biotechnology Co.,
Ltd. (Dalian, China). Isopropyl β-D-1-thiogalactopyranoside
(IPTG), DNA marker, and ampicillin were purchased from
Sangon Biotech (Shanghai, China). Glucose dehydrogenase
(GDH) from Bacillus megaterium (20 U/mg) was prepared
according to a previous method (Jia et al., 2019a). Cloning,
heterologous expression, site-directed mutagenesis, and protein
purification of AspRedAm and variants were available as
Supplementary Material.

Enzyme Assay
The ADH activities were determined spectrophotometrically by
measuring the decrease in the NAD(P)H absorbance at 340 nm
under pH 8/9 and 30°C. The reaction mixtures contained 43 μg/
ml AspRedAm/37 μg/ml N93A, 5 mM HMF, and 0.2 mM
NAD(P)H in Tris–HCl buffer (100 mM, pH 8 for N93A; pH 9
for AspRedAm). One unit (U) was defined as the amount of
enzyme that catalyzes the oxidation of 1 μmol of NAD(P)H per
minute under the above reaction conditions. The protein
concentration was measured with Bradford method (Bradford,
1976), using bovine serum albumin as the standard.

General Procedure for Biocatalytic
Reduction of Furans
Typically, 2 ml of Tris–HCl buffer (100 mM, pH 8) containing
25 mM of furans, 30 mM glucose, and 50 mg/ml of whole cells
(wet weight) was incubated at 30°C and 150 rpm. Aliquots were
withdrawn from the reaction mixtures at specified time intervals
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and diluted with the corresponding mobile phase prior to HPLC
analysis. The conversion was defined as the ratio of the consumed
substrate amount to the initial substrate amount (in mol). The
selectivity was defined as the ratio of the amount of the desired
product to the sum of all the products (in mol). All the
experiments were conducted at least in duplicate, and the
values were expressed as the means ± standard deviations.

Molecular Docking
Molecular docking was performed for both the WT and variant
N93A in complex with substrate HMF and NADH. Modeller
(version 9.13) was used to generate the 3D structure of variant
N93A with NADH using the WT enzyme (PDB ID: 5G6R) as the
template. Then AutoDock (version 4.2) was used for substrate
docking, and 250 docking poses were obtained for each system.
The simulated systems were named WT-NADH-HMF and
N93A-NADH-HMF, respectively. Configuration clusters were
analyzed for the reasonable binding mode with the highest
docking energy.

HPLC Analysis
The reaction mixtures were analyzed on a Zorbax Eclipse XDB-
C18 column (4.6 mm × 250 mm, 5 μm, Agilent, United States) by
using a reversed phase HPLC (Waters, United States) equipped
with a 996 PDA detector. Unless otherwise stated, the mobile
phase for HPLC analysis was a mixture of acetonitrile/0.4%
(NH4)2SO4 aqueous solution (pH 3.5, 1:9, v/v) at a flow rate
of 0.6 ml/min. Amixture of acetonitrile/0.4% (NH4)2SO4 aqueous
solution (pH 3.5, 2:8, v/v) at a flow rate of 0.8 ml/min was used for
monitoring the transformation of compound 3, while the mixture
of acetonitrile/0.02% H3PO4 solution (4:6, v/v) acted as the
mobile phase at a flow rate of 0.3 ml/min for monitoring the

transformation of 4. HPLC chromatograms are available as
Supplementary Material.

3 RESULTS AND DISCUSSION

Site-Directed Mutagenesis
Based on the crystal structure of AspRedAm (Aleku et al., 2017)
and the results of this protein docking with HMF and cofactor
(Supplementary Figure 1), the residues within 4 Å around
substrate HMF such as N93, I118, M119, A120, V121, and
D169 were identified as the potential hotspots for mutation,
since they may interact with substrate and cofactor. The
catalytic performances of variants showing high selectivities
toward BHMF were summarized in Figure 1, with the WT
enzyme as control. In addition to the reductive amination
product (N-propyl furfurylamine), the reduction product
BHMF (the selectivity of around 23%) was also produced in
reductive amination of HMF by AspRedAm, indicating the
promiscuous ADH activity of this enzyme. Interestingly, these
variants did not show the RedAm activities with HMF as
substrate, but ADH activities (Figure 1), since no formation of
N-propyl furfurylamine was observed. Notably, the RedAm
activities of some variants (e.g., N93A) toward cyclohexanone
remained (data not shown). Besides N93 and D169 (Aleku et al.,
2017), other residues I118 and M119 were also recognized as the
new important sites for reductive amination reactions. Among
the mutants tested, variants N93A and N93S provided the best
results in the reduction of HMF, with the substrate conversions of
>99% and the BHMF selectivities of >99% (Figure 1). The ADH
activities of the two variants were further compared in the
absence of amine donor (Supplementary Table 2).
Interestingly, mutation of N93 to alanine resulted in a 6.6-fold
increase in the ADH activity, while no significantly improved
activity was found with variant N93S. Like asparagine, serine has
a more hydrophilic and larger side chain compared to alanine,
which may result in unfavorable interactions with NADPH and/
or substrate. Thus, variant N93S also showed a low activity. So,
the enzyme properties of variant N93A were explored in the
subsequent studies.

Biochemical Characterization
Both RedAms and ADHs are NAD(P)H-dependent enzymes, and
cofactors have usually a great effect on their activities. On the

FIGURE 1 | Comparison of the catalytic performances of variants in the
conversion of HMF. Reaction conditions: 5 mM HMF, 100 mM propylamine,
30 mM glucose, 0.2 mM NADPH, 0.5 mg/ml (7.8 μM) AspRedAm and its
variants, 0.5 mg/ml GDH, 1 ml Tris–HCl buffer (0.1 M, pH 8), 150 rpm,
25°C, 24 h; tuning final pH to 9 after the addition of propylamine. The values
were obtained from two independent experiments.

TABLE 1 | Effect of cofactors on the ADH activities of AspRedAm and variant
N93A.

Enzyme Enzyme activity (mU/mg)

HMF Cyclohexanone

NADH NADPH NADH NADPH

AspRedAm 17.0 ± 3.0 0.7 ± 0.0 28.5 ± 0.8 0.9 ± 0.2
N93A 80.1 ± 5.1 4.4 ± 0.3 90.9 ± 5.3 2.7 ± 0.1

Reaction conditions: 15 mM substrate, 0.2 mM NAD(P)H, 43 μg/ml AspRedAm/37 μg/
ml N93A, 0.4 ml Tris–HCl buffer (100 mM, pH 9), 30°C. The values were obtained from
two independent experiments.
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other hand, NADPH is costlier than NADH. Therefore, the
cofactor preference of the WT enzyme and variant was
examined (Table 1). Unexpectedly, the WT enzyme preferred
NADH as cofactor in the reduction reactions regardless of
substrates (Table 1). However, it favored NADPH in the
reductive amination reactions (Supplementary Table 3),
which is consistent with the previous results (Aleku et al.,
2017). It suggests that there may exist the mechanistic
differences between the reduction and reductive amination
reactions. According to Borlinghaus et al. (Borlinghaus and
Nestl, 2018), all characterized members of the IRED family
showed strict NADPH preference in the reductive amination.
Variant N93A showed the NADH preference in the reduction of
both HMF and cyclohexanone. Although the improvement in the
ADH activities was achieved upon mutation, the activity of
variant N93A toward HMF remained unsatisfactory (<0.1 U/
mg). And it is much lower than those of some natural ADHs
in the HMF reduction (Almeida et al., 2008; Laadan et al., 2008).
Therefore, further improvement in its ADH activity by molecular
modification is required for its future practical applications.

Effect of pH and temperature on the ADH activities and
stability was evaluated (Figure 2). Figure 2A shows that the
WT enzyme has the highest activity at pH 9 in the reduction of
HMF, which is consistent with that in the reductive amination
(Aleku et al., 2017). Its optimal pH slightly decreased to 8 upon
mutation of N93 to alanine. Besides, the variant exhibited the
relative activities of more than 70% within pH 7–9, indicating its
good pH tolerance. As shown in Figure 2B, the optimal
temperature of both the WT and variant was 30°C in the

reduction, which is in agreement with that in the reductive
amination (Aleku et al., 2017). Additionally, variant N93A
displayed higher activities than the WT enzyme at 40–45°C
(Figure 2B). The thermostability of the WT enzyme and
mutant was assessed (Figure 2C). Intriguingly, variant N93A
was found to be more thermally stable than the WT enzyme,
regardless of whether cofactor is present or absent. In the absence
of NADH, for example, variant N93A retained 65% of the
residual activity after incubation of 3 h, while only 12% of the
residual activity was observed with theWT enzyme. It may be one
of the promising features of this variant for its application in
synthetic chemistry.

FIGURE 2 | Effect of pH (A) and temperature (B) on the enzyme activities and thermostability (C). General reaction conditions: 5 mM HMF, 0.2 mM NADH, 43 μg/
ml AspRedAm/37 μg/ml N93A, 0.4 ml buffer, 30°C; (A) buffer: Na2HPO4 (100–200 mM) citric acid (50–0 mM) buffer (pH 5–8), Tris–HCl buffer (100 mM, pH 8.5–9),
glycine-NaOH buffer (100 mM, pH 9.5); (B) 100 mM Tris–HCl buffer (pH 9 for AspRedAm; pH 8 for N93A), 25–45°C; (C) after the enzyme was incubated in 100 mM
Tris–HCl buffer (pH 9 for AspRedAm; pH 8 for N93A) at 30°C, the enzyme activities were assayed. The values were obtained from two independent experiments.

TABLE 2 | Effect of metal ions on the ADH activities of AspRedAm and variant
N93A.

Metal Relative activity (%)

AspRedAm N93A

Control 100 100
Ca2+ 24 ± 1 46 ± 2
Cu2+ 69 ± 5 61 ± 2
Mg2+ 75 ± 6 56 ± 6
Mn2+ 3 ± 1 11 ± 2
Al3+ 97 ± 5 73 ± 1
Co2+ n.a. 4 ± 1
Ni2+ n.a. 58 ± 4

n.a., no activity.
Reaction conditions: 5 mM HMF, 0.2 mM NADH, 43 μg/ml AspRedAm/37 μg/ml N93A,
1 mM metal, 0.4 ml Tris–HCl buffer (100 mM, pH 9 for AspRedAm; pH 8 for N93A),
30°C. The values were obtained from two independent experiments.
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Table 2 shows the effect of metal ions on the ADH activities of
AspRedAm and variant N93A. Except for Al3+, almost all the
metals tested exerted a great inhibitory effect on the ADH
activities of the WT enzyme. The precipitation (possibly
protein) occurred in the presence of Co2+ and Ni2+, resulting
in no observed activities. A very low activity of AspRedAm was
recorded in the presence of Mn2+. Likewise, the activities of
variant N93A were significantly inhibited by Mn2+ and Co2+,
although no precipitation happened.

The reaction kinetics were studied in the HMF reduction
catalyzed by AspRedAm and variant N93A, and the kinetic
constants were determined based on the Lineweaver–Burk
plots (Table 3). It is worth noting that no substrate inhibition
toward enzymes is observed within the substrate concentration
range tested (data not shown). The Km value of the WT enzyme
was approximately 1.3 μM toward HMF, while the corresponding
value of variant N93A approached 4.1 μM. The increased Km

value of the mutant indicates its lower substrate affinity toward
HMF compared to that of the WT enzyme. Nonetheless, variant
N93A provided a greatly improved kcat value compared to the
WT enzyme (96.7 vs 17.5 ms−1). Therefore, the catalytic efficiency
of the mutant (kcat/Km) was approximately 2-fold higher than
that of the WT enzyme. To get mechanistic insights into the
increased catalytic activity upon N93A mutation, molecular
docking was performed for both the WT enzyme and variant
N93A in complex with substrate HMF and NADH (Figure 3). As
shown in Figure 3, the distance between CNADH and OLIGAND

decreased from 5.3 ± 0.3 Å in WT-NADH-HMF to 3.9 ± 0.2 Å in
N93A-NADH-HMF, and the shorter distance is more
appropriate for hydride transfer. Besides, the increased

docking energy was observed in N93A-NADH-HMF (−4.0 ±
0.1 kcal/mol) compared to that (−3.7 ± 0.2 kcal/mol) in WT-
NADH-HMF, indicating stronger binding of substrate to variant
N93A. The reason for the above-mentioned results may be that
the smaller side chain of Ala93 allows substrate to bind more
strongly in the binding pocket, due to its reduced steric
hindrance.

Substrate Spectra
It is well known that the substrate tolerance of enzymes is of
great importance for their synthetic applications. Broad
substrate specificity enables enzymes to be facilely applied
to produce a variety of chemicals. Therefore, the substrate
scopes of the WT and mutant were investigated (Table 4).
AspRedAm was reported to have broad substrate specificity in
reductive amination (Aleku et al., 2017). Also, the WT enzyme
could accept all the tested chemicals as substrates in the
reduction reactions, in spite of low promiscuous ADH
activities (<35 mU/mg), and compound 11 was considered
optimal. Increased activities were observed with variant N93A,
and the highest activity of approximately 96 mU/mg was
obtained when compound 7 acted as substrate. In general,
variant N93A displayed higher activities toward phenyl-
containing substrates (compounds 9–14) than furan
aldehydes (1–8). The similar phenomenon was also found
in the case of the WT enzyme. Recently, we also found that
aldehyde dehydrogenases preferred benzylaldehydes to furan
aldehydes as substrates (Zhang et al., 2020b). Therefore, it
seems to be a common catalytic feature of enzymes, likely
because of the higher richness of benzene-based chemicals in
nature. In addition, the mutant as well as the WT enzyme
could accept aliphatic ketones (15 and 16) as substrates. Like
the WT enzyme, variant N93A had broad substrate
specificity, indicating its application potential in synthetic
chemistry.

Application for the Reduction of Furans
To demonstrate the applicability of the engineered enzyme,
biocatalytic reduction of biobased furans 1–4 to the
target alcohols by whole cells harboring variant N93A was

TABLE 3 | Kinetic constants of AspRedAm and variant N93A in the HMF
reduction.

Enzyme Km (×10−3 mM) kcat (×10
−3 s−1) kcat/Km (mM−1 s−1)

AspRedAm 1.3 ± 0.2 17.5 ± 0.3 13.1 ± 1.8
N93A 4.1 ± 0.7 96.7 ± 7.6 23.6 ± 2.0

Reaction conditions: 1 μM-5 mM HMF, 0.2 mM NADH, 43 μg/ml AspRedAm/37 μg/ml
N93A, 0.4 ml Tris–HCl buffer (100 mM, pH 9 for AspRedAm; pH 8 for N93A), 30°C. The
values were obtained from two independent experiments.

FIGURE 3 | Binding mode analysis of HMF and NADH in WT (A) and variant N93A (B). The 3D structures of enzymes in complex with HMF and NADH were
constructed from NADPH-containing homology models by removing phosphate in silico by Modeller (version 9.13), and molecular docking was performed by AutoDock
(version 4.2).

Frontiers in Chemistry | www.frontiersin.org May 2021 | Volume 9 | Article 6100915

Jia et al. Engineering a Reductive Aminase

https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


performed (Figure 4), with the cells harboring the plain vector
as controls. It was found that HMF 1 could be reduced to BHMF
in 18 h in the presence of whole cells harboring variant N93A,
with the conversion of 98% and selectivity of 99%. A slightly
lower conversion (95%) and a slightly lower selectivity (93%)
were obtained in control. It suggests the presence of inherent
ADHs in E. coli cells that enable the HMF reduction. Similarly,
the substrate transformation occurred with other biobased
furans as substrates in controls. However, the substrate
conversions (86–>99%) were higher in the presence of
whole cells harboring variant N93A compared to those

(35–69%) in controls harboring the plain vector. For
example, whole cells harboring variant N93A provide a
conversion up to 96% within 6 h in the reduction of
furfural 2, while the conversion of 58% was obtained in
control. Higher conversions might be attributed to the
introduction of variant N93A to E. coli cells. Whole cells
harboring variant N93A exhibited significantly different
catalytic efficiencies toward furans 1–4, although the
activities of variant N93A toward these substrates were
comparable (70–83 mU/mg, Table 4). For example, the
reaction rate of furfural 2 was much higher than that of
HMF 1 (times required for almost complete substrate
conversion: 18 vs 6 h), which is in good agreement with
our recent results (Cheng et al., 2020). In addition to the
activities of variant N93A, the transport rates of substrates
across hydrophobic cell membranes might influence the
reaction rates in whole-cell catalysis as well (Almeida
et al., 2007; Wierckx et al., 2011). More hydrophobic
furfural 1 (log p value, 0.75) might be more readily
transported into the cells for subsequent biotransformation
than HMF (−0.10), which may make partial contribution to
its higher reaction rate.

CONCLUSION

In summary, promiscuous ADH activity of RedAm was
considerably improved by replacing only one single amino
acid (variant N93A) in this work. AspRedAm showed the
NADPH preference in reductive amination, while it favored
NADH in promiscuous reduction reactions. Four potential
amino acid residues N93, I118, M119, and D169 of

FIGURE 4 | Whole-cell catalytic reduction of biobased furans to furan
alcohols. Reaction conditions: 25 mM compounds 1–4, 30 mM glucose,
50 mg/ml (wet weight) recombinant E. coli cells, 2 ml Tris–HCl (100 mM, pH
8), 150 rpm, 30°C, 6 h (18 h for HMF transformation); the cells harboring
the plain vector worked as controls. The values were obtained from three
independent experiments.

TABLE 4 | Substrate spectra of AspRedAm and variant N93A.

Substrate Specific activity (mU/mg)

AspRedAm Variant N93A

1 18.9 ± 1.3 (56%) 83.0 ± 0.2 (87%)

2 20.9 ± 0.9 (62%) 70.4 ± 6.4 (74%)

3 20.5 ± 2.1 (61%) 75.2 ± 2.3 (78%)

4 19.5 ± 1.9 (58%) 69.8 ± 1.8 (73%)

5 16.9 ± 1.4 (50%) 54.6 ± 5.1 (57%)

6 25.1 ± 1.0 (75%) 69.9 ± 1.7 (73%)

7 10.3 ± 0.2 (31%) 41.4 ± 4.1 (43%)

8 30.9 ± 2.1 (92%) 95.9 ± 3.4 (100%)

9 29.7 ± 0.8 (89%) 74.9 ± 1.3 (78%)

10 25.3 ± 0.0 (75%) 80.1 ± 4.1 (84%)

11 33.6 ± 0.9 (100%) 82.0 ± 1.8 (86%)

12 30.5 ± 0.2 (91%) 75.0 ± 1.1 (78%)

13 31.3 ± 1.6 (93%) 80.3 ± 6.6 (84%)

14 29.5 ± 1.9 (88%) 83.4 ± 0.3 (87%)

15 31.5 ± 0.3 (94%) 91.1 ± 2.5 (95%)

16 31.4 ± 1.9 (94%) 82.5 ± 2.1 (86%)

Reaction conditions: 5 mM substrate, 0.2 mM NADH, 43 μg/ml AspRedAm/37 μg/ml
N93A, 0.4 ml Tris–HCl buffer (100 mM, pH 9 for AspRedAm; pH 8 for N93A), 30°C.
Relative activities were presented in parentheses. The values were obtained from two
independent experiments.
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AspRedAm were identified by molecular docking for
mutagenesis. The thermostability of enzyme was
significantly enhanced upon mutation of N93 to alanine.
The activities of variant N93A were greatly inhibited in
the presence of metal ions tested. The catalytic efficiency
of variant N93A was approximately 2-fold higher compared
to that of the WT enzyme. The mutant displayed
broad substrate specificity. Improved results were
obtained with the cells harboring variant N93A in the
reduction of biobased furans compared to those in the
controls. Nevertheless, the ADH activity of variant N93A
is still much lower compared to those of natural ADHs; thus,
further molecular modification of this enzyme is still needed
via direct evolution and protein engineering for its practical
applications in organic synthesis.
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