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ABSTRACT: Cofactor regeneration using diols as “smart cosubstrates” is
one of the most promising approaches, due to the thermodynamic
preference and 0.5-equiv requirement. In order to establish an efficient
NADPH regeneration system with 1,4-butanediol (1,4-BD), a NADP+-
dependent alcohol dehydrogenase from Kluyveromyces polysporus (KpADH)
was engineered to solve the kinetic imbalance. Several hotspots were
identified through molecular dynamic simulation and subjected to
saturation and combinatorial mutagenesis. Variant KpADHV84I/Y127M
exhibited a lower KM of 15.1 mM and a higher kcat of 30.1 min−1 than
WTKpADH. The oxidation of 1,4-BD to 4-hydroxybutanal was found to be
the rate-limiting step, for which the kcat/KM value of double mutant
KpADHV84I/Y127M was 2.00 min−1·mM−1, 11.6-fold higher than that of
WTKpADH. KpADHV84I/Y127M preferred diols with a longer chain length
(C5−C6). The ratio of kcat/KM toward 2-hydroxytetrahydrofuran (2-HTHF), in comparison to 1,4-BD, in KpADHV84I/Y127M
was dramatically reduced by almost 100-fold compared to WTKpADH, which was advantageous for NADPH regeneration. As
much as 100 mM phenylpyruvic acid could be reduced into D-phenylalanine with 99.2% conversion in 6 h using merely 0.5
equiv of 1,4-BD. Both the improved catalytic efficiency toward 1,4-BD and the balanced kcat/KM between 1,4-BD and 2-HTHF
contributed to the higher NADPH regeneration efficiency. This study provides guidance for engineering alcohol
dehydrogenases for cosubstrate specificity toward diols and its application in NADPH regeneration for the preparation of
chiral compounds of pharmaceutical relevance.
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■ INTRODUCTION

The application of biocatalysis in the preparation of chiral
compounds has undergone a revolution over the past few
decades from “state of the art” to “the first choice for
chemists”. The desirability of biocatalysts stems from their
outstanding characteristics, such as high enantioselectivity,
renewability, and biodegradability, qualities especially attrac-
tive to the burgeoning field of green chemistry.1−3 This is
particularly true for redox reactions, including alcohol or amino
acid dehydrogenases used in the reduction of the CO bond,
ene or enoate reductases used for reduction of the C = C bond,
and oxygenases for oxyfunctionalization.4−6 The chiral
compounds produced are of high economic value and are
used widely as food ingredients and building blocks for the
production of pharmaceuticals.7,8 Most of the reactions
mentioned above, however, require stoichiometric amounts
of NAD(P)H, which can be very expensive.9 As an economic
and practical approach, NAD(P)H should be added in catalytic
amounts and regenerated in situ.10

Intensive research has been committed to the development
of efficient NAD(P)H regeneration systems, which have been
accomplished by enzyme-coupled, substrate-coupled, electro-
enzymatic, photochemical, and chemical approaches.11−14 For
a practical cofactor regeneration approach, the cosubstrates
should be inexpensive, the reactions should be thermodynami-
cally and kinetically favorable, and the coproducts should be
separable and noninhibitory.15 Considering all these factors,
well-established enzyme- and substrate-coupled approaches are
currently more attractive for regeneration of nicotinamide
cofactors.8 Alcohol dehydrogenase (ADH)-catalyzed oxidation
of simple alcohols (such as ethanol and isopropanol)
represents the most elegant example of this approach (Table
1). Ethanol is a four-electron reductant, and it is especially
attractive as a cosubstrate due to its favorable redox potential
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(ΔG′ of −7.4 kcal·mol−1), economic price (0.55 $·mol−1),
availability, and dual function as a cosolvent and cosubstrate.16

However, this bienzymatic approach depends on both ADH
and aldehyde dehydrogenase, and acetic acid as the coproduct
can cause a drop in reaction pH, which requires additional pH
control. Isopropanol is another commonly used cosubstrate
with high efficiency in the regeneration of NADH or
NADPH.8 However, isopropanol must be applied in significant
molar excess, and the acetone produced needs to be removed
to drive the reaction forward and prevent enzyme inactiva-
tion.17 Consequently, there remains a constant demand for
new and improved cofactor regeneration approaches.
A simple approach has been developed by Hollmann et al.

by employing lactonizable diols as “smart cosubstrates”.18 The
preliminary step involves 1,4-butanediol (1,4-BD) reduced into
4-hydroxybutanal (step 1) and then spontaneously converted
into 2-hydroxytetrahydrofuran (2-HTHF) (Scheme 1). The

second step is an irreversible reduction into γ-butyrolactone
(GBL) (step 2), with a ΔG′ of −8.2 kcal·mol−1, which liberates
2 equiv of NAD(P)H. In addition, the final product, GBL, can
be considered an important bulk chemical and is thermody-
namically stable and kinetically inert. This quality could shift
the equilibrium and thereby reduce the molar excess
requirement of the cosubstrate.19 This novel regeneration
approach has been applied to NADH regeneration by
employing HLADH, TeSADH, or evo 1.1.200.19−25 However,
NADPH regeneration approaches have so far been insuffi-
ciently developed, and only a few ADHs capable of
regenerating NADPH using diols have been reported. ADH
from Lactobacillus brevis (LbADH) has been shown to be able
to catalyze the oxidation of 1,4-BD and 1,6-hexanediol (1,6-
HD), but the low activity of the enzyme and inhibition at 197
mM diols makes this system less than ideal.22 Considering
many industrial enzymes are NADPH-dependent, engineering
ADHs for regenerating NADPH by oxidation of diols is of
particular interest.

An NADPH-dependent alcohol dehydrogenase (KpADH)
was identified from Kluyveromyces polysporus by genome
mining and was demonstrated to be capable of reducing
bulky−bulky ketones with moderate enantioselectivity.26

KpADH has been shown to follow the ordered Bi−Bi kinetic
mechanism and “Prelog” priority in the reduction of prochiral
ketones.27 Employing hydroclassified combinatorial saturation
mutagenesis (HCSM) and polarity scanning strategies, the e.e.
values of KpADH were increased to 99.4% (R) and reversed to
97.8% (S) in the reduction of 500 mM (4-chlorophenyl)-
(pyridine-2-yl)ketone.28,29 Unlike homologous enzymes, such
as Gre2p (51.3%) and CgKR1 (50.4%), KpADH exhibits high
oxidative activity toward secondary alcohols such as
isopropanol but has relatively lower activity toward 1,4-BD.
Moreover, the analysis of kinetic constants revealed that the
oxidation of 1,4-BD is the rate-limiting step, and there is a
remarkable difference in kinetics between step 1 and step 2.
Our strategy for the regeneration of NADPH with diols as
“smart cosubstrates” was then focused on improving the
efficiency of KpADH toward 1,4-BD and balancing the kinetics
between the two steps. The feasibility of this newly developed
NADPH regeneration enzyme was evaluated in the preparation
of D-amino acids.

■ EXPERIMENTAL SECTION
General Remarks. 1,4-Butanediol (1,4-BD), 1,5-pentanediol (1,5-

PD), and 1,6-hexanediol (1,6-HD) were purchased from Aladdin
(Shanghai) Co., Ltd. NADP+ and NADPH were bought from Bontac
Bio-engineering (Shenzhen) Co., Ltd. PPA was purchased from Bodi
Biotechnology (Shanghai) Co., Ltd. D-Phe was purchased from CIVI
Chemical Technology (Shanghai) Co., Ltd. Other reagents were
purchased from Sinopharm (Shanghai) Co., Ltd. unless otherwise
stated.

Construction of Mutant Library and High Throughput
Screening. Saturation mutagenesis library was constructed employ-
ing whole plasmid PCR with recombinant pET28-kpadh coding for
the alcohol dehydrogenase KpADH as a template. PCR amplification
system was as follows: 1.8 μL of dNTP mixture, 0.2 μL of PrimeSTAR
HS DNA polymerase, 4 μL of 5× PrimeSTAR HS DNA polymerase
buffer, 0.4 μL of forward primer, 0.4 μL of reverse primer (Table S1),
0.4 μL of pET28-kpadh, and 12.4 μL of ddH2O. The PCR program
was predenaturation at 94 °C for 4 min, followed by amplification for
20 cycles with denaturation at 98 °C for 10 s, annealing at 55 °C for
15 s and elongation at 72 °C for 6 min, and then further elongation at
72 °C for 10 min. The resultant PCR product was digested with DpnI
at 37 °C for 0.5 h to eliminate the parental plasmid. Then, 10 μL of
the digestion mixture was transformed into Escherichia coli BL(DE3).
Single colonies were picked up and inoculated into 300 μL of LB
medium (50 μg·mL−1 Kan) in each well of a 96-deep well plate and
further incubated at 37 °C for 12 h. Furthermore, 50 μL culture was
transferred into another 96-deep well plate containing 600 μL of LB
in each well (50 μg·mL−1 of Kan). After incubation at 37 °C and 120
rpm for 2.5 h, 0.2 mM IPTG was added and further cultivated at 25
°C and 120 rpm for 5 h. Cells were harvested by centrifugation at
4000 rpm for 10 min and stored at −80 °C. Then cells thawed and
were treated with 750 mg·L−1 of lysozyme at 37 °C for 1 h. The cell
lysate was collected by centrifugation at 4000 rpm for 10 min.

Activity Assay. The oxidative activities were determined by
monitoring the increased absorbance of NADPH at 340 nm with a
molar extinction coefficient of 6220 L·mol−1·cm−1. The reaction
mixture consisted of 10 mM diols, 1 mM NADP+ in glycine-NaOH
buffer (pH 9.5, 100 mM), and 10 μL supernatant at 30 °C for 3 min.
One unit of oxidative activity was defined as the amount of enzyme
required to catalyze the produce of 1 μmol NADPH per minute under
the above-mentioned activity assay condition.

Rescreening of Beneficial Mutants. KpADH variants with
higher activity were inoculated into 40 mL of LB medium, cultivated

Table 1. Comparison of the Thermodynamic, Substrate
Price, and Waste Amount of Various NADPH Regeneration
Approaches

cosubstrate coproduct catalyst

price
[$·

mol−1]
ΔG′ rxn

[kcal·mol−1]a

waste
[g·

mol−1·
prod.]

HCO2H CO2 FDH 1.11 −4.6 44
isopropanol acetone ADH 1.29 −6.1 58
ethanol acetic acid ADH/

AldDH
0.55 −7.4 30

H3PO3 H3PO4 PDH 3.04 −15 98
glucose gluconic

acid
GDH 1.21 −6.9 196

1,4-BD GBL KpADH 1.03 −8.2 43
aΔG′ rxn of each cosubstrate was cited and calculated according to ref
16; the price of each cosubstrate was cited from commercial source.

Scheme 1. Reaction Path for the Enzymatic Oxidation of
Diols
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at 37 °C and 120 rpm. Until OD600 reached 0.6−0.8, 0.2 mM IPTG
was added and further cultivated at 25 °C and 120 rpm for 6 h. The
cells were harvested by centrifugation at 8000 rpm and 4 °C for 10
min, resuspended with phosphate buffer (100 mM, pH 7.0), and
disrupted with a nano-homogenizer (AH-BASIC-I, ATS). The
activities of variants toward different diols were measured as above-
mentioned. Protein concentration was determined by the Bradford
method with BSA as the standard protein.
Expression and Protein Purification of KpADH Variants. To

purify the WTKpADH and variants, the collected cells were
resuspended in 10 mL of buffer A (20 mM imidazole and 500 mM
NaCl in 20 mM PBS buffer) and disrupted by ultrasonication (work
for 1 s, pause for 3 s, 450 W). Cell debris were removed by
centrifugation at 8000 rpm and 4 °C for 30 min. Then, the
supernatant was passed through a 0.22 μm filter and loaded on the
HisTrap HP nickel affinity column pre-equilibrated with buffer A
using an AKTA Avant system (GE Healthcare Co., Ltd.). Target
proteins were radiantly eluted employing buffer A and buffer B (500
mM imidazole and 500 mM NaCl in 20 mM PBS buffer). Target
proteins were collected and verified by SDS-PAGE analysis.
WTKpADH and variants were concentrated and mixed with 20%
glycerol, and stored at −80 °C for further use (Figure S3−S12).
Determination of Kinetic Parameters. Kinetic parameters of

the purified WTKpADH and variants were determined employing the
standard activity assay method. Different concentrations of 1,4-BD
(20.0−250 mM) or 2-HTHF (1.0−25.0 mM), NADP+ (0.01−0.60
mM) and an appropriate amount of purified enzymes were mixed in
pH 9.5 glycine-NaOH buffer and 30 °C. All the activities were
determined in triplicate. The KM, Vmax, kcat and Kia were calculated
according to the simulation based on Michaelis−Menten double
substrate kinetics employing Matlab software package (Figure S17−
S18).
Application of KpADHV84I/Y127M in NADPH Regeneration

with 1,4-BD as a “Smart Cosubstrate”. Reaction mixtures for the
comparison of different NADPH regeneration systems consisted of 50
mM 1,4-BD or 100 mM glucose, 0.5 mM NADP+, 50 mM PPA, 100
mM ammonium sulfate, 1.5 kU·L−1 purified WTKpADH, KpADHV84I,
KpADHY127C, KpADHV84I/Y127C and KpADHV84I/Y127M or glucose
dehydrogenase in 200 mM Gly-NaOH (pH 9.0). Reactions were
started by the addition of DAADHD94A partially purified by heating
and incubated at 30 °C and 120 rpm. Aliquot samples (100 μL) were
withdrawn at intervals, and the reaction was stopped by heating at 100
°C for 10 min, followed by centrifugation at 12000 rpm for 5 min.
The formation of D-Phe and γ-butyrolactone was monitored by HPLC
and GC.
Studies of the effect of 1,4-BD addition and PPA concentrations on

the reaction were conducted with 50 mM or 100 mM PPA, 25 mM or
50 mM 1,4-BD, 100 mM or 200 mM ammonium sulfate, 0.5 mM
NADP+, 1.5 kU·L−1 purified KpADHV84I/Y127M in 200 mM Gly-NaOH
(pH 9.0). The reactions were also started and monitored as above-
described. TOF was defined as one μmol of D-Phe formed in 1 min by

using one μmol of KpADHV84I/Y127M and determined over the first half
hour.

Analytical Methods. D-Phe was determined by high-performance
liquid chromatography (HPLC) using Astec CHIROBIOTICTM T
column (150 mm × 4.6 mm × 5 μm, Sigma Technologies Co. Ltd.)
with methanol and ultrapure water (70:30, v/v) as the mobile phase.
The retention time of D-Phe was 8.49 min at 210 nm and 30 °C with a
flow rate of 0.5 mL·min−1 (Figure S15). GBL was measured by gas
chromatography (GC) equipped with CP-Chirasil-Dex CB (25 m ×
0.25 mm × 0.25 μm, Agilent Technologies Co. Ltd.). The column
temperature was initially kept at 70 °C for 5 min and increased to 200
°C at 20 °C·min−1 and kept for 5 min. The injector and detector
temperatures were 250 °C. The retention time of GBL was 7.92 min
(Figure S16).

Molecular Docking and Molecular Dynamic Analysis.
Docking runs were carried out using standard parameters of the
program for interactive growing and subsequent scoring. Molecular
dynamic simulation was carried out employing the NAMD module of
Discover Studio 3.5. CHARMm force field and temperature of 300 K
were adopted, and the simulation time was set as 20 ns. Binding
energies were calculated employing the internal scoring module of
Discovery Studio 3.5.28,29

Determination of Optimum pH and Stability of WTKpADH
and KpADHV84I/Y127M. Effects of pH on the activities of purified
WTKpADH and KpADHV84I/Y127M were determined employing the
above-mentioned standard activity assay except for different buffers
with pH ranging from 6.0 to 8.0 (PBS buffer) and 8.0 to 10.0
(glycine-NaOH buffer). Purified WTKpADH and KpADHV84I/Y127M
(1.0 mg·mL−1) were incubated in buffers of pH 9.0 and 9.5 at 30 °C.
Aliquot samples (10 μL) were withdrawn at intervals, and activities
were determined employing the standard activity assay method. All
activities were determined in triplicate.

■ RESULTS AND DISCUSSION

Identifying Key Residues of KpADH by MD Simu-
lations. The kinetic parameters of purified KpADH toward
1,4-BD and 2-HTHF were determined in order to better
understand its enzymatic characteristics. The KM, kcat, and kcat/
KM of KpADH toward 1,4-BD were 50.6 mM, 8.76 min−1, and
0.173 min−1·mM−1 (Table 2), respectively, while the KM, kcat,
and kcat/KM toward 2-HTHF were 2.23 mM, 2.63 × 103 min−1,
and 1.18 × 103 min−1·mM−1 (Table 4), respectively. The
oxidation of 1,4-BD was the rate-limiting step, and the low kcat/
KM of this step was undesirable for the efficient regeneration of
NADPH. Remarkably, the kcat/KM toward 2-HTHF was 6.82 ×
103-fold higher than that of 1,4-BD, and the unmatched kcat/
KM values between step 1 and step 2 were also unfavorable for
the NADPH regeneration. Consequently, KpADH was
engineered to increase its kcat/KM value toward 1,4-BD and
to balance the kinetics between 1,4-BD and 2-HTHF.

Table 2. Kinetic Parameters of WTKpADH and Variants toward NADP+ and 1,4-BD

variant Kia [μM]a KM,NADP
+ [μM] KM,1,4‑BD [mM] kcat [min−1] kcat/KM to 1,4-BDb [min−1·mM−1]

WTKpADH 26.7 ± 4.5 15.8 ± 1.8 50.6 ± 6.7 8.76 ± 0.4 0.173 ± 0.015

KpADHV84I 10.7 ± 1.9 30.9 ± 2.2 86.6 ± 8.3 80.3 ± 3.9 0.927 ± 0.044**
KpADHY127C 757 ± 103 8.34 ± 2.8 21.4 ± 8.6 18.1 ± 0.9 0.846 ± 0.030**
KpADHY127M 39.7 ± 6.7 14.7 ± 1.5 28.9 ± 4.5 32.4 ± 1.2 1.12 ± 0.133**
KpADHS196A 44.9 ± 2.8 24.7 ± 0.9 45.9 ± 2.6 13.8 ± 0.2 0.301 ± 0.013*
KpADHF197W 347 ± 77 17.2 ± 2.7 12.2 ± 4.5 8.21 ± 0.4 0.673 ± 0.022**
KpADHV84I/Y127C 493 ± 78 9.99 ± 2.5 17.7 ± 5.0 23.0 ± 0.9 1.30 ± 0.152**
KpADHV84I/Y127M 49.7 ± 5.5 3.05 ± 0.7 15.1 ± 1.4 30.1 ± 0.4 2.00 ± 0.158**
KpADHY127C/S196A 194 ± 13 9.21 ± 1.3 31.0 ± 3.3 28.7 ± 0.7 0.926 ± 0.076**
KpADHS196A/F197W 70.8 ± 5.3 10.0 ± 0.8 23.4 ± 1.8 10.2 ± 0.2 0.436 ± 0.025**

aKia denotes the dissociation constant toward NADP+. bkcat/KM was determined according to kcat and KM,1,4‑BD. Statistic analysis was performed: *
indicates a statistically significant difference (p < 0.05), ** indicates an extremely significant difference (p < 0.01).
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KpADH displays low sequence similarity to the enzymes
deposited in NCBI, with the highest identity of only 54.5%.
Moreover, homologous enzymes, such as Gre2p and CgKR1,
could not catalyze the oxidation of isopropanol or 1,4-BD.30,31

Fortunately, the crystal structure of wild type KpADH docked
with 1,4-BD was available (WTKpADH, PDB: 5Z2X), and this
structure was used in a molecular dynamic (MD) simulation of
20 ns to identify key residues that may affect the binding and
catalytic activity of KpADH toward 1,4-BD. The average
conformation was extracted as shown in Figure 1. Distance

analysis demonstrated that 1,4-BD was surrounded by residues
V84, Y127, S196, F197, V198, E214, and T215. The distances
between 1,4-BD and residues V84, Y127, and S196 were less
than 3.0 Å. Notably, residue Y127, which is 2.2 Å from 1,4-BD,
might produce significant steric hindrance. Consensus analysis
of the above-mentioned residues was carried out for ADHs of
various origins (Figure S1). With the exception of a strictly
conserved residue T215, the other six residues were analyzed
for their roles in binding and oxidizing of 1,4-BD.
Engineering KpADH for Improved Activity toward

1,4-BD. Each residue was subjected to saturation mutagenesis
and high throughput screening with 1,4-BD as the substrate
and NADP+ as a cofactor (Figure S2). All variants of V198 and
E214 displayed decreased activity toward 1,4-BD compared
with WTKpADH. The variants that showed the highest
potential activity in each library were KpADHV84I, KpAD-
HY127C, KpADHY127M, KpADHS196A, and KpADHF197W, with
relative activities of 392%, 261%, 248%, 118%, and 120%,
respectively (Figure 2). The relative activities of purified
KpADHV84I, KpADHY127C, KpADHY127M, KpADHS196A, and
KpADHF197W toward isopropanol were 21.7%, 22.8%, 105%,
93.0%, and 19.6%, respectively. Only KpADHY127M exhibited
increased activities toward both 1,4-BD and isopropanol.
Variant KpADHV84I exhibited the highest activity for the
oxidation of 1,4-BD among all single mutants.
In order to gain insight into the binding affinity and catalytic

efficiency of the variants, their kinetic parameters were
determined according to the ordered Bi−Bi kinetic model.32

As shown in Table 2, KpADHV84I displayed a kcat of 80.3
min−1, which was 9.17-fold higher than WTKpADH, suggesting
residue 84 is vital for the oxidation activity toward 1,4-BD.
However, a higher KM toward 1,4-BD and NADP+ was
observed in KpADHV84I, 1.71- and 1.96-fold higher than that of
WTKpADH, respectively, which is suggestive of a weaker
substrate binding affinity toward 1,4-BD and NADP+. As a
result, the kcat/KM of KpADHV84I toward 1,4-BD was 5.36-fold
higher than WTKpADH.
The kcat values of KpADHY127C and KpADHY127M were 2.07-

and 3.70-fold higher than that of WTKpADH, and their
apparent KM values toward 1,4-BD were 21.4 mM and 28.9
mM, respectively, both of which were lower than that of
WTKpADH (50.6 mM); KpADHY127C and KpADHY127M also
displayed a decrease KM toward NADP+ (52.8% and 93.0%) in
contrast with that of WTKpADH. The kinetics data
demonstrated that residue Y127 was critical in both catalytic
efficiency and binding of 1,4-BD and NADP+. The kcat/KM of
KpADHY127M toward 1,4-BD was 1.12 min−1·M−1, a 6.47-fold
increase over that of WTKpADH. The kcat/KM values of
KpADHS196A and KpADHF197W were improved to 0.301 min−1·
mM−1 and 0.673 min−1·mM−1, respectively. On the basis of the
above results, residue V84 appears to play an important role in
catalytic efficiency, while Y127 seems crucial for both catalytic
efficiency and binding of 1,4-BD and NADP+ in the rate-
limiting step.
Combinatorial mutagenesis was then performed to further

improve the activity of the selected variants KpADHV84I/Y127C,
KpADHV84I/Y127M, KpADHY127C/S196A, and KpADHS196A/F197W
(Figure 2). The relative activities of KpADHV84I/Y127C and
KpADHV84I/Y127M toward 1,4-BD were 358% and 271%, while
toward isopropanol they were 43.7% and 126%, respectively.
Variant KpADHV84I/Y127C exhibited the highest activity among
all double mutants but still had lower activity than that of
KpADHV84I. It is worth mentioning that KpADHV84I/Y127M
displayed improved activity toward both 1,4-BD and
isopropanol, similar to KpADHY127M. Considering the limited
effect of the F197W mutation on oxidative activity and the
negative effect of the S196A mutation on thermal stability
(data not shown), triple combinatorial mutagenesis was not
explored.
Because of its decreased KM (31.0 mM) and increased kcat

(28.7 min−1) toward 1,4-BD, the kcat/KM of the double mutant
KpADHY127C/S196A was 0.926 min−1·mM−1 (Table 2), which
was 1.09- and 3.08-fold above those of KpADHY127C and
KpADHS196A, respectively, indicating a synergistic effect of the
Y127C and S196A mutations. With regard to variant
KpADHS196A/F197W, a decreased KM (23.4 mM) and a slightly

Figure 1. Analysis of the substrate binding pockets of WTKpADH
using MD simulations. Yellow sticks: NADP+, blue sticks: catalytic
triad, green sticks: 1,4-BD, blue spheres: V84, Y127, S196, F197,
V198, E214, and T215.

Figure 2. Relative activities of WTKpADH and variants toward 1,4-BD
and isopropanol. Red bar: 1,4-BD, black bar: isopropanol.
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enhanced kcat (10.2 min−1) were found, giving a kcat/KM
toward 1,4-BD of 0.436 min−1·mM−1, and the combination
of two adjacent residues (S196A and F197W) did not play a
cooperative role. Compared with KpADHV84I and KpAD-
HY127C, double mutant KpADHV84I/Y127C displayed a further
increased kcat/KM of 1.30 min−1·mM−1, which was 7.51-fold
above that of WTKpADH. As shown in Table 2, the highest
kcat/KM value toward 1,4-BD of 2.00 min−1·mM−1 was
observed with KpADHV84I/Y127M, 11.6-fold higher than that of
WTKpADH. Both a significant decrease in KM value (50.6 mM
to 15.1 mM) and an increase in kcat value (8.76 min−1 to 30.1
min−1) contributed to the remarkably improved kcat/KM of
KpADHV84I/Y127M toward 1,4-BD. Owing to the positive effect
of Y127M mutation on substrate binding, the KM of
KpADHV84I/Y127M toward 1,4-BD was over 5 times lower
than that of KpADHV84I. In addition, KpADHV84I/Y127M also
showed the best affinity toward NADP+, the KM toward
NADP+ decreased from 15.8 mM (WTKpADH) to 3.05 mM.
Consequently, Y127 was shown to be a key residue that could
coordinate with other residues in enhancing the binding
affinity of substrate. Importantly, no substrate inhibition was
detected in all tested single and double mutants, even at 250
mM 1,4-BD. The Kia values, dissociation constants toward
NADP+, of most mutants improved to varying degrees,
indicating increased binding to noncatalytic site, but there
was no significant effect on affinity of NADP+ observed from
the apparent KM toward NADP+, in the rate-limiting step for
oxidation of 1,4-BD.
Analysis of the Substrate Specificities of WTKpADH

and Variants. Kinetic parameters of WTKpADH and other
variants toward 1,5-pentanediol (1,5-PD) and 1,6-hexanediol
(1,6-HD) were also investigated (Table 3). The kcat/KM values
of WTKpADH toward 1,5-PD and 1,6-HD were 0.75 min−1·
mM−1 and 2.27 min−1·mM−1, respectively, representing 4.34-
and 13.1-fold increases compared 1,4-BD. The result suggests
that diols with a longer chain length than 1,4-BD could be
more efficiently oxidized by KpADH. Compared with 1,4-BD,
the KM values of KpADHV84I toward 1,5-PD and 1,6-HD were
reduced by 50.9% (42.5 mM) and 85.8% (12.3 mM),
respectively, indicating the positive role of KpADHV84I in
enhancing the binding affinity of longer chain diols. However,

KpADHY127C had a greatly decreased kcat/KM and was found to
be unfavorable for the oxidation of 1,5-PD and 1,6-HD. Unlike
KpADHY127C, the KpADHY127M displayed a remarkable effect
on binding affinity. The KM values of KpADHY127M toward 1,5-
PD and 1,6-HD were decreased to 14.3 mM and 6.50 mM,
respectively, which represented a reduction of 80.8% and
64.9% compared to those of WTKpADH. As a result, the kcat/
KM of KpADHY127M toward 1,5-PD and 1,6-HD reached 3.27
min−1·mM−1 and 6.09 min−1·mM−1, respectively, which were
4.36- and 2.68-fold higher than WTKpADH.
Mutations of S196 into Ala and F197 into Trp had little

influence on the oxidization of 1,5-PD and 1,6-HD. With
regard to double mutant KpADHV84I/Y127M, the KM values
toward 1,5-PD and 1,6-HD were further decreased to 8.20 mM
and 6.50 mM, respectively, which were merely 11.0% and
35.1% of those of WTKpADH. The corresponding kcat/KM
values were 2.35 min−1·mM−1 and 11.5 min−1·mM−1. These
values represented 3.13- and 5.07-fold increases over
WTKpADH. Interestingly, the kcat/KM of KpADHV84I/Y127M

toward tested diols obeyed the observed sequence of 1,6-HD
> 1,5-PD > 1,4-BD, which was consistent with WTKpADH.
Only CDX-019, LbADH, and TeSADH have been reported to
be able to catalyze the oxidation of 1,6-HD for NAPDH
regeneration, with Vmax of 0.1, 0.4, and 0.4 μmol·min−1·mg−1,
respectively.21 The Vmax values of KpADHV84I/Y127C and
KpADHV84I/Y127M were calculated to be 2.34 and 1.79 μmol·
min−1·mg−1, which were almost 5 times higher than the highest
reported. On the basis of its remarkable kinetic parameters,
variant KpADHV84I/Y127M could be a promising NADPH
regeneration system utilizing diols as “smart cosubstrates”.

Comparison of Different Cofactor Regeneration
Systems. Cofactor regeneration systems with diols as “smart
cosubstrates” have been successfully demonstrated in the
coupled reactions catalyzed by NADH-dependent enoate
reductase from Thermus scotoductus SA-01 (TsER), 3-
hydroxybenzoate-6-hydroxylase from Rhodococcus jostii RHA1
(3HB6H), and Baeyer−Villiger monooxygenase from Acineto-
bacter sp. NCIMB 9871 (BVMO).19,22 Herein, the application
potential of this newly developed NADPH regeneration system
was evaluated by coupling it to a NADPH-dependent amino
acid dehydrogenase from Ureibacillus thermosphaericus

Table 3. Kinetic Parameters of WTKpADH and Variants toward Different Diols

aStatistical analysis was performed: * indicates a statistically significant difference (p < 0.05), ** indicates an extremely significant difference (p <
0.01).
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(DAADHD94A).
33 DAADHD94A catalyzed the asymmetric

reduction of phenylpyruvic acid (PPA) into D-phenylalanine
(D-Phe), an important chiral building block for nateglinide (a
drug for type II diabetes).34

Cofactor regeneration with 1,4-BD and glucose as
cosubstrates were initially tested at 50 mM PPA. 1,4-BD and
glucose were added in 1.0 equiv and 2.0 equiv relative to the
substrate. WTKpADH, KpADHV84I/Y127M, and glucose dehydro-
genase (GDH) were added to the level of equivalent activities
(1.5 kU·L−1). As illustrated in Figure 3A, the yield of D-Phe
reached 72.1 ± 1.9% after 1 h and slightly increased to 74.4 ±
1.6% after 4 h employing GDH for cofactor regeneration.
Without pH adjustment, the pH of the reaction declined to
lower than 6.0 because of the gluconic acid produced, which
was disadvantageous for the reaction since the optimal pH of
DAADHD94A in the asymmetric reduction was pH 9.0. The
conversion curve employing KpADHV84I/Y127M was distinct
from that of WTKpADH. With WTKpADH, the yield of D-Phe
was 46.4 ± 1.9% at 4 h, and a slightly higher conversion of 50%
was obtained after further reaction time. For KpADHV84I/Y127M,
the initial reaction rate was so high that the conversion reached
98.5 ± 2.3% in 1 h. PPA was completely converted into D-Phe

in 4 h. As previously mentioned, the conversion of 1,4-BD into
GBL is irreversible and thermodynamically favored. Moreover,
the optimum pH for both WTKpADH and KpADHV84I/Y127M
was determined to be pH 9.5 (Figure S19), which was much
more favorable for DAADHD94A than GDH. Also,
KpADHV84I/Y127M exhibited greater stability than WTKpADH
at pH 9.5 (Figure S20).
The kcat/KM of KpADHV84I/Y127M toward 2-HTHF in step 2

was 195 min−1·mM−1 (Table 4). It is worth noting that the
ratio of kcat/KM toward 2-HTHF and 1,4-BD was 97.8, which is
nearly 70-fold lower than that of WTKpADH (kcat/KM of 6.82 ×
103). To investigate the significance of the ratio of kcat/KM
between 2-HTHF and 1,4-BD, variants KpADHV84I/Y127C,
KpADHY127C, and KpADHV84I (kcat/KM ratios of 51.6, 228,
and 775) were also applied as NADPH regeneration systems at
the same enzyme loading of 1.5 kU·L−1. A higher yield of
83.7% was observed with KpADHV84I/Y127C at 1 h, which might
be due to its higher kcat/Km toward 1,4-BD. Similar yields were
obtained at 1 h (61.6% and 67.6%) with KpADHY127C and
KpADHV84I, which exhibited similar kcat/KM toward 1,4-BD.
Among variants with kcat/KM ratios of 51.6−6.82 × 103 tested,
KpADHV84I/Y127M possessed a kcat/KM ratio of around 100 and

Figure 3. Asymmetric preparation of D-Phe with DAADHD94A coupled with NADPH regeneration approaches. (A) Effect of different cofactor
regeneration systems. (●) KpADHV84I/Y127M, (solid red circle) KpADHV84I, (solid blue circle) KpADHY127C, (solid yellow circle) KpADHV84I/Y127C,
(■) WTKpADH, (▲) GDH. Reactions were performed with 0.5 mM NADP+, 50 mM PPA, 50 mM 1,4-BD, or 100 mM glucose, 1.5 kU·L−1

enzymes, and 5 kU·L−1 DAADHD94A. (B) Production of D-Phe and GBL at different PPA and 1,4-BD concentrations employing KpADHV84I/Y127M.
(●) and (○) concentrations of D-Phe and GBL at 50 mM PPA and 25 mM 1,4-BD, (◆) and (◇) concentrations of D-Phe and GBL at 100 mM
PPA and 50 mM 1,4-BD.

Table 4. Kinetic Parameters of WTKpADH and Variants toward NADP+ and 2-HTHF

variant Kia [μM]a KM, NADP+ [μM] KM, 2‑HTHF [mM] kcat [×103 min−1] kcat/KM to HTHF [min−1·mM−1]b fold changec

WTKpADH 57.9 ± 6.2 64.8 ± 2.6 2.23 ± 0.37 2.63 ± 0.09 1.18 ± 0.15 × 103 6.82 × 103

KpADHV84I 108 ± 23 159 ± 18 1.90 ± 0.96 1.33 ± 0.20 700 ± 148* 755
KpADHY127C 361 ± 27 107 ± 9 2.40 ± 0.71 0.464 ± 0.04 193 ± 40** 228
KpADHY127M 129 ± 14 76.8 ± 15.6 5.90 ± 2.19 2.34 ± 0.39 397 ± 81** 354
KpADHS196A 217 ± 34 456 ± 31 1.55 ± 0.65 2.27 ± 0.27 1.46 ± 0.11 × 103* 4.86 × 103

KpADHF197W 163 ± 11 107 ± 5 1.59 ± 0.30 1.09 ± 0.05 686 ± 77** 1.02 × 103

KpADHV84I/Y12C 961 ± 99 462 ± 57 4.70 ± 2.88 0.315 ± 0.07 67.0 ± 16.0** 51.6
KpADHV84I/Y127M 94.0 ± 7.2 80.7 ± 7.7 4.39 ± 0.92 0.855 ± 0.06 195 ± 27** 97.8
KpADHY127C/S196A 288 ± 26 565 ± 59 6.38 ± 2.50 0.374 ± 0.07 58.6 ± 12** 63.3
KpADHS196A/F197W 111 ± 7 100 ± 3 0.85 ± 0.11 0.441 ± 0.01 519 ± 55** 1.19 × 103

aKia denotes the dissociation constant toward NADP+. bStatistic analysis was performed: * indicates a statistically significant difference (p < 0.05),
** indicates an extremely significant difference (p < 0.01). cFold change denotes the ratio of kcat/KM toward 2-HTHF to kcat/KM toward 1,4-BD.
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was shown to be an appropriate reaction system for the
sequential oxidation of 1,4-BD into GBL. Consequently, both
improved catalytic efficiency and balanced kcat/KM between
1,4-BD and 2-HTHF contributed to the high efficiency in
reductive amination of PPA into D-Phe.
Application of KpADHV84I/Y127M in the Synthesis of D-

Phe. Since the sequential oxidation of one 1,4-BD molecule
produced 2 equiv of NADPH, the addition of 1,4-BD was
further reduced to 0.5 equiv of the substrate in the
KpADHV84I/Y127M NADPH regeneration system. As shown in
Figure 3B, the initial production of D-Phe was 67.6 ± 1.5% at
0.5 h, 20.7% lower than that with 1,4-BD at 1.0 equiv of PPA
(50 mM) (Figure 3A), which indicated that a higher amount
of cosubstrate was advantageous for NADPH regeneration.
With 25 mM 1,4-BD, the yield of D-Phe reached 99.8 ± 1.0%
in 2 h at 50 mM PPA. The production of the coproduct GBL,
an important solvent, was determined to be 22.8 mM at 4 h. As
a result, in comparison to the substrate, 0.5 equiv of 1,4-BD
was adequate for the bioreduction system. When PPA loading
was further increased to 100 mM, the addition of 1,4-BD was
also increased to 50 mM. The yield of D-Phe increased rapidly
to 95.0 ± 1.7% in the first 3 h. The production of D-Phe then
slowly increased to 99.2 ± 1.5% after 6 h, along with 45.2 mM
GBL produced. Enantioselectivity analysis revealed that the e.e.
value of D-Phe produced was over 99.9%. The turnover
frequency (TOF) value of KpADHV84I/Y127M was calculated to
be 3.7 min−1, which was a TOF value 2.0-fold higher than
TeSADH using 1,6-hexanediol as a cosubstrate at the same
concentration.22 Considering the basic pH preference of
DAADHD94A, the traditional strategy was found to be at the
expense of a high loading of GDH. The highest observed
conversion for preparing D-Phe was achieved with a variant of
meso-DAPDH from Symbiobacterium thermophilum. As much
as 100 mM PPA was converted with an efficiency of 96.9%
conversion after 24 h with the assistance of 0.2 g·L−1 GDH
(c.a. 36 KU·L−1).35,36 This newly developed cofactor
regeneration system employing KpADHV84I/Y127M was more
advantageous in NADPH regeneration for amino acid
dehydrogenase. Optimizing on the regeneration of NADPH
with 1,6-HD is also undergoing, since KpADHV84I/Y127M
displays a much higher efficiency than 1,4-BD.
Elucidating the Mechanism of Enhanced Activity

toward 1,4-BD. Virtual mutation and MD simulation were
conducted to explore the molecular basis of the improved
activity and balanced kcat/KM. After MD simulation of 20 ns,
the average conformations were extracted. The interactions
and binding energies were also calculated. In the conformation
of WTKpADH in complex with 1,4-BD, only one hydrogen
bond between Tyr164 and 1,4-BD was identified (Figure 4A).
It is presumed that the bulky Tyr127 residue might block the
binding and rotation of 1,4-BD. Moreover, no interaction was
found between Ser126 and 1,4-BD, and Ser126 had been
shown to be essential for stabilizing the substrate.37,38

However, more hydrogen bonds were predicted in the
KpADHV84I/Y127M complex, although no directed interaction
was found between 1,4-BD and KpADHV84I/Y127M. The
substrate binding pocket of KpADHV84I/Y127M had a tendency
to become a little larger and more hydrophobic than that of
WTKpADH. The enhanced hydrophobicity of Ile84 was shown
to have pushed 1,4-BD toward the bottom of the substrate
binding pocket, while the mutation of Y127M increased the
binding pocket volume. These changes gave rise to the two
possible extra hydrogen bonds between Ser126 (or Ala128)

and the hydroxyl group of 1,4-BD (Figure 4B, detailed
interactions can be found in Figure S13 and Figure S14). The
binding energy between KpADHV84I/Y127M and 1,4-BD was
calculated to be −81.6 kcal·mol−1, much lower than −70.0
kcal·mol−1 of WTKpADH. Interactions between KpADH and 2-
HTHF could be found in Figure 4C, including hydrogen
bonds with Ser126 or Tyr164, π-alkyl interaction with Phe197,
and alky−alkyl interaction with Ala128. The intricate binding
network between KpADH and 2-HTHF led to a high kcat/KM
toward 2-HTHF. The binding energy was calculated to be
−102.7 kcal·mol−1. The altered hydrophobicity of the substrate
binding pocket also resulted in the movement of 2-HTHF
toward the bottom. Because of the longer length of 2-HTHF
than 1,4-BD, the movement led to an extended distance (4.1
Å) between Ser126 and 2-HTHF, which was unfavorable for
the formation of hydrogen bonds. However, other interactions
between Tyr164, Ala128, and Phe197 were still present
(Figure 4D). As a result, the binding energy between variant
KpADHV84I/Y127M and 2-HTHF was reduced to −89.3 kcal·
mol−1, and the kcat/KM was decreased, as shown in Table 4. As
mentioned above, the mutation of Val84 and Tyr127 into Ile
and Met altered the spatial structure and hydrophobicity of the
substrate binding pocket. The substrates might better access
the bottom of the substrate binding pocket with changes in the
hydrogen-bonding network, varying from 1,4-BD and 2-
HTHF.

■ CONCLUSIONS
The alcohol dehydrogenase KpADH was engineered for
improved NADPH regeneration employing 1,4-BD as a
“smart cosubstrate”. Key residues were identified by molecular
dynamics and subjected to saturational and combinatorial
mutagenesis. Residues V84 and Y127 were shown to play
essential roles in the catalytic efficiency and substrate binding
affinity, and mutations to these key residues favorably altered
the substrate binding pocket and enhanced the hydrogen-
bonding network between the mutant enzyme and 1,4-BD. In
the rate-limiting step, the kcat/KM of KpADHV84I/Y127M toward
1,4-BD was 2.00 min−1·mM−1, 11.6-fold higher than
WTKpADH. Moreover, the ratio of kcat/KM toward 2-HTHF
versus 1,4-BD was dramatically reduced to 97.8 from 6.82 ×
103 in WTKpADH, which was favorable for the sequential

Figure 4. Analysis of the substrate binding mode in WTKpADH and
KpADHV84I/Y127M using MD simulations. (A) WTKpADH in complex
with 1,4-BD, (B) KpADHV84I/Y127M with 1,4-BD, (C) WTKpADH with
2-HTHF, and (D) KpADHV84I/Y127M with 2-HTHF. NADP+ was
depicted with purple sticks, catalytic triad (Ser126-Tyr164-Lys168)
with blue sticks, residues 84 and 127 and other residues participating
in the substrate binding with yellow sticks, 1,4-BD and 2-HTHF with
green balls and sticks.
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oxidation of 1,4-BD. Variant KpADHV84I/Y127M was applied in a
coupled reaction for NADPH regeneration. As much as 100
mM PPA was converted into D-Phe with a 99.2% yield
employing 50 mM 1,4-BD. This enhancement was ascribed to
the improved catalytic efficiency toward 1,4-BD and the
balanced kcat/KM between 1,4-BD and 2-HTHF. This study
has demonstrated the engineering and utilization capacity of
ADH as an efficient NADPH regeneration system employing
diols as “smart cosubstrates”.
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