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HIGHLIGHTS GRAPHICAL ABSTRACT

o An effective protocol for directed resur-
rection of ancestral enzymes.

e Ancestral ADH A64 was constructed
with activity toward CPMK.

e A64 displays shifted pH profile,
enhanced stability and expanded sub-
strate spectrum.
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Keywords: Ancestral enzymes are promising for industrial biotechnology due to high stability and catalytic promiscuity. An
Alcohol dehydrogenase effective protocol was developed for the directed resurrection of ancestral enzymes. Employing genome mining

Ancestral sequence reconstruction
pH-profile

Thermostability

Substrate spectrum

with diaryl alcohol dehydrogenase KpADH as the probe, descendant enzymes D10 and D11 were firstly identi-
fied. Then through ancestral sequence reconstruction, A64 was resurrected with a specific activity of 4.3 U-mg ™.
The optimum pH of A64 was 7.5, distinct from 5.5 of D10. The T15 50 and Ty, values of A64 were 57.5 °C and
61.7 °C, significantly higher than those of the descendant counterpart. Substrate spectrum of A64 was quanti-
tively characterized with a Shannon-Wiener index of 2.38, more expanded than D10, especially, towards bulky
ketones in Group A and B. A64 also exhibited higher enantioselectivity. This study provides an effective protocol
for constructing of ancestral enzymes and an efficient ancestral enzyme of industrial relevance for asymmetric
synthesis of chiral alcohols.
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1. Introduction

Enzymes are increasingly regarded as the key chip or element for
industrial biotechnology, especially in the context of emerging carbon
neutral manufacture (Wang et al., 2021; Hu et al., 2021). In general,
enzymes are manipulated to play a crucial role as biocatalysts or cell
factories for an ever-expanding range of applications, including the
efficient and sustainable production of value-added bioproducts such as
fine chemicals, biofuels and natural products (Hollmann et al., 2020; Wu
et al., 2020; Heath et al., 2021; Li et al., 2022). In the view of atomic
economy and environmental friendliness, enzymes are of special interest
for the synthesis of chiral secondary alcohols which have been widely
applied as building blocks in pharmaceuticals, agrochemicals and food
industries (Kang et al., 2019; Zerva et al., 2021). The sophisticated
stereoselective structure renders enzymes high enantioselectivity and
catalytic efficiency (Zheng and Xu, 2011). Therefore, enzymes can
mitigate the use of toxic catalysts and the production of excessive
chemical waste. However, currently, the application of enzymes is
limited by poor operational stability and narrow substrate spectrum
(Huisman et al., 2010; Bornscheuer et al., 2012; Bommarius and Paye,
2013). There is a constant need for discovering novel biocatalysts of
industrial relevance with diverse properties, such as high thermosta-
bility, broad substrate scope and high enantioselectivity.

Tremendous attempts have been committed to mine naturally
evolved enzymes or gear enzymes with enhanced stability and wide
substrate spectrum (Wijma et al., 2013). Various strategies have been
developed, such as traditional genome mining from thermophilic mi-
croorganisms (Zou et al., 2012), protein engineering based on consensus
sequences (Jochens et al., 2010), directed evolution through random
mutagenesis (Eijsink et al., 2005; Gumulya and Reetz, 2011), semi-
rational engineering based on B-factor (Sun et al., 2019) etc. However,
most of the methods are labor-intensive since the extant enzymes are
specifically differentiated (Magliery et al., 2011). Moreover, there usu-
ally exists “trade-off” between stability and activity or enantioselectivity
(Gong et al., 2016). Computational methods have also been applied to
increase the stability (Korkegian et al., 2005; Romero et al., 2012),
however, these depend on precise structure information and are usually
resource-intensive. For most proteins, the information concerning
sequence-structure—function relationships is insufficient to enable
rational design (Pramanik et al., 2021). Moreover, it is difficult to pre-
dict epistatic effects during combinatorial process (Yu and Dalby, 2018).
As a result, a general strategy for discovering enzymes with industrial
relevance of both increased stability and wide substrate spectrum re-
mains to be established.

Conceptually, modern enzymes are assumed to have evolved from a
common ancestor, which should possess remarkable enzyme properties
such as high stability and wide substrate spectrum. Ancestral sequence
reconstruction (ASR) refers to the computational approximation based
on phylogenetic tree of the extant protein sequences and statistical
analysis using simple models of sequence evolution (Merkl and Sterner,
2016; Risso et al., 2018). ASR could be used in the resurrection of the
ancestral enzymes (Ayuso-Ferndandez et al., 2017). Considering the large
difference in terms of sequence and structure with descendant enzymes,
ancestral enzymes are expected to display “unusual” or ‘“extreme”
properties (Spence et al., 2021). ASR has been successfully applied in the
following aspects: (i) to identify novel P450 enzymes with diverse sub-
strate profiles (Gumulya, et al., 2018); (ii) to stabilize 3-isopropylmalate
dehydrogenase (Miyazaki et al., 2001); (iii) to enhance catalytic effi-
ciency of cellulase (Barruetabena et al.,2019); (iv) to modify substrate
specificity of p-lactamase (Modi et al., 2021). Although ASR has been
regarded as an efficient tool to explore evolutionary relationship be-
tween thermostability and catalytic promiscuity, the application of ASR
in discovering of enzymes confronts the following issues: (i) the solu-
bility of ancestral enzymes is usually poor (Rozi et al., 2022), (ii) the
substrate spectrum and catalytic promiscuity lack quantitative charac-
terization, (iii) the method for rational construction of ancestral
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enzymes with desired properties remains to be established.

To address the issues, a method was developed for directed resur-
rection of ancestral enzymes with desired properties. First, a traditional
genome mining was performed to identify active descendant enzymes
which display similar catalytic properties as the probe enzyme. Then,
ancestral enzymes from the evolutional nodes of the active clans in the
phylogenetic tree were resurrected and subjected to functional analysis
to obtain active ancestral enzymes. The enzymatic properties of ances-
tral and descendant enzymes were characterized and compared in terms
of pH-activity profile, temperature-activity profile, kinetic stability,
thermostability, and biophysical stability. Furthermore, average activity
and Shannon-Wiener index were introduced to quantitatively charac-
terize the substrate spectrum and catalytic promiscuity of ancestral and
descendant enzymes. The application potentials of ancestral enzymes in
the asymmetric synthesis of chiral secondary alcohols were also evalu-
ated. This study provides an effective protocol for directed resurrection
of ancestral enzymes with desired properties and a robust and enan-
tioselective ancestral enzyme of industrial relevance for the synthesis of
bioproducts.

2. Material and methods
2.1. Chemical reagents, plasmid and strain

All prochiral ketones for analysis of substrate fingerprint were ob-
tained from Aladdin Co. ltd. Cofactors NADT/NADH and NADP'/
NADPH were purchased from Bontac Bioengineering Co. 1td (Shenzhen,
China). Other reagents were of analytic graded and purchased from
Sinopharm Co. Itd (Shanghai, China). Expression vector pET28a and
recombinant strain E. coli BL21(DE3) were previously constructed and
stored in our lab.

2.2. Phylogenetic analysis and ancestral sequence reconstruction

Employing the amino acid sequence of KpADH as a probe, BLAST
search was performed in Uniprot (https://www.uniprot.org/) and Pro-
tein Data Base (https://www.rcsb.org/) to retrieve the sequences with
sequence identity of > 30 %. After manually trimming the redundant
sequences using CD-hit software, a total of 103 sequences were ob-
tained. Alignment of all the sequences by ClustalW module in MEGA 6.0.
Sequences with large gaps and too long length were further removed
from the result in order to increase the fidelity of phylogenetic tree. The
resultant 99 sequences were submitted to construct the phylogenetic
tree using the maximum likelihood method and tested with bootstrap
replications of 100 to increase the accuracy of the topology of phylo-
genetic tree. Employing the Jones-Taylor-Thornton model in FASTML
web tool, ancestral sequences were predicted using Gamma Distribution
statistic functions (Gumulya, et al., 2018).

2.3. Expression of descendant and ancestral alcohol dehydrogenases

All the genes coding for descendant and ancestral alcohol dehydro-
genase genes were synthesized by Tianlin Biotechnol. Co. 1td (Wuxi,
China) and were inserted into pET28a between restriction endonuclease
sites of Ndel and Xhol. The recombinant plasmids were transferred into
E. coli BL21(DE3) and verified by colony PCR and sequencing. ADHs
were prepared by inoculating the positive recombinant strains in LB
medium with 50 pg-mL~! kanamycin and cultured at 37 °C and 180 rpm.
Then 0.2 mM IPTG was supplemented into the culture when the ODggo
reached 0.6-0.8 and further cultivated at 25 °C and 180 rpm for in-
duction expression for 8 h. The cells were harvested by centrifuge at
8000 rpm and 4 °C for 10 min, washed three times with physiological
saline, resuspended in PBS buffer (pH 7.0, 100 mM) and disrupted twice
by high pressure homogenization at 800 bar under ice-water batch using
ATS-BASICI (ATS Engineering Inc.). The crude enzyme extract was ob-
tained by further centrifuge at 10000 rpm and 4 °C for 20 min, and
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lyophilized under vacuum to obtain crude enzyme powder.

2.4. Protein purification of recombinant A64 and D10

Recombinant strains expressing genes of A64 and D10 were har-
vested, washed with physiological saline for two times and suspended in
buffer A (20 mM PBS pH 7.4, 0.5 M NaCl), followed by disruption using
high pressure homogenizer as above described. The resultant lysates
were filtrated with 0.2 pum filter, and loaded onto a 1-mL crude Histrap
FF column (GE Healthcare, Co. ltd, Shanghai, China), which was pre-
equilibrated with buffer A. Crude extract of recombinant A64 and D10
were gradient eluted from the nickel column with imidazole concen-
trations increasing from 10 mM to 500 mM at a flow rate of 1 mL-min~1,
All the eluents were collected and submitted for SDS-PAGE analysis, and
the eluents containing single bands were desalted against Tris-HCl
buffer (pH 7.0, 100 mM) and concentrated at 3300 rpm and 4 °C. Pu-
rified A64 and D10 were stored at —80 °C for further characterization.

2.5. Activity assay

Standard protocol for activity assay of ADH was performed according
to the changes in absorbance of NADPH at 340 nm (Xu et al., 2018). The
reaction mixture consisted of 2 mM prochiral ketone dissolved in
ethanol and 0.5 mM NADPH in 190 pL PBS buffer (pH 7.0, 100 mM), and
10 pL enzyme solution of appropriate concentrations at 30 °C. One unit
of ADH activity was defined as the amount of ADH, under above con-
ditions, required to catalyze the oxidation of 1 pmol NADPH per minute.

2.6. Enzyme characterization

Effects of pH and temperature on the activities of purified A64 and
D10 were investigated with (4-chlorophenyl)(pyridin-2-yl)methanone
(1a, CPMK) and 0.5 mM NADPH as substrates using the general activity
assay protocol except in the following reaction buffers (100 mM): so-
dium citrate buffer (pH 4.0-6.0), PBS buffer (pH 6.0-8.0), glycine-NaOH
buffer (pH 8.0-10.0) or at temperatures ranging from 25 °C to 70 °C (25,
30, 35, 40, 45, 50, 55, 60, 65 and 70 °C). All the assays were determined
in triplicate.

Kinetic stability of purified A64 and D10 was determined by incu-
bation of enzymes at different temperatures ranging from 30 °C to 70 °C
for 15 min. Then, samples were submitted for activity determination
using the general activity assay protocol. Thermostability of purified
A64 and D10 at 40 °C and 50 °C was conducted by incubation of en-
zymes at 40 °C and 50 °C. At different time intervals, appropriate of
samples were withdrawn from the incubation mixture to determine the
residual activities employing the above-mentioned general activity
assay protocol. Biophysical stability of purified A64 and D10 was
determined using differential scanning calorimetry. Samples were
heated from 20 °C to 95 °C, and the absorbance of protein was moni-
tored accordingly. All the determinations were conducted for at least
three times.

Effects of various metal ions including Fe3*, Mg?", Co?*, cu?*, Al3Y,
Ag", Ni2*, Mn?*, Ca®*, Zn?* and EDTA on the activities of A64 and D10
were determined by incubation of each reagent at 1.0 mM with purified
enzyme of 1 mg-mL ™' at 30 °C for 60 min. Control experiment was
performed in the absence of any metal ions under the same conditions.
The residual activity was determined using the above-mentioned stan-
dard protocol. All the assays were conducted for at least three times.

Kinetic parameters of purified A64 and D10 towards CPMK and
NADPH were determined using the standard activity assay protocol
except for at various substrate concentrations ranging from 0.1 mM to
10.0 mM for CPMK and 0.01 mM to 2.0 mM for NADPH. All the assays
were conducted in triplicate. The apparent Kyj, Vinax and keae values were
calculated according to the Lineweaver-Burk plot using double-
substrates model.
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2.7. Shannon-Wiener index analysis

The Shannon-Wiener index was adopted to describe the breadth of
substrate spectrum of enzymes (Liu et al., 2013). Specific activities of
purified A64 and D10 towards all the substrates in Group A-D were
determined using the standard activity assay protocol for at least three
times. The Shannon-Wiener index was calculated according to Eq. (1).

n A .
Shannon — Wiener index = — ZPsi X LnPsi, Psi = % (€8}

i=1

Where n is the number of all the tested substrates, Ay is the specific
activity of enzyme towards a specific substrate of i (si), A is the sum of
the specific activities towards all the tested prochiral ketones.

2.8. Conversion ratio and enantioselectivity analysis of A64 and D10

Reaction mixtures consisted of different concentrations of 1a (100
mM), 5a (10 mM), 1c¢ (100 mM), 1d (100 mM), 4d (100 mM), 1.5
equivalent of glucose, 10 U-mL~! A64 or D10, 15 U-mL~! GDH from
Bacillus subtilis, 0.10 mM NADP™ in 10 mL 100 mM PBS buffer (pH 7.5
for A64, pH 6.0 for D10). The reaction was performed at 30 °C and
stirred at 120 rpm. The reaction pH was maintained by titration with 0.5
M NaOH. After reaction for 12 h, samples were withdrawn and extracted
with equal volumes of ethyl acetate. The resultant organic phase was
dried over anhydrous NaySO4 and submitted for GC analysis equipped
with CP-Chiralsil-Dex CB column to determine the conversion ratios and
enantioselectivity (e.e. value) based on the analytical standards or pre-
viously reported methods (Xu et al., 2018).

3. Results and discussion
3.1. Directed resurrection of ancestral diaryl alcohol dehydrogenases

Phylogenetic tree of diaryl alcohol dehydrogenase KpADH, which
exhibits high activity towards bulky-bulky ketones, and homologous
proteins was constructed employing the maximum likelihood method
and tested with bootstrap replications of 100 (Fig. 1). Ancestral enzymes
were usually predicted from the nodes in the phylogenetic tree. Firstly,
the ancestral ADH from the root node was designated as Al, which is
generally regarded as the best ancestral ADH (Gumulya, et al., 2018).
The sequence identity between Al and KpADH was only 48.9 %. This
ancestral ADH displays the largest evolutionary difference. However,
recombinant A1 was expressed in insoluble form in E. coli BL21(DE3),
according to the SDS-PAGE analysis, which might be attributed to the
special and different folding types of ancestral enzymes. As expected, no
activity was detected with recombinant Al. Hence, traditional resur-
rection of ancestral enzyme from root node is inscrutable and usually
encountered with issues of insoluble expression.

To develop a method for directed resurrection of ancestral diaryl
alcohol dehydrogenases, traditional genome mining was performed to
identify active descendent ADHs with KpADH as probe sequence. As
shown in Fig. 1, 16 potential ADHs from different evolutionary clans and
with 30-70 % sequence identities of KpADH were selected and desig-
nated as D1-D16 for recombinant expression and examination in the
asymmetric reduction of (4-chlorophenyl)(pyridin-2-yl)methanone (1a,
CPMK). Most of the 16 potential ADHs could be expressed in soluble
form in E. coli BL21(DE3). However, only putative ADH from Kluyver-
omyces marxianus under Genebank accession No. XP_022675166.1 and
ADH from Naumovozyma castellii under Genebank accession No.
XP_003673287.1, which were designated as D10 and D11 respectively,
displayed activity towards 1a. D10 and D11 share sequence identities of
47.3 % and 52.2 % with KpADH respectively. D10 is the most efficient in
the reduction of 1a, with specific activity of 61.6 U-mg~! and e.e. of 97.1
% (R), much higher than 11.4 U-mg ' and 82.0 % e.e. of KpADH
(Table 1). D11 could catalyze the reduction of 1a, with specific activity
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Fig. 1. Resurrection of ancestral ADHs employing ancestral sequence reconstruction strategy with KpADH as probe. Descendent ADHs for characterization were
highlighted with different background color, blue: inactive ADH, red: active ADH. Ancestral ADH for characterization were illustrated with red dots. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Specific activity and enantioselectivity of descendant and ancestor ADHs to-

wards CPMK.

e.e.

Enzyme Specific activity

[Umg ] [%]/(R/S)
KpADH 11.4 £ 0.8 82.0 (R)
D10 61.6 + 2.1 97.1 (R)
D11 2.0+0.3 61.4 (R)
A61 1.5+0.1 72.3 (R)
A64 4.3+0.3 85.1 (R)

of 2.0 U~mg_1 and e.e. of 61.4 % (R).

Considering that enzymes from this evolutionary branch were active
in the reduction of bulky-bulky ketones, ancestral ADHs from these
evolutionary nodes, including A61, A63 and A64 with sequence iden-
tities of 66.3 %, 64.5 % and 71.8 % towards KpADH (Fig. 1), were
evaluated for expression and reaction analysis. According to the SDS-
PAGE analysis (Fig. 2), A61 and A64 were expressed in soluble form,
while A63 was expressed as inclusion body. Activity and enantiose-
lectivity analysis revealed that the specific activity and e.e. values of A61
and A64 were 1.5 U~mg_1 and 72.3 % (R), and, 4.3 U-rng_1 and 85.1 %
(R). These results demonstrate that ancestral diaryl alcohol de-
hydrogenases were successfully and directedly resurrected from the
active evolutionary clans. Although the specific activity and e.e. values

were lower than the descendent KpADH and D10, the ancestral ADH
might possess different enzyme properties of special interest for indus-
trial biocatalysis. As a result, D10 and A64 were selected for further
quantitative characterization of enzyme properties including pH-
activity profile, temperature-activity profile, thermostability and cata-
lytic promiscuity.

3.2. Enzyme characterization of A64 and D10

Ancestral ADH A64 and its descendent D10 belong to the “extended”
short-chain dehydrogenase/reductase (SDR) subfamily based on the
conserved motif analysis (Kallberg et al., 2002), although the sequence
identity between them was merely 53.4 %. According to the multiple
sequence alignment analysis, both A64 and D10 contain conserved
motifs including SGxxGhxA motif (where x denotes any types of amino
acids, h represents hydrophobic amino acids) in §; + a; region for the
binding of dinucleotide of coenzyme, DhxD in p3 + o3 region for the
binding of adenine ring of coenzyme, YxxSKxxhE in as region for
nucleophilic attack, etc (see supplementary materials) (Xu et al., 2018).
The catalytic triads of A64 and D10 were Ser127-Tyr164-Lys168 and
Ser127-Tyr165-Lys169, respectively. Similar catalytic motifs of A64 and
D10 with SDR provide evidence for their common activity as alcohol

dehydrogenases.
A64 consists of 345 aa with predicted molecular weight of 41.5 kDa,
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Fig. 2. SDS-PAGE analysis of the purified D10 and A64. Lane 1 & 2: super-
natant and precipitant parts of D10; Lane 3: purified D10; Lane 5 & 6: super-
natant and precipitant parts of A64; Lane 4: purified A64; Lane M: protein
molecular marker.

while D10 is composed of 341 aa with predicted molecular weight of
40.4 kDa. After purification using nickel affinity chromatography, pu-
rified A64 and D10 migrated at around 40-45 kDa, consistent with their
theoretical molecular weight (Fig. 2). Specific activity analysis revealed
that both A64 and D10 prefer NADPH to NADH, which could be
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attributed to the DhxD motif. To further explore the difference in
enzyme properties between ancestral and descendant ADHs, purified
A64 and D10 were characterized in terms of pH-activity profile,
temperature-activity = profile, thermostability, and metal ions
dependence.

Effect of pH values and buffer systems on the activities of A64 and
D10 were investigated. As shown in Fig. 3A, A64 exhibited different pH-
activity profiles compared with D10. The optimum pH of A64 was
determined to be pH 7.5, which is distinct from the optimum pH 5.5 of
D10. The activities of A64 increased from pH 5.0 to pH 7.5, and
decreased from pH 7.5 to pH 10.0. At pH 7.0 (PBS buffer), the relative
activity of A64 is about 97.6 %, while the relative activity of D10 is
about 58.7 %. The preference for basic conditions renders A64 a more
promising biocatalyst than D10 since most of the cofactor regeneration
systems are more efficient under basic conditions than acidic conditions,
in addition to the higher stability of cofactor in basic conditions (Jia
et al., 2022).

Effect of temperatures ranging from 25 °C to 70 °C on the activities of
A64 and D10 were investigated as shown in Fig. 3B. A64 and D10 dis-
plays similar temperature-activity profiles, with optimum temperature
of 40 °C. The activities of A64 increased from about 88 % at 25 °C to the
highest activity at 40 °C, and then decreased along with the elevation of
temperature. At 70 °C, the relative activity of A64 was 55.6 %, higher
than 40.5 % of D10. Furthermore, thermostability of A64 and D10 was
characterized in terms of kinetic stability (T15 50), thermostability
(half-lives) and physical stability (Ty). The kinetic stability (T15 50)
refers to the temperature at which the relative activity was 50 % after
incubation for 15 min. According to Fig. 3C, the T15 50 value of A64 was
57.5 °C, about 15.1 °C higher than T15 50 of D10 (42.4 °C), indicating
the significantly increased thermodynamic stability of the ancestral
ADH. Then, the half-lives of A64 and D10 at 40 °C and 50 °C were also
determined as illustrated in Fig. 3D & 3E. The half-lives of A64 at 40 °C
and 50 °C were calculated to be about 27.5 h and 17.6 h respectively,
about 29.9-fold and 352-fold of 0.92 h and 0.05 h of D10 at the same
temperature. Therefore, ancestral enzyme A64 is much more stable than
descendent D10. It is also well known that significant improvement in
thermostability is hard to be achieved using laboratory-based evolution
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or protein engineering. Melting temperature (Ty), a biophysical
parameter, refers to the temperature at which half of the tertiary or
quaternary structures are destroyed, and reflects the structural rigidity
of an enzyme. Employing differential scanning calorimetry, the Ty,
values of A64 and D10 were determined. As shown in Fig. 3F, the T, and
AH values of A64 were calculated to be 61.7 °C and 562 kJ-mol’l, while
the counterparts of D10 were 46.8 °C and 755 kJ-mol ™! respectively.
The structure of A64 is more rigid than D10 and could resist high
temperatures.

Metal ions dependence of A64 and D10 was also investigated by
incubation of purified enzymes with different metal ions and EDTA (see
supplementary materials). Under addition of 1 mM AI** and Mn?", the
relative activities of A64 were 105 % and 102 % respectively. Cu>" and
Ag" could significantly inhibit the activity of A64. The relative activity
of A64 with EDTA was 92.4 %. Similar phenomenon was also found with
D10. Taken together, ancestral and descendent ADHs identified in this
study are not dependent on metal ions.

Based on above analysis, A64 is more promising than D10 in terms of
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optimum pH and stability. A64 displays significantly increased kinetic
stability, thermostability and biophysical stability. To further explore
the application potential of A64, the substrate specificity, kinetic pa-
rameters and enantioselectivity in the asymmetric reduction of prochiral
ketones were investigated.

3.3. Substrate spectrum analysis of A64 and D10

Ancestral enzymes, possessing distinct structural differences from
their extant counterparts, are generally regarded to have different sub-
strate spectrum or catalytic promiscuity. However, these differences
between ancestral and descendent ADHs are remain to be quantitively
clarified. Previously, Shannon-Wiener index and average activity have
been introduced to describe the “breadth” and “height” of substrate
profiles of ADHs (Xu et al., 2018). Various prochiral ketones, including
bulky-bulky ketones (Group A), bulky ketones (Group B), heterocyclic
ketones and aliphatic ketones (Group C), aromatic and aliphatic ketone
esters (Group D), were selected to characterize the substrate spectrum of

Fig. 4. Substrates applied for the characterization of ADHs (A) and the substrate fingerprints of purified D10 and A64 (B). (l): Group A, (ll): Group B, (l): Group C,

(HD): Group D.
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ancestral and descendent ADHs (Fig. 4A). Specific activities of A64 and
D10 towards all the prochiral ketones were determined and illustrated in
Fig. 4B. A64 could catalyze the reduction of all the tested ketones, while
D10 could only reduce parts of substrates. Nevertheless, the average
activity of D10 towards all the tested substrates was 28.8 U-mg ™!, 2.34-
fold of 12.3 U-mg ! of A64. The highest activity of D10 was 125 U-mg
towards ethyl 2-oxo-4-phenylbutanoate (1d), while the highest activity
of A64 was detected towards 2-fluoro-2-methyl-1H-indene-1,3(2H)-
dione (6b) with specific activity of 56.7 U-mg~l. Taken together,
descendent ADH D10 has higher catalytic efficiency than ancestral ADH
A64. However, the Shannon-Wiener index of D10 towards all the tested
substrates was 2.18, lower than 2.38 of A64 (Table 2), demonstrating
that A64 has wider substrate spectrum and higher catalytic promiscuity.

Furthermore, the detailed difference between A64 and D10 in
average activity and Shannon-Wiener index towards substrates of each
group was analyzed (Table 2). For the ketones with bulky-bulky sub-
stituents in Group A, the average activity of A64 was about 4.5 U-mg™?,
only 27.3 % of 16.5 U-mg~! of D10. However, the Shannon-Wiener
index of A64 towards Group A was 1.37, about 1.79-fold of D10. This
indicates that, after natural evolution and selection, extant enzymes
become more specific, namely, with narrowed substrate spectrum. The
ancestral enzymes, vice versa, exhibit higher catalytic promiscuity except
for the compromised catalytic efficiency. For aromatic ketones in Group
B, the average activity of A64 was 10.6 U-mg ", significantly lower than
18.5 U-rng’1 of D10, while the Shannon-Wiener index of A64 was 0.51,
much higher than 0.35 of D10, demonstrating that A64 exhibits broader
substrate spectrum and lower catalytic efficiency than D10 towards ar-
omatic ketones. Similar trend was also found towards cyclic and
aliphatic ketones in Group C. The average activity of A64 was 10.3
U-mg ™, only 47.7 % of 21.6 U-mg " of D10. The Shannon-Wiener index
of A64 was 0.97, 1.64-fold of 0.59 of D10. With regard to the ketoesters
or ketoacid in Group D, both A64 and D10 displayed high catalytic ef-
ficiency. The average activity of A64 was 26.7 U-mg~' towards sub-
strates in Group D, significantly higher than substrates in Group A-C,
while the average activity of D10 towards substrates in Group D was as
high as 68.0 U-mg~!, indicating that both A64 and D10 displayed
preference for ketoesters. The Shannon-Wiener index of A64 towards
substrates in Group D was 1.50, 11.9 % higher than 1.34 of D10. In
addition, Shannon-Wiener index towards substrates in Group D of both
A64 and D10 was higher than that of Group A-C. These results demon-
strate that ancestral enzyme A64 displays expanded substrate spectrum
and higher catalytic promiscuity in terms of Shannon-Wiener index,
despite of compromised catalytic efficiency.

The kinetic parameters of A64 and D10 towards CPMK and NADPH
were also determined. As shown in Table 3, the Ky and k¢ values of D10
towards CPMK were 0.39 mM and 17.5 s~ respectively, with kcat/Ky of
449 s’1~mM’1, while Ky and kc,¢ values of A64 were 3.59 mM and 3.93
s~ with keat/Ky of 0.68 s~ 1-mM 1. Compared with the extant coun-
terpart, ancestral enzyme A64 displayed lower substrate binding affinity
and catalytic efficiency, which could be attributed to the increased

Table 2
Comparison of substrate fingerprint characterization parameters of D10 and
A64.

Entry D10 Ab4
Best substrate 1d 6b
Highest activity /U-mg ™! 125 +£ 2.7 56.7 £ 1.1
Average activity /U-mg ™! 28.8 12.3
Shannon-Wiener index 2.18 2.38
Group A Average activity /U-mg ! 16.5 45
Shannon-Wiener index 0.76 1.37
Group B Average activity /U-mg ! 18.1 10.6
Shannon-Wiener index 0.35 0.51
Group C Average activity /U-mg~! 21.6 10.3
Shannon-Wiener index 0.59 0.97
Group D Average activity /U-mg ™! 68.0 26.7
Shannon-Wiener index 1.34 1.50
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Table 3
Kinetic parameters of D10 and A64 towards CPMK and NADPH.
Enzyme Substrate Kum keat keat/Km
[mM] [s™" [s7'mM™]
D10 CPMK 0.39 £ 0.05 17.5 + 1.49 44.9
NADPH 0.31 £ 0.03 59.2 + 0.03 191
A64 CPMK 3.59 £ 0.51 3.93 £1.36 0.68
NADPH 0.08 £ 0.01 12.6 + 0.3 158

catalytic specificity along with the evolution. However, the Ky value
towards NADPH of A64 was as low as 0.08 mM, significantly lower than
0.31 mM of D10, hinting that ancestral enzyme A64 has higher binding
affinity for NADPH, which might better adapt to specific ancient envi-
ronment with insufficient cofactors. In summary, ancestral enzyme A64
possesses relatively high cofactor binding affinity, however, low sub-
strate binding affinity and catalytic efficiency.

3.4. Asymmetric reduction of prochiral ketones using A64 and D10

Industrial biocatalysis has been increasingly accepted as “first-of-
choice” in the synthesis of value-added bioproducts, due to its high ef-
ficiency, high enantioselectivity and mild reaction conditions. Hence, as
a promising biocatalyst with industrial relevance, enzymes should
possess high stability, wide substrate spectrum, and high enantiose-
lectivity. The ancestral ADH A64 identified in this study displayed better
stability and wider substrate spectrum than its extant counterpart. To
further explore its application potential in industrial biosynthesis, the
capacity of this ancestral ADH in the asymmetric reduction of prochiral
ketones was evaluated. Since A64 is NADPH-dependent, glucose dehy-
drogenase from Bacillus subtilis with relatively high activity towards
NADPH was introduced for cofactor regeneration (Xu et al., 2018).

Substrates that A64 exhibited relatively high activity in each Group
were selected to evaluate its application potential, including 5a, 6b, 1c,
1d, 4d (Table 4). Substrate 5a, a bulky-bulky ketone with axial chirality,
is generally regarded as “hard-to-reduce” by enzymes. A64 could cata-
lyze the asymmetric reduction of 10 mM 5a within 12 h, with conversion
ratio of > 99.9 % and e.e. value of 78.1 % (R), while D10 could not
catalyze the reduction of 5a. To the best of our knowledge, this is the
first report on the biocatalytic reduction of prochiral biaryl aldehydes/
ketones using recombinant alcohol dehydrogenases. Ancestral ADH A64
not only exhibits relatively high activity but also atroposelectivity in the
reduction of biaryl substrates. Substrate 6b is also a near-symmetry
substrate, and could be reduced by dynamic kinetic resolution. Both
A64 and D10 displayed high activity towards 6b, and could catalyze the
complete conversion of as high as 100 mM 6b into alcohols, with > 99.9
% conversion ratio within 12 h. However, the absolute configuration
and the e.e. value of product remain to be clarified, due to the lack of
analytical standard. Substrate 1c is a heterocyclic ketone, and its cor-
responding alcohol is the key building block of antitumor drug Ibrutinib,
one of the top selling pharmaceuticals (Zheng et al., 2017). A64 could
also catalyze the complete reduction of as high as 100 mM 1¢, producing
(S)-alcohol in 99.0 % e.e.. Ketoesters 1d and 4d from Group D are

Table 4

Conversion and enantioselectivity of D10 and A64 towards prochiral ketones.
Substrate * D10 A64

Conv. [%] e.e. [%] Conv. [%] e.e. [%]

5a <0.1 - >99.9 78.1 (R)
6b >99.9 na' >99.9 n a.
1c <0.1 - >99.9 99.0 (S)
1d >99.9 96.0 (R) >99.9 99.2 (R)
4d >99.9 99.9 (S) >99.9 99.9 (S)

@ substrate concentration: 10 mM 5a, 100 mM 6b, 100 mM 1¢, 100 mM 1d,
100 mM 4d.
b 1. a. denotes not available.
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important starting materials for the synthesis of ethyl (R)-2-hydroxy-4-
phenylbutanoate and ethyl (S)-3-hydroxy-4-chlorobutanoate respec-
tively, which are important building blocks for angiotensin converting
enzyme inhibitors drugs and cholesterol-lowering drug Atorvastatin (Xu
etal., 2018). Both A64 and D10 could catalyze the asymmetric reduction
of 1d and 4d. The e.e. value of A64 towards 1d was 99.2 % (R), higher
than 96.0 % (R) of D10. Substrate 4d (100 mM) could be fully converted
by A64 and D10 with 99.9 % e.e. (S). As a result, this ancestral enzyme
A64 could be applied in the asymmetric reduction of prochiral ketones
for the synthesis of chiral alcohols with high enantioselectivity. Various
chiral secondary alcohols would be synthesized employing this resur-
rected ancestral enzyme according to the results of substrate spectrum
analysis.

4. Conclusions

In this study, a strategy was developed for directed resurrection of
ancestral alcohol dehydrogenases with desired catalytic properties.
Employing diaryl alcohol dehydrogenase KpADH as a probe, two novel
descendant enzymes D10 and D11 were identified with high activity
towards CPMK. Furthermore, active ancestral enzyme A64 was resur-
rected from the evolutionary node of D10 and KpADH. A64 displays a
shifted pH-activity profile, significantly increased thermostability,
wider substrate spectrum and higher catalytic promiscuity than D10.
This study provides an effective protocol for directed resurrection of
active ancestral enzymes, and a promising biocatalyst with industrial
relevance for the synthesis of value-added chiral alcohols.
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