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Engineering a Bacillus subtilis esterase for selective
hydrolysis of b, L-menthyl acetate in an organic
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Esterase/lipase-catalyzed selective hydrolysis of b, L-menthyl esters has become one of the promising
approaches for producing L-menthol, one of the most important flavoring chemicals with extensive uses.
However, the activity and L-enantioselectivity of the biocatalyst are not sufficient for meeting the
industrial requirements. Herein, a highly active para-nitrobenzyl esterase from Bacillus subtilis 168 (pnbA-
BS) was cloned and then engineered to enhance its L-enantioselectivity. On the basis of the strategy
tailoring the steric exclusion effect and structural flexibility of the region adjacent to the substrate, the
substitution of Ala400 to Pro caused a remarkable improvement in the E value from 1.0 to 466.6. The
variant A400P was purified and further confirmed with strict L-enantioselectivity in the selective

hydrolysis of b, L-menthyl acetate, whereas the improved L-enantioselectivity caused decreased activity.
Received 23rd January 2023

Accepted 20th March 2023 To develop an efficient, easy-to-use, and green methodology, organic solvent was omitted and

substrate constant feeding was integrated into the whole-cell catalyzed system. During the catalytic

DOI: 10.1038/d3ra00490b process, the selective hydrolysis of 1.0 M b, L-menthyl acetate in 14 h offered a conversion of 48.9%,
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1 Introduction

Esterases (E.C. 3.1.1.1) and lipases (E.C. 3.1.1.3) break ester
bonds with frequently high activities and require no factors,
representing a class of biocatalysts for the synthesis of optically
pure chemicals."” In the recent two decades, a plethora of
studies on esterase/lipase-catalyzed chiral resolution of b, r-
menthyl esters have made the approach promising for the
biocatalytic synthesis of r-menthol.*® Menthol has eight
possible isomers but the characteristic peppermint odour and
the typical cooling/refreshing effect are only attributed to r-
menthol.>** Therefore, the high optical purity of r-menthol
(usually e.e., > 98%) is critical for its commercial use and
logically requires the use of esterases/lipases with excellent r-
enantioselectivity. However, the r-enantioselectivity of known
highly active esterases/lipases is usually not satisfying. The
recombinant lipase from Candida rugosa exhibited strict -
enantioselectivity in the chiral resolution of b, r-menthyl
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e.e., value of >99%, and space-time yield of 160.52 g (l dt

benzoate (e.e., > 99%), despite relatively low catalytic
efficiency.*

Activity, stability, and enantioselectivity of esterases/lipases
are affected by various structural factors, i.e., steric exclusion,
hydrogen bonding, hydrophobic interaction, and regional flex-
ibility.">** Structure-guided protein engineering has proven to
be a powerful tool for improving enzyme properties.”>'* In the
case of Pseudomonas alcaligenes lipase, the residue Ala272 was
identified as a hot spot for controlling diastereopreference.” The
substitution of Ala272 to Phe with a bulky side group increased
the steric exclusion effect and decreased the flexibility of the
region adjacent to the substrate, enhancing the diaster-
eopreference in the resolution of racemic menthyl propionate.
Similar to P. alcaligenes lipase, the engineering of an esterase
from Bacillus aryabhattai was focused on the substrate binding
pocket.”® The resulting variant L86Q/G284E increased the E
value from 16.6 to 216.4 in the resolution of (R, S)-ethyl
indoline-2-carboxylate. In recent years, rational surface engi-
neering of esterases/lipases has emerged to improve organic
solvent tolerance.'>'**® The latest study on Bacillus subtilis
lipase A demonstrated that the surface polar engineering
strategy by substituting aromatic residue(s) to polar one(s) was
powerful to generate beneficial variants tolerant to organic
solvent.*

Protein engineering improves one of the catalytic properties
of esterases/lipases; meanwhile, it might cause a negative
impact on another catalytic property. It is not uncommon that

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Esterase-catalyzed selective hydrolysis of b, L-menthyl
acetate to L-menthol.

the enantioselectivity improvement led to decreased activity.”**
Overcoming the trade-off effect between enantioselectivity and
activity remains challenging. Besides biocatalyst engineering,
substrate/process engineering is also essential to apply bio-
catalysis for the efficient and sustainable production of organic
compounds.”**> For instance, water-miscible organic solvents
could improve r-enantioselectivity and conversion in the
hydrolysis of b, t-menthyl acetate.® In the other case, the organic
cosolvent for the solubilization of high-concentration substrate
in an aqueous buffer can be omitted.* In addition, the
substrate-feeding strategy was effective in increasing the
substrate loading when substrate inhibition occurred.>>>°

Herein, a para-nitrobenzyl esterase from B. subtilis 168
(pnbA-BS) was cloned and over-expressed in E. coli BL21(DE3),
which harbored high activity but low r-enantioselectivity in the
resolution of p, r-menthyl acetate. Its enantioselectivity defi-
ciency was overcome by tailoring its steric exclusion effect and
structural flexibility. Finally, the resulting variant with
improved r-enantioselectivity was accompanied by process
engineering to develop an efficient, easy-to-use, and green
process for the selective resolution of b, r-menthyl acetate to
optically pure t-menthol (Scheme 1).

2 Experimental section

2.1. Chemicals, enzymes, plasmids, and strain

The standards b, -menthyl acetate, po-menthol, and r-menthol
were purchased from Shanghai Macklin Biochemical Co., Ltd.
Unless otherwise stated, all other reagents and chemicals were
commercially available. Both DNA polymerase and the restric-
tion enzyme Dpn I were supplied by Vazyme Biotech (Nanjing,
China). The synthesis of oligonucleotide and the sequencing of
PCR products were conducted by Tsingke Biological Technology
(Beijing, China). The plasmid pET28a was used for esterase
over-expression in the host strain E. coli BL21 (DE3).

2.2. Cloning and overexpression of the esterase pnbA-BS

The gene encoding the esterase pnbA-BS (NCBI reference
sequence: WP_100276345.1) was codon-optimized, and
synthesized at Vazyme Biotech Co., Ltd (Nanjing, China)
(Fig. S1t). The gene fragment was inserted into the sites Nco I
and Xho I of the expression vector pET28a (Novagen, Shanghai),
constructing the recombinant plasmid pET28a-pnbA-BS. The
resulting recombinant plasmid was transformed into E. coli
BL21(DE3) competent cells, forming the strain E. coli
BL21(DE3)/pET28a-pnbA-BS. Unless otherwise stated, the
recombinant E. coli strains were routinely grown in an LB
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medium containing 50 pg ml~* kanamycin at 37 °C until the
ODgqo Of 0.6. Strains were induced by adding 0.4 mM IPTG and
cultured at 24 °C for 16 h. Cells were washed twice using 50 mM
Tris-HCI buffer (pH 8.0) and then harvested by 8000g centri-
fugation at 4 °C for 10 min. Finally, lyophilized cells were ob-
tained by freeze-drying and stored at —20 °C for further use.

2.3. Site-directed/saturation mutagenesis

According to the whole plasmid mutagenesis protocol,*” site-
directed/saturation mutagenesis of the esterase pnbA-BS was
performed using the recombinant plasmid pET28a-pnbA-BS as
a template. The PCR reaction system (50 pl) consisted of 1 pl
forward primer (100 uM), 1 pul reverse primer (100 pM), 25 ul 2
x Phanta Buffer, 1 pl dNTP mixture (each 10 mM), 1 pl
plasmid template, 1 ul DNA polymerase, and 21 pl ultrapure
water. The PCR conditions: 95 °C for 5 min, and then 30 cycles
(95 °C for 15 s, 55 °C for 15 s, 72 °C for 6 min), 72 °C extension
for 10 min. The PCR product (2 pl) was digested with Dpn I at
37 °C for 2 h. After digestion, the resulting plasmids were
transformed into E. coli BL21 (DE3) competent cells to
generate the mutant strains.

2.4. Homology modeling and molecular docking

The homology model of pnbA-BS was built based on the crystal
structure of B. subtilis esterase 56C8 (PDB: 1C7]), both of which
share 91% amino acid sequence identity. All molecular docking
analyses of esterase and substrate were performed using Auto-
dock Vina.”® Rigid receptor-flexible ligand docking was carried
out with the standard parameters for interactive growing and
subsequent scoring. Pymol was used to visualize the ligand
docking results.*

2.5. Protein purification

The lyophilized cells were re-suspended in 100 mM PBS buffer
(pH 7.0) at a concentration of 50 g1~ and then sonicated for cell
disruption. The lysate was collected by 8000g centrifugation at
4 °C for 10 min. The collected supernatant was filtered through
a 0.45 pym membrane. The filtered samples were loaded onto
a DEAE-Sepharose anion exchange column equilibrated with
buffer A (50 mM Tris-HCI, pH 8.0). A linear gradient (0 to 0.5 M
NaCl) was applied at a flow rate of 3 ml min ™", and esterase was
eluted from the column at a concentration of 0.25 M NaCl.
Fractions containing esterase activity were desalted and
concentrated using the 10 kDa ultra-filtration membrane. The
concentrated samples were loaded onto a Superdex 200 gel
filtration column equilibrated with buffer A at a flow rate of 0.5
ml min~". Esterase was eluted using buffer A and the collected
esterase fractions were concentrated using the 10 kDa ultra-
filtration membrane. The purity of the purified esterase
samples was verified by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) as described previously.*

2.6. Activity assay and determination of kinetic parameters

The standard para-nitrophenyl butyrate was used as the
substrate and its stock solution was 200 mM substrate dissolved
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in dimethyl sulfoxide. Unless stated otherwise, the 200 pl assay
mixture contained 0.5 mM para-nitrophenyl butyrate, 3 pg
purified esterase pnbA-BS or its variant A400P, and 100 mM PBS
buffer (pH 9.0). The reaction was activated by adding the
enzyme and conducted at 30 °C. The absorbance change at
405 nm was detected by the microplate reader. One unit of
enzyme activity was defined as the amount of enzyme required
for catalyzing the hydrolysis of 1 umol of para-nitrophenyl
butyrate per minute. All assays were conducted in triplicate.
Kinetic parameters of the purified pnbA-BS and its variant
A400P were determined within the substrate concentration
range from 0 to 50 mM. According to Michaelis-Menton
kinetics, the parameters K, and V,ax were calculated through
the curve fitting using Origin Pro software (Version 8.5).

2.7. Resolution of p, L-menthyl acetate, and GC analysis

The optimized mixture of whole-cell-catalyzed resolution of b, r-
menthyl acetate (10 ml) included 0.2 g lyophilized cells
expressing pnbA-BS or its variants, 500 mM substrate, and
100 mM PBS buffer (pH 7.0). The reaction was maintained at
30 °C and constant pH of 7.0 through the titration of 1 M NaOH.
The reaction was activated by adding a lyophilized whole-cell
catalyst and terminated by adding ethanol at a final concen-
tration of 50% (v/v). The reactants were extracted by ethyl
acetate, dried over anhydrous sodium sulfate, and subjected to
GC analyses. All reactions were carried out in triplicate.

The substrate and the products were determined using a GC
(Agilent 6890N) equipped with an FID detector and chiral
capillary CP7501 column (50 m x 250 pm x 0.25 pm). The flow
rate of N, as the carrier gas was set as 1.0 ml min~". Both the
injector and detector were kept at 225 °C. The injection volume
was 1 pl. The column temperature program was listed as
follows: initial temperature of 100 °C for 8 min, 4 °C min*
ramp to 140 °C for 5 min, and 40 °C min~' ramp to 180 °C for
1 min. The retention times of the standards are listed as follows:
p-menthol, 20.615 min; r-menthol, 20.774 min; r-menthyl
acetate, 21.097 min; p-menthyl acetate, 21.638 min (Fig. S27).

Substrate enantiomer excess (e.e.s), product enantiomer
excess (e.e.p,), conversion rate (C), and enantiomer ratio (E) were
calculated according to the following formulas.**

_ [R1]—[S1] o
et = m x 100%
_ [52] - [R2] 0
eep= ST R x 100%
C=—°% s 100%
e.e.s +e.e.p
E_ In[(1 — C)(1 —e.e.s)]

In[(1 - C)(1 +e.e.)]

10470 | RSC Adv, 2023, 13, 10468-10475

View Article Online

Paper

2.8. Preparation of r-menthol in the manner of substrate
constant feeding

A 10 ml initial reaction mixture contained 250 mM b, L-menthyl
acetate, 20 g 17" lyophilized cells expressing the variant A400P
and 100 mM PBS buffer (pH 7.0, 30 °C, and 600 rpm). Using
a syringe pump, the rest of the required substrate was
constantly fed within 10 h to the corresponding substrate
loading (1 M, 1.1 M, 1.2 M, 1.3 M, 1.4 M, or 1.7 M). After that, the
reaction was continued for 4-14 h for achieving higher
conversions. At the end of each reaction, the reaction mixture
was centrifuged to remove the cells and the organic phase was
collected. The collected organic phase was further filtered using
a 0.22 pm membrane for the organic system and then dried over
anhydrous Na,SO,. The substrate and product in the organic
phase were separated by column chromatography on silica gel
using n-hexane/ethyl acetate (20: 1, v/v) as an elution solution.
Finally, the product r-menthol was obtained by the removal of
the solvent under reduced pressure and dried under a vacuum.
The conversion and optical purity of L-menthol were monitored
by chiral GC analysis. The product .-menthol was verified by the
combination of GC-MS (Fig. $31), 'H NMR, and *C NMR
analyses (Fig. S41). "H NMR (600 MHz, CDCl;) 6 3.42 (td, J =
10.5, 4.3 Hz, 1H), 2.25-2.14 (m, 1H), 2.01-1.83 (m, 1H), 1.75-
1.64 (m, 1H), 1.64-1.59 (m, 1H), 1.58-1.34 (m, 2H), 1.18-1.07
(m, 1H), 1.03-0.95 (m, 2H), 0.93 (dd, J = 9.3, 6.8 Hz, 6H), 0.89-
0.84 (m, 1H), 0.82 (d,J = 7.0 Hz, 3H). "*C NMR (151 MHz, CDCl;)
671.52 (s), 50.14 (s), 45.06 (s), 34.55 (s), 31.64 (s), 25.82 (s), 23.14
(s), 22.21 (s), 21.01 (s), 16.09 (s).

3 Results and discussion

3.1. Semi-rational design of the esterase pnbA-BS

The gene encoding the esterase pnbA-BS with a length of 489 aa
was cloned and over-expressed in E. coli BL21(DE3) (Fig. S51).
When the lyophilized cells expressing the esterase pnbA-BS
were used as whole-cell catalysts, the hydrolysis of 1 M b, 1-
menthyl acetate led to 48.4% conversion in 5 h. Unfortunately,
the corresponding e.e.;, value was only 0.4% (L). Recent exam-
ples indicated the effectiveness of improving enantioselectivity
through structure-oriented engineering of substrate-binding
pockets.’*>** Blast analysis predicted that the substrate
binding pocket of the esterase pnbA-BS constituted 13 key
residues (G105, G106, A107, E188, S189, A190, M193, T326,
A330, L331, M358, A400, L403). Except for S189 as one of the
catalytic triads, those residues were subjected to alanine scan-
ning by site-directed mutagenesis. In the case of alanine resi-
dues, the substitution was either valine or glycine in order to
slightly change the side chain size. The resulting variants were
expressed in E. coli BL21(DE3) in a soluble form at a similar
expression level (Fig. S5t). The variant G106A was not active
(Table 1), indicating its pivotal role in activity maintenance.
Compared with the wild-type pnbA-BS, the variants G105A and
A190V showed an improvement in E values from 1.0 to 38.5 and
39.8, respectively, suggesting that adapting the side chain size
of the selected residues could facilitate r-enantioselectivity
improvement. However, tackling the role of those residues on -

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Catalytic performances of the esterase pnbA-BS and its
variants with single substitution of key residues in the substrate binding
pocket?

Enzyme e.e., (%) Conversion (%) E
pnbA-BS 0.4 £+ 0.5 90.5 + 3.3 1.0
G105A 89.2 +1.3 37.6 £ 0.9 38.5
G106A No activity

A107G 3.2+0.9 96.9 + 2.2 1.5
A107V 80.2 + 1.2 35.6 = 1.8 171
E188A 189+ 0.3 66.6 + 1.7 2.2
A190G 49.3 £ 1.9 33.2 +1.7 3.7
A190V 76.9 + 2.1 58.5+1.9 39.8
M193A 54.5 + 1.6 54.3 £ 1.9 6.5
T326A 14.2 £ 0.6 88.5+2.4 2.4
A330G 15.3 £ 04 88.7 £ 2.6 2.4
A330V 10.7 £ 1.7 79.9 £ 3.5 1.7
L331A 21.5 + 1.3 62.7 £ 2.1 2.1
M358A 1.1 £ 0.6 92.0 + 2.6 1.3
A400G 1.8 £ 0.7 98.0 + 1.6 1.9
A400V 13.0 £ 1.6 82.8 1.2 2.2
L403A 21.9 £0.8 64.6 £ 2.3 2.1
Host strain ? 89.6 £ 1.4 4.5+ 0.5 18.8

“ The reaction mixture (10 ml) contained 100 mM b, L-menthyl acetate,
50 g 17" wet cells expressing pnbA-BS or its variant, 10% (v/v) ethanol,
and 100 mM PBS buffer solution (pH 7.0). The reaction was
conducted in an orbital shaker (600 rpm, 30 °C) for 6 h, in the
meantime, the pH was constantly maintained by the titration of 1 M
NaOH. Data present mean values £ SD from three independent
experiments. ” The host strain was E. coli BL21(DE3) as the control
without the expression of pnbA-BS or its variants.

enantioselectivity would lead to a large mutant library and
further tedious screening. Thus, it is necessary to attempt
a more efficient strategy for constructing a smaller and smarter
mutant library.

Virtual mutagenesis analysis is helpful to increase the
accuracy of semi-rational design and reduce the screening
workload of the variants. The three-dimensional modeling of
pnbA-BS was built, in which the residues $S189, E310, and H399
formed the catalytic triad.** In the study on engineering a lipase
from P. alcaligenes, its catalytic triad constituted of S133, D243,
and H271 and the residue A272 was one of the hot spots
determining the enantioselectivity.® The substitution of A272 to
a residue with a bulky side chain such as Phe increased the
steric exclusion effect and decreased structural flexibility,
achieving higher diastereoselectivity in the resolution of
racemic menthyl propionate to produce r-menthol. Inspired by
the work, careful investigation of the residue A400 of pnbA-BS
adjacent to H399 was conducted through virtual saturation
mutagenesis. The enzyme pnbA-BS was docked with p-menthyl
acetate and .-menthyl acetate as ligands, respectively (Fig. S67).
Hydrogen bonds were formed between the hydroxyl group of
S$189 and the carbonyl group on 1-menthyl acetate or p-menthyl
acetate with a distance of 2.8 A, demonstrating similar prefer-
ence on either r-menthyl acetate or p-menthyl acetate as the
substrate. The information was consistent with the low r-
enantioselectivity of the esterase pnbA-BS in the hydrolysis of b,
t-menthyl acetate. The virtual saturation mutagenesis analyses
of the residue A400 were conducted to evaluate the effect of
nineteen different substitutions. Among them, the substitution

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of Ala400 for Pro would be remarkable. On the one hand, the
hydrogen bond between the hydroxyl group of S189 and the
carbonyl group on r-menthyl acetate was changed from 2.8 A to
3.1 A, implying that the substitution of Ala400 to Pro would
cause the activity decrease. On the other hand, this variant
could be inactive on p-menthyl acetate since it seemed difficult
to form the hydrogen bond between the hydroxyl group of S189
and the carbonyl group. Ideally, the variant A400P could solely
function on r-menthyl acetate and thus possess strict r-enan-
tioselectivity in the resolution of b, .-menthyl acetate.

The lack of precise crystal structure restricts the accuracy
and precision of the docking analyses and it is necessary to
verify the pivotal role of the residue Ala400 speculated from
virtual saturation mutagenesis analysis. The real saturation
mutagenesis of the residue A400 was performed and all the
resulting 19 variants were expressed in E. coli BL21(DE3)
(Fig. S71). It was the variant A400P that showed the highest -
enantioselectivity with an E value of 466.6 and an e.e.;, of 97.1%
(L) (Table 2). The whole cells expressing the variant A400P did
not fulfill the expected strict L-enantioselectivity, which should
be attributed to the presence of isozyme(s) in the host strain E.
coli BL21(DE3) (Table 1). Besides A400P, other seven variants
A400P, A400K, A400Q, A400R, A400H, A400M, and A400L
exhibited enhanced r-enantioselectivity (Table 2). The variants
A400Y and A400W were not active, suggesting that the
controlling of activity and enantioselectivity was subtle. Except
for A400G, the variants showed decreased activity to some
extent, suggesting the determining role of the residue A400 in
enantioselectivity and activity.

Table 2 Catalytic performances of the esterase pnbA-BS and its
variants in the saturation mutagenesis of the residue A400¢

Enzyme e.e., (%) Conversion (%) E
A400P 97.1 £ 04 46.8 £ 1.0 466.6
A400K 94.8 £ 1.2 46.6 £ 0.9 56.8
A400Q 95.7 £ 1.6 11.8 £ 0.2 52.2
A400R 93.7 £ 2.8 25.7 £ 1.5 42.2
A400H 91.4 + 0.6 46.0 £+ 1.3 48.3
A400M 89.3 £ 2.3 79+1.4 38.6
A400L 88.9 + 0.9 47.7 £ 0.8 36.8
A400E 82.6 + 1.6 459 + 1.4 19.5
A400T 65.6 = 1.2 58.7 £ 24 15.4
A400I 62.9 + 1.3 59.6 + 2.9 14.2
A400N 31.6 £ 0.6 743 £ 1.9 5.3
A400F 20.1 £ 0.8 78.8 £ 0.4 2.9
A400D 11.3 £ 1.0 86.6 + 2.7 2.2
A400V 9.8 £ 0.6 88.7 £ 2.3 2.2
A400C 6.7 £ 0.4 89.1 £ 1.5 1.7
A400S 3.2+0.3 88.8 £ 1.7 1.2
A400G 1.8 £ 0.7 98.0 + 2.6 1.9
pnbA-BS 0.4 £ 0.5 90.5 + 3.3 1.0
A400Y No activity

A400W No activity

¢ The reaction mixture (10 ml) contained 100 mM b, r-menthyl acetate,
50 g 17" wet cells expressing pnbA-BS or its variant, 10% (v/v) ethanol,
and 100 mM PBS buffer solution (pH 7.0). The reaction was
conducted in an orbital shaker (600 rpm, 30 °C) for 6 h meanwhile
constant pH was maintained by the titration of 1 M NaOH. Data
present mean values + SD from three independent experiments.
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3.2. Purification and characterization of the esterase pnbA-
BS and its variant A400P

Since the host strain E. coli BL21(DE3) possessed the hydrolysis
activity toward b, r-menthyl acetate, it is necessary to purify
pnbA-BS and its variant A400P for accurate assessment of r-
enantioselectivity improvement and activity decrease. Both
pnbA-BS and its variant A400P were purified through a combi-
nation of anion exchange and subsequent gel-filtration chro-
matography (Fig. 1), and the kinetic parameters of the purified
enzymes were determined. The k.../K, values of pnbA-BS and
its variant A400P were 44.26 mM ' s™' and 1.94 mM ' s},
respectively, verifying the speculation that increased r-enantio-
selectivity led to decreased activity (Table 3). When the purified
pnbA-BS or its variant A400P was used as a biocatalyst in the
hydrolysis of 500 mM r-menthyl acetate, the conversions were
97.3% and 65.9% in 24 h (Fig. S8t), respectively. Particularly,
the purified A400P-catalyzed hydrolysis of b, .-menthyl acetate
showed a sole product peak corresponding to r-menthol in the
chiral GC chromatography (Fig. 2), confirming the notable
improvement from extremely low rL-enantioselectivity to strict -
enantioselectivity in the hydrolysis of b, L-menthyl acetate.
Overcoming the trade-off effect between activity and enantio-
selectivity remains challenging. Thus, process engineering was
subsequently attempted to further improve the -catalytic
efficiency.

3.3. Whole-cell catalyzed hydrolysis of b, i-menthyl acetate
to L-menthol

The r-enantioselectivity of the purified esterase pnbA-BS A400P
was superior to that of the whole cells expressing the esterase
pnbA-BS A400P. However, the catalytic efficiency of the whole-
cell biocatalyst was greater than that of the purified enzyme.
Whole-cell biocatalyst catalyzed the hydrolysis of 500 mM b, t-
menthyl acetate leading to the conversion of 43.4% in 10 h,

Fig.1 SDS-PAGE (12%) analyses of the purified esterase pnbA-BS and
its variant A400P. Lane M, standard molecular mass proteins; lane 1,
the esterase pnbA-BS; lane 2, the variant A400P. The proteins were
visualized by staining with Coomassie brilliant blue R-250.
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Table 3 Kinetic parameters of the purified esterase pnbA-BS and its
variant A400P*

Parameter pnbA-BS pnbA-BS A400P
K (mM) 1.58 4+ 0.13 0.94 + 0.11
Vimax (U mg ™) 77.98 + 0.35 2.03 + 0.05
eat (579 69.93 + 0.32 1.82 + 0.04
keat!Km (MM 57 44.26 & 0.20 1.94 £ 0.04

“The activity was determined using para-nitrobenzyl butyrate as
a substrate in 100 mM PBS buffer (pH 9.0, 30 °C). In the assay
mixture (200 pl), the assay was initiated by adding 3 pg of purified
esterase pnbA-BS or its variant A400P. The substrate concentrations
varied within the range from 0 to 50 mM. All activity assays were
conducted in triplicate.

while it took the equivalent amount of the purified enzyme 24 h
to reach the conversion of 42.2%. The cell envelope offered the
protection of intracellular enzymes but also the permeability of
hydrophobic substrates
Compared with isolated enzymes, the use of whole-cell catalysts
could simplify the procedure of biocatalyst preparation and
facilitate the biocatalyst reuse, offering a cost-effective advan-
tage. More importantly, further catalytic experiments revealed
that the e.e., values maintained >99% (L) when the original
substrate concentration was greater than 250 mM, suggesting
that the negative effect of isozyme(s) in the host strain could be
totally overcome. Thus, lyophilized whole cells expressing
pnbA-BS A400P and 500 mM substrate were used for subse-
quent studies, unless stated otherwise.

To achieve optimal catalytic efficiency, various factors, such
as temperature, pH, co-solvent concentration, and substrate
concentration, were investigated. The influence of the reaction

to keep the reaction going.**’

w00 P
SR
(a) ) (L LT

024 l1oo

150 w5 %0 95 %0 05 270 M8 70 75 70 755 i

Fig. 2 Comparison of L-enantioselectivity of pnbA-BS and its variant
A400P through chiral GC chromatography. The reaction mixture (10
ml) contained 500 mM b, L-menthyl acetate, 35 mg purified pnbA-BS
or its variant A400P, and 100 mM PBS buffer (pH 8.0). The reaction was
conducted in an orbital shaker (600 rpm, 25 °C) for 24 h, and constant
pH was maintained by the titration of 1 M NaOH. (a) The standards of b-
menthol, L-menthol, L-menthyl acetate, and b-menthyl acetate (from
left to right); (b) the reaction mixture catalyzed by the esterase pnbA-
BS; (c) the reaction mixture catalyzed by the esterase pnbA-BS A400P.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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temperature was determined over a range of 20-50 °C, and the
highest conversion of b, .-menthyl acetate was observed at 30 °C
(Fig. S9at). When the temperature was greater than 30 °C, the
conversion decreased as the temperature rose. To determine the
optimal pH, the reaction was carried out at pH levels ranging
from 5.5 to 8.5 at 30 °C. The highest conversion was detected at
pH 7.0 (Fig. S9bt). The use of organic solvent could have
a profound effect on the specific activity and enantiose-
lectivity.>® The effect of various readily-available and cost-
effective organic solvents on both activity and catalytic perfor-
mance was tested. The tested organic solvents inhibited the
specific activity, of which ethanol was the least harmful
(Fig. 3a). When the ethanol concentration was set as 0%, 2%,
4%, 6% and 8% (v/v), the highest conversion was observed at
the concentration of 6% (v/v). It was noted that high conversion
could be achieved with time extension even though no co-
solvent was supplemented (Fig. 3b). The organic solvent-free
system could reduce the use of chemicals, simplify the
product separation and enhance atom economy. Therefore, the

@ ——ddH,0
100 Ethanol
+— Methanol
—~ +— Isopropanol
i\i B T Chloroform
z = —— Dimethyl sulfoxide|
z 60F n-Butyl alcohol
5 E
<
o 40
o=
=
L 20+
-
0 "
1 ! 1 1 1
0 1 2 3 4
Time (h)
(b) 50
=
S
‘%
T
@
>
=
S
&)

Time (h)

Fig. 3 Effect of organic solvents on the activity (a) and catalytic
performance (b) in the whole-cell catalyzed hydrolysis of b, L-menthyl
acetate. (a) The activity assay mixture (200 pl) contained 0.5 mM para-
nitrobenzyl butyrate as substrate, 3 pg purified esterase pnbA-BS
A400P, and 100 mM PBS buffer (pH 9.0, 30 °C). (b) The reaction
mixture (10 ml) contained 500 mM b, L-menthyl acetate, 0.2 g
lyophilized cells expressing the esterase pnbA-BS A400P, and 100 mM
PBS buffer solution (pH 7.0). The reaction was conducted in an orbital
shaker (600 rpm, 30 °C) for 8 h meanwhile constant pH was main-
tained by the titration of 1 M NaOH. Data present mean values + SD
from three independent experiments.
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organic solvent was omitted in the subsequent selective
hydrolysis of b, .--menthyl acetate.

When the substrate concentration was increased in a step-
wise manner, typical time courses under biocatalyst loading of
0.2 g lyophilized cells in a 10 ml reaction mixture are shown in
Fig. 4. The times required to achieve >45% conversion for
100 mM, 250 mM, and 500 mM substrate were 4 h, 6 h, and 12 h,
respectively. A further increase of the substrate concentration to
750 and 1000 mM resulted in decreased conversion within 14 h,
and the decrease in catalytic efficiency might be attributed to
the inhibition of the specific activity under the environment of
high-concentration hydrophobic substrate.*

3.4. Enhancement of substrate loading and product
accumulation through the substrate feeding strategy

It was expected that the substrate constant feeding would
relieve the substrate inhibition on activity and benefit from the
accumulation of higher concentration product.” The reaction
was conducted at pH 7.0 and 30 °C using 20 g 1"' of the
lyophilized cells. The initial substrate concentration was
250 mM to abolish the negative effect of intracellular isozyme(s)
and the rest of the substrate was constantly fed within 10 h to
the corresponding substrate loading (1 M, 1.1 M, 1.2 M, 1.3 M,
1.4 M, or 1.7 M). After that, the reaction was extended for 4-14 h
to achieve higher product accumulation. In the manner of
substrate constant feeding, the substrate loading could reach
up to 1700 mM with a conversion of 31.65% after 24 h reaction
(Fig. 5). The highest product accumulation of 600.6 mM (93.8 g
1"") was observed when the substrate loading was 1300 mM.
When 1000 mM substrate loading was applied, the conversion
was 48.9% at 12 h, corresponding to the space-time yield of
160.52 g (1 d)~". Thus, substrate constant feeding was a simple
and effective way to enhance product accumulation. When each
reaction was terminated, water-immiscible substrate and

50 |-
40
9
= 30f
2
B
D
z 20+t - =
5 ——100 mM
© ——250 mM
10 ——500 mM
——750 mM
0 . . . . . 1000 mM

0 2 4 6 8 10 12 14

Reaction time (h)

Fig. 4 Whole-cell catalyzed selective hydrolysis of various concen-
trations of b, L-menthyl acetate. The reaction mixture (10 ml) con-
tained 500 mM b, L-menthyl acetate, 0.2 g lyophilized cells expressing
the esterase pnbA-BS A400P, and 100 mM PBS buffer solution (pH
7.0). The reaction was conducted in an orbital shaker (600 rpm, 30 °C)
for 14 h meanwhile constant pH was maintained by the titration of 1 M
NaOH. Data present mean values + SD from three independent
experiments.
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Fig.5 Selective hydrolysis of b, L-menthyl acetate through a substrate
constant feeding strategy. The original reaction mixture (10 ml) con-
tained 250 mM b, L-menthyl acetate, 0.2 g lyophilized cells expressing
pnbA-BS A400P, and 100 mM PBS buffer (pH 7.0). The rest of the
required substrate was constantly fed within 10 h. The reaction was
conducted in an orbital shaker (600 rpm, 30 °C) for 24 h meanwhile
constant pH was maintained by the titration of NaOH. Data present
mean values + SD from three independent experiments.

product as the organic phase were simply recovered through
centrifugation, requiring no frequently-applied solvent extrac-
tion. The collected substrate and product were separated
through silica gel column chromatography. Finally, the result-
ing product was verified to be optically pure r-menthol (>99%
e.e.,) through the combination of chiral GC, GC-MS, 'H NMR,
and "*C NMR analyses.

4 Conclusions

The highly-active esterase pnba-BS was over-expressed in E. coli
and engineered to improve its L-enantioselectivity in the selec-
tive hydrolysis of b, .-menthyl acetate to .-menthol. The variant
A400P demonstrated strict L-enantioselectivity in the hydrolysis
of b, L-menthyl acetate. In comparison with the esterase pnbA-
BS, the substitution of Ala400 to Pro increased r-enantiose-
lectivity but decreased the k.,/K,, value, indicating the trade-off
effect between activity and enantioselectivity. The negative
effect of biacatalyst engineering on activity could be counter-
weighed by the efforts of process engineering while maintain-
ing strict L-enantioselectivity. The omitting of organic solvent
from the reaction system could benefit the specific activity,
simplify the product work-up, and reduce the use of chemicals.
Moreover, the substrate constant feeding was applied to relieve
the substrate inhibition. When the substrate loading was set as
1.0 M in the manner of substrate constant feeding, the e.e.,
value was >99% and the space-time yield reached up to 160.52 g
(1d)"" after the 12 h reaction, representing an efficient, easy-to-
use and green process for the t-menthol production.
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