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p-Pantolactone is a key chiral intermediate for the synthesis of b-pantothenic acid and its derivatives.
Biocatalytic kinetic resolution of b,L-pantoyl lactone using b-lactonase is an efficient route to
synthesize p-pantolactone. In this study, we report the expression of a novel p-lactonase TSDL in
Escherichia coli host. The recombinant TSDL exhibited high hydrolysis activity and enantioselectivity

toward p-pantolactone. The reaction conditions of the recombinant TSDL-catalyzed kinetic resolution
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investigated by whole cell biocatalysis. In addition,

a preparative-scale reaction for bioproduction of p-pantoic acid was examined under optimized

DOI: 10.1039/d0ra03053k reaction conditions. This study presented an alternative enzymatic process for kinetic resolution of
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Introduction

p-Pantolactone (p-PL) is an important chiral building block for
the synthesis of p-pantothenic acid (vitamin B5) and its deriv-
atives, which are used as ingredients in pharmaceuticals and as
useful additives for animal feeds." Annual global production of
calcium p-pantothenate is approximately 30 000 t. Kinetic
resolution of p,.-PL is a feasible approach for the preparation of
optically active p-PL. The chemical kinetic resolution processes
suffer from using expensive alkaloid or chiral amine as
a resolving reagent. On the contrary, enzymatic kinetic resolu-
tion of p,i-PL exhibits obvious advantages in economic and
environmental aspects. Although several other enzymatic routes
have been reported for the synthesis of o-PL,>® the lactonase-
catalyzed kinetic resolution of p,.-PL is more practical for
commercial production of p-PL.

Both of enantioselective p-lactonase and r-lactonase have
been investigated for kinetic resolution of p,t-PL. Shimizu and
his coworkers reported a p-lactonase (FODL) produced fungi
Fusarium oxysporum for efficient hydrolysis of p-PL, and this
biotechnology has been used for commerical production of
enantiopure p-PL by Fuji/Daiichi Chemicals, Japan.””® The
encode gene of FODL has been cloned and expressed in
Escherichia coli and Aspergillus oryzae.'>™ In addition, Tang
and his coworkers also developed an enzymatic resolution
method by using a p-lactonase (FMDL) produced organism
Fusarium moniliforme SW-902,"> which has been used for
commerical preparation of p-PL by Zhejiang Xinfu Biochem-
ical Co., Ltd, China. In 2002 Kesseler reported the heterolo-
gous expression, immobilization and directed evolution of
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a enantioselective r-lactonase (ATLL) from Agrobacterium
tumefaciens Lu681."* Later, Xu group reported another r-lac-
tonase (FPLL) from Fusarium proliferatum ECU2002," and they
further cloned the encode gene of FPLL for expression in E.
coli.*® Although kinetic resolution of p,L-PL using r-specific
lactonase lead to direct generation of p-PL, the optical purity of
p-PL highly depends on the hydrolysis degree of 1-PL. To date
the chemoenzymatic process using bp-lactonase is more
advantageous for practical purposes (Fig. 1). In this case, the
enantiopure p-pantotic acid (p-PA) generated by p-lactonase is
isolated and converted to p-PL by a chemical lactonization
step.

Although several other fungal strains have been found to
preferentially hydrolyze the p-PL, most of these p-lactonases
showed low enantioselectivity."® Therefore, the finding of novel
p-lactonase with high enantioselectivity for commerical use still
attracts a lot of attention. In this study, a novel p-lactonase TSDL
from Thielavia sp. zmu20201 was cloned and expressed in E.
coli. The recombinant TSDL exhibited high hydrolysis activity
and enantioselectivity toward p-PL, which was a promising
biocatalyst for bioproduction of chiral p-PA.
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Fig.1 Chemoenzymatic process for the production of enantiopure b-
PL.
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Results and discussion

Expression and sequence analysis of TSDL in E. coli

The TSDL gene was cloned and expressed in E. coli BL21(DE3)
using pET-28a(+) vector. The recombinant E. coli (TSDL) strain
was screened and cultured in LB medium. The recombinant
TSDL was expressed as intracellular protein by inducing with
IPTG. Successful expression of TSDL was verified by SDS-PAGE
analysis, which displayed a heterologous protein band about 45
kDa in E. coli (TSDL) strain (data not shown). The TSDL peptide
was composed of 421 amino acids. Blast search in NCBI database
revealed the amino acid sequence of TSDL showed 100%
sequence identity to a uncharacterized protein THITE 2046186
(protein sequence ID: XP_003651251.1) from strain Thermothie-
lavioides terrestris NRRL 8126. Further sequence alighment with
several other lactonases was performed using Clustal W and
ESPript 3.0,''® and the result was showed in Fig. 2. The TSDL
shared about 61% similarity to FODL and FMDL, 58.6% simi-
larity to FPLL and 12.6% similarity to ATLL.

FMDL L chsesomsns ap voms o5 s s g e
FPLL 1 e MPSSISVLAAG
FODL 1 wovsssnimsumssnms@ssims e sws
TSDL 1 MACSRWSLIITAVAAVGCSLFLSDAS
ATLL I wsspiowsssnesomemsnesdmsmas
FMDL 26 A|VAND|SLVFT[WPGVT|EESLV|EKP FJ{V
FPLL 46 AVANDISLVFETWPGVT|EESLVEKPFRE(VEERYDV I[EK
FODL 25 A|VANDISLVFTIWPGVT|EESLVIEKPFi|IVEEEYYDV I[¢K|
TSDL 61 TEADGNAQFIPPGTTIKESLAARPFEIIMKIEINLD I I[¢P
ATLL 29 TAMTAGSLASIPALAQISIPROV|VIDL TiTygs)S|AIYP|TF DK .
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Investigation of reaction temperature for bioproduction of p-
PA

The reaction temperature of the TSDL-catalyzed kinetic reso-
lution of p,L-PL was investigated, and the result was showed in
Fig. 3. The hydrolysis rate was improved with the increase of
reaction temperature. The maximum hydrolysis rate was
found at 40 °C. Further increase of temperature to 45 or 50 °C
caused dramatical decrease of hydrolysis rate, which gave
about 20% conversion after 8 h. Importantly, the hydrolysis
enantioselectivity decreased with the temperature increase.
Reaction at 30 °C exhibited relative high conversion and good
enantioselectivity, which gave 34% conversion of p,.-PL and
94% ee of p-PA.

Investigation of reaction pH for bioproduction of p-PA

The reaction pH of the TSDL-catalyzed kinetic resolution of p,r-
PL was then examined. As shown in Fig. 4, the hydrolysis rate
was improved when the reaction pH increased from 6.0 to 7.0.
Further increase of pH did not lead to enhancement of

. . .
......... MAK|LP|STAQIIDQKSEFNVLEK|D[VPPP
ILVPVLGAVAAK|LPPTAQIIDQKSEFNVLKD|VPPP
D
T

.......... AK|ILP|ISTAQIIDQKSFNVLKDVPPP
RAVGGPPGDWDS[IPIPQVQIIDQRTFNVLHT|VPPP
...... MCNNCV[IENVKKNMLSRRLLFKGAAAGL

PSLTLIAT|ISDTDPIFHEAVIVWY
PSLTLIAT|ISDTDPIFHEAVVWY
HTDSDPLFHEAP

VWY

MRIEERIYDVIEKDPSLTLIATSDTDPIFHEAVIVWY
D
D
H

FMDL 86 HJP|ITEEVFFVENE\GAPAAGTGIN[KS|S[I IQOKISLKERDEVIRKGKKD VVDSNPQV
FPLL 106 [FJP|TEEVFFV[ENINGAPAAGTGLNKS|SIIQKISLIKERDEVRKGKKD VVDSNPQV
FODL 85 JYPTEEVFFV[NE\GAPAAGTGILINKS|SIIIQKISLKEJADAVIRKGKQ|D VVDSNPQV
TSDL 121 (YGKDEMFFV[NINGAKAAGTGLAKSAIIQKISL|SA|V|ITPAVASQR]D VVDSNPMV
ATLL 66 JHGIEYEWAA[ITINKDGYOQLR . ofofe ofefe v v v oo ofe o[ S P Y IYEHTGTH
FMDL 143 TINPNGGTY|YK[¢NTIIF AGIYG[e]GD SALYLMNPLPPYNTTTLL|INNYFGRQFNELRID V|GIN
FPLL 163 INPNGGTY|YK[§NTIIFAGIYG[®GD SALYLMNPLPPYNTTTLLN[NYFGRQFNELRD V|GIIN
FODL 142 TINPNGGTY|YK[ENTIIF AGIYG[e]GD SALYLMNPLPPYNTTTLL|INNYFGRQFNBLRID V|GIN
TSDL 181 VNPNGAIN|[YK[E§OLLF LGAG[]GD PAMYLMNPEAPYNTTVILDINFFGRQFNBLIDAS|IN
ATLL 96 IDAPFHFS|AD[EASVDQOLIYP[OJKL LVIVDITERAKEDANSTIEAEDIERWIBAWNGDIPT
FMDL 203 PRNGDLYFTD|TLYGYLQD)@IPVIPGLRNQVYRYNFDTGAV|T|VVAPBIDF TLPNG I|GF|G[PDG[K|K
FPLL 223 PRNGDLYFTD|TLYGYLQD)@IPVIPGLRNQVYRYNFD|TGAV|T|VVAPBIDF TLPNG I|GF|G[PDG[K|K
FODL 202 PRNGDLYFTDTLIYGYLQD}|®IPVIPGLRNQVYRYN|FD|ITGAV|T|VVAPBIDF TLPNG I|G|F|G|P D GK|K
TSDL 241 PRNGEIYFTDPTIYGYVQD)@IAPPPGLPINQVWRENEA|TGAV|AIAAPG|FNMPNG I|T|F[S|PDG|SH
ATLL 156 GAIVALRSGWATKVKSPSIRINDEAGQFAFPGFGKSATDLILLKLPMTVAIG. . .|.[.|.l...|VD
FMDL 263 VYV|TPIT[EIALG)YYGRIYL|S|SIFASVI{SFDVNIQDGTHORRKTFAYV|ASF|IPD[gVH|TDSK[R|VY
FPLL 283 VYV|TPT[EIALGIHYGRRIYL|S|SIFASVHSFDVNIQDGTHOWRKTFAYV|ASF|IPD[gVH|TD SK[GR|VY
FODL 262 VYV|TPIT[EIALGIAYGRRIYL|S|SIFASVHSFDVNIQIDGTHOWRKTFAYV|ASF|IPD[gVH|TD SK[ER|VY
TSDL 301 VYVARTEMIQGIFGNINFTFIZSTIMREFDVNEDGTHMDRRRTFAYV|TPGVPD[ELHV|IDTK[ENVY
ATLL 207 TLS|LisJP[INSADIYAVHRISWLIHAGRMGIEG.|.[. . .MNNILEALPVKGAT|IIIV[EAPAHRG

FMDL 323 AGCGDGVHVWNPSGKLIGKIY|TGT|VAANFQFA[EKGIMI I|TGQTKILFYVTL|GA(S|(GPKLYD .
FPLL 343 AGCGDGVHVWNPSGKLIGKIY|T|IGTIVAANFQFA[EKGIAMI I[TGQ|T|IKILFYVTL|GA|S|GPKLYD .
FODL 322 AGCGDGVHVWNPSGKLIGKIY|T|IGT|VAANFQFA[KGIMI I[TGQ|T|IKILFYVTL|GA|SIGPKLYD .
TSDL 361 AGCGDGVIQVYNPSGKLLGKIYV|GS|TSANFQFA[KGIMVV|ILAE|TIELYYATLAAE|IGAFPGKL
ATLL 259 . ...... ceeeeeeeeeeodiedo. ... .TGEPARITLALV ]l o oo .. ealletfkoifeoillen oo amimmne
FMDL

FPLL

FODL

TSDL 421 Y

ATLL

Fig. 2 Alignment of the peptide sequences of TSDL (protein sequence

ID: XP_003651251.1), FODL (protein sequence ID: BAA34062.1), FMDL

(protein sequence ID: AAU50673.1), FPDL (protein sequence ID: ACC61057.1) and ATLL (protein sequence ID: WP_137411088.1).
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Fig. 3 Reaction courses of kinetic resolution of p,L.-PL at different
temperatures. Filled symbols: conversion of pb,L-PL; open symbols: ee
of p-PA.

hydrolysis activity as well as resulted in obvious decrease in
enantioselectivity. Therefore, the optimum reaction pH for
kinetic resolution of p,.-PL was controlled at 7.0 + 0.2.

Investigation of cell loading for bioproduction of p-PA

Subsequently, the TSDL-catalyzed kinetic resolution of p,L-PL at
different cell density was tested. As shown in Fig. 5, increase of
cell loading leaded to improvement of hydrolysis rate. When the
cell density increased to 40 g WCW per L, the hydrolysis process
was finished after 5 h, which gave 50% conversion of p,.-PL and
95% ee of p-PA. Thus we used 40 g WCW per L E. coli (TSDL) cells
in the following study.

Investigation of substrate concentration for bioproduction of
p-PA

The TSDL-catalyzed kinetic resolution of p,i.-PL at different
substrate concentration was investigated, and the result was
showed in Fig. 6. When the substrate concentration decreased
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Fig. 5 Reaction courses of kinetic resolution of p,L-PL at different cell
density. Filled symbols: conversion of p,L.-PL; open symbols: ee of b-
PA.

to 40 g L™ ", the resolution process was completed in 3 h. In
addition, the hydrolysis reaction could be finished after 7 and
10 h, when we increased the substrate concentration to 120 and
160 g L', respectively. To our delight, for a higher substrate
concentration of 200 g L™ ", the resolution reaction was almost
completed after 12 h, which gave 49% conversion of p,.-PL and
90% ee of p-PA.

Preparative-scale reaction for bioproduction of p-PA

Under the optimized reaction conditions, we performed
a preparative-scale reaction for production of p-PA ata 200 g L™*
substrate concentration. The reaction was carried out in
a 400 mL system using 16 g wet cell of E. coli (TSDL). The
reaction course was monitored by HPLC, and the result was
displayed in Fig. 7. The hydrolysis reaction was smoothly
finished after 12 h, which gave 50% conversion of p,.-PL and
90% ee of p-PA. This result indicated that kinetic resolution of
p,l-PL using TSDL in a large scale reaction system was also
practicable.
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Fig. 4 Reaction courses of kinetic resolution of p,L.-PL at different pH.
Filled symbols: conversion of p,L.-PL; open symbols: ee of p-PA.
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Fig. 6 Reaction courses of kinetic resolution of p,L-PL at different
substrate concentrations. Filled symbols: conversion of p,L.-PL; open
symbols: ee of p-PA.
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Conclusions

p-lactonase is useful in the bioproduction of p-PA via kinetic
resolution of p,.-PL. However, the known p-lactonase with high
enantioselectivity is very few until now. In addition, the p-lac-
tonase usually comes from fungal strains such as Fusarium, and
involves in the complicated post-translational modifications,
for instance, N-glycosylation. These post-translational modifi-
cations were absent in prokaryotic organisms, which resulted in
that efficient expression of p-lactonase in prokaryotic host cell
was difficult. For example, Honda has demonstrated that
expression of the lactonase FODL in E. coli host was not
sufficient.™

In this study, we reported a novel enantioselective p-lac-
tonase of TSDL from Thielavia sp. zmu20201, which exhibited
high enantioselectivity toward p-PL. Interestingly, the TSDL
was suitable for expression in E. coli host. The recombinant E.
coli (TSDL) strain was constructed, and we systematically
investigated the kinetic resolution process of p,.-PL using the
whole cell as the biocatalyst. We found that high temperature
and pH highly influenced the hydrolysis activity as well as
enantioselectivity. The optimum temperature and pH for the
hydrolysis of p-PL were 30 °C and pH 7.0, respectively. By
futher optimization of cell loading and substrate concentra-
tion, the biocatalytic kinetic resolution of p,.-PL process
using whole cell of TSDL was developed, which was carried
out in 200 g L' of p,.-PL with 40 g L™ WCW per L of
recombinant E. coli (TSDL) cells. To verify the synthetic
ability of this biocatalytic process, a preparative-scale reac-
tion was performed to obtain high conversion and good
enantioselectivity. These results indicated the TSDL was
a promising biocatalyst for commercial production of chiral
D-PL.

In summary, we have cloned and expressed a novel p-lacto-
nase TSDL in E. coli host. The recombinant E. coli (TSDL) strain
exhibited high hydrolysis activity and enantioselectivity in
kinetic resolution of p,i-PL, providing a practical synthetic
method for biocatalytic production of b-PA.
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Fig.7 Reaction course of the TSDL-catalyzed kinetic resolution of p,L-
PL in a preparative-scale system. Filled symbols: conversion of p,L-PL;
open symbols: ee of b-PA.
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Experimental

Cloning and expression of TSDL

The pGEM-TSDL plasmid inserted with lactonase TSDL gene
was donated by Dr Wan from Zunyi Medical University, which
was cloned from organism Thielavia sp. zmu20201(CGMCC No.
2020062). The TSDL encode gene was cloned into pET-28a(+)
plasmid by Nco I and Xho I enzyme sites. The recombinant
plasmid pET-28-TSDL was then transformed into E. coli BL(DE3)
and the positive E. coli (TSDL) strain harboring the plasmid
PET-28-TSDL was screened by colony PCR.

For expression of recombinant TSDL, single colony of E. coli
(TSDL) strain was picked and inoculated to 10 mL LB medium
(tryptone, 10 g L™'; yeast extract, 5 ¢ L™'; NaCl, 10 ¢ L") con-
taining 50 pug mL~ " kanamycin. After incubation at 37 °C for
12 h, 5 mL culture was taken and transferred into 100 mL fresh
LB medium. The culture was incubated at 37 °C until the ODgq,
up to 0.6-0.8. To the culture isopropyl-p-d-thiogalactoside
(IPTG) was added to the final concentration of 0.2 mM, and the
culture was incubated at 28 °C for expression of TSDL for
another 12-14 h. Then the E. coli (TSDL) cells were harvested by
centrifugation at 9000xg, 4 °C for 10 min. The harvested cells
was stored at —20 °C for further use.

Investigation of reaction temperature for bioproduction of p-
PA

Reaction temperature of the biocatalytic kinetic resolution of
p,L-PL was investigated at 20, 30, 40, 45 and 50 °C. Reactions
were carried out in 20 mL water containing 80 g L ™" p,.-PL and
10 g WCW per L recombinant E. coli (TSDL) cells. The pH was
controlled at 7.0 + 0.2 using 5% NH; - H,O. The reaction courses
were monitored by taking samples from the mixtures. After
removal of the cells by centrifugation, the conversion of p,L-PL
and the optical purity of product p-PA were determined by HPLC
analysis.

Investigation of reaction pH for bioproduction of p-PA

Reaction pH of the biocatalytic kinetic resolution of b,.-PL was
investigated at 30 °C. The pH values in each independent
reaction were controlled at 6.0 & 0.2, 6.5 + 0.2, 7.0 + 0.2, 7.5 +
0.2, 8.0 + 0.2 and 8.5 £ 0.2 using 5% NH;-H,O. Reactions were
carried out in 20 mL water containing 80 ¢ L™ " p,.-PL and 10 g
WCW per L recombinant E. coli (TSDL) cells. The reaction
courses were monitored by taking samples from the mixtures.
After removal of the cells by centrifugation, the conversion of
p,L-PL and the optical purity of product p-PA were determined by
HPLC analysis.

Investigation of cell loading for bioproduction of p-PA

Biocatalyst loading of the biocatalytic kinetic resolution of p,r-
PL was investigated at 30 °C. Reactions were carried out in
20 mL water containing 80 g L™ " p,i.-PL and the reaction pH was
controlled at 7.0 £ 0.2 using 5% NH;-H,O. Cell concentrations
of recombinant E. coli (TSDL) cells were set at 5, 10, 20, 30 and
40 g WCW per L. The reaction courses were monitored by taking

© 2021 The Author(s). Published by the Royal Society of Chemistry
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samples from the mixtures. After removal of the cells by
centrifugation, the conversion of p,.-PL and the optical purity of
product p-PA were determined by HPLC analysis.

Investigation of substrate concentration for bioproduction of
p-PA

Substrate concentration of the biocatalytic kinetic resolution of
p,L-PL was investigated at 30 °C and pH 7.0 & 0.2. Reactions
were carried out in 20 mL water containing 40 g WCW per L
recombinant E. coli (TSDL) cells and different substrate
concentrations (40, 80, 120, 160 and 200 g L™ ") of p,.-PL. The
reaction courses were monitored by taking samples from the
mixtures. After removal of the cells by centrifugation, the
conversion of p,.-PL and the optical purity of product p-PA were
determined by HPLC analysis.

Preparative-scale for bioproduction of p-PA

The preparative-scale reaction of the biocatalytic kinetic reso-
lution of p,i-PL was carried out in 400 mL water containing
200 g L™ p,.-PL and 40 ¢ WCW per L recombinant E. coli (TSDL)
cells. The reaction was performed at 30 °C and the reaction pH
was controlled at 7.0 + 0.2 using 5% NH;-H,O. The reaction
course was monitored by taking samples from the reaction
mixture. After removal of the cells by centrifugation, the
conversion of p,.-PL and the optical purity of product p-PA were
determined by HPLC analysis.

Analytic methods

The conversion of p,.-PL was estimated by HPLC on an ODS-3
column (4.6 x 250 mm, 5 um, Shimadzu, Tokyo, Japan) at
210 nm with a mobile phase of 10% acetonitrile containing
0.02 mM KH,PO, with a flow rate of 1.0 mL min'. The reten-
tion times of p,.-PL and p,L-PA were 4.92 and 8.89 min respec-
tively. The optical purity of p-PA was determined by HPLC on an
MCI GEL CRS10W packed column (4.6 x 50 mm, 3 pm, Mit-
subishi Kasei, Tokyo, Japan) at 254 nm with a mobile phase of
10% acetonitrile containing 1.8 mM CuSO, with a flow rate of
0.8 mL min~". The retention times of p-PA and 1-PA were 2.82
and 3.75 min respectively.
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