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An engineered epoxide hydrolase frovigna radiate (VrEH2uz3n) shows neaperfec
enantioconvergence in single enzyme mediated hysleolof racemicp-nitrostyrene oxid
(pPNSO). To explore industrial potential of the pisimg biocatalyst, we tried to immobilize -
VrEH2 variant by covalently linking onto a commerbjiahvailable amino resin ECR8405F
Then a 5-mL packed bed reactor filled with the inbitized VrEH2y263n Was connected wi
macroporous resin NKA-11 fan situ product adsorption, and the produB)-p-nitropheny
glycol (pNPG) was harvested by methanol elution, with 9%&tated yield and 97%e. The
continuous reactor was operated stably for mone 109 h with a space time yield of 20
! Subsequently, th&blocker R)-Nifenalol was prepared by chemically synthesifredh (R)-
pNPG, affording the product in an overall yield&df.3% (1.5 g) and an enantiopurity of 38.9
ee after recrystallization.
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1. Introduction

(R)-Nifenalol is af-adrenergic blocker drug endowed with development of commercial resins provided new oarier
anti-anginal and anti-arhythmic propertiésOne of the tempting immobilization of EHs. They were more easily used thg
ways to this drug was to us&){p-nitrophenyl glycol [R)- covalently bonding the enzyme than the other aar@end have
pNPG] as intermediate combining with chemical rougshéme  been successfully applied in recent st&ith}. Continuous process
1). In the past two decades, several chemical antbdical by biocatalyst has been regarded as a green strdtay
methods have been explored to obtain the interrteedR)- sustainable industrial productiéh.The design of continuous
pNPG. For example, the carbonyl reductases (RCR302&yg  reactor based on the immobilized enzyme have &ttamuch
cell free extract) or organic catalysts was usegrmduce the attention for large-scale preparation of fine chets® Packed
chiral vicinal diols from hydroxyketone compouhtias well as  bed reactor (PBR) is one of common continuous-fleactors,
oxidation of olefins by chromium Jacobsen's catalyor P450s  which can improve enzyme loading per unit volumeluce the
(P450pyrT™M, 12 WH'Gdw?).>® However, these enzymes mechanical damage to the enzyme and avoid the imgmtal
suffered low catalytic activity and poor stabilitalthough  loss of enzymé’?® Herein, to develop the industrial application
chemical routes can performed in good vyield, thpeesive potential ofVrEH2, a number of commercial resins were used to
organic catalysts and harsh reaction conditions evdate the prepare immobilized the epoxide hydrolase. A padiextireactor
environmental and safety probleffsAs an alternative green with immobilized enzyme was designed for continuous
route, epoxide hydrolase mediated enantioconverggditolysis  preparation of R)-pNPG fromrac-pNSO. To collect the product,
of styrene oxides can highly produce the corresipongiicinal an adsorbed column with macroporous resin NKA-11 was
diols®® Furstoss group first performed the availability toconnected with PBR, and thus can construct a comiisiy
synthesize chiral R)-pNPG using step-wise hydrolysis @f prepared apparatus. Finally, the synthesisSdilocker R)-
nitrostyrene oxide (pNSO) witAnEH and HSQ,, which led to  Nifenalol was performed based on enzymatic enanticagent
satisfied  yield (94%), but thee value was only 80%’ preparation of R)-p-nitrophenyl glycol, with good yield and high
Similarly, we utilized the nativerEH2 and HSQ, to step-wisely  enantiopurity.
synthesizeR)-pNPG with 82%ee and 84% yield! Although the
preparation of R)-pNPG can be performed by chemo-enzymatic

routes, the degree of enantioconvergence was stiltisfactory. 2+ Results and Discussion

2.1. Preparation of covalently immobilized VrEH2;263n

OH OH
/@/bOH a: 33%HBr-HAC & c: iPrNH, /@/&NH\( To improve the stability of th¥rEH2,¢3n, We selected two
ON b: K,CO, ON kinds of commercial epoxy and amino resins for irbitipation.
2 O,5N 2 . .
z Free enzyme can be covalently bonded with the fonatigroups
of these resins, and seven immobilized enzymes were
Scheme 1 Chemical synthesis gf+blocker R)-Nifenalol based onR)-p- successfully prepared. The loading and activityovecy rate
nitrophenyl glycol which can be produced by enzymdtydrolysis of  (Table 1) indicate that the immobilized efficienafyamino resins
epoxide. was better than that of epoxy resins, &nEH2,,ssn-ECR8405F
. "N exhibited the highest loading (13.2 Wig and activity recovery
Compared to the chemo-enzymatic combination, thgaie (57.4%). Subsequently, to investigate the weaistant
enantioconvergent hydrolysis by a single and speciayme is  performance of these resins, the immobilized enzyBSR-1,
very attractive for pre_parat_ion the produ&)-fiols with high ESQ-1, ECR8405F and ECR8205F was selected. The
yield and  enantiopurity. ~ However,  the  perfectjnmopilized resins’ shapes were observed after ragstrring
enantioconvergence depends on the highly spegiicapposite i Fig. 1. The resins ECR8405F and ECR8205F maintained
regioselectivity of an epoxide hydrolase towards hbot rg|atively overall spherical morphology, while theapes of
enantiomers of the epoxide substrate, thus causkdlenge for £gr.1 "and ESQ-1 was severely destroyed. Hence, the
enantioconvergent  hydrolysis of epoxide hydrof48. ECRga05F and ECR8205F were selected for subsequent

Fortunately, we recently obtained a single site muta gntimizaton of immobilized conditions S(pporting
VrEH2yz63y Which allowed the near-perfect enantioconvergencenormation ).

(>99% analytical yield, 98%ee) in hydrolysis of rac-pNSO
through  structure-guided  regioselectivity  enginegtf
Nevertheless, the unsatisfactory operation stabdityepoxide
hydrolases and the spontaneous hydrolysis of racepoxides
cannot be ignored. Under mechanical shaking comdittbe
stability of VI EHZ2y63y Was very poor, it showed no activity after
24 h. Besides, due to the spontaneous hydrolysiaogpNSO in
aqueous solution, thes,value was decreased from 98% to 92%
under high concentration of substrate (100 mM), Wwhiaso
limited the wide application ofrEH263n.

Immobilization technology is a powerful strategy &evating
enzymes’ stability and recycling efficienty?® Faber group
prepared the immobilizedNocardia EH1 through DEAE-
cellulose anion adsorption, it can keep a residotlity of 55%
after five batch reaction$. Furstoss group synthesized a stable
immobilized SEH by the using dextran and glyoxal-agarose, Fig. 1. The shape insights of immobilized resins after retignshaking
which showed a 300-fold increase in thermal stabilitgler 60 (24 h).A) ECR8405FB) ECR8205FC) ESR-1,D) ESQ-1.
°C and retained high selectivity. In recent years, the
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Table 1
The loading and activity recovery rates of the inbitized enzymes prepared with commercial resins.

Functional group Resins Diameter (A) Enzyme loading (esin) recof\/(e:tri;//i?’%)
ECR8205I 150~30( 4.3+0.: 18.t
Epoxy ECR4204l 150~30( 2.4 +0.: 10.t
ECR8215| 150~30( 0.6+0.C 3.t

ES-103 100~300 20101 8.8

ESR-1 100~300 9.9+0.0 45.2
Amino ESG-1 100~30( 55+0.: 25.1
ECR8405I 150~30( 13.2+0. 57.¢

2.2. Thermal and operational stability of immobilized enzyme
Vr EH2)565n-ECRB405F

By measuring the inactivation curves of the immiabi

In order to utilize the immobilized enzyme for the
preparation of K)-pNPG, Synthesis of R)-pNPG by
VrEH2,63:-ECR8405F in a stirred reactor was first explored.

enzyme VrEH2,6sn-ECR8405F, we found that the thermal The substrate loading can reach to 100 mM (10% DM8@),in

stability of the immobilized enzyme was obviousliteeed

comparing with the free enzyme. The residual agtieftthe free
enzyme was only 16.3% after 96 h’s incubation dredhalf-life

(ty») was 55.1 h at 30 °C, while the immobilized enzyetained
42.3% residual activity after 200 h’s incubatiordats t;,, was
improved to 193.2 h (Fig. 2A). After incubation fod & at 40
°C, the residual activity of free enzyme was onlyO%8 with a
typ Of only 11.1 h, but the immobilized enzyme retairk18%
residual activity after 150 h of incubation with iacreased;,, of

101.9 h, (Fig. 2B). The free enzyme showed no dgtiaiter

incubation for 15 min at 50 °C, while the 21.9% desil activity

was retained after 45 min for immobilized enzymeg(F51).

These results indicate that the immobilization k&f enzyme by
covalently bonding of the resin carrier can sigfitly improve
its thermal stability.

A B
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= <
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Fig. 2. The inactivation curves of immobilized enzymes and free
enzymes at 30 °C (A) and 40 °C (B).

The operational stabilities of free enzyme and irhbitieed
enzyme were also investigated. Consequently, the dreyme
lost its activity after 24 h, while the immobilizeshzyme still
maintained 73% of initial activity after 150 h (Fig2), indicating
the operational stability of the epoxide hydrolasas also
improved. To verify the reaction performance, a bham of
batches reaction for immobilized enzyme was perfdrmie
retained a residual activity of 77% after 20 basched theee
value of productcan be reached to 97%ig. 3). The loss of
activity was mainly attributed to the mechanical dgm and
physical recovery loss.

2.3. Yynthesis of (R)-pNPG from rac-pNSO in a stirred reactor

a 40-mL scale, the immobilized enzyme was recyclgdab
filtration step. After 10 batchesR(-pNPG was obtained in 91%
yield and 92%ee, with a space time yield (STY) was up to 16.7
gL ‘™. However, the deterioration of the optical puritytbé
product was observed, which is possibly caused by the
spontaneous hydrolysis of substrate under the ¢ogicentration
(100 mM). Mechanical operation and physical los® &d to the
irreversible inactivation, so the residual activity immobilized
enzyme was only 43.5 % after 10 batches.

120 100
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Fig. 3.Residual activity of the immobilized enzyme asedvalue of
product was determined after per batch.

2.4. Construction of PBR for continuous synthesis of (R)-pNPG

As the batch reaction cannot provide the satisfgatesult,
we tried to address the problem with continuous ®sithmode.
A packed bed reactor (PBR) was designed and optimized
several aspects including the flow direction, spasecity and
the height to diameter ratio (H-D) of the PBR (Supipg
information). The performance of PBR was subseqyentl
determined, including the stability and space tyiedd (STY). In
a first trial, the conversion of PBR (H-D: 2:1) waslyp 74.7%
under the equal biocatalyst loading and space igl¢&V),
resulting in the STY of 41.0@'(H". Using the same enzyme
amount and SV, when the H-D ratio improved by 4:18dr, a
higher STY (54.9 @ ™'(H") were achieved (Table 2), which was
much better than that of the stirred reactor (I§I7'H ). By
measuring the stability of reactor, we found that libwer H-D
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Table 2
Key reaction parameters of PBR with different HADigs.

Tetrahedron

Type (H-DY Conversion (%) Residual activity S.T.Y. (dL™h™)°
2:1 74 >99% 41.0
4.1 Q9 97.4% 54.9
8:1 99 95.5% 54.9

2 H-D: height to diameter ratio of the PBR
P Specific activity of immobilized enzyme after cantbus operation;
¢ Space time yield normalized by the reactor volume.

the pressure at the bottom of the packed bed tieguh the loss
of enzyme activity. Compromising the productivity thvithe
stability of biocatalyst, the H-D ratio of PBR wast $0 4:1 in the
following research.

2.5. Screening macroporous resins for product adsorption

Due to the poor solubility of the epoxides, the stas
concentration was limited at 5 mM with 10% DMSO in teat
For improving the efficiency of the product recovérom large
volume reactant with low concentration, an additiopepduct
adsorption column was connected with the PBR for ycbd
enrichment. Three kinds of polar macroporous adgorpesins
were compared and the adsorption capacity of thesses under
different space velocitiesere investigated (Fig. S3). It indicates
that the largest adsorption capacity of resin NKAwlds 165.5
mg/g. the adsorption efficiency of resin NKA-11 showadre
than 99% at space velocity of 0.4 Mjrso NKA-11 was selected
for recovery of product.

Based on this mini scale continuous preparatioraegips
(Fig. 4), a gram-scale preparation 8)-poNPG was carried out.
As expected, the PBR still maintained more than @8%version
After 100 h continuous production and showed goodaijmmal
stability (Fig. S4). Then product of adsorbed catuoould be
readily eluted by methanol and the resin was redy@e0 g R)-
pNPG was obtained with a yield of 91% and 9884The STY of
the continuous apparatus reached 20LHA", which was
higher than that of the stirred batch reaction. segbent
recrystallization in chloroform gave 2.66 g higplyre R)-pNPG
with 87% yield and 99.9%se.

Adsorption column

Waste

Substrate

HPLC-Analysis

Fig. 4. Scheme of continuous synthesis apparatus, ingueBR (5 mL)
and a product adsorbed column (20 mL).

2.6. Synthesis of (R)-Nifenalol from (R)-pNPG

According to the reported method of Furstoss gritipe
gram-scale synthesis oR)Nifenalol was performed, which led
to the R)-Nifenalol in 61.3% overall yield after recrystabition.

3. Conclusion

In this study, the key intermediate oR){Nifenalol, ®)-
pNPG, was successfully prepared byrEH2 in an
enantioconvergent manner. The immobilizedtdEHs were
prepared by covalently cross-linking with a comnmtgi
available amino resin ECR8405F. A simple continuous
manufacturing module was subsequently establishgutepare
the valuable intermediate, the STY of the reactor remch 20.0
gL '™ with high enantiopurity (99%e) after recrystallization.
This allowed the preparation of enantiopurB)-Nifenalol
combination of chemical method with a 61.3% oveyld.

4. Experimental section

4.1 General

Substraterac-pNSO was prepared according to the reported
method®® All the biological and chemical reagents were
commercial available. Immobilized resins were predidrom
Tianjin Nankai Hecheng Science and Technology Cal, drtd
Purolite (China) Co., Ltd. The NMR spectiid and *C NMR
were recorded in CDglsolution on Brucker-400 MHz. The
chemical shift § of '"H NMR and**C NMR was given in ppm
relative to solvent residual peak according to iteerence 30.
The optical rotation ofR)-Nifenalol was measured by Autopol |
(Rudolph, American). Thee value of product was determined by
chiral OD-H column as previously describ&digh resolution
mass spectra were determined on Waters GCT Premi®@AE
TOF).

4.2. Enzyme Immobilization

Genes ofVrEH2y63n Were constructed with pET-28a(+)
and expressed iBscherichia coli BL21 (DE3). The methods for
cells cultivation, enzyme expression and purifmati were
described previousl{y. The collected recombinant cells were
disrupted by a high-pressure homogenizer and éegedl, clear
lysate was lyophilized by a freeze dryer. The lytipddl enzyme
powder (50 mg) was dissolved in 10 mL of phosphatéeb(pH
7.0, 100 mM) and mixed with 1.0 g amino resins (at&d by 2%
(v/v) glutaraldehyde) or epoxy resins. The mixtwas reacted in
a shaker (16 °C, 180 rpm) for 12 h. The immobilizedyme was
obtained by filtration and washed with buffer carkfub avoid
the remaining of glutaraldehyde. The activity resmxvrate was
calculated by the activity of immobilized enzymedahe initial
activity of free enzyme.

4.3. Thermostability and operational stability of mmobilized
enzyme

Investigation the wear resistance of different resis. In 10-mL
reactor (KPB buffer, pH 7.0, 100 mM), 1 g epoxy mesbr amino
resins was stirred (400 rpm, 30 °C) for 24 h. Themphological



shapes of the immobilized carrier were observed biyngua
Cryo-SEM (Scanning Electron Microscope).

Thermostability of the immobilized enzyme.In 1 mL KPB
buffer (pH 7.0, 100 mM), 0.2 g immobilized enzyme swa
incubated at different temperatures (30 °C, 401€%0 °C). The
residual activities were measured at different tintervals and
the inactivation curves were then made.

Operational stability of the immobilized enzyme.In 1 mL
KPB buffer (pH 7.0, 100 mM), 0.2 g immobilized enzywas
shaken in a constant temperature mixer (1000 rghfCJ. The
residual activities were measured under differenétintervals.

Immobilized enzyme for batch reaction.In 10 mL KPB buffer
(pH 7.0, 100 mM), substratac-pNSO was dissolved with 10%
DMSO (v/v) as a final concentration of 10 mM, and 1 g
immobilized enzyme was used. The reaction was peddrin a
shaker (200 rpm, 30 °C) until the substrate was edad
completely. Then the immobilized enzyme was recyétedthe
next batch reaction. After each batch, éeevalue of product and
the residual activity of immobilized enzyme were smead.

4.4 Synthesis of R)-pNPG from rac-pNSO in a stirred
reactor

In 36 mL KPB buffer (pH 7.0, 100 mM), substratac-
pNSO was dissolved with 10% DMSO (v/v) as a final
concentration of 100 mM, and 4 g immobilized enzymas
added. The reaction was performed in a 100-mL rea@td0
r/min, 30 °C) until the substrate was converted detefy, then
the immobilized enzyme was recycled for the nexttbagaction.

4.5 Resin screening for the product adsorption

30 mg macroporous resin (NKA-11, NKA-9, AS-17) and
500 pL product solution (100 mM) was added in 2 mL EPetub
then the adsorption was performed in a shaker (p60Q B0 °C)
for 5 h. When the adsorption reached saturation, ldrgest
adsorption capacity of resin was calculated. In eked bed
column (H: 60 mm; D: 15mm), 2 g macroporous resins wa
washed and equilibriumed with KP buffer. The prodsaiution
(5 mM) was continuously fed into the reactor from to bottom
by peristaltic pump with different space velocit{@sl miri*, 0.2
min!, 0.4 min* and 0.5 mif), and the eluent solution was
detected for calculating the adsorption efficiency.

4.6 Synthesis of R)-pNPG from rac-pNSO in PBR

The substrate solution (5 mM) was continuously fed the
PBR (H: 60 mm, D: 15 mm) from top to bottom by pelist
pump at space velocity 0.4 rinConnected with the PBR, a
glass column (H: 200 mm, D: 15 mm) filled with 20 g
macroporous resins was used to adsorb the pro@®gENPG.
Then the product was eluted with methanol, and theoparous
resins can be recovered. The methanol elution wapoeated
and the resultant product was dissolved with ethgtate. Then
ethyl acetate solution was washed with saturated NalGtien,
and dried over anhydrous pBO, for 12 h, concentrated in
vacuum, and the resulting residual was recrystéltina by
chloroform.

4.7 Preparation of R)-Nifenalol from (R)-pNPG in a gram-
scale

In a 50-mL reaction flask, enantiopu®{NPG (2.0 g, 10.9
mmol) was slowly dropped by 33% hydrobromide acetid a
solution on ice-bath. After the diols was completdigsolved,
the system was reacted at 50 °C for 1 h. After ogotd room
temperature, the reaction mixture was poured irgowater, the
reaction pH was adjusted to neutral condition withursded

7

sodium hydrogen carbonate, and then extracted wiktlyl e
acetate. The organic phase was washed with saturat€tfi Na
dried over anhydrous sodium sulfate and evaporafdte
resulting residual was dissolved in methanol (20 nad
anhydrous KCO; (2.0 g, was added. The mixture was reacted at
room temperature for 1 h, the reaction mixture wascentrated

in vacuum after filtration and affordindR}-pNSO (1.6 g, 89%
yield).

(R)-pNSO (1.6 g, 9.8 mmol) was dissolved in absolute
ethanol (20 mL), and then 6 mL isopropylamine (4vgye added
drop-wise.The reaction was reacted and refluxed undeCsor
24 h. When the reaction was completed, the ethandl the
remaining isopropylamine were evaporated to obtaiorue
product. The final crude product was recrystallized n-
hexane/ethyl acetate to afforid){Nifenalol (61.3% yield, 99.9%
€e).

(R)-Nifenalol *C NMR (101 MHz, CDGJ)) & 150.59 (s),
147.25 (s), 126.50 (s), 123.60 (s), 71.02 (s), B4}, 48.75 (S),
23.05 (d,J = 16.9 Hz)H NMR (400 MHz, CDCJ) & 8.30 — 8.12
(m, 2H), 7.55 (ddJ = 6.9, 1.9 Hz, 2H), 4.72 (dd,= 8.8, 3.8 Hz,
1H), 3.01 (ddd) = 12.3, 3.8, 1.4 Hz, 1H), 2.83 (dt= 12.6, 6.3
Hz, 1H), 2.57 (ddJ = 12.2, 8.8 Hz, 1H), 1.67 (s, 2H), 1.09X&
5.7 Hz, 6H). o= -11.3 (c 1.0, EtOH) lit 31.0]p>° = -11.0 (c
1.0, EtOH). HRMS: [M], found 223.1057 C,,H,5N,O5 requires
223.1088.
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