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a b s t r a c t

Polysubstituted chiral γ -butyrolactones are the core structural units of many natural products and high

value-added flavors and fragrances used in the food and cosmetic industry. Current enzymatic cascade

synthesis of these molecules faces the problems of low enzyme activity and phase separation in batch

reaction, resulting in low productivity. Herein, we report a new continuous-flow process to synthesize the

optically pure Nicotiana tabacum lactone (3S,4S)-4a and whisky lactone (3R,4S)-4b from α,β-unsaturated

γ -ketoesters. A new ene reductase (ER) from Swingsia samuiensi (SsER) and a carbonyl reductase (SsCR)

were engineered by directed evolution to improve their activity and thermostability. The continuous-flow

preparative reactions were performed in two 3D microfluidic reactors, generating (3S,4S)-4a (99% ee and

87% de) and (3R,4S)-4b (99% ee and 98% de) with space-time yields 3 and 7.4 times higher than those of

the batch reactions. The significant enhancement in the productivity of enzyme cascade catalysis brought

by cutting-edge continuous microfluidic technology will benefit the general multi-enzyme catalytic sys-

tems in the future.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Polysubstituted γ -butyrolactones are naturally occurring fla-

vors and fragrances which are widely used in food, beverage,

and cosmetics [1]. For example, 3,4-dimethyl substituted lactone,

also known as Nicotiana tabacum lactone, exists in sun-cured to-

bacco leaves, featuring a pleasant herbaceous scent (Scheme 1) [2].

Whisky lactone is a flavor compound in alcoholic beverages that

confers a typical coconut character [3]. In addition, many bioac-

tive natural products and pharmaceuticals contain the core struc-

tures of polysubstituted γ -butyrolactones [4–10]. Hinokinin has

displayed strong anti-inflammatory and antitrypanosomal activity

[11–14]. Deoxyelephantopin can be used to treat hepatitis, arthri-

tis, asthma, and cancer [5].

It is well known that the specific activity of these chiral com-

pounds, e.g., odor perception and bioactivity, is closely related to

their stereo-configuration. Therefore, substantial effort has been

devoted to the development of synthetic strategies for these

α,β-disubstituted γ -butyrolactones. So far, carbene, transition

metal, and organo-catalyzed reactions have been reported in the
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literature [15]. Typical examples include N-heterocyclic carbene

catalyzed dynamic kinetic resolution of β-halo α-keto esters

[16], a three-step Knoevenagl condensation-Michael addition-

lactonization [17], and a sequential Michael-hemiacetalization-

oxidation reaction based on organocatalysts [18].

Recently, Bobek et al. reported the total synthesis of poly-

substituted γ -butyrolactone lignan derivatives through oxime

carbonate cyclization from δ-nitro alcohols, delivering diverse

γ -butyrolactones at ambient reaction conditions [19].

Alternatively, enzymatic pathways to these compounds have

also attracted attention. Chiral γ -butyrolactones can be obtained

by selective oxidation of racemic diols by alcohol dehydroge-

nase [20]. An impressive method uses enoate (or ene) reductases

(ERs) to reduce the carbon-carbon double bond of α,β-unsaturated

γ -ketoesters, followed by a stereoselective reduction of corre-

sponding γ -ketoesters with carbonyl reductases (CRs). Classen

et al. reported the cascade synthesis of β-methyl-substituted γ -

valerolactone via this method [21], with an ee of 98%−99% and

a maximum yield of 90%, but the product is limited to methyl-

substituted short-chain lactones. Brenna et al. employed this route

to synthesize 4a with high stereoselectivity using Old Yellow En-

zymes (OYEs, such as OYE1, OYE2, and OYE3 combined with al-
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Scheme 1. Representative flavors, drugs, and bioactive natural products containing

γ -butyrolactone-based structures.

Scheme 2. Continuous-flow synthesis of chiral polysubstituted γ -butyrolactones

via a dual-enzyme cascade catalysis.

cohol dehydrogenases [22]. Kumru et al. extended this method to

prepare whisky and cognac lactones with moderate to good yields

and very good diastereoselectivities [23].

Although the cascade enzymatic method has demonstrated its

feasibility in the synthesis of polysubstituted γ -butyrolactones, the

low activity of enzymes and phase separation in batch reaction led

to low overall product yields and long reaction time. In particular,

the second step of the cascade greatly limits the reaction time due

to the imbalance in the activity of the two reactions (Scheme 2a). A

key opportunity of multi-enzyme reactions in microreactors is the

ability to perform in vitro biosynthetic reactions [24]. A number of

continuous flow systems were used to overcome batch incompati-

bility by Mattey et al., thus allowing for successful biocatalytic cas-

cades [25]. Besides, Gruber et al. provide an overview of recent ex-

amples of cascaded microreactors [26]. Therefore, to address these

issues, we presented a cascade continuous-flow approach for the

synthesis of polysubstituted γ -butyrolactones in this study. We

discovered a new ER, SsER from Swingsia samuiensi, through gene

mining, and combined it with SsCR (Protein Data Bank: 5GMO)

[27]. Directed evolution of these two enzymes was performed to

enhance their catalytic performance. In particular, we showed that

the two reactions can be regulated in two 3D microfluidic reactors

by controlling the flow rates of substrates and enzymes, signifi-

cantly reducing the reaction time and enhancing the total reaction

Fig. 1. Specific activity and stereoselectivity of ERs toward (E)−1a and (E)−1b.

Fig. 2. Specific activity and stereoselectivity of CRs toward (S)−2a and (R)−2b.

efficiency (Scheme 2b). The detailed structures and sizes of the two

microreactors are shown in Fig. S1 (Supporting information).

First, enzyme screening was performed with α,β-unsaturated

γ -ketoesters (E)−1a and (E)−1b (Fig. 1). The protein sequences of

OYE2 [22,28] and NCrzm [29] were used as the templates to carry

out pBLAST searching in UniProt. A library of 13 gene sequences

was obtained (sequence S1 in Supporting information), and 7

genes were expressed successfully into soluble recombinant en-

zymes in Escherichia coli (E. Coli) BL21 (DE3) (Table S1 and Fig. S2

in Supporting information). The specific activity and stereoselec-

tivity of these ERs were assayed against (E)−1a and (E)−1b (Fig. 1

and Table S2 in Supporting information). Among them, SsER (from

Swingsia samuiensi) displayed the highest activity of 6.1 U/mg and

good (S)-stereoselectivity (93% ee) toward (E)−1a. SsER also ex-

hibited higher activity than the templates OYE2 (1.5 U/mg) and

NCrzm (0.6 U/mg) toward (E)−1a, and comparable stereoselectivity

with OYE2 (98% ee) and NCrzm (93% ee). For (E)−1b, SsER showed

higher activity (6.4 U/mg) and excellent (R)-stereoselectivity

(99% ee) compared with OYE2 (2.1 U/mg, 98% ee) and NCrzm
(1.4 U/mg, 99% ee). Thus, SsER was chosen for the first ene reduc-

tion in the following studies.

In addition, screening of the optimal CR with high conversion

and enantioselectivity toward β-substituted γ -ketoesters was per-

formed with (S)−2a and (R)−2b (Fig. 2). In previous studies, three

CRs, including SsCR, SmCRM5, and SmCRV4 have been demonstrated

to show high activity and stereoselectivity toward γ -ketoacids and

γ -ketoester without β-substituted groups [27,30,31]. In this assay,

SsCR (Fig. S3 in Supporting information) displayed the highest ac-

tivity (1.3 and 0.6 U/mg) toward (S)−2a and (R)−2b, respectively.
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Fig. 3. Directed evolution of SsER. Molecular docking of (E)−1a into the active sites

of SsER (a) and SsER-A314S (b). (c) The specific activity of SsER and variants toward

(E)−1a and (E)−1b. (d) The specific activity of SsER and SsER-A314S toward differ-

ent substrates. The time-course conversion of 8 mmol/L (E)−1a (e) and 8 mmol/L

(E)−1b (f) by SsER and SsER-A314S. Conditions: (E)−1a and (E)−1b (8 mmol/L),

NADP+ (0.2 mmol/L), glucose (1.5 equiv.), lyophilized BmGDH (10 mg), purified ERs

(0.5 mg for (E)−1a) and 0.1 mg for ((E)−1b), 5% DMSO in 5 mL sodium phosphate

buffer (100 mmol/L, pH 6.5), 35 °C.

The stereoselectivity was also excellent ((S)−99% ee). However, the

activity of SmCRM5 and SmCRV4 toward these two substrates was

much weaker (Tables S3 and S4 in Supporting information). There-

fore, SsCR was selected for further studies. The detailed prepara-

tion methods of the α,β-unsaturated γ -ketoesters can be found in

the supporting information (Figs. S4 and S5 in Supporting informa-

tion).

With the two enzymes in hand, we proceeded to construct

an efficient synthetic route to polysubstituted γ -butyrolactones.

To maximize the power of the continuous-flow chemistry, the

catalytic performance of SsER and SsCR needs further improve-

ment via directed evolution. AlphaFold2 was used to build the

three-dimensional protein structure models of SsER and its vari-

ants (https://alphafold.com/). (E)−1a was docked into the active

pocket of SsER (Figs. 3a and b), and amino acid (a.a.) residues

within 8 Å around the carbonyl oxygen of (E)−1a were selected

for site-directed saturation mutation using NNK codons (Table S5

and sequence S2 in Supporting information).

Finally, variants SsER-A314S and A314S-F269L were obtained

through plate screening. As shown in Table S6 (Supporting infor-

mation), the specific activity of SsER-A314S-F269L toward (E)−1a

and (E)−1b reached 11.6 and 8.0 U/mg, respectively. The specific

activity of SsER-A314S toward (E)−1a and (E)−1b were enhanced

to 10.4 U/mg (Fig. 3c). In addition, for (E)−1a, the kinetic analy-

Fig. 4. Substrate scope. Chiral α- or β-substituted γ -ketoesters were synthesized

by the variant SsER-A314S. Isolated yield and ee were determined by 1H NMR

and chiral GC. General procedure unless otherwise stated: 1a-1g (50 mmol/L),

20 mL sodium phosphate buffer (pH 6.5, 100 mmol/L), NADP+ (0.2 mmol/L),

lyophilized E. coli/SsER-A314S (10 mg/mL), lyophilized BmGDH (2 mg/mL) and glu-

cose (75 mmol/L) at 35 °C for 12 h.

sis showed that the Km of SsER-A314S did not change (15 μmol/L)

compared with that of SsER, but the kcat increased (Table S7, Figs.

S6 and S7 in Supporting information). Therefore, the total cat-

alytic efficiency of SsER-A314S (kcat/Km) is 1.4-fold higher than that

of SsER. For (E)−1b, the Km of SsER-A314S was reduced from 18

μmol/L to 5.7 μmol/L. Its kcat was also increased, resulting in a 4.5-

fold increase in the catalytic efficiency. Moreover, the activity of

SsER-A314S toward a variety of substrates was all improved rela-

tive to SsER (Fig. 3d). SsER-A314S showed relatively high activity for

α,β-saturated γ -ketoesters in the E-configuration, while it showed

lower activity for the Z-configuration. Molecular docking of (E)−1a

with SsER-A314S showed that the hydrogen bond distance formed

between the ester group of the substrate and the Tyr136 residue

of SsER was shortened from 2.2 Å to 1.8 Å after mutation (Figs. 3a

and b). Therefore, the decreased distances involved in the hydride

attack may contribute to the enhanced kcat. In addition, the sub-

strate was well stabilized during the reaction, which is also favor-

able for achieving smaller Km. The total effect resulted in the en-

hanced catalytic efficiency of SsER-A314S.

Subsequently, the time-course conversion of (E)−1a and (E)−1b

catalyzed by SsER and SsER-A314S were determined, respectively.

It can be seen that the rates of reactions catalyzed by SsER-

A314S have been significantly improved compared with the wild

type SsER (Figs. 3e and f). SsER-A314S achieved 100% conversion

of 8 mmol/L (E)−1a and (E)−1b within 40 min and 6 h, re-

spectively. Finally, we prepared a variety of α- and β-substituted

chiral γ -ketoesters with SsER-A314S (Fig. 4). SsER-A314S showed

good to excellent stereoselectivity (73%−99% ee) and high yield to-

ward alkyl substituted α- and β-unsaturated γ -ketoesters ((E)−1a-

(E)−1g)). In addition, SsER-A314S can also accept the α-aromatic

substituted substrate (3f) and showed moderate enantioselectivity

(59%) and isolated yield (74%). In addition, the half-lives of SsER-

A314S were 577 h, 347 h, 90 h, and 39 min at 30 °C, 35 °C, 40 °C
and 50 °C, respectively, which were up to 4-fold higher than those

of SsER, indicating that the variant displayed improved thermosta-

bility (Fig. S8 in Supporting information).

Similarly, SsCR was engineered to enhance its catalytic activ-

ity toward (R)−2b by engineering its active pocket (Figs. 5a and

b, sequence S3 in Supporting information). First, the specific ac-

tivity and kcat/Km of the variant SsCR-V1 toward (R)−2b were 8.1

and 10 times higher than those of SsCR, respectively (Tables S8 and

S9, and Fig. S9 in Supporting information). However, it displayed a

slight substrate inhibition. The second variant, SsCR-V2, did not re-

duce substrate inhibition. According to a previous report [32], we
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Fig. 5. Directed evolution of SsCR. Molecular docking of (R)−2b into the active sites

of SsCR (a) and SsCR-V3 (b). (c) The specific activity of SsCR and V3 toward differ-

ent substrates. (d) The time-course conversion of 20 mmol/L (R)−2b by SsCR, V1,

and V3. Reaction condition: (R)−2b (20 mmol/L), NADP+ (0.2 mmol/L), Glucose (1.5

equiv.), lyophilized BmGDH (10 mg), CRs (0.4 mg), 5% DMSO in 2 mL sodium phos-

phate buffer (100 mmol/L, pH 6.5), 30 °C.

introduced the mutation L211H into V2. The final variant V3 suc-

cessfully eliminated the substrate inhibition and its specific activity

against (R)−2b reached 1.3 U/mg. Moreover, the activity of SsCR-

V3 toward various substrates was enhanced compared with the

wild-type SsCR (Fig. 5c). In particular, V3 achieved 41 U/mg toward

(R)−2f, which was 13.7-fold higher than that of SsCR. Molecular

docking of (R)−2b with SsCR-V3 showed that the distance from

the amino group of Ser125 to the carbonyl oxygen atom of the

carboxyl group of the (R)−2b was shortened after mutation from

3.1 Å for SsCR to 2.7 Å (Figs. 5a and b). Therefore, the decreased

distances involved in the hydride attack and the proton transfer

may contribute to enhancing catalytic efficiency. In addition, the

half-lives of SsCR-V3 were 238 and 36 h at 30 °C and 35 °C, re-
spectively, which were enhanced 3.2- and 24-fold compared with

those of SsCR, indicating that the engineered enzyme had higher

thermostability (Fig. S10 in Supporting information).

To further verify the improvement in catalytic performance, the

conversion of (R)−2b by SsCR and its variants (V1 and V3) was per-

formed. The reaction rate was significantly enhanced after evolu-

tion. SsCR-V3 reached 98% conversion within 3 h, while SsCR con-

verted only 64% (R)−2b at the same time (Fig. 5d). These results

indicated that V3 was suitable for the asymmetric reduction of γ -

ketoesters.

With SsER-A314S and SsCR-V3 in hand, we performed a one-

pot two-step sequential reaction to synthesize Nicotiana tabacum

lactone ((3S,4S)−4a) and whisky lactone ((3R,4S)−4b) in a prepar-

ative scale (Table 1). For (3S,4S)−4a, the first ene reduction took

6 h to reach substrate conversion >99%, and then SsCR-V3 was

added into the reaction to achieve 90% conversion within 20 h. The

total reaction time was 26 h, generating (3S,4S)−4a at 56% yield

with excellent optical purity (99% ee) and good diastereoselectiv-

ity (87% de). For (3R,4S)−4b, SsER-A314S also converted the sub-

strate (E)−1a >99% within 6 h in the first step, however, SsCR-V3

catalyzed the carbonyl reduction even slower, reaching 87% con-

version with 99% ee and 98% de after 36 h. The total reaction time

reached 42 h and the final yield was 53%.

These results showed that the second carbonyl reduction is

the rate-limiting step, which is consistent with the previous re-

port [23]. However, the two steps cannot be combined in a single-

step one-pot reaction because SsCR-V3 can also catalyzes the α,β-

unsaturated γ -ketoesters, generating allylic alcohols which are not

accepted by SsER-A314S. Furthermore, the reaction’s high substrate

Table 1

One-pot synthesis of optically pure γ -butyrolactones.a

Product Time (h) Conv. (%) Yield (%)c ee (%) de (%)

(3S,4S)−4a

26 90 56 99 87

(3R,4S)−4b

42b 87 53 99 98

a Reaction conditions: substrate (50 mmol/L), glucose (75 mmol/L), NADP+

(0.2 mmol/L), lyophilized E. coli/SsER-A314S (10 g/L), lyophilized E. coli/BmGDH

(2 g/L), lyophilized E. coli/SsCR-V3 (10 g/L), sodium phosphate buffer (pH 6.5,

100 mmol/L), 35 °C.
b Purified SsCR-V3 (15 U) instead of lyophilized E. coli/SsCR-V3 (10 g/L).
c The isolated yield was determined by GC.

Fig. 6. Continuous-flow synthesis of chiral polysubstituted γ -butyrolactones via a

dual-enzyme cascade.

loading (50 mmol/L) was essential for obtaining scaled-up prepara-

tion. However, phase separation was observed because of the low

substrate solubility in water, which also limited the overall reac-

tion rate.

The continuous-flow process carried out automatically in a mi-

croreactor can improve biocatalysis performance, making large-

scale bioproduction more cost-effective due to significantly re-

duced reaction volume, improved mass transfer, shorter reaction

time, and improved space-time yield [33]. To further increase

the overall reaction rate, we performed the preparative reac-

tion in two 3D microfluidic reactors in a continuous-flow man-

ner (Fig. 6). In the first microfluidic reactor, the double bond re-

duction proceeded with >99% conversion in 30 min, thanks to

the solved substrate (5 mmol/L) and the high enzyme activity of

SsER-A314S. Then, the intermediate α,β-substituted γ -ketoesters

were injected into the second microreactor together with SsCR-

V3 and converted into the final products. Considering the rela-

tively lower activity of SsCR-V3, the second reaction was cycled

a couple of times to improve the total conversion. As expected,

the second reaction took 26 min to reach 93% conversion for

(3S,4S)−4a with the same stereoselectivity (99% ee and 87% de).

The total reaction time was reduced to 56 min (Table 2), and the

space-time yield reached approximately 5.0 mmol L−1 h−1, which

was 3 times higher than that of the batch reaction (1.7 mmol

L−1 h−1). For (3R,4S)−4b, the total reaction time was reduced

to 40 min without any appreciable loss of optical purity, giving

a space-time yield of 7.4 mmol L−1 h−1 which was 7.4 times

higher than that of the batch reaction (1.0 mmol L−1 h−1). The

reduction in reaction time can be attributed to the elimination

of phase separation and enhanced mixing of reactants in the 3D

microfluidic reactors. Although the continuous-flow was run at a

low substrate concentration, the automatic operation and inde-

pendent control over the flow rates allow for the parallel syn-
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Table 2

Continuous-flow synthesis of γ -butyrolactones.a

Product Time (min) Conv. (%) Yield (%)b ee (%) de (%)

(3S,4S)−4a

56 93 93 99 87

(3R,4S)−4b

40 99 99 99 98

a Reaction conditions: (E)−1a or (E)−1b (5 mmol/L), glucose (1.5 equiv.), NADP+

(0.2 mmol/L), lyophilized E. coli/SsER-A314S (10 U/mL), lyophilized E. coli/BmGDH

(15 U/mL), lyophilized E. coli/SsCR-V3 (10 U/mL), sodium phosphate buffer (pH 6.5,

100 mmol/L), 35 °C.
b The analytical yield was determined by GC.

thesis of γ -butyrolactones. In particular, future improvements in

enzyme catalytic activity will further enhance the productivity of

the continuous-flow process, while the batch reaction benefits lit-

tle from this because the serious phase separation remains at high

substrate loading.

In conclusion, the improvement of efficiency and productivity of

cascade enzymatic processes relies on the combination of biocata-

lyst engineering and process optimization. Herein, we engineered

an ene reductase SsER and a carbonyl reductase SsCR, which dis-

played improved activity and thermostability compared with the

wild-type enzymes. We proved that the optically pure Nicotiana

tabacum lactone ((3S,4S)−4a) and whisky lactone ((3R,4S)−4b) can

be synthesized efficiently from α,β-unsaturated ketoesters in the

continuous-flow process, delivering products with 3 and 7.4 times

higher space-time yields compared with the one-pot, two-step

batch reaction. The integration of cascade enzyme catalysis into

cutting-edge continuous microfluidic technology will benefit the

general in vitro multi-enzyme catalytic systems in the future.
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