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Abstract: Chemical industry is one of the pillar industries in the modern society. The demand for refined chemicals with
high-quality and diversity is rapidly increasing with the improvement of society and human being's living standards. As a
supplement to conventional chemical synthesis, environmental friendly biosynthesis is attracting widespread attention and
will be an important step to achieve a sustainable development. /n vitro biosynthesis (cell free biosynthesis) is a synthetic
method to prepare desired chemicals, which was catalyzed by purified enzymes or cell extracts. With the development of
synthetic biotechnology, in vitro biosynthesis has gradually become one of the most important ways for chemicals production,
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exhibiting the advantages of environmental friendliness, high catalytic efficiency, good atom economy and strong
controllability. Pathway design is the key for the construction of in vitro biosynthesis system. In this review, two important
principles for designing in vitro biosynthetic pathways have been summarized, including atom economy and energy
optimization. As one of the important concepts of green chemistry, principle atom economy means that the synthesis method
or process should be designed to convert raw materials into the final product as much as possible. Principle energy
optimization means that the ATP-free or ATP minimized process should be designed in the synthesis method. Assembly
enzymes into a multi-enzyme complex via biological macromolecules can increase reaction rate and also reduce the side
reactions of the in vitro biosynthesis. Thus, three common-used biological macromolecules for enzyme assembly will be
introduced here, including peptide linkers, protein scaffolds, DNA. Some recent examples of chemicals produced via in vitro
biosynthesis have also been summarized, including glucosamine, glycerol glucoside, pyruvate, a-ketoglutarate, ethanol, 1,3-
propanediol, islatravir, azomycin, and efc. Through the introduction of in vitro biosynthesis of bulk chemicals (carbohydrate
chemicals, organic acid chemicals, alcohol chemicals, and etc.), this article demonstrates the potentials of in vitro biosynthesis
in chemical synthesis. By reviewing the pathway design, enzyme component assembly and chemicals production examples,
the future of in vitro biosynthesis of chemicals has been prospected here. With the design improvement of in vitro
biosynthesis, the pathway designing will be becoming more and more intelligent and efficient. It is believed that the efficiency
of in vitro biosynthesis of chemicals will be gradually increased and the in vitro biosynthesis hopefully can cover all

chemicals’ production, which is expected to be one of the predominant ways for chemicals production in the future.

Principles

IN VITRO
BIOSYNTHESIS

Keywords: in vitro biosynthesis; chemicals production; pathway design; protein engineering; enzyme component
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Fig. 1 Designing in vitro biosynthetic pathways via principle atom economy

[In vitro reconstruction (left) of in vivo synthetic pathway from cell; Reverse construction (middle) in vitro pathway for production of

didanosine via bioretrosynthesis; Redesigning a new pathway (right) for conversion of starch to fructose to achieve a higher conversion rate ]
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Fig.3 Biomolecules for multi-enzyme assembly

Peptides linkers (top left): fusing two or more enzymes together to fabricate a multi-enzyme system can be produced by gene fusion

to introduce a peptide linker, which can bring heterogeneous enzymes into close proximity with peptide mediated conjugation.

Scaffoldin (bottom left): for the construction of cohesin-dockerin based multi-enzymatic system, enzymes fused with dockerin

and corresponding cohesins fused together to form a chimaeric scaffoldin via position-specific self-assembly of enzymes.

DNA (top right): DNA self-assembling into one-, two- and three-dimensional nanostructures by complementary

base-pairing makes DNA-bioconjugation a promising approach for self-organization of enzymes.

Enzymes can be attached onto DNA strips by chemical conjugation such as click chemistry.
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Fig. 4 In vitro biosynthesis pathway for conversion of starch and inorganic ammonia to glucosamine

(Metabolites and product were starch, glucose 1-phosphate, glucose 6-phosphate, fructose 6-phosphate, glucosamine 6-phosphate,

phosphate, and glucosamine. Enzymes involved were a-glucan phosphorylase, phosphoglucomutase, phosphoglucose isomerase,

glucosamine 6-phosphate deaminase, and glucosamine 6-phosphate phosphatase)
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Tab. 1 In vitro biosynthesis of carbohydrates and its derivatives, including glucosamine, N-acetyl glucosamine,

glycerol glucoside, glucose-6-phosphate, fructose, fructose-6-phosphate, fructose-1,6-diphosphate,

2-deoxy-5-ribose, d-tagatose, mannose and xylulose-5-phosphate.

=4

=g JE R P F 1) S B il —

itk

G T 2 VER G R 2 - 6- Tl T 5t e S 76 W -o- B TR A R B 55 7 e [14]
G 2 FRE W58 3Rl V- I 6 W e 2% 2 i g [65]
N-ZBREIER R R N- GBS R RR A B 5 4 Fh il [68]
e T 2 B TENE 2N AT 28 el K T T R O IR 22 2 Tl IR [17]
T2 W -6- T 1R R P EE 1 B 3- LW -6- B R A B  6- T R -3- LW 57 A Tl [49]
P TR T AR 3T R T Vb I B IR 5 5 Pl [22]
HpE-6-TE R 3- TR R BT IR A AR 2 B A R CRBE- 1, 6- XU TR R RR TS S A Bl 4D [54)
b -6-TE R TR PR SE TR 3-BEI H I AR T AR 1 SO SR N 2 A B R (B IR T S A B TR A SR M- 1, 6- BRI  [69]
BPE-1, 6-ZHERR  HIERI o SENE AR R AT 5 T I O I R VR 25 4 Bl [70]
2- it -5 4% ik TER JI 4 -D- A2 W -5 - W PR T 447 g 55 11 Fh g [36]
2-Jii 4 -5-1% W P I AR e 4 Tl 5 S Bl [71]
D-35 4% b D-2-FLb% LTS R A 0 2 B A 4R (- B R T B K S SUBE G LR A B A [55)
HEEEpE o-D-H T W 1-BER  H Fopk PO M W T R 1 [72]
H VER H 5 W -6- 1% RR W I i 45 6 P i [73]
KRB -S- T R HBE-1,6- WG A B S 3 ol [74]

E. lﬁﬁﬁ@ﬁ@

D] % fE

or- 18 1 - R i S Bl

oS

0] OH OH

5-fifi- 4—H§iﬁ§§mﬁ 23

wrﬂ\/“m ———

o R R
BS {8 D% B S IR A 7 oW I IR A AR 5 U A2

Fig. 5 In vitro biosynthesis pathway for conversion of D-glucuronic acid to a-ketoglutarate

(Metabolites and product were D-glucuronate, D-glucarate, 5-keto-4-deoxy-glucarate, a-ketoglutaricsemialdehyde and

o-ketoglutarate. Enzymes involved were uronate dehydrogenase, glucarate dehydratase, 5-keto-4-deoxy-glucarate dehydratase,

a-ketoglutaric semialdehyde dehydrogenase and NADH oxidase)
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Tab. 2 In vitro biosynthesis for organic acid chemicals, including a-ketoglutarate, pyruvate, lactic acid,

D-2-aminobutyric acid, cysteine and glucaric acid
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Fig. 6 In vitro biosynthesis pathway for conversion of glucose to ethanol

(Metabolites and product were glucose, gluconate, 2-keto-3-desoxy-gluconate, pyruvate, glyceraldehyde, glycerate,

acetaldehyde and ethanol. Enzymes involved were glucose dehydrogenase, dihydroxy acid dehydratase,

2-keto-3-desoxygluconate aldolase, glyceraldehyde dehydrogenase, pyruvate decarboxylase, alcohol dehydrogenase)
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Tab. 3 [n vitro biosynthesis for alcohol chemicals, including ethanol, isobutanol, 1,3-propanediol, butanol, diaminosorbitol and inositol
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Tab. 4 In vitro biosynthesis for other chemicals, including isoprene, phloroglucinol, islatravir, naringenin, deoxyinosine, cytidine-

S-monophosphate, azomycin, 3-hydroxybutyryl limonene, pinene, hinokene and L-glutathione
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Fig. 7 In vitro biosynthesis pathway for conversion of ethynyl glycerol, acetaldehyde and guanine to islatravir

[Metabolites and product were ethynyl glycerol, (R)-enantiomer of aldehyde, 2-ethynylglyceraldehyde 3-phosphate and islatravir.

Enzymes involved were galactose oxidase, horseradish peroxidase, catalase, pantothenate kinase, acetate kinase,

deoxyribose 5-phosphate aldolase, phosphopentomutase and purine nucleoside phosphorylase]
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