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optimization and adaptation of several purified or partially purified enzyme components, in order to convert certain substrates
into target compounds in vitro in an efficient manner. This type of molecular machine is component-based and modularized, so
that its design, assembly, and regulation processes are highly flexible. Recently, the advantages of in vitro multi-enzyme
molecular machines on the precise control of reaction process and the enhancement of product yield have suggested their great
application potential in biomanufacturing. Studies on in vitro multi-enzyme molecular machines have become an important
branch of synthetic biology, and are gaining increasing attentions. This article systematically reviews the enzyme
component-/module-based construction strategy of in vitro multi-enzyme molecular machines, as well as the research progress
on the improvement of compatibility among enzyme components/modules. The current challenges and future prospects of in
vitro multi-enzyme molecular machines are also discussed.

Keywords: biological component, reaction module, coenzyme, artificial multi-enzyme complex, compatibility, in vitro synthetic
enzymatic biosystem, in vitro synthetic biology, biomanufacturing
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Fig. 1 Examples of modularized in vitro multi-enzyme molecular machines. 1A: isoamylase; 4GT: 4-a-glucanotransferase;
aGP: a-glucan phosphorylase; LBP: laminaribiose phosphorylase; PGM: phosphoglucomutase; IPS: inositol 1-phosphate
synthase; IMP: inositol monophosphatase; G6PDH: glucose 6-phosphate dehydrogenase; 6PGL: 6-phosphogluconolactonase;
6PGDH: 6-phosphogluconate dehydrogenase; NROR: NADPH rubredoxin oxidoreductase; SHI: soluble hydrogenase I; RPI:
ribose 5-phosphate isomerase; RPE: ribulose-phosphate 3-epimerase; TK: transketolase; TAL: transaldolase; TIM: triose
phosphate isomerase; ALD: fructose-bisphosphate aldolase; FBP: fructose 1,6-bisphosphatase; PGI: phosphoglucose
isomerase; G1P: glucose 1-phoshpate; P;: inorganic phosphate; G6P: glucose 6-phosphate; 6-PGL.: 6-phosphogluconolactone;

6PG: 6-phosphogluconate; BV: benzyl viologen; Ru5P: ribulose 5-phosphate; R5P: ribose 5-phosphate; Xu5P: xylulose
5-phosphate; G3P: glyceraldehyde 3-phosphate; S7P: sedoheptulose 7-phosphate; E4P: erythrose 4-phosphate; F6P: fructose
6-phosphate; DHAP: dihydroxyacetone phosphate; F1,6P: fructose 1,6-bisphosphate.
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Fig. 2 Examples of NAD(H) regeneration modules comprised of more than one enzyme. (A) An NADH regeneration
module based on the complete oxidation of methanol. (B) An NADH regeneration module that consumes hydrogen gas.
(C) An NAD" regeneration module that produces NAD® from its heat-degradation products. ADH: alcohol
dehydrogenase; ALDH: aldehyde dehydrogenase; FDH: formate dehydrogenase; SHI: soluble hydrogenase I; DI:
diaphorase; ADPRP: ADP-ribose pyrophosphatase; ADK: adenylate kinase; PPK: polyphosphate kinase; RPK:
ribose-phosphate pyrophosphokinase; NADase: nicotinamidase; NAPRT: nicotinate phosphoribosyltransferase; NaMAT:

nicotinate monomucleotide adenylyltransferase; NADS: NAD" synthase; polyP: polyphosphate.
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Fig. 3 ATP regeneration modules that utilize pyruvate, glucose or maltodextrin as energy source. Hex: hexokinase; PK:
pyruvate kinase; aGP: a-glucan phosphorylase; PGM: phosphoglucomutase; PGI: phosphoglucose isomerase; PKL:
phosphoketolase; AK: acetate kinase; LDH: lactate dehydrogenase; PDH: pyruvate dehydrogenase; PTA: phosphate

acetyltransferase; G6P: glucose 6-phosphate;

F1,6P: fructose 1,6-bisphosphate; P;:

phosphoenolpyruvate; F6P: fructose 6-phosphate; E4P: erythrose 4-phosphate.
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A B C
Peptide linker Coiled-coil interaction Affinity domain/ligand interaction
El =~ El = - E2
El —~~ E2 < B2 /
H3 li .
Leucine zipper domain SH3 ligand SH3 domain
D E
DNA scaffold Protein scaffold
El E2 Bl E2 E3
3 ; I I * N Dockerin
EOLTOL O\ N

B4 ALZBEBESRRIARRKRE

™ Cohesin

Fig. 4 Strategies for the construction of artificial multi-enzyme complexes. (A) A multi-enzyme complex using a
peptide linker as connecting component. (B) A multi-enzyme complex using the leucine zipper domains as connecting
components. (C) A multi-enzyme complex using an affinity domain and its ligand as connecting components. (D) A
multi-enzyme complex based on a DNA scaffold. (E) A multi-enzyme complex based on a protein scaffold. E1, E2 and

E3 resemble enzyme components.
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% BE& 12 (Pentose phosphate pathway, PPP) H1f#
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HliR (3-phosphoglycerate, 3PG), Hdr—AN i
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IR (Phosphoglycerate kinase, PGK), FEiX 2 /|~
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http://journals.im.ac.cn/cjbcn
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Sh4 DAREEAT T BRI RGE , X NAD #1 NADP
A AEAL TS PRS2 T 3R TP, I Bk s e A
I3t STt R A% 1) RN T A e T A T Y A R
(Nicotinamide mononucleotide, NMN) #£474£57
Maurer 2244 41 il (5. P450 Y 2 S SE AR IE DT T
A, %A (A P450 ) NADPH i iy T 5475
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[

7 NADH il 181 i Ryan 25 % B4 08 I 19 1%
YA A 3R PA50 IR AT T AN LA AR e 17 2-
1,4 —SHmERE  (N-benzyl-1,4-dihydronicotinamide,
BNA) #17fiAkhE S,

1 T 2 N A7 A e 5 R SRl A R A )
WAEEH 225, XF N A AR R A4 1) 5 R
R TRIHBE SR B, Tl iE 23R, Rk
FAT T AN R vk E . A IR N T
itE , TR B B P O A A A T P e,
TP N AT A 5 A0 3 TG ) g e R i
TR Z WG T LA N R G, 740 R
e,

High P—ATP rheostat is “ON”
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p1
NADP*
/spontaneous NADPH GapN
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High NADPH—purge valve is automatically “ON”
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2 H20 Pyruvate NADP+

NAD* 1
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Fig. 5 Reaction modules that facilitate the smart regulation of coenzyme concentrations. (A) An ATP rheostat that
responds to changes of phosphate concentration. (B) An NAPDH purge valve that automatically adjusts the NADPH
concentration. GapN: nonphosphorylating glyceraldehyde phosphate dehydrogenase; mGapDH: phosphorylating
glyceraldehyde phosphate dehydrogenase; PGK: phosphoglycerate kinase; PDH: pyruvate dehydrogenase; NoXE:
NADH oxidase; G3P: glyceraldehyde 3-phosphate; P;: inorganic phosphate; 1,3-BPG: 1,3-bisphosphoglycerate; 3PG:

3-phosphoglycerate; PHB: polyhydroxybutyrate.
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Fig. 6 Structures of natural nicotinamide-based coenzymes and biomimetic nicotinamide coenzymes. (A) Common
natural nicotinamide-based coenzymes. (B) Biomimetic nicotinamide coenzymes. NAD: nicotinamide adenine
dinucleotide; NADP: nicotinamide adenine dinucleotide phosphate; NFCD: nicotinamide flucytosine dinucleotide;
NMN: nicotinamide mononucleotide; BNA: N-benzyl-1,4-dihydronicotinamide.
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