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Table 1 Cofactor regeneration by electro-chemical method
J[ist7] e fit LR Fh MR EEEARCRE TTN SCHk
4 AR RC)-4FEE3-F HbHEE. 15 minff/ENADH
2 WTMoR  summam el NA. Ce-PAApolymer = "0 ol [27)
T4 AR TR : P 3 i Fﬂg%%%/%gps —1.0(V vs. Ag/AgCl) CuNPs ~82.3% [25]
&k iR F i 2Lt ke 0! Vlévcsléﬁg)mgc” N.A. 0.5mmol/L NADH  [26]
ZE AR FH R ER P 2 Mot = i R T R 1.0 V vs. Ag/AgCl [Cp*Rh(bpy)CI]CI 96.5% [28]
Sap WeE wemEs ko 0TS TLI%20%  [29]
ALk ik WEAN VKR i —Lov [CpRh(bpy)CLICI 100% [30]

(vs. Ag/AgCl) A YI(RA(IID))
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Figure 1 Intramolecular PCET transfer pathway and molecular switch design
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Figure 2 Co-evolution mechanism and co-evolved interaction networks of amino acids

1243



MG 8 & 2021548 %665 #10H

B RAFRERRR B, RSN T 22 Y6e
AR, [RIL, T B4 G PR S A 153
TEFAR K R I SR e
4 [EESRCEPR S LR M RE

ST B ARIEE I A AL R, Ak R
Do— B TR A NES, i ReE N TSR SR
TR, LIBT IR i i T ke 2ha ™. 2T
52 A L A ) i | IR 1 B0 = R A 15 s
FL DO £ PR - PRSI A 2B 46 T 1 e T P o il
Fim, T 55 R A T AR, 8 )
R 25 D7 AT PR B T 5 AR A A AR, 2
HL & PERE.
4.1 FRE TSRS

P S A3 EL A7 T o A 4 T A 3 D B
5 HAE I SRR S, Luifiii ™ L
FI R SR azurin(FR A WTAWE WBFFEIA R, ZEAE A
ACufl B F, HH7R+0.265 V. it tcis $R153 4
HEAN T CuZb & K P A 2 A8 T2 AN AR T G
S AR 24, [EE A A +0.972 V. N
7 Cu, H—-0.950~+0.972 VAYHAJE B M4 K% T
A AT BB LA YE I (+1~—1 V). Hartwigift
J 2 OIS 3 B A R B T T B 3 i P gk R 1) B B R
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1 AU 4 JE RN 2 A 67 0, B R C A IX S5k 1 S PR
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R, o EE HARE TS
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Figure 3 Assembly of conductive peptides for oriented immobilization of enzyme
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Table 2 Sequence of conductive peptide

2k J¥3 ik
(RTHRK)4
KAKELAEKLAELKA-(RTHRK)4
P450KI K Z Ik (KAKELAEKLAELKA)2-(RTHRK )4 [54]
YPYDVPDYA
YPYDVPDYA-(RTHRK)4
ALF3W VGGLGWWW
R5T3W SVNVTQVGFGWWW [58]
R5T3Y SVNVTQVGFGYYY
ACC-HEX ELKATAQEFKAIAKEFKAIAFEFKAIAQK [59]
SRR P S AN UEA N CAALPDGLAAC [60]
ASGGGGSGGGGSGGG
PSPSTDQSPS
FHZMK GSGGGGSGGGGSGAS [61]
VLHRHQPVTIGEPAAR
VLHRHQPVSPIHSRTIG
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Bioelectrocatalysis attracts much attention with the advantages of high selectivity, high efficiency, no byproduct and
environmental friendliness. Electrification of industrial biotechnology is challenging for the different operating conditions
and catalysts of electrochemical and biochemical reactions. In this review, we present the state-of-the-art information on
enzymatic electrosynthesis for the production of fine chemicals.

Multidisciplinary strategies of electrode surface modification and enzyme immobilization have been integrated in
electrocatalytic devices with various applications in biosensors and bioelectrocatalysis. However, the efficiency of
bioelectrosynthesis is determined by the intramolecular electron transfer rate, and interfacial electron transfer rate between
the oxidoreductases and electrode. This review aims to summarize recent progresses on the mechanism studies of intramolecular
electron transferof redox proteins, including tunneling, hopping, proton-coupled electron transfer, etc. Modular origin of
electron transfer chain was also discussed from the perspective of the evolution of spatial adjacency network.

Novel and efficient oxidoreductases with enhanced intramolecular and interfacial electron transfer rate can be obtained
by protein engineering. The strategies for facilitating intramolecular electron transfer are addressed, which includes the
regulation of co-evolved electron transfer network, the designs of molecular switch and the assembly of conductive
modules. Oxidoreductases are engineered to improve their biocatalytic performance by using the tools of molecular
evolution, modeling, structure prediction, and mutation. Co-evolved molecular switches controll proton-coupled electron
transfer and regulate electron transfer inside the multi-center redox proteins. Assembly of surface-binding conductive
peptides to oxidoreductases facilitates electricity-driven catalysis. Moreover, the modifications of oxidoreductases allow
their predictable immobilization on functionalized electrode surface with improved stability, controlled orientation, surface
coverage and enhanced electron transfer. After that, electron transfer within a series of well-defined peptides with
orientation-controlled and surface-confined enzymes was addressed.

Strategies also developed to increase the biocompatible active surface of electrodes and to promote charge transfer
reactions. Nano- and macroporous electrodes based on metal nanoparticles, nanocarbon tubes, graphene, and metallic
inverse opals have been designed and fabricated with predictable surface functionalities and electrochemical properties.
Electrode/mediator/cofactor/enzyme conjugates can enhance the in vitro bioelectricity generation of cofactor. Screening of
redox mediators for electrochemical regeneration of NADH was also summarized. Multifunctional surfaces of nano or
meso-porous electrodes, where oxidoreductases were bounded to structured electrodes with necessary components (e.g.,
mediators, cofactor, etc.) with tailored properties, were summarized. Optimizations of functional electrode materials and
surfaces can improve the efficiency of cofactor regeneration in the electrochemical reactor modules.

Key challenges and future research for better bioelectrocatalysis are discussed and expected briefly. Mining and
engineering of novel and robust enzymes from genomic and metagenomic libraries would benefit the bioelectrocatalysis.
Based on genome mining, discovery of novel oxidoreductases from extreme microorganism provide thermophilic,
alkalophilic, halophilic and organic solvent tolerant oxidoreductases. Reactors for bioelectrocatalysis are optimized to
provide a platform for the production of chiral chemicals, which brings great promises for biomanufacturing. Further study
of bio-inspired multi-enzyme immobilization which mimics quick electron transfer in multi-enzyme complex is suggested.

A variety of approaches for bioelectrocatalysis have been successfully applied for the synthesis of chiral chemicals which
are intermediates of fine chemicals and pharmaceuticals. Bioelectrosynthesis processes could replace many chemically
catalyzed routes in the future, and aims to construct a new platform for more efficient and green biomanufacturing.

oxidoreductase, bioelectrocatalysis, cofactor regeneration, molecular switch, co-evolution, electron transfer
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