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Advances in a new energy system based on
electricity-hydrogen-carbohydrate cycle
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Abstract: The development of green and low-carbon renewable energy systems has become an
important international consensus. It is also an essential path for China to implement the dual-carbon
strategy, ensure national energy security, and achieve sustainable development. This review introduces
the theory of a new energy system based on electricity-hydrogen-carbohydrate (EHC) cycle, and
highlights the biotransformations of carbohydrate/water-to-hydrogen, carbohydrate-to-electricity, and
CO,-to-carbohydrate powered by hydrogen- or electric-energy based on the in vitro synthetic enzymatic
biosystems (ivSEB) developed by Tianjin Institute of Industrial Biotechnology, Chinese Academy of
Sciences in the past decade. We elaborate the design principle and the molecular basis of ivSEB, and
further expand from the EHC cycle to in vitro biomanufacturing with starch as the feedstock. Combined
with the latest research advances, we analyze and discuss advantages and disadvantages of ivSEB,
prospect future directions, so as to promote the green, low-carbon and sustainable development of
economy and society.

Keywords: electricity-hydrogen-carbohydrate cycle; new energy system; in vitro synthetic enzymatic
biosystem; carbohydrate/water-to-hydrogen; biological hydrogen production; carbohydrate-to-electricity;
enzymatic fuel cell; artificial electron transfer chain; CO,-to-starch
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Schematic diagram of electricity-hydrogen-carbohydrate cycle™. Three forms of secondary energy

can be converted from non-renewable energy sources or renewable energy sources. For theoretical energy
efficiency of bidirectional conversion (practically achieved energy efficiency shown in brackets).
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Advantages, current challenges, and applications of in vitro synthetic enzymatic biosystems

Table 1
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Metric Advantage (+)/ Description of advantage/ Example References
challenge (-) solution to challenge
Pathway  (+) flexible Able to design unnatural An artificial in vitro pathway uses nine enzymes to  [24]
design pathway design synthetic pathways stereoselectively produce islatravir from simple
building blocks. It requires fewer than half the
number of steps of previously reported routes
Enzyme (+) a wide choice Can simultaneously use Different enzymes from bacteria, fungi, and plants  [25]

of enzyme sources enzymes from different
sources, even when they
are difficult to co-express

have been used in one pot to investigate the ability
of the system to produce starch from methanol
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E&RD
Metric Advantage (+)/ Description of advantage/ Example References
challenge (-) solution to challenge
(—) costly To use enzymes with high  Fructose-1,6-bisphosphatase from Thermotoga [27]
enzymes; (—) total turn-over number maritima has an estimated TTN of 20 500 000
enzyme (TTN)* values (mol product/mol enzyme) at 60 °C
deactivation To improve the Expression level of soluble recombinant 7. maritima [28]
recombinant protein 6-phosphogluconate dehydrogenase in Escherichia
expression levels coli has been increased by more than 500 folds upon
optimization of expression conditions
Utilization of thermostable By using hyperthermophilic enzymes, one-step [12]
enzymes enzyme purification by heat treatment is allowed,
and in vitro production of myo-inositol from starch
can be operated at 70 °C
Protein engineering to A more than 14 °C increase in melting temperature  [29]
enhance thermostability (Ty) of Bacillus subtilis p-nitrobenzyl esterase has

been achieved through directed evolution without
compromising its activity at lower temperatures

Enzyme immobilization to Immobilized glucose isomerase can work at around [30]

enhance thermostability 55 °C for up to two years

Bulk enzyme production Recombinant protein expression by the Bacillus T7 [31]
system in high-density fermentation, decreasing its
production costs to $30-40/kg enzyme

Coenzyme (-) costly and Coenzyme regeneration A CO,-fixing system containing NAD(P)H, ATP and [32]
unstable FAD regeneration modules has been designed
coenzymes Design and utilization of A hyperthermostable glucose dehydrogenase has [33]
biomimetic coenzymes been engineered to give enhanced activity towards a

synthetic nicotinamide biomimetic coenzyme. This
engineered enzyme has been used in combination
with an enoate reductase for the complete
conversion of 2-methylbut-2-enal
Reaction (+) easy-to-adjust Temperature, pH, substrate [n vitro production of fructose 1,6-diphosphate has [34]

control reaction conditions and enzyme concentrations been tested under different temperatures, pH values
can all be adjusted with and enzyme ratios for optimal system performance
high flexibility
(-) different optimal Multi-stage reactions For two-stage production of myo-inositol from [35]
conditions for cellodextrin, the temperature increases at stage 2
different enzymes to speed up downstream reactions
Product  (+) high oreven  Because there is no cell In vitro synthetic enzymatic biosystem breaks the [36]
yield near theoretical growth or metabolism Thauer limit of microbial fermentation (i.e.
product yield; 4 Hy/glucose) by theoretically producing 12 Hy/glucose
(+) high product  Due to higher system The in vitro system can produce around 0.5 g/L [17]
titer tolerability to toxins cannabigerolic acid or cannabigerovarinic acid

which is almost two orders of magnitude higher than
microbial production by yeast
Product  (+) easy product  Due to lack of cell walls Polyhydroxybutyrate produced in vitro precipitates [37]

separation separation and hence can be easily collected without cell lysis
Scale-up  (+) easy for Similar system behavior In vitro synthesis of myo-inositol has been [12]
scale-up after scale-up successfully manufactured in 60 000 L reactors

=: 010-64807509 B<: cjb@im.ac.cn



4086 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

Yield
(mol H,/mol glucose)
In vitro synthetic enzymatic biosystem 12
Ethanol fermentation Ethanol Patial oxidation reforming 9
L—=" | -
Q
= . =1
o) Photo-fermentation g‘) ~ | o
%‘ ol —'I Acetate | Electrohydrogenesis 5
RIS > ~9
5 T
&
Anaerobic fermentation
~0.5-3.5
Gasification, pyrolysis, APR, SCW
~4-8

B2 EABRRS AR S SHEER

Figure 2 The comparison of hydrogen yields produced from biomass carbohydrates by using different

approaches[38].
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Figure 3 Schematic diagram of hydrogen or electricity production by in vitro synthetic enzymatic
biosystem. The enzymes are aGP: a-glucan phosphorylase; SP: sucrose phosphorylase; XI: xylose isomerase;
PPGK: polyphosphate glucokinase; PGM: phosphoglucomutase; GOPDH: glucose 6-phosphate
dehydrogenase; 6PGDH: 6-phosphogluconate dehydrogenase; DI: diaphorase; Hjnase: hydrogenase; XK:
xylulokinase; RuSPE: ribulose 5-phosphate epimerase ; RPI: ribose 5-phosphate isomerase; TK: transketolase;
TAL: transaldolase; TIM: triose phosphate isomerase; ALD: fructose-bisphosphate aldolase; FBP: fructose
1,6-bisphosphatase; PGI: phosphoglucose isomerase. Metabolites are GIP: glucose 1-phoshpate; Pi:
inorganic phosphate; G6P: glucose 6-phosphate; 6PG: 6-phosphogluconate; RuSP: ribulose 5-phosphate; R5P:
ribose 5-phosphate; XuSP: xylulose 5-phosphate; G3P: glyceraldehyde 3-phosphate; S7P: sedoheptulose
7-phosphate; E4P: erythrose 4-phosphate; F6P: fructose 6-phosphate; DHAP: dihydroxyacetone phosphate;
FBP: fructose 1,6-bisphosphate.
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Figure 4 Optimization of in vitro synthetic enzymatic biosystem for hydrogen production from
carbohydrate[l3’23’45'46]. (A) Enzymatic pathway depicting the complete phosphorylation of starch to G6P
without the use of ATP. (B) Schematic diagram of biomimetic electron transport chain for improving
hydrogen production rate!*). (C) Surface view of wild-type 6PGDH with NADP® and mutant
A30D/R311/T32I with NAD™¢. (D) Schematic diagram of the NAD'-based electron transport chain
comprised of NAD"-conjugated mG6PDH, NAD"-conjugated m6PGDH, and BV-conjugated DI (BCV-DI)
for improving hydrogen production rate. IA: isoamylase; 4GT: 4-a-glucanotransferase; aGP: a-glucan
phosphorylase; PGM: phosphoglucomutase; G6PDH: glucose 6-phosphate dehydrogenase; 6PGL:
6-phosphogluconolactonase; 6PGDH: 6-phosphogluconate dehydrogenase; NROR: NADPH rubredoxin
oxidoreductase; SHI Hsase: soluble hydrogenase I; G6P: glucose 6-phosphate; BV: benzyl viologen; Ru5P:
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SR A AUR SRV A IR L RE . SR,
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cell, EFC) M5 HE R + 70218, HEID A
21 285 A BE AP A SN . FH AT, EFCHY
RIEATTH G 4 DEAPRE : Toiksd e f ARk
AR . B A TR Pk 25 A T A2 B
21 REYHTEENTE

TEA 3 EFC B, R g & %5 B RN ) 30 9% i A
KAZERCEER, et EFC MM
Jo KIRATRRE (i ZwE . FLIR . PR R Bk
CBESE) W58 4 E AL R T L LA I ) D[R] 44 AL
AfResent, fRm, HEiKZ% EFC U H—Fh
it > 5 LR RE B BB 43 Ak, = B R A e
A PSRRI S — T
HE s AR T R A A R e L R 28
W2, A RXFEER A I E— R
G 52 SR AR B S0 o K 22 85 L A )
NRRRLE EFC S A #4 BE AL (glucose
oxidase, GOx) u¥%, NADH < #fi 14 1) 5 75 b i &
fif (glucose dehydrogenase, GDH) AHE{LF],
BAEEE ST R AHE 24 MHTFHH
24 AT SEI R A R A A B AL, Sakai 5§
1 Cosnier 5 4 At Mg bl i 0¥ (pyran sugar
dehydrogenase, PDH) #l £F 4 — # il & i
(cellobiose dehydrogenase, CDH) 544, f#
H— A R AR T 3R1F 6 4~ L
32 BT 4 A v 2 o7 A A A AR AR 1Y
&, Minteer SF4& T —Fh7E A= ) FHAR _E K
ER R E ARSI R S . SR, R
52 e e o 1510 IR s = K A 7 R P 1 v 1
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S AR ) 58 A AR

N T SEBUBE R 5E e A, A H
BAGSC T KBS, A T A TR 2l
AR BFC, nlRE 25 B Y i 58 A4k
A AR, JF T AR R IR AR R A L T
(B 3). HyrausmI, JET MK T
NAD /il & /i, B G6PDH il 6PGDH, Al
BB T GoP iy AL R AR . AR
FEHf, GOP i A fh b Al — Ak e R B b S-w
2 (ribulose 5-phosphate, Ru5P), [FH} NAD #f
IBJ5CH NADH. i )51 NADH Fifif5#% DI #£4
16, A NADH 77 4E 2 L X 8B Fi
WN4EE 3R K3 (VK3) S T Rt — 2D e 5%
AN B, B AEmEE, I, 14 G6P 4r ¥
A A 4 AR dia A RuSP 2 —fif CS
&Y, FTLAE AL C6 (a1 GoP 1)
WARTE PR o 2 ZFRPRIRG IO B 4 B BT
i) GoP, Zad fAALFIFEAR 6 ik, AlsLEl
AR, PR 24 MHF, BT RS
SRR, MEFEWIREU R 15% (WIV) B,
EFC [ERERIE N 596 Ahkg, EPLEEREN
92.3%. T4 2Rt vl 3 i 2F 2 20K 0 R 1L 1
(cellulose dextrin phosphorylase, CDP) #1%ij%]
Wi IR - Vi i (phosphoglucomutase, PGM) HY
A ER AL GeP, FIH k™ ikis Ak
FEHL BRI, XA TR FHANZE 2RI |
LYERFVER 22, ABEE N T4 ps
WG, REWH T A AR OB iR AR 4l AR R A
21353 T AL s 5 B BE A P 4 2 0 7 A= i
WA= 2P ZGRE AW I ATP .,
B A SN EE T AR 6-BEmR
ZjBEINTERSE (6-phosphogluconolactonase, 6PGL)
G, ROV U 1R, RRERRCE A
98.8%, I RHLTLH LN 6.8 mA/em®. [AIFE, il
R AL D AR B B, B0 T —
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FIH A ERE . RERE AR BRI A W = B
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B, % EFC S2PL T 2 95% ML hi iR, IF ™
AT 1.08 mW/em?® Ff KRINREE . X0 TAE
HWRUEW TH#E EFCs Hhalfifi FBRE A W1E NI
RE, IR TR ENE R I RE R T . F A
BT —FP KRR a-(1,4) HEXOHE, 7EE 4 Tk
MEY KA 5] 2N . 16237 2R
T AT . B9t T2 T 7 e T R 22 Tl e 4 7 03
MLV ER T, B 0 T %A A
G6P 73 ¥, BJEHE AR L s, B ba]
FRAE A8 ANHLF,  FH IR R A R T TR R AR AR
7 96.4%, T KYPREREN 0.6 mW/em™,

B bk OO RSN, AR BEAE ) A )
SRR O OB R A T O, & — b
R A MR RE . — i PR 4 E 2 % 40 TR IR
W PR 1 A% 1 KHEIE SS T AE EFC R A B
PR, BN ARBES TR LALE S IR GOP FEA IR
e 20 ANHLFRT KBRS Y
J5T H U R SOBE Y[R R R AT 1A, AR
SEAh b, AR K A 0 v 1 R 2 W RN AR T
625 9 58 2484k, M 53 EFC 1 & g &
W, RPERRCE A 92%08 il i 1 Ak il A
T B, RIS P e 22 B AR 0 JBOK R b
MlE . LAAE Y SO R R ) EFC 5 KT %
RN 0.5 mW/em?, 10 d J5 ShR&E AT NI 1k
1 60%.
2.2 BBl BBRI R

FL I R T R, LR T T L G
Seo i, BAE A A A SR ) R A LT
FLE TR, ERFEEATHBILTR/L. XHFL
BN P W B RE it ke it H RT3 B o
W R B HARR B A R R s, nf
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KF) 10 mW/em?, A BAB I AR 8 58 448 4k
HARFHFEE) EFC, YPRERE A 2 mW/em’,
N TR ERERE, HEEAHEZNE
Yifkeg . HAksE L R TR AR R SE— R
SIS A AR, B, T EAR TR L
HARRI BT EFCs H, LURTHE MR AE
FEARRRDT O 2T AT A VAT (8 22 T il 7 2 )
A EEE R, R Ek ] D — A B A
DA R R B o — AN RS PG, R
A AT 4 4 B 3 SO I TR] 8 BE U D P LS |
B RO o N, S O
BB AT GOPDH 1) XL & 5 AL Ak A 26 b
4% EFC TR ES, Hoh, DI4RE
FUAZS G, ISR OAHENER, K2R
JC 4 % 2 TR ) £ Bl B 4 %€ R b T N R
EFCs 4, A< A BAFI FH K SR £F 4k /N v (1 26
M (cohesin) FI4 % H (dockerin) Z
[0 R MO R e S A AR, Mg T
2T 2 AR Tl T A T T 4 2L 7 Tt 1 L
SEAA, 3 R U h b U T T S AR B
k=3 i O S R Y S e
3355 2.14 15 (A 5A),

EFC H () He 2 f H AR St T b A i Ak
W IR TP A i . BRI, A A RE DL I
5 I i N el T RS0 ERedl T 36
TG EFC TR MK R . G6P &
A6 7 B 3 2 T A PR S 420 B G6PDH Fil 6PGDH
¥Ioh NAD MM S . AR R N A
FRHL T A RN B RS A B, RTOK I R AR 1R
0 DU [ 5 Ak, DA T A A Ak i R R
0 AR 4 7 T Y BRFUT T S BB B B R R, 9F
I D AR o 3 Al R 0 TR A T8 R R 20—
i (polyethylene glycol, PEG) #%) & fifi-4fi K 1/
W RS, 4% G6PDH-NAD',
6PGDH-NAD FI DI-BV*", Jf1 T G6P ™
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Figure 5 Power and performance enhancement strategies for sugar substrate enzyme fuel cells based on in
vitro synthetic enzymatic pathway[53’65'67]. (A) The two-enzyme complex increases the rate of cellulose
dextrin oxidation and electricity generation based on in vitro synthetic enzymatic pathway”’!. (B)
Double-layer screening method for the fast identification of 6PGDH mutants'®. (C) Preparation of

carbonized polypyrrole as an electrode material'®’. (D) Photo-switch working mechanism based on C-dots
and TMB".
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TR ZEG S 00, HA L R IR A5
PERAIG, B EFC 19 TR AR FIAR R 1 A X A
25, AL3E 20 A D i 1 B 1 BT TR s ok
P W AT M A PR R T — i
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A DL o 42 48 K AR AR e M = i g s 5 — 7
1, R BRI A RN S nT
P A A IR T Y B A B, InTE AR L R
PE. Beif pH. HFUEME . XTER AN 327k L
B R ISR, G R MM RE . I, 78
BATRIRAEBE EFC i, R A b,
EREEA T AR TR R, 3 pH EHT
R LA K BH AR g i R AR M 2 16 o IRk, #2055 EFC
PR T PR L e i) e P AR G 1 i i P e )
Lt AR 1 1T o A4S BRI T ) gk Ak i) =X
5k T R 6PGDH A DIVA158 28 (A it |
TE pH 5.4 Z50F T IEALECR LA R B4R e T
02 FE AR, HEREGEMEWA TS (K 5B).
I X T P s A, E AR A R P ol R 5
EFC MTERE. HMMRL, JUHZEGKBRE, A]
hy T4 B R i B O ORI RN TR B, HAE R
) L AT DA B v DA I P rh o A% 3 )
HLA T o B AR JE SRk (polypyrrole, RPPy)
Erleffs, T w4 EFC, JFigH
JERATIL 1.16 V, FKRIRBE N 0.35 mW/em?
(¥ 5C). 34~ EFCs H AL R B4 i 52— 1>
€5 LED AT 4L 48 ho FIH—F B A A LB
Fe = Y 2 A hne SCBE R 25 AR W F B2 RR, TE
FLREK N R Al P2 A4 1.3 mW/em? f kI %
VY I HR B R R BB U R i A AT L
AR il P ) [ 2. K PYSHI e £ 4-H 5L
R A I ZRERR AR S I, PfSHI FEif
BiK R A2 7E AR EIE B AE A2 [l Fg 527,
EFCs [RH AT RS A P AH 25 A k2 A
NEY B MR, R, TN
I e A7 R LA % Ay W 3 % R it s T g
PE, BRIET EFC MSEBRn Ao R 4t 4 s
TRACIIAOKR I BE TisC, & Jm i IVE R —Fh K H
REAR . mREENYKE R T EFC 1,
H2E YA, LA S mmol/L #iZH NIEY), 1F
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TN IR K% B 0.32 mW/em” fil
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20 dV0, BRI B T EFC MR AR A
WA IFKIETT,

i T s N — BFIG, EFC BHAR A A5k
LSS RRELINAE, TEAN TR S0 L BRI 23 1 B BE
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N, YEEE 20 min S5 HLFEM 5.9 pA BE S 10.8 pA,
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U @R — R AT 3,37,5,5"- D0 ALk
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A AL I BB A A K T A Sy BRI A B DI L I OG
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A EE P (F SD), WERESS 20 min )T,
JEHLIFOC EFC HY LM 2.3 pA S I 24 9 pA,
IR M 2.8 uW/em? BN & 35.0 pW/em?,
LR Z2 Bk 8 G R ORI B 2
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SAE T AR S 22 B AL s A2 DB ™ E A
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PR 34 i) I 5T (formolase) FITEME. (2) &
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WIERY . SRR, RN R
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I FH L B [T AR Al ™ T A Y SR LA — 4
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B AT
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R AT 6 MPER, fUdE: (1)
W5 NADH M A=, LAEUN R Ui
(Hyase) Fl¥5%E W (transhydrogenase) MHIfESL
TR, Bl A T (2) Ak
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B HRAEAL , o AR AR 2 i TR B2 Ak o R
M (3) FIFH RIS RBEIR IR TP 6-BER
CL B il (hexanose 6-phosphate synthase,
HPS) FH#EER . 4k 5447 (hexanose phosphate
isomerase, PHI), FfHEEF RuSP [ S R bk
6-BfR (fructose 6-phosphate, F6P); (4) —f
or F6P HTIER B (5) 5—iflisr FoP 4
M R AR AR R AL O R R i e b Y 8RR AL,
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Figure 6 Schematic diagram of an unnatural reaction pathway for conversion of carbon dioxide to starch by
in vitro synthetic enzymatic pathway using hydrogen/electricity to provide reducing power ..
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Rl T 7 7 A3 Sk B I A s 9 5 A1 30T 1 e BE R A ik B JUAE R, AR BATE H - A 2R B
RE U5 1A &% A9 4 22 5 8RB T — R A
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