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enzymatic biosystems (ivSEB) is a type of in vitro biotransformation (ivBT) technology, which is an emerging
biomanufacturing powerhouse that combines microbial fermentation with enzymatic biocatalysis, allowing for novel
and efficient hydrogen production, also breaking the Thauer limit and achieving a yield of hydrogen close to the
theoretical value of chemistry (1 mole of glucose to produce 12 moles of hydrogen in maximum). It represents the future
direction of biological hydrogen production. However, the recombinant expression of hydrogenase is the main
bottleneck limiting the wide application of ivSEB for hydrogen production technology. Hydrogenases are widely
distributed in all life domains, but are oxygen-sensitive and mostly consist of metalloproteins with multi-subunits,
bearing [Fe] only, [NiFe] or [FeFe] dinuclear core in their catalytic center. Oxygen not only inhibits the activity of
hydrogenase, but also affects the transcription of the enzyme-encoding gene and post-translational process of the
enzymes. As a result, the levels of recombinant hydrogenase are usually low and the enzymatic activities are also
incomparable to the native enzymes, often leading to high production costs due to the strict anaerobic purification
procedures. In order to meet the requirements of industrial hydrogen production, hydrogenases must possess excellent
catalytic properties, such as a high catalytic turnover number, great thermal stability, and the ability to tolerate trace
amounts of oxygen. This review summarizes the studies on the structural and catalytic characterizations of
hydrogenases, including their classification, oxygen resistance mechanisms, and progress in recombinant expression.
Additionally, the evolution of natural electron transfer chains and the design of artificial routes, which can improve
hydrogen production efficiency and reduce costs, are briefly discussed. The review also discussed the progress in the
studies on the mechanisms of hydrogenases’ tolerance toward oxygen, the strategies for microbial expression of
recombinant hydrogenases as well as the optimization of the artificial electron transfer chains adapted for the production
of hydrogen using ivSEB, in expectations of promoting the applications of hydrogenases involved ivSEB, from

renewable energy storage, anaerobic artificial respiration, to clean hydrogenation or dehydrogenation in biocatalysis.
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R IR AR K, T B A 2 . I8
A] DU I e B s PR s R T AR, 4 ks
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Al [FeFel] AMANHE, A B HNIFLGEA
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bt & B8 I R AL [4Fe-3S] 4R i % X T — &t
[NiFe] UM A MY 32 M2 R T = %), i
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0 fi T S Bl AU B2 A R SR Y, (E R X A
SR 5 L 45 1 e i 0 A T T 4 REAS DA AU SE
JitE Y, TN E A A ROR R B, B A
N AR T BA UG A 2P [FeFe] A2
o SR, XA R A AT AS A2 DAASE A e i
AESRBRNL A, ARORAT G HE 2D 4R e A B A A
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2.3 SENRERIASRIREERERR

N T RENE A T A MO R SR AT 7T, B N
AL B HEAT IR AT, BEFCN DA/ R &
M, HAEEZRTEMmMRNKREANS,

B H R A A R AR . Ak, RAR A
B2 F T 44k R M bR 2 0K, 5 Bealifb o 72 b g
WEIPUREOR, Bk, SFNEAmTREHARE.
JUTAERLK, #FITN G — B AE 2% PP R 1A SR
H & T [FeFel M1 [NiFe] &g [ A7 58 7 5 &
AP H R T S R R S R L B ) B A
A%, 2010 LAAT AR IR R L T RE 14 1) [FeFel &
g i s S T AR D, FEEHT HE
16 ¥ LA T B H-%, SBRERELZT
AL TG VEY apo-fF P, Bk N AR IR1GHIE PRI
AR (XY SR LR AN BRI T
AMRIEFETENRAEOERR, FEHIAH
1) HOGE S v SRR I T R I Al A B i, X L i T
X E A EHRE T/ERR TERNE
o Uk, LAk, &N RS
T A [E AN e 5 T PR IE T 2 [FeFe]
Al (R B [NiFe] Zfg (R2). X, FH
B K AT B AT [NiFe] S B 20K ) Rk
H 3% [ 26 0 R 22 I FE L S B, AR AT K i
B A 3R 0A IR A B PFSHI A DU A 2 4 B R RN
A REIEE (hypAd. B. F. C. D. E, hycl,
slyD, fixA) ™7, SEELT A E P IR AU ) AR
7, I HIE I AR R, RKRBEIR T A
Bl I Al Ab RRAS A HE . B AR B, Rfd 7R S R
HARIEW, WA A KA T E O
WKL TR, R TR R IE 5 5 A A
RIEEER AR A B (FrxA), KIGHF Bt a7 A4
BIEMER PFSH T o H5 21 S0 1 L g v AH bE R SR A
it A PR IE , X W AE IR BN, K A T
g5 SN A O B R B R R 2 5 A0 U v iR S Y
BRI, R HAORA KRR &R E E
Htk, R RARE £ (AR EHRE) BUH RS
IR EAT A AR R R RIA, B 5 SEI T Rt
AMgrd Rk AT B, Desulfovibrio gigas 1]
[NiFe] & n] B IhHu{E Desulfovibrio fructosovorans
MR400 HEZH R IE, 3 PR ARG 400 1) S Bl I 2 Y s
t 64% ) [F]E £ A0 80% HIARAIYE . Song 55 ™ fili
5 KERE P, furiosus 352 9% Z ML I Theromococcus
kodakarensis KOD1/E N ALAN ML, @i 28 4R R
MFRIE AL T P furiosus KJPF 1) 7] ¥ 1B SHI «
71—k H W& & & i B Hydrogenophilus thermoluteolus
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#1 H4 [FeFe] AlfiEMTE

Table 1 Recombinant [FeFe] hydrogenase activity

Al FiktE RAER A 2 v A 2L RS Tk ZHCHR

Hydrogenase Expression host Maturation protein Whole cell activity Purified enzyme activity References
CacHydA C. acetobutylicum Host NR 162? [100]
CacHydA E. coli C. acetobutylicum 96 @ 75 @ [101]
CacHydA E. coli AiscR C. acetobutylicum 1.3 O 96 ? [102]
CacHydA S. elongatus C. reinhardtii NR 0.05? [103]
CacHydB E. coli C. acetobutylicum NR 8.67 [101]
CbuHydA E. coli Host 500 © NR [104]
CpaHydA C. pasteurianum Host 1681 © 1236 ? [105]
CpaHydl E. coli S. oneidensis NR 1087 @ [106]
CpaHydI Synechococcus sp. Host NR 46? [98]
CreHydAl1 C. reinhardtii Host 13.8 @ 741 @ [107]

CreHydAl C. acetobutylicum Host NR 625~760 2 [108-109]
CreHydAl E. coli C. reinhardtii NR 04? [110]
CreHydA1 E. coli C. acetobutylicum 617 150 @ [101]
CreHydA1-Fd E. coli C. acetobutylicum NR 1000 ® [111]
CreHydA1 E. coli S. oneidensis NR 641 % [106]
CreHydAl S. oneidensis Host NA 740 @ [112]
CreHydAl Synechocystis sp. Host NR 0.1? [113]
CreHydA2 E. coli C. acetobutylicum 108 ¥ 116 ? [101]
CsuHydA E. coli S. oneidensis NA 6.5? [114]
EhaHyd E. coli Host NR 70 ® [115]
EhiHyd E. coli Host NR 0.04 ? [116]
PgrHyd E. coli Host NR 2131 % [117]
SobHydA 1 C. acetobutylicum Host NR 6332 [108]
SonHydA Anabaena sp. S. oneidensis NR 0.06 ? [118]

O 3 = WH R L R I MV 22 50 i IR 81 A 9 203 (umoD

QFEWEARFNHHMENZT (umoD), M TIEJHENAD .
VE: TR WMCHLAN HAR U AR 1 P . NR—RIRIE; NA—TGVE k.

TH-1 ¥ [NiFe] &8 th it 2y 3t 75 ¥ {5 v 2 3
Ralstonia euatropha H16 F R FRIE, FH AT 1%
PR PERERAE T o (FOR R i o e AT R
Tt F2H 2R 0K T I TUAE ) R T RIS BRI &
AR EE, B, TF RS I e e
WREEREE, B AR T A B e U AR A i AL
FATYIR Ao AL

HbFEE, REANFEAREZER K EHEG
PR . HTZHEHAAHARATEES,
HiEMFEE T MM E, WX — IR H3E
B AW S A, TR, BB RS
AR A B . Girbal 5 U fE AR AL T R
oI N T — AR TS, BIAE 40 i B R 45 R H
S H, e g, DART RS A A B, A,

T 35 77 45 TR 37 R 7 e 50 11 A A 3 4 40 e
., WX R Atk T %R, Demuez & U K
TR B [FeFel & WM™ H, lLiE e m T
16 £%, T H, %Ak LU Bgs 52 & 1 130 £ .

IR, Togn M B Rk BR3P Ak
FoN G 46 SR AE A A AN T g 42 01 Je S0 B
PG R, Pagnier 55 1T S Y B 2H SRR IV
By, FEEXT apo- SRR FH AL 5 & B 4l Rl - 1E AT A
B E O T, AP T B A DhReiE ARG .
AL, NG E AT — A E T A ik
N TERE AR AERIE, XA k2
i REAM T R IR B R an AR A, et N T
P BEEAE AL 22 TR R 0 Sy TR ERE )R AR
YIBAR N A, HE AR ) B 2 AN AN L A% 5 1)
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#2 #HA [NiFe] ABEME
Table 2 The activities of the reported recombinant [NiFe] hydrogenases

£l FiLTE+ BG4 A2 i 3 il B Pk EE P
Hydrogenase Expression host Maturation protein Whole cell activity Purified enzyme activity =~ References
AmaHynSL A. macleodi AHynSL Host 0.03 V= 0.1? [119]
AmaHynSL E. coli A. macleodii 3x107~70x107 U NR [120-121]
AmaHyaAB T. roseopersicina Host, 4. macleodii 5%x107® NR [122]

AflHydSL E. coli Host NA 77% [123]
DgiHynAB D. gigas AHynAB Host 1.9 @ 91 @ [124]
DgiHynAB D. fructosovorans AHynAB Host 02 NR [125]
EcoHydl E. coli AHyd1 Host 4x1072~7x1072 V% 1x102~3x102® [126-127]
HmaMBH E. coli E. coli 0.07 O 0.03 [127]
NpuHupSL E. coli E. coli 208 @ NR [128]
PfuSH E. coli P, furiosus 297 100 © [43]
PfuSHI T. kodakarensis Host 23.6% 880 @ [45]
ReuMBH R. Eutropha H16 Host 1.0 @ 170 © [129]
ReuMBH P. stutzeri R. eutropha 17~19 @ NR [130]
ReuRH E. coli R. eutropha NR 08? [131]
ReuRH E. coli R. eutropha 1.2 @ 230 @ [132]
RopSH R. eutropha ASH AMBH Host, R. opacus 5.9 D NR [133]
SynSH E. coli Synechocystis sp. 0.04 D NR [134]

Ol i % A FR AN SR 1) MV 522 50 8 A BURE 73 80 AR AR (umoD) .

OEZWEARESHHEMNZE (umoD), I TIEENAD .

ORIV E AR HH NS (umob), JF 185 H I -

@R R ARG ES (umoD), FITiEIEBY.
VE: RN MRS R i . NR— AR
ST SZ MR E 1, 3 N ¥ e L X g (R
TR/ Z AR G R, i B AT AR S T

A Mg o2 R AR, AN T 3 G B S R R OR AR A
B e, X e SR ON SN ) S R B0 B T g

() PRk B4R T REE T 1A)

b TP RE AR, AR K0T BN LA
NI e 2 AL BN, 7 5 N ARG AT LA
TRAN R IR S AE S T 2 BRSO A
B R RS . R, BRSO LIRSS D) Td
Tk 0 Sl A 0 P 5 A R Ak A T A DU 3 AT AR
F, M EJEA P I R IR A S 1
B, BRAF AT LSS A ST 38 SR T R 1)
D7 ELAEAGFR) T4, 3 S A7 TR A 7R R T R MR
THEFEN D1 RAR S WG 45 i AT RE ) 1 fif . 1995
., Volbeda %5 " R #T T 2K H Desulfovivrio gigas
1 [NiFe] AR H A4~ 2.85A (1 A=0.1 nm) Stk
giry, D) T EAMD BEYETT, JTRE T — &R
FIREALE A WA 9 H A 77 AL R o [ N A A 5T

NA—LiE M

%8, [FeFel SAMGAE T34 50 H, i F8 i 2 %
B, FLEEAR AR AT Sk 100 s MY, BFA N i
T AR H AR XU AT 1L, {8 azadithiolate (ADT)
#4% [FeFe] ABGMIMANEE 75, S [FeFel
S 4w A I 0 AR AL T

3 I M LA

3.1 (RSP SEEF-SNERRIE R RS

H AR K 2 B0 A W I 2 o R ) 4 e e o
TER, K JEHL CO, R R BH B8 [f] 72 5 2 re i, fd
VERY . ARYEER. AR, MRS, HEorE
HY4 4 6 CO, + 6 HO—CH,,0, + 6 0,. I # WL
WK AE ) o T, W& RE, 75 B4 B R R,
2 T S IO W 11 R T AR R — R TR A0 0 2 08 15 T S
Ak, AR COo, M H,0, HOTER AN
CH,,0, + 60,—6 CO, + 6 H,O. % %] k¥ £ S AL it
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Ferb,  HE J o S R A AR K fEL R
EREENERE T, W HEF /) (NADPH) &4
B A AR I 25 K -, AT AR R, s T8
X ANCH,O,+6 HO—6CO,+ 12 H,. frLl, AJLL
IR L EPREANE R R — RN TR e, B
KERER, LIS THRRA TSN

1AL 2 Bl 5 1 HLAS 2 — Pl 2 AN B 5 1 1 2
MM (S sh) ARG ", LR T
FROAR O VW T 1 s B N T AR & 42, B[R A,
A KRB T AR R S B R . 2B T
PLas B R B AR A 2B R 48, 7 DT
T8 LR A0 M 9 AR S L B A AR A OB, BT
N L2l RS, vHT TIE™. %6k
A DA% B 28 S Ak . W, DAE A R RN
HNEE (—Fp 2 B TR 2 GRS Rkt
A SR AT I 4E A2 R By, R 22 i A AL S B v 2K
AL, 19R 51K 98.9%, AR TG A TR R R
BER AN R A e S 1), AR R s B T
WAk, R A 3R AR A E R 2 B T T
foil et g RE B 2 TR UE = — Bl R AR R AR
Ao ivSEB #ill S B A B SR LEGE K A 1T BE RN Hr i
SR BSE AT, HAEER % I 14%, fif
HAL %5 R 3000 W-h/kg ey, 38 T R4 A<, M

0O e P

O #liEmkEk &

S R RRBE:
TR F

-
]
AR . b

UEAh, WERRIE Tz, G TS B BT
Rk, 2 DOE iR Rt a5k, af T S RE AL
Mgk, AeR8 v iR S AR HE I AU . 7k DL 2%
T-2007 45 YOR B AR AN R R IR 1 g o A 2H 28 e N
TR, I AL GvSEB) il &
AR AR, R—Fhgkth. 51T, &1e
R R L R 3R, %R R
TEM AR, KTt T — A N TREEE, %
B TR RS> Ve b AL S5 RE L ICRE T, X b
TR REN, HSEAREE 100%. 574
YR BEEANTE, ivSEB kS | 4B T 750 2 1A
R CHUgT AU A g s, B 74
PIRARCE TP R R B R s AR AMRT A% T 75 il
BRI LTI EE S, A HER:
SE 7 i T e B .

() HeAth b il & R — 4, ivSEB 45 2 SEHLy
SE 77 i B PR AR 0 2R R 7 2R T .
AN, BT HE RS R
(weight-based total turnover number, TTN,) &%
G — AN EERWE R, E2ET YR ES
FIT 55 2 (0 A W e A 7R 1 o B I LGB Y AR R
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WO g A
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Fig.3 The advantages of starch for energy storage and hydrogen production by ivSEB using “one-pot enzymes” strategy
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Fig. 4 Key breakthrough points of ivSEB hydrogen production
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Fig.5 The main limiting factors in ivSEB hydrogen production
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Fig. 6 The application of artificial electron coenzyme to improve the efficiency of electron transport in ivSEB system for

hydrogen production
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