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Advance in the immobilization of hydrogenases
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Abstract: Hydrogenases catalyze the reversible conversion of hydrogen gas into protons and electrons which is
promising for industrial application. However, free hydrogenases face challenges such as oxygen sensitivity and low
electron transfer rates. This review summarized the immobilization of hydrogenases by carbon materials, metals,
semiconductors, polymers and metal-organic-frameworks (MOFs). Carbon materials provide the advantages of low
cost and large specific surface areas, while they tend to agglomerate. Hydrogenases are immobilizated on carbon
materials through adsorption, usually involving electrostatic interactions and hydrophobic interactions, and are used in
bioelectrocatalysis, biofuel cells and bioreactors. Metals and semiconductors, known for high conductivity and

excellent reactive activity, are expensive and less stable. Through adsorption involving electrostatic interaction and
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hydrophobic interaction, immobilization of hydrogenases on metals and semiconductors are normally applied in
bioelectrocatalysis, biofuel cells and photoelectrocatalysis. Polymers have good biocompatibility and mechanical
strength but low conductivity. Immobilization of hydrogenases on polymers can improve the stability and oxygen
tolerance of hydrogenases. Immobilization on polymers is realized through adsorption and entrapment, involving
hydrogen bonds, hydrophobic interactions and 7 - m interactions, and is often used in bioelectrocatalysis and
photoelectrocatalysis. MOFs are designable and have high specific surface areas, which provide wide choices for
hydrogenases immobilization. However, MOFs tend to collapse in harsh conditions. Immobilization on MOFs through
adsorption and entrapment involves coordinate bonds, hydrophobic interaction, and n-n interaction. Furthermore, the
prospect of immobilization of hydrogenases by novel hybrid materials was proposed which can expand the applications
of immobilized hydrogenases. Immobilization of hydrogenases facilitates the stability of hydrogenases, which can be
applied in efficient production and application of hydrogen, as well as biological asymmetric hydrogenation for chiral
medicine preparation. Immobilization of hydrogenases provide alternative options for transforming energy structures,

realizing green manufacturing and solving environmental problems.

Good biocompatibility
+  Low conductivity

Adsorption, Entrapment:

hydrogen bond, hydrophobic

\ interaction and -7 interaction

4

Keywords: immobilization of hydrogenases; bioelectrocatalysis; carbon materials; semiconductors; polymers; metal-

organic frameworks
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[NiFe] Hydrogenase

[Fe] Hydrogenase

o o Hih g™ 2HNE 26

[FeFe] Hydrogenase 2H* + 2e- = H' + H- = H,

HZ—D- H++H_

H +Y 2> Y-H

Bl SRERELEE . Rk S B ANk S B O s PR A SR AL

Fig. 1 Active site and catalytic mechanism of [NiFe] hydrogenase, [FeFe] hydrogenase and [Fe] hydrogenase

]

(Y is methenyltetrahydromethanopterin)
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Table 1 Applications of carbon materials for hydrogenases immobilization

R H AR 7E AL B AR LA B UE ES ¥ Z2E 3R

Wik R Escherichia coli ([NiFe]) [NiFe] A=y ftEf [17]
i Aquifex aeolicus [NiFe] APyl [18]

A1 o Clostridium acetobutylicum [FeFe] R [19]

A1 o Ralstonia eutropha [NiFe] R [20]

A1 o Desulfovibrio gigas [NiFe] APy AL [21]

A1 o Ralstonia metallidurans [NiFe] LR IRE L [22]

Per--d Allochromatium vinosum [NiFe] A0 [23]

i B Ralstonia eutropha [NiFe] itk HLAk T T [24]

i/ 342 Thiocapsa roseopersicina [NiFe] AR L [25]

/32 Thiocapsa roseopersicina [NiFe] HE W) SO 2 [26]

N Pyrococcus furiosus [NiFe] LEW R KL Lt [27]

T Clostridium acetobutylicum [NiFe] LEW IR KL Lt [28]

FRBERR YK Clostridium acetobutylicum [FeFe] EsCy/ER A [29]

FRBERR YK Clostridium acetobutylicum [FeFe] LR L L [30]

HBEBR 90K Allochromatium vinosum [FeFe] AW EL AL [31]

% BERANK A Agquifex aeolicus [NiFe] AL A RS [32]

Z BER IR E Ralstonia eutropha [NiFe] LR RR KL Lt [33]
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DFE N 1.78 mW/em 49 K, IRIROREF AL
s

A ] 2 TE FRK b A H ) R 3 R e g AR
LA 2= PERE, T A A S B 00 P o Ik B A IS
I [ 52 4k 34K . Ruiz-Rodriguez 25 ™ ffi F # 14
PyGBe K it H ARk Z Ll (PDB: le3d) 51
SR A EAE R s B, B8 pH, Ehik
J55 T F A 0T I S 1) [ 5 AR 52 . pHL R e S A S
R THI HLAar AT 52 ) &40 Bl AE A SR Rl B LA,
R R o 5 B o P U A A EE E A . H
25 Ay S FL RIS T FL AR, T X S A T E ) £ 52 i)
FHXTEL /N . Wang 55 “ 4 RIE T Pyrococcus furiosus
() AL Bl W B FE D e A 22 BE iR 9 oK & E A8 I 21 35
e HLAl bo R BT TE R A R IR 22 B ik 4 0K
BB AR B R AE e, Ui BA A LR RS
W o AT oM R SR K IR 22 BE ik 90 0K I 7T K
FEAE XS AR 520, R IRE S 2R K 3G

AL A A R R B RE o 3 n . PRk, A
1 F AR A B AR P A o 150 4 I S0 1 S A0 Bl e
F A b (R L

A4 YN E S N e e AL

LR REEREN SRR, ZRHE
P R ER . s B o 3 AR [ 5 A S AL il Pl
PAREH] T AE B AL« AR sl . DG L fL
i (R 2),

21 =REBEEWSMHES

EREWAE RIFMTHEAES, &BBkHE
EACEACHEH T A AL . IR st 4
SWAR AR, < F A ] RE A i I R
M B 4380 T RR B k. SRR
e 1) <2 JeR P AW SR T R E OR %2, A A 4R Ly
TR e < r A B T S A ] E A

& I8 P A 2 THI A9 M 5 X A Bl I A R )
Fo & JE W RERTI R K PEEGR, B AT S
HP RS . iRy o s, AL



%5% www.synbioj.com

1489

K2 &R B APRHE E AR 5

Table 2 Applications of metals and semiconductors for hydrogenases immobilization

M FAK I E A A A AR IS K JS2H] Z2E R
)& Stk Chlamydomonas reinhardtii [FeFe] L HAE L [42]
SR Desulfovibrio vulgaris [NiFe] FLAL A A [43]
SR Desulfovibrio vulgaris [NiFe] AL EE o B [44]
SR Ralstonia eutropha [NiFe] AL AT T [45]
G AR Desulfovibrio vulgaris [NiFe] R f [46]
AR Ralstonia eutropha [NiFe] LR AL [47]
RIS 1 4 P AR Agquifex aeolicus [NiFe] AR AL [48]
R B 4 Ak Desulfovibrio desulfuricans [FeFe] IR L [49]
TRONRAE M 6 LR Desulfovibrio gigas [NiFe] R L [50]
TRGR A & F R Desulfovibrio fructosovorans [NiFe] FERRL L [51]
K4 HLA Aquifex aeolicus [NiFe] LR IR Lt [52]
2N K4 R Allochromatium vinosum [NiFe] HE Sy T HLAL 2 [53]
FRYIK % Escherichia coli [NiFe] AL [54]
EERSTUN TiO, Thiocapsa roseopersicina [NiFe] L [55]
TiO, Desulfomicrobium baculatum [NiFeSe] AL [56]
TiO, Desulfomicrobium baculatum [NiFeSe] e [57]
TiO, Clostridium acetobutylicum [FeFe] A [58]
PVKJIO-TiO, Desulfovibrio vulgaris [NiFeSe] HHALHE R RS [59]
1TO Desulfovibrio vulgaris [NiFe] St AL [60]
1TO Desulfomicrobium baculatum [NiFeSe] e [61]
1ITO Ralstonia eutropha [NiFe] LEPH TR [62]
CN, (E kB Desulfomicrobium baculatum [NiFeSe] el [63]
Cds Clostridium acetobutylicum [FeFe] el [64]
CdS Clostridium acetobutylicum [FeFe] PR ) 75 T [65]
CdTe Clostridium acetobutylicum [FeFe] el [66]
CdTe Thiocapsa roseopersicina [NiFe] Sl [67]
In,S, Desulfovibrio vulgaris [NiFeSe] Sl [68]
FTO-NiO-In,S, Desulfovibrio vulgaris [NiFeSe] S HL L [69]
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M0 224 v PR A s B8 i AR, AR S A 2 A Y H
T AR T (MET). Utesch %5 7
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580 7 AU I B A 2 T3 5 21 A R WS B B
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W B 30 R o N PR 37 5 B R e AL B R A R
AT S M) 2] 5 A (8RR o

& ) F A [ 5 A AL AT DL R AT S L
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Fig. 2 The effect of hydrophobicity of the electrode interface on hydrogenases electron transfer™
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1 mC=+0.2 mC (1) L fif A1 25 nmol+2 nmol &<, £
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B b, 7EHAI 4 0.42 V vs. RHE. 1] UL 8 5
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R3 w0 TEE SRR E
Table 3  Stability of hydrogenases immobilized by polymers

[l 5 Ak AR SRR P fidi A7/ S 2% AP R A S 225 ik
LR B Desulfovibrio vulgaris [NiFe] 4 °C, W R TR 21 pH=7.0 , fifi 17 20 RARFE 50% HIBEHE [83]
P/ EZIR 33 Clostridium pasteurianum [Fe] iR, A G pH=8.0, i 17 28 K IRHKF 70% I3 T [84]
REWMZILENR  Lamprobacter modestogalophilus ~ [NiFe] iR, REAGE T pH=8.0, i 17 28 K IRHF: 50% I3 1 [84]
TR TR TR AT R P Desulphovibrio desulphuricans [NiFe] 4 °C, Tris-HCI &M pH=7.5 , i 17 40 R LR FF 60% (175 1 [85]
TR VR TR AT B P DesuEfouibrio sp. [NiFe] 30 °C, Tris-HCI Z&3 pH=7.6 , J %2 50 h 7R 40% FI 3G 1 [86]
I 5 - 22 4 4 g Ralstonia eutropha [NiFe] 35 °C, Tris-HCI 22 pH=8.0, J=2 |57 32 h {545 50% [ 35 1 [87]
B Mt e Chromatium vinosum [NiFe] 65 °C,Tris-HCI 2231 pH=8.0, i & 80 min f:HF 50% ) & 1tk [88]

ML R T -30 pAlem’s
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JE KR T Aquifex aeolicus WL EALEE . FH AL R
IKEERTE BT PRAEERIE DT A 22 2k S AL g
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BN AR B S A Bl RT3 e B AR R R AR R E I
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&JE-AHIHESE (metal-organic-framework, MOF)
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A, R N TEALEE, RIE A MOF &2
SR YA 55 LK A F MOF [ 2 S AL BB A o
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FZE M LF I MOF #/> . FIF MOF Al it i
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P25 3R 5 3E I MOF 4k . 84 MOF & 1 s oL
SR NIRRT, I tn ZIF-8 £E = R K s W BN T &
J U LB AR 5 MOF LR R
M. SEBUKSEME A G, % # 4 MOF A 7| T
¥ % [ e e S AR N 3 5 . 5 L MOF 3 FIl 1
SALEG I LR . & Fe [T 4 MOF " 5 F)
TARNBRELER . 5548 MOF ML,
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