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Hydrogen with high energy content is considered to be a promising alternative clean energy source. Biohydrogen
production through microbes provides a renewable and immense hydrogen supply by utilizing raw materials such as
inexhaustible natural sunlight, water, and even organic waste, which is supposed to solve the two problems of “energy
supply and environment protection” at the same time. Hydrogenases and nitrogenases are two classes of key enzymes
involved in biohydrogen production and can be applied under different biological conditions. Both the research on
enzymatic catalytic mechanisms and the innovations of enzymatic techniques are important and necessary for the
application of biohydrogen production.
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| 1. Introduction

A deep understanding of the hydrogen metabolism and regulation is necessary to conduct genetic engineering for
enhancing hydrogen production. Hydrogenases are widespread in microbes and they are involved in various metabolic
pathways such as methane formation pathway, nitrogen fixation with nitrogenase-hydrogenase co-regulation, remediation
of toxic heavy metals, and the virulence of pathogenic bacteria and parasites [1. Different from the hydrogenases involved
in many different metabolic pathways, nitrogenases are responsible for converting dinitrogen into ammonia in biological
nitrogen fixation, providing a nitrogen source for microorganisms 2.

Extensive research on molecular mechanisms and physiological functions of hydrogenases and nitrogenases has paved
new ways for enzyme engineering to improve biohydrogen production efficiency. In this section, six different
bioengineering strategies will be discussed.

| 2. Improvement of O, Tolerance

0O, is an important regulating factor in anaerobic hydrogen production. Both nitrogenases and hydrogenases are sensitive
to O,. Nitrogenases must be manipulated under anaerobic conditions and their mechanisms of O, inactivation are
possibly oxidative damage of metalloclusters [2. A total of 5-10% of cells in many filamentous cyanobacteria are specially
differentiated cells which are called heterocysts, and they can isolate nitrogenases and provide a microaerobic
environment for hydrogen production from protons 41,

Hydrogenases have different O, sensitivities and need to either be protected from or tolerate the presence of O, during
photosynthetic hydrogen production.

A few O,-tolerant hydrogenases exist in nature. Natural O,-tolerant [FeFe] hydrogenase was found in Clostridium
bjerinckii SM10 (CbA5H) &l Three different O,-tolerant [NiFe] hydrogenases from Ralstonia eutropha were found but they
have lower enzyme activity than O,-sensitive hydrogenases €. Other O,-tolerant [NiFe] hydrogenases were also found in
Aquifex aeolicus, Escherichia coli, and Desulfovibrio fructosovorans I8 [NiFe] hydrogenase KoHyd3 purified from
Klebsiella oxytoca HP1 displayed remarkable O, tolerance and exhibited substantial hydrogen evolving activity under 10—
20% O, in the gas phase &I,

Studies on the O,-tolerant membrane-bound hydrogenase showed that O, resistance originates from its unusual redox
properties and kinetic behavior. The proximal iron—sulfur cluster located in [NiFe] hydrogenases contains an unusual
[4Fe—3S]-6Cys cluster with two more cysteine residues compared to the standard [4Fe—4S]-4Cys cluster, which can
transmit two electrons and may be responsible for regulating unusual redox potentials 9. The mechanism of O,
tolerance is complex and inter-domain electron transfer between the distal clusters is proposed to be one way of
increasing the O, tolerance of [NiFe] hydrogenase . In O,-tolerant [FeFe] hydrogenase, the O, sensitivity of the H-



cluster is strongly influenced by the protein environment and can be reversibly converted from the active state into the
inactive state [,

Limiting the diffusion of O, to the active site is an alternative approach for O, tolerance enhancement. Since the active
site is located inside the [NiFe] hydrogenases and connected to the protein surface through a hydrophobic channel, the
diffusion of O, to the active site can be limited by reducing the gas channel size at the cavity interface with the active site.
Two conserved hydrophobic residues (Val and Leu) are located at the end of the hydrophobic channel in O,-sensitive
[NiFe] hydrogenases and they are replaced by larger lle and Phe in O,-tolerant [NiFe] hydrogenases 2. [FeFe]
hydrogenase Cpl was engineered in combination with cell-free mutant screening for improving O, tolerance, and M4
mutant Cp|N160DI197VA280VN289D shgwed higher O, tolerance than the wild-type Cpl. After exposure to 1% O, for 5 min, the
wild-type Cpl retained only 23% activity while the M4 mutant retained 62% 3. Using rational mutant libraries of
Clostridium [FeFe] hydrogenase, CplT3%6V/S357T was identified to be the most O,-tolerant variant and has an equivalent
aerobic hydrogen production rate in the presence of 5% O, 4. Enzyme engineering was shown to be a feasible tool for
upscaling biohydrogen production, and meanwhile, the cellular context is also considered to be of great importance 15,

| 3. Immobilization Technology

Hydrogenase has a high catalytic conversion rate and a low overpotential under mild conditions and has potential
applications in replacing Pt as an electrocatalyst to develop hydrogen biofuel cells 1€, immobilization technology can help
hydrogenase to be reusable, maintain its stability and catalytic activity on the electrode surface, and improve electron-
transfer efficiency 7.

The design of novel nanostructured electrodes for enzyme fixing can facilitate direct electron transfer between enzymes
and solid carriers, thereby alleviating the demand for enzymes as electronic media and making biotechnological
applications such as biofuel cells and biosensors simpler 28l. Covalent immobilization of [NiFe] hydrogenases onto SAM-
modified gold surfaces makes enzymatic electrodes relatively stable, the rate of electron transfer increased, and redox
mediators were not required (18],

Nanomaterials can be used to promote electron transfer efficiency. The study on the immobilization of Fd-HydA1 on black
TiO, nanotubes (bTNTs) found that direct electron transfer happened between black TiO, and Fd-HydA1 2. The effect of
molecular weight on the catalytic and electrochemical properties of hydrogenase was investigated by fixing truncated
enzymes (Pfys and Pfy, containing the subunits ad and the a subunit only, respectively) derived from a four-subunit (afyd)
[NiFe] hydrogenase PfSHI to multiwalled carbon nanotubes (MWCNTSs), and results showed that Pf,s with a shortened
distance between the electrode and enzymes exhibited a higher electron transfer rate than PfSHI (29,

| 4. Modification of Nitrogenase Substrate Selectivity

The electron flux through nitrogenases is largely independent of substrates being reduced, implying all nitrogenase
substrates including N, (for BNF), acetylene (to produce ethylene), and protons (for BHP) can compete for the same pool
of electrons effectively 21,

Because hydrogen production by nitrogenases is independent of N, reduction, the replacement of N, by Ar can enhance
the electron flux to proton reduction and keep away from N, reduction. This method is effective to produce only H,, but the
higher operational cost may follow [22,

Mutagenesis provides an alternative approach to overcome the N, competition. The catalytic FeMo cofactor has been
identified to provide substrate reduction sites, so a lot of research works had focused on its structure, its reactivity, and the
development of genetic strategies for altering the substrate selectivity of dinitrogenase. Nonpolar or bulky residues such
as Val, Phe, and Trp have functions in substrate access, substrate binding, and FeMo cofactor positioning. All of them
constitute an important regulated network for enzymatic function, providing target sites in engineering 23!,

Several valine substitutions in the a subunit of dinitrogenase have been intensively studied. The a-70Val site is predicted
to have effects on the access of substrates to the active site. The substitution of V70A allows larger substrates, and V70l
is just the opposite with the ability to block the access of acetylene and N, to the active site except for protons 241251, Both
hydrophilic and hydrophobic channels were supposed to be accessible for substrates to reach the buried active site. The
0-71Val site conserved in Mo-nitrogenases is predicted to be in the hydrophobic channel and a-75Val is directly near the
active site. Both a-71 and a-75 sites affect substrate specificity and modification of a-70Val, a-71Val, and a-75Val can
result in higher hydrogen production [281127],



| 5. Enzyme Compartmentalization

Bacterial microcompartments (BMCs) are found in a broad range of bacteria. They are self-assembled and functional
analogs of eukaryotic organelles. A BMC is composed of an outer selectively permeable protein shell and an enzymatic
core which performs a specific metabolic process and contributes to the functional diversity of BMCs 28], BMCs can serve
as physical barriers to protect cargo enzymes inside and provide a natural microenvironment for enhancing catalytic
performance. BMCs have many potential applications for providing functional compartmentalization within cells to
synthesize non-native metabolites or to deliver medical molecules 22,

Carboxysomes are anabolic BMCs and are found in all cyanobacteria and some chemoautotrophic bacteria. They have a
proteinaceous icosahedral outer shell of roughly 800 to 1400 angstroms in diameter and they house enzymes involved in
carbon fixation BY. Carboxysome is prospective to be engineered for constructing nanoreactors. Carboxysome protein-
encoding genes were expressed and self-assembled into robust carboxysome shells in E. coli. The empty shells were
proved to have the capacity of encapsulating catalytic [FeFe] hydrogenases and functional partners together to create
nanoreactors for hydrogen production and the O, tolerance of the enzymes was improved at the same time B11,

| 6. Metabolic Engineering

Metabolic engineering provides a very promising strategy to improve hydrogen yield by redirecting biochemical pathways.
Genetic engineering approaches have been used in both natural hydrogen-producing strains such as green microalgae
and cyanobacteria and model organisms such as E. coli to favor hydrogen production. Genetically modified strains with a
higher ability to generate biohydrogen have been successfully constructed B2133],

| 7. Artificial Hydrogenases

Studies on molecular structures and catalytic mechanisms of diverse enzymes involved in biohydrogen production
inspired researchers to develop novel catalysts as artificial hydrogenases and construct more stable and efficient catalytic
systems for hydrogen gas generation.

The metal center substitution was used to prepare the first artificial hydrogenase nickel-substituted rubredoxin (NiRd) with
a structure of a mononuclear Ni ion coordinated by four cysteine residues, and the artificial hydrogenase showed a
capability of catalyzing hydrogen evolution 24, In heme-binding proteins, the native cofactor iron protoporphyrin IX was
replaced by cobaltous protoporphyrin IX (CoP) and the replacement resulted in modest catalysts for proton reduction to
produce hydrogen. In addition, the CoP—myoglobin system showed strong O,-tolerant catalytic behavior 3. Cobaloxime
catalysts and electron transfer proteins with light-harvesting properties, such as ferredoxins and apo-flavodoxins, can
efficiently self-assemble and provide the photocatalytic ability for proton reduction.

Many other efforts have been made to design various cofactors potentially to be integrated into [FeFe] hydrogenases.
Both iron atoms were replaced with the non-native metallic element ruthenium and this [RuRu] analog of [FeFe]
hydrogenase has the advantage to trap the key hydride intermediate state which is transient for [FeFe] hydrogenase. The
stability of ruthenium hydrides can provide deep insight into the [FeFe] hydrogenase catalytic mechanism. In the analog,
the catalysis reaction cannot proceed because the ruthenium atoms in the hydride intermediate state are redox-inactive
1361 |n another study, the element nitrogen located at the bridgehead of the bridging dithiolate was substituted with its
homolog phosphorous. Three new phosphorous-based [FeFe] hydrogenase mimics were synthesized by reacting
(HSCH,),P(O)R (R = Me, OEt, OPh) with Fe3(CO);, and showed that the phosphorous could be reduced which may
potentially improve catalytic activity regarding hydrogen evolution reaction 4. The diiron carbonyl compounds with
aromatic dithiolate bridges were also used to mimic the catalytic site of [FeFe] hydrogenase. They are robust and readily
reducible, and aromatic dithiolate bridges are helpful for catalytic intermediate stabilization, molecular engineering,
assembly with functional materials, and so on. These mimics exhibited relatively positive potentials as effective catalysts
for electro- or photochemical hydrogen production 8],

The H-cluster of all [FeFe] hydrogenases consists of a cubane-like [4Fe—4S] cluster and a [2Fe—2S] cluster with additional
CO and CN ligands and bridged by an azadithiolate (ADT) B4BE9 As the homogeneity and simplicity of the [2Fe—2S] sub-
cluster and crystal structures of [FeFe] hydrogenases were determined, many synthetic cofactors were developed to
replace the active site of [FeFe] hydrogenase and biohybrid systems were also investigated by using synthetic diiron
carbonyl moieties and non-hydrogenase protein matrixes “9. The synthetic [(u-S;)Fe(CO)g] motif can mimic the [2Fe]
subsite of [FeFe] hydrogenases and provide evident photo-induced hydrogen production under photocatalytic conditions,
which is valuable for designing noble metal-free catalysts for electrochemical hydrogen production. Due to the poor water



solubility of [(u-Sy)Fe,(CO)g], a bioactivated [FeFe] hydrogenase mimic with two pyrene moieties was further prepared
and integrated on multi-walled carbon nanotube (MWNT)-based electrodes through T-interactions to provide remarkable
stability and activity in electrocatalytic hydrogen production under aqueous conditions 41, The active site mimics also
have potential applications for hydrogen fuel cells with more economical materials. Model compounds can be introduced
into an environment to help them maintain catalytic effectiveness and stability. Successful examples include a covalent
attachment to polymer backbones and oligopeptide chains, encapsulated in peptide hydrogels and micelles [42143]144]

The “iron—sulfur world” theory proposes the FeS/H,S pair as the origin of life and a potential ancestor of [FeFe]
hydrogenase 45l461[47]  Compartmentalization is considered to form an autocatalytic inorganic metabolic system to fulfill
the requirements of life development. A membrane-bound [FeFe] hydrogenase model was prepared, and this vesicular
system can exhibit catalytic action under particular conditions. This [FeFe] hydrogenase compartmentalization system can
be applied as a minimal cell model or a nanoreactor to generate hydrogen 4,

Diiron complexes as mimic [FeFe] hydrogenase have been successfully immobilized on a metal-organic framework
(MOF) or mesoporous silica (MS). Periodic mesoporous organosilica (PMO) with thiol groups (SH-PMO) was also
developed for artificial [FeFe] hydrogenase anchoring for turnover number (TON) improvement 48!,

Tremendous research works have been conducted to develop synthetic systems to mimic natural enzyme reactivity and
even obtain enhanced stability and more remarkable catalytic activities. Undoubtedly, challenges to developing
economical hydrogen production systems remain, and the efforts of understanding enzymes and their applications will
continue.
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