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Highlights
Biotechnological solar hydrogen pro-
duction has the aim to utilize electrons
from the light reactions of photosynthe-
sis. Recently, cyanobacterial and algal
H2ases, the enzymes that catalyze pro-
duction of H2, were successfully fused
to PSI. They intercept electrons from
the photosynthetic electron transport
chain.

Both engineered strains produce
photosynthetic hydrogen for pro-
longed periods. They maintained their
ability to grow photoautotrophically.
The vision to replace coal with hydrogen goes back to Jules Verne in 1874. How-
ever, sustainable hydrogen production remains challenging. The most elegant
approach is to utilize photosynthesis for water splitting and to subsequently
save solar energy as hydrogen. Cyanobacteria and green algae are unicellular
photosynthetic organisms that contain hydrogenases and thereby possess the
enzymatic equipment for photosynthetic hydrogen production. These features of
cyanobacteria and algae have inspired artificial and semi-artificial in vitro tech-
niques, that connect photoexcited materials or enzymes with hydrogenases or
mimics of these for hydrogen production. These in vitro methods have on their
part been models for the fusion of cyanobacterial and algal hydrogenases to pho-
tosynthetic photosystem I (PSI) in vivo, which recently succeeded as proofs of
principle.
The processes do not exclusively rely
upon water oxidation as desired, which
is mostly due to the fact that the
H2ases are sensitive to oxygen.
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Cyanobacterial and algal photosynthetic hydrogen production
Biotechnological approaches for photoH2 (see Glossary) production aim to base the process on
oxygenic photosynthesis. Water and sunlight are the only necessary ingredients to generate H2 in
this case. Two light-driven nanomachines [photosystems I and II (PSI and PSII)] (Figure 1)
working in series propel electrons from water to the exact right potential to fuel hydrogen evolu-
tion. Compared to all other biotechnological options [1], this is the most direct and most efficient
way. Since we think only the most efficient can compete with all the other sustainable energy
sources this review article focuses especially on direct coupling of hydrogen production to
photosynthesis, but we mention other approaches for comparison.

In the past, biological H2 production has also been based on anoxygenic photosynthesis, that is,
photosynthesis using electron donors other than water. We do not consider these options since
they are not truly sustainable, as the electron donors used are neither abundant nor cheap
enough for the scale required. The use of hydrogen as a fuel requires oxygen for its conversion
to water. So, to close the circle, it is a must to generate H2 from water, which leaves oxygen
evolving (oxygenic) photosynthesis as the best option. This is especially challenging due to the
oxygen sensitivity of most hydrogenases (H2ases); the enzymes involved in H2 formation.

Hydrogen production in cyanobacteria and algae driven by hydrogenases that could be directly
linked to photosynthesis occurs under two conditions inwild-type (WT) strains. Under fermentative
dark conditions, carbohydrates released from starch or glycogen are oxidized in a fermentative
process, with H2 as a byproduct. In contrast, photosynthetic H2 production, which is performed
by the sameH2ase, is a short-lived (up to a fewminutes) process taking place at onset of illumination
in anoxia. The H2ases accept surplus electrons from the photosynthetic electron transport chain
when the Calvin–Benson–Bassham (CBB) cycle is not activated [2,3]. Hence, it is functioning
as an escape valve for surplus electrons before the CBB cycle gets running. Indeed, competing
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Figure 1. Hydrogenases (H2ases) were genetically attached to photosystem (PS)I to intercept electrons for H2

production. H2 production was light driven both in the engineered cyanobacterial strain (PsaD–HoxYH) as well as in the
engineered algal strain (ΨH1). The cyanobacterial NiFe-H2ase HoxYH was fused to PSI subunit PsaD, whereas the algal
FeFe-H2ase HydA2 was inserted into the PSI subunit PsaC. H2 production was partly driven by water oxidation at PSII as
desired. In addition, glucose provided electrons for cyanobacterial photosynthetic H2 production in the mutant strain. If
acetate did likewise contribute to photoH2 production in ΨH1 is unclear, as low PSI–HydA2 levels in relation to PSII kept
the PQ pool reduced in this mutant.
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Glossary
Calvin–Benson–Bassham cycle:
CO2-fixing cycle found in
photoautotrophic cyanobacteria, algae,
and plants.
Diaphorase: the cyanobacterial [NiFe]
hydrogenase is composed of the
diaphorase subunits HoxEFU which
transfer electrons between electron
donors as ferredoxin and NAD(P)H to/
from the hydrogenase part composed of
subunits HoxYH.
FB-cluster: 4Fe4S cluster within PSI,
which donates electrons to ferredoxin in
WT strains.
Ferredoxin: small proteins that contain
FeS clusters and shuttle electrons
between reaction partners in redox
reactions.
Flavodoxin: replaces ferredoxins under
iron depletion and contains FMN instead
of FeS clusters.
Hydrogenases: enzymes that catalyze
the reduction of protons (H+) to
hydrogen (H2) and vice versa. They differ
in their subunit composition and in their
active site metal clusters. The
cyanobacterial bidirectional [NiFe] H2ase
is composed of five subunits
HoxEFUYH, the cyanobacterial uptake
hydrogenase is composed of two
subunits HupSL, whereas the algal
[FeFe] H2ase is a monomeric enzyme
made up of the single subunit HydA.
Maturases: auxiliary proteins required
for the proper assembly of the active
sites of H2ases.
Oxygenic photosynthesis:
photosynthesis as known from plants in
which PSII and PSI are involved. The
electron donor is water, which is split at
PSII generating O2.
PhotoH2: hydrogen that is produced
using electrons from the light-driven
electron transport chain in thylakoid
membranes.
Photomixotrophy: organisms require
a source of energy and carbon.
Photoautotrophs utilize light as energy
source and CO2 as carbon source.
Photoheterotrophs utilize organic
carbon instead of CO2 and
photomixotrophs utilize both CO2 and
organic carbon.
Photosystems I and II: the light
reactions of photosynthesis take place in
the thylakoid membranes of
cyanobacteria, algae and plants. PSII
and PSI are central complexes in which
electrons are excited by light. They
contain a reaction center with a special
chlorophyll-a pair and antenna
processes (e.g., CO2 fixation) are the reason for the fast cessation of hydrogen production [2,4,5].
Since H2ases can also catalyze hydrogen oxidation, the hydrogen is eventually consumed after
activation of the CBB cycle [3].

Another enzyme in cyanobacteria that is working as a hydrogenase is nitrogenase. Nitrogenases
convert dinitrogen (N2) to ammonia but inevitably produce one H2 molecule per catalytic cycle [6].
If oxygen and nitrogen are removed from the cultures or if the uptake hydrogenase responsible to
regain the reducing power of H2 for the cells is deleted [7], specific cyanobaterial strains can
produce H2 for quite long periods [8]. The nitrogenase systems expends two ATP molecules
per electron transferred, to drive down the potential sufficiently low to reduce N2, rendering a
high energetic cost of H2 production (i.e., 16 ATP per H2 under normal conditions, or as low as
four ATP when N2 is replaced with an inert gas). Thus, this process is not discussed further here.

Three different main classes of hydrogenases are known. [NiFe]-, [FeFe]- and [Fe]-hydrogenases.
While [Fe]-hydrogenases are confined to methanogens, the first two classes are found in many
different microorganisms and are each divided in a number of subclasses [9]. All known [FeFe]-
enzymes are oxygen sensitive and need resynthesis of the enzyme or at least the active site
metal cluster to become active again, whereas all [NiFe]-hydrogenases can be reactivated in
the absence of oxygen and some, the so-called O2-tolerant enzymes, are even able to work in
the presence of ambient oxygen concentrations [10].

Recently, major steps have been achieved in a cyanobacterium and alga to enable biological
hydrogen production from sunlight and water. In one representative of each group, a direct
coupling of the hydrogenase to photosynthesis by fusion of the enzyme to PSI was accomplished
that allowed sustainedH2 generation in vivo in the light. Here, we give an overview and a comparison
of these studies, describe the different approaches and discuss the crucial obstacles that still need
to be overcome for a sustained biotechnological application. We also give a short glimpse on recent
in vitro attempts. The in vivo generation of photosystem–hydrogenase fusions might also boost
these approaches and both might mutually benefit from each other since semiartifical systems
could easily separate oxygen evolving PSII from H2 evolving PSI in different half-cells.
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complexes with additional pigments
(chlorophyll-a, chlorophyll-b, and
carotenoids) to harvest light.
Phycobilisomes: cyanobacteria
contain special antenna complexes that
contain phycocyanin and/or
phycoerythrin, which absorb light in the
so-called green gap of chlorophylls and
carotenoids.
PsaC: subunit of PSI containing
terminal 4Fe4S clusters FA and FB.
PsaD: extrinsic subunit of PSI
neighboring PsaC.
Sustainable hydrogen production:
photosynthetic H2 production is
sustainable if it is exclusively based on
Enzymatic properties
We focus on the bidirectional cyanobacterial [NiFe]-hydrogenase and the algal [FeFe]-hydrogenase,
since they are convenient for hydrogen production. Both, the cyanobacterial and algal H2ases accept
electrons from ferredoxin (Fdx), which is reduced by PSI [11,12]. See Table 1 for a comparison of
these two enzymes.

Both H2ases are sensitive to O2, although to different extents. The active site of cyanobacterial
[NiFe]-H2ases can be reactivated within seconds upon exposure to anoxic conditions [13].
[NiFe]-H2ases probably reduce the bound oxygen to water [14,15]. The [FeFe]-H2ases can be
reactivated by insertion of a newly formed di-iron cluster into the damaged site by thematurase
enzymes [16]. Although this process can take hours in vitro, it may happen much faster in vivo
[16]. The algal [FeFe]-H2ase is a monomeric enzyme made up of the subunit HydA while the
[NiFe]-enzyme is made up of a small and a large subunit (HoxYH).
Table 1. Comparison of properties of the two systems discussed

Chlamydomonas rheinhardtii Synechocystis sp. PCC 6803

Type of H2ase [FeFe]-H2ase [9] [NiFe]-H2ase [9]

Gene names hydA2 (monomeric enzyme) hoxYH (dimeric enzyme)

Oxygen sensitivity Sensitive [17] Sensitive, but continues to evolve H2 in
the presence of low O2 concentrations
[13]

Reactivation after oxygen
exposure

Needs protein resynthesis or at least
resynthesis of active site metal cluster
[16]

Is reactivated in seconds probably by
releasing bound oxygen as water
[13,15]

kcat for H2 evolution ~104 H2/s [17] 1000–2000 H2/s [18]

Highest in-vivo rates of electron
flow through PSI

Not determined 72 e-/s = 36 H2/s [47]

Highest rates of photoH2

production recorded of native
enzyme

150 μmol H2/mg Chl/h [2] 640 μmol H2/mg Chl/h [18]

Natural electron donor for H2

evolution
Ferredoxin Ferredoxin [12]

Properties of PSI–H2ase fusions

Name of PSI–H2ase fusion
strain

ΨH1 [37] psaD-hoxYH [36]

PSI subunit used for fusion
construct

Inframe insertion into PsaC [37] C-terminal fusion to truncated clamp
of PsaD [36]

Distance between FB cluster of
PsaC and metal cluster in the
H2ase

15 Å [37] 23–45 Å [36]

Electron transfer from PSI to
H2ase

Not limiting [37] Limiting [36]

In vivo level of PSI–H2ase
compared to WT PSI

~15% [37] ~0.2% [18,36]

Rates of immediate PhotoH2

production of fusion strains
120 μmol H2/mg Chl/h [37] 0.5 μmol H2/mg Chl/h [36]

Maximal immediate in vivo rates
per PSI-H2ase chimera

170 H2/s [37] ~6 H2/s [18,36]

Rates of long-term PhotoH2

production of fusion strains
21 μmol H2/mg Chl/h [37] 0.6 μmol H2/mg Chl/h [36]

Major future challenge Overcome oxygen sensitivity Optimize electron transfer from PSI to
the H2ase
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water oxidation at PSII and driven by
light. In this case, water is split into
oxygen and electrons and light is the
energy source that excites these
electrons such that they can be utilized
for H2 production. H2 can be
subsequently combined in fuel cells with
oxygen to liberate energy and
reconstitute water in the so-called
Knallgas reaction.
Wild type: natural strains that have not
been manipulated genetically in contrast
to mutant strains.
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Hydrogen production rates of algal [FeFe]-H2ases in vitro are ~104 H2/s; nearly an order of
magnitude higher than typical values for cyanobacterial [NiFe]-H2ases (1000–2000 H2/s)
[17,18]. The in vivo rates are lower, as they are limited by electron input. Under irradiance of
~800 μE, the cyanobacterial enzyme can reach up to 640 μmol H2/mg Chl/h [19] for about
10 s. For algal strains instantaneous rates of 100–200 μmol H2/mg Chl/h are typically measured,
and under some circumstances, even 450 μmol H2/mg Chl/h have been found [20]. The maximal
rate also lasts for about 10 s. Please note that the chlorophyll content is higher in algal cells.

Physiological approaches to enhance photosynthetic hydrogen production
There are several processes that compete with the H2ases for reduced Fdx. Different physiological
approaches have been taken to understand and enhance photosynthetic hydrogen production.
These approaches are described briefly.

The green alga Chlamydomonas reinhardtii can be cultivated under sulfur deprivation to achieve
hypoxic conditions in the light. Sulfur deficiency impairs the PSII repair cycle, which eventually
results in lowered water splitting and continuous photoH2 production [21]. The electrons for
photoH2 under these conditions originate from acetate and other carbon sources (e.g., starch),
which are fed into the photosynthetic electron transport chain. The deletion of components of
the cyclic electron flow around PSI increases the stability of PSII under sulfur deprivation and
increases respiration, which further enhances photoH2 production [22]. Another approach is to
cultivate green algae at low light on acetate in order to balance photosynthesis and respiration
such that oxygen does not accumulate [23]; unfortunately, this lowers the H2 photoproduction
rate. The electrons for continuous photoH2 production originate from a mixture of water oxida-
tion, acetate and photofermentation of proteins. However, the major drawback of these pro-
cesses is that they are not carbon neutral. In addition, sulfur deprivation requires two light
absorbing phases. A first phase to fix carbon and a second phase fed by the breakdown of the
previously generated carbon skeletons, which reduces the conversion efficiency of sun light to
H2, let alone the energy needed to exchange the media.

Another route to bypass the sulfur deprivation is to fuse the H2ases to strategic hotspots in the pho-
tosynthetic apparatus, which allows it to obtain a prolonged electron supply. For example, fusing
H2ases to the enzyme superoxide reductase, which binds to the photosynthetic machinery, allows
continuous photoH2 production for longer than 12 days at rates of 4.5 μmol H2/mg Chl/h [24].

The second hurdle for photoH2 production are the processes that compete for reduced Fdx and
thereby reduce H2 production. The main competitor is the CBB cycle, which oxidizes NADPH
provided via ferredoxin–NADP+ reductase (FNR). FNR likely has a competitive advantage over
other downstream electron acceptors due to its binding to the PSI acceptor side [25]. PetF
(ferredoxin 1) is the major Fdx in C. rheinhardtii. It contains two aspartic acid residues that are
crucial for the differential recognition of FNR and HYDA1. The replacement of these residues
with alanine represses FNR binding, which results in a reduced electron flow to CO2 fixation
and increased photoH2 production in vitro [26]. PhotoH2 production in the cyanobacterium
Synechocystis sp. PCC 6803 is likewise enhanced and prolonged by partial deletion of FNR
[12]. Mutation of specific residues in the cyanobacterial FNR and ferredoxin also results in higher
electron transfer rates to algal HydA in vitro [27]. Fusion of PetF to HYDA1 diverts the electron flow
to the H2ase in vitro and in vivo and enhances as a side effect its resistance to oxygen [28,29]. The
fusion protein is able to intercept photosynthetic electrons and yields elevated photoH2 produc-
tion rates. Continuous photoH2 production in the green algae is achieved by keeping the CBB
cycle inactive under anoxic conditions in the light. This can be accomplished by limitation of its
substrate CO2 or by a train of short light pulses of 1 s that alternate with 9 s darkness [4,30].
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The CBB cycle is inactive in darkness and intermittent short light pulses of this length do not
suffice for its activation. For both approaches electrons for photoH2 production originate primarily
from water oxidation at PSII [5,30]. Nitrate assimilation and respiratory oxidases that fine-tune
photosynthesis are further competitors for photoH2 production in cyanobacteria. Inhibition of
nitrate assimilation and deletion of respiratory oxidases have been shown to enhance photoH2

production in the cyanobacterium Synechocystis sp. PCC6803 [19].

Another process competing with photoH2 is photoreduction of O2 (Mehler reaction), albeit at
lower levels compared to the CBB cycle. This was shown for algal mutants without the flavodiiron
(Flv) protein that is responsible for this reaction [31,32].

H2 production in heterocysts
Some nitrogen-fixing filamentous cyanobacteria form specialized cells, so called heterocysts, under
nitrogen deprivation. Heterocysts have thicker cell walls than neighboring vegetative cells, lack PSII,
and show increased respiratory activity, which results in micro-oxic conditions to protect oxygen-
sensitive nitrogenases [33]. The electrons for N2-fixation are derived from Fdx that was reduced
by PSI. Clostridial [FeFe] H2ases expressed in cyanobacterial heterocysts are able to intercept pho-
tosynthetic electrons before reaching the nitrogenase and yield enhanced amounts of hydrogen at
rates that are above those of the parent strain [34]. However, the [FeFe]-Hase turned out to be
more oxygen sensitive than the nitrogenase and to be inactivated even in the heterocysts. Overpro-
duction of Flv3B was shown to increase heterocystous H2 production probably by enhanced O2

consumption [35] and could also help when expressing [FeFe]-H2ases. However, since heterocys-
tous H2 production requires CO2 fixation in vegetative cells first, then translocation of the carbon
skeleton to the heterocysts followed by break down and another light absorbing event to get the
electrons to the level of H2 it is less efficient than direct water oxidation.

In vivo fusion of hydrogenases to PSI in cyanobacteria and green algae
An approach to bypass the dependency on Fdx and gain a superior competitiveness with down-
stream processes, is to fuse the H2ases to PSI in vivo. This is the most direct approach to
enhance and prolong photoH2 production in cyanobacteria and algae. Indeed, a proof of concept
was achieved both in the cyanobacterium Synechocystis sp. PCC 6803 and in the green algae
Chlamydomonas reinhardtii (Figure 1) [36,37]. We thus have the unique opportunity to compare
the physiology and performance of a unicellular prokaryotic with a unicellular eukaryotic photo-
synthetic organism that have H2ases directly attached to their PSIs. For a reflection on the
possible solar to hydrogen conversion efficiency of the whole process see Box 1 and for a
comparison of the two systems see Table 1.

Design and function of PSI-H2ase chimeric proteins
The FeS clusters of PSI and the H2ases must be placed within distances that allow efficient elec-
tron transfer (Box 2). The aim of both approaches was to intercept electrons from the FB cluster
of thePsaC subunit of PSI (Figure 2). The different structures of the H2ases necessitated the use
of different anchors to PSI. The C terminus of PsaD passes over PsaC in proximity to the FB
cluster and then binds to the surface of PsaB. This C-terminal clamp is thought to contribute to
the tight association of PsaC with PSI [38]. The small subunit (HoxY) of the [NiFe]-H2ase is
attached to a truncated version of the PsaD clamp in cyanobacterial PSI and its association
with HoxH is counted upon to assemble PSI–HoxYH. This is referred to as the PsaD–HoxYH
fusion and the cyanobacterial mutant as psaD–hoxYH (Figures 1 and 2).

The PsaC subunit possesses a β-hairpin that is located on top of the FB cluster and forms part of
the Fdx-binding site (Figure 2). The algal H2ase domain HydA2 was inserted as an inframe fusion
Trends in Biotechnology, Month 2022, Vol. xx, No. xx 5

CellPress logo


Box 1. Solar to hydrogen conversion efficiency

Although existing systems do not yet fulfill the requirements for a successful application, here is a short and rough reflection
on their potential efficiency. Photosynthesis is predominantly driven by blue and red light absorbed by the two photosystems
(PSII and PSI) (see Figure I in Box 3). The energy of one mole of red photons of the wavelength 680 nm is:

E ¼ h� c
λ
� NA ¼ 6:63� 10 � 34 � 2:99� 108

680� 10 � 9 � 6:02� 1023 ¼ 176 kJ=mol

The energy of combustion of hydrogen is 286 kJ/mol. Since two electrons need to be driven along the whole chain to
reduce two protons to H2, four photons are required. Thus, 704 kJ of red radiation need to be invested, yielding a
maximum efficiency of 286/704 × 100 = 41%. This seems impressive.

However, there are flaws in this calculation. First, no matter which photon the photosystems absorb, its energy is ultimately
reduced to that of a red photon and the rest will be given off as heat. Second, not every absorption of a photon leads to a
successful charge separation. If we incorporate the photochemical efficiency of the photosystems, the number of photons
required would increase to 4.4 instead of 4. Taking the absorption spectrum of green algae into account that is close to that
of chlorophyll a (Figure I), we obtained a conversion efficiency of 3.1% and for cyanobacteria that contain phycobilisomes
(efficient light harvesting complexes) about 5.8%. In vivo the quantum requirement for the production of oneO2 is between 10
and 11 instead of the theoretical eight [47,54], because additional energy is needed for CO2 uptake, and cellular maintenance
and repair. CO2 uptake is not of concern when the cells produce H2 but maintenance and repair, especially of the photosys-
tems, are necessary. This increases the quantum requirement to about 5.5 per H2 and decreases the theoretically attainable
conversion efficiency of algae to 2.5%and of cyanobacteria to 4.6%. These calculations hold for a single cell layer. If we imag-
ine denser cultures these values increase because a larger proportion of the light can be absorbed. If we maintain the above
quantum requirement of 5.5 per H2 and imagine that every photon of the whole spectrum up to 710 nm could be used, the
solar to hydrogen conversion efficiency could be estimated to get to about 13.5% at its best [55].

TrendsTrends inin BiotechnologyBiotechnology

Figure I. The standard solar spectrum AM 1.5g at a zenith angle of 48.5° that is used to determine the
efficiency of photovoltaic devices and the absorption spectra of chlorophyll a, the cyanobacterial
phycobilisome (PBS) and a cyanobacterial culture. These spectra have been used for the calculation of potential
efficiencies above.
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Box 2. Electron transfer within PSI and to H2ases

Charge separation within PSI occurs after excitation energy has arrived at the six coupled chlorophylls in the electron
transfer domain at the center of PSI, typically from the surrounding antenna domains (containing ~90 chlorophylls). In
addition, cyanobacteria contain phycobilisomes and IsiA antenna polypeptides, while green algae have light-harvesting I
complexes, which further increase the number of antenna pigments connected to PSI. Initial charge separation is thought
to occur between the ec2 and ec3 Chls within ~1 ps, generating the ec2+ec3- radical pair state, followed by hole transfer to
the P700 Chl dimer and electron transfer to the nearby phylloquinone in 20–50 ps, generating the P700

+ PhQ– state (see
Figure 2 in main text). Work on algal and cyanobacterial PSI have shown that both electron transfer branches are active
for charge separation, with the A-branch somewhat dominant, being used 55–75% of the time [56,57]. Electron transfer
to the FX cluster occurs in ~20 ns from the B-side semiquinone and in ~200 ns from the A-side semiquinone. This is
followed by transfer to the FA/FB clusters of PsaC in ~140 ns [58].

In the absence of electron acceptors for the FeS clusters, charge recombination with P700
+ occurs in ~100ms from (FA/FB)

–

and in ~0.5 ms from FX
–. This is why electron transfer to the attached H2ase must be reasonably fast (<10 ms), in order to

compete with the back reaction. The Moser-Dutton approximation [59] relates the rate of electron transfer (kET) to the
distance between the cofactors (R, in Å), the driving force of the reaction (ΔG) and the reorganization energy (λ):

log kET ¼ 13 – β=2:3ð Þ R – 3:6ð Þ – γ=λð Þ Gþ λð Þ2

The maximum rate (i.e., whenΔG = -λ) can be easily calculated, assuming an average β of 1.4/Å for electron transfer within
proteins as kET = 10(15.2 - 0.61R)/s.

There is insufficient data to estimate the other parameters for this electron transfer event in the two chimeric assemblies.
While the link in PsaD–HoxYH is assumed to be rather flexible, PsaC–HydA2 can be modeled as a new protein resembling
a clostridial hydrogenase with a Fdx-like domain harboring supplementary FeS clusters [60]. This could mean that the
actual electron transfer rate would be further from optimality in PSI–HoxYH than in PSI–HydA2, due to a higher expected
reorganization energy in the former because of its more polar environment, but there are too many unknowns to state this
with any confidence.

Trends in Biotechnology
OPEN ACCESS
into the loop of this β-hairpin, splitting PsaC into two short polypeptides that have to assemble
together after folding of the HydA domain. This polypeptide is termed PsaC–HydA2 and the
chimeric complex is PSI–HydA2. This resulted in the algal mutant ΨH1 (Figures 1 and 2).
TrendsTrends inin BiotechnologyBiotechnology

Figure 2. The arrangement of subunits within photosystem (PS)I is shown in the center. The PsaA/B heterodimer
in the membrane binds all of the chlorophylls of the antenna domains (~90) and the six electron transfer chlorophylls at the
center, as well as the PhQ and FX cofactors. PsaC binds the terminal FA and FB clusters. PsaD participates in binding Fdx
and its C-terminal clamp extends over PsaC. The β-hairpin insertion site for HydA in PsaC is also indicated. On the left
and right are shown the arrangement of cofactors within PSI and the attached hydrogenases, with distances between
metallic clusters (in Å) noted. PDB files used: PSI (1JB0), [NiFe] H2ase (5xf9), HydA1 (4R0V).
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In both cases, the chimeric polypeptides (PsaD–HoxYH and PsaC–HydA2) have been shown to
assemble into a complex with the other PSI subunits, as shown by immunoblot analysis on 2D
gels (PSI–HoxYH) or of purified protein (PSI–HydA2). Moreover, the hydrogenase moiety of
each complex appeared to be fully active as judged by using reduced methyl viologen as electron
donor for H2 production. This proves that maturation of the H2ase domain works in both mutants,
even when attached to PSI. The question is whether PSI is an effective donor to the attached
H2ase. Both engineered strains produce photoH2 in a light-dependent manner. In order to com-
pete effectively with charge recombination of the P700

+(FA/FB)
– state (in ~100ms), electron transfer

from FB to the H2ase active site should be significantly faster than that. Using the Moser–Dutton
ruler approximation [39], an electron transfer time of 1 or 10 ms (~99% or ~90% yield) would
require a maximum distance of 20 Å or 21.6 Å. The calculated distances between FB of PSI
and the 4Fe-4S cluster of HoxY or HydA2 are 23.3–45.2 Å or 14.8 Å, respectively, based upon
reasonable models (Figure 2, Box 2).

Effect of PSI–H2ases on physiology
The PsaC and PsaD subunits interact intimately in PSI, which means that the [NiFe]-H2ase would
be close to the FB cluster but also posed a risk that the added H2ase could compromise proper
PSI assembly. This is visible by a reduced PsaC level in the PSI–HoxYH expressing strain. In the
ΨH1 strain the PsaD level is similar, but the level of the chimera was reduced about eightfold
compared to WT PSI. This is likely due to the demanding nature of the chimeric design, requiring
the two halves of PsaC to assemble together properly, followed by binding of the PsaC domain to
newly assembled PsaA/PsaB heterodimer in the thylakoid membrane. In the absence of PsaC in
C. reinhardtii, there is little detectable PSI, due to coordinated degradation of the unassembled
subunits [40]. Thus, the PsaC domain of the PsaC–HydA2 polypeptide either folds less efficiently
or binds less well to PSI.

In both cases, the PSI–H2ase chimera replaces normal PSI and still allows photoautotrophic
growth, albeit at low rates, indicating that they were able to reduce Fdx. In the case of the
ΨH1, photoautotrophic growth takes place only under micro-oxic, high-CO2 conditions; this
phenotype was previously seen with mutant strains containing similar low amounts of PSI [41].

In PSI–HydA2, the Fdx binding site on PsaC should have been blocked. As expected, the photo-
reduction of cyanobacterial flavodoxin in vitro was reduced by an order of magnitude [37],
consistent with the fact that its binding site heavily overlaps the Fdx binding site [42]. However,
Fdx photoreduction was only lowered twofold. The explanation given for these observations
was that the 4Fe-4S cluster of the HydA2 domain (which exists before insertion of the di-iron
subsite) was the actual reductant of Fdx, given that the Fdx binding site of HydA2 was not
blocked in the chimera.

In vivo hydrogen production by PSI–H2ases
Since PSI–HydA2 maintains its ability to interact with Fdx, it is not surprising that the respective
strain is capable of fermentative H2 production in the dark (at 60% the WT level, consistent
with total cellular H2ase activity). In contrast, the PSI–HoxYH expressing mutant lacks this capa-
bility, as HoxYH alone cannot interact with its electron donor/acceptor due to the lack of the
diaphorase HoxEFU.

In both systems, the engineered cells performed photoH2 production after anaerobic dark–light
transition. The maximal transient rate of PsaD–hoxYH was 0.5 μmol H2/(mg Chl h)-1, which is
less than the WT (14 μmol H2/mg Chl/h). Only about 0.2% of the PSI centers have a H2ase,
which gives about 6 H2/s per PSI–HoxYH chimera, and indicates that the electron transfer from
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PSI to hydrogen is far from optimal in this case. The maximal transient rate estimated for theΨH1
strain under imposed anoxia (with glucose oxidase) is 120 μmol H2/mg Chl/h)-, or 2.7 mmol H2/g
dry cells/h, which is an order of magnitude higher than that measured in the WT strain. This is
equivalent to ~170 molecules of H2/s for each PSI–HydA2 (assuming that all are active at steady
state), which puts a lower limit on the kcat of PSI–HydA2. This rate compares favorably to a
chimera in which cyanobacterial PSI is linked to clostridial [FeFe]-H2ase via a molecular wire,
which produced ~50 H2/s in vitro [72]. In both cases it is likely electron input into PSI that
limits the overall rate of H2 production. A telling difference between photoH2 production in the
PSI–HydA2 and WT strains is the light saturation curve, with PSI–HydA2 requiring higher light
than WT (half saturation at 300–500 vs. <50 μmol photons/m2/s) to achieve a rate saturating at
a value ~8-fold higher than WT. This was explained by the ability of the HydA2 domain to transfer
an electron to Fdx, inhibiting photoH2 production at low light, when the delay between delivery of
the first and second electron would be longer.

Both engineered strains produce photoH2 for several hours under anaerobic conditions
(PSI–HoxYH strain: 0.6 μmol H2/mg Chl/h), ΨH1: 21 μmol H2/mg Chl/h). In WT green algae
and cyanobacteria, the onset of CO2 fixation terminates photoH2 production within several
minutes. However, ΨH1 continues to produce photoH2 due to the diversion of most electrons
to H2 production away from CO2 fixation. In addition, the ΨH1 cultures did not accumulate O2

due to the low amount of PSI–HydA2 constraining O2 production by PSII. During the long-term
photoH2 production experiments over the course of days, glucosewas added to psaD–hoxYH cul-
tures and acetate was added toΨH1 cultures (Figure 1). TheΨH1 strain produced H2 at ~14 μmol
H2/mg Chl/h) as a dilute culture in a sealed bottle or ~5 μmol H2/mg Chl/h as a dense culture in a
photobioreactor over the course of several days. The psaD–hoxYH strain performed long-term
photoH2 production at a rate of 0.6 μmol H2/mg Chl/h while H2 production by WT cyanobacteria
is barely detectable under the same circumstances.

Several points are relevant to the discussion of long-term photoH2 production in the engineered
strains. Firstly, it is light dependent, as expected. Secondly, it is based on electrons coming from
H2O splitting at PSII, as desired, but may utilize electrons from organic donors (e.g., starch,
glycogen, glucose, or acetate) as well. In the case of the ΨH1 strain, such donors are required
to drive respiration to maintain anaerobiosis, but they likely do not contribute directly to proton
reduction, as the plastoquinone pool (where electrons from such sources enter the electron
transport chain) is highly reduced in bright light due to the high PSII/PSI ratio. The processes
are thus driven by a mix of photomixotrophy involving only PSI and photoautotrophy based
on oxygenic photosynthesis, water splitting, PSII, and PSI (Figure 1). The ratio of these sources
depends upon the system in use. Thirdly, despite the claims that the algal [FeFe]-H2ase is
‘exquisitely sensitive’ to O2, being irreversibly inactivated within 1 s of O2 exposure, long-term
photoH2 production by PSI–HydA2 in the face of constant O2 evolution by PSII in the same
membrane could be a hint that this might not be such a serious problem. This adds support to
the idea that the so-called HydEFG maturases are not solely involved in biosynthesis of new
[FeFe]-H2ase, but can also reactivate damaged enzyme, as has been shown in vitro [16]. Thus,
there are real advantages to maintaining the PSI–H2ase chimera in a cellular setting.

In vitro approaches, recent advances
Photosynthetic hydrogen production in cyanobacteria and green algae has inspired artificial and
semiartificial approaches that mimic photosynthetic energy conversion for solar H2 production
in vitro (Box 3). Biohybrid approaches in which photosystems and/or enzymes are attached to
electrodes or other materials have been studied in the last two decades. In this respect two studies
using separately purified PSI and H2ase to assemble PSI–H2ase complexes are interesting [43,44].
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Isolated photosynthetic protein complexes like PSI and PSII can be coupled in semiartificial, photoelectrochemical cells to
mimic light-driven linear electron flow in vitro (Figure I) [61,62]. Electrons being released from water by PSII in the anodic
half-cell are transferred to the PSI-containing cathodic half-cell [63] and passed to a catalyst (e.g., hydrogenase) to
produce a fuel at the end of the chain [64].

One key point for optimization is the electrical connection between the biological components and the electrode, which is
part of the individual half-cells in the electrochemical system. This can be either mediated by diffusible redoxmediators [65]
or achieved by oriented immobilization of redox-active proteins, which is usually supported by a self-assembled monolayer
on the electrode surface [66]. Alternatively, oriented protein monolayers can be deposited on an electrode by the Langmuir–
Blodgett technique [64,67]. Further improvement was achieved by application of redox-active hydrogels, which enable
diffusion-free electron transfer between the protein and the electrode [68]. Here, proteins are embedded in a polymer
film and wired to the electrode via redox-active groups (e.g., osmium bipyridine complexes, viologens, or phenothiazine-based
dyes) attached to the polymer backbone. In principle, this setup also allows the integration of engineered photosystems to
increase the light conversion efficiency, as considerable energy losses within the complexes are a direct consequence of diffu-
sion dependent electron transfer processes in the native system.

Several concepts have been realized to achieve light-driven hydrogen production with biohybrid systems. For example,
hydrogen was generated with platinum-nanoparticle-modified PSI complexes, which were embedded within a redox-
active hydrogel as electron donor [69]. Integration of a hydrogenase into the photocathode ismore challenging due to charge
recombination between the PSI donor and acceptor side and, as a consequence, electron transfer to the hydrogenase must
be insulated. This was achieved by a sandwich structure of several polymer–protein layers including PSI and hydrogenase
[64]. Alternatively, a PSII-based photoanode was coupled to a hydrogenase containing cathode, either by applying an addi-
tional bias between the two half-cells [70] or by integration of an artificial photosensitizer in the photoanode [71]. Although,
most of the work published so far, is proof-of-concept studies and a real application is far from being realized, the basic
concept opens various possibilities to study and optimize individual components and their interconnection. This knowledge
may also guide the development of in vivo applications in future studies.

TrendsTrends inin BiotechnologyBiotechnology

Figure I. Schematic model of a semiartificial photoelectrochemical cell. Electrons are released from water by
photosystem (PS)II and transferred to the electrode via a redox active hydrogel in the anodic half-cell. Electron supply to PSI in
the cathodic half-cell is mediated by a second hydrogel and a third hydrogel layer on top of PSI transfers the electrons to the
embedded hydrogenase for hydrogen production at the end of the chain. Each hydrogel is modified with redox groups with a
specific potential (indicated by colored circles) to enable diffusion-free electron transfer without additional bias.
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Furthermore, it is promising for these approaches that the assembly of an active [FeFe]-hydrogenase
has been shown to be possible without its maturation machinery in vitro as well as heterologously
in vivo [45,46].
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Outstanding questions
How can oxygen resistance of
the H2ases be increased? More
prospecting of H2ases from the
environment needs to be performed to
identify hydrogenases with desired
properties, such as oxygen tolerance
and high catalytic rates in the direction
of H2 evolution. Although the chimeric
studies started with the endogenous
H2ases, there is no reason why
enzymes from other species cannot be
used, as it is known that most
maturases are capable of activating
H2ases from a range of species.

How can electron transfer inside the
chimeric complexes be optimized? It
will be important in the future to obtain
actual structures of the chimeric
assemblies, rather than relying upon
models. Cryoelectron microscopy is a
promising technique that has already
been applied to PSI from both species,
making it likely that structures can be
obtained for PSI–HoxYH and PSI–
HydA. Insights from these structures
and from biohybrid in vitro approaches
can guide the optimization of the com-
plexes. The in vitro characterization of
PSI–H2ase chimeric complexes is fur-
thermore a valuable tool to pinpoint
and subsequently amend weak spots.

How can we ensure sustainability and
viability of the cells? It is imperative to
obtain a detailed understanding of the
physiology of the engineered strains, the
regulation of photosynthetic electron
transport and the processes required
for cell maintenance.

To have a real impact on sustainable
photoH2 production, how can the
chimeric systems be moved to species
better suited for industrial production?
Although the species utilized here
(Synechocystis and Chlamydomonas)
have been used for decades as model
systems, they are not ideal for large-
scale cultivation. Given that PSI is highly
conserved, however, there is no insur-
mountable obstacle to importing chime-
ric assemblies tested in model species
into strains that have properties desirable
for industrial scale-up (e.g., fast growth;
tolerance to high light; extremophiles).
However, in many cases the longevity of in vitro systems is either poor or poorly characterized.
Moreover, the hybrid nature of the systems lacks many of the advantages of a purely in vivo
system: (i) cheap, fast, and nonlaborious assembly; (ii) production of biomass that can be
repurposed for other uses (e.g., animal feed, biofuel, and water remediation); and (iii) the ability
to be repaired and/or remade. However, insights from biohybrid in vitro and biological in vivo
approaches have the potential to mutually guide the optimization of these processes.

Concluding remarks and future perspectives
The successful expression of PSI–H2ase fusions in a cyanobacterium and a green alga have been
major steps towards sustainable biological light driven hydrogen production. The respective
strains grow autotrophically and produce higher amounts of H2 compared to their parent strains
under the same conditions. For the time being, the algal system outcompetes the cyanobacterial
one and sets an example for excellent electron transfer, but at the same time, it justifies the expec-
tation that also cyanobacterial fusions could accomplish similar rates. The frequently mentioned
lower turnover frequency of the [NiFe]-enzymes will not be limiting here since it is well sufficient
for the in vivo electron flow through PSI [18,47].

One of the most obvious hurdles to overcome is the oxygen sensitivity of the algal [FeFe]- as well as
the cyanobacterial [NiFe]-H2ases. [NiFe]-enzymes should have an inherent advantage since all the
enzymes of this class can be reactivated after oxygen exposure and oxygen-tolerant subclasses
exist. In this respect, the recent successful expression of the oxygen-tolerant [NiFe]-H2ase of the
non-photosynthetic bacterium Ralstonia eutropha in the cyanobacterium Synechocystis sp. PCC
6803 is interesting although the enzyme expressed at low levels (~40 times less enzyme activity
per mg of protein compared to its native host) and predominantly consumes H2 [48].

In case of [FeFe]-H2ases, oxygen sensitivity might be more difficult to overcome since no enzymes
working in the presence of significant amounts of oxygen are known. However, recently [FeFe]-
H2ases were discovered that possess a safety cap, which protects the enzyme from degradation
by O2 but simultaneously inactivates the enzyme until O2 concentrations drop [49]. It was also
found that at least some (relatively) O2-insensitive [FeFe]-H2ases do not require additional domains
for this property [50], making them candidates for the chimeric approach. These findings raise the
hope that the space of biochemical properties of the [FeFe]-class has not been fully explored yet.

When photosynthetic light reaction is running, NADPH is formed by FNR from reduced Fdx and ATP
is produced by ATP synthase using the proton gradient generated at the same time (Figure 1). Both
products are consumed in a fixed ratio by the CBB cycle.When electron transfer to the hydrogenase
is high, the amount of NADPH generated will drop. The overaccumulation of ATP (and resulting high
proton motive force) will ultimately place a halt on electron transport. Thus, future efforts will need
to focus on how to dissipate part of this gradient without harming the cells ATP requirements and
viability.

Under high light intensities, photosynthetic cells usually absorb a higher proportion of the incident
light than they can process. Consequently, they need many mechanisms to dissipate the surplus
energy. To not waste this energy and to cover a wider range of photon flux densities, it will be
necessary to minimize self-shading and decrease antenna size [51]. In addition, the limited
spectral coverage of light harvesting could be expanded by introducing new antenna that absorb
in until now untouched spectral regions [52,53].

One last obstacle that can be foreseen for sustained biological photoH2 generation is the
mesophilic nature of the model strains used until know. To enable technical scale production
Trends in Biotechnology, Month 2022, Vol. xx, No. xx 11
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also under a wide temperature regime extremophilic strains and strains growing at high cell
densities need to be used. However, the transfer of the necessary components should not be
a large problem since the core of the photosynthetic apparatus and PSI is highly conserved
among all oxygenic phototrophs (see Outstanding questions).
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