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Abstract Ferredoxins are soluble iron sulphur proteins
which function as electron donors in a number of metabolic
pathways in a broad range of organisms. In photosynthetic
organisms, PETF, or ferredoxin 1 (FDX1), is the most stud-
ied ferredoxin due to its essential role in photosynthesis,
where it transfers electrons from photosystem I to ferre-
doxin-NADP" oxidoreductase. However, PETF can also
transfer electrons to a large number of other proteins. One
important PETF electron acceptor found in green micro-
algae is the biologically and biotechnologically important
[FeFe]-hydrogenase HYDA, which catalyses the produc-
tion of molecular hydrogen (H,) from protons and elec-
trons. The interaction between PETF and HYDA is of con-
siderable interest, as PETF is the primary electron donor
to HYDA and electron supply is one of the main limiting
factors for H, production on a commercial scale. Although
there is no three dimensional structure of the PETF-HYDA
complex available, protein variants, nuclear magnetic reso-
nance titration studies, molecular dynamics and model-
ling have provided considerable insight into the residues
essential for forming and maintaining the interaction.
In this review, we discuss the most recent findings with
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regard to ferredoxin-HYDA interactions and the evolution
of the various Chlamydomonas reinhardtii ferredoxin iso-
forms. Finally, we provide an outlook on new PETF-based
biotechnological approaches for improved H, production
efficiencies.
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Introduction

The ferredoxin family, present in bacteria, algae, higher
plants and animals, consists of a diverse range of small,
soluble iron sulphur (FeS) proteins, which are characterised
by their acidity and low redox potentials. Ferredoxins act
as electron acceptors (e.g. for photosynthesis) and donors
(e.g. for sulphur and nitrogen assimilation, biosynthesis
of chlorophyll, phytochromes and fatty acids) and partici-
pate in redox signalling (Fukuyama 2004; Hanke and Mulo
2013; Hemschemeier and Happe 2011). Green microalgae
contain multiple plant-type (2Fe2S) ferredoxin isoforms
(Yang et al. 2015). However, ferredoxin 1 (FDX1), more
commonly known as PETF, is the most studied ferredoxin
due to its essential role as the first stromal electron accep-
tor in the photosynthetic electron transport chain, where it
transfers electrons from photosystem I (PSI) to a number
of proteins. The principal redox partner of PETF is the
ferredoxin-NADP™ oxidoreductase (FNR), which catalyses
the production of NADPH from NADP* and protons (Shin
2004; Winkler et al. 2009).

In green microalgae, an electron acceptor of PETF of
both biological and biotechnological interest is the [FeFe]-
hydrogenase, HYDA, which catalyses the production of
molecular hydrogen (H,) from protons and electrons. The
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Chlamydomonas reinhardtii [FeFe]-hydrogenase, HYDAI,
was the first eukaryotic hydrogenase isolated (Happe et al.
1994; Happe and Naber 1993). This, in addition to the
large knowledgebase and molecular toolset available for C.
reinhardtii (Jinkerson and Jonikas 2015; Mussgnug 2015),
has led to this hydrogenase being the best characterised
eukaryotic hydrogenase. As H, production efficiencies are
dependent on electron supply, the PETF-HYDAI1 interac-
tion has been the focus of many studies. Although there
is no three dimensional (3D) structure of this complex to
date, site-directed mutagenesis and nuclear magnetic reso-
nance (NMR) titration studies have provided considerable
insight into the residues of both proteins crucial for com-
plex formation and electron transfer. This knowledge has in
turn informed genetic engineering approaches.

Chlamydomonas ferredoxins

Thirteen ferredoxin genes have been identified in the C.
reinhardtii genome (Yang et al. 2015); however, only six
(PETF and FDX2-6) have been characterised in any detail.
FDX2 is the most similar to PETF, with 68% sequence
identity according to BLAST (https://blast.ncbi.nlm.nih.
gov/Blast.cgi), while FDX8, FDX10, FDX11, FDX12 and
MFDX are the most divergent, displaying low amino acid
sequence identity. According to PROSITE (http://prosite.
expasy.org/), all but FDX10 are predicted to contain the
conserved 2Fe2S ferredoxin-type FeS binding domain and
the characteristic 2Fe2S cluster binding motif of plant-
type ferredoxins (Cx,Cx,Cx,C). However, this plant-type
ferredoxin motif is slightly different in FDXS8, FDX11 and
MDX, in that it contains an additional amino acid between
the first two cysteines, resulting in Cx5Cx,Cx,C. This cor-
responds to the FeS binding motif of vertebrate adreno-
doxins (Fukuyama 2004), which are typically part of the
mitochondrial metabolism (Ewen et al. 2012). Due to the
fact that the FDX10 peptide sequence reported in Yang
et al. (2015) does not contain either of these binding motifs,
we discarded it from our list of FDX isoforms and instead
renamed MFDX to FDX10, which leaves a total of 12 FDX
paralogs (PETF and FDX2-12, Supplementary Table S1
and Fig. 1b). The phylogenetic analysis of a multiple
sequence alignment comprising all 12 FDX isoforms of C.
reinhardtii and 69 orthologs from the entire spectrum of
oxygenic phototrophs, including sequences from cyanobac-
teria, Chlorophyta, Bryophyta and higher plants, enabled us
to construct a phylogenetic tree, containing all ferredoxin
isotypes (Fig. 1a).

With the exception of FDX2, FDX9 and FDX12, all C.
reinhardtii FDX paralogs are located in distinct monophy-
letic clades. They cluster together with orthologs of other
chlorophycean, trebouxiophycean or prasinophycean algal
species. For example, the sub-trees of isoforms FDXI,
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FDX4, FDX5, FDX6, FDX10 and FDX11 also include
orthologs of higher plants and/or bryophytes, indicating
that these FDX isoforms played a vital role as part of the
genetic heritage for the evolution of higher photosynthetic
organisms (Fig. 1c). Meanwhile, the sub-trees of paral-
ogs FDX1 (PETF), FDX7 and FDX8 contain homologs of
cyanobacterial origin such as from Synechocystis or Nostoc
species, advocating for differential evolutionary pathways
that might even date back to the endosymbiotic origin of
chloroplasts from endocytosed cyanobacteria (Okazaki
et al. 2010; Pedroza-Garcia et al. 2016; Rodriguez-Ezpeleta
and Philippe 2006). Paralogs FDX3, FDX4, FDX6 and
FDX10 appear to have evolved in the common ancestral
lineage of the three Chlorophyta classes, while homologs
of FDX2 can only be found in the chlorophycean and tre-
bouxiophycean branches. Among the three algal classes,
isoforms related to FDX5, FDX9, FDX11 and FDX12 are
restricted to chlorophycean species and thus presumably
differentiated from other isoforms rather late in C. rein-
hardtii evolution. The high bootstrap value of 88 suggests
a common ancestor for FXD8, FDX10 and FDX11, which
likely corresponds to the cyanobacterial origin of FDXS,
represented here by Nostoc FDX8 (Fig. 1a). While FDX9
and FDX12 seem to be unique for C. reinhardtii, orthologs
of FDX5 and FDX11 appear to have evolved together with
subtypes FDX4, FDX6 and FDX10, as they can be found
in higher photosynthetic organisms such as vascular plants
and/or mosses. For FDX4 and FDX6, this corresponds
to earlier data from Terauchi et al. (2009). A remaining
question is the conservation of ferredoxin function. Once
the individual chlorophyta isotype functions have been
determined, the conservation of their functions during the
course of evolution up to the orthologs of higher photosyn-
thetic organisms can be examined.

In higher plants, different ferredoxins are located in
different tissues. In C. reinhardtii, most of the previ-
ously examined ferredoxin paralogs (FDX1-3, FDXS5 and
FDX6) have been predicted or experimentally demon-
strated to be localised in the chloroplast (Jacobs et al. 2009;
Terauchi et al. 2009; Yang et al. 2015). According to Pre-
dAlgo (https://giavap-genomes.ibpc.fr/cgi-bin/predalgodb.
perl?page=main) predictions, isoforms FDX8-9 are also
located in the chloroplast, while the adrenodoxin-like iso-
form FDX10 is strongly predicted to be localised within the
mitochondria. For FDX paralogs 7, 11 and 12, PredAlgo
fails to predict a definite sub-cellular localisation, although
the FDX7 ortholog of the closely related Chlorophycean
species Volvox carteri, has a solid c-score value (Supple-
mentary Table S2), suggesting its localisation within the
chloroplast.

An earlier phylogenetic analysis based on 30 FDX
sequences from algae, moss and higher plants sug-
gested that PETF and FDX5 are most closely related to
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Fig. 1 Multiple sequence alignment, evolutionary relationships and
phylogeny of plant-type ferredoxin isoforms of Chlamydomonas rein-
hardtii. a A phylogenetic tree comprising all plant-type ferredoxin
isotypes present in C. reinhardtii (PETF and FDX2-10) was con-
structed using the minimum evolution (ME) method (Rzhetsky and
Nei 1992). The percentage of replicate trees in which the associated
taxa clustered together in the bootstrap test (1000 replicates) is shown
next to the branches. The ME tree was searched using the close-
neighbour-Interchange (CNI) algorithm (Nei Mak 2000) at a search
level of 1. The neighbour-joining algorithm (Saitou and Nei 1987)
was used to generate the initial tree. The analysis included 81 amino
acid sequences from cyanobacteria (Syn: Synechocystis sp. PCC
6803; Nostoc: Nostoc sp. PCC 7524), Chlorophyta (Cr: C. reinhardtii,
Vc: Volvox carteri nagariensis, Gp: Gonium pectorale, Cv: Chlorella
variabilis NC64A, Mc Micromonas commoda, Os: Ostreococcus sp.
RCC 809, Ol: Ostreococcus lucimarinus), Bryophyta (Pp: Physcom-
itrella patens) and Planta (Ara: Arabidopsis thaliana, Rs: Raphanus

photosynthetic leaf-type FDXs, while FDX?2 instead groups
with non-photosynthetic root-type FDXs (Terauchi et al.
2009). The low bootstrap values in the earlier branching
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sativus, Gm: Glycine max). All positions containing gaps and missing
data were eliminated. There were a total of 45 positions in the final
dataset. Evolutionary analyses were conducted in MEGAG6 (Tamura
et al. 2013). b Polypeptide alignment of plant-type ferredoxins PETF
(marked in red) and FDX2-10 from C. reinhardtii and C. variabilis
NC64A. Cysteine residues which coordinate the [2Fe2S]-cluster are
marked with an asterisk. Amino acid positions of PETF for which
experimental data indicate their participation in protein—protein inter-
actions during complex formation with HYDA1 are indicated by
arrows. Position labels with coloured backgrounds indicate residues,
which, when exchanged, had the strongest impact on PETF-depend-
ent HYDALI activity. ¢ Phylogenetic development of the different
PETF/FDX paralogs identified in C. reinhardtii during the evolution
of oxygenic phototrophic organisms, comprising cyanobacteria, Chlo-
rophyta (Prasinophyceae, Trebouxiophyceae and Chlorophyceae),
Bryophyta and higher plants. Species abbreviations representing the
respective taxa are shown in blue

points do not allow any conclusions to be drawn on that
matter from the larger scaled phylogram in Fig. 1a.

It is still not quite clear why such a multitude of different
ferredoxin isotypes are required in a unicellular green alga.
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However, emerging evidence suggests that the presence of
different isoforms allows exceptionally flexible algal spe-
cies such as C. reinhardtii to quickly respond and adapt
to changing environmental conditions (Peden et al. 2013;
Terauchi et al. 2009; Yang et al. 2015). For example, each
of the Fdx genes is differentially regulated in response to
changes in nutrient supply (Fig. 2). PETF is the predomi-
nant isoform during photoautotrophic growth, comprising
98% of the total ferredoxin transcript pool in cells grown
in Tris-acetate-phosphate medium (Terauchi et al. 2009).
Fdx2 is induced in nitrate-grown cells, with its transcript
abundance 300 to 400-fold higher with nitrate as the nitro-
gen source instead of ammonia (Terauchi et al. 2009),
while Fdx5 is induced under copper or sulphur deprivation
(Jacobs et al. 2009; Terauchi et al. 2009), with transcript
abundance reaching almost the same level as Petf under
copper deficiency. Indeed, each ferredoxin appears to play a
specific role under specific conditions. FDX2 is assumed to
participate in state transitions, a photoprotective mechanism

Calvin Benson
cycle

2H,0

2

0, + 4H*
‘Q

INDUCTION CONDITIONS FUNCTIONS

where excitation energy is balanced between PSII and PSI
by the reversible dissociation of light harvesting complex
II (LHCII) proteins from PSII, and dark anoxia. FDX3
appears to be involved in N assimilation, while FDX4 pos-
sibly functions in glycolysis and ROS responses. FDX5
has been described as being important for hydrogenase
maturation and furthermore appears to play a role in fatty
acid desaturation and in maintaining the composition and
functionality of the thylakoid membrane, especially during
growth in the dark (Lambertz et al. 2010; Mus et al. 2007,
Peden et al. 2013; Terauchi et al. 2009; Yang et al. 2015).

C. reinhardtii ferredoxin interaction partners

The C. reinhardtii ferredoxins are not only regulated by
different stimuli, but also have a wide range of interac-
tion partners. In a recent yeast two-hybrid study, 216 puta-
tive ferredoxin interacting proteins were identified (Peden
et al. 2013). PETF, in addition to interacting with FNR and

INTERACTIONS REFERENCES

PETF constitutively expressed
fatty acid biosynthesis

FDX2 anaerobiosis, NO,, +Ni,

+H202
FDX3 -Fe N assimilation
FDX4 *? glycolysis, ROS

FDX5 anaerobiosis, +Ni, -Cu, -S
FDX6 -Fe ?

Fig. 2 Schematic of putative ferredoxin interactions and functions in
Chlamydomonas reinhardtii. Six out of 12 ferredoxin isoforms have
been characterised in C. reinhardtii: Ferredoxin 1 (FDX1/PETF),
FDX2, FDX3, FDX4, FDX5 and FDX6. PETF is the main electron
donor of the hydrogenase HYDA, providing electrons (black lines)
received from photosystem I (PSI) via the photosynthetic electron
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HYDEF Peden, 2013; Boehm, 2016
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transfer chain, which additionally involves photosystem II (PSII),
plastoquinone (PQ), cytochrome b¢f (Cytbgf) and plastocyanin (PC),
but also donates electrons to other redox enzymes, above all others to
the ferredoxin-NADP* oxidoreductase (FNR). LHC light harvesting
complex, ATPase ATP synthase



Photosynth Res (2017) 134:307-316

311

HYDALI, also interacts with HYDA2 (Chang et al. 2007),
as well as with sulphite and nitrite reductases, which are
involved in nitrate and sulphate assimilation; ferredoxin
thioredoxin reductase, which is part of the thiol signalling
pathway; the glutamine-oxoglutarate amidotransferase,
which functions in amino acid synthesis; stearoyl-ACP
A9-desaturase, which functions in fatty acid desaturation;
and phycocyanobilin ferredoxin oxidoreductase, which
is involved in the synthesis of phytochromobilin (Hem-
schemeier and Happe 2011; Peden et al. 2013). FDX2,
FDX3, FDX4 and FDX5 were also found to interact with
HYDALI, although with lower affinities than for PETF
(FDX2 displayed a moderate interaction and was capable of
driving NADPH and H, production, albeit at half the rate
of PETF, while FDX3, FDX4 and FDXS5 only displayed
very weak interactions). The moderate affinity of FDX2 for
HYDAI is not surprising, as FDX2 is structurally very sim-
ilar to PETF, with a recent finding that differences at only
two amino acid positions contribute to major functional dif-
ferences between the two proteins (Boehm et al. 2016). In
addition to interacting with HYDA1, FDX3 was also found
to interact with HYDAZ2, although the interaction was not
as strong as that of PETF and HYDA2. FDX2, FDX4 and
FDXS5 also appear to interact with HYDEF, with FDXS dis-
playing the strongest interaction (note that due to problems
with the promoter system, PETF, FDX3 and FDX6 were
not able to be screened) (Peden et al. 2013).

The first appearance of the FDXS5 isotype within the
chlorophycean branch interestingly coincides with the evo-
lution of small M1 type [FeFe]-hydrogenases (Meyer 2007)
in the same algal class, which appears to support the con-
nection between FDX5 and [FeFe]-hydrogenase matura-
tion as proposed by Peden et al. (2013). However, the tre-
bouxiophycean species C. variabilis NC64A also encodes
an [FeFe]-hydrogenase of the more complex M3 structure
type (Meyer 2007), which more closely resembles the
presumptive bacterial type ancestor. Additionally, [FeFe]-
hydrogenase activity has been reported for prasinophycean
species such as Tetraselmis subcordiformis (D’Adamo et al.
2014; Guo et al. 2016). As members of neither of these two
classes contain an FDX5 ortholog, hydrogenase maturation
presumably depends on alternative FDX isoforms.

Transient protein interactions—mechanisms

The interaction between ferredoxins and their partners, like
that of all protein electron transfer complexes, is transient,
and thus displays characteristics typical of these interac-
tions. These include a low binding affinity, with K;’s in the
micromolar to millimolar range, but high complex turnover
rates, which enable a continuous electron current (Bashir
et al. 2011; Crowley and Ubbink 2003). The initial bind-
ing state, also known as the encounter state, which consists

of an ensemble of orientations, plays an important role
in complex formation (Bashir et al. 2011). The encounter
state has a low specificity, with molecules held together by
electrostatic interactions just long enough to increase their
chance of finding a more favourable configuration with
complementary electrostatic and hydrophobic interactions
(Berg and Vonhippel 1985; Suh et al. 2007). This more sta-
ble configuration is then likely supported by van der Waals
forces (Crowley and Ubbink 2003). Electron transfer com-
plexes usually have small complex interfaces (Crowley and
Ubbink 2003) which allow a rapid detachment after elec-
tron transfer.

In the chloroplast, changes in the affinity between PETF
and HYDAI appear to be regulated by the stromal pH.
Unlike PETF-FNR complex formation, whose rate con-
stant was found to be unaffected by pH variations across a
wide range of physiological values, the modelled rate con-
stant of the PETF-HYDAI1 interaction was interestingly
found to depend on the pH (Diakonova et al. 2016), with
an increase in pH by two units from 7 to 9, resulting in a
threefold increase in rate constant. The authors explain this
effect by pH dependent changes in the surface charge dis-
tribution, which shows an increasingly polar distribution
with a confined focus of positive net charge at the surface
region covering the [4Fe4S]-cluster at higher pH values
(>pH 8). This behaviour corresponds to pH changes in the
stroma under illumination where in the dark a pH of 6 can
be measured. Under full photosynthetic activity in the light,
the pH increases to pH 8.5, and thus amplifies the rate con-
stant of complex formation with HYDAI in contrast to
FNR (Diakonova et al. 2016). In this way, the emergency
valve function of HYDA1 to deplete excessive reducing
power in photosynthetic electron transport only sets in
when actually needed, under high photo-fermentative activ-
ity (Hemschemeier and Happe 2011).

PETF-HYDAI1 interaction

The PETF-HYDAI1 binding interface has been extensively
examined through molecular dynamics and modelling stud-
ies, nuclear magnetic resonance (NMR) titration analysis
and site-directed mutagenesis. In an initial study by Long
et al. (2008), Brownian and molecular dynamics simula-
tions were used to model PETF-HYDA1 complex for-
mation. It was found that PETF binds to HYDA1 mainly
via electrostatic interactions between the binding surfaces
of the two proteins and that the binding resembled that of
PETF with other binding partners. In the case of HYDA2,
Brownian dynamics (BD) and all-atom molecular dynam-
ics (MD) simulations suggest that only one binding surface
exists for PETF. PETF is however able to bind to HYDA2
in multiple orientations, with several encounter complexes
identified (Long et al. 2008). According to the similarity of
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the PETF-binding regions on the surfaces of HYDA1 and
HYDAZ?2, the same can be assumed for HYDA1.

The PETF-HYDA1 complex was further probed in site-
directed mutagenesis studies. Winkler et al. (2009) identi-
fied a number of amino acids in both, HYDA1 and PETF, to
be essential for binding. In HYDA1, K396 appeared to be
the most essential residue for complex formation (Fig. 3),
with a K396Q variant displaying only 18% the activity of
the wild type. The residues K179, K262, K397 and K433
were also found to be important, with substitutions of these
residues resulting in moderate losses in activity. In PETF,
D64, D90 and D95 were found to play a role in intermolec-
ular attraction and orientation in the initial stages of com-
plex formation, while D56, E122 and F93 were proposed to
be essential for stabilising the final complex orientation. An
electron transfer complex model suggested that electrostatic
interactions between HYDAI residue K396 and PETF
C-terminal residue Y126 and PETF E122 and HYDAI
N-terminal A57 play a central role in complex formation
(Winkler et al. 2010, 2009). Boehm et al. (2016) confirmed
that positions F93 and Y126 are crucial for the interaction

A HYDA1

PETF-HYDA1
complex

e

iy
W

PETF

of PETF with HYDA1 by demonstrating that amino acid
substitutions at the corresponding positions F62 and Y95 in
FDX2 lowered its midpoint redox potential to values closer
to those of PETF, which consequently increased H, produc-
tion threefold. Finally, a second site-directed mutagenesis
study by Sybirna and Bottin (2013) additionally identified
R227 in HYDALI as being essential for complex formation
with PETF.

An NMR titration study by Rumpel et al. (2014) veri-
fied the findings of the above mentioned site-directed
mutagenesis analysis studies. The authors compared the
PETF-HYDAI binding interface with that of PETF-FNR
by adding increasing amounts of HYDA1 or FNR to
5N-labelled PETF and monitoring changes in chemical
shifts of the backbone amide resonances of PETF. Upon
addition of either HYDA1 or FNR, the largest changes in
chemical shifts were seen for the backbone amides of PETF
residues 55-60 (23-28 in the mature protein) in o helix 1,
90-99 (58-67) in o helix 2 and the proceeding loop and
121-126 (89-94) of the C-terminal helix, indicating a
common binding interface. These residues are located in

Fig. 3 PETF-HYDAI structure. a Surface charge distribution of
HYDALI and PETF and the PETF-HYDAI complex. b Putative salt
bridge contacts between HYDA1 and PETF in one of the best final
complex solutions published in Rumpel et al. (2015), with a cluster to
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cluster distance of 11 A. The labels with coloured backgrounds indi-
cate residues which when were exchanged had the strongest impact
on PETF-dependent HYDA1 activity
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flexible regions surrounding the residues coordinating the
[2Fe2S]-cluster on the surface of PETF (Rumpel et al.
2014). Interestingly, upon addition of the FNR interaction
partner, selective changes in chemical shift were only seen
for positions D51 and D90 (D19 and D58), indicating that
these residues are important for PETF-FNR binding, but
not for PETF-HYDA1 binding. Substitution of these resi-
dues resulted in an increased H, production when assaying
PETF-dependent H, production under competitive con-
ditions in the presence of FNR, confirming that D19 and
D58 are indeed selective for complex formation with FNR
(Rumpel et al. 2014). In contrast to these results, Winkler
et al. (2009) determined that D90 does affect the kinetics
of PETF-dependent HYDAL activity by doubling the Km
value. However, this comparatively mild effect can obvi-
ously be overlooked when evaluating the significant net
increase of H, production under competitive conditions.

In another study by Rumpel et al. (2015), an NMR solu-
tion structure of gallium(III)-substituted PETF was used in
titrations where chemical shift data of residues coordinat-
ing and surrounding the [2Fe2S]-cluster were accessible
for the first time. Upon addition of HYDA1, PETF residues
67-78 (35-46), which are located in the now visible long
[2Fe2S]-cluster-coordinating loop, showed the strong-
est chemical shift perturbations. This would support the
assumption that complex formation triggers a flip in the
peptide bond orientation between positions C74 and S75,
which through a slight displacement of the corresponding
cluster binding thiol group of C74, affects the redox poten-
tial of the [2Fe2S]-cluster, thus promoting electron trans-
fer to the respective redox partner (Morales et al. 1999;
Winkler et al. 2009). Rumpel et al. also generated a dock-
ing model of the PETF NMR solution structure and the
X-ray crystal structure of non-mature HYDAI (as of yet no
3D structure has been solved for mature HYDA1). In this
model, HYDAI residue R227 (R187 in the processed pro-
tein), which was previously shown by Sybirna and Bottin
(2013) to be essential for complex formation, was found to
potentially form several H-bond and salt bridge interactions
with PETF. On the other side of the interface, PETF resi-
due E122 (E90), which was previously identified by Win-
kler et al. (2009) to play a key role in complex formation,
was in close proximity to R227 and displayed the largest
number of possible H-bonds and salt bridges to HYDAL.
As indicated above, substitutions of E122 led to a severely
diminished H, production activity. Additionally, several
HYDAT1 residues with hydrophobic and polar side chains
near the [4Fe4S]-cluster-coordinating cysteines (C90,
C145, C337 and C341) were proposed to be essential for
PETF-HYDA1 complex formation (Rumpel et al. 2015;
Winkler et al. 2009).

In summary, acidic PETF side chains and basic
HYDALI side chains are important for complex formation,

particularly E122 of PETF and residues R227 and K396 in
HYDALI, as well as residues with hydrophobic and polar
side chains in HYDAI close to the [4Fe4S]-cluster coor-
dinating cysteines and in the long [2Fe2S]-cluster-coor-
dinating loop of PETF (Fig. 3). This information can be
used to guide genetic engineering approaches to improve
H, production through optimising the kinetics of complex
formation.

PETF-HYDAZ2 interaction

While several MD simulations have analysed the
PETF-HYDA? interaction process on a theoretical level,
the findings from these studies are yet to be verified by
experimental data. Although HYDA1 and HYDA?2 exhibit
a similar number and pattern of basic residues close to
the electron accepting [4Fe4S]-cluster, in silico dock-
ing between PETF and HYDA2 performed by Chang
et al. (2007) resulted in two differently orientated docking
complexes with a 6 and 8.5 A cluster to cluster distance.
While the closer distance compared to the PETF-HYDA1
complex of Rumpel et al. (2015) (11 A) would clearly be
beneficial for fast electron tunnelling, the pattern of pro-
posed salt bridge contacts between both interaction part-
ners is less convincing, especially given the significant
role of R227 for complex formation with HYDA1. R227 is
highly but exclusively conserved among the group of small
algal [FeFe]-hydrogenases of the M1-structure type (Win-
kler et al. 2013) which suggests an essential role for this
Arg residue for all M1-type [FeFe]-hydrogenases, includ-
ing HYDAZ2. In one of the two PETF-HYDA?2 complexes
suggested by Chang et al. (2007), the corresponding resi-
due R230 of HYDA2 would not be involved in the final
complex configuration, and would instead end up as an
uncompensated charge covering the [4Fe4S]-cluster, which
appears unlikely. In the second complex model, R230 does
interact with an Asp residue of PETF (D90), which was
demonstrated by Rumpel et al. (2014) to be dispensable for
electron transfer to HYDA1. MD simulations, such as that
of Long et al. (2008), are valuable for our general under-
standing of the process of complex formation, but should
be complemented and verified by experimental data such
as mutagenesis studies or NMR titrations. At this point, the
investigations on PETF complexes with both HYDA iso-
forms are incomplete. For the HYDA1-PETF interaction,
simulations are missing, while for the HYDA2-PETF inter-
action, experimental data are required to examine electron
transfer between HYDA?2 and PETF.

Other potential HYDA1 interaction partners

At this point, it cannot be ruled out that apart from the
already examined isoforms FDX1-6, one of the more
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recently discovered plastidial FDX paralogs might also turn
out to be a native electron donor for HYDA1. However,
the characteristic contact pattern for PETF-HYDA1 com-
plex formation described above would not be applicable, as
some of the most important positions discussed here and
indicated in the multiple sequence alignment of Fig. 1b are
absent in most of the new ferredoxin sequences.

Biotechnological applications—improving electron
transfer and therefore hydrogen production by altering
the PETF-HYDAT1 interaction

Photobiological H, production is of enormous interest due
to its potential to be renewable, as well as carbon—neutral
or even carbon-negative (Dubini and Ghirardi 2015; Eroglu
and Melis 2016; Oey et al. 2016). However, significantly
higher H, production efficiencies are required before bio-
logical H, production can become commercially viable.
Microalgal systems currently only have photon conversion
efficiencies of 3%, while the theoretically achievable maxi-
mum is ~12-14% (Scoma et al. 2012; Volgusheva et al.
2013). The highest efficiency strains will therefore require
significant re-engineering of the H, production process.
One of the major factors limiting sustained H, production
is electron supply to the hydrogenase. However, genetic
engineering approaches based on in vitro-tested results
have the potential to overcome this problem.

A few different strategies can be followed. One approach
is the replacement of the native PETF and/or HYDA1 with
protein variants which either have higher affinities to each
other, or in the case of PETF, a significantly lower affinity
for FNR. One of these variants which could be expressed
in algae is the D19A/D58A double variant of PETF, which
according to Rumpel et al. (2014) resulted in a higher
in vitro H, production activity due to a decreased affinity to
the competitor FNR compared to wild-type ferredoxin. To
further manipulate the PETF-binding interface selectively,
either in favour of HYDA1 or disfavour of FNR, the substi-
tution of other amino acid residues of ’N-labelled PETF,
which displayed differing chemical shift perturbations in
FNR- and HYDA 1-dependent 2D 1H-15N-TROSY-HSQC
experiments, could also be tested (Rumpel et al. 2014).
However, the possible number of expedient changes on the
surface of PETF is limited due to the large overlap between
the binding interfaces for FNR and HYDA1. Furthermore,
manipulation of PETF can also affect complex formation
with the stromal subunits of PSI, as reported by Rumpel
et al.

Instead of introducing further amino acid exchanges
into PETF, it might be more favourable for future
researchers to target HYDAL. To improve its binding
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affinity for PETF into a range which renders HYDAI as
the main electron acceptor in the presence of competitors
such as FNR, is however a challenging task, which likely
requires a tailored directed evolution strategy rather than
a rational site-directed mutagenesis approach. The severe
side effects of manipulating R227 (R189) demonstrate
that single exchanges close to the active centre of redox
enzymes such as HYDAI can affect multiple enzymatic
features. Applied research concepts targeting an improved
electron transfer to HYDA1 may profit from refreshingly
alternative approaches and perspectives, such as those
described by Diakonova et al., which bring into focus for-
merly neglected aspects of transient complex formation
(Diakonova et al. 2016).

Unfortunately, targeted nuclear genome engineering
is difficult in microalgae. Techniques utilising homolo-
gous recombination (HR), the process required for site-
directed genomic manipulation, such as zinc-finger
nucleases, TALENs, or CRISPR/Cas9 (Jinkerson and
Jonikas 2015), are still not fully established for targeting
the C. reinhardtii nuclear genome (where both PETF and
HYDAT1 are encoded). However, progress is being made,
with the CRISPR/Cas9 system recently showing prom-
ising results (Baek et al. 2016; Jiang et al. 2014; Shin
et al. 2016). While a C. reinhardtii hydAI hydA2 double-
knockout strain is available (Meuser et al. 2012), and
thus can be used for the ectopic integration of an engi-
neered HydAl variant, a corresponding knockout mutant
for the Petf locus is yet to be identified and would likely
be lethal. A possible approach to circumvent this prob-
lem could be to first integrate another copy of the Petf
gene into the chloroplast genome, which in contrast to
the nuclear genome is amenable to homologous recom-
bination, before screening for nuclear APetf knockout
mutants.

Another idea being tested is the peptide linker-based
fusion of HYDA1 and PETF. This has been shown to
lead to improved levels of H, production both, in vitro
and in vivo. C. reinhardtii hydAI-1 hydA2-1 transfor-
mants expressing the fusion protein exhibited a 4.5-fold
increased photosynthetic H, production rate standardised
for hydrogenase amount (PHPRH) compared to native
HYDAL. According to Eilenberg et al. (2016), this mainly
results from a close tethering of HYDAI1 to PSI via the
PETF domain of the fusion protein. The HYDA1-PETF
fusion protein furthermore shows a slightly decreased
sensitivity of HYDAI towards O, (Eilenberg et al. 2016;
Yacoby et al. 2011), which might be explained by addi-
tional electrons provided by the [2Fe2S]-redox centre of
PETF promoting a fast reductive turnover of O, to H,O at
the H-cluster of HYDAL.
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Concluding remarks

In conclusion, microalgae provide an unusual wealth of
ferredoxin isoforms which appear to play important roles
in a number of different pathways in response to various
stimuli. The C. reinhardtii ferredoxins represent the most
widespread subgroup of ferredoxins from cyanobacteria to
higher plants. However, the differential functions of most
of the C. reinhardtii ferredoxins have either not been exam-
ined or not sufficiently supported on the experimental level.
PETF on the other hand has been studied extensively due to
its function as an electron donor for a number of important
redox enzymes, including HYDA1. The complete charac-
terisation of the complex interface between HYDA1 and
PETF has already enabled engineered improvements in
photohydrogen production, a process currently limited by
the presence of major competitors such as FNR, and the
utilisation of strategies such as directed evolution is likely
to lead to further improvements in the future.
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