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Abstract

Ferredoxins are essential electron transferring proteins in organisms. Twelve plant-type ferredoxins in the green alga Chla-
mydomonas reinhardtii determine the fate of electrons, generated in multiple metabolic processes. The two hydrogenases
HydA1 and HydA?2 of. C. reinhardtii compete for electrons from the photosynthetic ferredoxin PetF, which is the first stromal
mediator of the high-energy electrons derived from the absorption of light energy at the photosystems. While being involved
in many chloroplast-located metabolic pathways, PetF shows the highest affinity for ferredoxin-NADP™ oxidoreductase
(FNR), not for the hydrogenases. Aiming to identify other potential electron donors for the hydrogenases, we screened as yet
uncharacterized ferredoxins Fdx7, 8, 10 and 11 for their capability to reduce the hydrogenases. Comparing the performance
of the Fdx in presence and absence of competitor FNR, we show that Fdx7 has a higher affinity for HydA1 than for FNR.
Additionally, we show that synthetic FeS-cluster-binding maquettes, which can be reduced by NADPH alone, can also be
used to reduce the hydrogenases. Our findings pave the way for the creation of tailored electron donors to redirect electrons
to enzymes of interest.
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Introduction

Oxygenic photosynthesis has long been regarded as a
blue-print for efficient light-driven synthetic processes.
Its two photosystems are highly evolved molecular photo-
voltaic devices with excellent quantum yields. Photosys-
tem I (PSI) achieves a low redox potential at its acceptor
site, suitable for energy-intensive reductive syntheses,
including the formation of molecular hydrogen [1]. In
green algae like Chlamydomonas reinhardtii, natural
photohydrogen production occurs due to the connection
of the [FeFe]-hydrogenases HydA1 and HydA2 to the
photosynthetic electron transport via the plant-type ferre-
doxin PetF [2, 3]. Ferredoxins are promising targets to
manipulate the direction of electrons, as they are the first
stromal mediators of the high-energy electrons derived
from the absorption of light energy at PS1. However, due
to the high affinity of the photosynthetic ferredoxin PetF
for ferredoxin-NADP* oxidoreductase (FNR), most of the
electrons derived from the photosynthetic water splitting
are used for the reduction of nicotinamide adenine dinu-
cleotide phosphate (NADP*) and subsequently for CO,
fixation [4, 5] (Fig. 1). Therefore, utilizing photosynthetic
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organisms for the generation of biofuels such as H, would
require a rerouting of the photosynthetic electron flow.

Electron transfer interactions of natural [2Fe2S]-ferre-
doxins with their redox partners are very selective. There-
fore, they systematically regulate electron flow, directing
electrons to the necessary pathways under specified condi-
tions [6-9]. Green microalgae like Chlamydomonas rein-
hardtii contain multiple plant-type [2Fe2S]-ferredoxin
(Fdx) isoforms, all exhibiting the common sequence motif
(Cx45Cx,Cx,), consisting of four [2Fe2S]-cluster-binding
cysteine residues [7]. However, photosynthetic ferredoxin
PetF, the most studied and abundant of them, acts as the
main electron acceptor at PS1, donating reducing power
to numerous redox partners like FNR, nitrite and sulfite
reductase, pyruvate-ferredoxin-oxidoreductase (PFOR), as
well as the two [FeFe]-hydrogenases (HydA1 and HydA2)
[7, 10-13].

Efficiency of electron transfer between the FeS-clusters
of redox partners is mainly based on three factors: differ-
ences in redox potential, distance of donor and acceptor FeS-
cluster and protein—protein interactions [7]. For the latter, a
first initial binding state, which consists of an ensemble of
orientations, is supported by electrostatic interactions [14].
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Fig. 1 Schematic illustration

of the photosynthetic electron
transport in C. reinhardtii.
Ferredoxin (primarily PetF)

is the first stromal acceptor of
photosynthetic electrons and
delivers reductive energy to
various metabolic pathways.
Above all others to the FNR. PS
II photosystem II, PQ plastoqui-
none, Cyt bgf cytochrome-bgf-
complex, PC plastocyanin

stroma

lumen

The final configuration is mostly supported by electrostatic
as well as hydrophobic interactions [15].

As positions in the secondary ligand sphere of the FeS-
cluster can contribute to both, determination of the redox
potential [16] and complex formation assembly of the two
interaction partners [8, 9, 17, 18], the redesign of already
existing ferredoxins can be a difficult task. Furthermore, in
a recent approach to manipulate the redox potential of PetF,
we could reveal the complex nature of the protein frame-
work, influencing the redox potential of the bound cofactor
in multiple ways. The multitude of factors that can determine
the influence of one particular position on the redox poten-
tial and intermolecular steric interactions makes the efficient
design of PetF variants, suited to preferentially interact with
the [FeFe]-hydrogenase, challenging [16].

Therefore, the identification of a natural ferredoxin capa-
ble of interacting with the hydrogenases, but not with FNR,
might be a promising alternative to the redesign of PetF.
Additionally, de novo designed [FeS]-proteins can serve as
minimal models to reveal important structure function rela-
tionships of more complex natural proteins and to mimic
their function [19-22]. Peptide maquettes and protein frag-
ments can not only be used to understand their natural coun-
terparts [23] but are as well a good starting point for the
modular incorporation of different “redox modules” into
artificial enzymes [24].

To screen for novel possibilities to direct photosynthetic
electrons to specific enzymatic targets, we analyzed the
interaction profiles of the two hydrogenases from C. rein-
hardtii with different plant-type ferredoxin isoforms, reveal-
ing remarkable differences in their affinity to the algal hydro-
genases as well as to FNR. Furthermore, we constructed two
minimal electron transfer peptides and tested their capability
to direct electrons specifically towards the hydrogen pro-
ducing enzymes. We identified the as yet uncharacterized

assimilation of
CO,, NO;, SO,* etc.

PQ

%0, + 2H*

ferredoxin Fdx7 as well as synthetic 4Fe4S cluster-binding
peptide FbM1 to be a promising electron donor for HydAl,
while interacting only poorly with FNR.

Materials and methods

Unless stated otherwise, all chemicals and consumables
were purchased from Sigma-Aldrich/Merck.

Protein expression and purification

Escherichia coli strain BL21 (DE) AiscR [25], transformed
with plasmids containing E. coli codon-optimized HYDA
(NCBI accession number XP_001693376.1), HYDA2
(XP_001694503.1) sequences (devoid of the transit peptide
encoding region) from C. reinhardtii, was used to recom-
binantly produce algal hydrogenase apo-enzymes (lacking
the 2Fey-subcluster of the active site, but containing the
4FeH-cluster). The expression and purification was con-
ducted as described previously [26]. Cells were aerobically
grown at 37 °C in lysogeny broth (LB, Sigma-Aldrich)
medium supplemented with 0.1 M morpholinopropanesul-
fonic acid, 2 mM ammonium iron-citrate, and 5 g/L. glucose
until an ODg, of 0.35-0.5 was reached. They were trans-
ferred to an anoxic chamber (99% N2 1% H, atmosphere,
Coy), where 25 mM sodium fumarate was added. After 1 h
and continuous stirring, 5 mM cysteine was added. The pro-
tein expression was initiated with 0.1 mM IPTG (Isopropyl
B-p-1-thiogalactopyranoside). Cells were harvested by cen-
trifugation after 16 h of incubation at 20 °C while stirring.
The C. reinhardtii sequences encoding ferredoxins
CrPetF (XP_0016928 08.1), CrFdx2 (XP_001697912.1),
CrFdx3 (XP_001691381.1), CrFdx8 (XP_001702123.2),
and FNR (XP_001697352.1) were amplified from
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complementary DNA isolated out of total RNA from cul-
ture samples of C. reinhardtii strain CC-124. Genes of
CrFdx7 (XP_001702098.1), CrFdx10 (XP_001703155.1),
and CrFdx11 (XP_001695531.1) were optimized for E.
coli codon-usage and purchased from Life Technologies
GmbH (Darmstadt, Germany; www.thermofisher.com). In
all cases, known or predicted sequences that may encode
transit peptides were omitted. CrFdx sequences were cloned
into vector pASK-IBA7, following a sequence encoding an
N-terminal Strep-tagll and a factor Xa cleavage site, accord-
ing to manufacturer’s recommendations (IBA Lifesciences,
Gottingen, Germany; www.iba-lifesciences.com). Expres-
sion constructs for site-directed mutagenesis variants of
CrFdx7 were generated following the procedure described
in the Quik-Change-PCR manual from Agilent Technolo-
gies (Santa Clara, CA), using the corresponding 5' over-
lapping mismatch primer pairs (Table S1). For the heter-
ologous expression of FNR, the different Fdx isoforms and
mutagenesis variants, electrocompetent E. coli BL21(DE3)
AiscR cells were transformed using the respective expression
construct. For ferredoxins, 4 L Vogel-Bonner (VB) medium
was inoculated with overnight grown LB-preculture to an
ODss5, of 0.05 [27]; in case of FNR, LB medium was used
instead of VB medium. Main cultures were grown at 37 °C
in a shaking incubator (180 rpm) until an ODss, of 0.5 was
reached. Gene expression was induced by adding anhydro-
tetracycline to a final concentration of 0.2 pg x mL~!, and
expression cultures were kept for 16 h at 20 °C in a shak-
ing incubator (180 rpm) until cell harvest by centrifugation
(20 min, 9000g, and in 4 °C).

Cell pellets were resuspended 0.1 M Tris—HCI (pH 8) (in
case of the hydrogenases, 2 mM sodium dithionite (NaDT)
was added to all buffers and all work was performed under
anaerobic conditions). Cell disruption was carried out by
ultrasonication, and the resulting cell lysate was centrifuged
at 165,000g for 1 h at 4 °C. The supernatant was filtered
using sterile syringe filters (0.2 mm pore size; SARSTEDT,
Newton, NC). The recombinant proteins were purified via
affinity chromatography using StrepTag Superflow high-
capacity gravity flow columns (IBA Lifesciences), according
to the manufacturer's recommendations, and concentrated
using Amicon Ultracel filters (Merck Millipore, Burlington,
MA) with a 10 kDa cutoff in case of ferredoxins and 30 kDa
cutoff in case of FNR and hydrogenases. For the hydroge-
nases, protein concentration was determined by Bradford
assay [28]. For the ferredoxins, protein concentration was
determined via UV-Vis spectroscopy (BioPhotometer D30
from Eppendorf, Hamburg, Germany www. eppendorf.
com) at 420 nm applying the Beer-Lambert Law and using
a molar extinction coefficient of 9.7 mM~! x cm™ [29]. The
FNR concentration was determined according to the specific
absorption maximum of its cofactor flavin adenine dinucleo-
tide (FAD), with a molar extinction coefficient of 9.4 mM
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x cm~! at 457 nm [30]. Until further use, all proteins were
stored at — 80 °C in 0.1 M Tris—HCI (pH 8).

In vitro maturation of [FeFe] hydrogenases

Hydrogenases with fully assembled active sites were gener-
ated using the previously described in vitro maturation [31].
Apo-proteins (lacking the 2Fey; moiety after recombinant
expression) were incubated on ice for 1 h with a tenfold
molar excess of 2Fey; cofactor mimic [2Fe, [u-(SCH 2),NH]
(CN)Q(CO)4]2_ [32] in 0.1 M potassium-phosphate buffer
(K,HPO,/KH,PO, pH 6.8, KPI). Resulting holo-proteins
were purified from excess 2Fey by size exclusion chroma-
tography (NAP 5 column, GE healthcare).

FeS-cluster reconstitution of peptides

The peptides used in this work were synthetized by Thermo
Scientific Custom Peptide Synthesis Service (www.therm
ofisher.com). Peptides were solved in 50 mM HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer
pH 8 to a concentration of 500 uM in a total volume of 1 mL.
under anaerobic conditions. F;M-1 samples were incubated
with 2 mM DTT (dithiothreitol) for 1 h on ice. A fourfold
molar excess of NaS, and FeCl; was added to the samples in
case of FgM-1 and a twofold molar excess of NaS, and FeCl,
was added to PM-1 samples. After 30 min of incubation at
room temperature, all peptide samples were purified by size
exclusion chromatography using Sephadex G-10 column
material (GE healthcare). Subsequently, the peptide sam-
ples were concentrated using Amicon Ultracel filters with
a 3 kDa cutoff and were stored in 50 mM HEPES pH 8§ at
— 80 °C until further use.

Fdx:Hyd interaction: in vitro hydrogenase activity
assay

To determine the H, production activity with ferredoxins
and FeS-cluster-binding peptides as an electron media-
tor, 80 ng holo-hydrogenase was incubated for 30 min at
37 °C in sealed 3 mL headspace vials (Suba) containing
a reaction mix of 300 uL 0.1 M KPI pH 6.8 supplemented
with 10 mM NaDT as sacrificial electron donor and 50 uM
ferredoxin as electron mediator. Prior to incubation, the
headspace of the vessels was degassed with 100% argon.
After incubation, a 400 uL sample of the headspace was
analyzed via gas chromatography (GC-2010, Shimadzu).
Hydrogenase activity resulting from reduction by NaDT
alone was deducted from results by subtracting activity val-
ues gained from samples containing no electron mediator
from the results obtained with ferredoxin and [FeS] cluster-
binding peptides. All measurements were carried out using
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ferredoxin/[FeS] peptide samples derived from two inde-
pendent protein preparations.

Fd:FNR interaction: in vitro cytochrome c reduction
assay

The ability to reduce certain ferredoxins by FNR was exam-
ined by the cytochrome c reduction test [33]. In this assay,
FNR is reduced by NAPDH and therefore reduces ferre-
doxin, which finally reduces cytochrome c. The reduction
of cytochrome ¢ can be measured by an increase of the
absorption at 550 nm. Samples contained 100 uM NADPH,
2 U x mL™! glucose-6-phosphate dehydrogenase (G-6-P-
DH), 5 mM glucose-6-phosphate (G-6-P), 40 nM FNR,
5 uM ferredoxin, and 100 uM cytochrome ¢ from bovine
heart in a total volume of 300 uLL 50 mM Tris—HCI (100 mM
NaCl, pH 7.5). The reaction was started by addition of
ferredoxin, and the absorption shift at 550 nm was followed
spectrophotometrically for 160 s. The reaction velocity was
calculated by linear regression of the first 30 s of reaction for
PetF, Fdx2, Fdx10, and Fdx11. In case of Fdx3, Fdx7, and
Fdx8, the complete timescale of 160 s was taken in account.
All measurements were carried out using ferredoxin/[FeS]
peptide samples derived from two independent protein
preparations.

Light-driven hydrogen production and competition
assay

To determine the light-driven H, production, 50 nM HydA 1
was combined with 10 pM ferredoxin. The total volume of
200 pL contained 40 mM EDTA as a sacrificial electron
donor and 200 uM proflavine (acridine-3,6-diamine) as a
photosensitizer in 100 mM potassium phosphate pH 6.8,
supplemented with 0.1 mM sodium dithionite and 3 mM
NaNO;. To determine the H, production efficiency of
HYDATI under competitive conditions, 50 nM FNR and
2 mM NADP* were added. For stabilizing the level of
NADP? and thus the competitive efficiency of the FNR
during H, production, 0.1 U of nitrate reductase (NAR)
from Aspergillus niger was further included. All samples
were prepared under anoxic conditions in 2 mL tubes and
sealed anaerobically). After degassing the headspace of the
vessels with 100% argon, the samples were light-exposed
(1500 umol photons m~2 x s~!) under constant shaking at
37 °C. H, production was determined after 30 min by ana-
lyzing 400 pL of the headspace via gas chromatography
(GC-2010, Shimadzu). Hydrogenase activity resulting from
reduction by NaDT alone was deducted from results by sub-
tracting activity values gained from samples containing no
electron mediator from the results obtained with ferredoxin
and [FeS] cluster-binding peptides. All measurements were

carried out using ferredoxin/[FeS] peptide samples derived
from two independent protein preparations.

Results and discussion

Twelve Fdx paralogs have been identified in the C. rein-
hardtii genome [7]. While, for lately discovered ferredoxin
isoforms CrFdx7-12, no physiological function could be
assigned yet, several physiological functions were presumed
for CrFdx2-6 based on studies using transcript data, yeast
two-hybrid screens, in vitro activity assays and affinity pull-
down assays [6, 34-39]. Some of the until now uncharacter-
ized ferredoxin isoforms (Fdx 7-9) have been predicted to
be localized in the chloroplast [7]. This prompted us to test
the capability of sodium dithionite reduced ferredoxins (Fdx
7, 8, 10 and 11) to serve as electron donors for the Chla-
mydomonas hydrogenases HydA1 and HydA2. Since former
yeast-2-hybrid studies [6], suggested a different interaction
pattern of HydA1 and HydA2 with Fdx3, respectively, we
also sought to test Fdx3 as electron source. Fdx2 and PetF,
well characterized for both hydrogenases, served as control
[40, 41].

To ensure the consistency of data derived from in vitro
H2 production assays, HydA1 and HydA2 were tested for
their methyl viologen- and PetF-dependent hydrogen evolu-
tion activities (Fig. S1). These results were in agreement
with previously published data [13, 41]. All of the ferre-
doxins tested here were able to reduce HydA1 for hydro-
gen evolution. With 225 + 18 umol H2 x min~! x mg~!,
the highest hydrogen production was achieved using PetF
as an electron donor for HydA1 (Fig. S1), while the use
of Fdx2 in this assay yielded about 40% of the hydrogen
production obtained with the use of PetF (Fig. 2a). With
14% of PetF-dependent hydrogen production, Fdx7 showed
the highest rates among the remaining Fdx isoforms. While
Fdx8-dependent hydrogen production was in a similar range
as values measured with Fdx7, Fdx10, and Fdx11 were only
half as efficient in reducing HydA1 as Fdx7. The lowest
hydrogen production rate was observed with Fdx3.

While hydrogen production activities of HydA2 were
generally lower than those of HydA1, PetF, and Fdx2
were the most efficient electron donors to HydA2 as well,
hydrogen production rates achieved with PetF were at 63,
9+7.7 umol H2 X min~!' x mg™" (Fig. S1) and 12.6 +0.2
umol H2 x min~!' x mg~! for Fdx2 (Fig. 2b). Fdx3 was the
third most efficient electron donor with 10% of the hydro-
gen production measured with PetF. These results are
similar to the findings of former studies, assigning a mod-
erate interaction for HydA2 and Fdx3 in their yeast-2-hy-
brid study [6]. It is interesting to note that the midpoint
potential of Fdx3 and Fdx7 was recently determined to
be in the range of Fdx2 in case of Fdx7 (— 321 mV at pH
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Fig.2 Ferredoxin-dependent (a) (b)

hydrogenase activities of a

HydAl and b HydA2. H, pro- 120

duction rates of purified algal _ 114 -

HydA1 and HydA2 with algal
[2Fe-2S]-ferredoxins (50 pM,
reduced with 10 mM sodium
dithionite). The averages of two
biological replicates are shown;
error bars indicate the standard
deviation

pmol H * min”" * mg hydrogenase™

Fdx2 Fdx3 Fdx7 Fdx8 Fdx10 Fdx11

7.5) and even more positive in case of Fdx3 (— 250 mV).
Physiological studies suggested that so-called root-type
ferredoxin CrFdx2 is involved in reactions with a com-
paratively more positive midpoint potential, e.g., in nitrite
reduction [42]. On the other hand, H, production, with the
H*/H, half-cell couple having a standard biochemical mid-
point potential of — 410 mV, is expected to require elec-
tron donors with much more negative midpoint potentials.
Besides midpoint redox potentials, electrostatic interac-
tions between the surfaces of the redox partners are crucial
for the interaction between ferredoxins and hydrogenases
[3,7, 18]. The relatively low H, production activities using
Fdx7 as electron donor for HydA1 show that even though
its midpoint potential is not suitable to efficiently drive
the reaction, Fdx7 is able to form a functional complex
with HydAl, allowing electron transfer and thus hydrogen
production.

However, reduction potentials are sensitive to concen-
trations of reactants and products according to the Nernst
equation, and therefore a high excess of reduced sodium
dithionite in our in vitro assays might only be suitable to
identify proteins that interact with the hydrogenases, rather
than being suitable electron donors under in vivo conditions.
On the other hand, single exchanges lowering the redox
potential of Fdx2 by site-directed mutagenesis significantly
increased in vitro H, production and lowered NADPH pho-
toproduction [40].

This study, together with our recent manipulation of the
redox potential of PetF, shows that the midpoint potential of
ferredoxins can be tuned by single-point mutations [16]. As
the manipulation of protein—protein interactions, especially
with respect to the influence of one single exchange to the
variety of redox partners of PetF, can be a more complicated
task, the identification of a natural ferredoxin with a suitable
binding affinity to redox enzymes of interest is a good start-
ing point for the rational design of electron donors, tailored
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Fdx2 Fdx3 Fdx7 Fdx8 Fdx10 Fdx11

to specifically deliver reducing power to, for example, the
hydrogenases instead of FNR.

Prior studies suggested that while PetF and Fdx2 were
able to interact with FNR, Fdx3 was not able to drive
NADPH production [6, 40]. Identifying Fdx7 and Fdx8
as potential electron donors for HydAl, we sought to
investigate the interaction pattern of the ferredoxin iso-
forms with FNR alone. With PetF as electron media-
tor between FNR and cyt c, the initial reaction speed
was measured at 84.2+ 1.2 uM cyt ¢ X min~' (Fig. 3).
The highest reaction speed was observed with Fdx2 at
121.1+ 1.4 uM cyt ¢ X min~'. This is in line with former

125

PetF Fdx2 Fdx3 Fdx7 Fdx8

Fdx10

Fdx11

Fig.3 Electron transfer between FNR and Fdx indirectly meas-
ured by NADPH-dependent cytochrome ¢ reduction. 40 nM FNR,
5 uM ferredoxins (from C. reinhardtii), and 100 uM cytochrome
¢ were incubated in the presence of 100 pM NADPH. Cyt ¢ reduc-
tion was measured photometrically at 550 nm. Error bars depict the
mean + standard deviation for 3-5 measurements from two biological
replicates
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observations, comparing the kinetics of the electron transfer
of FNR with PetF and Fdx2, respectively [42].

Only very low electron transfer rates where meas-
ured for Fdx3, Fdx7, and Fdx8. It was already shown that
Fdx3 did not drive NADPH photoproduction at detect-
able rates [6]. Fdx10 and Fdx11 both showed higher cyt
¢ reduction rates with 23.3+2.7 uM cyt ¢ X min~! and
34.4+0.8 uM cyt ¢ X min~!, respectively.

Comparing the results of our in vitro studies, ferredoxins
7 and 8 were both able to transfer electrons to HydA1, while
their interaction with FNR seemed to be impaired. Given
the competition for electrons between FNR and HydA1 dur-
ing H, production, we aimed to obtain informations about
the performance of the newly identified ferredoxins in the
presence of both enzymes in one assay, mimicking the com-
petition of HydA1 and FNR for reduced ferredoxin as it
appears in the chloroplast, e.g., during algal H, photopro-
duction [43].

After individual assessment of the hydrogenase and
FNR interactions of different ferredoxin isoforms, in vitro
H, photoproduction by HydA1 was measured in competi-
tion with FNR from C. reinhardtii. In this assay, EDTA was
used as sacrificial electron donor and proflavine as photo-
sensitizer [8]. The proflavine reduced Fdx is either oxidized
by HydAl, resulting H, evolution or by FNR, resulting in
NADPH production. Hydrogen production was measured in
samples with and without addition of FNR to compare the
impact on hydrogen production by the presence of FNR. In
presence of FNR, H, photoproduction is reduced to 3-6%
when PetF or Fdx2 are used as electron mediators (Fig. 4).
In case of Fdx8 and Fdx 10, hydrogenase activity in the pres-
ence of FNR was reduced to 52% and 43%, while the H,
evolution rates under non competitive conditions reached
only about 20% of the activity obtained with PetF as electron
mediator. The use of Fdx3 and Fdx7 in the absence of FNR
resulted in about 50% H, photoproduction compared to PetF
and Fdx2. In case of Fdx3, the presence of FNR reduced the
hydrogen production activity to 29%. Fdx7 samples showed
the highest H, production in presence of FNR as competitor
for HydA1 by remaining 59% of activity compared to activi-
ties reached under noncompetitive conditions.

The results of this direct competition assay confirmed the
promising results of Fdx7 with FNR and HydA1 alone. Iden-
tifying Fdx7 as a suitable target for rational protein design,
we tried to increase the effect of the favourable Fdx:Hyd
complex formation by introducing four single exchanges in
the expected area of the binding interface. Mutation sites
were chosen based on earlier studies that identified certain
amino acid residues of PetF to be important for the interac-
tions with hydrogenase and FNR or the manipulation of the
midpoint potential, respectively. In PetF, D56, E122, and
F93 were proposed to be essential for the final Fdx:Hyd
complex orientation, while F93 and Y126 were suggested

500

I - FNR

400

300

200

pmol H, * min™ * umol hydrogenase™!

PetF  Fdx2 Fdx3 Fdx7 Fdx8 Fdx10 Fdx11

Fig.4 Rates of light-dependent H, production were determined for
HydA1 with selected Fdx isoforms in the absence (dark gray) and in
the presence (light gray) of FNR. Error bars depict the mean + stand-
ard deviation for 2—4 measurements from two biological replicates

to be essential for the lower midpoint potential [3, 7, 11].
Our recent study identified serine 43 as another midpoint
determining factor. However, neither the introduction of
functional groups which were expected to lower the mid-
point potential of Fdx7 based on the results of PetF (Fdx7
variants S38E, A72F, and W106Y), nor the introduction of
negative net charge to further stabilize the Fdx7:Hyd com-
plex formation (I102E) led to significant changes during H,
production (Fig. S2), cyt ¢ reduction (Fig. S3) or in the FNR-
hydrogenase competition assay (Fig. S4).

These results show that manipulating the catalytic perfor-
mance by adjusting the electron transfer process is compli-
cated, and though Fdx7 still seems an interesting target for
further studies to drive the electron flow to the hydrogenases,
sequence information from the well-studied PetF cannot be
easily transferred to other Fdx isoforms. One of the reasons
for this, apart from the relatively low-sequence identity of
Fdx7 and PetF (24%), might be that the manipulation of a
single feature of the about 100 aa covering peptide sequence
is rather complicated: the binding interface of plant-type
ferredoxins with their interaction partners is in direct vicin-
ity to the partly surface exposed FeS-cluster [44]. Therefore,
exchanging a position close to the FeS-cluster could affect
protein folding, midpoint potential, and binding affinity
simultaneously. To further simplify the protein surrounding
the FeS-cluster as an electron donor for HydA1, and there-
fore make it a target to be easier manipulated, the utilization
of short FeS containing peptides seems to be promising.
So-called peptide maquettes have been shown to achieve
redox functions and provide electrons to, for example, heme
containing metallo-enzymes [45]. We therefore chose 16 aa
peptide maquette FzM1 known to bind a redox active 4Fe4S
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cluster [19] to test its capability to (1) deliver electrons to
HydAl or (2) to receive electrons from FNR and reduce cyt
c as a first assessment of its interaction with FNR. Addition-
ally, we designed PM-1, a 22 aa peptide maquette based
on the Chlamydomonas PetF sequence (Table S2). UV-Vis
spectroscopy of reconstituted peptides indicated the success-
ful reconstitution of FeS-clusters (Fig. S5).

In vitro H,-production assays showed the ability of recon-
stituted peptides to reduce HydA1 for H, evolution, yielding
specific activities even higher than those with Fdx7 (54.8 +
9 pmol H, X min™ x mg™" for F;M-1, 36.5+ 10 umol H,
x min~! x mg~! for PM-1, Fig. 5).

The interaction of the reconstituted peptides F;M-1 and
PM-1 with FNR was investigated by the cyt ¢ reduction
assay, as well. The conversion rates assessed with PM-1 as
electron mediator were 12.3 +0.7 umol cyt ¢ x min~! and
121.3+15.9 umol cyt ¢ X min~! for FzM-1 (Fig. 6). The
reaction processes differed from those of the ferredoxin sam-
ples by showing very high cyt c reduction activity in the very
first seconds of reaction (Fig. S6). For this reason, additional
control reactions without FNR were introduced. While only
minor cyt ¢ reduction rates of 1.2+0.1 pmol cyt ¢ X min™!
were measured in non FNR containing PetF samples, cyt ¢
reduction rates in absence of FNR were reduced by 40% in
PM-1 samples and only 17% in F;M-1 samples. This obser-
vation led to the assumption that the reconstituted peptides
can be reduced by NADPH.

Concludingly, we have identified electron donors,
which prefer the interaction with HydA1 over FNR (Fdx7,
Fdx8), and have created minimal electron transfer units,
which might be reduced by NADPH alone and are able to
deliver electrons to HydA1. Other studies have found that

[e2]
o
1
1

N
o
1

N
o
1

pmol H, * min™ * mg hydrogenase™

FgM-1 PM-1 Fdx7

Fig.5 H, production rates of purified algal HydA1l with different
electron mediators (50 pM, reduced with 10 mM sodium dithionite).
The averages of two biological replicates are shown; error bars indi-
cate the standard deviation
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Fig.6 Electron transfer between FNR and Fdx indirectly measured
by NADPH-dependent cytochrome c reduction. 40 nM FNR, 5 M
electron mediator, and 100 uM cytochrome ¢ were incubated in the
presence of 100 uM NADPH. Cyt c reduction was measured photo-
metrically at 550 nm. Results from samples with addition of FNR
(dark gray) and without addition of FNR (light gray). Error bars
depict the mean + standard deviation for 2-3 measurements two bio-
logical replicates

FeS-cluster containing peptides are redox active [19, 46-50]
and can reduce natural proteins [51]. Here, we could show
that specifically designed peptides, reconstituted with FeS-
clusters, can even replace natural ferredoxin as electron
shuttles in more sophisticated in vitro experiments. Future
studies may focus on the further manipulation of the mid-
point potential of Fdx7 to further increase the H, production
rates of HydA1 with Fdx7, either aim to integrate peptide
magquettes or Fdx variants into algal cells to redirect electron
flow towards HydA1 for in vivo H, production.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00775-022-01956-1.

Acknowledgements We gratefully acknowledge Shanika Yadav and
Ulf-Peter Apfel for synthesizing and providing the 2Fey; cofactor for
in vitro maturation.

Funding Open Access funding enabled and organized by Projekt
DEAL. We thank the Deutsche Forschungsgemeinschaft for funding
(HA 2555/10-1) and the Volkswagen Stiftung (design of photoenzyme
materials based on light-activatable DNA-peptide supramolecular
assemblies [Az 98621]) for the financial support.

Declarations

Conflicts of interest The authors declare no competing financial inter-
est.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long


https://doi.org/10.1007/s00775-022-01956-1

JBIC Journal of Biological Inorganic Chemistry (2022) 27:631-640

639

as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

11.

12.

13.

McConnell I, Li G, Brudvig GW (2010) Energy conversion in
natural and artificial photosynthesis. Chem Biol 17:434-447.
https://doi.org/10.1016/j.chembiol.2010.05.005

Happe T, Naber JD (1993) Isolation, characterization and N-ter-
minal amino acid sequence of hydrogenase from the green alga
Chlamydomonas reinhardtii. Eur J Biochem 214:475-481. https://
doi.org/10.1111/5.1432-1033.1993.tb17944 x

Winkler M, Kuhlgert S, Hippler M, Happe T (2009) Characteriza-
tion of the key step for light-driven hydrogen evolution in green
algae. J Biol Chem 284:36620-36627. https://doi.org/10.1074/
jbc.M109.053496

Shin M (2004) How is ferredoxin-NADP reductase involved in the
NADP photoreduction of chloroplasts? Photosynth Res 80:307—
313. https://doi.org/10.1023/B:PRES.0000030456.96329.f9

Sun Y, Chen M, Yang H, Zhang J, Kuang T, Huang F (2013)
Enhanced H2 photoproduction by down-regulation of ferredoxin-
NADP* reductase (FNR) in the green alga Chlamydomonas rein-
hardtii. Int ] Hydrogen Energy 38:16029-16037. https://doi.org/
10.1016/j.ijhydene.2013.10.011

Peden EA, Boehm M, Mulder DW, Davis R, Old WM, King PW,
Ghirardi ML, Dubini A (2013) Identification of global ferredoxin
interaction networks in Chlamydomonas reinhardtii. J Biol Chem
288:35192-35209. https://doi.org/10.1074/jbc.M113.483727
Sawyer A, Winkler M (2017) Evolution of Chlamydomonas
reinhardtii ferredoxins and their interactions with [FeFe]-hydro-
genases. Photosynth Res 134:307-316. https://doi.org/10.1007/
s11120-017-0409-4

Rumpel S, Siebel JF, Fares C, Duan J, Reijerse E, Happe T, Lubitz
W, Winkler M (2014) Enhancing hydrogen production of micro-
algae by redirecting electrons from photosystem i to hydrogenase.
Energy Environ Sci 7:3296-3301. https://doi.org/10.1039/c4ee0
1444h

Wiegand K, Winkler M, Rumpel S, Kannchen D, Rexroth S,
Hase T, Fares C, Happe T, Lubitz W, Rogner M (2018) Rational
redesign of the ferredoxin-NADP*-oxido-reductase/ferredoxin-
interaction for photosynthesis-dependent H,-production. Bio-
chim Biophys Acta—Bioenerg 1859:253-262. https://doi.org/
10.1016/j.bbabio.2018.01.006

Carrillo N, Ceccarelli EA (2003) Open questions in ferredoxin-
NADP™ reductase catalytic mechanism. Eur J Biochem 270:1900—
1915. https://doi.org/10.1046/j.1432-1033.2003.03566.x
Winkler M, Hemschemeier A, Jacobs J, Stripp S, Happe T (2010)
Multiple ferredoxin isoforms in Chlamydomonas reinhardtii—
their role under stress conditions and biotechnological implica-
tions. Eur J Cell Biol 89:998-1004

Noth J, Krawietz D, Hemschemeier A, Happe T (2013) Pyru-
vate: ferredoxin oxidoreductase is coupled to light-independent
hydrogen production in Chlamydomonas reinhardtii. J Biol Chem
288:4368-4377. https://doi.org/10.1074/jbc.M112.429985
Engelbrecht V, Liedtke K, Rutz A, Yadav S, Giinzel A, Happe
T (2020) One isoform for one task? The second hydrogenase
of Chlamydomonas reinhardtii prefers hydrogen uptake. Int J

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Hydrogen Energy 46:7165-7175. https://doi.org/10.1016/j.ijhyd
ene.2020.11.231

Bashir Q, Scanu S, Ubbink M (2011) Dynamics in electron trans-
fer protein complexes. FEBS J 278:1391-1400. https://doi.org/10.
1111/j.1742-4658.2011.08062.x

Crowley PB, Ubbink M (2003) Close encounters of the transient
kind: protein interactions in the photosynthetic redox chain inves-
tigated by NMR spectroscopy. Acc Chem Res 36:723-730. https://
doi.org/10.1021/ar0200955

Heghmanns M, Giinzel A, Brandis D, Kutin Y, Engelbrecht V,
Winkler M, Happe T, Kasanmascheff M (2021) Fine-tuning of
FeS proteins monitored via pulsed EPR redox potentiometry at
Q-band. Biophys Rep 1:100016. https://doi.org/10.1016/j.bpr.
2021.100016

Sybirna K, Ezanno P, Baffert C, Léger C, Bottin H (2013) Argi-
ninel71 of Chlamydomonas reinhardtii [Fe-Fe] hydrogenase
HydAT1 plays a crucial role in electron transfer to its catalytic
center. Int J Hydrog Energy 38:2998-3002. https://doi.org/10.
1016/j.ijhydene.2012.12.078

Rumpel S, Siebel JF, Diallo M, Fares C, Reijerse EJ, Lubitz W
(2015) Structural insight into the complex of ferredoxin and
[FeFe] Hydrogenase from Chlamydomonas reinhardtii. Chem-
BioChem 16:1663-1669. https://doi.org/10.1002/cbic.201500130
Antonkine ML, Koay MS, Epel B, Breitenstein C, Gopta O, Girt-
ner W, Bill E, Lubitz W (2009) Synthesis and characterization of
de novo designed peptides modelling the binding sites of [4Fe—
4S] clusters in photosystem I. Biochim Biophys Acta—Bioenerg
1787:995-1008. https://doi.org/10.1016/j.bbabio.2009.03.007
Nanda V, Senn S, Pike DH, Rodriguez-Granillo A, Hansen WA,
Khare SD, Noy D (2016) Structural principles for computational
and de novo design of 4Fe—4S metalloproteins. Biochim Biophys
Acta—Bioenerg 1857:531-538. https://doi.org/10.1016/j.bbabio.
2015.10.001

Dawson WM, Rhys GG, Woolfson DN (2019) Towards functional
de novo designed proteins. Curr Opin Chem Biol 52:102-111.
https://doi.org/10.1016/j.cbpa.2019.06.011

Lin YW (2019) Rational design of artificial metalloproteins and
metalloenzymes with metal clusters. Molecules 24:39—41. https://
doi.org/10.3390/molecules24152743

Mutter AC, Tyryshkin AM, Campbell 1J, Poudel S, Bennett GN,
Silberg JJ, Nanda V, Falkowski PG (2019) De novo design of sym-
metric ferredoxins that shuttle electrons in vivo. Proc Natl Acad
Sci USA 116:14557-14562. https://doi.org/10.1073/pnas.19056
43116

Eisenbeis S, Proffitt W, Coles M, Truffault V, Shanmugaratnam
S, Meiler J, Hocker B (2012) Potential of fragment recombination
for rational design of proteins. ] Am Chem Soc 134:4019-4022.
https://doi.org/10.1021/ja211657k

Akhtar MK, Jones PR (2008) Deletion of iscR stimulates recombi-
nant clostridial Fe—Fe hydrogenase activity and H,-accumulation
in Escherichia coli BL21(DE3). Appl Microbiol Biotechnol
78:853-862. https://doi.org/10.1007/s00253-008-1377-6
Kuchenreuther JM, George SJ, Grady-Smith CS, Cramer SP,
Swartz JR (2011) Cell-free H-cluster synthesis and [FeFe] hydro-
genase activation: all five CO and CN-ligands derive from tyros-
ine. PLoS ONE 6:1-8. https://doi.org/10.1371/journal.pone.00203
46

Vogel HJ, Bonner DM (1956) Acetylornithinase of Escheri-
chia coli: partial purification and some properties. J Biol Chem
218:97-106. https://doi.org/10.1016/S0021-9258(18)65874-0
Bradford MM (1976) A rapid and sensitive method for the quan-
titation of microgram quantities of protein utilizing the principle
of protein-dye binding. Anal Biochem 72:248-254. https://doi.
org/10.1016/0003-2697(76)90527-3

Palma PN, Lagoutte B, Krippahl L, Moura JIG, Guerlesquin F
(2005) Synechocystis ferredoxin/ferredoxin-NADP™-reductase/

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.chembiol.2010.05.005
https://doi.org/10.1111/j.1432-1033.1993.tb17944.x
https://doi.org/10.1111/j.1432-1033.1993.tb17944.x
https://doi.org/10.1074/jbc.M109.053496
https://doi.org/10.1074/jbc.M109.053496
https://doi.org/10.1023/B:PRES.0000030456.96329.f9
https://doi.org/10.1016/j.ijhydene.2013.10.011
https://doi.org/10.1016/j.ijhydene.2013.10.011
https://doi.org/10.1074/jbc.M113.483727
https://doi.org/10.1007/s11120-017-0409-4
https://doi.org/10.1007/s11120-017-0409-4
https://doi.org/10.1039/c4ee01444h
https://doi.org/10.1039/c4ee01444h
https://doi.org/10.1016/j.bbabio.2018.01.006
https://doi.org/10.1016/j.bbabio.2018.01.006
https://doi.org/10.1046/j.1432-1033.2003.03566.x
https://doi.org/10.1074/jbc.M112.429985
https://doi.org/10.1016/j.ijhydene.2020.11.231
https://doi.org/10.1016/j.ijhydene.2020.11.231
https://doi.org/10.1111/j.1742-4658.2011.08062.x
https://doi.org/10.1111/j.1742-4658.2011.08062.x
https://doi.org/10.1021/ar0200955
https://doi.org/10.1021/ar0200955
https://doi.org/10.1016/j.bpr.2021.100016
https://doi.org/10.1016/j.bpr.2021.100016
https://doi.org/10.1016/j.ijhydene.2012.12.078
https://doi.org/10.1016/j.ijhydene.2012.12.078
https://doi.org/10.1002/cbic.201500130
https://doi.org/10.1016/j.bbabio.2009.03.007
https://doi.org/10.1016/j.bbabio.2015.10.001
https://doi.org/10.1016/j.bbabio.2015.10.001
https://doi.org/10.1016/j.cbpa.2019.06.011
https://doi.org/10.3390/molecules24152743
https://doi.org/10.3390/molecules24152743
https://doi.org/10.1073/pnas.1905643116
https://doi.org/10.1073/pnas.1905643116
https://doi.org/10.1021/ja211657k
https://doi.org/10.1007/s00253-008-1377-6
https://doi.org/10.1371/journal.pone.0020346
https://doi.org/10.1371/journal.pone.0020346
https://doi.org/10.1016/S0021-9258(18)65874-0
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/0003-2697(76)90527-3

640

JBIC Journal of Biological Inorganic Chemistry (2022) 27:631-640

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

NADP+ complex: structural model obtained by NMR-restrained
docking. FEBS Lett 579:4585-4590. https://doi.org/10.1016/j.
febslet.2005.07.027

Pueyo JJ, Gémez-Moreno C (1991) Purification of ferredoxin-
NADP™ reductase, flavodoxin and ferredoxin from a single
batch of the cyanobacterium Anabaena pcc 7119. Prep Biochem
21:191-204. https://doi.org/10.1080/10826069108018571
Esselborn J, Lambertz C, Adamska-Venkatesh A, Simmons T,
Berggren G, Noth J, Siebel J, Hemschemeier A, Artero V, Rei-
jerse E, Fontecave M, Lubitz W, Happe T (2013) Spontaneous
activation of [FeFe]-hydrogenases by an inorganic [2Fe] active
site mimic. Nat Chem Biol 9:607-609. https://doi.org/10.1038/
nchembio.1311

Li H, Rauchfuss TB (2002) Iron carbonyl sulfides, formaldehyde,
and amines condense to give the proposed azadithiolate cofac-
tor of the Fe-only hydrogenases. ] Am Chem Soc 124:726-727.
https://doi.org/10.1021/ja016964n

Jacquot J-P, Suzuki A, Peyre J-B, Peyronnet R, Miginiac-Maslow
M, Gadal P (1988) On the specificity of pig adrenal ferredoxin
(adrenodoxin) and spinach ferredoxin in electron-transfer reac-
tions. Eur J Biochem 174:629-635. https://doi.org/10.1111/j.
1432-1033.1988.tb14144.x

Mus F, Dubini A, Seibert M, Posewitz MC, Grossman AR (2007)
Anaerobic acclimation in Chlamydomonas reinhardtii: Anoxic
gene expression, hydrogenase induction, and metabolic path-
ways. J Biol Chem 282:25475-25486. https://doi.org/10.1074/
jbc.M701415200

Lambertz C, Hemschemeier A, Happe T (2010) Anaerobic expres-
sion of the ferredoxin-encoding FDX5 gene of Chlamydomonas
reinhardtii is regulated by the Crrl transcription factor. Eukaryot
Cell 9:1747-1754. https://doi.org/10.1128/EC.00127-10

Yang W, Wittkopp TM, Li X, Warakanont J, Dubini A, Catalanotti
C, Kim RG, Nowack ECMM, Mackinder LCMM, Aksoy M, Page
MD, D’Adamo S, Saroussi S, Heinnickel M, Johnson X, Richaud
P, Alric J et al (2015) Critical role of Chlamydomonas reinhardtii
ferredoxin-5 in maintaining membrane structure and dark metabo-
lism. Proc Natl Acad Sci USA 112:14978-14983. https://doi.org/
10.1073/pnas.1515240112

Schorsch M, Kramer M, Goss T, Eisenhut M, Robinson N, Osman
D, Wilde A, Sadaf S, Briickler H, Walder L, Scheibe R, Hase T,
Hanke GT (2018) A unique ferredoxin acts as a player in the low-
iron response of photosynthetic organisms. Proc Natl Acad Sci
USA 115:E12111-E12120. https://doi.org/10.1073/pnas.18103
79115

Subramanian V, Dubini A, Ghirardi M (2018) Chapter 9 the role
of Chlamydomonas ferredoxins in hydrogen production and other
related metabolic functions. In: Microalgal hydrogen production:
achievements and perspectives. The Royal Society of Chemistry,
pp 213-234

Subramanian V, Wecker MSA, Gerritsen A, Boehm M, Xiong W,
Wachter B, Dubini A, Gonzalez-Ballester D, Antonio RV, Ghi-
rardi ML (2019) Ferredoxin5 deletion affects metabolism of algae
during the different phases of sulfur deprivation. Plant Physiol
181:426-441. https://doi.org/10.1104/pp.19.00457

Boehm M, Alahuhta M, Mulder DW, Peden EA, Long H, Brun-
ecky R, Lunin VV, King PW, Ghirardi ML, Dubini A (2016) Crys-
tal structure and biochemical characterization of Chlamydomonas
FDX2 reveal two residues that, when mutated, partially confer

@ Springer

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

FDX2 the redox potential and catalytic properties of FDX1. Photo-
synth Res 128:45-57. https://doi.org/10.1007/s11120-015-0198-6
Engelbrecht V, Rodriguez-Macia P, Esselborn J, Sawyer A,
Hemschemeier A, Riidiger O, Lubitz W, Winkler M, Happe T
(2017) The structurally unique photosynthetic Chlorella variabilis
NC64A hydrogenase does not interact with plant-type ferredoxins.
Biochim Biophys Acta—Bioenerg 1858:771-778. https://doi.org/
10.1016/j.bbabio.2017.06.004

Terauchi AM, Lu SF, Zaffagnini M, Tappa S, Hirasawa M, Tripa-
thy JNJN, Knaftf DB, Farmer PJ, Lemaire D, Hase T, Merchant SS,
Lemaire SD, Hase T, Merchant SS (2009) Pattern of expression
and substrate specificity of chloroplast ferredoxins from Chla-
mydomonas reinhardtii. ] Biol Chem 284:25867-25878. https://
doi.org/10.1074/jbc.M109.023622

Hemschemeier A, Happe T (2011) Alternative photosynthetic
electron transport pathways during anaerobiosis in the green alga
Chlamydomonas reinhardtii. Biochimica et Biophysica Acta—
Bioenergetics 1807:919-926. https://doi.org/10.1016/j.bbabio.
2011.02.010

Ohnishi Y, Muraki N, Kiyota D, Okumura H, Baba S, Kawano
Y, Kumasaka T, Tanaka H, Kurisu G (2020) X-ray dose-depend-
ent structural changes of the [2Fe-2S] ferredoxin from Chla-
mydomonas reinhardtii. ] Biochem 167:549-555. https://doi.org/
10.1093/jb/mvaa045

Gibney BR, Mulholland SE, Rabanal F, Dutton PL (1996)
Ferredoxin and ferredoxin-heme maquettes. Proc Natl Acad Sci
93:15041-15046. https://doi.org/10.1073/pnas.93.26.15041
Mulholland SE, Gibney BR, Rabanal F, Leslie Dutton P (1998)
Characterization of the fundamental protein ligand requirements
of [4Fe—4S](2+/+) clusters with sixteen amino acid maquettes. J
Am Chem Soc 120:10296-10302. https://doi.org/10.1021/ja981
279a

Hoppe A, Pandelia ME, Gértner W, Lubitz W (2011) [Fe4S4]- and
[Fe3S4]-cluster formation in synthetic peptides. Biochim Biophys
Acta—Bioenerg 1807:1414-1422. https://doi.org/10.1016/j.bba-
bi0.2011.06.017

Roy A, Sarrou I, Vaughn MD, Astashkin AV, Ghirlanda G (2013)
De novo design of an artificial bis[4Fe-4S] binding protein. Bio-
chemistry 52:7586—-7594. https://doi.org/10.1021/bi401199s
Sommer DJ, Roy A, Astashkin A, Ghirlanda G (2015) Modula-
tion of cluster incorporation specificity in a de novo iron-sulfur
cluster binding peptide. Biopolymers 104:412—418. https://doi.
org/10.1002/bip.22635

Galambas A, Miller J, Jones M, McDaniel E, Lukes M, Watts H,
Copié V, Broderick JB, Szilagyi RK, Shepard EM (2019) Radi-
cal S-adenosylmethionine maquette chemistry: Cx3Cx2C peptide
coordinated redox active [4Fe—4S] clusters. J Biol Inorg Chem
24:793-807. https://doi.org/10.1007/s00775-019-01708-8

Roy A, Sommer DJ, Schmitz RA, Brown CL, Gust D, Astashkin
A, Ghirlanda G (2014) A de novo designed 2[4Fe—4S] ferredoxin
mimic mediates electron transfer. ] Am Chem Soc 136:17343—
17349. https://doi.org/10.1021/ja510621e

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.febslet.2005.07.027
https://doi.org/10.1016/j.febslet.2005.07.027
https://doi.org/10.1080/10826069108018571
https://doi.org/10.1038/nchembio.1311
https://doi.org/10.1038/nchembio.1311
https://doi.org/10.1021/ja016964n
https://doi.org/10.1111/j.1432-1033.1988.tb14144.x
https://doi.org/10.1111/j.1432-1033.1988.tb14144.x
https://doi.org/10.1074/jbc.M701415200
https://doi.org/10.1074/jbc.M701415200
https://doi.org/10.1128/EC.00127-10
https://doi.org/10.1073/pnas.1515240112
https://doi.org/10.1073/pnas.1515240112
https://doi.org/10.1073/pnas.1810379115
https://doi.org/10.1073/pnas.1810379115
https://doi.org/10.1104/pp.19.00457
https://doi.org/10.1007/s11120-015-0198-6
https://doi.org/10.1016/j.bbabio.2017.06.004
https://doi.org/10.1016/j.bbabio.2017.06.004
https://doi.org/10.1074/jbc.M109.023622
https://doi.org/10.1074/jbc.M109.023622
https://doi.org/10.1016/j.bbabio.2011.02.010
https://doi.org/10.1016/j.bbabio.2011.02.010
https://doi.org/10.1093/jb/mvaa045
https://doi.org/10.1093/jb/mvaa045
https://doi.org/10.1073/pnas.93.26.15041
https://doi.org/10.1021/ja981279a
https://doi.org/10.1021/ja981279a
https://doi.org/10.1016/j.bbabio.2011.06.017
https://doi.org/10.1016/j.bbabio.2011.06.017
https://doi.org/10.1021/bi401199s
https://doi.org/10.1002/bip.22635
https://doi.org/10.1002/bip.22635
https://doi.org/10.1007/s00775-019-01708-8
https://doi.org/10.1021/ja510621e

	Changing the tracks: screening for electron transfer proteins to support hydrogen production
	Abstract 
	Graphical abstract
	Introduction
	Materials and methods
	Protein expression and purification
	In vitro maturation of [FeFe] hydrogenases
	FeS-cluster reconstitution of peptides
	Fdx:Hyd interaction: in vitro hydrogenase activity assay
	Fd:FNR interaction: in vitro cytochrome c reduction assay
	Light-driven hydrogen production and competition assay

	Results and discussion
	Acknowledgements 
	References




