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[FeFe]-Hydrogenase with Chalcogenide Substitutions at the H-Cluster
Maintains Full H, Evolution Activity

Jens Noth, Julian Esselborn, Jorn Giildenhaupt, Annika Briinje, Anne Sawyer, Ulf-Peter Apfel,*
Klaus Gerwert, Eckhard Hofmann, Martin Winkler, and Thomas Happe*

Abstract: The [FeFe]-hydrogenase HYDAI from Chlamydo-
monas reinhardtii is particularly amenable to biochemical and
biophysical characterization because the H-cluster in the active
site is the only inorganic cofactor present. Herein, we present
the complete chemical incorporation of the H-cluster into the
HYDAI-apoprotein scaffold and, furthermore, the successful
replacement of sulfur in the native [4Fey] cluster with selenium.
The crystal structure of the reconstituted pre-mature HYDAI-
[4Fe4Se]; protein was determined, and a catalytically intact
artificial H-cluster variant was generated upon in vitro matu-
ration. Full hydrogen evolution activity as well as native-like
composition and behavior of the redesigned enzyme were
verified through kinetic assays, FTIR spectroscopy, and X-ray
structure analysis. These findings reveal that even a bioinor-
ganic active site with exceptional complexity can exhibit
a surprising level of compositional plasticity.

With turnover frequencies of up to 10* molecules of
dihydrogen (H,) per second, [FeFe]-hydrogenases are the
fastest known biocatalysts for the reduction of protons to
H,.! There are several types of [FeFe]-hydrogenases, which
differ not only in protein structure and composition, but also
in the number of accessory [FeS]-clusters, which act as an
electron (e”) relay between the e -mediator docking site and
the active center (H-cluster) of the enzyme.”” The H-cluster is
a complex inorganic cofactor, consisting of a cysteine-coor-
dinated [4Fe4S]-cluster ([4Fey]) linked to a unique [2Fe2S]-
subcluster ([2Fey]) with three CO and two CN™ ligands. An
azadithiolate (adt =-S-CH,-NH-CH,-S-) ligand, bridging both
Fe sites in [2Fey] (proximal (Fe,) and distal (Fe,) relative to
the [4Fey]-moiety) is essential for fast proton shuttling to and
from the vacant ligand site at Fe,,’) where proton reduction
and H, oxidation occur (Figure 1A).'**) Owing to its
structural simplicity, the monomeric hydrogenase, HYDAI,
from the unicellular green alga Chlamydomonas reinhardtii, is
a model enzyme for studying the catalytic features of [FeFe]-
hydrogenases. As the H-cluster is the only bioinorganic

cofactor in the algal enzyme, spectroscopy can be used to
directly probe its metal cofactor. Furthermore, HYDAI1 can
be efficiently expressed and purified with high yields in
Escherichia coli.’’ While standard [FeS]-clusters, including
the [4Fey]-moiety of the H-cluster, can be synthesized in vivo
by housekeeping iron—sulfur cluster biosynthetic machiner-
ies,® the formation of the unique [2Fey]-subsite depends on
the three highly specific maturation factors, HYDE, -F, and
-G." Recently, we found that the complex maturation path-
way, which does not natively occur in E. coli, can be bypassed
in vitro by adding the synthetic [2Fey]-analogue [Fe,(CO),-
(CN)y(adt)]*™  ([2Fey]™™) to the inactive pre-mature
HYDA1[4Fey], rapidly yielding a fully functional enzyme.*"!

In the present study, we applied this tool of in vitro
maturation, in combination with the technique of chemical
[FeS]-cluster reconstitution,”® to demonstrate that H-cluster
manipulation is not confined to the [2Fey,]-site,**"! but can be
extended to the [4Fey]-moiety, thus enabling the artificial
synthesis and manipulation of the complete H-cluster archi-
tecture.

The [2Fey]- and the [4Fey]-cluster play synergistic roles in
the catalytic cycle of the H-cluster. Both subsites are coupled
by only one bridging cysteine ligand, resulting in a functional
unit through which electrons are reversibly shuttled between
the location of substrate turnover at Fe, and external e -
mediators that dock at the entrance of the e -relay ([4Fey])
(Figure 1 A).” In 2009, chemical reconstitution was shown for
the first time for the biosynthesized C. reinhardtii HYDA1
[4Fe,] cubane cluster, further denoted as [4Fe4S],."" Two
concurrent studies revealed that a pre-formed cubane cluster
is essential for HYDF-mediated incorporation of the [2Fey]-
subsite into HYDAI1. As the tertiary protein structure folds
around the cubane cluster, the essential framework is
prepared for the functional incorporation of the substrate-
binding [2Fey]-cluster. The redox features and protonation
state of the [2Fey]-subcluster change while passing through
the catalytic steps of the turnover cycle. Three main catalytic
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states are clearly distinguishable by infrared spectroscopy.
The crucial participation of the [4Fey]-site in the catalytic
cycle became obvious after the discovery that the two-fold
reduced Hg,., state is part of the reaction mechanism, which
unlike H,, and H,, exhibits a reduced [4Fe,]-site.*!!]
Therefore, in contrast to other reported examples of chalco-
genide replacement in [FeS]-clusters, such as those of plant
type and bacterial ferredoxins,'? the [4Fe;]-cluster targeted
here is an essential part of the catalytic cofactor itself.

Cluster-free HYDA1[AH] was prepared by removing the
in-vivo-incorporated [4Fey]-cluster from native HYDAI-
[4Fey]. This HYDA1[AH], as shown previously,"”! did not
display catalytic H,-production activity upon addition of
[2Fe, ™™ (Figure 1B). This allowed us to monitor time-
resolved [4Fey]-cluster reconstitution by measuring enzyme
activity after in vitro activation with synthesized [2Fe;]*™
(Figure 1B).

HYDAT1[AH] reconstitution mixtures in which only Fe**
or one of the chalcogenides (S*~ or Se’”) were added did not
reveal any significant H, evolution activity (<3 % compared
to Fe’*/S*-reconstituted HYDA1 (HYDA1[4Fe4S]y;)) upon
addition of [2Fe,]M™, indicating the successful removal of the
bio-assembled [4Fey] during preparation of HYDA1[AH]
(Figure 1B). Notably, reconstitution mixtures containing
HYDAI1[AH], in combination with Fe’" and either S*~ or
Se?”, exhibited strongly increasing H, production activities
over time upon invitro maturation, with maximum rates
occurring after 19 h (Figure 1B). In comparison to the Fe*!/
S*~ samples, the reconstitution kinetics for cluster assembly of
the Fe’'/Se*” combination were slightly slower in the first
hours. However, the maximum specific activity after in vitro
maturation did not deviate significantly from that observed
after reconstitution with Fe’" and S*~ (Figure 1B,C). Upon
reconstitution with Fe’* and either S*~ or Se’, activities of
almost 600 pumol H, min~' mg™' were achieved (Figure 1B).
Our results suggest that the chemical self-assembly of the
[4FedX]y cluster (X =S, Se) is a slow process compared to the
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subsequent spontaneous activation of HYDAI1[4Fey] by
chemically synthesized [2Fey]"™.P**) However, differences
in reaction kinetics are expected, as complete [4FedX]y
assembly involves protein folding and passes through several
metal cluster intermediates.® In contrast, incorporation of
[2Fey]™™ only requires the formation of a single covalent
bond and subsequent CO dissociation.’*°! After 19h of
cluster reconstitution, H,-production activities of samples
from [2Fey]™™-activated crude mixtures for both cluster
types reached 60 % of the activity detected for the control
sample of in vitro maturated HYDAT1[4Fey] expressed in
E. coli. However, upon additional protein purification
between reconstitution and invitro maturation, which
removes misfolded and aggregated HYDA1[AH], specific
activities of both enzyme variants (HYDA1[4Fe4Se];;*™ and
HYDAT1[4Fe4S];;™™) reached 85% of the wild-type activity
(Figure 1C). Thus, replacing S*~ with Se*~ still allows for the
subsequent incorporation of [2Fey]™™ and, moreover, does
not alter the catalytic features of the H-cluster.

The kinetic parameters of the two chemically reconsti-
tuted HYDA1[4Fe4X];™™ proteins were determined using
both the artificial e"-mediator methyl viologen (MV) and the
native redox partner ferredoxin (PETF; Supporting Informa-
tion, Figure S1 and Table S1). Both mediators are assumed to
directly transfer electrons to the [4Fey] cluster of HYDA1.['¥]
The K., and V. values were similar to those from in vivo
assembled HYDA1[4Fe,;] with synthetic [2Fe;]"™ cluster®®
and correspond to previously published data for wild-type
HYDAL.B*4151 To  verify the successful chalcogenide
exchange in reconstituted HYDA1[4Fe4Se]y, the protein
was crystallized under anaerobic conditions and its structure
determined using HYDA1[4Fey| (PDB ID 3LX4) as a refer-
ence model.'! The crystal structure allowed us to confirm the
consistency of the overall protein structure with the native
enzyme. Although the resolution of 3.1 A was not sufficient to
determine deviations in cluster geometry, or the exact
distances between Fe and chalcogenide atoms in reference
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Figure 1. Cluster incorporation and specific H,-production rates of HYDA1 holoenzymes with S- and Se-reconstituted H-clusters. A) Ball and stick
model of the chalcogenide-substituted cubane subcluster [4Fe4X], as part of the H-cluster consisting of [4Fe4X],, (X=S, Se; gray) and [2Fe,]
(PDB ID 3C8Y). *location of catalytic turnover. B) Time-dependency of the chemical HYDAT1 [4Fe4X], cubane cluster reconstitution by
determination of the specific H,-production rates of the in vitro maturated holoenzymes. Reconstitution reactions contained iron (Fe**) and either
sulfide (S%7) or selenide (Se*"), while control mixtures only contained Fe?", S*~, or Se*™ as indicated. C) For determining the specific H,-
production activity, 10 nm of overnight (19 h)-reconstituted and purified HYDAT[4Fe4X],; enzyme was measured compared to wild-type
(HYDA1[4Fe,]) with a 10-fold excess of [2Fe,]""™. All experiments were performed in triplicate and error bars represent the standard deviation.
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Figure 2. Crystal structure of HYDA1[4Fe4Se],, and localization of Se atoms in the cubane cluster. Presented is a cartoon model of the
HYDAT1[4Fe4Se], structure at a resolution of 3.1 A. A detailed view of the [4Fe4Se], cubane cluster is shown in the magnification with the Se
anomalous electron density presented as a mesh. Selenide atoms were located at the sulfur positions of the reference cluster by calculating

a difference map (black mesh; contoured at 6 o) of the anomalous difference Fourier maps from datasets on and below the absorption edge of Se
(protein backbone, green; Fe, brown; Se, ochre; cysteinyls, yellow).

to the standard [4Fey]-cluster, selenide atoms could be
unambiguously located at the sulfide positions of the native
reference cluster (PDB ID 3LX4) owing to the strong
anomalous scattering of selenide at 12.666 keV (Figure 2
and Figure S2). To yield a selenium-specific anomalous
difference Fourier map, single-crystal measurements of the
anomalous signal on and below the Se K-edge were sub-
tracted. The electron densities of this difference map did not
significantly deviate from one cubane edge to another,
indicating a homogeneous occupancy of Se atoms at all four
cluster positions (Figure S3). Successful chalcogenide
exchange was previously reported for the [4Fe4S]-cluster in
dinitrogenase reductase (Fe-protein) of Klebsiella pneumo-
niae."*! However, the resulting [4Fe4Se]-protein exhibited
a five-fold decrease in ATP-specific e -transfer rate com-
pared to the native dinitrogenase, leading to an overall 20-fold
reduction in specific activity. It was therefore possible that the
chalcogenide exchange here could alter the redox properties
of the [FeS]-clusters. This was found to be the case for
ferredoxins, '’ as well as for a model complex of the [2Fey]
with selenium-substituted acid-labile sulfur atoms." The
HYDAT1 [4Fey]-cluster is a redox-active catalytic cofactor,
thus any redox change to the cluster would also change the
redox-dependent catalytic features of the enzyme. For
example, for the radical SAM protein biotin synthase, the
replacement of sulfur with selenide within the two iron-sulfur
sites (the [4Fe4S]-cluster that coordinates and reduces S-
adenosyl-methionine and the [2Fe2S]-cluster that donates
sulfur for biotin formation) severely reduced the turnover of
biotin synthesis by 70%.0'”) To determine whether the redox
properties of the [2Fey]-subcluster were affected here, Four-
ier transform infrared (FTIR) spectroscopy was performed.
FTIR spectroscopy can detect minor deviations in the
structural arrangement as well as electron distribution of
the [FeFe]-hydrogenase active site, which are reflected by
shifts of absorbance bands in the vibrational spectrum of the
Fe-C(=O/N) ligands in the [2Fey]-subcluster (Fig-
ure 1 A).1411.20 Accordingly, FTIR-measurements were con-
ducted with both chalcogenide-reconstituted and in-vitro-
maturated HYDAI1[4Fe4X]™™, and wild-type HYDAI-
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[4Fey]™™. HYDAL1 samples were converted to characteristic
catalytic and non-catalytic states. To enable a spectral com-
parison of both reconstituted proteins to HY DA 1[4Fe;]M™ in
an unambiguously defined state, the three proteins were
purged with 100% carbon monoxide gas (CO) prior to
measurements leading to the homogeneous enrichment of the
non-catalytic H,.-CO state (Figure 3a,b).*!"?" Purging with
N, led to a mixture of the three described catalytic resting
states: H,,, the oxidized ready state, and the two reduced
states, H,.q and H /"' (Figure 3¢). A selective accumulation
of H,, was achieved by addition of thionine (Figure 3d).
Although all of the protein samples showed fractions of H,,-
CO, the specific CO and CN" vibration signals for H,, and
both reduced states in HYDA1[4Fe4Se],,"™ fully matched
the corresponding band positions of the respective control
samples (Figure 3; Table S3).

The FTIR spectra thus confirmed both the stable incor-
poration of [2Fe,]™™ into reconstituted HYDA1[4Fe4X]y
proteins and an unaltered [2Fey]-ligand coordination/elec-
tron distribution of non-catalytic and catalytic states com-
pared to wild-type HYDAI1[4Fe,JM™ (Figure 3).*>* Upon
comparison of the absorbance of the bridging CO (1820-
1800 cm ') in H,,-CO with the integral of the amide II band
(1600-1485 cm™!, omitted in Figure 3 for clarity), which was
used as a measure of protein concentration, it was determined
that [2Fey]™™ had an occupancy of 61% in HYDAI-
[4Fe4S],M™ and 77 % in HYDA1[4FedSe],™™ compared to
HYDAI1[4Fey]™™. Di-iron-cluster occupancy and specific
activities of the purified invitro maturated HYDAI-
[4Fe4X]™™ proteins were comparable and further corre-
sponded to the features of the control sample, confirming that
in vitro maturation of HYDAT1[4Fe4Se],; indeed results in
a fully active variant of the unique and complex H-cluster.
The results presented here, together with those from other
recently published works,**?!! demonstrate that both H-
cluster parts can be derivatized without destroying catalytic
activity. The fact that a [4Fe4Se]-cluster, as part of the H-
cluster, displays full catalytic activity is of particular interest.
It is well known from synthetic [4Fe4X(SR),]*” (X =S, Se)
cubanes that S and Se homologs show only small differences

Angew. Chem. Int. Ed. 2016, 55, 8396 -8400


http://www.angewandte.org

Communications

~_~7 internati
Fe-CN Fe-CO Fe-CO-Fe experimental data. Instead, the present study shows that
Hoco § & g 23 s selenium can act as a fully-fledged substitute for sulfur
H,-cO B2 g8 &g 8 yielding a functional [FeFe]-hydrogenase. In addition, we
2w Y TgTe s herein provide evidence that the H-cluster tolerates elec-

H © N~ © T =3 p

I T om W tronic manipulations in the interplay of the [4Fe,]-cluster and
"~ 8 < © w . c, = the [2Fey]-subsite. This seems unexpected given the fact that

H 5 a 9 b4 b4 . . . . . . a1y
e ] & ¢ 2 2 efficient subcluster communication is crucial for fulfilling the

1810

Absorbance

>1810

T 4 T T T L T ¥ T T X 1
2050 2000 1950 1900 1850 1800 1750

—T—
2100

2150

wavenumber [ cm’™

Figure 3. FTIR measurements of HYDAT[4Fe4X],, in comparison to
HYDAT1[Fey]""™. Comparison of state-enriched CO/CN-ligand spectra
of the [2Fe,]-subsite of wild-type protein and HYDAT samples with
reconstituted and maturated H-cluster, normalized to the amide Il
signal of HYDA1[4Fe,]"" and vertically displaced for clarity.

a) HYDA1[4Fe4S],"™ (150 um) flushed with 100% CO prior to FTIR
measurement to generate the defined H,,-CO state of the [2Fe,|]-
cofactor. b) HYDAT1[4Fe4Se],™™ (300 pum) red and HYDAT[4Fe, V"™
(150 pm) in black prepared as described for (a). c) HYDA1[4Fe4Se],""™
(420 um) and HYDAT[4Fey]"™ (300 um) after flushing with 100% N.,.
d) HYDAT[4FedSe],,"™ (330 pum) and HYDAT[4Fe, "™ (300 pm) oxi-
dized with a 3-fold molar excess of thionine. State-annotation was
adapted from Ref. [11].

in their basic structures, with the average Fe—Se bond being
slightly larger (~0.12 A) compared to the Fe—S bond.””
Comparable force constants also reflect the similarity of the
Fe—S and Fe—Se bonds.

Despite structural similarities, the electronic properties
can differ significantly, as was shown by cyclic voltammetry on
homologous  [4Fe4X]-cluster ~compounds.””’  Notably,
[4Fe4Se]-complexes displayed more positive reduction poten-
tials compared to their [4Fe4S] counterparts and were thus
easier to reduce. This difference indeed should lead to an
altered e -exchange behavior between the [4Fe4Se]y-cluster
and the [2Fey]-subsite of the H-cluster variant presented here,
which again should be reflected in shifted CO/CN™ ligand
spectra for the different catalytic states of the latter subsite.
This however is not deducible from any of the available
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catalytic cycle. However, the FTIR-spectra of reduced
HYDAI1 maturated in vitro with the non-natural derivative
[Fe,(CO),(CN),(pdt)]*~ of the [2Fey]-cofactor, which does
not provide H, turnover activity, only showed minor shifts of
3-12cm ! in the CO/CN -band pattern compared to the
oxidized state.'"" This was attributed to the fact that, unlike
the native [2Fey]-version, this single reduction step is
restricted to the [4Fey]-site. Thus, while both subclusters are
functionally coupled, the effect of changes in redox state and
constitution of the [4Fey]- moiety on the catalytic features of
the [2Fey]-site seem to be restricted. It can be assumed that
chalcogenide substitution within the [2Fey]-site will more
prominently affect the catalytic features and state-specific
FTIR-band patterns as it directly modulates the electronic
fine-structure of the actual location of catalytic turnover.

Having now the complementary tools of cubane cluster
reconstitution and in vitro [2Fey]™™ maturation of HYDAI,
it is possible to individually label both clusters by site-directed
exchange of a particular element within the H-cluster for
advanced spectroscopic investigations. Moreover, the com-
plete chemical incorporation allows for the inclusion of the
whole H-cluster into next-generation enzyme engineering
concepts.

The successful de novo synthesis of a functional H-cluster-
type, as described here, will encourage other scientists to add
another dimension, and thus level of quality, to their future
enzyme design projects going beyond simple modulations in
the protein environment.
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SI.1  Detailed experimental procedures

Sl 1.1 Heterologous production and purification of HYDA1[4Fey] and PETF from C. reinhardtii.

Heterologous expression of the inactive HYDAL[4Fey]-pre-form of Chlamydomonas reinhardtii was performed in
Escherichia coli BL21 (DE3) AiscR.™ Protein expression and purification were performed according to the
previously published procedure.”) Recombinant [2Fe2S]-ferredoxin (PETF) from C. reinhardtii was prepared as
described earlier.®! All purification steps were conducted under strictly anaerobic conditions in an atmosphere of

1-2 % hydrogen in molecular nitrogen.

Sl 1.2 Synthesis of disodium selenide for chemical reconstitution of the [4Fe4Se]y cubane cluster in the bare
polypeptide of HYDA1[AH].

Attention! Sodium selenide is highly toxic; storage under argon atmosphere is required to avoid the formation of
highly toxic H,Se. Liquid NH; should be handled with care as it can expand readily causing severe injuries and

damage.

We strongly recommend the use of small amounts of starting materials and the use of an overpressure valve.

Incurred wastes need to be collected and disposed separately.
It is mandatory that all glassware is rinsed with an aqueous NaOH solution after use.

In a three-neck round bottom Schlenk-flask, sodium (2.23 g, 0.096 mmol) was dissolved in 150 mL liquid NH; at
-70°C. Finely-ground selenium (3.83 g, 0.048 mmol) was then added in portions. The reaction mixture was stirred
for an additional 30 min at -70°C and then allowed to warm up slowly. The obtained residue was dried in vacuo to
afford 6.03 g (100%) Na,Se as a highly air and moisture sensitive off-white solid. This was used without further

purification.

SI 1.3 Chemical removal and in vitro reconstitution of the cubane cluster of HYDA1[4Fe4X].

The [4Fey] cubane cluster was removed by chemical denaturation of the protein and chelation of the released iron
atoms. The protein (200 uM) was anaerobically diluted 1:1 with 500 mM EDTA and again with 14 M urea to unfold
the protein backbone in a procedure similar to that previously described by Mulder et al. (2009). The loss of
enzymatic activity over time was analyzed by measuring specific di-hydrogen production in a standard methyl
viologen assay upon addition of [2Fen]""™. Once enzyme activity was no longer detectable, the protein was purified
using a desalting column. SDS-PAGE was performed to analyze protein quality. [4Fed4X]y (X = S, Se) was
reconstituted overnight with slight modifications to the Mulder et al (2009) procedure, using a HEPES buffer
(50 mM HEPES, pH 7, 300 mM NaCl, 20 % glycerol) supplemented with 10 mM DTT and 2 mM sodium dithionite



(NaDT)." 10 uM HYDAL[AH], without any inorganic cofactor, was reconstituted by adding iron(l11)chloride to a
final concentration of 1 mM, followed by 1 mM of disodium sulfide or 0.1 mM of disodium selenide. Reconstitution
was followed by repetitive in vitro activity measurements, as described before for stripping. The reconstituted
HYDA1[4Fe4X]y variants were purified by reverse anion exchange chromatography, using 1 M NaCl in the
buffer.”! After purification, the protein was concentrated using an Amicon Ultra centrifugal filter unit (MWCO
30 kDa), desalted into a Tris-HCI pH 8 buffer (100 mM) with 2 mM NaDT and further concentrated to 0.5-1 mM.

Sl 1.4 [FeFe]-hydrogenase activity measurements.

For activity assays, 10 nM [FeFe]-hydrogenase was used in a potassium phosphate buffer (pH 6.8) supplemented
with 10 mM of the electron mediator methyl viologen (MV) and 100 mM NaDT as a sacrificial electron donor.

Reaction mixtures were incubated for 20 min at 37°C if not stated otherwise and gaseous headspace was measured

B30 61 Activity measurements of HYDAL[4Fe4X]y proteins were

MIM

using gas chromatography as described previously.

conducted after the addition of a 10-fold excess of [2Fen]™ to the reaction mixture.?

Sl 1.5 Time dependent chalcogenide reconstitution of HYDA1[AH].

Analysis of time dependency for iron-chalcogenide reconstitution was performed as described for the in vitro
reconstitution, except that reconstituted HYDA1[4Fe4X]y variants were not purified prior to activity measurements.
Small scale reaction mixtures of 20 pl were incubated at room temperature for 70 h and H, evolution activity was

MIM

measured at various time points after adding a 10-fold excess of [2Fey]™" as described above.

Sl 1.6 Determination of reaction kinetics of reconstituted and in vitro maturated HYDA1[4Fe4X],,"'™.

Interaction kinetics of HYDAL[4Fe4X],™™ with soluble redox mediators were analyzed by performing H,
production activity measurements at increasing concentrations of the particular redox mediator. For methyl viologen
(MV) dependent activity, concentrations of 0, 2.5, 5,10, 20 and 40 mM were used, while for PETF dependent
activity, concentrations were adjusted to 0, 2.5, 5, 10, 20 and 40 uM. NaDT concentration was set to 100 mM for the
MV dependent assay and to 50 mM for measuring PETF dependent H, evolution activity as described earlier."!
Reaction mixtures were incubated for 15 min at 37°C with constant shaking. All measurements were performed at

least in triplicate.



SI 1.7 Crystallography

Plate-shaped crystals grew after 7 days in a hanging drop vapor-diffusion experiment under anaerobic conditions at
277 K. A 1:1 mixture of HYDA1[4Fe4Se]y (10 mg/ml) and 0.1 M TrisHCI pH 7.0, 0.2 M NaCl, 18.5 % PEG 4000
buffer was used. Crystals were mounted into CryoLoops™ (Hampton Research), protected with paraffin oil and
flash-frozen with liquid N, under anaerobic conditions. The presence of Se in the crystals was confirmed by
measurements of the X-ray fluorescence spectrum and fluorescence-detected X-ray absorption around the Se-edge at
0.9786 A. Collection of diffraction data took place at the beamline PXII of the SLS (Villigen, Switzerland) and the
beamline 1D-29 of the ESRF (Grenoble, France) at 100 K to obtain two datasets of the same crystal with incident
beam wavelengths of 0.9786 A and 1.0332 A, respectively. Both datasets were processed with the space group P3,21
using the software package XDS!" and scaled to the high energy dataset with XSCALE!" and assigned identical sets
of Ry reflections. As a structure of HYDA1[4Fey] with a resolution of 1.97 A is available (PDB ID 3LX4)®], we
attempted refinement of our structures (resolution of 3.1 A) with rigid body refinement and refinement of B factors
only. To this end, chain A of the structure of HYDAL[4Fey] was superposed to a recent structure of HYDA1[4Fey]
from our group in space group P3,21 (unpublished), all B factors were set to 110 and the occupancy of all atoms of
the [4Fey] cluster was set to 0 to avoid model bias in this region. This structure was used as a starting model for three
cycles of rigid body and B factor optimization with the high energy dataset using the program phenix.refine!®.
Obvious differences between electron density and model were corrected manually with the help of the program
Coot™™ (41 of 411 residues) and a second set of three rigid body and B factor optimization cycles was performed. In
the resulting model, the occupancy of the [4Fey] atoms was set to 1, S atoms of the [4Fey] cluster were replaced by
Se atoms, as were the S atoms in the restraint file for the cluster. This modified model with [4Fe4Se]y cluster was
used to run another set of rigid body and B factor refinements with either the high energy or the low energy dataset.
From these final models, density maps of the anomalous signal were calculated and a difference density of the two
maps was determined using the program Coot. The anomalous signal was not used during any of the refinement
steps. Refinement of the model with more degrees of freedom was attempted during several stages of the process, but
always led to an increase in Ryoand Rgee. It should be noted that Ry is slightly smaller than Ry« for the final high
energy model (see Tab. S2). However, inheritance of the Ry set of the starting model (PDB ID 3LX4) was
prohibited by a slightly different orientation of the molecules within the unit cell in our crystals and the crystals of
Mulder et al. (2009) as demonstrated by the different space groups. As the models were only refined using rigid body
fit and B factor optimization (the latter were not inherited from the starting model), we regard overfitting against
information obtained from the starting model a minor problem. Independent from the Ry Set, the predictive power
of the chosen set of phases is demonstrated by the electron density of residues 201-203 (not present in the starting
model) and the meaningful density derived from the anomalous signal, which was not included in any refinement

step.



SI 1.8 FTIR measurements of chalcogenide reconstituted and in vitro maturated HY DA1[4Fe4X]M™.

HYDA1[4Fe4X],; and HYDAL[4Fey] were maturated in vitro with [2Fe,]™™ and concentrated to ~150-420 pM in
100 mM potassium phosphate buffer ( pH 6.8) with 2 mM NaDT as described previously.”? The enzymes were
flushed either with 100% CO for 15 min to set the distinct Hy,-CO state 2* Y or with 100% N, for 30 min to obtain a
mixture of redox states within the sample. Additionally, HY DA1[4Fe4Se],™™ and HYDA1[4Fey]"™ samples were
oxidized by addition of a 3-fold molar excess of thionine to set the defined H,,-state. FTIR measurements were
performed on a Bruker Vertex 70V spectrometer (BrukerOptics, Ettlingen, Germany) equipped with a nitrogen
cooled mercury cadmium telluride detector. 10ul of the protein samples were injected in a MIU (manual injection
unit, Micro-Biolytics, Esslingen, Germany) transmission cell and 1,500 scans for HY DA1[4Fe, "™ and 2,900 scans
for both HYDA1[4Fe4X]"™ variants were coadded for one spectrum. The measurements were carried out at 288 K
with a spectral resolution of 2cm™ and a scanner velocity of 60 kHz. Scans were performed in double-sided
forward-backward mode and the resulting interferograms were apodized with the Blackman-Harris three-term
function with a zero filling factor of 4. Reference spectra were measured from buffer filled cell and the resulting

absorbance spectra were evaluated using OPUS software 6.0 (Bruker).



SI1.2  Enzyme kinetics of HYDA1[4Fe4X]M™ and HYDA1[4Fey ™

SI 2.1 Methyl viologen and PETF specific enzyme Kinetics
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Figure S1. Michaelis-Menten kinetics of mediator-specific H, evolution activity for the reconstituted
HYDA1[4Fe4X]y"™ holoenzymes compared to wild type HYDA1[4Fe ™. Hydrogen production activities

were measured upon addition of increasing concentrations of either methyl violgen or PETF to 10 nM of in vitro
maturated and chemically reconstituted (HYDAZL[4Fe4X]y™) or recombinant hydrogenase (HYDA1[4Fe.]""™).

For methyl viologen dependent experiments, 100 mM sodium dithionite was used, while for PETF kinetics, NaDT

concentration was set to 50 mM. All measurements were performed in triplicate and error bars represent standard

deviation. Lines show fits to the experimental data calculated with GraphPad Prism® using the computationally

intensive, iterative approach for nonlinear regression.

Table S1. Kinetic parameters for methyl viologen and PETF mediated hydrogen production activities of

reconstituted HYDA1[4Fe4X],""™ and E. coli expressed HYDA1[4Fe,]M'™.2

HYDA1[4Fe, ]™™  HYDA1[4Fe4S] MM

HYDAZ1[4Fe4Se] M

[ int -1 1115+ 54
] [umol H; - min™ - mg™~] 4
. K
viologen g 1.23+0.37
Vmax
[umol H, - min™ - mg™] 505 + 44
PETF K,
[UM] 5.56 + 1.58

914 + 43

1.26 £ 0.37

294 + 38

5.62+22

965 + 39

193+04

340 £ 32

6.12 +1.82

®Values for the kinetic parameter K, and V. were calculated with GraphPad Prism® and are presented with standard

deviations.



S1.3  Supplemental data from crystallography and FTIR of HYDAL[4Fe4Se]y
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Figure S2: X-ray absorption edge scan of the HYDAIL1[4Fe4Se]y crystal. X-ray fluorescence of the
HYDA1[4Fe4Se]y crystal while scanning over different excitation energies around the theoretical K-edge of X-ray
absorption for Se at 12666 eV.
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Figure S3: Densities of anomalous scattering maps on the atoms of the [4Fe4Se]y cluster. Densities of F(+)-F(-)
anomalous scattering maps calculated from diffraction datasets of one HYDA1[4Fe4Se]y crystal taken on the Se-
edge at 12669 eV (black solid lines) and below the Se-edge at 12000 eV (red solid lines) and densities of the
difference map between the high energy dataset and the low energy dataset (black dashed lines) as used in Figure 3.
For each set of Fe and Se atoms (indicated in the x-axes), densities were taken from a line through the atoms’
positions as given in the calculated structure of HYDA1[4Fe4Se]y in steps of 1/100 of the Fe-Se distance. Absolute

values of density at the centers of the Fe and Se atoms are given in the plots in parenthesis.



Table S2. Statistical data of the HYDA1[4FeSe]y crystal structure.

HYDAL[4Fe4Se],- 12.000 keV

HYDAL[4Fe4Se],- 12.669 keV

Wavelength (A)
Resolution range (A)
Space group

Unit cell

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(l)
Wilson B-factor
R-merge

R-meas

CC1/2

cCc*

Reflections used for R-free
R-work

R-free

Number of non-hydrogen
atoms
macromolecules

ligands

water
Protein residues
RMS(bonds)
RMS(angles)
Ramachandran favored (%0)
Ramachandran allowed (%)
Ramachandran outliers (%0)
Clashscore
Average B-factor

macromolecules

ligands

1.033
47.68 -3.1(3.21 -3.1)
P3221
70.52 70.52 152.57 90 90 120
154828 (15093)
8439 (826)
18.3 (18.3)
100.00 (100.00)
16.2 (2.0)
89.6
0.170 (1.5)
0.175
0.99 (0.62)
1(0.88)
422
0.22 (0.33)
0.22 (0.37)
3147

3138
9
0
413
0.008
1.14
95

17.21
86.6
86.6
80.9

0.9786
47.68 -3.1(3.21 -3.1)
P3221
70.52 70.52 152.57 90 90 120
314707 (31622)

8439 (826)
37.3(38.3)

100.00 (100.00)

19.1 (1.8)

108.5
0.223 (2.5)

0.226
0.999 (0.64)

1 (0.88)

422
0.22 (0.32)

0.22 (0.33)

3147

3138
9
0
413
0.008
1.14
95

17.05
108.1
108.1
111.7




Table S3: FTIR wavenumbers of [2Fey]"'™ CO and CN' frequencies assigned to different redox states of the
selenium reconstituted HYDA1[4Fe4Se] ™ H-cluster.”

Redox state  HYDA1[4Fe4Se],""™ (wavenumber / cm™) Reference 12 (wavenumber / cm™)
Hox-CO 2092, 2082, 2013, 1969, 1964, 1810 2092, 2084, 2013, 1970, 1964, 1810
H:(eq-CO 2086, 2075, 2003, 1967, 1951, 1793 2086, 2075, 2002, 1967, 1951, 1793
Hox 2088, 2072, 1964,1940, 1800 2088, 2072, 1964, 1940, 1800
Hreq 2088, 2072, 1935, 1892, 1793 2088, 2072, 1935, 1891, 1793
Hsred 2070, 2026, 1953, 1919, 1883 2070, 2026, 1954, 1919, 1882

®The spectra were measured at 288 K in 100 mM potassium phosphate buffer (pH 6.8) and do not differ significantly
from those reported in ™ (right column). Bold numbers mark the most prominent bands which can be referred
without doubt to the indicated state in the different samples shown in Fig. 3. All deviations to earlier FTIR-
measurements (corresponding signals are presented in italic letters) are <2cm™ and thus are in the range of standard
deviation for FTIR-spectroscopy. These small shifts likewise concern the same bands of both protein,
HYDAI1[4Fe4Se]y"™ and HYDA1[4Fe ™.
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