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Abstract

Hydrogenases are the most active molecular catalysts for hydrogen production and uptake on
earthl:2 and are thus extensively studied with respect to their technological exploitation as noble
metal substitutes in (photo)electrolysers and fuel cells3-. In [FeFe]-hydrogenases catalysis takes
place at a unique diiron center (the [2Fe] subsite) featuring a bridging dithiolate ligand, as well as
three CO and two CN~ ligands (Figure 1)%7. Through a complex and as yet poorly understood
multienzymatic biosynthetic process, this [2Fe] subsite is first assembled onto a maturation
enzyme, HydF. From there, it is delivered to the apo-hydrogenase for activation®. Synthetic
chemistry has allowed the preparation of remarkably close mimics of that subsite! but failed to
reproduce the natural enzymatic activities so far. Here we show that three such synthetic mimics
(with different bridging dithiolate ligands) can be loaded onto HydF and then transferred to apo-
HydA1, one of the hydrogenases of Chlamydomonas reinhardltii. Remarkably, full activation of
HydA1 was achieved exclusively using the HydF hybrid protein containing the mimic with an
azadithiolate bridge, confirming the presence of this ligand in the active site of [FeFe]-
hydrogenases®10. This is the first example of controlled metalloenzyme activation using the
combination of a specific protein scaffold and active site synthetic analogues. This simple
methodology provides both new mechanistic and structural insight into hydrogenase maturation
and a unique tool for producing recombinant wild-type and variant [FeFe]-hydrogenases, with no
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requirement for the complete maturation machinery. It opens the possibility to engineer the
[FeFe]-hydrogenase active site through synthetic chemistry.

Complexes 111-13 214 and 315 (Figure 1) represent the closest synthetic mimics of the [2Fe]
subsite in HydA1. They all share the same primary coordination sphere with four CO, two
CN~ and a bridging dithiolato ligand. They do however differ in the nature of the central
bridgehead atom of the dithiolate: carbon in 1, nitrogen in 2 and oxygen in 3. The nature of
this atom in the enzyme [2Fe] subsite has been a matter of controversy’:%-10.16_ Anaerobic
reaction of HydF from Thermotoga maritima (expressed in £. coli), containing a [4Fe-4S]
clusterl” and named “HydF” in the following, with a 10-fold molar excess of complex 1, 2
or 3, led to new hybrid species x-HydF (x = 1, 2 or 3 respectively), that could be isolated in
pure form and characterized. In all cases, iron quantification indeed showed an increase
from 3.9 + 0.4 to 5.6 = 0.4 iron atoms per protein and the UV-visible spectrum of these
hybrids displayed features consistent with a ~1:1 ratio of the synthetic complexes and the
HydF protein (Figure Sla-c).

FTIR spectroscopy is a convenient method for characterizing metalloproteins such as
hydrogenases containing CO and CN~ ligands®. Thus, further evidence for the
incorporation of synthetic complexes in HydF was obtained from their FTIR spectra which
contained CN~ stretching bands between 2000 and 2100 cm™ and four partly overlapping
CO-stretching bands in the 1800-2000 cm™2 range (Figure 2B and Table S1). The high-
energy bands underwent a 40 cm~? shift upon 13C-labeling of the CN~ ligands (Figure S2).
Interestingly, the width of the FTIR bands is still identical to those of the unbound
complexes (Figure 2A) but their positions show strong similarities with those of CaHydF
(Figure 2B and Table S1), a HydF preparation isolated from a strain of Clostridium
acetobutylicum expressing the complete maturase machinery (including HydE and HydG).
CaHydF contains, in addition to a [4Fe-4S] cluster, a still-undefined [2Fe] center and is
capable of activating the apo form of HydA11%. While the width of the FTIR bands of the
hybrids would suggest a ligand conformational freedom similar to the unbound complexes,
the position of the FTIR bands is a clear indication that the synthetic complexes closely
mimic the natural [2Fe] subsite in HydF.

The arrangement in which the synthetic complexes are bound to HydF and its [4Fe-4S]
cluster is not evident from the FTIR spectra. In particular FTIR spectroscopy does not allow
to definitively distinguish between terminal and bridging cyanide ligands (see below and
supplementary discussion)20. EPR and HYSCORE spectroscopies are more powerful in this
respect and demonstrate a close interaction between the cluster and the synthetic complex as
revealed for the case of 1-HydF. First, the EPR spectrum of the S=1/2 [4Fe-4S]1* cluster in
dithionite-reduced 1-HydF was markedly different from that of the reduced cluster in
unloaded HydF, with the high-field feature at g = 1.90 in HydF shifted to g = 1.93 in 1-
HydF (Figure 3A). A comparable shift was observed in the case of hybrids 2-HydF and 3-
HydF (Figure S3). The absence of additional signals indicated that, in all cases, the synthetic
complex remained in the EPR-silent Fe!Fe! state (both iron centers are in a low spin S=1/2
configuration but are antiferromagnetically coupled leading to a diamagnetic S=0 ground
state). Second, pulsed EPR spectroscopy unambiguously demonstrated that the [4Fe-4S]
cluster and the [2Fe] subsite analogue shared a CN™ ligand in 1-HydF. For this purpose we
used a nuclear coherence—transfer experiment (CF-NF)21, correlating the combination
frequencies (CF) with the nuclear frequencies (NF), which is more sensitive than
HYSCORE spectroscopy for disordered systems and best adapted for the observation of 13C
signals in the presence of weakly coupled!#N atoms. Interestingly this is the first time that a
metalloprotein is characterized by such an experiment. The CF-NF spectrum of 1-HydF
(Figure 3B right) displayed peaks from distant 13C carbon atoms present in natural
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abundance. When 1 was prepared with 13C-labelled CN™, the spectrum of 1-HydF displayed
a new feature reflecting coupling of the unpaired electron in the [4Fe-4S] cluster with

the 13C nucleus, characterized by a hyperfine coupling constant of 4+0.2 MHz (Figure 3B
left). As shown in Figure S4, the HYSCORE spectrum of reduced 1-HydF displayed an
additional feature consistent with the presence of a nitrogen atom weakly coupled to the
[4Fe-4S] cluster in 1-HydF. The hyperfine coupling constant (ay < 1 MHz) is significantly
smaller than those (ay in the range of 4-7 MHz) generally obtained when a N atom is
directly coordinated to an Fe-S clusterl”:22.23_ These coupling constants are consistent with a
CNT ligand bridging one iron of the [4Fe-4S] cluster and one iron of 1, as nicely established
by Density Functional Theory (DFT) calculations (a detailed description of the DFT
calculations is provided as supplementary discussion and Tables S2-S5 in the
Supplementary Information). More precisely, computed hyperfine coupling constants
indicate that the cyanide C atom is bound to one iron atom belonging to a mixed-valence
(Fe25*) iron of the [4Fe-4S] cluster while the N atom is bound to the diiron complex,
implying cyanide linkage isomerism upon formation of 1-HydF, as precedented in the
synthesis of Prussian blue analogues2* and other molecular metal clusters.20-25 Furthermore,
DFT calculated values of CO and CN frequencies (2010 and 2060 cm™1) of a 1-HydF
model, containing a CN ligand bridging the [4Fe-4S] cluster and complex 1, are well in the
range of the experimental values (2038 and 2055 cm™1) (see Supplementary discussion and
Table S6).

The hybrid x-HydF proteins were finally studied for their potential to activate apo-HydA1
from Chlamydomonas reinhardltii containing a single [4Fe-4S] cluster and no [2Fe]
subsite26, A pure preparation of apo-HydA1 was incubated anaerobically with 10
equivalents of the hybrid protein, the optimal excess ratio (Figure S5), in phosphate buffer
pH 6.8 at 37°C for 30 min. and hydrogen evolution was monitored under standard
conditions (see the Methods section)26. No H, evolution could be detected using HydF, 1-
HydF or 3-HydF (Figure 4). In contrast, vigorous H, evolution was observed using 2-HydF,
corresponding to a specific activity of 700-800 ymol H, min~t mg HydA1™1, comparable to
the activity values reported for wild type HydA127, thus indicating complete maturation/
activation of HydA1 by 2-HydF?28 (Figures 4 and S5). Furthermore, activation by 2-HydF
was more efficient than by CaHydF (specific activity = 350-400), assayed under the same
conditions (Figure 4). Indeed, CaHydF provided full activation only when present in larger
excess.1? 2-HydF by itself did not show any hydrogenase activity. Finally, apo-HydA1 was
treated with a four-fold excess of x-HydF (x= 1, 2 or 3), under reducing conditions, then
separated from HydF by affinity chromatography and analyzed by FTIR spectroscopy. In all
cases, the presence of characteristic narrow Fe-CO and Fe-CN bands demonstrated that the
synthetic complex has been transferred from HydF to HydAl (Figure 2C and S6). The FTIR
spectrum of HydA1 after treatment with 2-HydF shows a strong correspondence to that of
fully active wild type HydA1 (Figure 2D)!8. Specifically, both species exist as a mixture of
the Hoy, Hreq and Hgeq redox states that all participate to the catalytic cycle!8. Furthermore,
after flushing with CO, a complete conversion to Hy,-CO occurred (Figure S7). These data
exquisitely demonstrate that 2 is efficiently transferred from HydF to apo-HydALl in which it
acquires the structure of the natural active [2Fe] subsite. This implies isomerisation of one
CN~ ligand, replacement of one CO by a cysteinate ligand of the proximal [4Fe-4S] cluster
in HydA1 and conformational rearrangement to adopt the inverted square pyramid structure
required for opening a substrate binding site on the distal iron atom of the [2Fe] subsite
(Figure 1).29 Interestingly, also 1-HydA1 and 3-HydA1 show “H-cluster like” FTIR
signatures. In fact, the FTIR of 1-HydA1 has strong similarities with the Hoy-state (Figure
2C and S6) whereas the FTIR of 3-HydALl does not resemble any known H-cluster redox
state, but seems to indicate a pure redox state and even shows a band assigned to a bridging
Co.
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Besides unequivocally demonstrating that nitrogen is the bridgehead atom in the dithiolate
ligand of the H-cluster, these results shed light on a number of important questions regarding
hydrogenase maturation. They strongly support the hypothesis that HydF transiently binds a
diiron precursor of the active [2Fe] subsite of HydA1 and suggest stabilization through
interactions with the [4Fe-4S] cluster. The structure of this natural precursor is likely to be
very close to that of 2. Further investigation of HydA1 maturation by the hybrid system,
combining site-directed mutagenesis experiments and synthetic manipulation of the [2Fe]
subsite (for example isotopic labelling as shown here with 13CN), will likely provide
additional insight into the transfer mechanism and the structure of both HydF and HydA1l
binding sites. These data also demonstrate the unique properties of the HydA1l protein
binding pocket in converting the otherwise inactive complex 2 into an active catalyst. More
importantly, this novel artificial hybrid maturase system provides a unique, simple and
straightforward biotechnological tool for producing active recombinant hydrogenases, with
no requirement for coexpression with the still incompletely characterized complex
biosynthetic machinery. Since this procedure has been shown to work perfectly with
proteins (HydF from 7. maritimaand HydAl from C. reinhardltii) from two completely
different organisms, it is very likely that [FeFe]-hydrogenases from other microorganisms,
overexpressed in their apo form in £. coli, which lacks the maturation machinery, can be
simply activated through reaction with 2-HydF. This reaction can thus be used for exploring
a large variety of [FeFe] hydrogenases, e.g. from different species or derived from directed
mutagenesis, with the aim of finding the most active and stable enzymes for their
exploitation in biotechnological processes of H, production3C as well as in bioelectrodes in
(photo)electrolyzers or fuel-cells3-

All chemicals were purchased from Sigma-Aldrich and used as received unless otherwise
stated. NMR was recorded on a Bruker AC300 using the residual solvent peak as internal
standard. Complex (EtaN)o[Fex(adt)(CO)4(CN),]) (2, adt?~ = 2-azapropanedithiolate)1* was
synthesized following literature procedure, whilst (Et;N)s[Fex(pdt)(CO)4(CN),] (1, pdt?= =
propanedithiolate)!?, (EtyN),[Fe,(pdt)(CO)4(*3CN),] 31 2 and (Et4N),[Feo(0dt)(CO)4(CN);]
(3, odt?~ = 2-oxopropanedithiolate)15 were prepared by modified literature procedures (see
the Supplementary Information) and their thin film solution FTIR spectra were recorded on
a Perkin Elmer Spectrum-100 spectrometer. TmHydF (referred to as HydF throughout the
text) was over-expressed, purified and its [4Fe-4S] cluster reconstituted as previously
described!’. Apo-CrHydA1 (referred to as apo-HydA1 throughout the text) was over-
expressed in £. coliBL21 DE3 AiscR using growth conditions and a pET plasmid as
previously published for the production of active HydAl in £, coli32.

Protein purity was assessed by gel electrophoresis by loading samples on Any kD™ Mini-
Protean® TGX precast gels (Biorad) alongside Precision Plus Protein™ standards (Biorad).
Migration was achieved on a Mini-Protean apparatus (Biorad) at 200 V for 30 min. Protein
concentrations were determined with the Biorad Protein Assay, using bovine serum albumin
as a standard as well as by optical absorption measurements. Aerobic UV visible absorption
spectra were recorded on a Cary 1Bio spectrophotometer (Varian) and anaerobic
measurements were made with a fiber-optic fitted UvikonXL spectrophotometer (BioTek
Instruments). Iron and sulfur quantification were performed following the methods of Fish33
and Beinert34, respectively. The specific hydrogenase activity was determined as described
previously3®.
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Spectroscopic characterization

FTIR spectra of protein samples were recorded on Bruker IFS 66 v/s FTIR spectrometer
equipped with a Bruker MCT (mercury cadmium telluride) detector. The spectrometer was
controlled by the Bruker Opus software. All measurements were performed at 15°C with a
resolution of 2 cm™L. The spectra were accumulated in the double-sided, forward-backward
mode with 1000 scans. Data were processed using home written routines in the MATLAB®
programing environment. FTIR-samples of complexes 1-3 and x-HydF (x = 1-3) were
prepared in HEPES buffer (20mM, 100 mM KCI) pH 7,5. FTIR-samples of x-HydA1 have
been prepared in 10 mM TrisHCI buffer pH 8.0 containing sodium dithionite (10 mM). For
the FTIR measurement of maturated HydA1, apo-HydA1 was washed twice with 10 mM
Tris-HCI pH8.0, 2 MM NaDT (a buffer referred to in the following as TPW2) by
concentration and dilution to remove any trace of desthiobiotin originating from the prior
purification of apo-HydAL1 by strep-tag affinity chromatography. 100 pul TPW?2 containing
100 uM apo-HydA1 and 4-fold molar excess of the hybrid protein (1-HydF, 2-HydF or 3-
HydF, respectively) was incubated for 60 minutes at 37°C. Afterwards, 500 pl of TPW2 was
added, the solution was loaded on a 750 pl Strep-Tactin Superflow (IBA, Géttingen,
Germany) column and the HydA1 protein obtained after treatment of apo-HydAlwith 1-
HydF (1-HydAl), 2-HydF (2-HydA1) or 3-HydF (3-HydA1) was separated again by affinity
chromatography using 10 mM Tris-HCI pH 8.0, 2 mM NaDT, 200 mM NaCl as washing
buffer and TPW2, 2.5 mM desthiobiotin for elution. The isolated protein was concentrated
using Amicon Ultra centrifugal filters 10K (Millipore) and stored as described previously3®.
For the FTIR spectra shown in Figure S7, the preparation was done as described above with
2-HydF but without the final purification step.

X-band EPR spectra were recorded on a Bruker ESP 300D spectrometer equipped with an
Oxford Instruments ESR 900 flow cryostat. Protein samples were anaerobically reduced
with 10 molar equivalents of sodium dithionite before freezing. Hyperfine sublevel
correlation (HYSCORE) spectra and their Combination Frequency (CF) — Nuclear
Frequency (NF) variants were recorded on a Bruker Elexsys E-580 X band (frequency =
9.71 GHz) pulsed spectrometer with a Bruker ER4118X dielectric resonator and a
continuous flow He cryostat (Oxford Instrument CF935) controlled by an Oxford Instrument
temperature controller ITC 503. Experiments (128x128 dataset) were performed at 8 K
using the standard four-pulse sequence (11/2-t-1t/2-t1-Ti-tp-1t/2-echo) with a nominal pulse
width of 16 ns for /2 pulses, a T value of 132 ns and a pulse repetition rate of 1 kHz.
Unwanted echoes were removed by four-step phase cycling. The background decay in both
dimensions was subtracted using a linear fit followed by apodization with a Hamming
window and zero-filling to 2048 points in each dimension. The 2D Fourier Transform
magnitude spectrum was then calculated. The static magnetic field was set at 3600 G (g ).
In the HYSCORE experiment t; and t, were incremented in 20 ns steps from an initial value
(tini = 200 ns) according to the following formula: t; = tj,; + d; and ty = tjn; + dp. In the CF-
NF experiment, t; and t, were incremented in 20 ns steps according to the following
formula: t; = tjy; +dq and ty = tj; +d1+do. The value of tj,; was chosen as long as 1000 ns to
remove as much as possible the broad features arising from 14N quadrupole coupling.

DFT calculations

DFT calculations were performed using the ADF2012 quantum chemistry code (See the
supplementary discussion in the Supplementary Information). Hyperfine coupling constants
have been computed using the parameter-free PBEO exchange-correlation potential with
triple-zeta basis sets (+ two polarization functions) and unfrozen cores.
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Figure 1. Structures of the diiron clusters discussed in the study

Left: the synthetic mimics 111-13, 214 and 315; Middle: proposed structure for the x-HydF (x
= 1-3) hybrid proteins; Right: the H-cluster (active site) of [FeFe]-hydrogenase. The protein

ribbon and the [4Fe-4S] clusters (shown as balls and sticks with Fe shown as white spheres)

are shown only schematically.
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Figure 2. Normalized Fourier-transform infrared (FTIR) spectra recorded in liquid solution at
15°C

Panel A: complexes 1-3; Panel B: CaHydF (from ref 19) and x-HydF (x = 1-3) hybrid
species; Panel C: HydAl after treatment of apo-HydAlwith 1-HydF (1-HydA1), 2-HydF
(2-HydA1) and 3-HydF (3-HydAl). Peak positions in the spectrum of 2-HydA1 are color
coded to indicate the contributions from Hgy (red), Hyeq (Violet), Hsred (green) and Hqx-CO
(blue) (Figure S6 for a complete dataset). Panel D: HydA1 from C. rheinhardltii expressed in
C. acetobutylicum (CrHydA1) (ref 18). Color code as in panel C. Samples of complexes 1-3
and x-HydF (x = 1-3) were prepared in HEPES buffer (20 mM, 100 mM KCI) pH 7.5.
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Samples of x-HydA1 have been prepared in 10 mM Tris-HCI buffer pH 8 containing sodium
dithionite (2mM).
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Figure 3. Continuous wave and pulsed EPR spectra on 1-HydF

a: X-band EPR spectra recorded at 10K for dithionite-reduced 1-HydF (black line) and
HydF (dashed line) in 50 mM Tris-HCI buffer, 150 mM NaCl, 5 mM DT, pH 8. Microwave
power = 100 yW, mod. amp. =1 mT, mwfreq. = 9.39 GHz. The shoulder observed at g =
1.90 in the 1-HydF spectrum, corresponding to a few percent of the total signal intensity, is
assigned to a small fraction of HydF lacking 1. b: X-band 2D pulsed ESEEM spectroscopy
(CF-NF) of 1-HydF labelled with 13CN- (left) and unlabelled 1-HydF (right). The
horizontal ridge seen at (v, = 2:v13c = 7.7 MHz) is attributed to a hyperfine interaction
between a 13C nucleus and the paramagnetic [4Fe-4S] cluster. Its extension yields the
magnitude of the coupling (Avq = 4.1 MHz = a;3¢). This feature is absent from the
unlabelled 1-HydF spectrum.
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Figure 4. Specific hydrogenase activity of reconstituted HydA1l

Activity (umol H, -min~1 .mg HydA1~1 with standard deviation) of HydA1 was measured
in the presence of methyl viologen (10 mM) and sodium dithionite (100 mM) after /in vitro
maturation of apo-HydA1 for 30 minutes at 37°C with 10 equivalents of x-HydF (x = 1-3),
HydF or CaHydF. The value for the latter was obtained after 60 min reaction and was taken
from reference 23.
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