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Small molecules in solution may affect the stability of catalytic states and produce off-cycle states that
can be mistaken for catalytically relevant species. Here we show that the hydride state (Hhyd), a
proposed central intermediate in the catalytic cycle of [FeFe] hydrogenase, can be formed in wild-type
[FeFe]-hydrogenases treated with H2 in strict absence of other, non-biological, reductants. Moreover,

we reveal a new state with unclear role in catalysis induced by common low pH buffers.

Hydrogenases are redox enzymes catalysing molecular hydrogen (H,) uptake and production. The high
H, evolution frequency of prototypical [FeFe]-hydrogenases motivates basic research on the reaction
mechanism and inspires catalyst design for a hydrogen economy.!® In these enzymes, hydrogen
catalysis takes place at a hexa-iron cofactor, called the H-cluster. It is composed of a [4Fe4S]-cluster
linked via a cysteine residue to a unique diiron site ([2Fe]) that binds two cyanide (CN”) and three
carbonyl (CO) ligands. These ligands serve as intrinsic probes sensitive to infrared spectroscopy and
report on reduction and protonation events during catalysis. The diiron site is bridged by an
azadithiolate ligand ("SCH,NHCH,S", ADT) that is proposed to shuttle protons via its amine group to the
apical vacancy, the site of hydrogen catalysis, located at the Fe ion (Feq) distal to the [4Fe4S] cluster
(Fig.1). The most studied group of [FeFe]-hydrogenases (Group A) transfers protons to the active site
via a conserved Proton Transfer Pathway (PTP) composed of amino acid residues and water
molecules.*® Recently described [FeFe]-hydrogenases in group D lack this PTP.” # Several redox and
protonation states have been characterised and proposed as catalytic intermediates.' 2 The starting
point of catalysis is the oxidised state Hox. Under oxidising conditions at low pH values and in presence
of chemical reductant a blue-shifted variant of Hox is formed, commonly denoted HoxH.> 1° One
electron reduction of Hox results in population of two singly reduced states: Hred’ or Hred. Hred’
features a reduced [4Fe4S] cluster while the diiron site is still in an oxidised configuration. Formation
of the diiron site reduced state Hred is coupled to a proton uptake event, although the site of
protonation is under discussion.' 12 A second reduction step yields the super-reduced state (Hsred) or
the hydride state (Hhyd). Hsred is characterised by a reduction of both the [4Fe4S] cluster and the

diiron site.’® In contrast, Hhyd features a terminal hydride at Fegq, yielding a formally oxidized diiron



site (Fig.1).1%1 As the last step in hydrogen turnover, the terminal hydride of Hhyd is proposed to
combine with a proton delivered via the PTP to generate molecular hydrogen.' A hydride state similar
to Hhyd but with an additionally protonated ADT bridge has been proposed as the last intermediate in
hydrogen evolution.?”?° The Hhyd state can be stabilised by amino acid variations in the PTP or
cofactor alteration, which has enabled its characterization using a range of techniques,
including NMR, Méssbauer, EPR and FTIR spectroscopy.}46 1& 2L 22 |n native [FeFe]-
hydrogenases the accumulation of Hhyd is commonly achieved by exposure to H, at low pH
values in the presence of the non-physiological reductant sodium dithionite (NaDT) (with
exceptions?32°),16.19. 22,26, 27 Therefore, the relevance of Hhyd as a catalytic intermediate could
be questioned as a recent study proposed, on the basis of reduced currents in
chronoamperometry experiments with sodium sulfite, that [FeFe]-hydrogenases are inhibited
by NaDT (or one of its oxidized by-products) at low pH values.?® Considering its in-depth
spectroscopic characterization, and proposed central importance in the catalytic cycle, the
possibility that Hhyd represents an inhibited “artefact-state” would represent a significant
setback in our mechanistic understanding of [FeFe]-hydrogenase. Here, we selectively enrich
the double reduced states, Hhyd and Hsred, by exposure to molecular hydrogen and follow the
respective absorbance changes of cofactor ligand bands by Attenuated Total Reflection
Fourier-transform Infrared (ATR-FTIR) Spectroscopy. Data is collected at different pH values
and buffers. This study reveals that small carboxylic acid molecules often used in low pH buffers
in enzyme electrochemistry experiments are non-innocent in formation of a new H-cluster
species similar to Hox. At present it is not clear if this is an artefactual off-cycle state, or in fact
a critical intermediate that previously have escaped detection. Moreover, we show the
accumulation of Hhyd in native [FeFe]-hydrogenase, HydAl from Chlamydomonas reinhardtii,
at mildly basic and low pH values regardless of buffer choice and more importantly in the
absence of NaDT. Our findings are well in accordance with Hhyd as a reaction intermediate

rather than an experimental artefact.



Figure 1 The hydride state of the H-cluster in [FeFe]-hydrogenases. The H-cluster
consists of a protein bound [4Fe4S] cluster that is covalently linked via a cysteine thiolate
ligand to the diiron site ([2Fe]), further ligated by three carbonyl (CO) and two cyanide
(CN") ligands. A terminal hydride (tH") at the distal iron ion is proposed to combine with
a proton delivered by the ADT ligand to yield molecular hydrogen in the last step of
hydrogen catalysis. Colour code: orange-iron, yellow-sulphur, green-carbon, red-oxygen,
blue-nitrogen, white-hydrogen. The structure is drawn after the PDB coordinates 4XDC
optimized for the Hhyd state by DFT calculations.(ref 33)

A NaDT free solution of the HydA1 [FeFe]-hydrogenase was applied to the crystal surface of the ATR-
FTIR setup and subsequently dried and rehydrated under N, atmosphere to form an auto-oxidised
protein film.?% 3% The hydrogenase adopted the expected oxidised active-ready state Hox, and was
subsequently exposed to H; gas. The resulting difference spectra are displayed in Figure 2. As a
consequence of H; uptake, a mixture of the hydride state Hhyd (blue positive bands, 2081, 2066, 1979,
2960, 1860 cm™) and the super-reduced state Hsred (red positive bands, 2070, 2025, 1954, 1918, 1882
cm?) was populated while the oxidised state Hox (grey negative bands, 2089, 2071, 1965, 1940, 1802
cm?) was depopulated. This holds true for different pH values, in a range of different buffers. Figure 2
displays the ATR-FTIR difference spectra of HydA1l samples adjusted to pH 8 or pH 4 and subsequently
exposed to H, (absolute spectra and pH adjustment in Fig S1). In each spectrum the signature of Hhyd
(blue positive bands) is clearly detectable. A larger fraction of Hsred is formed at pH 8 (100 mM Tris
buffer) while a larger fraction of Hhyd is populated at pH 4 (100 mM propionate buffer), in both cases
a concomitant loss of Hox is observed in contrast to earlier results where a depopulation of HoxH was
observed at pH 4 due to the presence of NaDT.% 1 16 However, the preference for Hhyd accumulation
at low pH seems to be independent of the presence of NaDT. As Hhyd and Hsred are generally
considered to reflect two different tautomers, their relative stability as a function of pH value is
arguably influenced by the protonation state of the H-cluster surroundings. The reaction of auto-
oxidised HydA1 films with H, gas proceeds within 1 second while auto-oxidation, observed when H,

was replaced by N3, occurs over 10-20 seconds (compare Fig S2). Both kinetics report indirectly
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Figure 2 Hydrogen uptake induced ATR-FTIR difference spectra of the CO/CN ligands

of HydAl1l Upon exposure to H, the oxidised state Hox (grey negative bands) is

depopulated while double reduced redox states Hsred (red positive bands) and Hhyd

(blue positive bands) accumulate. For both pH values, pH 8 (top, 100 mM Tris buffer,

scaled by 0.3) and pH 4 (bottom, 100mM propionate buffer), the formation of Hhyd

(blue) is observed in the absence of NaDT. Magenta negative bands at 1952 and 1815

cm? indicate the newly observed, unknown H-cluster species denoted Hoxc. Green

bands belong to Hred. The band positions are indicated by bars.
on the gas accessibility and hydration of the protein film in the ATR-FTIR setup. Dehydrated
[FeFe]-hydrogenase samples were reported to be protected from exposure to gases.3!
Figure 2 (bottom) shows that H, exposure causes Hhyd accumulation in the absence of NaDT
preferentially at low pH values (compare Fig.2 top). This trend had been reported by several
groups before, however always involving NaDT.1® 17: 1926 Apart from the recent proposed
binding of NaDT (or one its oxidized products) to the H-cluster, protonation has been suggested
to stabilize the reduction at the [4Fe4S] cluster for Hred’® 1% 32 and a similar stabilisation effect
was reported for Hhyd from both purely computational and spectroscopic approaches. 3% 34
Our findings verify that NaDT is not required to stabilize Hhyd. The observed pH dependent
shift between Hsred and Hhyd instead supports a model of a protonatable, site either near the
reduced [4Fe4S] cluster as previously proposed,®3% 3> or e.g. in the PTP. Residual traces of NaDT
have been shown to lead to population of HoxH (2089, 2079, 1970, 1945, 1810 cm™)%, which
is absent in our spectra. The negative bands in the pH 4 difference spectrum (Fig.2 bottom) at
1952 and 1815 cm™ belong to an unknown band pattern significantly different from HoxH (full
spectroscopic signature Fig.3), and we denote this new state as Hoxc. This blue shifted Hox
population was observable with pH 4 buffers composed of formic acid, acetic acid or propionic

acid (Fig.3) while usage of larger acids such as succinate or citrate did not induce the new

species (Fig.S3).



1 T 1 1
20882071 1965 1940 1802
Hox
2095 1975 1952 1818
| J2078 [ Hoxc |

=

formate

o]

/LLO' acetate
/\/_
o]
(*0.5) \)Lo' propionate

N

(2)
v

IAA=0.005

2100 2050 2000 1950 1900 1850 1800

wavenumber / cm™’

Figure 3 The full spectroscopic signature of Hoxc. Difference spectra highlighting the

full band pattern of Hoxc (positive bands) for transitions from pH 8 (10 mM Tris,

negative bands) to pH 4 with 100 mM formate (top), 100 mM acetate (middle) and

100 mM propionate (bottom) buffer. Data in grey and fit in black. The band positions

are indicated by bars.
Thus, population of the new species, Hoxc, appear to be determined by the size of the
carboxylic acid acting as a buffer. Compared to Hox the overall band pattern of Hoxc is retained
and in analogy to Hred’ (red shifted) and HoxH (blue shifted) we propose that the H-cluster
geometry and electronic structure is highly similar. Moreover, the requirement for low pH in
forming the state implies that the buffer molecule interacts in its protonated, uncharged, form
(Fig.S4). A complete characterisation of this new H-cluster state is beyond the scope of the
current study, but we note that it could be of high relevance in particular as e.g. acetic acid
(acetate) is commonly employed in protein film electrochemistry studies of [FeFe]-
hydrogenase.?% 28 364> The extent of the new state (Hoxc) formed in electrochemistry setups,
its role in catalysis and its implication on catalytic currents, especially at low pH, remain unclear.
Low molecular weight carbon-compound binding to Feq and inhibitory effects were reported
for formaldehyde before.***® However, the Hhyd state forms regardless of the nature of the
buffer, rendering a stabilizing role of the buffer molecules unlikely (Fig. 2 and S1). In closing,
our data shows clearly that Hhyd can be accumulated in the absence of NaDT and without
introducing loss-of-function mutations. As a consequence, it is tempting to conclude that Hhyd

indeed represents one of the final intermediates in hydrogen evolution catalysis of [FeFe]-

hydrogenases.
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Materials and Methods:

Protein purification and the absence of NaDT Chlamydomonas reinhardtii HydAl was
expressed, purified and reconstituted with minor modifications as previously reported.> 2 The
codon-optimized gene coding for CrHydA1 was cloned in frame with a Strep-tag |l ona pET11a
vector by GeneScript, that was then used BL21(DE3) E. coli strain. The enzyme was aerobically
expressed in its apo-form and purified using pre-packed StrepTrap columns on an Akta-Ready
system (Cytiva). After semi-enzymatic [4Fe4S] cluster reconstitution, the enzyme was matured
using a Fez(adt)(CO)4(CN),* (adt = azadithiolate, SCH2NHCH,S") synthetic mimic as follows: a
mixture containing 100uM reconstituted CrHydA1, 600uM Fe;(adt)(CO)4(CN)2%, 2mM sodium
dithionite was prepared in a 100mM Tris/HCI pH 8, 200mM KCI buffer; the mixture was
incubated for 90 minutes at room temperature and excess mimic and dithionite were
removed using a PD10 desalting column, pre-equilibrated with a 100mM Tris/HCI pH 8,
200mM KCl buffer. To ensure complete removal of residual dithionite, the buffer was further
exchanged to 10mM Tris/HCI pH 8 via four concentration and dilution cycles using Amicon®
Ultra 0.5 Centrifugal Filter Units (Millipore), as recommended by the manufacturer.

ATR-FTIR spectroscopy 1ul enzyme solution (ImM CrHydA1) in 10 mM Tris buffer (pH 8) was
deposited on the ATR crystal in the anaerobic atmosphere of a Braun Glove box. The ATR
unit (BioRadll from Harrick) was sealed with a custom build PEEK cell that allowed for gas
exchange and illumination (inspired by Stripp et al.> %) mounted in a FTIR spectrometer
(Vertex V70v, Bruker). The sample was dried under 100% nitrogen gas and rehydrated with a
humidified aerosol (100 mM Tris-HCI (pH 8) or 100 mM propionate/acetate/formate buffer
(pH 4)) as described before®. Spectra were recorded with 2 cm™ resolution, a scanner
velocity of 80 Hz and averaged of varying number of scans (mostly 1000 Scans). All
measurements were performed at ambient conditions (room temperature and pressure,
hydrated enzyme films).
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Figure S1 Absolute and difference ATR-FTIR spectra of HydA1 during the pH 4 adjustment
and under H; and N,. (A) Absolute spectra of HydA1 (10mM Tris pH 8) exposed to a 100 mM
propionate buffer (pH 4) via the aerosol. Formation of the new species Hoxc is followed over
time. (B) Difference spectra of the same process as in (A). (C) Absolute spectra of HydA1
equilibrated at pH 4 (100mM propionate, compare (A) and (B)) exposed to H, and N». (D)
Absolute spectra of HydA1 at pH 8 (100 mM Tris) exposed to H, and N». All spectra read from
top to bottom
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Figure S2 Gas interaction kinetics of HydA1 at pH 4. Plotted is the difference in peak area
associated with each redox state over time. Hox is scaled by 0.5. top: The sample exposed
to N, after being equilibrated under H, (compare Fig.S1 C) adjusts to the new gas

atmosphere (auto-oxidation) within ca. 20 seconds. bottom: The sample exposed to H, after

being equilibrated under N, (compare Fig.S1 C) adjusts to the new gas atmosphere (H;
uptake) within ca. 2 seconds.
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Figure S3 Absolute ATR-FTIR spectra of HydA1 exposed to different buffers. HydA1l exposed
to different pH 4 buffers (100 mM) composed of (formate, acetate, propionate, oxalate,
succinate, citrate-phosphate). Only for acetate, propionate and formate population of Hoxc
is observed. The dashed spectra represent HydA1 at pH 8 (100 mM Tris).
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Figure S4 Absolute and difference ATR-FTIR spectra of HydA1 equilibrated with mixed
buffer at pH 8 and pH 4. HydA1 exposed to pH 8 and pH 4 with the same buffer composed of
100 mM acetate and 100 mM Tris. The left panel shows the absolute spectra of HydA1l
before (t=0) and after (15h 12min) exposure to mixed pH8 buffer. The difference spectrum in
the bottom shows that no Hoxc species is formed. The right panel displays the same
experiment conducted with mixed buffer at pH 4. The absolute and the difference spectrum
show a clear population of Hoxc (21 h 41 min). Grey lines represent the data and black lines
the fit.
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