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Conspectus

Hydrogenases are iron-sulfur enzymes that catalyze proton reduction and H. oxidation with
outstanding efficiency. They are considered blueprints for the design of transition metal
complexes, e.g. as heterogenous catalysts in the context of H> production from water. Moreover,
hydrogenases are biological model systems for metal hydride chemistry and proton-coupled

electron transfer.

Depending on the composition of the active site cofactor, [NiFe]-hydrogenases are distinguished
from [FeFe]-hydrogenases. The former binds a hetero bimetallic nickel/iron site, embedded in the
protein by four cysteine ligands. The later, by contrast, carries a homo bimetallic iron/iron site
attached to the protein by only a single cysteine. Carbon monoxide and cyanide ligands (CO/CN)
at the active site facilitated detailed investigations of hydrogenase catalysis by infrared
spectroscopy, owing to strong signals and redox-dependent frequency shifts. However, the details

of proton transfer have not been addressed experimentally.

We found that specific redox state transitions in [NiFe]- and [FeFe]-hydrogenase can be triggered
by visible light to record extremely sensitive ‘light-minus-dark’ infrared difference spectra
monitoring key amino acid residues as shown in the ToC figure. As these transitions are coupled
to protonation changes, our data allowed investigating dynamic hydrogen-bonding changes that

go well beyond the resolution of protein crystallography.

In [NiFe]-hydrogenase, photolysis of the bridging hydride ligand in the ‘Ni-C’ state was followed
by rapid accumulation of the ‘Ni-Sl.” state and/or ‘Ni-L’ state. Infrared difference spectra in
various isotopic media clearly indicated the formation of a protonated cysteine residue as well as
hydrogen-bonding changes involving the COOH group of a glutamic acid residue and a ‘dangling
water’ molecule. These findings are in excellent agreement with crystallographic analyses of
[NiFe]-hydrogenase in the Ni-R state and allowed devising a molecular precise model of catalytic

proton transfer.

In [FeFe]-hydrogenase, an external redox dye was used to accumulate the ‘Hred’ state over the
oxidized resting state ‘Hox’. Infrared difference spectra of wild-type enzyme and numerous amino

acid variants indicated hydrogen-bonding changes involving the COOH groups of two glutamic
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acid residues. Moreover, we noted the deprotonation of an arginine residue. Crystallographic
analyses of [FeFe]-hydrogenase in the Hox state failed to explain the rapid proton transfer due to
a ‘breach’ in the succession of residues. To this end, our findings facilitated a molecular precise

model of ‘discontinued’ proton transfer.

The comparison of catalytic proton transfer in bimetallic hydrogenases emphasizes the role of the
outer coordination sphere. We suggest that the stable protonation of a nickel-ligating cysteine in
[NiFe]-hydrogenase has a crucial influence on the preferred direction of proton flow and catalysis
(i.e., H2 oxidation). On the contrary, proton transfer in [FeFe]-hydrogenase involves an adjacent
cysteine as a relay group that promotes both proton release and proton uptake. We presume that
this causes the notable bidirectionality of [FeFe]-hydrogenase. These observations must guide the

design of biomimetic compounds for the production or consumption of Ho.
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1. Introduction

Hydrogenases are iron-sulfur enzymes that catalyze hydrogen turnover in archaea, bacteria, and
algae. Three phylogenetically independent classes have been described: [NiFe]-hydrogenase,
[FeFe]-hydrogenase, and [Fe]-hydrogenase.® In general, the bimetallic [NiFe]- and [FeFe]-
hydrogenases show higher catalytic activities than [Fe]-hydrogenase and catalyze both H:
oxidation and proton reduction.’® The reaction includes a hydride intermediate (heterolytic

hydrogen turnover, Eq. 1):

Eq. 1 Hy = [H + H] = 2H* + 2

The active site cofactors of bimetallic hydrogenases inspired numerous biomimetic compounds
designed to cleave H; (e.g., in electrochemical half cells) or produce H; as a ‘green fuel’.*® But
while the Ni—Fe and Fe—Fe cofactors have been characterized by X-ray diffractometry (XRD),
electron paramagnetic resonance (EPR) spectroscopy, Fourier-transform infrared (FTIR)
spectroscopy, and other techniques?, the details of proton transfer were unraveled only recently.’8
The novel findings, collected independently in our laboratories, emphasize the importance of the

‘outer’ coordination sphere and the selective supply and detraction of protons.

Standard [NiFe]-hydrogenases are comprised of two subunits.® The small subunit binds three
iron-sulfur clusters, termed proximal, medial, and distal relative to the position of the Ni—Fe site
(Figure 1A). These clusters facilitate electron transfer between the protein surface and the active
site cofactor. The Ni—Fe site is anchored to the large subunit by four cysteine residues: two
terminal ligands to the nickel ion and two bridging ligands between the nickel and iron ions
(Figure 1B).° The iron ion is further coordinated by one carbon monoxide (CO) and two cyanide

(CN") ligands and an additional ligand that may bind in the Ni—Fe bridging position.*? The Ni—Fe
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site exists in several redox states (Figure 1C): the nickel ion changes its oxidation state (i.e., Ni®*,
Ni2*, and Ni*) during the catalytic cycle whereas the low-spin iron ion retains the ferrous state (S
=0, Fe?").2% There are several well-conserved amino acid residues close to the Ni—Fe site (Figure
1B), which have been proposed to play important roles in the catalytic reaction of [NiFe]-

hydrogenase (EqQ. 1).2,4,9,11
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Figure 1 — [NiFe] hydrogenase. (A) X-ray crystal structure of the [NiFe]-hydrogenase from
DvMF (pdb coordinates 4U9H). The Ni—Fe site and the proximal, medial, and distal iron-sulfur
clusters are highlighted. (B) Ni—Fe site in the Ni-R state and proton transfer pathway (distances in
A). The uH- ligand and the extra proton at C546 are shown as light blue spheres. (C) Reaction
scheme of [NiFe]-hydrogenase including the formal charges of the Ni—Fe site. The CO and CN™
stretching frequencies of the [NiFe]-hydrogenase from DVMF are given in cm™. Note that the Ni-
Sl and Ni-C states are sensitive to visible light (orange arrows). Blue arrows depict catalytic

proton transfer. The dashed arrow marks a speculative transition.
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Standard [FeFe]-hydrogenases are comprised of two domains.*?*® The ‘F-domain’ binds up to five
iron-sulfur clusters that facilitate electron transfer between the protein surface and the active site
cofactor (Figure 2A). In the ‘H-domain’, four cysteines residues anchor the active site cofactor or
‘H-cluster’: three terminal ligands to a [4Fe-4S] cluster and a single bridging ligand between the
[4Fe-4S] cluster and the Fe—Fe site (Figure 2B). The latter is coordinated by up to four CO ligands,
two CN™ ligands, and an aminodithiolate ligand (adt) that bridges Fep and Feq (‘p’ refers to
proximal and ‘d’ refers to distal iron ion, relative to the [4Fe-4S] cluster).>* The H-cluster exists
in several redox states (Figure 2C): the Fe—Fe site changes between ‘super-oxidized’
(Fep?*—Feq?"), oxidized mixed-valence (Fep?*—Feq"), and formally reduced states (Fep"—Feq"),
whereas the low-potential [4Fe-4S] cluster changes between oxidized (+2) and reduced (+1)
states.® There are several well-conserved amino acid residues and water molecules that connect
the Fe—Fe site to the protein surface (Figure 2B), which have been shown to play important roles

in the catalytic reaction of [FeFe]-hydrogenase (Eq. 1).1>Y
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Figure 2 — [FeFe]-hydrogenase. (A) X-ray crystal structure of the [FeFe]-hydrogenase from Cpl
(pdb coordinates 4XDC). The H-cluster and accessory iron-sulfur clusters are highlighted. (B) The
H-cluster in the Hox state and proton transfer pathway. The Fe—Fe site is connected to the protein
surface by a conserved trajectory of amino acid residues and water molecules (W1). Additionally,
a chain of water molecules (W2) connects the protein surface and the [4Fe-4S] cluster. (C)
Reaction scheme including the formal charges of the Fe—Fe site. The CO and CN™ stretching
frequencies of CrHydA1 are given in cm™. The asterisk highlights redox/protonation changes at
the [4Fe-4S] cluster. Note that the Hox and Hsred states are sensitive to visible light (orange
arrows). Blue arrows depict catalytic proton transfer. The dashed arrow marks a speculative

transition.
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In this account, we will review recent progress in the understanding of catalytic and regulatory
proton transfer in bimetallic hydrogenases. We will discuss how proton transfer (PT) and proton-
coupled electron transfer (PCET) influence the formation of key redox states in [NiFe]-
hydrogenase (Chapter 2) and [FeFe]-hydrogenase (Chapter 3). The high-resolution crystal
structures available for bimetallic hydrogenases represent the basis on which potential PT
trajectories have been discussed and simulated.'®-?* Going beyond the scope of XRD, we will focus
on FTIR difference spectroscopy unraveling the subtle changes when switching between different
states. Infrared spectroscopy allows interrogating chemical entities involved in PT directly, e.g.,
cysteine, glutamic/aspartic acid, and arginine residues as well as individual H,O molecules
(‘dangling water”).?? Although hydrogenases do not carry a catalytic chromophore, visible light
can be used to trigger protonation changes, e.g., by photolyzing bridging hydride ligands or
exciting redox dyes that initiate PCET."® The account will close on a discussion of similarities and

differences between bimetallic hydrogenases (Chapter 4).

2. Proton transfer in [NiFe]-hydrogenase

2.1 Light sensitivity of the Ni—Fe active site

The Ni-Slr and Ni-C states of the [NiFe]-hydrogenase from Desulfovibrio vulgaris Miyazaki F
(DVMF) converted to Ni-Sla upon laser irradiation at 514.5 nm under cryogenic conditions.?®24
Ni-C converted to Ni-Sla via Ni-L when the proximal [4Fe-4S] cluster was oxidized (2+) but only
to Ni-L when it was reduced (1+).2* These photoconversions allowed obtaining ‘light-minus-dark’

FTIR difference spectra and facilitated investigating the PT mechanism of [NiFe]-hydrogenase.
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In the absence of Oz, Ni-Sla converts to the inactive Ni-B state upon one-electron oxidation and
insertion of a bridging hydroxo («OH") ligand at the Ni—Fe site (‘anaerobic inactivation®).2° This
process includes Ni-Slr as a transient intermediate. The acid—base equilibrium between Ni-Sla and
Ni-Slr is a common feature among [NiFe]-hydrogenases and the equilibrium exhibits a pKa value
of about 8.1 Two models have been proposed to explain this behavior (Figure 3): In the first
model, the HOH™ ligand exists in Ni-Slr and leaves the Ni—Fe site upon protonation as a water
molecule, producing Ni-Sla. In the second model, Ni-Slr accepts a proton at the terminal Ni®*-
coordinating cysteine side chain (C546 in DvMF, compare Figure 1B). Recently, we have shown
that C546 is deprotonated in the conversion of Ni-L to Ni-Sla (Chapter 2.2), which excludes the

second mechanism.’
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Figure 3 — Anaerobic inactivation of [NiFe]-hydrogenase. The two proposed models for the
equilibrium between Ni-Slr and Ni-Sla. (a) The first model is characterized by the
dissociation/association of the pOH™ ligand. (b) The second model comprises the protonation of a

coordinating cysteine. ‘X’ may be OH™, H20, or empty.
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The PT dynamics for the equilibrium between Ni-Slr and Ni-Sla have been identified utilizing
dark adaption after irradiation of Ni-Slr under cryogenic conditions.? The back reaction of Ni-Sla
into Ni-Slr in H2O and D20 was described by first-order kinetics. Moreover, a huge activation
energy value (Ea ~ 65kJ mol™?) and a large kinetic isotope effect (ku/kp = ~150) were determined,
which simple S—H bond cleavage cannot explain.?® Rather, the results indicate that the conversion
of Ni-Sla to Ni-Slr is an intricate reaction supporting the first model, in which the conversion
requires not only the transfer of a water molecule into the Ni—Fe site but also the extraction of a

proton from a water molecule (Figure 3).
2.2 Proton transfer during the catalytic cycle

The Ni—Fe site adopts several oxidation states during the catalytic cycle, namely Ni-Sl, (Ni**), Ni-
R (Ni?*), Ni-C (Ni**), and Ni-L (Ni*).? These states convert among each other by addition or
release of Hy, protons, and/or electrons (Figure 1C). The catalytic reaction mechanism at the
Ni—Fe site of [NiFe]-hydrogenase is rather well understood; however, the mechanism of catalytic

PT is still under debate.?491

The primary proton acceptor during the catalytic oxidation of H has been proposed by structural®
and theoretical studies.*®?” Following this model, one proton is transferred from the Ni—Fe site to
a terminal Ni-coordinating cysteine (i.e., C546 in DvMF), which may act as the entry point of the
PT pathway.>® Mutagenesis studies have shown that a conserved glutamic acid residue (i.e., E34
in DVMF) located close to C546 is also important for the PT during the catalytic reaction.?®-3! For
example, variation of E25 to glutamine in the [NiFe]-hydrogenase from Desulfovibrio
fructosovorans (eq. E34 in DVMF) resulted in a decrease of H» oxidation activity to less than

0.1%.28 Greene et al. showed by time-resolved IR spectroscopic studies that E17 in the Oz-tolerant

11
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[NiFe]-hydrogenase from Pyrococcus furiosus (eq. E34 in DVMF) is a proton donor/acceptor for

the interconversion between Ni-C and Ni-Sla.2°

We have reported the first spectroscopic evidence for the changes in the protonation state of the
C546 ligand and the E34 side chain near the Ni—Fe site of DVMF [NiFe]-hydrogenase.” We
recorded cryogenic FTIR difference spectra by utilizing the light-induced conversion of Ni-C
(negative bands) into Ni-L (positive bands). Positive SH and SD stretching bands were observed
at 2505 and 1822 cm™ (Figure 4, spectra a/b), respectively, and could be assigned to C546 of Ni-
L.” Similar frequencies for metal-coordinated thiols have been observed in Ni—Fe and Fe—Fe
model compounds.®>33 Moreover, computational studies have shown that C546 is most easily
protonated among all the cysteine ligands, resulting in stabilization of —32.5 kJ mol™* in Ni-L.%’
Interestingly, no SH stretching band was observed for Ni-C and Ni-Sla, indicating that the C546
is deprotonated in these states.” Temperature-dependent FTIR studies on the equilibrium between
C546-SH and C546-S™ in Ni-L suggest AH and AS values of 6.4 + 0.8 k] mol™ and 25.5 + 10.3 ]
mol? K, which indicates efficient PT at the Ni—Fe site.®* In sum, these results strongly support
the hypothesis that the sulphur atom of C546 is a proton acceptor/donor for the conversion of Ni-

C to Ni-Sla via Ni-L in DvMF [NiFe]-hydrogenase.

12
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Figure 4 — FTIR difference spectra of the Ni-C — Ni-L transition. The data shows the
difference between the spectra after and before light irradiation at 138 K and pH/D 7.0. Conditions:
(a) Ha/H20. (b) D2/D20. (c) D2/H20. (d) D2/H2*0. Magnified spectra (x10) in the 1765—1855 and
2460-2655 cm™ regions are also shown. The intensities of the spectra were normalized according
to the intensities of the vco bands in spectrum (a). Legend: vcoren (black), veoono (blue), vship
(red), vop and visop (green). Copyright 2019 Wiley-VCH.

Positive and negative C=0 stretching frequencies of Ni-L and Ni-C were observed at 1700 and
1727 cm, respectively, and found to be shifted to lower frequencies of 1683 and 1715 cm™ in the
deuterated sample (Figure 4, spectra a/b).” These bands were assigned to E34 (Figure 1B). The
C=0 stretching frequencies of carboxylic groups (vcoon) under different environments have been
estimated by combined theoretical and experimental studies.?? Here, lower frequencies suggest
stronger hydrogen bonding, i.e. shorter distances and/or multiple partners. For Ni-C and Ni-L,

vcoon Were observed at 1727 and 1700 cm™, respectively, indicating that the E34 forms two

13
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hydrogen bonds in Ni-L (through the OH hydrogen and the C=0 oxygen of the COOH side chain)
and a single hydrogen bond in Ni-C (through the OH hydrogen). As Ni-Sla shows vcoon Similar

to Ni-C, E34 apparently exhibits a single hydrogen bond in Ni-Sla as well.’

In the Ni-C — Ni-L difference spectrum of D2/H2O-prepared DvMF [NiFe]-hydrogenase, an
additional feature at 2570 cm™ and 2585 cm™* was observed (Figure 4, spectrum c).” These bands
shifted to lower frequencies of 2557 and 2570 cm™, respectively, for the enzyme prepared in
D2/H>*®0 (Figure 4, spectrum d). The observed isotope shifts (~14 cm™) were in good agreement
with the increase in mass from %0 to 80 and facilitates assignment to a ‘dangling water’.?? Such
a water molecule may exists near the Ni—Fe site, changing its orientation by realignment of the

hydrogen-bonding network around C546 and E34 upon conversion of Ni-C to Ni-L.

2.3 Understanding [NiFe]-hydrogenase catalysis

Our spectroscopic results and the high-resolution crystal Ni-R structure of DvMF [NiFe]-
hydrogenase strongly indicate that the terminal, nickel-coordinated cysteine C546 is the primary
proton donor/acceptor.”® Further, we found that the gradual realignment of the hydrogen-bonded
network between C546, E34, A548, and T18 is essential for the efficient PT among Ni-C, Ni-L,
and Ni-Sla in the catalytic cycle of [NiFe]-hydrogenase (Figure 1C)."® We propose that the

catalytic reaction proceeds as follows:

In the first step, H. is cleaved heterolytically (EqQ. 1). This leads to the transition of the oxidized
Ni-Sla to the fully-reduced Ni-R that is characterized by a pH™ ligand at the Ni—Fe site and a
protonated C546-SH as the primary proton acceptor for the heterolytic cleavage of Hz (Figure 5).°
According to crystallographic analyses, E34-COOH and threonine T18 form a low-barrier

hydrogen bond in Ni-R of DVMF [NiFe]-hydrogenase (Figure 5).° The bond lengths between the

14
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C atom and two O atoms of the E34 side chain are 1.29 and 1.22 A and one of the E34 O atoms
sits 2.58 A away from the O atom of the T18 side chain in Ni-R (Figure 1B), suggesting the
involvement of these residues in the PT pathway. It is reasonable to assume that E34-COOH is
additionally hydrogen-bonded to A548-NH in Ni-R.? In the second step, Ni-C is produced by one-
electron oxidation of Ni-R (Figure 5).” Ni-C is also characterized by a pH~ ligand® but
deprotonated at C546 and forms a single hydrogen bond to E34-COOH.” The proton formerly
bound to C546 may transfer to the nearby E34 during the conversion of Ni-R to Ni-C and the E34-
COOH is hydrogen-bonded to C546 in Ni-C. In the third step, C546-SH is restored by oxidation
of the pH™ at the Ni—Fe site of Ni-C, resulting in formation of Ni-L (Figure 5).%° Reprotonation
of C546 in Ni-L has been demonstrated by the direct observation of the SH stretching frequency
at 2505 cm™ (Figure 4, spectrum a).” The detected down-shift of the carboxylic C=0 stretching
frequency is well compatible with E34 forming hydrogen bonds to both T18-OH and A548-NH.
In the fourth step, one-electron oxidation of Ni-L restores Ni-Sla, accompanied with the release of
a proton from C546-SH, and the formation of a hydrogen bond between E34-COOH and C546-
S™. Note the similar PT mechanism between the first and third steps as well as between the second

and fourth steps.

15
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Figure 5 — Proposed proton transfer mechanism of [NiFe]-hydrogenase. (1) Upon binding to
Ni-Sla, Hz is cleaved heterolytically and Ni-R is formed. A low-barrier hydrogen bond is found
between E34 and T18 (vertical dashes). (2) The oxidative formation of Ni-C is accompanied by
PT to T18 and E34. Moreover, FTIR spectroscopy identified hydrogen-bonding changes involving
a ‘dangling water’. (3) Upon conversion into Ni-L, the uH™ ligand is lost to re-protonate C546. (4)
The oxidative formation of Ni-Sla is accompanied by PT to T18 and E34.

Several well-conserved water molecules are located near E34 and T18 in the crystal structure of
DVMF [NiFe]-hydrogenase.® As discussed above, the FTIR data in Figure 4 (spectrum c) strongly
suggest that a ‘dangling water’ near the Ni—Fe site may play an integral part in the PT pathway.’
A proton may transfer easily from an amino acid (e.g., T18) to the ‘dangling water’ during the
catalytic reaction (Figure 5). There are well conserved amino-acid residues (E16, H36, D28, and
R38 in DVMF sequence) and several water molecules in similar positions in [NiFe]-hydrogenase,

indicating their possible involvement in the PT pathway.® Additionally, the conversion of Ni-L
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into Ni-Sla (step four) was observed only when the proximal [4Fe-4S] cluster was oxidized; thus,
the [4Fe-4S] cluster may function as a gatekeeper for PCET between the Ni—Fe site and external

redox partner.?*

2.4 Alternative proton transfer pathways

An alternative PT pathway via the conserved arginine R509 (R479 in DVMF, compare Figure 1B)
has been proposed in the Oo-tolerant [NiFe]-hydrogenase from Escherichia coli (Ec).%® This
residue was suggested to function together with the active site as a frustrated Lewis pair to polarize
and heterolytically cleave Hz. The positively charged guanidium group of the arginine side chain
may act as counterion to uH™ in Ni-R and Ni-C, and this interaction is essential for the catalytic
activity of [NiFe]-hydrogenase.?® On the contrary, Yu et al. reported a terminal thiol-dominated
H/D exchange between H. and deuterated solvents in a diiron model complex.3® The strong acidic
character of the terminal thiol facilitated fast proton exchange, clearly supporting the ‘thiol-

hydride’-based mechanism for heterolytic cleavage of Hz in [NiFe]-hydrogenase.®?°

Evans et al. reported that the catalytic cycle of the E28Q variant of the O.-tolerant Ec [NiFe]-
hydrogenase was dominated by the reduced Ni-R and Ni-C, concluding that E28 (equivalent E34)
is essential for the process occurring after formation of Ni-C.>° However, an additional PT
pathway may be necessary for the transition of Ni-R to Ni-C in the E28Q variant. For example, an
alternative ‘histidine’ pathway, connecting the Ni—Fe site and the proximal [4Fe-3S] cluster, has
been proposed in the O:-tolerant [NiFe]-hydrogenase from Cupriavidus necator (formerly
Ralstonia eutropha).®”® Further studies are necessary to elucidate the comprehensive PT

mechanism for the conversion of Ni-R to Ni-C.
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3. Proton transfer in [FeFe]-hydrogenase

3.1 Light sensitivity of the Fe—Fe active site

Both parts of the H-cluster, the Fe—Fe site and the [4Fe-4S] cluster, react to UV/vis irradiation.
For example, several studies have shown that the active-ready, oxidized Hox state converts into
the CO-inhibited, oxidized Hox-CO state upon illumination.®**! This reaction is caused by the
sensitivity of metal carbonyl complexes to visible light.*>-** The conversion of Hox into Hox-CO
is independent of pH and no significant changes in the carboxylic regime were detected by FTIR

difference spectroscopy.®

Illuminating oxidized [FeFe]-hydrogenase with high intensity visible light under cryogenic
conditions, resonance Raman spectroscopy revealed a one-electron reduction of the [4Fe-4S]
cluster (Hox — Hred").*® Under ambient conditions, this redox conversion shows a clear
dependence on pH and has been explained by a concerted protonation of a cysteine residue that
coordinates to the [4Fe-4S] cluster (most likely C499, compare Figure 2B).*647 Notably, no
significant changes in the carboxylic regime were detected by FTIR difference spectroscopy for
the conversion of Hox into Hred" .2 This is in agreement with PCET as protons are likely to proceed
via a chain of ‘conserved’ water molecules (W2 in Figure 2B) that connect the [4Fe-4S] cluster
to the protein surface.*” The W2 trajectory may have regulatory functions and must not be

described as an ‘alternative’ PT pathway (Chapter 3.4).
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Figure 6 — Reduction and protonation of the Fe-Fe site. The two proposed models for the
geometry of the reduced Fe—Fe site. In model a, PCET leads to formation of a Fe—Fe bridging
hydride (UH") and an apical CO at the distal iron ion instead of an open coordination site (‘X’). In
model b, PCET leads to protonation of the adt ligand ("NH2) and a weakening of the uCO ligand
(dashed line). This geometry, referred to as HredH*, may represent an intermediate in the Hox —
Hred conversion. Note: as electrons enter the H-cluster via the [4Fe-4S] cluster, an Hred -like

intermediate might be involved in the conversion as well (not shown).

Illuminating H-reduced [FeFe]-hydrogenase with high intensity visible light under cryogenic
conditions, a conversion of Hred and Hsred into H-cluster states with a terminal hydride similar
to Hhyd has been noted.*® The pH dependence or the carboxylic IR difference signature has not
been evaluated, neither is the molecular mechanism of the conversion understood.'” As the redox
state of the [4Fe-4S] cluster differs in Hred and Hsred (Figure 2C), iron-sulfur photochemistry
can be ruled out. Alternatively, it is tempting to explain the conversion to the presence of a
photolabile Fe—Fe bridging hydride ligand (uH") in Hred and Hsred (Figure 6, model a),
reminiscent of the Ni-C — Ni-L transition discussed in Chapter 2.2. Under ambient conditions,

the IR signature of Hred and Hsred is in good agreement with a pH™ geometry® and the formation
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of a uH" ligand would explain the pH-dependent midpoint potentials for the Hox — Hred redox
transition.**° However, several authors demonstrated that Hred and Hsred maintain a ‘semi-
bridging’ or fully-bridged CO ligand at cryogenic temperatures,®>? which would rule out the
possibility of a uH™ ligand (Figure 6, model b). To explain the pH dependence, a protonation of
the aminodithiolate (adt) ligand has been proposed.*® We assume that the so-called HredH* state
may represent an intermediate between Hox and Hred, kinetically trapped under cryogenic
conditions not unlike Ni-L as an intermediate between Ni-C and Ni-Sla (Chaper 2.2). The
influence of temperature and whether Hred and HredH* really originate from different H-cluster

states is yet to decipher.t’

3.2 Proton transfer during the catalytic cycle

In variance to Hred", there is no way to trigger the accumulation of Hred over Hox ‘naturally’ by
visible light; however, numerous applications of redox dyes have been reported.>*->> Among these,
5’-carboxy eosin Y in combination with EDTA as a sacrificial electron donor®® was found to
facilitate an efficient photoreduction of the [FeFe]-hydrogenase from Chlamydomonas reinhardtii
(CrHydA1) when illuminated at 505 nm under ambient conditions.® Although Hred may represent
an ‘unready’ H-cluster state (Chapter 3.3), its accumulation can be used to address changes in

protonation and hydrogen-bonding in the catalytic PT pathway of [FeFe]-hydrogenase.

The FTIR difference spectrum in

Figure 7A depicts the conversion of Hox (negative bands) into Hred (positive bands). Less than
10% of other H-cluster states were detected. In comparison to the DvMF [NiFe]-hydrogenase
(Figure 4), no difference bands were observed in the frequency regime of ‘dangling water’ (3800

— 3600 cm?, not shown) or thioles (vsn, inset 1), which makes changes in protonation or hydrogen-
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bonding involving individual water molecules or cysteine residues highly improbable.® In
particular, the lack of SH difference signals is in conflict with a protonated adt ligand interacting
with a cysteine (i.e., C299 in Cpl), arguing in favor of Hred rather than HredH"* (Figure 6). This
assignment is further supported by the lack of a uCO band, which is characteristic for HredH* 512
The frequency regime < 1750 cm™ (inset 2) was found to be considerably more complex than in

[NiFe]-hydrogenase.

Figure 7B depicts the Hred — Hox difference spectrum in hydrated and deuterated sample. Here,
two negative and two positive bands suggest hydrogen-bonding changes involving carboxylic side
chains (blue labels), which is supported by a shift to lower frequencies in the deuterated sample.
The negative band at 1681 cm™ was found to shift more drastically (magenta traces), reminiscent
of the large H/D isotope effect observed with guanidium hydrochloride, which facilitates

assignment to an arginine residue.
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Figure 7 — FTIR difference spectra of the Hox to Hred transition. (A) FTIR difference
spectrum for the accumulation of Hred over Hox as identified via the CO/CN™~ bands of the H-
cluster (black labels). No significant changes were observed in the OH regime (not shown) and
SH regime (inset 1). For comparison, the SH difference signal from Figure 4A is depicted (NiFe,
scaled by 1.5 to match the CO absorbance of cofactors). (B) Close-up of inset 2 in panel (A) for
the same experiment on (a) hydrated and (b) deuterated [FeFe]-hydrogenase. Legend: Vcorcn

(black), vcoon (blue), and arginine (magenta).

Several amino acid variants of CrHydAl were generated and crystallized to facilitate an
experimental assignment of the FTIR difference spectra.®!® For example, the lack of the arginine

side chain in CrHydAl1-R148A (eq. R286 in the [FeFe]-hydrogenase from Clostridium

22


https://doi.org/10.20944/preprints202007.0034.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2020 d0i:10.20944/preprints202007.0034.v1

pasteurianum Cpl) led to a disappearance of the band at 1681 cm™ in Hox, which is in excellent

agreement with the H/D effect (

Figure 7B) and suggests deprotonation of R148 in the formation of Hred. Analyzing the E144D
variant (eq. R282 in Cpl), a pronounced up-shift of the band at 1721 cm™ was observed in Hred
that can be explained by the lack of a hydrogen-bonding contact with R148 as suggested by
crystallographic analyses before.'® Any variation of E141 (eq. R279 in Cpl) impeded accumulation
of Hred over Hox. As none of the ‘PT conservative’ variants affected the 1715 cm™/ 1700 cm™
difference signal, we assigned this feature to E141 and concluded an increase in hydrogen-bonding

strength in Hred compared to Hox.

The spectroscopic analysis of the catalytic hydrogen-bonding network in [FeFe]-hydrogenase
identified subtle differences between the oxidized and reduced enzyme.® Figure 8 shows our
model of the ‘discontinued’ PT that is characterized by the lack of hydrogen-bonding interactions
between S319 and E279 in Hox (panel a, note the cleft). Upon one-electron reduction of the diiron
site, a proton is subtracted from E279 and binds to the H-cluster, forming the transient HredH*
state (panel b). Then, re-protonation via R286" triggers the changes in the hydrogen-bonding
network as shown in panel c. Instead of being involved in a hydrogen-bonding trans complex with
a water molecule, E279 connects with S319 whereas E282 loses the hydrogen bond to the now
deprotonated R286. We presume that re-protonation of R286 via the bulk solvent in Hred is

precluded by the orientation of E279 and electrostatic repulsion.
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Figure 8 — Proposed proton transfer mechanism of [FeFe]-hydrogenase. Infrared data suggest
hydrogen-bonding contacts between R286", E282, and S319 in the Hox state (Cpl numbering,
panel a). Crystallographic data allows concluding hydrogen-bonding between E279, W1, C299,
and the adt ligand of the H-cluster. Panel b shows a potential intermediate, characterized by
deprotonation of E141 and protonation of the reduced H-cluster (HredH*). The later relaxes
towards the Hred state (panel c). Moreover, the E279/W1 complex dissolves in favor of hydrogen
bonding between E279, S319, and E282, which facilitates continuous PT.

In conclusion, the model of ‘discontinued’ PT as detailed in Figure 8 provides a reasonable
explanation how [FeFe]-hydrogenase distinguishes proton influx (H: release) from proton efflux
(H2 oxidation): in H2 release direction, PT is driven by an increase of basicitiy of the H-cluster, i.e.

upon reduction, and the transient subtraction of a proton from E141. In H oxidation direction,
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protons can leave the active site niche freely, i.e. triggered upon oxidation of the H-cluster, because

the hydrogen-bonding environment allows for continuous PT.

3.3 Understanding [FeFe]-hydrogenase catalysis

Proton transfer determines the catalytic performance of [FeFe]-hydrogenase in multiple ways.
Primarily, protons are educts in the H> release reaction and products of the H> oxidation reaction
(Eq. 1) but the relation between [FeFe]-hydrogenase activity and proton concentration is arguably
more complicated than this. For example, gas chromatographic analyses of solution assays show
an increase of H evolution activity going from alkaline to neutral pHs; however, the rate drops
when the pH is lowered any further.%® Such assays typically rely on dithionite as a sacrificial donor,
which might explain the pH dependence. To this end, Ruth et al. reported a set-up that combines
electrochemical reduction and chromatographic gas analysis and observed that the catalytic

activity of [FeFe]-hydrogenase peaked at pH 6, independent of dithionite.>’

In a recent study, we addressed the influence of pH on the accumulation of reduced H-cluster states
under turnover conditions.>® We noted a clear trend for Hred to dominate at pH < 7 and Hred" to
dominate at pH > 7, confirming former observations.*” This can explain the bell-shaped activity
distribution as a function of pH: The preference for Hred under proton-rich conditions might
indicate that the H-cluster forms an unready, H-inhibited geometry®® upon PCET to the Fe—Fe
active site, e.g. controlled by the low pKj of the glutamic acid residues in the PT pathway (Figure
8).8 The water chain that connects the [4Fe-4S] cluster to the protein surface provides no such
selectivity. Thus, Hred” is the main one-electron reduced H-cluster state under proton-poor
conditions.> Following the model devised in ref. 3, site-selective protonation by PCET to the [4Fe-
4S] cluster and Fe—Fe site allows [FeFe]-hydrogenase to switch between active-ready and unready

H-cluster geometries, e.g. in the context of Hz sensing.>%°
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3.4 Alternative proton transfer pathways

Computational studies suggested three different PT pathways.?®?* Pathway 1 resembles the
trajectory discussed above (Chapter 3.2). Pathway 2 shares the cysteine residue with pathway 1
but branches at the water cluster. It includes several other water molecules, a serine, and a lysine
residue near the protein surface. Pathway 3 is independent from pathway 1 and 2: originally, it was
proposed by Juan Fontecilla-Camps et al. assuming a hydrogen bond between the distal CN~ ligand
and a conserved lysine residue.'® Pathway 3 includes two glutamic acid residues and several other
water molecules.?* A fourth pathway was considered first by John W. Peters and co-workers.*?
Here, a methionine residue near the adt ligand of the H-cluster may facilitate PT, as supported by

site-direct mutagenesis and enzymology studies.5!

While pathway 1 has been identified as the main catalytic PT trajectory,*® alternative pathways
may regulate PT in phylogenetically distinct [FeFe]-hydrogenases.!” Such systems are largely
unchartered, although first studies have emerged.>*%° In the future, it will be exciting to investigate
‘novel’ [FeFe]-hydrogenases by FTIR difference spectroscopy to solve the puzzle that is catalytic

PT.

4. Proton Transfer in Bimetallic Hydrogenase

[NiFe]-hydrogenase and [FeFe]-hydrogenase belong to the family of iron-sulfur enzymes but have
evolved independently throughout evolution.! Nevertheless, the active site cofactors show a

number of similarities, e.g. geometry and electronic structure, ligation motives, and metal hydride
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chemistry. Bimetallic hydrogenases catalyze the same reaction (Eg. 1) and suffer from both CO
and O inhibition/deactivation, albeit to a different extent.>* Moreover, convergent evolution
shaped several conformities in the mechanism of PT. This includes a cysteine proximal to the
active site cofactor, followed by a glutamic acid and a serine or threonine residue.”® In [FeFe]-
hydrogenase, the involvement of a small water cluster is undisputed (Figure 8) whereas respective

water entities in [NiFe]-hydrogenase remain to be identified (Figure 5).

The independent FTIR analyses from our laboratories indicate hydrogen-bonding changes of the
glutamic acid residue(s) in the PT pathway but no protonation differences, at least under steady-
state conditions.”® In [FeFe]-hydrogenase, hydrogen-bonding changes influence the directionality
of PT whereas no spectral differences were observed with the proximal cysteine residue. This is
in marked contrast to [NiFe]-hydrogenase. Here, the protonation differences of the proximal
cysteine may be the reason why [NiFe]-hydrogenase show a clear bias towards H, oxidation.! We
propose that the proximal cysteine at the Ni—Fe cofactor serves as proton loading site while the
proximal cysteine close to the Fe—Fe site functions as flexible proton relay. In conclusion, FTIR
difference spectroscopy has been demonstrated to serve as a powerful tool detecting subtle
structural changes in the PT pathway of [NiFe]- and [FeFe]-hydrogenases, despite the lack of a
dedicated chromophore. Combined with high-resolution crystal structures, a conclusive and

molecular-detailed description of PT in bimetallic hydrogenases is achieved.
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