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A Zundel ion in the catalytic proton transfer
pathway of [FeFe]-hydrogenase

Lingling Liu,a Max A. Klamke, b Federica Arrigoni,c Oliver Lampret,a

Julian Kleinhaus, d Ulf-Peter Apfel, de Eckhard Hofmann,f Claudio Greco, g

Thomas Happe,a Sven T. Stripp *b and Jifu Duan *a

[FeFe]-hydrogenases are metalloenzymes that catalyze the interconversion of protons, electrons, and

molecular hydrogen (H2). Their active site cofactor consists of a [4Fe-4S] cluster ([4Fe]H) and a diiron

site ([2Fe]H), forming the so-called H-cluster. In this work, the putative regulatory proton transfer

pathway (PTP) toward the [4Fe]H cluster of [FeFe]-hydrogenase CpI from Clostridium pasteurianum is

characterized by X-ray crystallography, infrared spectroscopy, and quantum mechanical (QM)

calculations. The trajectory consists of asparagine N160, glutamine Q195, and several protein-bound

water molecules that might function as a PTP toward cysteine C499 at the [4Fe]H cluster. We have

hypothesized that protonation of C499 determines the H-cluster intermediate HoxH (M. Senger et al.,

Phys. Chem. Chem. Phys., 2018, 20, 3128–3140). The crystal structures of protein variants N160L and

Q195L now confirm that the putative regulatory PTP is disrupted. However, infrared spectroscopy reveals

that all variants accumulate the HoxH state in a manner comparable to wild-type CpI. In contrast, the

CpI variant E279D – previously shown to target the catalytic PTP toward [2Fe]H – is found to enrich the

HoxH state independently of reducing agents. This indicates that the determinants of HoxH are located in

the catalytic PTP, which emphasizes the importance of HoxH during catalysis and provides evidence

against any involvement of the putative regulatory PTP in hydrogen turnover. Supported by QM calcula-

tions, a model is proposed in which a conserved water cluster adjacent to E279 is protonated to form a

Zundel ion (H5O2
+). Our results paint a new picture of the H-cluster in the HoxH state and yield impor-

tant insight into the catalytic mechanism of [FeFe]-hydrogenases.

Introduction

[FeFe]-hydrogenases are efficient H2 catalysts with proton
reduction rates exceeding 10 000 s�1.1,2 The active site cofactor
(H-cluster) consists of a [4Fe-4S] cluster ([4Fe]H), which serves
as an electron relay, and an unique diiron site ([2Fe]H)

connected by a bridging cysteine thiol group.3–5 A proximal
iron ion (Fep) is distinguished from a distal iron ion (Fed).
[2Fe]H contains an aminodithiolate ligand (adt), three carbonyl
ligands (CO), and two cyanide ligands (CN�).6 The infrared (IR)
absorbance bands of CO and CN� are sensitive to changes of
electron density in the first and second coordination sphere of
the H-cluster,7 which makes Fourier-transform infrared (FTIR)
spectroscopy an ideal tool for investigating redox and protona-
tion intermediates of the H-cluster via the Vibrational Stark
Effect (VSE).8,9 [FeFe]-hydrogenases have been investigated by
FTIR spectroscopy in solution, in crystalized form,10,11 and
within living cells.12

The active-ready oxidized state Hox with its [4Fe-4S]H
2+-[FeII

p

FeI
d]H configuration is generally considered to be the initial

state of the catalytic cycle.13,14 Other states include the one-
electron reduced states Hred0 (also called Hred) or Hred (also
called HredH+), which are distinguished by reduction either at
[4Fe]H or [2Fe]H. Additionally, the two-electron reduced states
HsredH+ ([4Fe]H

+-[FeI
pFeI

d]H, also called Hsred) and Hhyd ([4Fe]H
+-

[FeII
pFeII

d]H) have been described.15–19 A five-step catalytic cycle
involving all of these intermediates was proposed.20–22 We will
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address the catalytic mechanism in the Discussion section (vide
supra).

In previous work, we reported an additional H-cluster inter-
mediate that accumulated at acidic pH and in the presence of
sodium dithionite (NaDT, an artificial electron donor for H2

production) and assigned it to a protonated oxidized state,
HoxH.23–25 The FTIR spectra of Hox and HoxH differ by a small
upshift of all cofactor bands (Table 1). Density functional
theory (DFT) calculations supported that HoxH harbors an
additional proton at a cysteine ligand of [4Fe]H (i.e., C499 in
CpI) that is not present in the Hox state.24 Small differences
between the EPR spectra of Hox and HoxH are in agreement with
this interpretation.25 A protonation of [4Fe]H was discussed in
other intermediates as well and might play a role in stabilizing
the reduced [4Fe]H cluster in Hred0, which would facilitate a
direct transition into Hhyd.26 In fact, Hhyd can be enriched in
wild-type [FeFe]-hydrogenase directly via HoxH upon H2

oxidation.17 At higher driving force, Hhyd accumulates under
alkaline conditions, too.27 The discovery of HoxH inspired a
novel three-step catalytic cycle that only contains Hox (HoxH),
Hred0, and Hhyd and allowed circumventing the [2Fe]H-reduced
states HredH+ and HsredH+ (vide supra).20–22 Although it has
been shown that HoxH may form upon contact with sulfite as a
degradation product of NaDT, the conversion of Hox into HoxH

in the presence of reductants like TCEP, DTT, ascorbic acid, or
Eu(II)-ETPA confirmed that HoxH is not a side-product of sulfite
inhibition.28–30 However, direct evidence for a protonated
cysteine ligand has not been obtained. So far, there is no
consensus regarding the nature of HoxH and its impact on
the catalytic cycle.

Proton transfer in the [FeFe]-hydrogenase from Clostridium
pasteurianum CpI is facilitated by a catalytic proton transfer
pathway (PTP) comprised of several conserved amino acid side
chains and protein-bound water molecules, i.e., C299, water
molecules W1 and W2, E279, S319, E282, and R286 (Fig. 1).31–34

While it might be reasonable to speculate that the protonation
leading to HoxH occurs through the catalytic PTP, this possibi-
lity was excluded because of the observation that the proton
transfer-incompetent amino acid variant CpI-C299A accumu-
lated HoxH just like wild-type protein.17,24 The same is true for
semi-artificial ‘‘cofactor variants’’ with non-polar ligands like
propane or ethane dithiolate (pdt, edt), which allows excluding
a protonated adt ligand in HoxH.24 Based on a comparison of
various crystal structures of [FeFe]-hydrogenases from C. pas-
teurianum and Desulfovibrio desulfuricans, a ‘‘regulatory’’ PTP
toward [4Fe]H was proposed comprising four consecutive water
molecules W10–W40 that could transfer protons between C499
and bulk solvent (Fig. 1).24

Table 1 FTIR signature and electronic configuration of CpI H-cluster intermediates with a mixed-valence, oxidized [2Fe]H cluster. Data for Hox and HoxH
as published,24 data for Hred0 and Hred0H presented in this study (Fig. S1)

Redox species nCN� (cm�1) nCO (cm�1) [4Fe]H charge Fep/Fed charge Charge difference

Hox 2081, 2068 1970, 1947, 1801 +2 II/I —
HoxH 2084, 2074 1975, 1953, 1808 +2 II/I —
Hred0 2075, 2064 1961, 1938, 1788 +1 II/I 1
Hred0H 2078, 2071 1971, 1944, 1803 +1 II/I 1

Fig. 1 The catalytic and putative regulatory proton transfer pathway (PTP) of [FeFe]-hydrogenase CpI in the oxidized state. The catalytic PTP includes
C299, water molecules W1/W2, and E279 in the trajectory proximal to the H-cluster (black labels) as well as S319, E282, and R286 in the distal section
(green labels). The putative regulatory PTP is comprised of water molecules W10–W40. Polar amino acids N160 and Q195 (magenta labels) establish
interactions with the water channel. Red spheres represent water molecules. Dashed yellow lines refer to H-bonds, and their distances are given in Å. The
PDB ID is 4XDC.5
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In CpI, asparagine N160 and glutamine Q195 coordinate the
water molecules that form the regulatory PTP toward cysteine
C499 at the [4Fe]H cluster (Fig. 1). While only Q195 is strictly
conserved in [FeFe]-hydrogenase, N160 has been shown to be
linked to the O2 sensitivity of CpI.35 In this work, we character-
ize the influence of the putative regulatory PTP via site-directed
mutagenesis and pH-dependent in vitro assays, X-ray crystal-
lography, FTIR spectroscopy, and DFT calculations. We find
that the catalytic PTP must not be excluded when understand-
ing the formation of HoxH after possible protonation sites in
both CpI and HydA1 from Chlamydomonas reinhardtii were
studied. Our data support earlier speculations about a Zundel
ion in the PTP and emphasize the significance of HoxH in the
catalytic cycle of [FeFe]-hydrogenase.31

Results
HoxH is present in variants targeting the putative
regulatory PTP

To investigate the possibility of proton transfer between C499
and bulk solvent via the putative regulatory PTP, site-directed
mutagenesis was used to replace N160 and Q195 by the hydro-
phobic amino acid leucine with the aim of disrupting the water-
based PTP and abolish proton transfer (Table S1). In H2

evolution assays, we found that the activities of CpI-N160L,
CpI-Q195L, and double variant CpI-N160L-Q195L were not
significantly different to wild-type CpI (Fig. 2a) and exhibited
an overall similar pH-dependency (Fig. S2). No shift in pH-
optimum or drastically decreased H2 evolution activity was
observed, in marked difference to variants of the catalytic PTP as
reported previously.31 We evaluated the H2 oxidation activities by
means of protein film electrochemistry next. The activity of CpI-
N160L was not significantly different to wild-type CpI, whereas
CpI-Q195L and CpI-N160L-Q195L displayed lower H2 oxidation
activities toward acidic pH values (Fig. 2b). Analysis of the electro-
chemical data suggests slower catalysis and higher overpotentials
for CpI-Q195L and CpI-N160L-Q195L (Fig. S3).

X-ray crystallography was then employed to determine
changes in structures after mutagenesis. Variants were crystal-
ized in the same space group as wild-type CpI (P1211) compris-
ing two chains (A and B) in the asymmetric unit.5,31 The
structures of CpI-N160L, CpI-Q195L, and CpI-N160L-Q195L
were refined to resolutions at 1.45, 1.75, and 1.67 Å, respectively
(Table S2–S4). The overall structures of these three variants
superimposed with the structure of wild-type CpI are presented
in Fig. S4a, which shows that the substitutions did not change
the general fold (Table S2). Local structural features of the
putative regulatory PTP in double variant CpI-N160L-Q195L and
each single variant are presented in Fig. 3a and Fig. S4, respectively.
The electron density of W10, which is the closest water molecule to
C499, is absent in variants CpI-N160L-Q195L and CpI-Q195L. Most
likely, the disappearance of W10 results from the removal of the
polar glutamine side chain and the introduction of the hydropho-
bic leucine residue on position 195. In addition, W20 shifted 0.5 Å
away from L160 in CpI-N160L-Q195L, likely resulting from the
substitution of asparagine against leucine on position 160. This

disrupts the original H-bonding network of the putative regulatory
PTP. Therefore, CpI-N160L-Q195L doubly guarantees the interrup-
tion of this PTP.

Subsequently, CpI protein variants targeting the putative
regulatory PTP were used to examine the influence of mutagen-
esis on the accumulation of HoxH via attenuated total reflection
(ATR) FTIR spectroscopy. Infrared spectra of variants and wild-
type CpI prepared in NaDT-free buffer at pH 8 are shown in
Fig. 3b. Under a N2 atmosphere, both wild-type CpI and CpI-
N160L-Q195L yielded almost pure Hox state (grey shading).
Titrating the protein films with fresh pH 4 buffer containing
10 mM NaDT, both wild-type CpI and CpI-N160L-Q195L fully
converted into the HoxH state (blue shading). Similar results
were obtained for CpI-N160L and CpI-Q195L (Fig. S5). At pH 4
but in the absence of NaDT, CpI-N160L-Q195L showed the
same spectrum of wild-type CpI, i.e., only Hox was formed
(Fig. S5, Fig. 4a and Table S5). These observations highlight
the similarities of double variant and wild-type CpI. The accu-
mulation of HoxH in the variants challenges previous

Fig. 2 H2 evolution and H2 oxidation activities. (a) Relative to wild-type
CpI, H2 evolution activities for CpI-N160L, CpI-Q195L, and CpI-N160L-
Q195L (Fig. S2) are shown as an average across pH 5–9. Within the
variation of the solution-based activity assay and gas chromatographic
analysis none of the observed differences are significant. (b) Based on this
observation, cyclic voltammograms (Fig. S3) were normalized at reducing
potentials to compare the current at oxidizing potentials, the latter which is
given here relative to wild-type CpI. Note the stepwise decrease of H2

oxidation activities for CpI-Q195L (blue bars) and CpI-N160L-Q195L
(magenta bars) toward acidic pH values.
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speculations about protonation on [4Fe]H through the putative
regulatory PTP.

The catalytic PTP affects the formation of HoxH

When revisiting our previous work,31 we realized that FTIR
spectra of different variants targeting the catalytic PTP in CpI
(Fig. 1) showed difference in the enrichment of Hox and HoxH at
alkaline pH and in the presence of 2 mM NaDT. For example,
CpI variants C299A, E279D, and E282D contained approxi-
mately 80%, 45%, and 30% HoxH, which implies a potential
correlation between the catalytic PTP and the formation of
HoxH. Thus, these variants and the corresponding sites in the
[FeFe]-hydrogenase from Chlamydomonas reinhardtii (CrHydA1
C169D, E141D, S189A, and E144D) were re-examined
systematically.

The experiments were carried out in NaDT-free buffer at pH
8, NaDT-free buffer at pH 4, or 10 mM NaDT at pH 4. All buffers
containing NaDT were prepared fresh as dithionite salts are not

stable in aqueous solution.36 Before the variants were mea-
sured, wild-type CpI and CrHydA1 were probed by ATR FTIR
spectroscopy as shown in Fig. 4a and Fig. S6, respectively. At pH
8 and in the absence of NaDT, Hox accumulated under N2

purging. When NaDT-free buffer at pH 4 was titrated onto the
protein films, no changes could be observed and Hox remained.
In contrast, titrating the protein films with 10 mM NaDT in
buffer at pH 4 caused a clear up-shift of the oxidized state, i.e., a
conversion of Hox into HoxH. These results are fully consistent
with earlier observations, emphasizing the importance of both
acidic pH and reducing agents on the formation of
HoxH.21,23,24,28,29 Following the same protocol, CpI-C299D/
CrHydA1-C169D, CrHydA1-S189A, and CpI-E282D/CrHydA1-
E144D exhibited a similar behavior, i.e., no conversion from
Hox into HoxH unless both acidic and reducing conditions were
present (Fig. S7). Analogous to wild-type protein, variants
targeting the catalytic PTP showed little influence on the
formation of the HoxH state.

Interestingly, one variant behaved differently. When CpI-
E279D was prepared in NaDT-free buffer at pH 8 and analyzed
by FTIR spectroscopy, a pattern including bands in 1797, 1943,

Fig. 3 Structural features of double variant CpI-N160L-Q195L and FTIR
spectra. (a) The electron density map of CpI-N160L-Q195L (stick model,
PDB ID 9RJO, chain B) is superimposed with wild-type CpI (WT, PDB ID
4XDC, chain B). W10 of wild-type CpI vanished in CpI-N160L-Q195L.
Simulated annealing omit-map (Fo � Fc) was contoured at 2s. For wild-
type CpI and CpI-N160L-Q195L, carbon atoms and water molecules are
colored black and magenta, respectively. (b) At pH 8, the Hox state (grey
shading and dashed lines) is enriched under N2 in both wild-type CpI and
CpI-N160L-Q195L. The asterisk (*) indicates a small fraction of Hred0. At pH
4 and in the presence of 10 mM NaDT, the up-shifted HoxH state (blue
shading) can be observed in both wild-type CpI and CpI-N160L-Q195L.

Fig. 4 FTIR spectra of wild-type CpI and CpI-E279D at different condi-
tions. (a) Wild-type enzyme adopted the HoxH state only under acidic
conditions (pH 4) and in the presence of sodium dithionite (NaDT). (b) In
variance, PTP variant CpI-E279D accumulated the HoxH state under acidic
conditions already in the absence of reductant. Colors refer to fits of
experimental data (Hox, grey; HoxH, blue; Hred0, red; Hred0H, orange).
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1972, 2066, and 2074 cm�1 was observed (Fig. 4b). Compared to
wild-type CpI, this suggests a down-shifted Hox state roughly
similar to Hred0 (Table 1); however, the mean CO/CN� frequency
falls right between these two intermediates (Fig. S1), which is
why we assign the signature to the Hred0H state as characterized
previously.24 We assume that CpI-E279D was in contact with the
reducing atmosphere of the glovebox (1�2% H2) and accumu-
lated the Hred0H state due to H2 oxidation. The corresponding
CrHydA1-E141D variant (vide supra) does not show this state.
After titrating the CpI-E279D protein film with NaDT-free buffer
at pH 4, peaks at 1808, 1953, 1975, 2074, and 2084 cm�1 were
observed, which precisely matches the band pattern of
HoxH.23,24 Notably, we strictly excluded NaDT in this titration
and protein preparation; when NaDT was included at pH 4, CpI-
E279D fully converted into the HoxH state analogous to wild-
type CpI and the other PTP variants. To rule out the possibility
that diluted proteins films provide an insufficiently high pH –
which would prevent the accumulation of the HoxH state in
wild-type CpI – we plotted spectra of the H-cluster during the
dehydrating process. The latter affects the protein concen-
tration that can be followed via the amide II band between
1535–1540 cm�1 (Fig. S8). In the case of wild-type CpI, the Hox

state did not convert into HoxH at all; however, significant
conversion from Hox to HoxH is monitored after the CpI-E279D
protein film was carefully dehydrated. These results were
reproducible in the corresponding variant CrHydA1-E141D
(Fig. S9). Surprisingly, our data now demonstrate that the
presence of NaDT is not an essential precondition for accumu-
lating HoxH in this variant, and that substitutions at E279 (CpI)
or E141 (CrHydA1) of the catalytic PTP indeed affect the
formation of the HoxH state. The importance of this observation
is emphasized by data that show how CrHydA1-E141D converts
into Hhyd upon reduction by H2, notably in the absence of NaDT
(Fig. S9).

Calculating the spectral differences between Hox and HoxH

To gain further insight into the nature of the HoxH state we
carried out DFT calculations using a QM-cluster approach,

based on an H-cluster model encompassing a portion of the
catalytic PTP (Fig. S11). Specifically, we considered a set of
representative structures to investigate how different proton
arrangements and protonation states within the PTP may affect
the H-cluster’s IR signature (Fig. 5 and Fig. S12). Three main
variables were explored: (i) the orientation of the N–H group of
the adt bridgehead nitrogen (and consequently the position of
the C299 thiol within the H-bond network), (ii) the protonation
state of residue E279 (either anionic or neutral), and (iii) the
addition of an additional proton near W1, potentially leading to
the formation of a Zundel ion involving W1 and W2.37

The two adt N–H bond orientations (Fig. 5 and Fig. S12) were
included to assess whether this structural detail could influ-
ence the spectroscopic outcome, although it is well established
– and confirmed by our calculations – that the configuration in
which the N–H points toward Fed is thermodynamically more
stable by approximately 6–10 kcal mol�1, depending on the
protonation state considered. When starting from a deproto-
nated E279 (A1 in Fig. 5), the addition of a proton near W1 and
W2 does not result in Zundel ion formation; instead, E279 is
spontaneously protonated (A2). This behavior is fully consistent
with the unusually high pKa (B8.6) previously proposed for this
residue,31 which facilitated its FTIR characterization under
physiological condition.38 Assuming E279 as neutral (A2 in
Fig. 5), the addition of one proton leads to the formation of a
Zundel ion between the two water molecules, stabilized by a
hydrogen-bond network involving E279, C299, and K322 (A3).

Overall, the IR spectrum calculated for Hox based on model
A2 shows satisfactory agreement with the experimental data,
faithfully reproducing the observed frequencies with unsigned
errors ranging within 4–27 cm�1. The only exception is the
band associated with Fed–CN� that systematically deviates by a
significantly larger extent, the unsigned error being 70 cm�1

with respect to the experimental value, notably across all
calculations and irrespective of the functional used. We assume
that this discrepancy arises from the fact that Fed–CN� and
K358 can form a salt bridge3 that is not screened by the protein
matrix in our model, or even by an implicit dielectric (see the

Fig. 5 Optimized structure obtained by progressively adding one proton starting from an Hox model with hypothetical deprotonated E279. In
configuration A1, the N–H group of the adt ligand points toward Fed (*) and C299 interacts with the lone pair of the adt nitrogen. Configuration A2
features a protonated E279 residue, which is the most likely configuration at pH 7. Therefore, structure A2 will be used as reference for Hox, to which a
second proton can be added to form a Zundel ion (H2O5

+). The Zundel ion in structure A3 is stabilized through multiple H-bonds, involving E279 and the
side chain of C299, as well as the backbone of C299 and K322. The additional proton is shared between the two oxygen atoms of W1 and W2.
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Experimental section related to DFT calculations for details).
This deviation is negligible for the type of analysis conducted in
this study and does not affect the reliability of our conclusions.
Our focus is on the shift of IR bands upon protonation (or
proton rearrangement), and cancellation of errors are expected
when shifts are computed based on DFT data. Moreover, the
experimentally observed CO band shifts are more pronounced
and more sensitive and therefore particularly suitable for
theory-experiment comparisons.

Notably, a clear upshift of the IR bands is observed when
comparing the spectra of Hox before and after proton addition
(i.e., before and after Zundel ion formation, DA3/A2 in Fig. 5),
consistent with the experimental differences between Hox to
HoxH. The computed shifts range from approximately
2–20 cm�1 and best match the experimental extent in models
where the adt N–H bond is oriented toward Fed (Fig. S13).
When using hybrid functionals, we find that the band asso-
ciated with Fed–CN�, which is generally the least well-
reproduced, appears slightly down-shifted. Nevertheless, the
overall trend remains robust across different theoretical levels,
supporting the idea that proton accumulation in the catalytic
PTP drives the observed spectral changes, irrespective of the
specific H-bonding pattern.

Discussion

The putative regulatory PTP is comprised of a water chain held
in place by the polar residues of amino acids N160 and Q195,
the latter which is strictly conserved in [FeFe]-hydrogenases.
The distance of 2.5–2.9 Å between the water molecules allows
for strong H-bonding interactions and thus effective proton
transfer.39,40 However, the proximal water molecule (W10) is 4.5
Å away from C499 at [4Fe]H, which exceeds the optimal distance
for H-bond formation (Fig. 1).40,41 We speculate that the side
chain of Q195 could play a role in donating protons to C499,
which seems to be the only possibility for proton transfer
toward [4Fe]H and the H-cluster. In PTP variant CpI-N160L-
Q195L, the large distance of 5.7 Å between W20 and C499
illustrates that the trajectory has been severely disrupted
(Fig. S14). The accumulation of HoxH in variants targeting the
putative regulatory PTP is now in conflict with our earlier
suggestion that protonation at C499 determines the HoxH
state.24 Although the variants are unaffected in their H2 evolu-
tion activity, Q195 and the pool of water molecules at the
backend of the H-cluster have an effect on the H2 oxidation
rates, in particular under acidic conditions (Fig. 2). The follow-
ing reasoning can explain this observation. Ensing et al. argued
that during electron transfer via the [4Fe-4S] relay chain,
solvent water may penetrate into the vicinity of electron-
accepting [4Fe-4S] clusters, probably in order to form a H-
bonding network that stabilizes the redox states of the [4Fe-4S]
clusters.42 This would be in agreement with the experimentally
observed redox anti-cooperativity between [4Fe]H and the [4Fe-
4S] relay chain.21 We speculate that the water molecules
between the proximal [4Fe-4S] cluster and [4Fe]H may play a

role in redox stabilization (Fig. S14). Such effects become
obvious for variants CpI-Q195L and CpI-N160L-Q195L when
carefully analyzing the respective voltammograms and their
first derivative (Fig. S3). Here, the disruptions in the hydrogen-
bonding environment may influence the reduction potential of
the [4Fe]H site, which is evident from the increase of the
required overpotentials and the significant shift of E0 to more
negative potentials, especially at low pH. Hence, a fine-tuned
network of H-bonds along the [4Fe-4S] relay chain may guar-
antee an energetically favorable electron transfer route, which
can be particularly important in the presence of H2 and at low
pH when [FeFe]-hydrogenase tend to accumulate the Hhyd state
with its reduced [4Fe]H cluster.17 However, an influence on the
formation of HoxH must be excluded.

The NaDT-independent accumulation of HoxH in CpI-E279D
and CrHydA1-E141D challenges former conclusions on the
innocence of the catalytic PTP in forming the HoxH state.24 In
fact, our data imply now that the formation of HoxH is very
likely to be dependent on the catalytic PTP, where a protonation
at W1/W2 is responsible for the formation of the HoxH state. A
dedicated regulatory PTP does not exist in [FeFe]-hydrogenase.

Comparing the crystal structures of wild-type CpI (PDB ID
4XDC) and CpI-E279D (PDB ID 6YF4),5,43 significant differences
around glutamic acid residue E279 are found (Fig. 6). In wild-
type CpI, the large distance of 3.8 Å between E279 and S319
presumably divides the catalytic PTP into two parts as proton
transfer needs to overcome a high energy barrier.11,38 It was
also proposed that upon reduction of the H-cluster, the favored
H-bond between E279 and W1 was weakened, and stronger
interactions between E279 and S319 were formed, prompting
direct proton transfer between E279 and S319. Therefore,
proton transfer might be triggered by changes of the H-bond
network involving E279, S319, and W1.11,38 In wild-type CpI, we
propose that the high energy barrier resulting from a large
distance of 3.8 Å between E279 and S319 restricts proton
transfer onto W1 when NaDT or any other reductant is absent,
even at low pH.29 This is rationalized by concerted proton-
coupled electron transfer (PCET) where the probability of
proton tunneling across the catalytic PTP is significantly
enhanced when coupled to redox chemistry at the H-cluster,
even across larger distances.43–46 Therefore, W1 remains unpro-
tonated at low pH without NaDT in wild-type CpI. Once a
reductant is added – e.g., NaDT, DTT, TCEP, or ascorbic
acid29 – PCET decreases the free-energy requirement for driving
electrons and protons toward the active site,43,45 so that the
large gap between E279 and S319 is overcome with a physiolo-
gically relevant probability. As a result, W1 becomes protonated
and forms a Zundel ion with W2, which causes the up-shift of
Hox and explains the accumulation of HoxH. Please note that
the water cluster in the crystal structure of CpI-E279D does not
suggest a Zundel ion;47 at the given resolution of 1.6–1.8 Å, the
O–O distance is only insignificantly different to wild-type
enzyme.5,43 The structure of CpI-E279D likely represents Hox.
High resolution crystal structures with a dedicated accumula-
tion of HoxH (and in crystallo FTIR characterization) may help
identifying the Zundel ion.11,48 Moreover, neutron diffraction
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or cryogenic electron microscopy may facilitate a direct detec-
tion of the supernumerous proton in the future.49,50

Interestingly, W1 is about 0.8 Å further away from C299 in
CpI-E279D than in wild-type CpI (3.2 vs. 4.0 Å, Fig. 6). This
basically impairs any H-bonding interactions with C299. How-
ever, the carboxylic side chain in E279D is much closer to S319,
which reduces the distance from 3.8 to 2.2 Å, compared to wild-
type CpI. The short distance allows for immediate proton
transfer between E279 and S319. In this scenario, W1 becomes
protonated without the need of concerted PCET, i.e., even in the
absence of NaDT. We assume that the Zundel ion is stable
because C299 as the next H-bonding partner in CpI-E279D is
more than 4 Å away (Fig. 6) and proton transfer is inhibited
unless additional driving force is applied. Therefore, protona-
tion of W1/W2 causes an accumulation of HoxH in PTP variant
CpI-E279D without reductants. Please note that the final pH of
the CpI-E279D protein film was ill-defined at the time of
measurement since the sample was prepared at pH 8 originally
and then supplemented with one equivalent of pH 4 buffer. The
structures of wild-type CpI and CpI-E279D in Fig. 6 were
obtained at approximately pH 7.5,43 The low pH structure of
wild-type CpI from Artz et al. was crystalized at pH 4.6 (PDB ID
6NAC) being more than 100x more acidic than the structure of
wild-type CpI (PDB ID 4XDC) as discussed here;51 however, it
shows nearly no difference in the distance of each adjacent
functional group along the catalytic PTP, demonstrating that
pH effects on the conformation of the PTP region in wild-type
proteins seem to be insignificant.

Neither CpI-E282D/CrHydA1-E144D, CrHydA1-S189A, nor
CpI-C299D/CrHydA1-C169D accumulate HoxH in the absence
of NaDT (Fig. S7). Structure analysis shows high similarities
with wild-type CpI in the region of E279 and S319 (Fig. S15).

Accordingly, W1 is difficult to protonate at low pH alone in
these variants. In the presence of NaDT, however, the protona-
tion of W1 is facilitated by concerted PCET, thereby forming
HoxH similar to wild-type CpI.

The catalytic cycle involving a Zundel ion

We gathered evidence from structural biology, biochemistry,
and spectroscopy that the HoxH state comprises a protonated
water species in the catalytic PTP instead of a protonated [4Fe]H

cluster. During catalysis, the H-cluster undergoes protonation
events at the [2Fe]H cluster exclusively. Here, a reaction mecha-
nism with changes in the catalytic PTP is proposed (Fig. 7).
When triggered by high proton pressure (low pH), the water
cluster becomes protonated and HoxH is populated over Hox.
One electron reduction yields [4Fe]H

+ while W1/W2 is still
protonated, which constitutes the Hred0H state. Accumulation
of the latter may alternatively proceed via reduction first (Hred0)
and protonation second, or concerted PCET. Experimentally,
this interdependency results in an apparent band broadening
due to the simultaneous presence of Hox, HoxH, Hred0, and
Hred0H whose IR signatures are progressively overlapping.19

Investigating the Hox/Hred0 redox transition of CrHydA1, we
previously explained the observed pH-dependence with a pro-
tonation of C417 in Hred0 (eq. C499 in CpI).19,23 This is not in
agreement with the catalytic cycle in Fig. 7. We assume that the
pH-dependent decomposition of NaDT caused the apparent
shift in Hox/Hred0 reduction potentials (E0).36,52 This is sup-
ported by data from Rodrı́guez-Maciá et al. who carefully
avoided any NaDT in their preparations of CrHydA1 and did
not observe a pH-dependent E0 for Hox/Hred0.

21 Additionally,
FTIR difference spectra of the Hox/Hred0 transition show no
signals in the SH regime around 2550 cm�1 (Fig. S10), which

Fig. 6 Differences in the catalytic PTP between wild-type CpI and CpI-E279D. Distances between adjacent atoms within the PTP are shown in Å. The
dashed lines indicate possible H-bonding interactions. Significant proton transfer barriers (43.5 Å, shown as ‘‘no access’’ signs) between E279–S319 and
C299-W1/W2 were identified in wild-type CpI (PDB ID 4XDC) and E279D (PDB ID 6YF4), respectively.
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argues against a protonation upon reduction of the H-cluster.
The ‘‘square scheme’’ in the first reduction/protonation step in
Fig. 7 now reflects these findings.

Afterwards, proton-coupled electronic rearrangement
(PCER) prompts electron transfer from [4Fe]H to [2Fe]H and
proton transfer from W1/W2 to the adt ligand, yielding a NH2

+

group in the HredH+ state.15 Then an additional electron
reduces [4Fe]H

2+ and generates the HsredH+ state. The reason
for keeping a deprotonated water molecule in both HredH+ and
HsredH+ is based on the experimental observation that no up-
shifted HredH+ and HsredH+ states have been reported, even at
low pH value.19 In a second PCER step, the proton migrates
toward Fed, where it forms a terminal hydride ligand at the
expense of the two electrons from [2Fe]H (Hhyd).

The transition from HsredH+ to Hhyd might be triggered by
protonation of W1/W2 from bulk solvent. Alternatively, Hhyd

can be formed either via an electron transfer step from Hred0H
or via a PCET step from Hred0.

12,41 As Hhyd was observed in the
pdt cofactor variant53– i.e., independent of adt protonation – we
propose a direct conversion via Hred0 or Hred0H as the most
likely pathway. When the second proton arrives, it first proto-
nates W1/W2, which determines the up-shifted hydride state
HhydH. This state was observed in vivo previously12 and identi-
fied in CrHydA1-E141D here. The proton from the Zundel ion

then migrates toward the hydride-binding H-cluster, H2 leaves
the cofactor and restores the Hox state. The catalytic cycle in
Fig. 7 suggests that H-cluster species HoxH, Hred0H, and HhydH –
all of which are accumulated at low pH and under reducing
condition – represent transient intermediates determined by a
protonation in the proximal section of the PTP, presumably via
the formation of a Zundel ion.

Conclusions

The present study revisits the formation of the protonated
oxidized state of [FeFe]-hydrogenase, HoxH. We find that the
putative regulatory proton transfer pathway (PTP) is not
involved in the formation of HoxH in Group A [FeFe]-
hydrogenases from C. pasteurianum and C. reinhardtii. Site-
directed mutagenesis does not affect the accumulation of the
HoxH state, although variant CpI-Q195L revealed a potential
role of the water molecules around [4Fe]H. During H2 oxidation,
they may serve in redox stabilization. However, our earlier
model of a protonated cysteine ligand at [4Fe]H

23–25 must be
discarded. Instead, variants targeting the catalytic PTP (i.e., CpI-
E279D and CrHydA1-E141D) exhibited a distinctive phenotype,
capable of adopting HoxH in the absence of reducing agents.
This demonstrates that the formation of the HoxH state is

Fig. 7 A proposal of the catalytic cycle involving a Zundel ion in the catalytic PTP. Among all H-cluster species involved, HoxH, Hred0H and HhydH
represent PTP-protonated intermediates. [4Fe]H is represented as a cube in the oxidized or reduced state (+2/+1) while the rectangle represents [2Fe]H in
the +4, +3, or +2 states (see legend). For clarity, the CO/CN� ligands are omitted and only the two water molecules of the catalytic PTP are shown.
Proton transfer and electron transfer are denoted as PT and ET, respectively. PCET: proton-coupled electron transfer. PCER: proton-coupled electron
rearrangement. Zundel ion: H5O2

+. See text for further details.
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dependent on the catalytic PTP. We speculate that reductants
initiate concerted PCET to facilitate proton delivery toward the
protein-bound water cluster in the catalytic PTP, forming a
Zundel ion. Quantum mechanical calculations reproduced the
IR up-shift that distinguishes Hox from HoxH. Accordingly, we
propose a catalytic cycle involving the revised HoxH state,
indicating that H-cluster species are determined not only by
the chemical events occurring in the first and second but also
outer coordination sphere effects.7
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21 P. Rodrı́guez-Maciá, N. Breuer, S. DeBeer and J. A. Birrell,
ACS Catal., 2020, 10, 13084–13095.

22 J. A. Birrell, P. Rodrı́guez-Maciá, E. J. Reijerse, M. A. Martini
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