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Abstract 

[FeFe]-hydrogenases are nature´s blueprint for efficient hydrogen turnover. Understanding 

their enzymatic mechanism may improve technological H2 fuel generation. The active-site 

cofactor (H-cluster) consists of a [4Fe-4S] cluster ([4Fe]H), cysteine-linked to a diiron site 

([2Fe]H) carrying an azadithiolate group (adt), terminal cyanide and carbon monoxide ligands, 

and a bridging carbon monoxide (µCO) in the oxidized protein (Hox). Recently, the debate on 

the structure of reduced H-cluster states was intensified by the assignment of new species under 

cryogenic conditions. We investigated temperature effects (4-300 K) in infrared (IR) and X-ray 

absorption spectroscopy (XAS) data of [FeFe]-hydrogenases using fit analyses and quantum 

chemical calculations. Infrared data from our laboratory and literature sources suggest that 

reduced, room-temperature states with a bridging hydride (µH-, in Hred and Hsred) or with an 

additional proton at [4Fe]H (Hred´) or at the distal iron of [2Fe]H (Hhyd) are largely replaced 

by cryogenic-temperature states that hold a µCO, lack [4Fe]H protonation, and bind an 

additional proton at the adt nitrogen (HredH+, HsredH+). XAS revealed the atomic coordinate 

dispersion (i.e., the Debye-Waller parameter, 22) of the iron-ligand bonds and Fe-Fe distances 

in the oxidized and reduced H-cluster. 22 showed a temperature dependence typical for the so-

called protein-glass transition, with small changes below ~200 K and a pronounced increase 

above this “breakpoint”. This behavior is attributed to the freezing-out of larger-scale 

anharmonic motions of amino-acid sidechains and water species. We propose that protonation 

at [4Fe]H as well as ligand rearrangement and µH– binding at [2Fe]H are impaired due to 

restricted molecular mobility at cryogenic temperatures so that protonation can be biased to the 

adt. We conclude that a H-cluster with a µCO, selective [4Fe]H or [2Fe]H protonation, and 

catalytic proton transfer via the adt facilitates efficient H2 conversion in [FeFe]-hydrogenase.   
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Introduction 

[FeFe]-hydrogenase enzymes catalyze efficient dihydrogen (H2) conversion at a six-iron 

cofactor, the so-called H-cluster.1-5 The mechanism of this active site needs to be understood to 

aid the improvement of synthetic H2 conversion catalysts. Crystal structures of [FeFe]-

hydrogenases have revealed the configuration of the oxidized H-cluster, Hox (Fig. 1).6-8  

 

Figure 1: Crystal structure of the H-cluster. The structure is for CpI [FeFe]-hydrogenase and 

assigned to the Hox state (PDB-ID 4XDC, 1.63 Å resolution).8 Orientations of terminal or 

bridging CN–/CO ligands are annotated;9 Fep,d, proximal or distal iron atom of the diiron site; 

adt = azadithiolate ligand (NH(SCH2)2)10; the magenta circle marks the open coordination site 

at Fed; w denotes water molecules conserved in many structures and involved in two proton 

transfer pathways to [2Fe]H (p1, via, e.g., Cys299 and Ser323) or [4Fe]H (p2).11-13 Lys358, 

Pro231, and Ser232 (Ala in CrHydA1) contribute to hydrogen-bonding of the CN– ligands.  
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Almost three decades of spectroscopic analyses on the catalytic [FeFe]-hydrogenases from 

bacteria (Clostridium acetobutylicum, CaI; Clostridium pasteurianum, CpI; Desulfovibrio 

desulfuricans, DdH) or green algae (Chlamydomonas reinhardtii, CrHydA1) have led to the 

postulation of about 20 states of the H-cluster until today (Tables 1, S1, S2).1-4, 14-15 However, 

crystal structures of pure H-cluster states other than Hox and Hox-CO are not available. This 

sparked considerable debate on the structure of many of the H-cluster species and led to partially 

incompatible schemes for the catalytic cycle of H2 conversion (refs.2, 16-18 show recent versions). 

It is the focus of this study to gain further insight into the structure and involvement of H-cluster 

states in the catalytic cycle. Moreover, we suggest a unified nomenclature of H-cluster states. 

Table 1: IR signatures of H-cluster states. 

statea infrared frequencies [cm-1] 

ref. 
CN– CO µCO 

Hox 2089 2072 - 1964 1040 1804 this work 

Hred´ 2086±3 2067±5 - 1962±2 1934±2 1790±3 11, 16, 19 

Hred 
2073 2034 1961 1915 1891 - this work 

2075±4 2037±4 1964±3 1915±1 1892±2 - 12, 15-16, 19-23 
HredLT 2078±4 2038±3 - 1918±4 1895±4 1809±8 16-18 
Hred* 2055 2022 - 1894 1871 1763 24 

Hsred 
2069 2027 1954 1918 1883 - this work 

2068±2 2029±3 1956±3 1917±4 1882±2 - 12, 19, 21-22, 25 
HsredLT 2072±2 2030±3 - 1919±4 1882±1 1800±1 16-18 
Hsred* 2047 2013 - 1900 1861 1751 24 
Hhyd 2085±3 2073±5 - 1981±3 1964±4 1857±4 12, 16-17, 26-27 

HhydLT 2087 2078 - 1972 1954 1851 18 

aAnnotations follow earlier or here defined nomenclatures (Hred´ was denoted Hred in refs.16, 

19, 22, Hred/Hsred were earlier denoted HredH+/HsredH+ in refs.16-19, 22, 25; no subscript, room 

temperature data; LT, low temperature data assigned now to HredH+/HsredH+ in refs.17-18 or 

to a Hhyd-like species (Hhyd:red) in ref.18. *, data for a regulatory [FeFe]-hydrogenase,24 

otherwise catalytic enzymes. This work, data for CrHydA1 (Hox frequencies in other enzymes 

are ±5 cm–1 similar). Given frequency variations represent the full range for different enzymes 

(Table S2 lists the individual frequencies, Table S1 shows IR data of further H-cluster states). 
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The H-cluster consists of a [4Fe-4S] cluster, [4Fe]H, which is connected by a cysteine residue 

to a diiron complex, [2Fe]H, that carries two cyanide (CN–) and three carbon monoxide (CO) 

ligands as well as a bridging azadithiolate group (adt = (SCH2)2NH), Fig. 1). In Hox, one CO 

(µCO) binds in the Fep-Fed bridging position (p/d = proximal/distal iron of [2Fe]H relative to 

[4Fe]H), which stabilizes an open coordination site at Fed. A fourth CO binds at [2Fe]H in the 

oxidized CO-inhibited state (Hox-CO). Crystallographic, spectroscopic, and computational 

analyses have suggested that reduction of the H-cluster by one or two electrons is coupled to 

structural changes at [2Fe]H and is associated with protonation at one or both sub-complexes. 

Several 1e– (Hred´, Hred) or 2e– (Hsred, Hhyd) reduced H-cluster states were assigned, 

largely based on infrared band signatures due to the CN– and CO ligand stretching vibrations.1-

4, 15, 17-18, 28 The debate on the involvement of H-cluster species in the catalytic cycle is primarily 

due to the lack of consent on the properties of certain reduced states. Recently proposed 

structures of (single-electron) reduced H-cluster species from our or other author´s work are 

summarized in Scheme 1 for clarity. 
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Scheme 1: Proposed configurations of the 1e- reduced H-cluster vs. Hox. Respective proposed 

2e- reduced species are mostly derived by reduction of [4FeH]. State annotations as used in the 

present paper (LT, low temperature) and our previous publications2, 11, 20-21, 29-30 or in recent 

work by other authors16-18, 24, 31 (in parenthesis) are compared (see also Tables 1, S2). Formal 

hydride and CO species bind at [2Fe]H in bridging position (µ) or apically (a) at Fed. For 

further details see the text.    

 

For Hhyd, a structure with a terminal hydride bound at Fed was consistently suggested (Fig. 

1).12, 16-17, 26, 29, 32 For Hred´, the IR signature shows a µCO at [2Fe]H and the ~60 mV/pH redox 

potential decrease in the Pourbaix diagram suggests proton-coupled reduction, which we 

assigned to a protonation at a cysteine ligand of [4Fe]H (similar to Hhyd).11, 19, 30 For Hred, 

early IR studies12, 19, 21-22, 25 suggested the absence of a µCO at [2Fe]H and a proton at the adt 

nitrogen (N(adt)).19, 25, 33 An apparently semi-bridging CO was among the crystallographic 

changes in reduced DdH enzyme where the H-cluster states were not verified (Scheme 1).23, 34 

For Hsred, the lack of a low-frequency CO band and the large frequency difference of the CN– 

bands15 prompted the assignment of Hsred to a similar structure lacking a true µCO with a 

reduced [4Fe]H cluster in addition.19, 25, 33 In contrast, we have assigned Hsred to a structure 

with reduced [4Fe]H and [2Fe]H sub-complexes, but with a bridging hydride (µH–) at [2Fe]H, 

based on correlation of IR, X-ray spectroscopy, and quantum-chemical computations.21, 35 

Following similar reasoning, e.g., a similar IR signature for Hred and Hsred (Tables 1, S2),15 

Hred was assigned to a structure carrying a µH– at [2Fe]H (Scheme 1).20-21, 29, 35 Further models 

for Hred were suggested by other authors (Scheme 1).31 Our computational analyses of IR and 

NRVS data, as well as 13CO isotope labeling experiments clearly supported the absence of a 

µCO in Hred and Hsred and rendered alternative structures, e.g., with a non-bridging CO and 

N(adt) protonation unlikely.20-21 
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A recent twist in the interpretation of the Hred and Hsred structures has emerged from studies 

of temperature and light effects on the H-cluster. It was found that upon decreasing the 

temperature to cryogenic levels under strongly reducing conditions, H-cluster states were 

populated, which show IR bands similar to Hred or Hsred except for an additional low-

frequency band (ca. 1800 – 1820 cm–1) attributed to a µCO ligand (Tables 1, S2).16-18 In the 

following, we denote such species as low-temperature (LT) states, i.e., HredLT and HsredLT 

(Scheme 1). Further experiments suggested that the usual IR signatures of Hred and Hsred 

were regained at the expense of HredLT and HsredLT upon rising the temperature above 200 

K.16 Interestingly, HredLT/HsredLT were converted upon low-temperature illumination to 

states resembling Hhyd, but with µCO bands at ~10 cm-1 higher or lower frequencies. The 

signatures were assigned to more oxidized or reduced hydride species (Hhyd:ox, Hhyd:red) 

(Tables 1, S2; Scheme 1).18 Furthermore, in a sensory [FeFe]-hydrogenase, states with IR 

signatures including µCO bands at particularly low frequencies (1750 – 1760 cm–1) were 

observed to prevail under reducing conditions even at room temperature (Hred*, Hsred*; 

Tables 1, S2; Scheme 1).24 

Surprisingly, the above findings have prompted the re-assignment also of the room-temperature 

reduced states Hred and Hsred to H-cluster species with a µCO ligand (Scheme 1).16-18 This 

re-assignment was made irrespective of the apparent absence of a µCO IR-band of Hred and 

Hsred at ambient temperatures and of the alterations at the reduced H-cluster in the crystal 

structure,23, 34 which was one reason for the original semi-bridging CO proposal. Birrell et al. 

speculated that the apparent absence of a µCO band was due to band broadening at room 

temperature so that it escapes detection, while for the terminal CO/CN– bands only minor 

broadening was reported in a 4-300 K range.17 Interestingly, a recent crystallographic study on 

the CpI enzyme revealed two apparent configurations of the active site, showing different 

orientations of the sidechains of Ser357 neighboring [4Fe]H and Met353 close to [2Fe]H, but 
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both bearing a µCO ligand.36 These species were attributed to oxidized (Hox) or reduced 

(HredH+) H-cluster states since their relative occupancies varied due to X-ray photoreduction 

or dithionite treatment of the crystals.36 These attributions may be debatable because the 

oxidized structure showed an additional atom (modeled as oxygen) bound at ~2.65 Å to the 

apical site of Fed, at variance with other Hox structures with an apical vacancy,8 which is more 

similar to O2- or S-inhibited H-cluster species,29, 37 while the (photo)reduced crystals as 

monitored in the diffraction data collection at 100 K may comprise several H-cluster species 

that carry a µCO (e.g., Hred´, HredH+, Hhyd) with their populations depending on the sample 

reduction source and temperature (see below). We note that protons at, e.g., the adt nitrogen, 

the [2Fe]H iron sites, or the [4Fe]H complex were not resolved in the diffraction data of the 

(partly) reduced crystals. The seemingly inconsistent and/or incomplete assignment of the 

reduced species prompted us to study the temperature dependence of the H-cluster dynamics 

using quantitative evaluation of FTIR spectra as obtained here or in the literature, as well as X-

ray absorption spectroscopy (XAS) at the Fe K-edge. 

Using the model [FeFe]-hydrogenase CrHydA1, we found that the vibrational dynamics at the 

H-cluster displays so-called protein-glass transition behavior,38-40 meaning that the atomic 

coordinate deviation decreases to a “breakpoint” at ~200 K and remains rather constant at lower 

temperatures. Reported IR spectra of reduced [FeFe]-hydrogenases apparently comprise a 

similar temperature dependence.17 We interpret the experimental and computational findings as 

the freezing-out of protonation at the [4Fe]H sub-cluster and of ligand reorientation at the diiron 

site upon reduction, leading to preferential [2Fe]H reduction and protonation at the azadithiolate 

headgroup or the distal iron center, as well as to µCO stabilization at cryogenic temperatures.  
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Materials and Methods 

HydA1 protein sample preparation. The preparation of apo-CrHydA1 was carried out and its 

purity was assayed using published protocols.20, 29 (Et4N)2[Fe2(adt)(CO)4(CN)2] (2Feadt) was 

synthesized according to literature protocols with minor modifications and its purity assayed as 

outlined earlier.8, 41-42 Quantitative in-vitro reconstitution of apo-HYDA1 with the 2Feadt 

complex was carried out as previously described.8, 43-45 All protein preparation and handling 

procedures were carried out under strictly anoxic conditions and dim light at room temperature. 

CrHydA1 holo-protein solution samples were prepared similar as reported earlier under FTIR 

control, i.e., for ~1 µl aliquots of samples FTIR spectra were collected every ~5 min during the 

gassing procedures.20, 29 Extensive (~30 min) flushing with humidified N2 gas of CrHydA1 

solutions (~30 µL, ~2 mM, buffer at pH 8) resulted in near-quantitative Hox population while 

flushing with humidified H2 gas resulted in dominant Hred´/Hred populations, as quantified 

by FTIR (Fig. S2). Samples were transferred to holders for XAS under similar atmospheres and 

rapidly frozen (~3 s) in liquid nitrogen in the glovebox.    

Infrared spectroscopy. ATR FTIR spectroscopy, employing hydrogenase protein film 

conditioning via exposure to varying gas mixtures or using an electrochemical approach, was 

carried out using our earlier described experimental set-up and procedures. 9, 11, 30, 46 Simulation 

of FTIR spectra as derived here or from literature reports was carried out using in-house curve-

fitting software.9, 21, 29 Further details are given in the Supporting Information text and data files. 

X-ray absorption spectroscopy. XAS at the Fe K-edge was performed at beamline KMC-3 at 

the BESSY-II synchrotron (Helmholtz Center Berlin, Germany; 300 mA top-up mode of the 

storage ring) as described earlier,47-49 using a set-up including a Si[111] double-crystal 

monochromator, a 13-element energy-resolving Si-drift detector (RaySpec), and DXP-XMAP 

pulse-processing electronics (XIA). Samples were held in a liquid-helium cryostat (Oxford) at 
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temperatures ranging between about 20-300 K. The sample temperature was adjusted via the 

He-flow/heating control system of the cryostat and was measured via a sensor close to the 

holder on the cryostat rod. The energy axis of the monochromator was calibrated (accuracy 

±0.1 eV) using the K-edge spectrum of an iron metal foil (fitted reference energy of 7112 eV 

in the first derivative spectrum). The spot size on the samples was ca. 0.5 x 1.5 mm (vertical x 

horizontal) as set by a focusing mirror and slits. Several non-overlapping spots of the sample 

were moved into the X-ray beam by computerized positioning of the rod (vertical) or whole 

cryostat (horizontal) and X-ray fluorescence spectra were collected using a continuous 

monochromator-scan mode (scan duration ~10 min). Up to 6 scans to k = 14.2 Å–1 per 

temperature were averaged (1-2 scans per sample spot) for signal-to-noise ratio improvement. 

XAS data were processed (dead-time correction, background subtraction, normalization) to 

yield XANES and EXAFS spectra using our earlier described procedures and in-house 

software.47-50 k3-weighted EXAFS spectra were simulated with in-house software and phase 

functions from FEFF9 (S0
2 = 0.8).51-52 

Quantum chemical calculations. Calculations were carried out on the large-scale computer 

facilities of the Freie Universität Berlin. They involved model structures as constructed using 

the crystal structure of oxidized [FeFe]-hydrogenase CpI (PDB entry 4XDC, 1.63 Å resolution8) 

as a starting point, as described in detail earlier (Fig. S15, SI coordinates file).20-21, 29 For large 

model structures (truncated CpI structure resembling the structure of apo-HydA1 and lacking 

accessory FeS clusters), a quantum mechanics/molecular mechanics (QM/MM) approach 

including ONIOM53-54 and the Universal Force Field as implemented in Gaussian0955 were 

used for the MM treatment of the protein environment (low-layer) and the TPSSh56 or BP8657 

functional was used for the QM core (high-layer including the H-cluster) for unconstraint 

geometry-optimization. For small model structures (including the H-cluster, cysteine ligands 

were represented by SCH2CH3 groups), DFT was applied for geometry-optimization (TPSSh 
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or BP86 functional). Both approaches involved the TZVP basis set.58 A broken-symmetry 

approach and proper assignment of molecular fragments were used for calculation of anti-

ferromagnetic spin couplings.21 For Hox, the total spin multiplicity (M = 2S + 1) was 2 and the 

total charge of the H-cluster was −3. For other species, multiplicities and charges reflected the 

number of added electrons and protons. Vibrational frequencies were derived from normal 

mode analysis of relaxed structures using Gaussian09, which yielded IR stick spectra that were 

broadened by pseudo-Voigt functions (40 % Lorentzian and 60 % Gaussian characters) with 

FWHM values similar to the experimental data.20-21, 29  

Results 

Analysis of infrared spectra at room temperature and cryogenic temperatures. IR spectra of 

different H-cluster states as obtained here or in earlier publications were quantitatively 

evaluated for a consistent assignment of the CN–/CO band signatures. First, Hox, Hred, and 

Hsred were enriched in CrHydA1 protein films using an ATR FTIR spectro-electrochemistry 

approach (Fig. 2).30 Under mildly acidic conditions (pH ~5) and in the absence of a reductant 

(i.e., sodium dithionite), Hox was populated at a potential of -300 mV whereas Hred or Hsred 

were populated at potentials of -550 mV or -750 mV, respectively. The resulting FTIR spectra 

at room temperature (~298 K) revealed clear dominance of the CO/CN– bands of Hox, Hred, 

or Hsred (Fig. 2A). 
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Figure 2: ATR FTIR spectra of CrHydA1. H-cluster states were electrochemically enriched 

and spectra analyzed with a joint-fit. (A) Raw spectra in the CO/CN– band region (experimental 

data, black lines; fit curves, blue/red/magenta lines; baselines, green lines; spectra were 

vertically stacked for clarity). Fit parameters are listed in Table S3. (B) Spectra after 

background subtraction and normalization (experimental data, black lines; fit curves for the 

dominant H-cluster states, blue/red/magenta lines; residuals for fit curves as in (A), green 

lines). The bottom traces show experimental and fitted spectra accounting for the further H-

cluster states, e.g., minor unbound 2Feadt.59 (C) FTIR difference spectra calculated from data 

in (B). Band frequencies of Hox, Hred, or Hsred are indicated. The following state populations 

(in %) were derived (Hox/Hred/Hsred/Hhyd/Hx/2Feadt, Hx is mainly Hox-CO and Hred´) in 

the samples: Hox, 76/2/1/2/5/14; Hred, 1/67/0/7/5/20; Hsred, 0/1/68/8/3/18. (D) Normalized 

spectra of pure Hox, Hred, and Hsred after subtraction of other contributions from spectra in 

(B) (experimental data, black lines; fit curves, blue/red/magenta lines). 
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The spectra were analyzed using a joint-fit procedure (Table S3), which resulted in a 

quantitative description with small residuals and clear identification of the IR signatures of 

Hred and Hsred, besides of minor spectral contributions, e.g., from unbound 2Feadt (Fig. 2B). 

These IR signatures were well visible in the difference spectra, in particular the Hsred – Hred 

difference clearly highlights the contributions from all five CN–/CO bands, with no significant 

spectral differences in the low-frequency µCO region (around 1790 – 1825 cm–1, Fig. 2C). 

Finally, this approach resulted in IR spectra of the pure Hred and Hsred species, which reveal 

relative band features very similar to our and other authors earlier reports for CrHydA1, CaI, 

CpI, and DdH [FeFe]-hydrogenases at room temperature, clearly lacking a µCO band (Fig. 2D). 

Tables 1, S2, S3 and Fig. S1 summarize IR data for various [FeFe]-hydrogenases from literature 

compared to our present CrHydA1 results, which reveals only minor frequency variations. In 

conclusion, at room temperature the H-cluster in Hred and Hsred does not possess a µCO 

ligand at [2Fe]H so that the three CO ligands are bound in terminal positions at Fep or Fed. We 

compare the room temperature FTIR spectra of the pure Hred and Hsred states of CrHydA1 

to spectra, e.g., of low temperature species as derived from literature data in Fig. 3 (see below). 
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Figure 3: FTIR spectra of H-cluster states in CrHydA1 at ambient or cryogenic temperatures. 

Left panel: experimental spectra of pure H-cluster states (black lines) and fit curves with 

indicated frequencies (colored lines); no index, spectra obtained at room temperature; LT, 

spectra at cryogenic temperatures. The Hox, Hred, and Hsred spectra (298 K) correspond to 

our data in Fig. 2, the Hred´ and Hhyd spectra were taken from our earlier reports,11, 29 the 

HredLT and HhydLT spectra (100 K) were derived from data in ref.18 (see SI text), the HsredLT 

spectrum (4 K) was derived from data in ref.17 (Figs. S4-S6 and Table S5). Spectra denoted 

Hred* and Hsred* were derived from room temperature data in ref.24 for a sensory [FeFe]-

hydrogenase (Fig. S8). Right panel: calculated spectra including the mean frequency values 

and band intensities (stick spectra broadened similar to the experimental spectra) from four 

quantum chemical computation procedures (see Fig. S10 for technical details and for standard 

deviations of the calculated IR band frequencies). Low-temperature models: LT2, µCO and 

additional proton at N(adt); LT3, µCO and apical hydride at Fed. A spectrum of a structure 

(LT1) with a semi-bridging CO and an additional proton at N(adt) is shown in Fig. S13. Spectra 

were vertically stacked for clarity.  

 

Recently, FTIR temperature series of reduced CrHydA1 and DdH were reported.17 We analyzed 

the respective raw, room temperature FTIR spectra of CrHydA1 (mainly Hsred) or DdH 

(mainly Hred), including quantification of the temperature-dependent spectral changes (see SI 

text and Fig. S4 for details). As noted also in ref.17, visual inspection of the spectra reveals an 

apparent increase of some band intensities in the µCO region and frequency shifts of the main 

bands of Hred and Hsred, as well as relative amplitude changes in the terminal CO regions, 

when decreasing the temperature from 280 K to 4 K (Fig. S4). We used a fit approach including 

various H-cluster states to analyze the temperature series and assumed the existence of each 

two species, which correspond to Hred and Hsred at room temperature (3 terminal CO ligands 

and lacking a low-frequency µCO band, Fig. 2), as well as to HredLT and HsredLT at cryogenic 

temperatures (2 terminal CO bands and showing a low-frequency µCO band, Fig. 2). All FTIR 

spectra could be well described by this approach (Figs. S4-S7, Table S5).  
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The following observations were made: (i) The total IR spectral intensities increased ca. 1.5-

fold from about 280 K to 50 K and levelled off at lower temperatures. This effect is known 

from IR data of various systems60-62 and is explained by the Einstein/Debye model of phonon-

lattice interactions (see SI text).63-64 Here, the effect bears the danger of visual overestimation, 

e.g., of the µCO band at cryogenic temperatures. Only normalized spectra allow for species 

quantification. (ii) There is no significant increase of the mean IR band widths or global shift 

of band frequencies when increasing the temperature. The broadening of µCO bands as 

proposed in ref.17 is due to the neglect in the analysis of µCO contributions in the 1790-1810 

cm–1 region from other H-cluster states than HredLT and HsredLT such as Hox-CO, Hred´, 

and Hred´-CO. (iii) Non-quantitative populations of Hred and Hsred at 280 K (ca. 20-65 %), 

a fractional decrease of the latter species populations and increase of HredLT and HsredLT (to 

ca. 5-35 % at 4 K), as well as a population decrease of Hred´ and Hhyd when lowering the 

temperature were found. (iv) The pure spectra of Hred in DdH and Hsred in CrHydA1 are very 

similar to our CrHydA1 spectra in Fig. 2. Respective pure spectra including HredLT and 

HsredLT are shown in Figs. S5, S6, and Fig. 3. Pure spectra of HredLT and HhydLT for 

CrHydA1 were derived from FTIR data at 100 K in ref.18 and are shown as well in Fig. 3. The 

IR spectra of HredLT and HsredLT reveal a µCO band and ≤5 cm–1 shifts of the other CO and 

CN– bands relative to Hred and Hsred at room temperature. Similar band shifts for Hred vs. 

HredLT were reported in an earlier study on CaI.16 (v) The temperature dependence of the 

Hred/HredLT and Hsred/HsredLT population changes showed a steeper slope in the range of 

about 200-280 K than below ~200 K (Fig. S7). Such a “breakpoint” behavior is typically 

observed for parameters, such as, e.g., the crystallographic mean-square displacement of atoms, 

that follow the so-called “protein-glass transition”.38-40 Since the transition effect is attributed 

to the freezing-out of vibrations in the protein (see the XAS section), the increased low-

temperature HredLT and HsredLT populations may be related to the restriction of certain 

molecular motions (Fig. S7). 
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Interestingly, FTIR spectra with similar signatures as HredLT and HsredLT, but showing overall 

about ~20 cm–1 lower frequencies of the terminal CN–/CO ligands and even ~50 cm–1 lower 

µCO frequencies (1751 cm–1, 1763 cm–1), were assigned to Hred* and Hsred* states in a 

putative sensory [FeFe]-hydrogenase from Thermotoga maritima (Fig. S8, Table 1).24 

However, its Hox bands were quite similar to CrHydA1 (Fig. S8).24 According to our earlier 

results,11, 20-21, 29-30, 65 we anticipate that the deviating CO/CN– frequencies in the various Hred-

like species are related to different electron/proton distributions, as well as to different ligand 

configurations at the diiron site, which is investigated further below.  

X-ray absorption spectroscopy probing the protein-glass transition. CrHydA1 solution 

samples prepared for XAS experiments showed mainly oxidized or reduced H-cluster states 

according to the FTIR reference spectra (Fig. S2). Quantitative analysis (Table S4) revealed 

that the CO band spectra of the samples were essentially described by five H-cluster states 

(Hox, Hox-CO, Hred´, Hred, Hsred) with varying populations (Fig. S3), prevalence of 

oxidized or reduced states to each about 65±5 % in the two sample types, and a minor 

contribution of unbound 2Feadt, similar to the spectra in Fig. 2. XANES and EXAFS spectra at 

the Fe K-edge were collected on the CrHydA1 samples in a temperature range of about 25 – 

275 K. The XANES spectra of both sample types were very similar and similar to earlier 

reported spectra.29, 65-67 Their shapes were practically temperature independent, the K-edge 

energies were constant (±0.05 eV), and the K-edge energy of the reduced enzyme was ~0.1 eV 

lower compared to the oxidized enzyme (Figs. 4 and S9). This result proved the absence of X-

ray photo-reduction of the H-cluster, meaning a constant overall oxidation state of iron during 

XAS data collection in the whole temperature range, and further implied the absence of larger 

structure or redox changes in response to the temperature increase. We note that an overall 

similar oxidation state of iron in the CrHydA1 samples was expected due to reduction and 

protonation at the H-cluster when mainly converting Hox into Hred´ and Hred (Fig. S2).   
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Figure 4: Temperature series of Fe XANES spectra of CrHydA1. Top panel: oxidized protein. 

Bottom panel: reduced protein. Spectra correspond to samples with prevailing (~65±5 %) 

oxidized (mainly Hox) or reduced (mainly Hred´ and Hred) H-cluster states as derived from 

FTIR analysis (Fig. S2) and were collected at the indicated temperatures (±2 K). The insets 

show the K-edge energies (at about edge half-height, dashes mark the mean energies). Fig. S9 

shows a direct comparison of mean spectra of oxidized or reduced CrHydA1. 

 

Temperature series of EXAFS spectra are shown together with the results of simulation 

analyses in Fig. 5. Visual inspection of the spectra of oxidized or reduced CrHydA1 revealed 

similar shapes and changes in the temperature range, in particular featuring small decreases of 

the first main Fourier-transform (FT) peak due to Fe-C(=N/O) and Fe-S interactions and larger 
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decreases of the second main FT peak comprising major contributions from the Fe-Fe distances 

in [2Fe]H and [4Fe]H for increasing temperatures (Figs. 5A,B and S9).67  

 

Figure 5: Temperature dependence of EXAFS spectra of CrHydA1. Data correspond to XANES 

and FTIR spectra in Figs. 4 and S2. (A) Fourier-transforms of EXAFS spectra in the inset of 

oxidized CrHydA1. (B) Fourier-transforms of EXAFS spectra in the inset of reduced CrHydA1. 

Main panels: experimental data; insets: black lines, experimental data and colored lines, 

simulations (vertically stacked). (C) Interatomic distances, R, from EXAFS simulations (dashed 

lines guide the eye). (D and E) Respective Debye-Waller factors, 22 (left y-axes), for iron-

ligand bonds (D) or Fe-Fe distances (E) (smoothed over 2 data points). Corresponding root-

mean-square deviations, , of interatomic distances are shown on the right y-axes in panels D 

and E. The lines in (D and E) are linear fits for mean 22 values of oxidized and reduced 

CrHydA1 below or above 200 K. The EXAFS fits comprised the following coordination 

numbers, N, per Fe ion (mean R values or values for ox/red ±standard deviation in 

parenthesis): Fe-C(=N/O) (2.29±0.01 Å) and Fe(-C)=N/O = 1 (R = 3.1±0.05 Å), Fe-S = 3.33 
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(2.30±0.01 Å / 2.29±0.01 Å), Fe-Fe (2Fe) = 0.33 (2.51±0.02 Å / 2.53±0.02 Å), Fe-Fe (4Fe) = 

2 (2.72±0.02 Å), and a multiple-scattering contribution of the C=N/O ligands (N = 1, R = 

0.80±0.03 Å, 22 as for Fe-C=N/O). Fig. S9 compares mean spectra of oxidized or reduced 

CrHydA1 (simulation parameters in Table 2). 

 

Table 2: EXAFS simulation parameters.a 

 

shell 
ox. red. ox. red. ox. red. 
N [per Fe] R [Å] 22 x103 [Å2] ( [Å]) 

Fe-C(=N/O) 0.38# 0.55# 1.77 (1.78) 1.82 10& (0.071) 6& (0.055) 
Fe-C(=N/O) 0.62# 0.45# 1.95 (1.91) 2.07 10& (0.071) 6& (0.055) 

Fe-S 3.17* 3.17* 2.28 (2.29) 2.29 8 (0.063) 8 (0.063) 
Fe(-C)=N/O 1* 1* 2.92 (2.97) 2.90 10& (0.071) 6& (0.055) 

(Fe-C)=N/Oms 1* 1* 1.22 (1.18) 1.19 10& (0.071) 6& (0.055) 
Fe-Fe (2Fe) 0.33* 0.33* 2.49 (2.55) 2.52 2* (0.032) 2* (0.032) 
Fe-Fe (4Fe) 2* 2* 2.70 (2.69) 2.71 13 (0.081) 15 (0.087) 

aParameters correspond to simulations of mean EXAFS spectra over all temperatures of 

oxidized or reduced CrHydA1 in Fig. S9B (inset). The error sum (RF, deviation in % between 

experimental Fourier back-transform and calculated EXAFS spectrum for a reduced distance 

range of 1-3 Å) was 5.5 % (ox.) or 8.7 % (red.). *Fixed parameter, #N-values coupled to a sum 

of 1, &22 coupled to yield equal values, ms denotes a multiple-scattering contribution. R-

values from a crystal structure (≥5 % error) of oxidized CpI (Hox)8 in parenthesis (Fig. 1). 

 

EXAFS simulations revealed the following main structural features of the H-cluster in the two 

sample types: (i) The mean iron-ligand bond lengths and Fe-Fe distances were similar to earlier 

XAS results29, 67 and well compatible with crystal structures (Table 2). Overall similar 

interatomic distances in the oxidized or reduced CrHydA1 were expected due to the similar 

prevailing structural motifs in the dominant H-cluster states (i.e., Hox or Hred´ with a µCO) in 

the XAS samples (Fig. S2). An overall elongation (~0.05 Å) of the Fe-C(=N/O) distances was 

accompanied by an about 1.5-fold decrease of the Debye-Waller factor, which is attributed to a 

homogenization of the Fe-C(=N/O) bond lengths due to the lack of a µCO in a significant 
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fraction (~35 % Hred and Hsred states) of the reduced CrHydA1. (ii) The interatomic distances 

were temperature independent (i.e., constant within the fit error range of ±0.02 Å or less) (Fig. 

5C). For a bond length change of only 0.01 Å, a frequency change of ~12 cm-1 may be estimated 

for, i.e., the C=N/O stretching vibration (see SI text). Because such large frequency changes 

were not observed in the FTIR temperature series, the bond lengths are presumably constant on 

a less than 0.01 Å scale. (iii) The Debye-Waller parameters (22,  corresponds to the root-

mean-square deviation of the absorber-backscatterer distance) of the iron-ligand bonds and in 

particular of the Fe-Fe distances were significantly increasing with increasing temperature and 

revealed apparent “breakpoint” behavior around 200 K as indicative of the protein-glass 

transition (Fig. 5D,E). The protein-glass transition behavior can be interpreted as resulting from 

harmonic iron-ligand bond vibrations that proceed in the whole temperature range, while larger-

scale coupled molecular motions affecting the iron displacements, as identified for example in 

the <250 cm–1 frequency range by 57Fe nuclear resonance (X-ray) vibrational spectroscopy 

(NRVS),20, 29, 32, 68 proceed most effectively at ambient temperatures and may essentially be 

frozen out below ~200 K. Since the EXAFS may be expected to reflect mostly local interatomic 

distance disorder, the pronounced 22 increase above ~200 K could further suggest a change in 

the relative H-cluster state populations and/or structures, e.g., formation of species with a by 

≤0.03 Å increased mean Fe-Fe distance spread (but similar absolute mean Fe-Fe distances).   

H-cluster structure assignment. Quantum chemical calculations on H-cluster models were 

performed to derive geometry-optimized structures and the CO/CN– normal modes. We 

followed the routines established in our earlier studies, using four different approaches, i.e., 

BP86 pure or TPSSh hybrid functionals for DFT or QM/MM calculations on smaller or larger 

structures (Figs. S10, S15).9, 20-21, 29 Normal mode analysis and broadening of stick spectra 

provided theoretical IR spectra for comparison with the experimental spectra (Fig. 3). As found 

earlier, the absolute IR frequencies and intensities varied (moderately) depending on the theory 
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level, but the trends of the spectral changes were generally highly conservative (see the caption 

of Fig. S10 for a more detailed account on systematic effects in the quantum chemical 

calculations). Overall, the frequency differences for the use of the different functionals were 

larger than for DFT vs. QM/MM models. The TPSSh or BP86 functionals yielded globally too 

high or too low IR frequencies so that the averaged frequencies were already quite close to the 

experimental values. The TPSSh functional further caused an underestimation of CO band 

down-shifts relative to the CN- bands upon reduction, which was reverse for the BP86 

functional. Fundamental differences in the performance of the quantum chemical approaches 

for calculation of IR spectra of the H-cluster were not observed, in agreement with our earlier 

work. Accordingly, the calculated frequencies for each approach were corrected for systematic 

differences to the experimental data and the corrected frequencies and intensities were averaged 

(Fig. S10, giving also an apparent frequency standard deviation), thereby deriving mean IR 

spectra of the studied H-cluster states. In the following, we refer to the mean and corrected, 

calculated IR data, if not stated otherwise. The outlined approach yielded IR spectra of Hox 

and of 13 models for reduced H-cluster states at room temperature (Hred´, Hhyd, Hred, 

Hred*, Hsred, Hsred*) or low temperature (HredLT1,2,3, HsredLT1,2,3). The structures for the 

room temperature states reproduced most of the experimental spectral changes that were 

observed in comparison to the oxidized state, Hox (Fig. 3). A correlation plot of calculated vs. 

experimental IR frequencies accordingly shows good linearity (R2 = 0.97) (Fig. S10). Also the 

frequency differences were well correlated. Furthermore, the root mean square deviation (rmsd) 

between calculated and experimental IR frequencies was small (ca. 10 – 15 cm–1), indicating 

good agreement for the states that could be assigned with high certainty (Tables 3 and S6). 
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Table 3: H-cluster configurations and IR frequency correlation. 

H-cluster species [4Fe]H 

statea 
[2Fe]H 

stateb 
[2Fe]H 

µCO 
H-species at: total 

charge 
rmsd 

[cm-1]c experiment calculation [4Fe]H [2Fe]H 
Hox Hox 2+ II,I yes –  – -3 13.3 

Hred´ Hred´ + II,I yes H+
cys – -3 12.5 

Hhyd Hhyd + II,II yes H+
cys H–

Fed -3 14.1 
Hred Hred 2+ II,II no –  µH– -3 9.5 

HredLT HredLT2 2+ I,I yes –  H+
Nadt -3 11.5 

Hred* Hred* 2+ I,I yes – – -4 10.6 
Hsred Hsred + II,II no – µH– -4 12.6 

HsredLT HsredLT2 + I,I yes – H+
Nadt -4 21.9 

Hsred* Hsred* + I,I yes – – -5 15.3 
HhydLT HsredLT3 + II,II yes –  H–

Fed -4 29.8 

a[4Fe]H charges of 2+ or + correspond to formal II2III2 or II3III redox configurations. bIron redox 

states (Fep,Fed) and the hydride charge represent formal assignments. crmsd values are for mean 

calculated IR frequencies in Figs. 3 and S10C and were derived with Eq. S7 (Table S6 shows 

the complete correlation matrix). The experimentally observed low-temperature states HredLT, 

HsredLT, HhydLT were termed HredH+, HsredH+, Hhyd:red in refs.17-18 (see the Discussion).  

 

The models for room temperature H-cluster states that correspond to the calculated IR spectra 

reveal the following main features and changes compared to Hox (Fig. 6): (i) A structure with 

a vacancy at Fed as in crystals accounts for the IR spectrum of Hox and provides a crucial 

reference point for comparison of experimental and calculated data. (ii) The IR signatures of 

Hred´ and Hhyd were well described by structures with a µCO and a proton at a cysteine sulfur 

of the [4Fe]H cluster (C499 in CpI notation), further including a reduced [4Fe]H in Hred´ or a 

reduced [4Fe]H and a terminal hydride (H–) at Fed of the reduced diiron site in Hhyd.11, 29 There 

is broad consensus on the apical hydride in Hhyd.12, 16-17, 26 (iii) The spectra of Hred and Hsred 

that lack a µCO band and show the largest CO band at lowest frequencies as well as an about 

2.5-fold wider CN– frequency gap vs. Hox were best reproduced by 1e– or 2e– reduced structures 

with a bridging hydride (µH–). Our earlier studies20-21 and the present data (Figs. S11, S12; 

Table S6) show that structures without a µCO that carry a further proton at N(adt) do not agree 
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well with the IR (and NRVS20) spectra of Hred/Hsred. The µH– structures also agree with the 

lack of IR band shifts due to H/D exchange (Table S7). (iv) Models for Hred*/Hsred* that lack 

H-cluster protonation nicely yielded the large IR band down-shifts vs. Hox and the main 

frequency differences between the two states. The CN– frequency gap was underestimated, 

pointing to further structural changes at the diiron site, perhaps due to the altered amino acid 

environment in the sensory [FeFe]-hydrogenase.24, 69   

IR spectra were calculated for three different model structures for the low-temperature H-cluster 

species (HredLT, HsredLT), which show (1) an unoccupied bridging site at [2Fe]H and an 

additional proton at N(adt), (2) a µCO and an additional proton at N(adt), or (3) a µCO and an 

apical hydride at Fed (Figs. 6, S11-S3). The following observations were made: (i) The HredLT1 

and HsredLT1 structures showed inverted CO band patterns lacking a µCO band, with the 

smallest instead of the largest CO band at intermediate frequencies, which is incompatible with 

the experimental data (Figs. 3, S11-S13), thus excluding such structures. (ii) The 

HredLT2/HsredLT2 and HredLT3/HsredLT3 models yielded IR band patterns with the largest CO 

band at intermediate frequencies and a low-frequency µCO band similar to the experimental 

data and further reproduced the main band shifts for HsredLT vs. HredLT (Figs. 3, S11-S13). 

Notably, HredLT2 was a transient (saddle point) structure that mostly converted to HredLT1 

while the HsredLT2 structure in some cases was a true (albeit shallow) energetic minimum. The 

rmsd was best for HredLT2 and HsredLT2 with a proton at N(adt) (Table 3). The more oxidized 

iron in [2Fe]H in the terminal-hydride structures resulted in overall higher IR frequencies vs. 

the N(adt)-protonation structures, so that the latter spectra showed most bands at lower 

frequencies than Hox, more similar to the experimental data. (iii) H/D exchange at the H-cluster 

gave downshifts of only the µCO band by >18 cm-1 for the terminal-hydride structures, but no 

such shifts in the N(adt)-protonation structures (Table S7), in apparently better agreement with 

most experimental data (see the Discussion). (iv) The enlarged experimental CN– frequency 
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gap in HredLT/HsredLT vs. Hox was not fully reproduced by the model structures, which may 

be attributed to further changes at the H-cluster site at low temperatures that cannot be 

considered reliably in the calculations. (v) After addition of a proton at N(adt) and one electron 

to the starting structure (Hox), movement of the initial µCO into a terminal position at Fed was 

observed during geometry optimization so that the µCO structure converted to the open-bridge 

structure (see SI text and movie). The reason is that the non-bridging structures with a 

protonated N(adt) were stabilized by being at ~180 meV (HredLT1) or ~70 meV (HsredLT1) 

lower energies vs. the respective µCO structures (HredLT2, HsredLT2) (Table S8). Furthermore, 

the terminal-hydride structures were at more than -400 meV lower energies than both 

protonated N(adt) models (Table S8). The relative energies support that opening of the µCO 

bridge is favored at room temperature under conditions where N(adt) protonation is faster than 

[4Fe]H protonation so that µH– binding can occur to yield, i.e., Hred, while at low temperatures, 

µCO bridge opening and [4Fe]H protonation are prevented so that structures with an additional 

proton at N(adt) or perhaps a terminal hydride at Fed are trapped. 
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Figure 6: H-cluster model structures. LT, models for low-temperature H-cluster states (Fig. 

S12). The shown cofactor structures can account for IR spectra in Fig. 3 (except LT1 structures, 

often resulting from LT2 structures in the calculations, see SI movie for a typical conversion of 

a HredLT2 to a HredLT1 structure at BP86/DFT level). [4Fe]H charges, formal redox states of 

the diiron sub-complex, and total cofactor charges are indicated. Magenta circles mark 

protonation at Cys499 (CpI numbering), additional protonation at N(adt), or hydride (H-) 

binding in bridging or terminal positions at [2Fe]H (no-µ, open bridge position). 

 

Discussion 

Our results suggest that the so-far identified H-cluster states are dissected into two basic 

configurations with or without a µCO ligand. At ambient temperatures where [FeFe]-

hydrogenases function, three µCO states can be accumulated (Hox, Hred´, Hhyd; Fig. 6). Our 

data consistently suggests that reduced Hred´ and Hhyd, as well as oxidized HoxH contain a 

surplus proton at [4Fe]H (at Cys499).11, 20, 29-30, 46 Assignment of [4Fe]H protonation was based 

on statistical comparison of experimental and computational FTIR and NRVS data11, 20, 30 and 

is supported by the effects of mutations around the cubane cluster,70 crystal data showing two 

orientations of a neighboring serine in oxidized or reduced CpI,36 and EPR results.71 Further 

work (e.g., ENDOR) to clarify the [4Fe]H protonation state is, however, highly desirable. 

Integration of the above four states in a catalytic cycle is consistently rationalized as outlined 

in our earlier studies11-13, 19, 72 and here is summarized in the SI text (see ref. 2 for a review) 

(Fig. 7). This catalytic cycle proposal is fully consistent also with our present analyses. 
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Figure 7: H-cluster reaction pathways. In the catalytic cycle starting from Hox, the first 

reduction and protonation via channel p2 from a base (B, possibly a water molecule) at a 

cysteine ligand of [4Fe]H yields Hred´, which after a second reduction and transfer of two 

protons via channel p1 including the N(adt) yields H2. PCET and H2 formation reactions after 

Hred´ comprise Hhyd and possibly further transient species (e.g., HoxH). Hindered [4Fe]H 

protonation via channel p2 biases the first reduction to [2Fe]H and, at room temperature, 

results in transient N(adt) (HredH+) or Fed (Hhyd:ox) protonation via channel p1, so that 

ligand rearrangement can yield a µH– in Hred as a state at lowest energy. [4Fe]H protonation 

and ligand rearrangement are proposed to be impaired at cryogenic temperatures. A further 

reduction gives the respective HsredH+, Hhyd:red, and Hsred species (not shown). For details 

on the rationalization of our catalytic cycle proposal see SI text.  

 

At room temperature, two further reduced states become prominent preferentially at acidic pH 

where hydrogenase activity is low, which are 1e– (Hred) or 2e– (Hsred) reduced. Present data 

reinforce the view that a µCO is absent in these states. We assigned Hred and Hsred to 



27 
 

structures with a bridging hydride (µH–), in agreement with the ~60 mV/pH Pourbaix slope due 

to a 1e-/1H+ proton-coupled electron transfer (PCET) in the Hox → Hred transition.19, 21 We 

emphasize that the µH- annotation corresponds to the formal assignment of the proton at the 

Fe-Fe bond to a hydride, i.e., as resulting from 1e- oxidation of the iron ions and 2e- reduction 

of the incoming proton due to 1e- H-cluster reduction in Hred. Rather, earlier quantum chemical 

calculations showed that the actual (negative) charge on the proton is close to zero similar to 

Hhyd29 and the iron centers of [2Fe]H are even slightly more reduced in Hred and Hsred (in 

comparison to Hox).21 Accordingly, relatively small (overall) IR frequency (down-)shifts vs. 

Hox of the terminal (vibrationally coupled) CO ligands at [2Fe]H are expected in Hred and 

Hsred, as experimentally observed. With respect to µCO, our assignment of Hred/Hsred is 

supported by early crystal data of reduced DdH, showing diminished electron density in the 

bridging position and ligand rearrangement at the diiron site.23, 34 The crystal data has earlier 

been taken as an argument to propose a semi-bridging CO in Hred/Hsred, but now a µCO was 

anticipated.17-19, 73 We propose that Hred formation is favored when protonation at [2Fe]H is 

more facile than protonation at [4Fe]H. Protonation and reduction first at [2Fe]H induces 

CN-/CO ligand rearrangement leading to µH– stabilization. Pronounced ligand rearrangement 

and µH– binding, i.e., resembling the µH– trap states of diiron site models,74-76 seems 

incompatible with the large H2 turnover rates of [FeFe]-hydrogenases.  

In a putative sensory [FeFe]-hydrogenase, as well as in catalytic enzymes at cryogenic 

temperatures, further H-cluster states can be populated. Hred*/Hsred* were shown in the 

Thermotoga maritima protein HydS and attributed to 1e– or 2e– reduced, µCO species derived 

from Hox without H-cluster protonation.24 Our results clearly support these assignments. Upon 

the first H-cluster reduction, the absence of protonation in the Hox → Hred* transition in HydS 

(as opposed to a protonation in the Hox → Hred´/Hred transitions in, e.g., CrHydA1) is further 

seen by the much larger redox potential difference (ca. -270 mV vs. -60 mV at pH 8) and more 
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negative absolute potential (ca. -570 mV vs. -460 mV) of the second reduction step.24, 33, 77 This 

finding nicely supports redox potential leveling due to the first PCET in the catalytic enzymes, 

thereby facilitating two sequential reductions at similar potentials as required by the 1e– donors 

to the H-cluster (Fe-S clusters in bacterial enzymes or soluble ferredoxin PetF in CrHydA1).     

Recent reports suggested specific H-cluster states at cryogenic conditions (HredLT/HsredLT).16-

18 We support that the latter species correspond to structures with a bridging µCO as in 

Hred´/Hhyd (as opposed to a semi– or non-bridging CO). Two types of structures, with an 

additional proton at N(adt) or an apical hydride (aH-) at Fed and lacking [4Fe]H protonation may 

account for the IR signatures of HredLT/HsredLT. A thorough consideration (see SI text for a 

detailed discussion) of the available experimental and computational H/D-exchange IR and 

NRVS data and further results on the low-temperature states as well as on Hred/Hsred and 

Hhyd,20-21, 27, 29, 32, 78-81 and of data for different [FeFe]-hydrogenases,16-18 suggests that low-

temperature species may even differ among the CaI, CpI, and HydA1 enzymes and, in 

summary, supports that reduced structures with additional N(adt) protonation predominantly 

accumulate at low temperatures. The proton at N(adt) may instead be bound as a hydride at Fed 

in protein fractions under certain conditions, in particular in the 2e– reduced state. Further 

structure changes at or close to the H-cluster at low temperatures may not be excluded. In an 

attempt to unify the nomenclature of H-cluster states, we suggest distinguishing low-

temperature (i.e., HredLT2/HsredLT2) from room-temperature states by using 

HredH+/HsredH+ for the former and Hred/Hsred for the latter (Fig. 7). [2Fe]H oxidized states 

with a reduced [4Fe]H should be referred to as Hred´ (and Hred´-CO).  

Our analyses suggest that HredH+/HsredH+ form mostly at the expense of Hred´/Hhyd and 

Hred/Hsred during temperature lowering, showing typical “protein-glass transition” 

behaviour.38-40 The EXAFS Debye-Waller parameter, corresponding to the mean square 

displacement of atoms in crystal structures,82-83 reveals a clear “breakpoint” at ~200 K for the 
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oxidized and the reduced H-cluster. A similar glass-transition behavior observed before for 

metal cofactors in other proteins was often accompanied by vanishing activity.84-88 We note that 

the absolute -values of the iron-ligand bonds or Fe-Fe distances of the H-cluster at cryogenic 

or ambient temperatures (about 0.04-0.10 Å) are well in the range or even at the lower limit of 

atomic displacements for other (metal) cofactors in enzymes.38, 84-91 In brief, the common 

explanation for the protein-glass transition is that larger-scale anharmonic molecular motions, 

involving, e.g., amino acid side chain and hydrogen-bonded network rearrangements, are frozen 

out below the breakpoint. This can be due to protein mobility restrictions in response to a phase 

transition of water layers or clusters.38-40, 83, 92 As such rearrangements, in particular involving 

water molecules and protonable sidechains in the protein interior, are essential for proton 

conduction along hydrogen-bonded pathways,12, 93-94 the freezing-out of PCET reactions is 

expected below the transition temperature. Here, it seems that primarily those H-cluster states 

are diminished that carry a proton at [4Fe]H (Hred´, Hhyd) or bind a µH– (Hred, Hsred). We 

therefore suggest that proton transfer via the pathway to the [4Fe]H cluster becomes hindered at 

decreasing temperatures so that the first electron is biased not to the cubane, but to the diiron 

site. However, since ligand rearrangement at [2Fe]H for µH– binding also is impaired while 

proton transfer to the dithiolate is feasible, the proton ends up on the N(adt) (HredH+/HsredH+) 

(Fig. 7). As a note of caution, we state that whether the latter cofactor species represent 

intermediates or reflect a proton delivery pathway to the active site in the catalytic cycle, cannot 

be fully unambiguously defined at present, but such functions are not vitally required in our 

scheme (Fig. 7). Support for hindered low-temperature [4Fe]H protonation comes from strongly 

different EPR signals of the [4Fe]H
+ sub-complex in Hhyd vs. HsredH+.18  

Interestingly, HsredH+ could be converted by ~100 K near-UV illumination to a state 

(Hhyd:red) attributed to a 2e– reduced structure with an apical hydride at Fed and lacking 

[4Fe]H protonation in contrast to Hhyd.18 The additional proton at N(adt) in HsredH+ may 
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move to Fed in Hhyd:red18 and a similar situation may hold for the HredH+ to Hhyd:ox 

conversion (Fig. 7). Our calculations show that proton movement from N(adt) to Fed, but also 

protonation at [4Fe]H to form a low-temperature (i.e., HhydLT) state from a structure with a 

proton already at Fed can explain the light-induced IR differences18 (Figs. 6, S14; Tables 3, S6). 

The more similar EPR power saturation in Hhyd:red and Hhyd vs. HsredH+18 may support a 

hydride before illumination. However, dissimilar structures may result at low (Hhyd:red) or 

ambient (Hhyd) temperatures, for example due to different protonation sites and/or altered 

cofactor/protein relaxation upon charge redistribution in response to protonation. Noteworthy, 

the reasons for any light-induced proton movement at the H-cluster are unclear at present. 

H-cluster conversions raise the question on the relevance of [FeFe]-hydrogenase data collected 

at low temperatures. A detailed consideration (see SI text) suggests, e.g., inconsistencies in 

reduced state assignments, co-existence at least of Hhyd, HredH+/HsredH+, and Hred/Hsred 

down to 4 K, and observation of the relevant Hox structure in the crystals. We have earlier 

assigned NRVS data of HydA1 collected at ~50 K to Hred with a µH- in a sub-stoichiometric 

enzyme population, bearing the possibility for limited contributions from (reduced) µCO 

binding species under the respective conditions.20 The present XAS data show that the H-cluster 

metrics remain practically constant in a 20-275 K range for CrHydA1, meaning that significant 

structure changes do not occur. However, the precise state accumulations during temperature 

changes seem to depend on the specific enzyme as well as on the experimental procedures. The 

H-cluster species observed at cryogenic temperatures have been included in suggestions for the 

catalytic cycle of [FeFe]-hydrogenases. HredH+/HsredH+ were represented as diiron site 

reduced states showing either a semi-bridging CO or a µCO16, 18 at [2Fe]H, as well as either two 

protons or one proton at N(adt),16-18 while states with an apical hydride at Fed were assumed to 

occur after Hsred-like species and to carry, e.g., a further proton at N(adt) or [4Fe]H.16-18, 29 Our 

results support a µCO in HredH+/HsredH+ so that a semi-bridging CO can be excluded. 
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We agree with most other authors in the view that only µCO species should support fast 

catalysis. However, in our opinion there is no convincing argument that mandates inclusion of 

the low-temperature states in the catalytic cycle. These states seem to accumulate when 

protonation at [4Fe]H as well as ligand rearrangement and hydride binding at the diiron site are 

frozen out (Fig. 7). However, the apparent trapping of a proton at the N(adt) underpins the 

crucial importance of the dithiolate headgroup for proton conduction to the diiron active site.12, 

77, 95-96 Under functional conditions, dithiolate protonation states likely decay rapidly to the 

terminal hydride species, which provide the basis for most efficient H2 formation chemistry. 
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Infrared and X-ray absorption spectroscopy data of [FeFe]-hydrogenases in the cryogenic to 

ambient temperature range were assayed and evaluated by quantum chemistry. Reduced H-

cluster states with a bridging hydride are replaced by states with a bridging CO and a proton at 

the azadithiolate upon temperature lowering. Impaired ligand rearrangement at the diiron site 

reflects the protein-glass transition around 200 K. Site-selective proton-coupled electron 

transfer at the cofactor is essential for H2 conversion in the [FeFe]-hydrogenases.   


