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Abstract 

Redox enzymes capable of carrying out multi-electron reactions serve as blueprints for the rational 

design of bio-inspired catalysts for future green technologies.1–4 During catalysis, enzymes transition 

through multiple ‘active’ intermediate states. Movement of both electrons and substrate to/from the 

active site is precisely controlled to achieve the equivalent of high Faradaic efficiencies, with minimal 

electrons wasted in detrimental side reactions. High turnover frequencies in metalloenzymes such as 

the nickel-iron (NiFe) hydrogenases require mechanisms for highly-choreographed movement of two 

quantum particles, protons and electrons.5 According to Marcus theory, structural rigidity is key to a 

low reorganisation energy barrier for rapid, outer-sphere electron transfer.6 However, this is at odds 

with the requirement for a degree of conformational flexibility to enable rapid proton tunnelling 

between residues separated by  distances greater than ~2.7 Å.7,8 Here we exploit the specific redox 

poising possible with electrochemical control of protein crystals9,10 and  characterise, structurally and 

spectroscopically, [NiFe]-hydrogenase in each of the key states of the catalytic cycle as well as its CO-

bound and oxidised states. These structures confirm extraordinarily fixed metal coordination at the 

active site, conducive to fast multi-electron catalysis, and reveal a subtle carboxylate ‘flick’ that 

provides molecular detail of how glutamate acts as a proton shuttle. 

Main 

Global cycles of hydrogen, nitrogen, and carbon are underpinned by reduction and oxidation (redox) 

processes. Catalysis of these redox transformations represent some of the greatest challenges to 

renewable fuels, sustainable agriculture, carbon dioxide capture, and decarbonisation of chemical 

manufacturing. In nature, hydrogen, nitrogen, and carbon cycles are controlled by ancient 

metalloenzymes which exploit readily-bioavailable metals for finely-tuned redox catalysis. NiFe-

hydrogenases have attracted attention for their ability to catalyse rapid H2 oxidation or production at 

an active site built from earth-abundant metals (Fig. 1 and Extended data Figure 1).11 Four strictly 

conserved cysteine residues anchor the nickel iron active site, two terminal to nickel, and two which 

bridge the metals.  The Fe atom remains formally divalent Fe(II) and is further coordinated by one CO 

and two CN− ligands, which serve as sensitive infrared spectroscopic reporters on the state of the 

active site. Reactivity is nickel-centred and exploits formal oxidation states of Ni(III/II/I). Electrons are 

shuttled via a chain of iron sulfur clusters which intimately affect the catalytic properties at the active 

site.12–16Present understanding of the catalytic cycle (Extended data Fig. 1) comes from spectroscopic, 

computational, and biochemical studies17 with only limited structural evidence for the interplay 

between the active site and the wider protein matrix due to the difficulty in trapping specific 

intermediates in a multi-state redox enzyme. Recently, we have demonstrated electrochemical 
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control over protein crystals, with in situ infrared microspectroscopy,9,10 to provide a roadmap for 

generation of hydrogenase crystals in specific, catalytically-relevant, redox states (Fig. S1). Here we 

apply this approach to electrochemically poise crystals of two [NiFe]-hydrogenases from E. coli, Hyd-

1, and Hyd-2, in well-defined and spectroscopically-verified redox states, allowing generation of 

atomic-resolution structures of each catalytically-relevant state (Extended data Fig. 2). Crucially, we 

report structural details of intermediates involved in the removal of protons from the [NiFe] active 

site during catalytic H2 oxidation. These results resolve the knowledge-gap between existing reported 

structures (in which there are no amino acid residues within hydrogen-bonding distance of the active 

site)18,19 and current kinetic studies20,21 that suggest involvement of proton tunnelling (requiring a 

hydrogen-bonding connection of no more than 2.7 Å). Our results allow us to present a model for how 

a finely-tuned redox enzyme combines the active site rigidity required for rapid electron transfer with 

a state-specific conformational flick that enables proton transfer to keep pace with catalytic turnover. 

Structures at the Nia-SI level reveal active-site associated water. 

We first demonstrate redox-targeted x-ray diffraction for hydrogenase by solving structures of 

electrochemically poised Hyd-1 and Hyd-2 at the Nia-SI level, at resolutions of 1.45 and 1.37 Å, 

respectively. The structures both reveal a partially-ordered water molecule located 1.9 Å from active-

site Ni (Fig. 1, Extended data Fig. 3). This offers the first direct evidence that the Nia-SI state is 

hydrated,22 and suggests the possibility of a functionally-relevant water molecule in the active site 

region (see supplementary data for expanded discussion of other Nia-SI structures).  

 

Fig. 1. (a) Crystal structure of Hyd-2 in the Nia-SI state shows the active site contains a Ni-coordinated water 

molecule (green mesh) and the associated IR spectrum shows a single ν(CO) centred at 1946 cm-1, characteristic 

of Nia-SI. (b) Structure and IR-spectrum of Nia-SCO state of Hyd-2 shows the inhibitor coordinated to the Ni atom, 

producing a diagnostic peak at 2056 cm-1. 

Exogenous CO binds to an oxygen-tolerant hydrogenase 
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The identity of Nia-SI in Hyd-2 crystals was further confirmed by reaction with CO to generate the 

inhibited, Ni-SCO state. Hyd-2 crystals at the Nia-SI level show the expected spectroscopic changes 

consistent with binding of exogeneous CO. The structure shows clear electron density for a diatomic 

ligand bound to Ni (Fig. 1b), readily modelled as CO with a coordination distance of 1.8 Å and a Ni-C-

O bond angle of 154°, similar to other CO-bound structures.23–25 Although O2-tolerant hydrogenases 

are generally thought to be relatively insensitive CO,26 we also find clear spectroscopic and structural 

evidence for exogenous CO binding to Hyd-1 (Extended data Fig. 4). 

Nia-C is structurally similar to Nia-R 

Electrochemical reduction of Hyd-1 crystals at the Nia-SI level results in the Nia-R family of sub-states 

(Extended Data Fig. 1), all Ni(II) species which share a bridging hydride but are proposed to differ in 

the position of a proton close to the active site.27 The electron density at the NiFe cofactor in our 

electrochemically-poised Nia-R crystal shows a significant peak in the Fo-Fc map (Fig. 2, green mesh) 

between the active site metals, the geometry of which is consistent with a bridging hydride. 

Furthermore, superposition of an ultra-high (0.89 Å) resolution structure of the Nia-R state in 

Desulfovibrio vulgaris Miyazaki F hydrogenase (pdb 4U9H) places the modelled hydride within the 

electron density peak of the structure reported herein (Extended Data Fig. 5).  

 

Fig. 2. (a) Crystal structure and IR spectrum of Hyd-1 in the Nia-R state.  The crystals contain a mixture of Nia-RII 

(1922 cm-1) and Nia-RIII (1914 cm-1) sub-states that differ in the position of the proton that migrates from the 

active site after hydrogen splitting (Extended Data Fig.1) (b)  Crystal structure and IR spectrum of Hyd-2 poised 

at Nia-C level (1964 cm-1).  Both states show strong peaks in the Fo-Fc electron density maps (green mesh) at the 

same, bridging, position between the metal atoms that can be attributed to the bound hydride. Spectra showing 

ν(CO) and ν(CN) shown in fig. S4. 
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Proton-coupled removal of an electron from Nia-R produces Nia-C, formally at the Ni(III) level. 

Electrochemical poising of Hyd-2 crystals yielded ~95% Nia-C speciation, and the resulting crystal 

structure retains Fo-Fc electron density between the active-site metal atoms in the same position as 

that observed for Nia-R consistent with retention of the bridging hydride (Fig. 2, Table S3).  Comparing 

the primary coordination sphere of the active site in the Nia-R and Nia-C states show the protein 

structure is unchanged (Table S4) even though the [NiFe] cluster has formally lost one electron altering 

the distribution of charge across the metals (Fig. 2b). 

Localised structural flexibility in Nia-L assists H+ transfer 

To study the hydrogenase at the formal level of Ni(I) in the Nia-L family of substates, we first turn to 

Hyd-1 where  Nia-L has been observed as a long-lived intermediate during turnover.28 Electrochemical 

poising at a mild potential generated a mixture of states dominated by Nia-L species, and in particular 

the Nia-LII state (>60 %, Fig. 3a), where LI, LII, and LIII are hypothesised to represent sequential proton 

movements away from the active site.27 The structure of the primary coordination sphere of the active 

site is unchanged relative to Nia-C or Nia-R, (Table S4), but crucially lacks difference density between 

Ni and Fe, indicative of a vacant bridging position and loss of the bound hydride (Fig. 3a).  

Of the conserved amino acid residues in the outer coordination sphere, only the side-chain of E28 

moves on formation of Nia-LII (Table S4).  Rotation of E28, to a “swung in” position, places the 

carboxylate side chain within hydrogen-bonding distance of C576, shortening the oxygen-sulfur 

distance from 3.5 to 2.7 Å (Fig. 3b). This implies that one of the participating atoms must be 

protonated and provides the first direct structural evidence of how E28 enables proton transfer during 

catalysis.29–32 Based on structural and steady-state kinetic data, E28 has long been implicated as the 

start point for several possible routes of proton egress from the active site,33,34 with proton transfer 

assumed to occur via a Grotthuss-like hopping mechanism. However, large kinetic isotope effects 

(>40) have been demonstrated for a [NiFe]-hydrogenase from P. furiosus on sub-turnover timescales, 

which implies quantum tunnelling of protons 20,21 in turn requiring a hydrogen bonding pathway to 

provide the short donor-acceptor distance necessary for tunnelling. The state-specific glutamate 

“flick” (Fig. 3b) that brings E28 within hydrogen bonding distance of the active site, precisely when 

proton transfer is required, rationalises how E28 is essential for catalysis when all previously published 

structures have donor-acceptor distances too great (~3.5 Å) to allow proton tunnelling.  Movement of 

E28 is also in agreement with molecular dynamics simulations that previously suggested 

conformational flexibility of the equivalent residue, E13, of A. aeolicus membrane-bound 

hydrogenase.35 The characteristic timescales for sidechain rotations (nano to picoseconds)36 are 

sufficiently short that a glutamate flick is compatible with catalytic turnover on the order of milli to-

microseconds typically observed for [NiFe]-hydrogenase.37 In the Nia-SI, Nia-C, and Nia-R structures, 

E28 is in the ‘swung out’ position forming  a short (2.5 Å) hydrogen bond to highly conserved residue 

T18 in the small subunit (Extended Data Fig. 6). Such a short bond will raise the pKa of E28,38 enhancing 

its ability to accept protons. 
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Fig. 3 (a) Hyd-1 crystals poised at −275 mV are highly enriched in the Nia-LII state (1877 cm-1, with minor species: 

Ni-L(iii)  1865 cm-1), Ni-C (1946 cm-1), Ni-SI (1927 cm-1), and an unknown state (1888 cm-1) present).   Residue 

E28 twists towards the active site forming a hydrogen bond with C576, allowing proton egress from the metal 

centre.  (b)  Modest rotation of E28 towards C576 is sufficient to form a hydrogen bond to the active site in the 

‘swung in’ position (white); the ‘swung out’ position of E28 in Ni-SI (cyan) is overlayed for comparison. (c) 

Structure and IR spectrum of Hyd-2 crystal poised at −600 mV followed by illumination with light at 365 nm 

(Extended Data Fig. 7) produces crystals containing the Nia-LI state (1915 cm-1) as the overwhelming majority 

species, here the side-chain of E14 (E28 in Hyd1) is too far away to interact with Ni-coordinating C546 (C576 in 

Hyd-1). 

It is well established, for various hydrogenases, that photolysis of Nia-C is an alternative method to 

generate  Nia-L states.39,40 Illuminating cryogenically-cooled crystals of Hyd-2 poised at the Nia-C state 

with UV light produces crystals with IR spectra consistent with Nia-LI (>98 %, Extended Data Fig 7), in 

which the proton is proposed to reside on an active-site cysteine.41–43 Structurally, Nia-LI appears 

identical to Nia-C, with E14 (E28 in Hyd-1) remaining in the ‘swung out’ position, but with complete 

loss of the bridging hydride ligand in Nia-LI.  (Fig. 3c, Extended Data 8).  In the Nia-R structure (Fig. 2), 

derived from a mixture of the Nia-RII and Nia-RIII states, E28 is also in the ‘swung out’ position, while 

this does not preclude a role for E28 in proton transfer at the Nia-R level it suggests each proton 

produced during H2 oxidation may have a different exit pathway. 

Fine potential control uncouples structural changes at the active site and proximal cluster. 

Poising Hyd-1 crystals at progressively more oxidising potentials (Fig. 4) isolates the Ni-B state with 

each structure showing clear electron density for a hydroxide bridging the Ni and Fe atoms. 19 Unlike 

air-oxidation of Hyd-1 there is no indication of oxygenation of any of the active site cysteine residues, 

indicative of Ni-A.44 At +100 mV the proximal cluster remains in the closed conformation45 with the 

mobile Fe atom (Fe7)  coordinated by the side-chains of C19 and C20 (Extended Data Fig 9).  Analysis 

of difference maps suggest the closed conformation is present in >90% of molecules in the crystal 

lattice.  The closed conformation of the proximal cluster is typically associated with the reduced (+3) 

state,30,46 however, since the applied potential lies between the mid-point potentials of the oxidised 

(+30 mV) and superoxidised (+230 mV) states of this cluster,14 and oxidation typically results in only a 
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slight contraction of Fe-S bond-lengths,47 it is likely the cluster is, in fact, in the oxidised (+4) state. This 

is the first time this has been isolated for oxygen-tolerant hydrogenases, where oxidised enzyme 

typically displays proximal clusters as a mixture of oxidised and superoxidised conformations30,48 or 

wholly in the superoxidised (+5) state.30,49 

 

Fig. 4: (a) Superposed structures of oxidised active site and proximal FeS cluster of Hyd-1 show conformational 

changes that occur as the enzyme responds to oxidative inactivation,  +100 mV state shown in white, +300 mV 

state shown in grey and +550 mV state shown in black. (b) Stacked spectra of νCO region measured under the 

same oxidative potentials shows the majority species to be Ni-B (1943cm-1).  Full spectra including CN region is 

shown in Extended Data Fig. 9a. 

Stepping the applied potential to +300 mV triggers the majority (>90%) of the proximal cluster to 

switch to the open, superoxidised (+5) conformation with the mobile Fe now additionally coordinated 

by the main-chain amide group of C20 (Extended Data Fig. 7c). A further step towards a more positive 

potential (+550 mV) causes the side-chain of Glu76 to swing towards the mobile Fe atom,  coordinating 

the metal and further stabilising the superoxidised conformation. Previous analysis of oxidised Hyd-1 

structures30 suggested mobility of E76 allowed the carboxylate group to accept a proton from the 

backbone amide of C20, facilitating coordination to Fe7.  However, our structures do not support this 

since the +300 mV state shows the mobile Fe is already coordinated by the mainchain amide of C20, 

implying deprotonation, before any movement of E76 that could aid proton abstraction has occurred.  

This suggests the role of E76 is to electrostatically stabilise the most oxidised state of the cluster.  The 

structure of Hyd-2 poised at +200 mV (Extended Data Fig. 10) captures the pure Ni-B state of this 

enzyme, with a hydroxide bridging the Ni and Fe atoms and no trace of oxidation of the coordinating 

Cys ligands or elsewhere in the protein. 

Conclusions 

We have independently isolated, verified, and structurally characterised each long-lived redox 

intermediate of the [NiFe]-hydrogenase catalytic cycle.  Minimal structural changes are observed in 

the primary coordination sphere between catalytically-active redox states of the [NiFe]-hydrogenase 

active site, even with a 1 electron reduction from Nia-C to Nia-R.  This is entirely consistent with a low 

reorganisation energy for electron tunnelling as required by Marcus theory. Structural rigidity extends 

to the highly-conserved amino acid residues surrounding the [NiFe]-active site with the notable 

exception of a single glutamate residue, E28 (in Hyd-1, E14 in Hyd-2).  We provide direct evidence for 

how H+ transfer during catalysis is facilitated by a subtle flick of this glutamate sidechain, specific to 

the Nia-LII state, to bring it within the 2.7 Å distance required for proton tunnelling.  This reconciles the 
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seemingly incompatible observations of proton tunnelling and a large donor-acceptor distance in 

[NiFe]-hydrogenases, demonstrating a new paradigm for highly-optimised proton-coupled electron 

transfer. 

Methods 

Electrochemical poising apparatus 

A  general workflow for  electrochemical poising of protein crystals prior to x-ray diffraction is detailed 

in Extended Data Fig. 2. The two-component ‘crystal vial’ system used for electrochemical poising of 

protein crystals comprises a large electrochemical cell for bulk electrochemistry and a separate, 

smaller vial for introducing mediator to the protein crystals. The two parts are connected via a 

peristaltic pump  to circulate the crystallisation buffer containing electrochemical mediators (Tables 

S5 and S6).  The separation is necessary to 1) protect the crystals from the shear forces generated by 

rapid stirring of the solution in the electrochemical cell, necessary to efficiently poise the mediator 

solution, and 2) to allow for gentle introduction of the mediator to the crystals.  These measures were 

essential for maintaining the diffraction quality of the crystals.  Constant pumping of mediator-

containing crystallisation buffer ensured the crystals were continually exposed to freshly-poised 

mediator at a defined potential.  Electrochemical potential were applied with an AutoLab 128 N 

potentiostat (Metrohm) controlled by NOVA software (v 1.10) Electrochemical potentials (E) were 

measured with a saturated calomel reference electrode (SCE)  and potentials quoted in the text 

adjusted to mV vs the standard hydrogen electrode (SHE) using the conversion E (mV vs SHE) = E (mV 

vs SCE) +241 mV at 25 °C.50 

Purification and crystallisation of Hyd-1 and Hyd-2 

Proteins were expressed, purified, and crystallised as described previously,44,51  with all “as-isolated” 

crystals predominantly in the Ni-B state, as assessed by IR-spectroscopy.10 

Electrochemical poising of Hyd-1 crystals 

A solution (5 mL) containing appropriate redox mediator(s) (Table S6), each at 1 mM concentration, 

was prepared in N2 saturated crystallisation buffer (100 mM Bis-Tris, pH 6, 200 mM Li2SO4, 150 mM 

NaCl, 22% w/v PEG 3350, 15% v/v glycerol) and transferred into the electrochemical cell in a N2-filled 

glovebox (Belle Technologies or Glove Box Technologies, O2 <3 ppm). The mediator solution was 

initially poised at −600 mV vs. SHE until the mixture reached equilibrium, as judged by the measured 

current approaching zero mA, to ensure full reduction of the mediators (Extended Data Fig. 2). Then 

a 10 μL aliquot of the poised mediator cocktail was added to each well of a crystallisation plate 

containing Hyd-1 crystals, to initiate reductive activation of the protein.  Multiple crystals were then 

transferred from crystallisation plate to the crystal vial by gentle pipetting. The crystal vial was then 

topped up with 300 μL poised mediator solution and the crystals allowed to settle for approximately 

5 mins. Poised mediator solution was then flowed across the crystals for at least 8 hours to ensure 

complete electrochemical activation of Hyd-1.  It should be noted that unlike Hyd-2, exposure of 

crystals of Hyd-1 to pure hydrogen gas was insufficient to reductively activate the protein (Fig. S2).  

The potential was then switched to the target potential, to enrich the crystals in the desired redox 

state. The target potential was applied until equilibrium, judged by the measured current approaching 

0 mA, was achieved (Extended Data Fig. 2). The poised crystals were transferred with 20 μL poised 

mediator solution to an empty well on a crystallisation plate, some were flash-cooled in liquid N2 under 

anaerobic conditions for x-ray diffraction measurements while others were transferred to a 

transmission cell for IR spectroscopy to confirm the speciation within the crystal. 
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Electrochemical poising of Hyd-2 crystals 

Hyd-2 crystals were electrochemically poised at the desired potentials in Hyd-2 crystallisation buffer 

(100 mM Bis-Tris, pH 6, 200 mM MgCl2, 22% w/v PEG 3350, 15% v/v glycerol).  Hyd-2 crystals were 

activated either by electrochemical reduction as described for Hyd-1 or by exposure to pure H2.  For 

H2 activation, a 10 μL aliquot of the crystallisation buffer was added to each well of the crystallisation 

plates containing Hyd-2 crystals. The crystals were then transferred into a 600 μL microcentrifuge  

tube with 50 μL crystallisation buffer.  The open microcentrifuge tube was then placed into a sealed 

vial, which was flushed with 100% H2 with a flow of 10 mL/min for at least one hour. The spectrum of 

the Hyd-2 crystal after H2 activation is shown in Fig. S3 and shows a complete absence of any 

inactivated-active site states (Ni-B or Ni-A, 1957 cm-1). 

Like Hyd-1, mediator solutions (5 mL) were poised at −600 mV vs. SHE for one hour to fully reduce the 

mediator followed by a switch to the target potential for at least one hour or until equilibrium was 

achieved. At this point the H2-activated Hyd-2 crystals were loaded into the crystal vial, followed by 

topping up with the poised solution to 300 μL. The crystals were further poised at the chosen potential 

for at least one hour before harvesting for XRD and FTIR measurements as described for Hyd-1 above. 

Single crystal infrared spectroscopy measurements 

For each batch of poised crystals FTIR spectra were measured to confirm the speciation at the active 

site.  Since spectra could not be directly measured for the samples used for diffraction experiments, 

spectra were recorded for multiple crystals from each poising experiment to ensure there has been a 

uniform response to the applied potential throughout each batch of poised crystals. The poised 

crystals were anaerobically pipetted,  in 20 μL of poised mediator solution to a transmission IR cell, 

and sandwiched between two CaF2 windows  separated by a 50 μm spacer.  Extended Data Fig. 2 

shows an image of a poised crystal recorded through a 15× objective lens. The IR spectra were 

recorded using a Vertex 70 FTIR spectrometer (Bruker) equipped with a Hyperion 2000 microscope 

and a mercury cadmium telluride (MCT) detector. IR spectra were recorded from a sample area 

defined by motorised slits in the IR beam path. Background spectra were recorded from a sample of 

the poised mediator solution at a position adjacent to the single crystal sample.  All spectra were 

recorded over 50 scans at resolutions of 2 or 4 cm-1using OPUS 8.2.28 software. Origin 2023 software 

was used for subsequent baseline correction, using an interpolated spline function, and fitting 

Gaussian functions to the observed peaks.   

Single crystal infrared spectroscopy measurement on Hyd-2 crystals at low temperature 

Hyd-2 crystals were electrochemically poised at the Nia-C state and then pipetted anaerobically with 

12 μL poised Eu-BAPTA solution to a transmission IR cell (PIKE Technologies). IR spectra were recorded 

at room temperature to confirm speciation. The transmission IR cell containing the crystals was then  

placed in liquid N2 for several minutes prior to recording a cryogenic “dark” reference spectrum  under 

ambient laboratory illumination  or a “light” spectrum after illumination for 10 s with a 365 nm LED  

(Thorlabs). The “light” and “dark” crystal IR spectra were recorded at 2 cm-1 resolution for 50 scans. 

Light triggering of frozen Hyd-2 crystals prior to X-ray diffraction data collection 

Hyd-2 crystals that were poised at Nia-C state were flash-cooled in liquid N2. Crystals were mounted 

onto the goniometer of beamline I24 (Diamond Light Source) and held in a stream of N2 gas at 100 K 

before illumination with an LED with a centre wavelength of 365 nm (Thorlabs) for 10 seconds.  

Diffraction data were collected after the illumination using x-rays of wavelength of 0.62 Å and an 

Eiger2 XE 16M detector. 
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X-ray structure determination 

After poising, crystals were flash-cooled in liquid N2 prior to data collection.  Diffraction data were 

collected as helical scans and low x-ray doses (to minimise radiation damage  (Fig. S5, Tables S7-S10) 

at beamlines I03 or I24 (Diamond Light Source, UK) using x-rays of wavelength  0.77 Å and an Eiger2 

XE 16M detector.  Data reduction was performed using DIALS52 and AIMLESS53 within the Xia2 

pipeline54.  Using REFMAC555, initial phase estimates were generated by all atom refinement of wild-

type hydrogenase (pdb 6FPO) against data collected from poised crystals.  The resulting maps were 

inspected in COOT56 followed by iterative rounds of manual rebuilding (COOT) and refinement 

(REFMAC555 or PHENIX57) until no further improvements were possible.  The quality of the resulting 

models was assessed using Molprobity58.   Relative proportions of different states of the proximal 

cluster were estimated by deleting atoms Fe from the cluster, calculating omit maps and comparing 

peak heights in the resultant Fo-Fc map. 
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