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Abstract 

 The active site of Hyd-1, an oxygen tolerant membrane-bound [NiFe]-hydrogenase from Escherichia 

coli, contains four highly conserved residues that form a ‘canopy’ above the bimetallic center, closest to 

the site at which exogenous agents CO and O2 interact, substrate H2 binds, and a hydrido intermediate is 

stabilized. Genetic modification of the Hyd-1 canopy has allowed the first systematic and detailed kinetic 

and structural investigations of the influence of the immediate outer coordination shell on H2 activation.  

The central canopy residue, arginine-509, suspends a guanidine/guanidinium side chain at close range 

above the open coordination site lying between the Ni and Fe atoms (N−metal = 4.4 Å): its replacement 

by lysine lowers the H2 oxidation rate by nearly two orders of magnitude and markedly decreases the 

H2/D2 kinetic isotope effect. Importantly, this collapse in rate constant can now be ascribed to a very 

unfavorable activation entropy (easily overriding the more favorable activation enthalpy of the R509K 

variant).  The second most important canopy residue for H2 oxidation is aspartate-118, which forms a salt 

bridge to the arginine-509 headgroup: its mutation to alanine greatly decreases H2 oxidation efficiency, 

observed as a 10-fold increase in the potential-dependent Michaelis constant. Mutations of aspartate-574 

(also salt-bridged to R509) to asparagine, and proline-508 to alanine have much smaller effects on kinetic 

properties. None of the mutations significantly increase sensitivity to CO, but neutralizing the expected 

negative charges from D118 and D574 decreases O2 tolerance by stabilizing the oxidized resting NiIII-OH 

state ‘Ni-B’. An extensive model of the catalytic importance of residues close to the active site now 

emerges, whereby a conserved gas channel culminates in the arginine headgroup suspended above the Ni 

and Fe.  
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Introduction 

 Hydrogenases catalyze the reversible splitting of molecular hydrogen (H2) into protons and electrons 

and allow a diverse range of microbes to utilize H2 in their energy metabolism.(1, 2) These organisms 

range among facultative anaerobes such as Escherichia coli, obligate anaerobes such as Clostridium sp. 

and Desulfovibrio spp., and aerobes such as green algae e.g. Chlamydomonas reinhardtii. Their minimal 

active sites contain Ni and/or Fe with biologically-unusual CN− and CO ligands coordinated to the Fe, 

resulting in their classification into the broad classes of [NiFe]- and [FeFe]- (and [Fe]-) hydrogenases. 

Despite using only first-row transition metals, their active sites show high efficiency for H2 oxidation with 

rates that may exceed those achieved with platinum.(3) Although the direct use of isolated hydrogenases 

in large-scale energy technology is not feasible, a detailed atomic-level description of their mechanisms is 

important in guiding the design of synthetic catalysts based on abundant elements. Interconversion 

between H2 and H+ is the simplest example of a complete, proton-coupled electron-transfer process, so the 

chemistry is of fundamental importance. From extensive efforts to synthesize and test structural analogues 

with hydrogenase-like activity, it is certain that the inner coordination shell alone is insufficient, because 

relatively forcing conditions are required to obtain any reaction.(4, 5) In contrast, the most successful 

small molecule catalysts are equipped with outer-shell functionalities to facilitate H2 activation by the 

metal:(6) significantly, in terms of their inner-sphere coordination, they do not resemble the active sites of 

hydrogenases beyond the use of Ni. 

 In [NiFe]-hydrogenases, the residues in the outer-shell that must be most intimately engaged with H2 

binding and with H−H bond formation and cleavage form a ‘canopy’ immediately above the inner shell, 

i.e. facing the binding site for exogenous CO,(7) the apparently vacant site on the Fe, and the variable 

exchangeable ligand that bridges the Ni and Fe atoms (Figure 1, where X represents OH− or H− that are 

present in the oxidized inactive state Ni-B, or active states Ni-R and Ni-C,(5, 8, 9) respectively). The 

membrane-bound [NiFe]-hydrogenase-1 (Hyd-1) from Escherichia coli belongs to a special group known 

as O2-tolerant [NiFe]-hydrogenases (Group 1d(1)) due to its ability to oxidize H2, continuously, in the 

presence of O2.(10) The active site is otherwise typical of the whole class known to date even, apparently, 

in the oxygenation of a coordinated cysteine that occurs upon reaction with O2 in the absence of H2, 

resulting in a recalcitrant inactive species known as ‘Unready’ or Ni-A.(11, 12). Using Hyd-1 numbering, 

the central feature of the canopy is an arginine (R509) that suspends its potentially mobile sidechain 

directly above the metal ions (average guanidiniumNζ1-to-Ni/Fe distances of 4.4 Å(13)). Indeed, R509 is 

the only residue having a sidechain close enough to interfere directly with an exchangeable ligand of Ni 

or Fe. The canopy also comprises two aspartates (D118 and D574) and a proline (P508).(12) The 

carboxylate headgroups of D118 and D574 appear to form salt bridges to the R509 guanidinium 
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headgroup while P508 may be important in conserving the local fold to ensure that the arginine sidechain 

is held in place. These residues are highly conserved, depending on subgroup, as summarized in Figure 

S1 and Table S1. The canopy region contains structurally invariant water molecules that could mediate 

proton transfer,(12) but does not include established important residues glutamate 28, valine 78 and 

leucine 126 (Hyd-1 numbering) that lie to the side of the Ni, as these are too far away to execute H−H 

bond formation or cleavage. Mutations of E28, thus far the most essential residue for catalysis as 

determined in studies of the [NiFe]-hydrogenase from Desulfovibrio fructosovorans (Df [NiFe]-

hydrogenase), abolish (E→Q) or retard (E→D) H2 oxidation by methyl viologen, as well as 

D2/H+(solvent) exchange, but do not affect ortho/para H2 interconversion;(14) consequently, although 

E28 is not close enough to be implicated directly in H−H cleavage it must be important in longer range 

proton transfer to/from the active site. Mutagenesis studies, again in Df [NiFe]-hydrogenase, have 

suggested that V78 and L126 control the access of gases to/from the active site.(15, 16) 

 We recently succeeded in modifying the canopy region of Hyd-1 by stepwise mutagenesis of R509, 

D118 and D574.(12) Our study of the fully-formed and stable R509K variant, which showed only 1% of 

the activity of native Hyd-1, suggested the important new possibility that the arginine headgroup plays an 

essential mechanistic role, analogous to the pendent N-base in [FeFe]-hydrogenases(17) and the best 

functional analogues,(18) by employing a ‘frustrated Lewis pair’ effect to activate H2.(19)  Based on the 

pKa of free arginine (12.5(20)), deprotonation of the guanidinium headgroup may seem difficult,(21) 

however, during H2 production a strongly basic intermediate (a hydrido ligand) is generated by successive 

electron transfers: likewise, a transiently deprotonated guanidine would be a strong base, ideal as a proton 

acceptor during H2 oxidation.(22) In addition to primary activation of H2, a mobile arginine side chain 

might also mediate proton transfer, an obvious possibility being removal of the H entity occupying the 

bridging position in the Ni-R and Ni-C states (Figure 1A). The high level of conservation of residues 

D118 and D574 suggested they also have an important role in H2 activation by Hyd-1, for example in 

proton transfer; however, substitution of these residues with neutral asparagine (D574N, D118N/D574N) 

had little effect on H2 oxidation activity or the active site structure of Hyd-1.(12) The ability to re-

engineer the canopy region is significant also for establishing structural aspects that are relevant to O2 

tolerance and the often quoted ‘bias’ of hydrogenases to favor a particular catalytic direction.(23-25)  We 

have now carried out extensive investigations using protein film electrochemistry (PFE), a suite of 

techniques that has already played an important role in the characterization of hydrogenases,(26, 27) in 

order to establish the importance of each of the canopy residues in determining some key kinetic 

parameters. We have therefore been able to measure activation parameters (∆H‡) and Michaelis constants 

(𝐾𝐾M
H2) over a range of potentials, establish quantitative tolerances to O2 and CO, and examine the abilities 
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to catalyze H2 evolution at low pH.   We have also compared the D/H isotope effect on H2 oxidation by 

native and R509K. In interpreting the large decrease in activity of R509K, it is important to measure non-

scaling parameters that complement the rate comparisons: in this respect, the activation parameters and 

isotope effects are very helpful.  In addition to D118A, R509K, D574N, and D118N/D574N, we have 

included a new variant P508A, in which the fold of the canopy could, in principle, be destabilized.  Our 

investigations lead to a detailed assessment of the importance of each of these amino acids located in the 

outer shell closest to the site of H2 activation.  

 

Materials and Methods 

Molecular Biology 

 Cloning steps for production of the deltaTM, D118A, R509K and D118N/D574N variants have been 

described previously,(12) and the P508A mutation was made on a pMAK-hyaB plasmid construct (Table 

S2). Following confirmation by DNA sequencing, the codon change was transferred from the resulting 

plasmid to the FTH004 strain, as previously described.(12, 28)  

Enzyme Production and Purification 

 All experiments were performed with native and variant Hyd-1 produced from the E. coli MC4100-

derived K-12 strain FTH004, or the desired variant strain containing an engineered HyaA protein with a 

His6 affinity tag at its C-terminus.(29) Purification steps were followed as published previously.(12)  

Protein Film Electrochemistry 

 In PFE, the electrode potential applied to the minuscule sample of enzyme adsorbed on a rotating 

electrode affords direct control of the oxidation state of the redox-centers as various gases are introduced, 

while the catalytic activity is monitored as current. As a consequence, many reactivity characteristics can 

be measured over a wide potential range, for example, Michaelis constants (𝐾𝐾M
H2), inhibitor binding, O2 

tolerance, activation enthalpies (∆H‡), and kinetic isotope effects.(27)   All PFE experiments were carried 

out in an anaerobic glovebox (MBraun, Vacuum Atmospheres or Belle Technologies) under an N2 

atmosphere (O2 <3 ppm). Electrochemical measurements were made using an Autolab potentiostat 

(PGSTAT128N) controlled by Nova software (EcoChemie). A pyrolytic graphite ‘edge’ (PGE) rotating 

disk electrode (RDE) constructed in-house(30) acted as the working electrode and was rotated at constant 

speeds (ω = 1000-3500 rpm, depending on the experiment and enzyme film) using an electrode rotator 

(EcoChemie or EG&G), to ensure rapid delivery of substrate to, and removal of product from, the 

electrode surface. The working electrode was placed in a gastight, thermostatted glass electrochemical 
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cell that fitted closely against the electrode rotator. The three-electrode configuration was completed by a 

Pt wire counter electrode and a saturated calomel reference electrode (SCE) housed in a side arm filled 

with 0.1 M NaCl that was connected to the main compartment by a Luggin capillary. All quoted 

potentials were converted to correspond to the standard hydrogen electrode (SHE) scale using the 

correction ESHE = ESCE + 0.241 V at 25 °C.(31) All electrochemical experiments were performed with a 

mixed buffer system(30) that was adjusted to the desired pH at the working temperature for each 

experiment, and all solutions were prepared using purified water (Millipore, 18 MΩ cm). Precise gas 

mixtures (BOC gases) feeding into the cell headspace were created using mass flow controllers (Sierra 

Instruments).  

 For most variants, enzyme ‘films’ were prepared in a consistent manner: the PGE electrode (geometric 

surface area 0.03 to 0.05 cm2) was abraded using P400 sandpaper (Tufbak Durite) and wiped to remove 

any excess carbon. Enzyme (~0.5-2 µL at 10-100 µM) was then applied directly to the surface of the 

electrode and allowed to soak for ~30 s before holding under a stream of purified water to remove 

excess/unadsorbed enzyme. All films were reductively ‘activated’ prior to each experiment to remove 

inactive states generated during purification: the electrode potential was poised at −0.66 V for 300 s then 

the H2 oxidation activity was monitored at 0 or -0.1 V depending on the enzyme in question (see later). 

This procedure was repeated continuously until the H2 oxidation current had stabilized. In most cases, 

final current amplitudes were restricted to a maximum of 10µA by lowering the enzyme coverage (by 

wiping the enzyme film with cotton wool) in order to remove H2 mass-transport limitations. Improved 

signal-to-noise, where required for R509K which has much lower activity, was achieved by modifying the 

PGE electrode using a multi-walled carbon nanotube/activated 1-pyrenebutyric acid system, in order to 

covalently attach the enzyme and increase the enzyme coverage, as described previously.(32, 33) 

Solution Assays 

 Steady-state H2 oxidation turnover rates under 100% H2 were measured for exhaustively activated 

native Hyd-1 and variant enzymes, as previously described.(12)  Methylene blue solution (Aldrich) at a 

final concentration of 25 µM in 50 mM potassium phosphate buffer (Fisher) at pH 6 was used as electron 

acceptor. Solution assays were conducted at room temperature (25 °C) in an anaerobic glovebox (Belle 

Technologies) using an Ocean Optics S2000 fiber optic spectrometer controlled with OOIBase32 

software (Ocean Optics, Inc). The extinction coefficient adopted for methylene blue was 22400 cm−1 

M−1.(34) The concentrations of the enzyme solutions (0.1-5 mg mL−1) were determined by the Bradford 

assay method.(35) The initial velocities measured at 600 nm were used to determine the turnover rates 

and are expressed as µmol H2 oxidized min−1 mg−1 enzyme or as the apparent turnover rate, k (s−1). 
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X-ray Crystallography 

 The Hyd-1 variant P508A was crystallized as described previously.(12) Crystals were transferred to a 

cryoprotecting solution (100 mM Bis-tris pH 6.0, 150 mM NaCl, 200 mM LiSO4, 25% (w/v) 

polyethylene glycol 3350, 15% glycerol) for 30 s before flash cooling in liquid nitrogen. X-ray diffraction 

data were collected at beamline i04-1 (Diamond Light Source, UK) at a wavelength of 0.92 Å using a 

Pilatus 2M hybrid pixel array detector. To minimize radiation damage by photo-reduction, diffraction 

data were collected using a helical line scan. Data reduction was performed using the DIALS automated 

data reduction pipeline(36) and subsequent stages of model building and refinement were performed as 

previously described.(12) 

 

Results 

Production and Structure of P508A 

The P508A variant of Hyd-1 was purified aerobically (Figure S2) and crystallized as described 

previously.12 Long, rod-shaped crystals of P508A grew within 24 h and diffracted X-rays to a maximum 

resolution of 1.2 Å (Table S3). The protein architecture is unchanged relative to native Hyd-1 (Figure S3) 

particularly at the catalytic center where the polypeptide backbone of the canopy (Cα atoms of residues 

118, 508, 509 and 574) can be superposed on the native protein with an r.m.s.d. of 0.06 Å.  However, the 

average temperature factor for each residue at the active site is noticeably higher than observed in other 

variant structures of comparable resolution (Table S4, B-factors), implying increased flexibility at the 

[NiFe] center. Several side chains also display conformational heterogeneity, including Ni-coordinating 

residues C76 and C576 (Figure S4).  The side chain of D118 is also observed in two conformations 

(Figure S5): the first forms a salt bridge with R509 and the second is rotated by approximately 60° to 

form a hydrogen bond with a water molecule that fills the cavity created by the P508A mutation and the 

main chain carbonyl group of V78 (Figure S6). 

Steady-state activities 

 Initial-rate activities at pH 6.0 (i.e. close to the optimal pH conditions (>80% activity) for each 

enzyme, see Figure S7), measured by conventional steady-state assays in (initially) H2-saturated solution, 

are displayed in Table 1. The values were also converted to turnover frequencies kcat (per enzyme 

molecule).  In view of the data obtained from PFE measurements (see below), we could be confident that 

in all cases (apart from D118A) 100% H2 provides saturating conditions (assuming Vmax is normally 
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achieved at > 5 x 𝐾𝐾M
H2).  The solution data, which now include P508A, supersede but remain in excellent 

agreement with those published recently.(12)  

Electrocatalytic windows of the variants 

 The characteristic potentials for reductive activation and onset of H2 oxidation (see later) define the 

potential window for activity of each enzyme (Figure S8). The onset potential for H2 oxidation is, within 

error, the same for all variants, but ease of reductive activation, as defined by ‘Eswitch’,(26) differs greatly. 

Regardless of its mechanistic origins,(27) when measured at very slow scan rates, such as 0.1 mV s−1, 

Eswitch signifies the stability of Ni-B, the oxidized inactive ‘resting’ state, and this stability increases in the 

order Native < P508A, R509K < D118A < D574N < D118N/D574N. This order is important for 

O2-tolerance, because negative shifts in Eswitch mean that increasingly strong reducing conditions are 

required for sustained activity in the presence of O2 (see later). Differing values of Eswitch also had to be 

taken into consideration in measuring potential-dependent parameters: with D118N/D574N, for example, 

Ni-B stabilization is so great that measurements of  𝐾𝐾M
H2 and ∆H‡ had to be restricted to potentials below 

0 V.  

Michaelis-Menten Kinetics and Activation Enthalpies 

  The potential dependence of the Michaelis constant 𝐾𝐾M
H2 was measured for each variant by recording 

cyclic voltammograms at 5 mV s−1 under different H2/Ar gas compositions that were varied in the range 

0.3% to 100% H2. Before recording each cyclic voltammogram, the potential was held at 0 (or -0.1 V for 

D118N/D574N and D574N, see above) for at least 1200 s to equilibrate the buffer with the H2/Ar 

headspace mixture. The results for all variants are compiled in Figure 2. Two points of note are: (1) the 

exceptionally high value of 𝐾𝐾M
H2 (and its potential dependence) for D118A; (2) the negligible potential 

dependence for P508A and R509K, the latter being by far the slowest of the variants.  

 Activation enthalpies for H2 oxidation, ∆H‡, were determined from the temperature dependence of 

electrocatalytic currents recorded during cyclic voltammograms under 100% H2 which, with the 

exception of D118A, gives a sufficiently high concentration of H2 with respect to 𝐾𝐾M
H2 that the current 

should reflect the turnover frequency kcat of the enzyme under H2-saturated conditions.  Importantly, the 

rotation rate of 1000 rpm ensured that H2 mass transport through the solution was not a factor in the 

temperature dependence. Results of data analysis using the Eyring equation are shown in Figure 3 and 

Table 1, and agree well with those previously published for native Hyd-1(24) (see also Figure S9). Native 

Hyd-1 and P508A show little variation in ∆H‡ over the potential range -0.1 to +0.24 V, whereas the data 

for R509K are lowered uniformly by 5-7 kJ mol−1. For the aspartate variants, the activation enthalpy 
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decreases with increasing potential: the trend is minimal for D574N, but for D118A, the very marked 

decrease in activation enthalpy as the potential is raised mirrors the potential dependence for the much 

higher 𝐾𝐾M
H2 observed for this variant (Figure 2). Due to increased Ni-B stabilization for D118N/D574N 

(see above), ∆H‡ data for this variant are restricted to potentials below 0 V. In Table 1, we have 

highlighted the ∆H‡ values at 0 V, the highest potential we were able to use to measure ∆H‡ for all 

enzymes without complications due to Ni-B stabilization.  

Kinetic Isotope Effects 

 Chronoamperometry experiments were conducted to compare H2/D2 kinetic isotope effects (KIE) for 

Hyd-1 and R509K, enzymes representing the two extremes of catalytic activity (Figure 4). Measurements 

were made at pH 5, pH 6 and pH 7 to ensure the differences in current at the different pH values (Figure 

S7) did not affect the KIEs. The H2/D2 exchange experiments were carried out as described 

previously;(37) the current was measured at 0, +0.15 and -0.15 V under 100% H2 before changing the 

headspace gas to 100% D2,and measuring the current at the same potentials. The gas exchanges were 

repeated several times to monitor film loss and calculate errors. Of immediate note are: (1) the small 

H2/D2 KIEs show that H-H bond breaking is not rate determining for H2 oxidation, and; (2) the KIE 

values for R509K are much smaller than for native Hyd-1. Neither enzyme showed any potential 

dependence for KIE in the range studied (not shown). 

O2 Inhibition: Transient and Prolonged Exposure: 

 The response of each variant to transient O2 exposure was assessed as previously described:(10, 38) 

O2-saturated buffer was injected at +0.03 V (0.21V below the Eswitch for native Hyd-1) during a potential 

sweep from -0.40 to +0.24 V at 5 mV s−1 to give a solution concentration of 154 µM O2. The constant 

flow of H2 through the headspace immediately begins to flush O2 from the system, with removal being 

effectively complete upon starting the reverse sweep to negative potentials. For all enzymes, the current 

drops within 2 s of O2 injection and (except for D118N/D574N and D574N) is followed by rapid recovery 

of substantial H2 oxidation current.  For D118N/D574N and D574N, the current is lost completely, only 

recovering at lower potentials and when all O2 has been flushed from the system (Figure S10). Likewise 

for D118N/D574N and D574N, the ability to recover H2 oxidation immediately after injecting O2 is only 

seen when O2 is injected at a more negative potential (0.21 V below their respective Eswitch values, Figure 

S8).  Following this initial partial recovery, the current begins to fall once again (but at a much slower 

rate) as scanning to high potential drives anaerobic Ni-B formation.(26, 38) In all cases, the initial H2 

oxidation current at -0.15 V is recovered on the reverse sweep to low potential.  
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 The effect of more prolonged exposure to O2 was assessed for all enzymes at 0 V under continuous O2 

flow through the headspace in 10% H2 (Figure S11). Again, with the exception of D118N/D574N and 

D574N, all enzymes are able to sustain H2 oxidation, even under 10% O2/10% H2. This result is striking 

for D118A considering its large 𝐾𝐾M
H2 value. For D118N/D574N and D574N, the H2 oxidation current is 

completely lost under 6% and 4% O2, respectively. However, when the same experiment is performed at a 

more negative potential (0.21 V below their respective Eswitch values, Figure 5 and S8) both variants can 

sustain H2 oxidation in the presence of up to 10% O2. Unlike native Hyd-1, the H2 oxidation current of 

D574N is almost completely removed in 10% O2 despite a more negative potential being applied. In all 

cases, once the O2 flow through the headspace is ceased and returned to 100% H2, (i.e. there is still 

residual O2 to be removed)  the current begins to recover spontaneously to a significant level (film 

loss(30) notwithstanding) indicating that only the Ni-B/Ready state has been formed. Potential steps 

to -0.66 V (not shown) did not yield significantly increased currents upon returning to 0 V, demonstrating 

that Unready states were not formed.(10, 38). 

Sensitivity to CO  

 It has been noted that O2-tolerant [NiFe]-hydrogenases are less sensitive to CO than their O2-sensitive 

counterparts, for which CO is a competitive inhibitor of H2 oxidation.(29, 39, 40) To assess the impact of 

the canopy mutations on the CO (in)sensitivity of Hyd-1, CO inhibition experiments were performed as 

previously described (Figure S12).(38) No variant shows any significant change in CO sensitivity relative 

to native Hyd-1 and none approach the sensitivity of Hyd-2.  

Hydrogen production 

 Evolution of H2 by most [NiFe]-hydrogenases is inhibited by H2, and this product inhibition is 

particularly the case for O2-tolerant [NiFe]-hydrogenases like Hyd-1.(25, 29) Using our knowledge that 

Hyd-1 only evolves H2 at low pH and low [H2],(25) it was of interest (a) to determine which of the 

canopy variants evolve H2, and (b) establish any connection between 𝐾𝐾M
H2 values and H2 evolution 

capability that is normally defined as an inhibition constant 𝐾𝐾i
H2.(41, 42) According to a recent model, the 

ability to evolve H2 relates to the difference in potentials between the H2/H+ couple, and the reduction 

potential at which electrons enter or leave the enzyme.(23-25) In Hyd-1 the site responsible for electron 

entry/exit is the distal [4Fe-4S] cluster (closest to the protein surface but >30 Å from the canopy) and its 

reduction potential should thus determine the onset potential for H2 oxidation.(23-25) Cyclic 

voltammograms in the potential range -0.56 to +0.26 V were recorded at a scan rate of 10 mV s−1 (or 1 

mV s−1 for R509K) at pH 3 and 1% H2 (Figure 6). The current amplitudes depend on film size and do not 

reflect the relative ability of each enzyme to evolve H2. For R509K, a modified electrode was required to 
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amplify the otherwise very weak currents exhibited with standard PGE electrodes at pH 3.0 and 1% H2. 

The large capacitive currents that resulted from the use of modified electrodes meant that slower scan 

rates had to be used for R509K, and a baseline subtraction was also necessary. In all cases, care was taken 

to ensure that the zero-current potential was not more negative than the thermodynamic potential 

expected, and corrections were made where needed (Figure S13). Despite having a much higher 𝐾𝐾M
H2, 

which might be expected to correlate with decreased product inhibition by H2, D118A was the only 

variant that showed no H2 production activity. 

 

Discussion 

 Much of the recent research on [NiFe]-hydrogenases has focused on the role of the remote FeS 

clusters in O2 tolerance and clearly demonstrated the importance of having good electron availability for 

transfer back to the active site when O2 attacks. Here, exploiting our recent success in engineering the 

active site canopy(12)  we have investigated, quantitatively, the various impacts of replacing residues that 

lie very close to the active site where H2 CO and O2 react.   For the first time, we can derive a hierarchy of 

the canopy residues in terms of overall importance to the production of functional enzyme, and in terms 

of the influence on the various characteristic properties of Hyd-1 (Table 2). .  

 As far as we are aware, there is only one exception to residue 509 being an arginine: in the putative 

Group 1a [NiFe]-hydrogenase from Clostridium clariflavum, where the equivalent arginine is replaced 

with a lysine (Table S1).(1) We showed recently that R509 is crucial for rapid H2 oxidation by Hyd-1 and 

we proposed a mechanism in which it acts as the initial base in the H−H cleavage step.(12) We can now 

report that the R509K variant has special characteristics that do not scale with its much lower activity: the 

activation enthalpies and kinetic isotope effects (see later) reaffirm that the large decrease in H2 oxidation 

turnover rate observed for the R509K variant is due to a real difference in the H2 activation mechanism 

and is not a consequence of examining an inhomogeneous enzyme sample that is always 99% inactive.  

 Proline 508 is located at the i+1 position of a type I beta-turn, a position where proline is typically 

favored due to its stabilizing effect on the local protein fold.(43) In Hyd-1, the main chain conformation is 

unaffected by the P508A mutation, but elevated temperature factors and visible heterogeneity in the 

conformation of side chains in the immediate vicinity suggest the mutation has introduced some local 

instability.  The local effect was, however, not manifested as global protein instability in electrocatalytic 

determination of ∆H‡ at elevated temperatures (see Supplementary Information). Likewise, the 

replacement of proline with alanine at position 508 does not affect the turnover frequency, which is still 

approximately 50% of the native Hyd-1 value. The non-detrimental effect of mutating P508 is consistent 
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with the natural variation of the identity of the residue in this position across the different subgroups 

(Table S1).  

 Residue D118 is observed in two conformations in the P508A variant: in the alternate conformation, 

D118 is positioned to form a hydrogen bond with the backbone carbonyl of V78, which places into 

further question the stability of the R509-D118 interaction and suggests protonation of the carboxylate 

group (at least in the conformation that interacts with V78).   The position of the R509 sidechain remains 

unaffected, relative to native Hyd-1, by the conformational heterogeneity at position 118, implying that 

the precise orientation of the D118 sidechain may not be essential for catalysis. The double variant 

D118N/D574N also displays the alternate conformation of residue 118, yet retains some catalytic activity 

(approximately 20% of the native Hyd-1 value and that of the D574N single variant).(12) Although D118 

is conserved in Group 1d O2-tolerant [NiFe]-hydrogenases, variation in residue identity at position 118 is 

observed across the subgroups; D118 can be replaced by either an asparagine or a serine, as in the special 

subclass of [NiFeSe]-hydrogenases.  In native Hyd-1, D118 cannot adopt the alternate conformation 

observed in P508A, due to steric hindrance from Cγ of the pyrrolidine ring: this influence is provided by 

proline in the Group 1d [NiFe]-hydrogenases, but could be fulfilled by other polar uncharged or 

hydrophobic residues across the other sub-groups – for example, valine residue 500 in the actinobacterial-

type [NiFe]-hydrogenase from Ralstonia eutropha(44) (Group 1h/5, Table S1). Aspartate-574 is strictly 

conserved across all subgroups of [NiFe]-hydrogenases, with the exception of Group 4f, in which it is 

conservatively substituted by a glutamate to retain the carboxylate side chain (Table S1). Given this high-

level conservation, our discovery that its replacement by asparagine has so little effect on H2 oxidation 

kinetics may seem surprising, but D574 has an interesting influence on O2-tolerance, as discussed later. 

Neither the position of the D574 carboxylate group nor the H-bond between the Nε of R509 (average 

distance 2.8 Å(12)) and the backbone carbonyl of D574 are affected in the P508A variant. 

 Alterations of the canopy residues have only a small impact on the activation enthalpy for H2 oxidation 

except in the case of R509K and the two D118 variants. The steep decrease in activation enthalpy for 

D118A as the potential is increased most obviously reflects the increase in 𝐾𝐾M
H2 and the increasing 

exothermic contribution to ΔH‡ on H2 binding at the higher potentials (reflecting the progression of 

control from 𝑘𝑘cat/𝐾𝐾M
H2 to 𝑘𝑘cat). The same potential-dependent trends are evident from the restricted data 

measurable for D118N/D574N. The most meaningful comparison may be made between native Hyd-1 

and R509K since they differ greatly in rate and have small 𝐾𝐾M
H2 values and a similar flat dependence of 

ΔH‡ on potential. For R509K, the potential profile mirrors that of native Hyd-1 but is lowered uniformly 

by 5−7 kJ mol−1 at each potential. This result, which must predominantly reflect the contribution to 𝑘𝑘cat, 

is very important, mechanistically, because the large attenuation of H2 oxidation rate for R509K 
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compared with native Hyd-1 (a 102-fold decrease) must therefore result from a much larger entropy 

barrier. Based on the ratio of steady-state turnover rates (257.4/3.3), the extra barrier equates to ΔΔS‡ = 

−52 J K−1 mol−1 (see Supplementary Information).    

 The small KIEs for both native Hyd-1 and R509K show that H−H bond cleavage is very unlikely to be 

involved in the rate-determining step. The differences in the KIE data for native Hyd-1 (1.4) and R509K 

(1.1) are significant when considering a mechanism for H2 activation in which the role of the immediate 

base may be fulfilled by the deprotonated guanidine group of R509. Once H2 is split at the active site into 

a Ni-H− and H+ (on the base), a proton transfer would be required so that the guanidinium headgroup (or 

amine for R509K) is deprotonated for the next round of catalysis. A comparison of the pKa’s(20) of free 

lysine (pKa 10.5) and arginine (pKa 12.5) shows that deprotonation of a lysine-NH3
+ should be easier than 

for the guanidinium group of arginine, and less likely to be rate-limiting. This explanation would be 

consistent with the lower ΔH‡ observed for R509K, for which the far less favorable ΔS‡ suggests sub-

optimal pre-organization, as supported by the increased flexibility of the lysine sidechain that is evident 

from temperature-factor analysis of the crystal structure.(12)  

 For simplicity, we define 𝐾𝐾M
H2 as (𝑘𝑘−1 + 𝑘𝑘cat) 𝑘𝑘1⁄  where 𝑘𝑘1 and 𝑘𝑘−1  are the on and off rates for the H2 

binding step and 𝑘𝑘cat is the turnover frequency,(45) the latter including proton transfers and potential-

dependent electron transfer.(46) The 𝐾𝐾M
H2 value for R509K is low and independent of potential. 

Conversely, D118A differs from all the other variants by having a large potential-dependent 𝐾𝐾M
H2 that 

results in the high value of 0.3 mM at +0.24 V. Assuming 𝑘𝑘cat is not unusually large in D118A (owing to 

the high ρH2 that was required, the condition of 𝑉𝑉max in steady-state assays was not met for this variant) 

the large disparity in values for R509K and D118A must lie in the relative on/off rates 𝑘𝑘1 and 𝑘𝑘−1. A 

large value of 𝑘𝑘−1would suggest that the interaction between molecular H2 and active site is weak, and 

were this to be the case, D118A should show enhanced H2 production activity: yet D118A is the only 

variant that does not evolve H2 at low pH. An obvious problem with this simple analysis is that H2 

evolution and H2 oxidation occur under very different potential and pH conditions. Conversely, if the 

differences in behavior lie in 𝑘𝑘1, it follows that the binding of H2 must be slower for D118A than all other 

enzymes, and this suggests that D118 influences the access of H2 to the active site. The potential 

independence and low value of 𝐾𝐾M
H2 for R509K are fully consistent with a Michaelis-Menten process 

whereby 𝑘𝑘cat is not limited by long-range electron transfer and is sufficiently small that 𝐾𝐾M
H2 simplifies to 

k −1/k1, the dissociation constant for H2.   

 Replacing any of the canopy residues has limited influence on the susceptibility to CO inhibition when 

measured electrochemically in 20% H2. In all cases, the variants retain the unusual characteristic, shared 
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with other O2-tolerant membrane-bound [NiFe]-hydrogenases, that CO is a much less effective inhibitor 

of H2 oxidation than is the case with standard [NiFe]-hydrogenases.(29, 40) 

 The term ‘O2 tolerance’ refers to the ability to sustain catalytic activity in the presence of O2.(10, 47) 

A working hypothesis for the mechanism of O2 tolerance in membrane-bound [NiFe]-hydrogenases such 

as Hyd-1 relies on the ability (a) to have four electrons immediately ready to transfer when O2 attacks, 

completely reducing it to water, and; (b) to re-reduce, rapidly, the Ni(III)-OH product of O2 attack 

(known as Ni-B or ‘Ready’) and thus reactivate the enzyme.(10, 47) The FeS electron relay is crucial in 

supplying the electrons, and a feature of O2-tolerant membrane-bound hydrogenases is that the FeS 

centers have more positive reduction potentials (i.e. increased electron availability) compared to standard 

[NiFe]-hydrogenases,(48, 49) including an unusual proximal [4Fe -3S] cluster that can donate two 

electrons.(50) Inability to deal with O2 in this way (Hyd-1 is a ‘H2-oxidase’(51)) results in the 

accumulation of more permanently inactive states, particularly Ni-A (also defined kinetically as an 

‘Unready’ state) in which one of the bridging cys-S is oxygenated.(11, 12) The necessity of having 

electrons available means that in the absence of H2 and absence of an electron source, even O2-tolerant 

[NiFe]-hydrogenases should form Ni-A: indeed, this is true for Hyd-1 and the canopy variants, since C79 

is modified by oxygenation in each structure of the as-isolated enzymes (see ref (12) and Figure S4).  

 Once the safeguards are in place to guarantee that only Ni-B is produced during H2 oxidation under 

aerobic conditions, the fractional activity f observed is given by f = rateact/(rateact + rateinact)(10) where 

rateact is the rate of activation of Ni-B (potential dependent) and rateinact is the rate of inactivation by O2.  

Further advantages are therefore afforded if (a) passage of O2 to the active site is restricted, relative to 

H2,(52, 53) and (b) Ni-B is easily reduced to restore activity. We must therefore acknowledge the 

differences in Ni-B stabilization reflected by the different potentials required to reduce Ni-B for each 

variant (which is produced anaerobically as well as aerobically(26, 38)), noting that f and therefore O2-

tolerance is always improved at lower potentials.(10, 38) For native Hyd-1 at pH 6, Eswitch is +0.24 V, 

hence in O2 exposure experiments at +0.03 V (transient) and 0 V (prolonged), there is approximately 0.21 

V or 0.24 V, respectively, of favorable reducing potential for reactivating Ni-B. This advantage is 

diminished for each of the aspartate variants −  D118N/D574N being the extreme case with only 0.09 V 

to favor activation of Ni-B (at 0 V).  None of the single-site variants have acquired any significant O2 

sensitivity (at a given potential) beyond that attributable to differences in the ease of re-activation of Ni-

B, as reflected in Eswitch. Notably, Eswitch becomes more negative as the formal negative charge of the 

canopy residues is decreased, a trend that may reflect the stabilization afforded to resident OH− ions that 

are necessary to coordinate to and stabilize Ni(III). It may therefore be significant that D118 and D574 are 

conserved in all O2-tolerant membrane-bound [NiFe]-hydrogenases (Group 1d, Table S1). In no case is an 
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Unready state (assumed to be Ni-A) produced in PFE experiments under H2; given the hypothesis for the 

mechanism of O2-tolerance, this result may not be surprising since all variants have a fully formed Fe-S 

chain capable of supplying all 4 electrons required to avoid partially reduced O2 species. These results re-

affirm the proposition that it is the FeS clusters that ultimately control O2 tolerance and the active site 

does not influence the response of Hyd-1 to O2 beyond ensuring there is a wide window for O2 tolerant H2 

oxidation by ensuring that Ni-B is rapidly reduced even at high potentials.  

 Our experiments show clearly that D118 is important in controlling 𝐾𝐾M
H2. The gas channel proposed by 

Fontecilla-Camps and co-workers(54) (based on Xe binding and calculations for Desulfovibrio 

fructosovorans [NiFe]-hydrogenase) and by Scheerer and co-workers(52) (based on Kr binding and 

calculations for Ralstonia eutropha membrane-bound [NiFe]-hydrogenase) terminates with residues V78 

and L126 (E. coli numbering): the carboxylate of D118 also forms part of this bottleneck leading to the 

[NiFe]-site. The role of residue D118 in mediating H2 access is very interesting: this residue is highly 

conserved in Group 1 hydrogenases, a notable exception being [NiFeSe]-hydrogenases in Group 1A, 

which have a serine in this position.  The [NiFeSe]-hydrogenase from Desulfomicrobium baculatum has a 

much higher 𝐾𝐾M
H2 (280 µM at -50 mV) than other Group 1 hydrogenases,(55) suggesting that experiments 

with a D118S variant may help resolve this question.  Mutations of V78 and L126 that decrease the 

bottleneck radius in Df [NiFe]-hydrogenase resulted in large increases in 𝐾𝐾M
H2, decreases in CO binding 

and dissociation rates, and a change in O2 sensitivity.(15, 16) In contrast, although D118A shows a large 

increase in 𝐾𝐾M
H2 (noting that the PFE experiments reveal a large potential dependence), there is little 

change in CO inhibition or O2 tolerance, and as with the singular lack of H2 evolution activity of D118A, 

the residue probably does more than simply regulate H2 access (compared to V78 and/or L126).  

 We can now establish an overall order of importance of canopy residues in Hyd-1: 

R509>>D118>D574 and P508, based in the first instance on the ability to catalyze H2 oxidation.  

Comparisons of different characteristics are compiled in Table 2.  Combining our results with data and 

conclusions from others, we can now construct a model of the key residues that line the active site (Figure 

7). Residues E28, V78 and L126 form a ring with D118, which defines the entrance of the gas channel 

culminating in the arginine headgroup that is suspended above the Ni and Fe. Like native Hyd-1, all 

canopy variants exhibit oxygenation of C79 and have well-defined stable structures, apart from P508A in 

which there is some conformational heterogeneity and consequently some loss of Ni. All canopy variants 

except for D118A exhibit H2 production activity at pH 3. Residues R509 and P508 have little influence at 

all on O2 tolerance, whereas mutations of D118 and D574 to asparagine (thus decreasing the negative 

electrostatic potential in the active site) stabilize the inactive Ni-B state, and more reducing conditions are 

required to restore activity following O2 exposure. Once O2-tolerance is safeguarded by electron 
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availability, these canopy residues play a role in providing a wide potential region (at high potential) in 

which Ni-B can be reactivated to ensure a high level of continuous H2 oxidation activity. Previously, E28 

was identified as being critically important for proton transfer away from the active site but not directly 

involved in H2 activation in Df [NiFe]-hydrogenase.(14) Combined with the fact that R509 is the only 

non-coordinating residue able to interact directly with coordinated substrate or intermediate, our new 

evidence provides further support for a direct role for R509 in catalysis, either in H−H bond cleavage 

and/or in mediating proton transfer, most obviously from the bridging position at which H− is bound.   On 

a more general note, our work has explored systematically and in detail the importance of each of 

the canopy residues for the various reactions that O2-tolerant [NiFe]-hydrogenases undergo:   the 

quantitative data thus obtained should be valuable in understanding how these enzymes have 

evolved.      
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Tables and Figures  
 
Table 1: Kinetic parameters for native Hyd-1 and the canopy variants. Errors given in parentheses are the 
standard error of the mean of at least three repeats. All data were obtained by PFE and are quoted at 0 V, 
with the exception of initial velocity solution assays carried out with methylene blue at approximately the 
same potential.(34) 
 

* under 100% H2, the turnover frequency corresponds to kcat for all enzymes except D118A, for which 
substrate-saturating conditions are not achieved. 

 
Table 2: Assigning the order of importance for each canopy residue based on its influence on various 
characteristics of Hyd-1 

Characteristic/Property in descending order of 
importance 

Residue hierarchy from most to least important 

H2 oxidation Activity R509 > D118 > P508 > D574 
Ability to catalyse H2 oxidation at low [H2] D118 > P508 ~ R509 > D574 

O2 tolerance D574 > D118 > P508 ~ R509 
H2 production activity D118 > P508 ~ R509 ~ D574 

CO tolerance D118 ~ D574 > P508 ~ R509 
Degree of Conservation R509 > D574 > D118 > P508 

 

Parameter Native Hyd-1 P508A R509K D118A D574N D118N/D574N 
Solution assay μmol H2 
min−1 mg−1 enzyme 

153.9    
(+18.2) 

70.3   
(+5.8) 

2.0    
(+0.7)  

39.7    
(+6.1) 

126.9 
(+22.6) 

30.2           
(+7.9) 

Solution assay turnover 
frequency (s−1)* 

257.4    
(+30.4) 

117.6 
(+9.7) 

3.3    
(+1.1) 

66.4  
(+10.1) 

212.3 
(+37.8) 

50.5           
(+2.7) 

𝐾𝐾𝑀𝑀
H2 at 0 V (µM) 19.8         

(+4.1) 
5.9     

(+2.1) 
6.5    

(+1.1) 
163.7 

(+13.8) 
22.8    

(+5.5) 
39.6           

(+6.2) 

ΔH‡ at 0 V (kJmol−1) 44.7         
(+0.9) 

44.9  
(+3.0) 

39.9  
(+1.4) 

37.3    
(+2.8) 

45.6    
(+0.3) 

43.0           
(+1.3) 

pH optimum at 0 V 7 7 5 7 6 6 

KIE at 0 V, pH 6 1.37      
(+0.02) n.d. 1.14 

(+0.02) n.d. n.d. n.d. 
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Figure 1: Schematic (A) and crystal structure (B) of the active site of E. coli Hyd-1 showing the 
conserved canopy residues. In A, atom ‘X’ represents the variable (state-dependent) metal-bridging 
ligand. The bridging hydroxide (in the inactive Ni-B state) and the oxygenation of a bridging cysteine(11, 
12) have been omitted from the crystal structure representation for clarity so that the active site structure 
represents the catalytically active Ni-SI state. PDB: 5A4M 
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Figure 2: Potential dependence of 𝐾𝐾𝑀𝑀
H2 of native Hyd-1 and variants. Cyclic voltammograms were 

scanned between −0.65 and +0.24 V at a scan rate of 5 mV s−1 whilst varying the H2 concentration in the 
range 0.3 to 100%, with Ar used as a carrier gas. Gas equilibration was monitored by measuring the 
current at 0 V (or −0.1 V for D118N/D574N and D574N) prior to each scan. Every three or four scans, 
the H2 was returned to 100% to account for film loss. Determination of 𝐾𝐾𝑀𝑀

H2was then performed by 
Hanes-Woolf analysis for data in the range −0.17 to +0.24 V. Data below this range was discounted as 
low currents at these potentials results in a poor signal-to-noise ratio. Error bars represent the standard 
error of the mean of at least three repeats. Conditions: pH 6, 30 oC, ω = 3000 rpm, total gas flow rate = 
1000 scc min−1.  
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Figure 3: Potential dependence of the activation enthalpy (ΔH‡) of native Hyd-1 and canopy variants. 
Cyclic voltammograms were scanned between −0.65 and +0.24 V at a scan rate of 5 mV s−1 at five 
different temperatures in the range 10−45 °C. The average values for native Hyd-1 and P508A include 
data collected at an extended temperature range up to 65 °C. Prior to each 5 mV s−1 scan, the temperature 
equilibration was monitored by measuring cyclic voltammograms at 30 mV s−1 until they overlapped. 
After each 5 mVs−1 scan, the temperature was returned to 30 oC so that film loss could be accounted for. 
An Eyring analysis for determination of ΔH‡ was performed for data in the range −0.15 to +0.24 V 
depending on the enzyme (Figure S9). Error bars represent the standard error of the mean of at least three 
repeats. Conditions: pH 6, ω = 1000 rpm, 100% H2, total gas flow rate = 500 scc min−1  
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Figure 4: H2/D2 Kinetic Isotope Effect for native Hyd-1 and R509K. An example experiment (Native 
Hyd-1, pH 6) is shown on the left and the resulting kinetic isotope effects shown on the right as a function 
of pH; the potential-dependent (0 V, +0.15 V or −0.15 V) current response in 100% H2 (white 
background) was measured , before swapping to 100% D2 (gray background). The current in H2 at 0 V 
was used to correct for film loss. This was repeated at pH 5, 6 and 7 to yield the pH-dependence of the 
kinetic isotope effect (shown at 0 V, right), noting that there was no significant potential dependence of 
the KIE over the potential range monitored (not shown). Error bars represent the standard error of the 
mean of at least three repeats. Conditions: 30 oC, ω = 2000 rpm, total gas flow rate = 200 scc min−1 
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Figure 5: Response of H2 oxidation current to prolonged exposure to O2 for native Hyd-1 and all variants 
in which Ni-B. Chronoamperometry experiments measured the current at 0 V in 100% H2 for the first 700 
s before stepping to 10% H2. After 1100 s, O2 was added to the headspace and the concentration increased 
at successive 600 s intervals until all H2 oxidation current was lost or 10% O2 was reached. After 5000 s, 
the O2 flow was stopped and the headspace gas returned to 100% H2. After 2000 s at 100% H2, the 
enzyme films were held at low potential and the current response at 0 V monitored to determine if any 
reactivation occurred (not shown). The same experiment was repeated at a more reducing potential for Ni-
B reactivation for D118N/D574N and D574N (−0.125 and −0.113 V respectively, potentials at which 
minimal reduction of O2 occurs at the graphite working electrode) to account for differences in Eswitch. See 
Supplementary Information for a comparison of native Hyd-1 and all variants. Conditions: pH 6, 30 oC, ω 
= 3000 rpm, carrier gas = Ar, total gas flow rate = 1000 scc min−1  
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Figure 6: Hydrogen production by Native Hyd-1 and canopy variants at pH 3 and 1% H2. The potential 
was cycled between -0.56 and +0.24 V at a scan rate of 10 mV s−1. For R509K, a modified electrode was 
required to produce a significant film size and a scan rate of 1 mVs−1 was used to overcome the large 
capacitive (non-Faradaic) current. In all cases, the current at each potential was averaged to eliminate the 
capacitive current. For R509K, a baseline subtraction was also required (Figure S11). Note that the 
current magnitudes are dependent on the film quality and history, and should be not taken as a 
quantitative determination of relative ability to produce or oxidize H2. Conditions = 37 oC, ω = 2000-3000 
rpm, carrier gas = Ar, total gas flow rate = 1000 scc min−1  
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Figure 7: Spatial arrangement of outer coordination shell residues of Hyd-1, signified according to their 
importance for catalytic activity, including essential amino acids identified in studies using Df [NiFe]-
hydrogenase. Residues colored red are highly important for H2 oxidation activity and those colored white 
less so.  Residues E28, V78, D118 and L126 encircle the end of two putative gas channels (shown as 
mesh), with the guanidine headgroup of R509 at their center positioned immediately next to the substrate 
binding site of the [NiFe] centre.  Gas channels were calculated using the Caver plugin for pymol(56) 
using a probe radius of 1.4 Å.  Iron and nickel ions are shown as bronze and turquoise spheres 
respectively and a bridging ligand site is highlighted (red sphere).  
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