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Abstract 

There are ten nickel enzymes found across biological systems, each with a distinct active site and 

reactivity that spans reductive, oxidative, and redox-neutral processes. We focus on the reductive 

enzymes, which catalyze reactions that are highly germane to the modern-day climate crisis: 

[NiFe] hydrogenase, carbon monoxide dehydrogenase, acetyl coenzyme A synthase, and methyl 

coenzyme M reductase. The current mechanistic understanding of each enzyme system is 

reviewed along with existing knowledge gaps, which are addressed through the development of 

protein-derived models, as described here. This opinion is intended to highlight the advantages 



of using robust protein scaffolds for modeling multiscale contributions to reactivity and inspire 

development of novel artificial metalloenzymes for other small molecule transformations. 

 

Introduction 

Nature showcases the versatility of nickel across the three kingdoms of life by incorporating 

this valuable metal ion within diverse enzymes. Of the ten nickel-containing enzymes identified to 

date, each features a unique protein architecture and distinct active site ligation (Figure 1).1–11 

The chemistry performed by these enzymes is highly varied, spanning redox-active reductive and 

oxidative processes as well as redox-neutral hydrolysis and isomerization reactions. While there 

is a plethora of interesting chemistry to be explored regarding the selection of nickel for each of 

these reactions, particularly with respect to the weak nickel-oxygen bonds that facilitate substrate 

transformation rather than degradative nickel oxidation in SOD, ARD, and QueD, this opinion will 

focus on the reductive nickel enzymes. The [NiFe] hydrogenase (H2ase), carbon monoxide 

dehydrogenase (CODH), acetyl coenzyme A synthase (ACS) and methyl coenzyme M reductase 

(MCR) are considered champions of clean energy conversion, and three of these are heavily 

 
Figure 1. Protein architecture, active site structure, and reaction catalyzed for the ten known nickel 
metalloenzymes, divided by reactivity type. 
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involved in mediating global carbon gas cycles.1 In this opinion, we emphasize key reactivity traits 

of the native nickel enzymes and describe recent advances in development of nickel-containing, 

protein-based models that offer insight into the enzymatic mechanisms. We anticipate this will 

highlight the advantages of using robust protein scaffolds for modeling multiscale contributions to 

reactivity and inspire development of novel artificial metalloenzymes for other small molecule 

transformations.   

 

[NiFe] hydrogenases: Enzymatic control across length scales 

The [NiFe] H2ases feature highly complex active-site environments and conserved structural 

elements that work synergistically to enable rapid and efficient turnover. The primary coordination 

sphere of the enzyme has a heterobimetallic [NiFe] site, with the atoms bridged by two cysteine 

thiolate ligands. The nickel is further coordinated by two terminal cysteine ligands in a see-saw 

geometry, while the Fe center is bound by one carbonyl and two cyanide ligands in pseudo-

octahedral coordination. A labile site between the two metal centers allows substrate binding 

(Figure 1). The three strong-field ligands impose a low spin state on the iron center, which 

remains divalent across all isolable states, while the p-donating thiolate ligands on the nickel 

center suggest the possibility of high-spin or spin-crossover states.12–14 A series of conserved 

residues in the secondary coordination sphere have been shown to be critical for catalysis, with 

orthogonal gas channels and iron-sulfur clusters facilitating the movement of substrates and 

electrons. Finally, carefully tuned interfaces interact with specific protein partners to delineate the 

different classes and physiological roles of [NiFe] H2ase.15 

The catalytic mechanism of the [NiFe] H2ase has been probed using diverse electrochemical 

and spectroscopic techniques across a large, international effort (Figure 2A), ranging from 

Fourier-transform infrared (FTIR) spectroscopy on the Fe-bound diatomics to electron 

paramagnetic resonance (EPR) spectroscopy on the nickel site to Fe-selective nuclear resonance 

vibrational spectroscopy (NRVS). The EPR-silent NiII-FeII resting state, called Ni-SIa,16 undergoes 



stepwise proton-coupled reduction to form the Ni-L state, which features a NiI-FeII center with a 

metal-metal bond and a putative protonated cysteine ligand.18 Pioneering work by the Vincent lab 

demonstrated the catalytic intermediacy of the Ni-L species utilizing an in situ technique 

combining protein film electrochemistry with attenuated total reflectance infrared spectroscopy 

(PFIRE).17 Formal tautomerization of the Ni-L state generates the Ni-C state, with a NiIII(µ-H)FeII 

site.19 Another proton-coupled electron transfer step results in formation of the NiII(µ-H)FeII Ni-R 

state, which can heterolytically release H2 gas.3,20 While there has been extensive and elegant 

work done to characterize each of these intermediates,21 key elements are still debated, including 

the catalytic competence of a protonated cysteine ligand, the role of a second-sphere arginine 

residue, rate-limiting proton transfer steps, the nickel spin state(s), and the role of the strictly-

conserved [FeII(CN)2(CO)] fragment, which remains redox-inert throughout catalysis yet requires 

a costly biosynthetic process for proper assembly and insertion.22,23  

The organometallic active site of the [NiFe] H2ase has inspired a vast and elegant set of 

synthetic models that reproduce both structural and spectroscopic aspects of this enzyme.24–26 

However, the focus here will be centered around models that reproduce the catalytic nickel site 

within protein scaffolds.29 Protein-based models provide biologically relevant ligands and a 

secondary coordination sphere around the active site, offer the ability to install complexity and 

asymmetry through rational design, and enable study in aqueous solution for direct comparison 

to the native enzyme.27,28,30,31 The nickel-substituted rubredoxin (NiRd) model utilizes a NiII ion 

installed within the pseudo-tetrahedral, tetrathiolate iron binding site, reproducing the primary 

coordination sphere of the nickel in the [NiFe] H2ase.32 The NiRd system has been shown to be 

a functional H2ase model, with electrocatalytic rates and mechanism that closely resemble those 

proposed for the native enzyme (Figure 2B).33 The establishment of a mechanistic mimic 

suggests biochemical precedence for the catalytic relevance of such intermediates within H2ase.34 



For example, the NiRd resting state, which contains a high-spin nickel center, can be considered 

analogous to the Ni-SIa state35 while the lack of an arginine residue in the secondary coordination 

sphere of NiRd supports the competence of a NiI-SH species to promote hydride formation and 

ultimately H2 evolution.34 While the rates of catalysis by NiRd are high, H2 evolution requires an 

overpotential of ~560 mV, which is significantly larger than the negligible (<<100 mV) 

overpotential observed in catalysis by the native enzyme. Differences in the catalytic overpotential 

for reduction from NiII to NiI likely arise from distinctions in active site geometry, as the [NiFe] 

H2ase has a distorted see-saw structure while NiIIRd is a distorted tetrahedron.35 Finally, a series 

of mutant proteins was designed that retained the active site ligation but introduced targeted 

residues into the secondary coordination sphere, mimicking those seen in the native enzyme.36 

 
Figure 2. Catalytic mechanisms and primary evidence supporting the proposed intermediate structures for 
(A) [NiFe] hydrogenase and (B) nickel-substituted rubredoxin. A: (i) Spectroelectrochemical FTIR study of 
Desulfovibrio vulgaris Miyazaki F [NiFe] H2ase showing the Ni-SIa state (adapted from Ref. 21); (ii) Light-
induced difference FTIR spectroscopy directly revealing n(S-H) in the Ni-L state (adapted from Ref. 18); (iii) 
pulsed X-band EPR hyperfine sublevel correlation (HYSCORE) spectroscopy of the Ni-C and Ni-L1 states 
showing pronounced ridges from the isotopically-labelled NiIII(µ-2H)FeII species that are absent in the 
photoinduced Ni-L1 state (adapted from Ref. 19); (iv) NRVS showing isotopically sensitive bands of the Ni-
R state assigned to the d(NiII(µ-H)FeII) motion (adapted from Ref. 20). B: (i) Experimental and calculated 
multiwavelength resonance Raman spectroscopy on the Ni-SIa’ state of NiRd (adapted from Ref. 35); (ii) 
Experimental and calculated turnover frequencies obtained from quantitative protein film electrochemistry 
techniques as a function of pH indicative of intramolecular rate-determining proton transfer (adapted from 
Ref. 34); (iii) Simulated electrochemical voltammograms and voltammogram derivatives resolving 
electrocatalytic mechanism for H+ reduction by NiRd (adapted from Ref. 34); (iv) DFT-calculated structure 
of the proposed NiII-H, C35SH (Ni-R’) species implicated as the final intermediate prior to heterolytic release 
of H2 (adapted from Ref. 34).  
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information on the protonation/
deprotonation of these two key
amino acid residues.

The SH stretching frequency
(nSH) and the carboxylic carbonyl
stretching frequency (nCOOH) are
2525–2580 cmˇ1 and 1700–
1790 cmˇ1, respectively.[12] These
bands are found at frequencies
that are well isolated from other
bands in proteins, making them
useful tools for the identification
of the amino acids involved in the
protein proton transfer path-
way.[12a] In the present study, we
succeeded in detecting the nSH of
a Ni-coordinated Cys and the
nCOOH near the Ni–Fe site for the
Ni-SIa, Ni-L, and Ni-C states,
allowing us to provide a detailed
perspective on the proton transfer
during the catalytic reaction of
[NiFe] H2ase involving Cys546,
Glu34, and an ordered water mol-
ecule.

The CO stretching band and
two conjugated CNˇ stretching
bands have been used as markers
for the structural changes at the
Ni–Fe site of [NiFe] H2ase.[2e,13]

The Ni-C state was dominant in
the H2-activated DvMF [NiFe]
H2ase under a N2 atmosphere
(H2/H2O-prepared enzyme) at
pH 7.0 and 138 K (Figure S1).
Upon light irradiation of the Ni-
C state with an Ar+ laser
(514.5 nm) at pH 7.0 and 138 K,
positive bands corresponding to
the Ni-L state (CO stretching
frequency (nCO) = 1912 cmˇ1, CN
stretching frequency (nCN) = 2062
and 2048 cmˇ1) and negative
bands corresponding to the Ni-C
state (nCO = 1964 cmˇ1, nCN = 2077
and 2089 cmˇ1) were observed in the difference (after-minus-
before) Fourier transform infrared (FTIR) spectrum of the
H2/H2O-prepared enzyme between the spectra after and
before light irradiation (Figure 2, spectrum a),[2e] showing that
the Ni-C state was photoconverted to the Ni-L state; thus, the
term “Ni-L/Ni-C difference spectrum” is used hereafter. The
nCO and nCN of D2-activated DvMF [NiFe] H2ases under a N2

atmosphere in H2O, D2O, or H2
18O buffer at pH/pD 7.0 (D2/

H2O-, D2/D2O-, or D2/H2
18O-prepared enzyme) shifted only

slightly (< 1 cmˇ1) from the corresponding frequencies of the
H2/H2O-prepared enzyme (Figure 2, spectra b–d), confirming
the lack of significant changes in the Ni–Fe site structure by
the isotopic substitutions.

Interestingly, a positive band related to the Ni-L state was
observed at 2505 cmˇ1 in the Ni-L/Ni-C difference spectrum
of the H2/H2O-prepared enzyme (Figure 2, spectrum a, and
Figure S2). This frequency was relatively low compared to
that of the nSH value of a non-coordinating Cys-SH at 2525–
2580 cmˇ1.[12a–c] For the D2/D2O-prepared enzyme, an addi-
tional positive band was observed at 1822 cmˇ1, at which
frequency no band was observed for the H2/H2O-prepared
enzyme (Figure 2, spectra a and b). The H/D isotope shift
between these bands was 683 cmˇ1, which was in good
agreement with that estimated with a two-atom Š H model.
Thus, we assign the 2505-cmˇ1 band to the SˇH stretch, which
provides direct evidence for the protonation of a Cys ligand in
the Ni-L state and deprotonation in the Ni-C state. Similar

Figure 2. Ni-L/Ni-C difference FTIR spectra of [NiFe] H2ase showing the difference between the spectra
after and before light irradiation at 138 K. a) H2/H2O-prepared enzyme at pH 7.0. b) D2/D2O-prepared
enzyme at pD 7.0. c) D2/H2O-prepared enzyme at pH 7.0. d) D2/H2

18O-prepared enzyme at pH 7.0.
Magnified spectra (î 10) in the 1765–1856 and 2460–2655 cmˇ1 regions are also shown. The pD value
of the D2O buffer was obtained from the equation pD =pH(pH meter) + 0.41.
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These mutations induced dramatic changes in catalytic rates with negligible increases in onset 

potential, in stark contrast to the conventional trade-off between log(rate) and overpotential often 

seen for synthetic molecular systems (Figure 3).37 The catalytic behavior of NiRd and, 

correspondingly, the [NiFe] H2ase suggest that overcoming traditional catalytic scaling 

relationships between turnover frequency (TOF) and overpotential may be the result of decoupling 

dynamical behavior from electronic structure.  

In addition to the NiRd 

metalloprotein system, a similar 

strategy for constructing H2ase 

models was employed by the 

Chakraborty group, who 

converted a copper binding 

protein with a tetracysteinate site 

to bind nickel.38 Unlike NiRd, this 

system appears to use a square 

planar, low-spin nickel site, 

analogous to synthetic Ni(II) 

compounds. Perhaps due to this 

distinction, the electrocatalytic 

wave shapes are more similar to 

those seen for synthetic models than for those observed for NiRd and [NiFe] H2ase,34,39 hinting at 

the role of spin state in the native enzyme. The development of protein-based models of [NiFe] 

H2ase provides an opportunity to distinguish how the protein scaffold and local environment 

control active site structure and spin state to modulate catalysis. Moreover, we anticipate future 

work will be aimed at installing an [Fe(CN)2(CO)] center within the biochemical models, exactly 

 
Figure 3. Turnover frequency (TOF) vs. overpotential of 
Ni(PCy2NR’2) complexes for H2 oxidation catalysis and proton 
reduction by NiRd variants with mutations at the indicated 
positions (pH 4.0). The typical linear relationship between 
log(TOF) and overpotential is absent in the NiRd mutant proteins. 
Data adapted from Ref. 36.  
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reproducing the structure of the entire [NiFe] H2ase active site. These efforts, if successful, will 

ultimately be able to disentangle the role of the iron fragment in the native enzyme.   

 

Carbon monoxide dehydrogenase: Perfect selectivity among a sea of potential products 

The reduction of CO2 to CO is a two-electron, two-proton process with a reduction potential 

of -520 mV vs. NHE at pH 7. This is sufficient driving force to enable parasitic proton reduction, 

which is often seen during CO2 reduction by many synthetic and materials-based catalysts.40 

However, biological systems are able to avoid these side reactions through the combination of 

electronic, structural, and environmental control.41 The carbon monoxide dehydrogenase 

exemplifies this control, demonstrating rapid and reversible CO2/CO interconversion with no 

evidence for formation of H2, formic acid/formate, or other C2+ coupled products.42   

The active site of CODH, denoted the C cluster, features a non-canonical [NiFe4S4] cluster 

(Figure 1).43 The cubane subsite is linked to the protein through 4 cysteine ligands, and an 

exogenous Fe center, often denoted Feu, is coordinated by an additional cysteine as well as a 

histidine residue. Feu is connected to the cubane through one of the sulfide ligands, which 

mediates antiferromagnetic exchange between the two subsites of the C cluster.44 While there 

are now many representative X-ray crystal structures of CODH in reduced, CO2-bound, and 

inhibited forms as well as electrochemical and activity assay data, the CO-bound form has been 

inaccessible due to the high activity of CODH towards CO oxidation. Moreover, it has not been 

possible to resolve the individual oxidation and spin states on each metal center in any of the 

isolable states.44 Thus, an experimentally validated, mechanistic understanding of CO2 reduction 

and CO oxidation by CODH is lacking.  

Protein-based models have provided complementary insight towards understanding the 

mechanism and selectivity of native CODH. Preceding publication of the CODH crystal structure, 

a [NiFe3S4] cluster was incorporated within the Pyrococcus furiosus (Pf) and Desulfovibrio gigas 

(Dg) ferredoxin (Fd) proteins and characterized using EPR and Mössbauer spectroscopy.45 An S 



= 3/2 spin state was found for the reduced [NiFe3S4]+ Fd cluster, which, in light of subsequent 

structural information, likely represents the spin state of the C cluster cubane subsite.46 Beyond 

replicating the subsite electronic structure, recent work reveals that the [NiFe3S4] Pf Fd is capable 

of reversible electron transfer as well as binding of cyanide, a CODH inhibitor, and binding of 

carbon monoxide, a CODH substrate.47 That CO binding can occur, but oxidative conversion 

cannot, implicates the nickel center as the substrate carbon binding site (Figure 4A). Moreover, 

the canonical [Fe4S4] Pf Fd is inert towards CO binding, suggesting the subtle electronic structure 

differences between a NiII and FeII ion underlie the integration of nickel into the active site cubane. 

The continued development and spectroscopic characterization of the [NiFe3S4] Pf Fd system as 

a protein-based model of CODH is likely to yield great insight into the specific roles of the cluster 

subsite and, by extension, the Feu center, towards substrate binding, conversion, and reaction 

selectivity.47  

A different, semisynthetic protein-based model has provided information on additional factors 

that contribute to enzymatic selectivity. Specifically, the incorporation of a nickel(II) cyclam 

catalyst into an azurin protein scaffold via axial histidine ligation increased the selectivity for 

photodriven CO production over H+ reduction by a factor of 20.48 Further enhancement was 

conferred by including an additional redox-active metal in close proximity, and systems in which 

a photosensitizer was directly attached to the protein scaffold exhibited complete selectivity for 

light-driven CO2 reduction to CO.49 In another report, a Ni(II) terpy catalyst was attached to an 

engineered photosensitizer protein, showing high turnover numbers for CO production.50 In both 

cases, catalysis is significantly slower than in the native enzyme, though direct comparison of 

rates and catalytic overpotentials is challenging because identical measurement conditions 

cannot be accessed across the three systems. The CODH models demonstrate that active site 

electronic structure, secondary coordination sphere, and long range electron transfer rates all 

impact selectivity, implicating the presence of analogous multiscale contributions in native CODH. 



 

Acetyl coenzyme A synthase: Nature’s organometallic catalyst 

The reaction catalyzed by ACS is directly analogous to synthetic organometallic processes: A 

cationic methyl group, donated by a cobalt corrinoid protein, binds to the nickel center through an 

oxidative addition process. Carbon monoxide inserts into the metal-methyl bond, and the resultant 

acyl group is transferred to the thiol of coenzyme A, forming a thioester through reductive 

thiolysis.53 This reaction represents the cornerstone step in the Wood-Ljungdahl pathway, which 

is the primary metabolic process in diverse anaerobic bacteria and archaea.53 Despite the 

significance of this reaction, great debate persists over the basic catalytic mechanism of ACS, 

including the sites and sequence of substrate binding, relevant oxidation states and electronic 

structures, and electron and proton requirements.54–56 Fueling the dispute are conflicting 

observations between the native enzyme, which appears to utilize a NiIII/I transition,57 and 

synthetic mimics, which require a Ni0 state for two-electron methyl addition and CO insertion.58,59 

 
Figure 4. Model protein and active-site structures for (A) [NiFe3S4] Pyrococcus furiosus 
ferredoxin as a model of CODH; (B) nickel-substituted M121A Pseudomonas aeruginosa azurin 
as a model of ACS; (C) tetradehydrocorrin-bound Equus caballus myoglobin as a model for 
MCR. The demonstrated reactivity of the models that mimics that of the native enzymes is 
shown along the bottom. 
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While a biological Ni0 site has yet to be identified,60 reactivity metrics had suggested it may be 

necessary to reconcile all of the experimental observations about ACS. 

A protein-based model of ACS has the potential to settle this debate. The model, based on a 

nickel-substituted M121A variant of the Pseudomonas aeruginosa azurin (NiAz) protein, shares 

many electronic features and reactivity traits with ACS, demonstrating the capacity of a biological 

nickel center to support nucleophilic methyl transfer and favoring the relevance of the NiIII/I couple 

for ACS catalysis (Figure 4B). Detailed electronic structure analysis using pulsed EPR 

spectroscopy reveals the importance of a distorted trigonal site, analogous to that observed in 

ACS, for weak CO affinity, which prevents enzymatic inhibition.61 In addition, an EPR-active, S = 

½ Ni-CH3 Az species was isolated and shown to possess an “inverted ligand field”, in which the 

metal remained a physically d9, NiI center, necessitating a cationic Z-type methyl ligand.61,62 An 

analogous electronic structure is implicated in the elusive S = ½ Ni-CH3 ACS state, which is 

thought to prevent degradative reductive elimination between the bound methyl group and a 

cysteine thiolate ligand.63,64 Thus, the NiAz-based ACS model has not only uncovered a 

biochemically feasible catalytic mechanism, it has allowed access to previously inaccessible 

intermediates, revealing strategies that nature has employed for effective catalysis and enzyme 

stability. 

 

Methyl coenzyme M reductase: Fueling the ocean floor 

MCR is responsible both for the generation and anaerobic oxidation of methane, which drives 

energy conservation in the anaerobic methanotrophic archaea (ANME).65 MCR breaks one of the 

strongest C-H bonds known (104 kcal/mol), putatively through a radical activation pathway.67 At 

the active site of MCR lies the most reduced tetrapyrrole cofactor found in nature, coenzyme 

F430, which is highly air-sensitive and requires a multi-step biosynthetic process (Figure 1).68,69 

As the excessive release of this greenhouse gas into the atmosphere from commercial livestock 

operations and natural gas fracturing sites presents an urgent threat, there is great interest in 



reproducing the methane oxidation capability of MCR in a robust scaffold, with potential for broad 

and rapid deployment. 

It has been known for many decades that extraction and isolation of coenzyme F430 does not 

result in an active catalyst for methane production or oxidation under physiologically relevant 

conditions. On the other hand, MCR-like reactivity is observed in a protein-based model of MCR, 

which features a nickel tetradehydrocorrin macrocycle (Ni(TDHC)) integrated into apo-myoglobin 

(Mb) (Figure 4C). The Ni(TDHC)-Mb shows selective methane generation and reductive 

dehalogenation under mild aqueous conditions, though the turnover numbers are significantly 

lower than those of the native enzyme.71 In the isolated Ni(TDHC) controls, no products are 

observed, pointing to a direct role of the Mb scaffold in modulating the catalytic activity. 

Interestingly, no ethane is generated, consistent with a two-electron rather than a radical catalytic 

mechanism.72 Further development of the MCR reactivity of this system using biologically relevant 

substrates will enable more significant mechanistic parallels between the model and native 

enzymes to be drawn.    

 

Conclusions and Outlook 

The field of artificial metalloenzymes presents many opportunities for today’s chemist, with 

the potential to discover new-to-nature reactions, enhance rates or selectivity for natural 

processes, and deconstruct elementary contributors towards enzymatic catalysis. The native 

enzymes and model systems discussed herein are intended to illustrate the mechanistic insight 

that can be obtained from studying protein-based models, which may ultimately lead to functional 

models that recapitulate key enzymatic features. Considering the diversity of reactions performed 

across all of the nickel metalloenzymes, interest in both understanding and replicating these 

processes is highly likely to increase as applications to energy and environment are explored.  
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