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Abstract
This review describes the functions, structures, and mechanisms of nine nickel-containing
enzymes: glyoxalase I, acireductone dioxygenase, urease, superoxide dismutase, [NiFe]-
hydrogenase, carbon monoxide dehydrogenase, acetyl-coenzyme A synthase/decarbonylase,
methyl-coenzyme M reductase, and lactate racemase. These enzymes catalyze their various
chemistries by using metallocenters of diverse structures, including mononuclear nickel, dinuclear
nickel, nickel-iron heterodinuclear sites, more complex nickel-containing clusters, and nickel-
tetrapyrroles. Selected other enzymes are active with nickel, but the physiological relevance of this
metal specificity is unclear. Additional nickel-containing proteins of undefined function have been
identified.
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Introduction
Ni-containing enzymes play critical roles in bacteria, archaea, fungi, algae, and higher plants
[1, 2]. This article summarizes the functions, structures, and mechanisms of nine Ni
enzymes, progressing from three relatively simple, non-redox-active representatives
(glyoxalase I, GlxI; acireductone dioxygenase, ARD; and urease), to a mononuclear, redox-
active example (superoxide dismutase, SOD), to three heteronuclear cluster-containing
enzymes ([NiFe]-hydrogenase; carbon monoxide dehydrogenase, CODH; and acetyl-
coenzyme A synthase/decarbonylase, ACS), to proteins containing a Ni-tetrapyrrole
(methyl-coenzyme M reductase, MCR, and its methane-oxidizing counterpart), to the newest
representative (lactase racemase). In addition, we briefly summarize additional enzymes that
are suggested to utilize Ni and explain how to identify true Ni enzymes.

Several of the Ni-dependent enzymes we describe require auxiliary proteins that participate
in Ni delivery, metallocenter assembly, or organometallic cofactor synthesis [1, 3, 4];
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however, this topic is only briefly considered here with key reviews highlighted.
Furthermore, we avoid the ancillary issues of Ni uptake, Ni efflux, or Ni homeostasis
systems [1, 5–7] along with the mechanisms used for Ni-dependent regulation [5, 8] or the
multiple facets of Ni toxicity [9] that are important aspects of cellular Ni metabolism. The
phylogenetic distribution of the various proteins involved in Ni metabolism, including Ni
enzymes, has been assessed by comparative genomic analysis will not be covered here [10].
For each of these topics, interested readers are referred to the above citations. Hereafter, our
focus is exclusively on catalysis by Ni enzymes.

Glyoxalase I
Two intermediates in the glycolysis pathway, glyceraldehyde-3-phosphate and
dihydroxyacetone phosphate, can undergo spontaneous reactions to form toxic methyglyoxal
[11]. This reactive compound continuously modifies the proteome, where arginine residues
are the primary target, and can also derivatize nucleic acids and other molecules. Therefore,
cells need a mechanism to detoxify methylglyoxal to prevent damage to cellular
components. A widely distributed, two-component enzyme system metabolizes
methylglyoxal into non-toxic end products (Figure 1A). In a preliminary non-enzymatic
step, methylglyoxal reacts with reduced glutathione (GSH) to form a hemithioacetal. The
first enzyme in the detoxification pathway, glyoxalase I (GlxI) converts this species to S-D-
lactoylglutathione. Finally, glyoxalase II (GlxII) hydrolyses this intermediate to lactate
while regenerating reduced glutathione.

GlxI contains an essential metal ion. The enzymes from humans, Saccharomyces cerevisiae,
and Pseudomonas putida are zinc-dependent, with the structure of human GlxI revealing
two mononuclear Zn2+ active sites at the dimer interface [12]. In contrast, the homologous
GlxI from Escherichia coli is inactive with bound Zn2+ and maximally active in the
presence of Ni2+ [13]. Significantly, the structures of the zinc-bound human enzyme and
nickel-bound E. coli enzyme (Figure 1B) each exhibit octahedral coordination of their
metals, with four amino acid side chains and two sites occupied by water molecules, while
the inactive zinc-substituted E. coli GlxI has the metal coordinated in a trigonal bipyramidal
manner with a single bound water molecule [14]. Thus, octahedral coordination of the metal
appears to be necessary for GlxI activity from either source.

The reaction of GlxI is suggested to use an enediolate intermediate as shown in Figure 1A
[13, 15, 16]; however, the structures of human and E. coli GlxI do not reveal an active site
general base needed to generate this species. Two reasonable mechanistic proposals are
consistent with the structural findings of native and metal-substituted forms of the human
and bacterial enzymes. In one scenario, substrate displaces one or both metal-bound water
ligands plus a Glu ligand; the displaced Glu then acts as a general base for proton
abstraction from the hemithioacetal and as a general acid for reprotonation of the adjacent
carbon to produce S-D-lactoylglutathione. This mechanism is supported by computational
and spectroscopic studies of inhibitor-bound forms of the human [17, 18] and E. coli [19,
20] enzymes. A second plausible mechanism derived from X-ray absorption spectroscopy of
the E. coli enzyme with bound product [20] postulates that substrate does not directly bind
the metal; thus, the two water molecules remain bound to the metal and are available to
facilitate the proton transfer reactions. Additional studies are needed to further decipher the
role of the metal ion in catalysis by this enzyme.

Acireductone dioxygenase
In addition to its well known function as a methyl donor, S-adenosylmethionine is
decarboxylated and used as an aminopropyl donor for polyamine biosynthesis [21], and
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plants use S-adenosylmethionine to make aminocyclopropane carboxylate, a precursor to the
hormone ethylene [22]. These reactions generate 5′-methylthioadenosine, the first
compound in the ubiquitous methionine salvage pathway [23]. During methionine salvage,
5′-methylthioadenosine is converted through multiple steps to form 1,2-dihydroxy-3-keto-5-
methylthiopentene, a substrate of the metalloenzyme acireductone dioxygenase (ARD).
Much of what is known about the ARD mechanism has been determined by using enzyme
isolated from the bacterium Klebsiella oxytoca. In the usual reaction, ARD converts 1,2-
dihydroxy-3-keto-5-methylthiopentene and dioxygen to formate and 2-keto-4-
methylthiobutanoate (left portion of Figure 2A), which can be transaminated to regenerate
methioinine. In addition, the enzyme catalyzes an off-pathway shunt, and produces formic
acid, CO, and 3-methylthiopropionate (right portion of Figure 2A). The products formed
depend on which metal is bound to the enzyme, Fe2+ or Ni2+ [24, 25].

The two forms of ARD use an identical polypeptide chain, yet early studies showed that the
Ni and Fe forms of the protein can be separated by chromatography [24], indicating that
they have somewhat different overall structures. Mg2+, Co2+, and Mn2+ can also be
substituted into ARD yielding varying degrees of activity. The ability of alternative metal
ions with such diverse redox potentials to be active in ARD, coupled with the fact that the
non-enzymatic 2-keto-4-methylthiobutanoate forming reaction proceeds at a significant rate,
implies that the metal is not an activator of O2, but serves to orient the substrate for direct
reaction with O2 [26]. The precise differences between the two forms of ARD were
disclosed by NMR models of the Ni enzyme (Figure 2B, left) and subsequent spectroscopic
studies on wild-type and site-directed variant proteins [27–30]. No crystallographic structure
exists for ARD, but a structure is reported for a mouse homolog where the identity of the
metal is unknown [25]. ARD belongs to a diverse superfamily known as cupins, which
contain a conserved “jelly roll” motif. The Fe form of ARD has a structure identical to the
apoprotein form of the enzyme, while Ni-ARD has subtle structural differences. The metals
are bound to a 3-His-1-carboxylate motif (Figure 2B, right). Significantly, binding of Fe2+

leads to a disordered C-terminus, and increased order at the N-terminus relative to that found
in the Ni2+-bound ARD. These changes are propagated through the protein to produce subtle
differences in the active site.

In one proposed mechanism, the Ni or Fe metallocenter of ARD binds the dianion form of
the substrate, but as different tautomers [29]. A single electron transfer from substrate to O2
yields a superoxide intermediate that forms distinct cyclic peroxide adducts depending on
the metal ion (Figure 2C). From this point, metal-specific rearrangement reactions yield the
appropriate products. Additional model compound studies support this mechanism [31, 32].
An alternative proposal to this differential chelate model invokes different hydration states
for the Ni and Fe species [33]. Crystallography of the Ni- and Fe-containing forms of ARD
with bound substrates will be required to confirm or modify the proposed mechanisms.

Urease
Urease, an enzyme found in selected bacteria, archaea, plants, algae, and fungi, catalyzes the
seemingly simple hydrolysis of urea into ammonia and carbamic acid which spontaneously
decomposes into another molecule of ammonia and carbonic acid (Figure 3A) [34–37]. The
increase in ammonia concentrations and subsequent rise in pH resulting from urease
catalysis has medical and agricultural implications [38, 39]. In many pathogenic bacteria,
urease acts as a virulence factor associated with urinary stone formation, pyelonephritis,
ammonia encephalopathy, and hepatic coma [40, 41]. In addition, Helicobacter pylori takes
advantage of the pH increase from urea hydrolysis to colonize the acidic stomach
environment [42–44]. In agriculture, urease is involved in cycling various nitrogen
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compounds, most notably urea-based fertilizers [39]. It also plays a role in seed germination
by degrading the urea formed by arginase activity [45, 46].

Ureases share a basic trimeric structure with three dinuclear catalytic sites and essentially
identical folds, despite having variations in their quaternary structures [47–51]. Many
bacterial ureases, such as the well-studied enzymes from Klebsiella aerogenes or
Sporosarcina (formerly Bacillus) pasteurii, contain three subunits, UreA, UreB, and UreC,
which form a trimer containing one catalytic center (located within UreC) [47, 50]. Three of
those trimers come together to form the characteristic trimer (Figure 3B, left). In
Helicobacter species, fungi, and plants, two or three of the subunits are fused and the overall
architecture is dodecameric or hexameric [48, 49, 51].

The urease active site (Figure 3B, right) contains two Ni2+ atoms bridged by a carbamylated
lysine residue and a water molecule [47, 52, 53]. Each Ni2+ is also coordinated by a terminal
water and two His residues, finally one Ni2+ is also coordinated by an Asp. Assembly of this
active site is a complex process involving four accessory proteins in most bacterial systems
[54]. There is also evidence that plant and fungal ureases require accessory proteins for
activation [34, 36, 46].

Four general mechanisms for urease have been proposed (Figure 3C). Long before the initial
urease crystal structure was available [47], a mechanism involving two Ni2+ with distinct
functions was proposed (i) [55]. Here, the carbonyl oxygen of urea displaces a terminal
water and binds to Ni-1. The terminal water molecule bound to Ni-2 attacks the carbonyl
carbon of urea, forming a tetrahedral intermediate that decomposes with the aid of a general
acid. The crystal structure readily accommodated this mechanism with a nearby His residue
serving as the general acid. A second mechanism (ii) was proposed on the basis of the
crystal structure of phenylphosphorodiamidate-inhibited urease from S. pasteurii [50]. This
mechanism suggests that urea displaces solvent ligands from both Ni atoms to bind in a
bidentate manner. The bridging hydroxide attacks the carbonyl carbon, leading to a
tetrahedral intermediate, and donates its proton to the departing ammonia. A third
mechanism (iii) merges the first two by proposing that urea binds to Ni-2 and the bridging
hydroxide attacks the carbonyl carbon, with a nearby His acting as the general acid [56, 57].
A fourth mechanism (iv) is based on biomimetic and computational methods [58, 59]. A
general base (depicted as a terminal hydroxide, but other options are possible) abstracts a
proton from one of the urea nitrogen atoms, resulting in release of ammonia and formation
of a cyanate intermediate; the cyanate is subsequently hydrated to form carbamate. Notably,
cyanate has never been detected as a product, nor is it a substrate of urease. Regardless of
the mechanism, one might expect that other metals ions could substitute for Ni in facilitating
urea hydrolysis. Indeed, Mn- or Co-substituted K. aerogenes enzyme possesses substantial
activity [60] and a naturally-occurring Fe-containing urease has been purified from
Helicobacter mustelae [61]

Superoxide dismutase
Cellular respiration using oxygen leads to the formation of superoxide radical anion (O2

−·).
This byproduct is reactive with iron-sulfur clusters [62] and other cellular components, and
is implicated in a variety of age-related diseases. Cells can detoxify superoxide by
converting it to O2 and H2O2 using the enzyme superoxide dismutase (SOD). All SODs
possess metal ions at their active site, and the most common forms utilize N- or O-donors to
bind Fe or Mn mononuclear or Cu/Zn dinuclear centers [63]. The reaction proceeds by a 1-
electron redox cycle of the metal ion as shown in Figure 4A.
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A fourth class of SOD containing mononuclear Ni (NiSOD) [64] has been isolated from
several Streptomyces bacteria [65, 66], studied in the cyanobacterium Prochlorococcus
marinus [67], and predicted to occur in several other genera [68]. While this enzyme shares
a common functional role with the other SODs, several lines of evidence highlight its unique
features. The amino acid sequence of NiSOD has no significant homology to the other SODs
or to any other proteins. High resolution crystal structures (Figure 4B) have been determined
for NiSOD from two Streptomyces sources [69, 70], and additional site-directed mutation
and spectroscopic studies have been performed to define the Ni coordination geometry [66,
71–73]. The overall quaternary structure of NiSOD is unlike those of the other SODs; it
exists as a homohexamer with each independently-acting Ni site located in an N-terminal
hook. Post-translational processing to remove 14 N-terminal residues is necessary for Ni
binding to occur [66].

The active site coordination of the Ni differs from the other SOD metal ions, and explains
how nickel is able to carry out catalysis. The as-isolated protein contains a mixture of Ni2+

and Ni3+, each with its distinct coordination geometries. In the +2 state, Ni is bound in a
square-planar configuration by a backbone amide from Cys2, a primary amine from the N
terminus, and two thiolate ligands from Cys2 and Cys6. In the +3 state, it is bound in a five-
coordinate square-pyramidal arrangement with the additional bond provided by the His1 via
its Nδ atom (Figure 4C, inset). Thus, only three amino acid residues contribute to Ni
binding. Spectroscopic and computational studies of NiSOD [74] and model compounds
[75] show that the thiolate and imidazole ligands are critical in creating an environment that
lowers the reduction potential of the Ni by over 1 V and renders it capable of catalyzing the
1-electron, 2-proton dismutation.

[NiFe]-Hydrogenase
Hydrogenases catalyze the interconversion of hydrogen gas with protons and electrons, as
shown in Figure 5A. These enzymes are found in archaea, bacteria, and selected eukaryotes,
where this reversible reaction is used either for consumption of excess reducing equivalents
or for providing electrons destined for energy-generating pathways. Hydrogenases are
generally categorized into three groups according to the type of metal(s) in their active site
[76]. The heterodinuclear [NiFe]-hydrogenases are discussed below. [FeFe]-hydrogenases
contain a dinuclear Fe active site along with Fe-S clusters [77]. The third group, known as
the [Fe]-hydrogenases, contain a single Fe atom per subunit and lack Fe-S clusters; these
enzymes couple hydrogen uptake to reduction of methylene-tetrahydromethanopterin in
methanogenic Archaea [78].

[NiFe]-hydrogenases are typically composed of a minimum of two subunits: a large ~60-
kDa catalytic subunit containing the Ni-Fe active site, and a small ~30-kDa electron transfer
subunit with one or more Fe-S clusters [77, 79, 80]. Numerous crystal structures exist for
[NiFe]-hydrogenases as exemplified by that for the enzyme from Desulfovibrio
fructosovorans depicted in Figure 5B [81]. The active site is deeply buried in the large
subunit with the Ni coordinated by four cysteine residues. Two of the same cysteines
coordinate the Fe, which has additional diatomic ligands (two cyanide and one carbon
monoxide are shown here, but these ligands can differ in enzymes from other sources) and a
metal-bridging ligand is present in some redox states [82]. In addition, a subset of [NiFe]-
hydrogenases possess a Se ligand, where a selenocysteine replaces a cysteine metallocenter
ligand in the protein [83]. In the D. fructosovorans protein the small subunit contains three
Fe-S clusters (proximal and distal [4Fe-4S] clusters separated by a [3Fe-4S] cluster), but
alternative Fe-S cluster arrangements exist in enzymes from other organisms.
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Biosynthesis and maturation of the [NiFe]-hydrogenase active site is a complex multistep
process that involves many accessory proteins [80, 84, 85]. The best studied case of active
site assembly is for E. coli hydrogenase 3. Of particular importance are the Hyp proteins,
which function in generation and addition of CN− to iron (HypE, HypF,), Fe-CN delivery
(HypD/HypC), and energy-dependent insertion of the nickel (HypA, HypB). The source of
CO is unknown. A final proteolytic processing step is required to rearrange the protein
structure to bury the assembled active site.

Aerobic purification of [NiFe]-hydrogenases often yields inactive enzyme that can slowly be
activated under reducing conditions [86]. This initial finding led to further investigations of
various active and inactive intermediate states, including crystallographic analyses of the D.
fructosovorans enzyme [87] and spectroscopic studies of the enzyme from Desulfovibrio
vulgaris [88, 89]. A simplified scheme depicting some of the known states is shown in
Figure 5C; detailed discussion of these many forms is beyond the scope of this review [89,
90].

The overall reaction of [NiFe]-hydrogenase is complicated by the need for substrates/
products (H2, protons, and electrons) to access the buried active site. In the case of D.
fructosovorans, H2 traverses a hydrophobic channel that is evident in the high resolution
crystal structure [81]. H2 is cleaved heterolytically to yield a proton and a hydride [91], with
subsequent electron removal from the hydride to produce a second proton. Electron transfer
utilizes the three Fe-S clusters, one of which is exposed to the protein surface where it can
interact with a redox partner. The pathways for proton transport are less clear, but may
involve a Cys ligand [92]. Presumably, protonatable side chains and water molecules can
then move protons to the outside of the protein [93].

Carbon monoxide dehydrogenase
Carbon monoxide dehydrogenase (CODH) catalyzes the reversible oxidation of carbon
monoxide to carbon dioxide (Figure 6A), thus playing a vital role in the global carbon cycle
by allowing organisms to utilize carbon monoxide as a source of carbon and energy [94–96].
Two major classes of CODH exist: a molybdopterin/Cu/Fe-S cluster-containing enzyme is
found in aerobic microorganisms [97] and a Ni-containing enzyme in anaerobes [98]. Ni-
CODH can be found either as an independent enzyme or as part of a larger complex with
acetyl-coenzyme A (CoA-SH) synthase/decarbonylase (ACS) activity, the focus of the
following section.

Crystallography studies reveal a dimeric structure for the independent CODHs from
Rhodospirillum rubrum [99] or Carboxydothermus hydrogenoformans [100], a homodimer
with two copies of another subunit for the Methanosarcina barkeri protein [101], and a
CODH homodimer bridging additional subunits for the ACS from Moorella thermoacetica
(formerly Clostridium thermoaceticum) [102, 103]. The C. hydrogenoformans CODH
crystal structure (Figure 6B) depicts five metalloclusters per homodimer; each subunit
contains a [1Ni-4Fe-4S] C-cluster and a typical [4Fe-4S] B-cluster, with a [4Fe-4S] D-
cluster found at the interface of the subunits [100]. Depending on the source and the enzyme
state the C-cluster structure can vary in the number of S atoms (4 or 5) and the identity of
bound ligands [104–107], but in essence it can be viewed as [3Fe-4S] cluster bridged to a
Ni-Fe center. The C-clusters are thought to be the sites of CO oxidation on the basis of
genetic and spectroscopic studies whereas the three [4Fe-4S] clusters connect the two active
sites to a separate electron carrier protein [94]. Ni incorporation into the CODH active site
requires accessory proteins, but the maturation process has not been well studied [108–110].
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A recent computationally-derived catalytic mechanism that accounts for the wealth of
structural and spectroscopic data for CODH [111] retains Ni in the 2+ oxidation state
throughout the reaction cycle (Figure 6C). The resting enzyme is thought to possess a
hydroxide molecule bound to the unique Fe in the C-cluster. CO binds to the Ni and adopts a
bent geometry. Nucleophilic attack by the hydroxide on the bound CO carbon forms a Ni-
C(O)O-Fe intermediate, which decomposes to release CO2. In this mechanism, the resulting
C-cluster possesses a Ni-bound hydride which is released as a proton by loss of two
electrons; an alternative model proposes the intermediacy of a Ni0 state that is subsequently
oxidized [94, 95, 106].

Acetyl-coenzyme A synthase/decarbonylase
Acetyl-S-CoA synthase/decarbonylase (ACS) is a CODH-containing protein complex that
reversibly condenses CO (derived from CO2) with CoA-SH and a methyl group (derived
from a corrinoid/Fe-S protein, abbreviated Co(III)-FeSP) to generate acetyl-S-CoA as
depicted in Figure 7A [96]. Many types of anaerobic microorganisms utilize ACS as the key
enzyme of the acetyl-S-CoA pathway used for fixing CO2, while acetate-degrading
methanogenic archaea use this enzyme to convert the two-carbon substrate into CO2 and
methane. ACS contains two Ni-containing active sites, one responsible for the CODH
activity and one that catalyzes the reversible carbon-carbon-sulfur linkages of acetyl-S-CoA;
these active sites are connected by an internal channel or tunnel [112–114].

Crystal structures for ACS are available for the CODH-containing complex from M.
thermoacetica [102, 103, 114] and as the CODH-free ACS subunit from C.
hydrogenoformans [115]. The M. thermoacetica protein complex consists of the core CODH
dimer with additional subunits bound on either side (Figure 7B). The additional subunits
each contain an A-cluster that includes a [4Fe-4S] cluster bridged via a Cys residue to a
proximal metal site that bridges to a distal metal site via two other Cys residues. The distal
metal is Ni, coordinated by two backbone amides in addition to the two Cys residues,
whereas the proximal metal site can be occupied by Ni, Cu or Zn (the Cu form is shown in
Figure 7B); the dinuclear Ni site appears to be physiologically relevant [102–104, 115].

The catalytic mechanism of ACS is not fully established, but evidence suggests the proximal
Ni atom changes oxidation state, whereas the distal Ni remains in the 2+ oxidation state
throughout the reaction [116] (Figure 7C). CO binds to the proximal metal in the Ni1+ state
forming a species that has been trapped and spectroscopically characterized [117], with the
same Ni subsequently undergoing methylation by the CH3-Co(III)-FeSP. The CO and
methyl group react to form an acetyl group, which undergoes nucleophilic attack by CoA-
SH to form acetyl-S-CoA [118]. Alternate mechanisms with distinct oxidation states of the
proximal Ni for the intermediates have also been suggested [116, 119].

Methyl-coenzyme M reductase and anaerobic methane oxidation
Methyl-coenzyme M reductase (MCR) plays an important role in the global carbon cycle by
catalyzing the interconversion of methyl-coenzyme M (methyl-S-thioethanesulfonate, CH3-
S-CoM) plus coenzyme B (N-7-mercaptoheptanoylthreonine phosphate, CoB-SH) with
methane and the heterodisulfide CoM-S-S-CoB (Figure 8A) [96, 120]. All biologically
produced methane is formed by methanogenic archaea using MCR, and the reverse reaction
is carried out by other archaea catalyzing the anaerobic oxidation of methane in synergy
with sulfate-reducing bacteria [121, 122].

High resolution crystal structures have been obtained for the oxidized form of MCR,
revealing a primarily helical 300-kDa hexamer in a α2β2γ2 arrangement (Figure 8B) [123,
124]. The α subunit contains the active site which includes coenzyme F430, a Ni-
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tetrapyrrole [125]. This corphinoid species is related to sirohemes and corrinoids, but it
contains only five double bonds making it the most reduced tetrapyrrole in nature. Slight
modifications exist in the structure of this yellow compound when derived from
methanogens versus anaerobic methane oxidizers [122]. F430 is active when in the Ni1+

oxidation state, but it is easily converted to other oxidation states [126–128]. The coenzyme
is tightly but non-covalently bound at the terminus of a hydrophobic channel that prevents
solvent from accessing the active site and allows for coordination of the substrates. In
addition to the tetrapyrrole nitrogens, Ni is axially coordinated by a Gln side chain with the
second axial coordination site available for substrate binding [123, 124, 129].

The reaction mechanism of MCR continues to be investigated, with two major proposals
under active consideration (Figure 8C). One prominent mechanism (upper pathway)
postulates that the F430 Ni1+ center performs an SN2 reaction on the methyl group of
methyl-CoM, forming a methyl-Ni3+ F430 species and the CoM-S− thiolate anion, which
would reasonably be protonated by CoB-SH. Electron transfer from CoM-SH to the metal
could produce the methyl-Ni2+ F430 species which should be able to undergo protonolysis,
yielding methane, Ni2+ F430 cofactor, and the CoM-S• radical. Subsequent linkage of the
radical with the CoB-S− anion generates the disulfide radical anion. Electron transfer from
this species to the oxidized cofactor would yield the disulfide and regenerate the initial Ni1+

F430 state [96, 130–133]. A second commonly cited mechanism, based primarily on
computational studies, proposes that the Ni1+ F430 cofactor catalyzes homolytic cleavage of
the C-S bond of methyl-CoM to generate a methyl radical and the Ni2+-bound thiol. The
methyl radical is proposed to abstract a hydrogen atom from CoB-SH, forming methane and
the CoB-S• thiyl radical. Recombination yields the same disulfide anion radical and Ni2+

F430 species as in the earlier mechanism, with electron transfer again yielding the disulfide
product and the regenerated Ni1+ F430 cofactor [96, 131, 134, 135].

Lactate racemase
The most recently identified Ni-dependent enzyme is lactate racemase or LarA (unpublished
observations by Drs. B. Desguin, P. Soumillion, and P. Hols, personal communication). This
enzyme catalyzes the racemization between L- and D-lactic acid (Figure 9), a reaction that
may involve transient hydride transfer to Ni. The structure of the apoprotein has been
determined and spectroscopic studies suggest the holoprotein contains a five-coordinate Ni
with at least two His ligands. Three accessory proteins (LarB, LarC, and LarE) are required
for metallocenter assembly.

Other Ni-dependent enzymes
Many non-redox metalloenzymes are active when their native metal is replaced by Ni as
illustrated by the 1960 study of Ni-substituted metallocarboxypeptidases that use zinc as
their native metal [136]. It is likely that other true Ni-dependent enzymes exist, but proving
Ni is the physiologically relevant metal is not trivial. Two examples illustrate the complexity
of establishing metal specificity. QueD, a quercetinase, catalyzes the transformation of the
flavonol quercetin by a dioxygenase reaction that releases carbon monoxide (Figure 10). In
some microorganisms the enzyme contains copper, in others the reaction is promoted best
by manganese, and the Streptomyces sp. FLA enzyme is most active with Ni or cobalt [137].
This result is based on the finding of greatest QueD activity in cell extracts of cultures
supplemented with either of these metals, but not manganese, iron, copper, or zinc; however,
the cell growth studies used a recombinant high-expression system in E. coli. Even with Ni-
supplemented growth the purified protein contains only ~0.5 equivalents of Ni, thus the
relevance to metal speciation of protein in the native host remains unclear. In a similar
manner, a glycerol-1-phosphate dehydrogenase (Figure 11) from Bacillus subtilis (AraM)
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was reported to be Ni-dependent on the basis of the activity in recombinant E. coli cells
expressing araM and grown with various metal ions [138]. Additionally, AraM apoprotein
was obtained by prolonged treatment with EDTA, and Ni was shown to be greatly superior
to zinc, cobalt, or other metal ions in restoring activity.

Genomic sequencing efforts are uncovering homologs to genes encoding QueD, AraM, and
the nine Ni-dependent enzymes described earlier in a large number of organisms. The
presence of these genes suggests the existence of Ni-containing enzymes, but this need not
be the case as shown by quercetinases that utilize other metals or by Fe-dependent urease.
Furthermore, the diverse types of Ni environments in the various Ni-dependent enzymes
mean that it is very difficult, if not impossible, to identify a new type of Ni-containing
enzyme based only on the gene sequence.

To establish that a particular enzyme is dependent on Ni in vivo, several lines of inquiry
should be undertaken. It is desirable to quantify the metal content of that protein when
purified from the native host without using an overexpression system. Furthermore, it is
useful to assess the effects of mutations/deletions of genes affecting metal uptake or metal
efflux systems on the enzyme activity of interest; e.g., in regard to AraM no Ni uptake
system is known for B. subtilis [139]. Metal-dependent transcription studies of the gene
encoding the target protein also can hint at the metal specificity. Finally, one should
examine the effects of metal identity on enzyme activity, being sure to utilize anaerobic
conditions when testing an oxygen-sensitive metal such as ferrous ions.

In addition to the above enzymes known to utilize Ni, it is very likely that Ni is required for
still-uncharacterized activities of other proteins. For example, during a structural proteomics
analysis of the archaeon Methanobacterium thermoautotrophicum, protein MTH152 was
only able to be crystallized in the presence of Ni [140]. The structure of MTH152 suggested
the metal plays an important role in bridging flavin mononucleotide and residues of the
protein, but the function of the putative flavoenzyme is unknown. Furthermore,
chromatographic resolution and mass spectrometric detection of metalloproteins from
Pyrococcus furiosus uncovered four new Ni-containing proteins of unknown function in this
thermophilic microorganism [141]. Similar discoveries are nearly certain to occur as
additional host organisms from diverse environmental niches are studied.

Concluding remarks
Although limited in number, Ni-containing enzymes exhibit a rich diversity of metallocenter
structures and participate in a variety of important reactions. Further understanding of these
enzymes is certain to include additional structural and spectroscopic studies of the proteins
themselves along with computational and bioinorganic modeling efforts. Novel Ni-
containing enzymes await discovery, and other aspects of Ni metabolism (transport and
delivery to the correct apoprotein, as well as Ni-dependent regulation) remain incompletely
understood. Clearly, many exciting avenues of investigation exist for those interested in Ni!
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CoA-SH coenzyme A

CODH carbon monoxide dehydrogenase

CoB-SH coenzyme B

CoM-SH coenzyme M

GlxI glyoxalase I

GSH glutathione

MCR methyl-coenzyme M reductase

SOD superoxide dismutase
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Highlights

• The function, structure, and mechanisms are described for nickel-dependent
enzymes

• Nickel active sites range from simple mononuclear centers to complex multi-
metal complexes

• Methods to establish nickel specificity are discussed

Boer et al. Page 15

Arch Biochem Biophys. Author manuscript; available in PMC 2015 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 1.
Glyoxalase I (GlxI). (A) GlxI acts on the reversibly-formed hemithioacetal product of
glutathione (GSH) plus methylglyoxal, and catalyzes formation of S-D-lactoylglutathione
via a cis-enediolate intermediate. The product is hydrolyzed by glyoxalase II (GlxII) to yield
D-lactate. (B) Glx I structure and active site. The homodimeric protein (cyan and white
cartoon view, PDB access code 1f9z, Escherichia coli) contains two Ni-containing active
sites (green spheres) at the dimer interface with His and Glu ligands (sticks) contributed by
each subunit and two coordinated waters (red spheres).
(2 column width)
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Fig. 2.
Acireductone dioxygenase (ARD). (A) The Fe-containing enzyme (left pathway) converts
the substrate to formic acid and the keto-acid of Met, while the Ni-bound enzyme (right
path) produces formic acid, CO, and 3-methylthiopropionate. (B) ARD structure and active
site. The NMR structure of acireductone dioxygenase (white cartoon view, PDB access code
1zrr, Klebsiella oxytoca) is shown. The 6-coordinate Ni (green sphere) coordinates three His
and one Glu (sticks), and two water molecules (red spheres). (C) Postulated reaction
intermediates in the Fe- versus Ni-catalyzed reactions of ARD. Dioxygen and 1,2-
dihydroxy-3-keto-5-methylthiopentene are thought to react at the ARD active site to form
the metal-dependent cyclic peroxides shown. These rearrange, as shown by the arrows, to
yield the appropriate products.
(2 column width)
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Fig. 3.
Urease. (A) The reaction catalyzed by urease. (B) Urease structure and active site. The
detailed architectures differ for different ureases, but all include a trimeric configuration of
1, 2, or 3 subunits. The urease shown (cartoon view, PDB access code 1fwj, Klebsiella
aerogenes) possesses three subunits in uniform color (cyan, yellow, or white). Each active
site contains two Ni (green spheres) that are bridged by a Lys carbamate and a water, with
each Ni also binding a terminal water and two His, plus an Asp coordinating to one metal
(side chains as sticks and solvent as red spheres). (C) Four reaction mechanisms proposed
for urease. Proposals for urease catalysis are unified by having the urea carbonyl oxygen
coordinated to Ni-1. (i) Hydroxide bound to Ni-2 attacks the urea carbonyl carbon to form a
tetrahedral intermediate that decomposes with a nearby His residue functioning as a general
acid. (ii) The bridging hydroxide attacks the urea carbonyl carbon while transferring its
proton to product ammonia, with the other urea amine coordinated to Ni-2. (iii) The bridging
hydroxide attacks the urea carbonyl carbon to form a tetrahedral intermediate that
decomposes with a nearby His residue functioning as a general acid. (iv) A general base
(perhaps Ni-2 coordinated hydroxide as shown) abstracts a urea proton leading to
elimination of ammonia and production of cyanate that is subsequently hydrated.
(2 column width)
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Fig. 4.
Superoxide dismutase (SOD). (A) The reaction catalyzed by SOD. (B) NiSOD structure and
active site. The homohexameric structure of NiSOD (cartoon view, PDB access code 1t6u,
Streptomyces coelicolor) is shown with each subunit a different color. One active site is
shown in the oxidized form, with Ni3+ (green sphere) coordinated via the amino terminal
amine, a backbone amide, two Cys, and an axial His (stick view). The His is displaced as a
ligand for the reduced state (indicated by the dashed line).
(1 column width)
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Fig. 5.
Hydrogenase. (A) The reaction catalyzed by hydrogenase. (B) Hydrogenase structure and
active site. The dimeric [NiFe]-hydrogenase (cartoon view, PDB access code 1yrq,
Desulfovibrio fructosovorans) contains three [FeS] clusters (brown and yellow spheres) in
the small (cyan) subunit and the [NiFe] cluster in the large (white) subunit. An expanded
view of the [NiFe] cluster is shown in stick view with the Ni (green sphere) coordinated by
four Cys, two of which also coordinate Fe (brown sphere). In this state, a μ-oxo group (red
sphere) bridges the two metals, and the Fe possesses a CO and two cyanide ligands. (C)
Subset of the [NiFe] cluster states proposed for the [NiFe]-hydrogenase from Desulfovibrio
vulgaris str. Miyazaki F. L1, L2, and L3 are diatomic ligands of Fe.
(2 column width)
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Fig. 6.
CO dehydrogenase (CODH). (A) The reaction catalyzed by CODH. (B) The CODH
structure and active site. Dimeric CODH (cartoon view, 3b53, Carboxydothermus
hydrogenoformans) contains two [1Ni-4Fe-4S] clusters (green, brown, and yellow spheres)
and three [4Fe-4S] clusters (brown and yellow spheres) including one which bridges the
subunits. An expanded view of the [1Ni-4Fe-4S] cluster is shown with the ligands shown in
stick view. (C) Mechanism of CODH. One proposal for the mechanism of CODH includes a
Ni2+-hydride intermediate and retains Ni2+ in all steps; an alternative model invokes a Ni0

state following CO2 release.
(2 column width)
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Fig. 7.
Acetyl-coenzyme A (acetyl-S-CoA) synthase/decarbonylase (ACS). (A) The reaction
catalyzed by ACS. (B) ACS structure and active sites. ACS (cartoon view, PDB access code
2z8y, Morella thermoacetica) contains a CODH homodimer (yellow and sand) with two
[1Ni-4Fe-4S] clusters (side chains shown in stick view, bottom left) and three [4Fe-4S]
clusters, including one bridging the subunits, along with two subunits (cyan and gray
cartoon) each containing a [Ni-M-4Fe-4S] cluster (side chains shown in stick view, bottom
right). The structure shown is for an inactive protein where M is Cu (purple sphere), but the
active enzyme possesses Ni at this site. (C) ACS mechanism. In this oversimplified view of
the ACS mechanism, the Ni located distal to the [4Fe-4S] cluster retains its divalent state
throughout catalysis whereas the proximal Ni cycles between the Ni2+ and Ni1+ states.
Alternative mechanisms invoke Ni3+ or Ni0 states for the proximal metal site.
(2 column width)
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Fig. 8.
Methyl-coenzyme M reductase (MCR). (A) The reaction catalyzed by MCR. (B) MCR
structure and active site. MCR is a dimer of the αβγ subunits (cartoon view, PDB access
code 1mro, Methanothermobacter marburgensis). Each active site (Ni as a green sphere
with ligands in stick view) contains coenzyme F430 with an axial Gln ligand, and an
additional axially coordinated CoM-SH in this particular structure. A line drawing of
coenzyme F430 is illustrated for clarity, where R is H or S-CH3 depending on the source.
(C) Two postulated reaction mechanism of MCR. In the upper pathway, the Ni1+ attacks the
methyl group of methyl-S-CoM to form a methyl-Ni3+ intermediate. In the lower pathway, a
CoM-S-Ni2+ intermediate is formed. Both pathways incorporate a disulfide anion radical.
(2 column width)
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Fig. 9.
Reaction catalyzed by lactate racemase.
(1 column width)
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Fig. 10.
Reaction catalyzed by the QueD quercetinase.
(1.5 column width)
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Fig. 11.
Reaction catalyzed by AraM, a glycerol phosphate dehydrogenase.
(1.5 column width)
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