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1 | INTRODUCTION

Christine Cavazza

Abstract

Nickel enzymes, present in archaea, bacteria, plants, and primitive eukaryotes
are divided into redox and nonredox enzymes and play key functions in
diverse metabolic processes, such as energy metabolism and virulence. They
catalyze various reactions by using active sites of diverse complexities, such as
mononuclear nickel in Ni-superoxide dismutase, glyoxylase I and acireductone
dioxygenase, dinuclear nickel in urease, heteronuclear metalloclusters in
[NiFe]-carbon monoxide dehydrogenase, acetyl-CoA decarbonylase/synthase
and [NiFe]-hydrogenase, and even more complex cofactors in methyl-CoM
reductase and lactate racemase. The presence of metalloenzymes in a cell
necessitates a tight regulation of metal homeostasis, in order to maintain the
appropriate intracellular concentration of nickel while avoiding its toxicity. As
well, the biosynthesis and insertion of nickel active sites often require specific
and elaborated maturation pathways, allowing the correct metal to be deliv-
ered and incorporated into the target enzyme. In this review, the phylogenetic
distribution of nickel enzymes will be briefly described. Their tridimensional
structures as well as the complexity of their active sites will be discussed. In
view of the latest findings on these enzymes, a special focus will be put on the

biosynthesis of their active sites and nickel activation of apo-enzymes.
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consequent to the cooling of the upper-mantle and the
decreased eruption of nickel-rich ultramafic rocks, which

At the beginning of life, the environment was highly
reducing, with an anoxic atmosphere rich in gases like
H,, CO, and CO, and hot oceans well-supplied with tran-
sition metals such as Fe(II) and Ni(II).! In order to
accommodate these early living conditions, nickel is most
likely featured as a key player in catalyst development.
Notably, its role was essential as a metal cofactor in the
metabolism of methanogenic archaea.” The “nickel fam-
ine” theory has been proposed to play a central role in
evolution:® it correlates the great oxidation event (GEO)
with a drastic reduction of nickel flux in archean oceans,

would have starved the major oceanic microbial commu-
nity, the methanogens.* Their decline left space for the
proliferation of other microorganisms, especially oceanic
cyanobacteria, that did not require as much nickel. This
lead to an increased production of O, via photosynthesis,
concomitant with a decrease in methane concentration.
The appearance of oxygen in the atmosphere 2.4 billion
years ago had a dramatic impact on metabolic evolution
and many enzymatic reaction pathways used by anaero-
bic metabolism under reductive conditions were replaced
by aerobic ones.” The result was the segregation of the
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microorganisms relying on H, and/or CO oxidation and
CO, reduction pathways to anoxic niches, such as ocean
or lake bottoms, animal digestive tracts, and volcanic
mud.® To date, only nine nickel-dependent enzymes have
been identified in archaea, bacteria, plants, and primitive
eukaryotes, including [NiFe]-carbon monoxide dehydroge-
nase (CODH), acetyl-CoA decarbonylase/synthase (ACS),
[NiFe]-hydrogenase methyl-CoM reductase (MCR), ure-
ase, Ni-superoxide dismutase (NiSOD), lactate racemase
(LarA), glyoxylase I (GlxI), and acireductone dioxygenase
(ARD; Figure 1).” In contrast, no nickel enzyme has been
found in mammalian species.® Despite their scarcity, they
are often essential, playing key functions in diverse meta-
bolic processes, such as energy metabolism and virulence,
and functioning as either redox or nonredox enzymes
(Table 1). The advantage of nickel as a catalytic center is
based on its flexible coordination geometry, allowing
diverse biological functions. Moreover, in redox enzymes,
the metal environment is critical in adjusting its redox
potential and nickel is thus able to cycle through several
redox states and to catalyze reactions spanning over
1.5 V, while in nonredox enzymes, Ni(II) is used as a
Lewis acid.

The presence of metalloenzymes in organisms
requires a tight regulation of metal homeostasis abso-
lutely critical for cells in order to maintain the appro-
priate intracellular concentration of essential metals
while avoiding toxicity caused by excess amounts.” On
the one hand, if the concentration becomes too low,
the cell will suffer from the inactivation of essential
enzymes. On the other hand, a nonphysiological metal
present at high intracellular concentrations might lead
to the replacement of the native metal which in turn
might result in inactivation, or the catalytic formation
of highly toxic reactive oxygen species. In the case of
nickel, the current levels in natural environments are
generally in the nanomolar range with the exception
of specific niches. Therefore, its scavenging is a critical
step and requires tightly controlled and highly efficient
import systems.'® Once acquired, the correct metal will
be delivered and incorporated into the target enzymes
through dedicated protein complexes comprising nickel
chaperones and accessory proteins. These proteins par-
ticipate in nickel delivery, metallocenter assembly, or
cofactor synthesis.

In this review, the phylogenetic distribution of Ni-
enzymes will first be presented. Their tridimensional
structures as well as the complexity of their active sites
will be discussed and a special focus will be put on the
biosynthesis of active sites and nickel activation of apo-
enzymes. The details of reaction mechanisms will be
excluded, as well as the description of nickel uptake,
nickel efflux, and regulatory systems.

2 | OCCURRENCE AND
BIOLOGICAL RELEVANCE

Most of nickel enzymes are involved in gas processing,
either as substrates or as final products of the reaction
(CO, CO,, H,, ammonia, O, and CH,), except GIxI I and
LarA. They are divided into anaerobic and aerobic
enzymes, depending on their metabolic implication.
Ni-utilizing organisms regroup archaea, bacteria, and
some eukaryotes and possess one or several nickel
enzymes (Table 1). All enzymes except MCR are found in
bacteria, [NiFe]-H,ase and urease being the most wide-
spread, while the other ones show a limited and mosaic
distribution. [NiFe]-H,ase is also the most widespread
Ni-enzyme in Archaea.

2.1 | Redox enzymes

Hjases have been classified into three phylogenetically
unrelated classes, based on the metal composition of their
active site: [Fe]-, [FeFe]-, and [NiFe]-H,ases.® The two lat-
ter types reversibly catalyze the oxidation of molecular
hydrogen into protons and electrons. Hydrogen can have
a double role, either as an energy source or as a final prod-
uct to remove a possible excess of reducing equivalents.
[NiFe]-H,ases, found in bacteria and archaea, have been
classified in four main groups depending on their func-
tion. Group 1 contains membrane-associated H, uptake
hydrogenases; soluble uptake hydrogenases and sensory
hydrogenases form the Group 2; heteromultimeric cyto-
plasmic hydrogenases harboring a reducible cofactor
(F420 or NAD(P)) are found in Group 3 and the last group
consists of energy-conserving hydrogenases.'"

Carbon monoxide dehydrogenase (CODH) plays a cen-
tral role in carbon metabolism in anaerobic microorgan-
isms, by reversibly catalyzing the oxidation of CO into CO,
for a variety of metabolic purposes.’? In the direction of
CO oxidation, monofunctional CODH is used by various
carboxydotrophic archaea and bacteria for energy produc-
tion. In the direction of CO, reduction, CODH can be
coupled with acetyl-SCoA synthase to form either the
CODH/ACS complex in anaerobic bacteria or the acetyl-
CoA decarbonylase/synthase (ACDS) multienzyme com-
plex in Archaea."® The complex catalyzes the synthesis of
acetyl-CoA from coenzyme A condensed with CO (derived
from CO, reduction catalyzed by CODH) and a methyl
group, derived from a corrinoid/ Fe-S protein Co(III)-
FeSP. CODH and ACS play an important role in the
Wood-Ljungdahl (WL) pathway, one of the six carbon fix-
ation pathways known on Earth. This pathway is found in
acetogens for energy conservation and autotrophic carbon
assimilation, with acetate as the end product. In
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Schematic amino acid sequences and metal-binding motifs of Ni-enzymes. Residues involved in Ni or Fe binding are

highlighted in green and orange, respectively. Residues involved in both Ni and Fe binding are highlighted in magenta. Residues in
interaction with cofactors are highlighted in blue. Accession number in UniProtKB is in italics. Residues constituting the active site are
annotated. RrCODH: monomer of CODH from R. rubrum; MtACS: a susbunit of CODH/ACS from Moorella thermoacetica; DgH,ase: small
(HydA) and large (HydB) subunit of [NiFe]-H,ase from Desulfovibrio gigas, sequence signal of HydA (1-23) for periplasmic translocation and
propeptide (537-551) processed in HydA during maturation are in barred; MmMCR: a (McrA), 3 (McrB), and 5 (McrG) subunits of MCR
from Methanothermobacter marbugensis; SsNi-SOD: monomer of Ni-SOD from Streptomyces seoulensis, the processed propeptide (1-14) is in

barred; SpUrease: o, 3, and v subunits of urease from Sporosarcina pasteurii; LpLarA: LarA from Lactobacillus planetarium; EcGIXI:
monomer of GIx I from E. coli; KoARD: Ni-ARD from Klebsellia oxytoca
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TABLE 1

Occurrence
Redox enzymes
[NiFe]-hydrogenase Bacteria, Archaea
CO-dehydrogenase Bacteria, Archaea
Acetyl-SCoA synthase

Methyl-SCoM reductase

Bacteria, Archaea
Archaea
Superoxide dismutase Bacteria

Marine Eukaryota
Nonredox enzymes

Urease Bacteria, Archaea

Eukaryota
(plants, fungi, algae)

Bacteria
Archaea?

Lactate racemase

Bacteria
Eukaryota
(protists, plants)

Glyoxalase I

Bacteria
Eukaryota?

Acireductone dioxygenase

Occurrence of Ni-enzymes and compilation of the various catalytic reactions

Enzyme reaction

H, < 2H* + 2¢~

CO + H,0 «» CO, + 2H" + 2e~

CO + CoA-S™ + CH;-CO**FeSP +» CH;3C(0)-S-CoA + co™FeSP
CH;-SCoM + CoBSH <~ CH, + CoBS-SCoM

20,7 +2H" D H,0, + 0,

(NH,)CO, + H,0 > CO, + 2 NH,

L-lactate « p-lactate

CH,-CO-C(OH)-SG > CH,-CH(OH)-CO-SG

1,2-dihydroxy-3-keto-5-methylhtiopentane
+ O, < 3-methylthiopropanoate + formate + CO

Note: The most representative kingdoms for each enzyme and the main products or substrates are in bold.

methanogenic archaea, it is only used for CO, fixation,
while energy conservation is achieved by methanogenesis,
which is thermodynamically more favorable. The WL
pathway can also act in reverse (in the oxidative direction)
to produce reducing power from the oxidation of organic
compounds, illustrated by the coupling of the oxidation of
acetate to H, and CO,, to the reduction of sulfate in
sulfate-reducing bacteria. The WL pathway consists of two
branches, defined as the methyl (or eastern) and the car-
bonyl (or western) branches. Although its overall scheme
is conserved, the bacterial and archaeal methyl branches
involve different cofactors, Cl-carriers and enzymes, while
the carbonyl branch is common in all microorganisms. In
the methyl branch, one molecule of CO, undergoes a six-
electron reduction to yield a methyl group, condensed
with CoA and CO coming from the reduction of CO, in
the carbonyl branch, to make acetyl-CoA, a key molecule
in protein, carbohydrate, and lipid metabolism."> ACS can
also be found as an independent monofunctional enzyme
in carboxydotrophs.

MCR is strictly restricted to Archaea and plays an
important role in carbon metabolism, being the key enzyme
in biological methane formation."* This enzyme catalyzes
the reduction of methyl-S-coenzyme M (CH;-S-CoM) by
coenzyme B (CoB) to yield methane, which is the final step
of methanogenic Archaea metabolism. These strictly anaer-
obic microorganisms, able to grow on acetate, methanol,
formate, or CO, and H,, are responsible for more than 90%
of the methane present on earth."

SOD emerged with the rise in O, levels in the atmo-
sphere about 2 billion years ago. Its role is to protect bio-
logical systems from the oxidative damage caused by
superoxide radical anions (O, ), a byproduct of oxygen
metabolism.’® The enzyme catalyzes the dismutation of
superoxide anions to hydrogen peroxide and oxygen
(Table 1). Its active site can be composed of different
metals. The most common ones are constituted either by a
di-nuclear Cu-Zn center or by a mononuclear Fe or Mn
atom. The discovery of NiSOD in 1996 in Streptomyces spe-
cies came as a surprise to the community because Ni(I) is
the only stable oxidation state in aqueous media and can-
not catalyze the superoxide disproportionation in aqueous
solution.'” The adaptations required to use this metal as
catalytic center resulted in a unique emergence of this
enzyme which has no sequence homology with the other
SODs. NiSOD is commonly found in cyanobacteria, which
were the first to produce oxygen, and is also encoutered in
some marine eukaryotes, making NiSOD the most abun-
dant SOD in modern oceans."®

2.2 | Nonredox enzymes

Urease was the first example that nickel could be used as
an enzyme cofactor.” This enzyme is found in a plethora of
organisms including plants, fungi, algae, archaea, and bac-
teria and catalyzes the hydrolysis of urea to produce ammo-
nia and carbamate. The latter decomposes spontaneously to
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ammonia and carbonic acid. The widespread occurrence of
urease is related to the profusion of urea in diverse ecologi-
cal niches, where the enzyme is involved in different biolog-
ical processes and is an active player in the global nitrogen
cycle.”® Interestingly, urease is also established as a viru-
lence factor in several pathogenic bacteria. In this case,
bicarbonate and ammonia are used as buffering compounds
to maintain a neutral cytosolic pH, allowing the microor-
ganisms to resist acidic environments, such as the digestive
or the urinary tract, enhancing their survival during host
colonization. One typical example is the gastric pathogen
Helicobacter pylori for which urease constitutes a major
virulence determinant to ensure its survival in the acidic
human stomach.*

Glyoxalase I (Glol1 or GIxI) employs intracellular thiols
to convert a-ketoaldehydes such as methylglyoxal, a
highly cytotoxic metabolic by-product, into nontoxic
d-hydroxyacids.” The enzyme works in concert with
glyoxalase II, and converts the hemitioacetal, formed by
the reaction of methylglyoxal with reduced glutathione to
S-p-lactoylglutathione, used in turn by GIXII as a substrate
to re-generate reduced glutathione and produce p-lactate.
GIxI was described as a zinc-dependent enzyme until
1998, when the activity of GIxI from Escherichia coli was
shown to be maximized by Ni(IT), while Zn(II) substitution
resulted in enzyme inactivation.”? NiGlxl have been
described in bacteria, in protists such as Trypanosoma and
Leishmania and in plants.

Acireductone dioxygenase participates to the methio-
nine salvage pathway. During this pathway, 5'-
methylthioadenosin is converted into acireductone which
can be used as a substrate to generate two different prod-
ucts.”® This enzyme is unique in exhibiting two distinct
reactivities depending on the nature of the metal present
in the active site. 7 When loaded with Fe, ARD produces a
ketoacid precursor that can be recycled back to methio-
nine. If instead Ni is the active center, ARD catalyzes an
off- pathway which converts the acireductone into for-
mate, carbon monoxide, and methylthiobutyric acid. In
the latter case, the enzyme is presumably implicated in
regulatory and/or signaling functions. This dual chemistry
of ARD was originally discovered in the bacterium Klebsi-
ella oxytoca.** This activity has been confirmed in vitro for
mammalian Mus musculus > and human ARD. However,
it is unlikely that NiARD plays a biologically relevant role
in eukaryotes.”® While the Fe-containing form uses
Fe(Il) to activate dioxygen for the oxidation of the sub-
strate via a redox chemistry (oxidative cleavage of C1—C2
bond), Ni(II) is used as a Lewis acid to activate the sub-
strate toward reaction with O, (cleavage of C1—C2 and
C2—C3 bonds). The phylogenetic distribution of Ni-
dependent ARD is difficult to estimate since the nature of
the physiological metal is not easily determined.

LarA, recently identified as the ninth known nickel-
dependent enzyme, catalyzes the interconversion
between L- and p-lactic acid isomers. The only character-
ized enzyme is the one found in Lactobacillus species,
where it may act as a rescue enzyme under stress condi-
tions to ensure p-lactate production.”” p-lactate is gener-
ally produced by the p-lactate dehydrogenase and is an
essential component of the cell wall peptidoglycan in
Lactobacillus. Since then, larA genes have been identified
in other bacteria and some archaea, although they have
not been clearly identified as Ni-dependent enzymes.

3 | OVERALL STRUCTURES
X-ray structures of the nine Ni-enzymes described so far
have been solved (Figure 2).

The first structures of two CODH were solved in
2001,*%° revealing that monofunctional enzymes are
homodimers (Figure 2a). Each monomer is composed of
three different domains known as the N-terminal helical
domain, and two central and C-terminal o/p (Rossmann-
like) domains. The homodimer contains five meta-
lloclusters: two unique [Ni-4Fe-4S] clusters forming the
active sites (namely C-cluster), two [4Fe-4S] clusters
(namely B-cluster), and one intermolecular [4Fe-4S] clus-
ter (namely p-cluster). Later, the X-ray structure of the
bifunctional ACS/CODH enzyme from Moorella thermo-
acetica was solved.’*>! In this case, the a,f, tetrameric
protein is formed by two CODH f-subunits in the center
and one ACS a-subunit on each extremity. The ACS sub-
unit contains three different domains: the N-terminal
domain, responsible for the interaction of ACS with
CODH, the central domain and the C-terminal domain,
which contains the active site, called A-cluster. The
whole ACS-CODH complex can adopt an open or closed
state exhibiting significant conformational changes
(Figure 2b). Only the open form contains an active din-
uclear Ni site.*>** Moreover, the bifunctional enzyme
contains an extensive cavity network, connecting the
active sites by hydrophobic channels to allow diffusion of
CO produced by CODH to the ACS active site. On this
basis, a finely controlled tunnel gating mechanism has
been proposed, regulating in this way the efficient CO
diffusion inside the enzyme, avoiding at the same time
the release of this toxic gas into the cell.

Standard [NiFe]-hydrogenase are heterodimers con-
sisting of a large subunit hosting the active site and a small
subunit that binds FeS clusters needed for electron trans-
fer. A common feature among all the available X-ray struc-
tures is the highly buried position of the active site, which
implies the presence of hydrophobic tunnels for
dihydrogen access/release, as well as proton pathways in
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addition to electron relays.'! The archetypical structure of ~ Domain I has a flavodoxin-like fold containing the proxi-
[NiFe]-hydrogenase from Desulfovibrio gigas (Figure 2c)  mal cluster and domain II binds the median and distal

revealed the presence of three FeS clusters with one proxi- FeS clusters. Domain II is absent from some NiFe-hydrog-
mal and one distal [Fe,S4] clusters and a median [Fe;S,] enases. The large subunit possesses five domains, with the
cluster.®® The small subunit is composed of two domains: active sites between the two a/f3 Domains I and II. The
(a) CARBON MONOXIDE DEHYDROGENASE (b) Acs/copbH
D-cluster ACS ACS

Closed form _ 58, Open form

P
B-cluster \/
. A
, <

FIGURE 2 Legend on next page.
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two subunits possess an extensive contact interface of
about 3,500 A% Variations are found in [NiFeSe]-
hydrogenase that possesses a median [Fe,S,]| instead of
[Fe;S4] cluster’* and in O,-tolerant enzymes which have a
modified proximal cluster corresponding to a [Fe,S3] cen-
ter.® This heterodimeric prototype is often involved in
protein complexes and interacts with various redox
partners.

The crystal structure of MCR from Methanother-
mobacter marburgensis, reveals a hexamer arranged as a
dimer of heterotrimers (xpY), (Figure 2d).*® The enzyme
contains two spatially separated active sites, namely
coenzyme F,30, one in each o subunit. The X-ray structures
revealed that coenzymes Fy 3, M, and B and the
heterodisulfidle CoM—S—S—CoB are embedded inside a
narrow channel of 50 A, from the protein surface to the
buried active site.*” Residues from different subunits form
the channel showing that one affY trimer cannot constitute
an active catalytic unit. This enzyme presents the ability to
undergo several unusual posttranslational amino acid modi-
fications located near the active site in the McrA subunit,
mainly methylation of cysteine, histidine, arginine and glu-
tamine residues catalyzed by S-adenosyl-L-methionine
(SAM) dependent N- and S-methyltransferases.®® These
posttranslational modifications could serve as important
factors to increase enzyme stability.

The quaternary structure of NiSOD are exclusive to
the SOD family.*® It forms a homo-hexamer with each
subunit adopting a four-helix bundle fold (Figure 2e).
The 7/8 N-terminal residues of the mature protein form a
“hook” protruding from the 4-helix bundle to chelate the
Ni active center. The topology of the biological unit pos-
sesses six independent active sites which do not interact
with each other. Interestingly, the 14 amino acids at the
N-terminus are processed into a mature and active form
of 117 amino acids leaving the Ni-coordinating histidine
as the first residue (Figure 1).

Currently, about 50 different structures of ureases
have been deposited in the Protein Data Bank, most from

B oo-WiLey L

bacteria.*® Among them, the most representative protein
architecture corresponds to a trimer of trimers (afY); in
which the a subunit harbors the catalytic center, making
a total count of three active sites per biological unit
(Figure 2f).*° In other bacterial ureases, the quaternary
structure corresponds to an (af}); trimer in which the
f subunit is a fusion of the § and Y subunits. In H. pylori,
the enzyme is a tetramer of («f); trimers containing
12 active sites. In plants, the fusion of the three a, f, and
Y subunits forms a single o subunit, organized as a dimer
of homotrimers (as),. Despite variable quaternary struc-
tures, the secondary and tertiary structures of all ureases
are very similar. The a subunits consist of a TIM barrel
domain and a p-sheet domain, the § subunits are located
on the external surface of the trimer and are mainly com-
posed of p-sheets, and the y subunits consist of domains
containing both a-helices and f-sheets. Importantly, the
o subunits possess a highly conserved flexible helix-turn-
helix motif, flanking the active site, proposed to be
involved in the modulation of substrates and products
diffusion to and from the active site*’ (Figures 1 and 2).
The intrinsic instability of LarA has limited the avail-
able knowledge of enzyme structure and function. Since
2014, studies conducted on lactate racemization in
L. plantarum®’ and notably the determination of the crys-
tal structure of holo-LarA in 2015,** have brought signifi-
cantly new information on this enzyme, particularly its
identification as a nickel enzyme. Surprisingly, although
nickel is absolutely required for the activity, the metal
easily dissociates from the enzyme. The determination of
LarA structure in complex with its physiological metal
was only possible thanks to the addition of sulfite, shown
to stabilize LarA and delay spontaneous Ni leakage.
Ni(II) is bound to the protein via a Ni-pincer nucleotide
(NPN), covalently bound to the protein by forming a thio-
amide with a lysine residue. LarA possesses 18 3-strands
and 16 o-helices arranged in a novel fold composed of
two domains connected by two hinges (Figure 2g). The
two molecules constituting the asymmetric unit adopt an

FIGURE 2 Overall structures of Ni-enzymes. (a). CODH dimer from Rhodospirillum rubrum (PDB code: 1JQK). The N-terminal domain is
in magenta and the two Rossman-like domains are in green and blue. C-clusters are depicted in spheres B. a3, tetramer of CODH/ACS from
Moorella thermoacetica (PDB code: 10A0). The two f subunits of CODH are colored in blue and cyan. The two ACS subunits are in open or
closed conformation. A- and C-clusters are depicted in spheres. C. Archetypical structure of [NiFe]-hydrogenase from Desulfovibrio gigas (PDB
code: 1FRV). The large subunit is in magenta and the small subunit in green. The buried active site is depicted in spheres. D. Dimer of afis MCR
from Methanothermobacter marbugensis (PDB code: 3POT). The «, 3, and = subunits are in blue, cyan, and magenta, respectively. Coenzyme
F430 is depicted in orange and Coenzyme B in green. E. Ni-SOD hexamer from Streptomyces seoulensis (PDB code: 1Q0D). (f). Trimer of ofiz
urease from Sporosarcina pasteurii (PDB code: 4CEU). The a, $3, and # subunits are in magenta, blue, and cyan, respectively. Helix-turn-helix
motif (residues 375-405) belonging to subunit « is highlighted in orange. (g). Closed conformation of LarA from Lactobacillus plantarium (PDB
code: SHUQ). The two domains are in orange and blue and the pincer nucleotide is in magenta. (h). Glyoxalase I dimer from E. coli (PDB code:
1F9Z). (i). Ni-ARD monomer from Klebsellia oxytoca (PDB code: 1ZRR) a-helices are in cyan and $3-strands in magenta. In all structures, nickel
ions are depicted as green spheres and FeS clusters are depicted in red and yellow spheres for iron and sulfur atoms, respectively
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open or closed form, with different degrees of closure
upon the catalytic site. The closed conformation shields
the nickel from the solvent thanks to the close proximity
of the N- and C-termini. The open conformation results
in a loss of the nickel ion due to the easy accessibility of
the active site to the solvent. This implies that the access
of the substrate to the catalytic center has to be rapid to
avoid enzyme deactivation and that LarA is most likely
able to switch dynamically between open and closed
conformations.

The structure of Glx I from E. coli is a homodimer
with an overall fold similar to that of the human enzyme.
Each subunit is made-up of two mixed-f3 sheet domains.
The dimer comprises two antiparallel monomers, with
two independent metal active sites within curved-3
sheets at the dimer interface (Figure 2h). The X-ray struc-
tures of the enzyme in its apo-form or in a complex with
a series of divalent metals brought key information about
the importance of the metal coordination geometry in the
catalytic mechanism.** Notably, the active forms of
E. coli and human GIxI bind Ni(IT) and Zn(II), respec-
tively, adopting an octahedral geometry. In contrast, the
E. coli enzyme binds Zn(II) in a trigonal bipyramidal
geometry leading to an inactive form, supporting the
need for an octahedral environment to promote the catal-
ysis independently from the metal nature. The main
structural differences between the two classes of Gly-
oxalases is the absence of a long N-terminal arm in the
Ni-enzymes and deletions in three other regions. In par-
ticular, the absence of residues 73-87 has a dramatic
impact on the metal activation profile.**

The first molecular structure of ARD was solved from
NMR data on the enzyme from K. oxytoca.*> This enzyme
belongs to the cupin structural superfamily, regrouping
functionally diverse proteins possessing a conserved
3-barrel fold (known as cupin motif; Figure 2i). Many
other nonheme iron-dependent oxygenases share the
cupin motif. The Ni(II)- and Fe(II)-forms of ARD have
been shown to be separated chromatographically indicat-
ing that depending on the bound metal, the enzyme can
adopt different conformations.*® The most readily observ-
able structural difference between the two forms is the
presence of a more disordered helix on top of the $3-barrel
in the Fe(II)- bound form, rendering the active site signif-
icantly more solvent accessible. On the opposite face, the
movement of two helices induces a drastic re-arrange-
ment. This phenomenon is referred to as a structural
entropy switch, with a disordered C-terminus and an
ordered N-terminus in the Fe-form while the opposite
state is observed in the Ni-form.** Although the origin of
these conformational changes are not obvious, the metal
nature is likely to induce different selectivity to catalyze
the two distinct reactions.

4 | ACTIVE SITES

Protein environment has a great impact on the transition
metals present in metalloenzyme active sites. Particularly,
the solvent exposure as well as the nature of the donor
ligands involved in metal coordination strongly determine
the chemical properties of metallic active centers. The pro-
tein scaffold has a protective effect toward oxidative dam-
age in anaerobic enzymes, where the active site is often
localized in a buried position with low access to the sol-
vent. This implicates the existence of dedicated channels
controlling the diffusion of products and substrates, spe-
cific proton channels, and FeS clusters as electron relays
between the active site and the physiological partner(s)
(as in the case of CODH, ACS, hydrogenases, MCR;
Figure 3). Locally, the nature of the coordinating ligands
drives the redox properties of the metal, by adjusting the
redox potentials required for biological processes and by
giving access to the different redox states involved during
the catalysis. In order to meet this demand, S-donor rich
ligand environments are favored in redox enzymes. In con-
trast, in nonredox enzymes where Ni(Il) acts as a Lewis
acid catalyst, O/N-donor ligands are privileged. Protein
crystallography has played a decisive role in the characteri-
zation of the active center of Ni-enzymes.

41 | Cysteine environment
CODH, ACS, and [NiFe]-H,ase have in common a din-
uclear Ni-Ni/Fe active site coordinated to the protein via
one or several cysteine residues with a bridging position
for substrate/product/intermediate binding in CODH and
[NiFe]-H2ase (Figure 3). These three enzymes are
defined as pre-Last Universal Common Ancestor (LUCA)
enzymes whose active sites display structural affinities
with natural metal-sulfides catalysts.*®

The determination of the first crystal structure of a
[NiFe]-H,ase and the characterization of its active site in
1995 had a considerable impact in the scientific commu-
nity.*® First, the structure revealed the nature of the din-
uclear NiFe active site. Second, the electron density map
revealed the existence of three terminally bound diatomic
ligands to Fe. From FTIR studies, they were assigned to
one CO and two CN~ ligands.*’ Ni is coordinated to the
protein via two CXXC motifs. Two cysteine thiolates (one
from each motif) bridge Fe and Ni while the two other
cysteine thiolates terminally binds Ni. In [NiFeSe]-
hydrogenases, one of the terminal cysteines is replaced
by a seleno-cysteine. The coordination sphere of Fe is
completed by the three diatomic ligands, leaving an avail-
able Ni-Fe bridging site for substrate binding. The bind-
ing of the active site Fe to CO and CN™ ligands promotes
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FIGURE 3 Active sites of Ni-
enzymes. S-donors: comparison between

S-donors

. . . . [NiFe]-H,ase
natural sulfide nickelian mackinawite,

greigite, and violarite and early nickel Cys533
enzymes (adapted from Reference 46).
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red. W, water molecule
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a low-redox state of the metal ion, making it a relatively
soft Lewis acid, favoring its binding to the soft Lewis base
H™, a probable step in catalysis. During catalysis, nickel
undergoes a redox transition from Ni(II) to Ni(III)."!
X-ray structure of CODH revealed the unique nature
of the active site, a distorted [NiFesS,;] cubane coordi-
nated to a mononuclear Fe site (Fel) (Figure 3).* The
protein provides a terminal cysteine thiolate ligand to
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both Ni and Fel and a histidine ligand to Fel. Ni coordi-
nation is completed by two inorganic S from the cluster
and a labile position where the substrate/product (CO or
CO,) binds while a water molecule binds to Fel.>® Crystal
structures of ACS/CODH revealed the nature of the
active site (A-cluster) of ACS.*® This dinuclear site con-
sists of a proximal Ni (Ni,), which is the catalytic center,
linked to a [4Fe-4S] cluster via a bridging cysteine
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thiolate. Nij, is bridged to a distal Ni (Niy) via two addi-
tional cysteine thiolates. A labile position is present for
substrate and/or intermediates binding. Concerning the
Nig, its coordination is held by two thiolates and two
backbone amide groups (one from Gly and one from Cys)
from an unusual Cys-Gly-Cys motif, in a S,N, square pla-
nar geometry. Niy is postulated not to be involved in
redox chemistry and to remain in the Ni(IT) state. It has
been proposed to have a role either as a supporting ligand
to stabilize the proximal nickel in a low-valent redox
level or for the generation of an open site on the catalytic
metal thanks to its hemilabile ring-opening property.*®*°
Ni,, on the other hand, presents different oxidation states
during the catalysis.

The identification of NiSOD as a redox enzyme
highlighted the role of the protein environment of the Ni
center to both support the Ni(III) oxidation state and lower
the potential of the Ni(IIT)/(IT) couple by over 2 V. The
metal binding site is in fact formed by the N-terminal “Ni-
hook,” which coordinates a Ni ion via the thiolate and
amidate groups of Cysteine 2, the thiolate group of Cyste-
ine 6 and the amine and imidazole groups of histidine 1."
The binding coordination of nickel changes according to
the metal oxidation state, switching from a pyramidal
geometry for the oxidized Ni(III) state to a N,S, square pla-
nar geometry for the reduced Ni(II) one, losing the apical
imidazole donor (Figure 3). While the thiolate and imidaz-
ole ligands are critical to maintain the nickel ion redox
state, the role of the mixed amine-amidate coordination is
the subject of different studies.”*>* Several NiSOD model
peptides and complexes have been synthesized in which
the N-donor ligands were varied from the natural mixed
amine/amidate environment to a bis-amidate one, leading
exclusively to catalytically inactive species. One reason
would be that bis-amidate complexes are considered to be
more reactive toward O,. Thus, the mixed amine/amidate
coordination would be necessary to increase the resistance
toward substrates and products of the reaction.

4.2 | Histidine-rich environment
Histidine-rich environments are found in three nonredox
enzymes, namely, urease, ARD, and GIxI where nickel is
in a Ni(II) oxidation state (Figure 3).

In the case of urease, the active site is a di-nuclear
center, with the two nickel ions spatially separated by
3.5-3.7 A, bridged by a carbamylated lysine residue and
coordinated by two histidine residues.?® Water molecules
fill the remaining coordination positions, yielding a
pentacoordinated distorted square-pyramidal based
geometry (Nil), while the second nickel (Ni2) is addition-
ally bound to an aspartate resulting in a hexacoordinated

distorted octahedral geometry. Recently, the X-ray struc-
ture of urease in complex with its substrate has been
solved, showing that urea binds in a bridging position
between the two Ni sites.>

In GIxI, Nickel coordination includes a histidine and
a glutamic acid of each monomer as well as two water
molecules to complete the octahedral geometry required
for catalysis. In ARD, the ligand characterization by spec-
troscopic and mutagenesis studies, suggested an octahe-
dral coordination geometry for both metals involving
three histidines and one glutamic acid as possible donors
supplemented by two additional waters.**

4.3 | Ni-containing cofactors

In methanogens, unique cofactors have evolved which
are restricted to this group of archaea. In MCR, nickel
was shown to be a constituent of a low molecular weight
cofactor (F430) identified as a tetrapyrrole derivative, also
known as corphin (Figure 3).*” This is the most reduced
tetrapyrrole-metal complex found in nature. The name of
the cofactor derives from its absorption band, precisely at
430 nm, in the Ni (IT) oxidation state. A Ni(I) state is also
involved during catalysis, implying that a tight control of
the metal redox state is required for its functionality. The
F430 is not covalently bound to the protein. The ring of
the F,30 cofactor chelates the nickel ion and its coordina-
tion is completed via an axial glutamine 147 on the oppo-
site side compared to the channel. Trans to the latter,
there is vacant site available for substrate and product
binding.

In LpLarA, a nicotinic acid mononucleotide derivate
with two added thiocarboxylate groups, one of which
forms a thioamide with the lysine 184, is present in the
active site and is called nickel-pincer nucleotide (NPN)*
(Figure 3). Pincer complexes are not new in chemistry
but notably this is the only example of such a molecule
in an enzyme. The nickel is bound in a distorted planar
arrangement to the NPN cofactor via a SCS ligand envi-
ronment based on a pyridinium-3,5-bisthiocarboxylic
acid mononucleotide. The cofactor is covalently bound to
the protein via a thioamide bond with a lysine residue
and the nickel coordination sphere is completed by histi-
dine 200. The stable Ni—C bond in the resting/stable
state of this enzyme is unexpected. Indeed, in other Ni-
containing enzymes, Ni—C bonds have only been
observed as reaction intermediates.'® This coordination is
essential to guarantee the stability of the metal in the
complex. In fact, it appears that the switch between the
open and closed conformations is due to a distortion of
the NPN pincer coordination and displacement of the
His200.
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5 | METALLOCENTER
BIOSYNTHESIS

In the cell, nickel has to be correctly delivered and incor-
porated into the desired enzyme active sites. These pro-
cesses often require an intricate team of accessory
proteins, working in concert for the biosynthesis of these
complex metalloclusters enzymes. The addition of
Ni(IT) excess to microbial cultures can often compensate
for the lack of their dedicated accessory proteins, leading
to partly activated enzymes. It suggests that the matura-
tion process can operate spontaneously, but not through
a fully effective process. Moreover, considering the low
nickel levels present in a cell, the maturation machinery
is necessary and works in a well-organized manner in
space and time. While nickel chaperones involved in the
biogenesis of several active sites have been thoroughly
characterized, understanding their role at the molecular
level in the nickel delivery steps remains to be clarified.
In fact, these studies are made highly complex by the
modularity of the nickel-binding properties and allosteric
regulations induced by protein/protein interactions or
protein/metal interactions. In the next section, the matu-
ration pathways of urease, H,ase, LarA, MCR, CODH,
and ACS are discussed. Concerning the other enzymes,
little is known about the biosynthesis of their active sites.
All the described maturation machineries have in com-
mon the presence of an NTP-hydrolyzing maturation fac-
tor, belonging to the SIMIBI-class of NTPases,™ a
histidine-rich protein (HRP) and eventually additional
nickel chaperones.'® NTPases potentially play a regula-
tory role by affecting interaction of partners in protein
complexes or nickel ion affinity while HRP are often
described as storage proteins.

51 | Urease

Urease is first produced in its apo-form, which then
needs to be activated through two main steps: lysine car-
bamylation and nickel insertion into the active site.*
Considering the buried position of this site in the apo-
protein, the occurrence of a protein folding modification
is predicted to allow nickel insertion. In addition to the
three enzyme subunits, the urease gene cluster encodes
four accessory proteins: UreD/H, UreE, UreF, and UreG,
involved in nickel delivery and urease maturation. The
urease maturation is dependent on GTP hydrolysis
catalyzed by the nickel-dependent GTPase UreG,* and
requires the formation of an UreFGH-Urease complex.
On the other hand, UreE is described as the metal-
lochaperone that provides Ni(II) to the enzyme,*"*? via
its interaction with UreG. Interestingly, UreG has been
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identified as an intrinsically disordered protein (IDP),
with a very low GTPase activity that is greatly enhanced
by the complex formation.®* The UreH,F,G, complex has
been isolated and crystallized,83 revealing the existence of
a water tunnel originating from the Ni-binding site of
UreG located at the dimer interface, passing through
UreF and exiting UreD/H® to finally provide Ni(II) to
urease active site, as supported by structural models.

In view of the most recent results, a model was postu-
lated for the overall maturation pathway of urease, in
which the role of conformational changes in UreG during
the GTP hydrolyzing/partner binding is highlighted
(Figure 6).%> In this scenario, the UreH,F,G, complex is
destabilized by GTP-binding, causing the release of UreG,
and allowing its interaction with Ni-UreE, to form the Ni-
(UreEG), complex. The Ni(II) transfer from UreE to UreG
is followed by the complex dissociation and the urease-
bound (UreHF), complex will then interact with
Ni-(UreG),. The subsequent GTP hydrolysis induces con-
formational changes promoting the nickel release from
UreG to apo-urease, via UreH and UreF. TheGDP-UreG,
prefers then to bind to (UreHF),, regenerating the
UreH,F,G,.

5.2 | [NiFe]-hydrogenase

The biosynthesis of [Ni—Fe]-hydrogenase dinuclear
active site is a multistep process, with three consecutive
events: (i) Fe(CN),CO center biosynthesis and insertion
followed by (ii) nickel delivery and finally (iii) the
removal of the C-terminal tail (CTT) of the large subunit
(LSU) to lock the active site in place (Figure 4).>> Once
processed, the mature LSU associates to the small sub-
unit (SSU) and in the case of membrane-bound and peri-
plasmic enzymes, the mature dimeric form is exported
via the Twin-Arginine Translocation (TAT) system. At
least six strictly conserved accessory proteins are
required, namely HypABCDEF,® for the active site bio-
synthesis, in addition to the nickel chaperone SlyD found
in some microorganisms® and the specific protease
cleaving the CTT (Hycl in E. coli). In detail, the LSU is
maturated according to the following steps. At first,
HypEF mediates the formation of the Fe(CN),CO center
in concert with HypCD. HypC is assumed to coordinate
the Fe(CN),CO moiety via Cys2 together with the Cys41
of HypD, and to interact directly with the LSU precursor.
This step is followed by the insertion of this Fe center
into the protein.

The insertion of Ni occurs via a NTP-dependent
mechanism mediated by the Ni/Zn-dependent NTPase
HypB,>® the nickel chaperone HypA,* and in some case
SlyD. In H. pylori, HypA and HypB are also recruited for
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the maturation of urease, through their respective inter-
action with UreE and UreG.*' In E. coli, HypB clearly
interacts individually with HypA and SlyD, but does not
interact directly with the LSU.®® The role of SlyD is not
well understood despite its high affinity (in the nM
range) for HypB: it is thought to facilitate Ni(II) release
from HypB toward other partners,®’ but also prevents
HypB-HypA interaction in competition experiments,

Endopeptidase
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suggesting a stepwise process with HypB as a central
component.®® HypA contains two metal site, a structural
Zn(II) site and a unique Ni(IT) binding site at the N-ter-
minus. Recently, a dual NMR and computational
approach revealed that HypA is an elongated protein
with two metal-binding domains connected by a flexible
linker, with Ni(II)-binding stabilizing the N-terminal
helix and probably impacting its interaction with its
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partner.” In the current model, HypA serves as a nickel
relay from HypB to LSU precursor. HypB possesses a
strictly conserved Ni/Zn-binding site embedded in the
NTPase domain (G-domain), while additional Histidine-
rich clusters and/or a N-terminal high affinity site are
present in some cases, whose function is not well under-
stood.®* Recent studies proposed that GTP hydrolysis gov-
erns the interaction between HypA and HypB via the
formation of a Ni-HypB,A complex with Ni(II) being rap-
idly transferred to HypA from GDP-loaded HypB,
induced by a drastic conformational change and an
increased affinity of HypA for Ni(II) once in complex
with HypB, followed by the dissociation of the HypAB,
complex and the formation of Ni-HypA/LSU complex.®?

The proteolytic cleavage of the C-terminal tail of LSU
is a nickel-promoted key step in the biosynthetic process
of [NiFe]-H,ases, highlighting the pivotal role of Ni in
endopeptidase recognition during the maturation pro-
cess.®® The role of the CTT is to allow the interaction with
the Hyp machinery while avoiding the premature interac-
tion with the SSU. The recent crystal structure of the pre-
mature LSU in complex with HypA revealed that Ni
insertion into the active site induces spatial rearran-
gements in LSU. In this scenario, the CTT adopts a
B-strand conformation and forms a f$-sheet with the
N-terminal f{-strands, preventing the endopeptidase
accessing its recognition site. Ni-loaded HypA interacts
with both the N-terminus and the C-terminal extension,
putting in close proximity the Ni-binding site of HypA to
the active site of Hase likely allowing a direct metal trans-
fer. Ni interaction with one of the cysteine-coordinating
ligand within the active site induces the conformational
change and the release and solvent exposure of the CTT.
Additional molecular dynamical studies revealed that the
CTT is an intrinsically disordered region (IDR), facilitating
its recognition by the protease and the subsequent forma-
tion of the mature enzyme.®’

Despite extensive studies on this enzyme, all the
data presented here highlight the difficulty to identify
clearly a precise mechanism for the active site biosyn-
thesis and to propose a universal model for H,ase
maturation.

53 | Carbon monoxide dehydrogenase

As for hydrogenase, the maturation of [NiFe]-CODH is a
multistep process involving two consecutive events: an
initial FeS cluster insertion followed by the nickel deliv-
ery. The biosynthesis process of C-cluster starts with the
insertion of Fe and S atoms, to form a Fe,S, cluster, likely
performed by the classical ISC/SUF machineries respon-
sible for FeS cluster biogenesis, as shown by the
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production of a fully FeS-loaded CODH coproduced in
E. coli with the ISC machinery.®® The following step is
the insertion of the Ni atom thanks to three nickel-
binding proteins: CooC, CooT, and CooJ.*” Phylogenetic
analyses showed that CooC is widely distributed in
microorganisms possessing a [NiFe]-CODH, generally in
operon with the enzyme, and is essential for CODH mat-
uration under physiological conditions.®® On the con-
trary, CooT and CooJ are more difficult to identify in
genomes. Although CooC is described as the major player
in CODH maturation, CooJ and CooT are nevertheless
relevant for nickel delivery to CODH in R. rubrum
in vivo.”” Moreover, recent phylogenetic analyses
highlighted the existence of at least 111 CooT homo-
logues in anaerobic archaea and bacteria® and at least
46 CooJ homologues in bacteria,”® suggesting different
maturation pathways for CODH with CooC +/— CooT
and/or CooJ. CooC is a nickel-dependent ATPase belong-
ing to the same class as UreG and HypB and displaying a
similar cross-correlation between nucleotide hydrolysis
and nickel binding.”" The hypothesis is that the enzyme
cycles dynamically between an open Ni(II) state and a
closed ATP-dependent state that drives the metal
release.”” The recent characterization of CooJ from
R. rubrum revealed that the protein is a homodimer com-
prising a coiled-coil flanked by two distinct histidine
tails.”® All CooJ homologs possess two spatially separated
nickel-binding motifs: a variable C-terminal histidine tail
and a strictly conserved “H-(W/F)-X,-H-X5-H” motif,
binding Ni(II) in the nanomolar range, suggesting a dual
function for CooJ both as a Ni chaperone and as a Ni
storage protein.”®> CooT is an additional nickel chaperone
displaying specific features. The 111 CooT homologues
show a remarkably large variability, with Cys2 being the
only strictly conserved residue. The evolutionary conser-
vation of the solvent-exposed cysteine in CooT protein
suggests its importance to meet a specific and essential
functional role that remains to be discovered. In the
CooT family, two different Ni(II)-binding motifs, namely
the “Cys2” (about 30% of CooT proteins) and the
“Cys2His55” motifs were identified.”* A recent study on
the “Cys2” motif group suggests that the diamagnetic
Ni(II) adopts a square-planar geometry with bis-amidate/
bis-thiolate ligands, coordinated by a single cysteine
motif. This would be unprecedented in biology and raises
the question of its role in the activation of CODH at the
molecular level.

Mossbauer and EPR studies showed that the mono-
nuclear Fe site (Fel) present in the C-cluster in RrCODH
is only observed in the presence of nickel. Therefore,
nickel incorporation into C-cluster likely alters the coor-
dination environment of one iron atom.” Site-directed
mutagenesis of residues coordinating C-cluster in
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RrCODH highlighted that the only critical residue
required for Ni binding is His265.”® Surprisingly, all cys-
teine mutants, even the one affecting the residue directly
involved in Ni coordination, contain one Ni equivalent
per monomer, suggesting that the Ni(II) ion is bound to
another position in the protein, forming a putative inter-
mediate state. Conversely, His265 that coordinates the
mononuclear Fel ion, is an essential residue in the C-
cluster biogenesis. If the C-cluster precursor is a classical
Fe,S, cubane cluster, as shown by spectroscopic studies,
nickel insertion would imply bond breaking, involving
His265 and Cys300. Very recent structural studies on
CODH from Desulfovibrio vulgaris (DvCODH) revealed
the great plasticity of the C-cluster and are in agreement
with the “bond breaking” theory, with His266 (His265 in
RrCODH) and Cys302 (Cys300 in RrCODH) serving as
the nickel binding site before its transfer to its stable
active site (Figure 5a.””® In DvCODH, the p-cluster is a
Fe,S, center that would be involved in nickel insertion
by mediating electron transfer, working in concert with
CooC to control the redox state of the active site, ensur-
ing thus the right metalation of the cluster. The necessity
of a reduced cluster intermediate in the mechanism is
reinforced by the requirement of reducing conditions to
activate Ni-deficient CODH in vitro by addition of nickel
salts in solution. Although never observed spectroscopi-
cally, a [FesS;]-Fel precluster would be a key

FIGURE 5 Maturation of

ACS/CODH. (a) Proposed

mechanism for CODH maturation:
Active CODH CYs519 (D) Fe and S atoms are first inserted to

form a classical [Fe,S,] cluster. The

Cys302 . A
following steps remain unclear to
yield the active C-cluster (adapted
P from Reference 77). (b) Proposed

mechanism for ACS maturation
(adapted from Reference 79)

intermediate in the C-cluster biosynthesis, just before
nickel insertion. To date, many uncertainties exist regard-
ing nickel insertion into the C-cluster, a mechanism that
appears to be nonstraightforward and likely complicated
by the presence of the Fel site.

5.4 | Acetyl coenzyme A synthase

Little is known about the maturation of ACS and how
the peculiar A-cluster is formed and inserted. As for
CODH and [NiFe]-H,ase, nickel insertion seems to be
the second step in the enzyme biosynthesis. Recently, the
ATPase AcsF was shown to be involved in the active site
biogenesis.” Initially, two major groups of CooC proteins
have been identified depending on their genomic context:
the “CooC-like” group, positioned in the monofunctional
CODH operons and the “AcsF-like” group, found in the
ACS/CODH operons (or gene clusters). The study of
AcsF from C. hydrogenoformans revealed that the enzyme
is actually specifically required for the activation of ACS
and cannot be replaced by CooC proteins. In light of
these results, the division in two distinct classes of CooC
and AcsF involved in CODH and ACS maturation,
respectively, should be considered. AcsF/ACS complex
formation was proposed to induce the creation of at least
one high-affinity Ni-binding site (Figure 5b).
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FIGURE 6 Maturation of
urease. In this mechanism, the

Urease

nickel-charged UreG dimer is
recruited to form the activation
complex with apo-urease and
UreF,H,. GTP hydrolysis promotes
the nickel release for urease
maturation (adapted from
Reference 85)
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5.5 | Lactate racemase

Among the lar gene cluster, LarB is responsible for the
biosynthesis of pyridinium 3,5-biscarboxylic acid mono-
nucleotide (P2CMN) by catalyzing the carboxylation of
nicotinic acid adenine dinucleotide (NaAD).®® Subse-
quently, LarE converts P2CMN into pyridinium
3,5-biscarboxylic acid mononucleotide (P2TMN) via two
sulfur transfer reactions and LarC provides the nickel to
generate the active form of the pincer cofactor that will
bind to LarA®”® LarE belongs to the PP-loop
pyrophosphatase family and possesses two independent
domains: a N-terminal domain containing the conserved
PP-loop SGGXDS motif and a C-terminal domain which
is not common to any member of this N-type ATPase
family, revealing a double function for LarE. The enzyme
catalyzes the AMPylation of the pyridinium carboxyl
groups followed by a sulfur transfer, via the conserved
cysteine 176 present in the C-terminal part of the protein
as a sulfur donor to convert P2CMN to P2TMN. This
hypothesis has been recently proven thanks to the deter-
mination of the crystal structures of LarE from
L. plantarum and its C176A mutant, in their apo-form
and in complex with coenzyme A (CoA).*” This in vitro
study revealed the essential role of Cys176 as the catalytic
site for the sulfur insertion, as well as the role of CoA
persulfilde in the regeneration of active LarE, although
the physiological relevance of this cycling mechanism
remains unclear. Finally, LarC would directly insert
nickel into the incomplete pincer ligand, still bound to
LarE, promoting the formation of the nickel-pincer
nucleotide, which then would be transferred to LarA
(Figure 7a).% LarC forms two S—Ni bonds and a peculiar
stable C—Ni bond. In contrast with the other nickel
accessory proteins, it is the only example able to catalyze

N
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GTP Binding

Active urease

GTP HYDROLYSIS oo

the formation of a C—Ni bond by insertion of the
metal into an organic molecule, via a CTP-dependent
cyclometalation, inducing a possible conformational
modification. From LarC sequence, a His-rich region, not
strictly required for LarC activity, was identified as a pos-
sible nickel storage. The structure of the C-terminal
domain was solved in the presence or absence of CTP,
allowing the identification of a peculiar binding site that
does not correspond to any known nucleotide-binding
motif.”® However, how the CTP hydrolysis is related to
the nickel insertion still remains to be investigated.

56 | MCR

The presence of the coenzyme F430 in MCR led to the sea-
rch for specific chelatases, known to catalyze the metalation
of naturally occurring tetrapyrolles. A few years ago, five
genes designated cfbABCDE, conserved in all methanogens,
were identified as responsible for the biosynthesis of this
specific cofactor.”™*> Four enzymatic steps are required to
transform the sirohydrochlorin precursor into coenzyme
F430 (Figure 7b). The first step is performed by the CfbA
protein shown to be the specific nickel chelatase (CfbA)
promoting the insertion of Ni into sirohydrochlorin; Then,
two mechanisms are proposed with CfbB or CfbE catalyzing
the amidation of two carboxylic moieties to yield the
Ni-sirohydrochlorin a, ¢ amide intermediate. Following a
reducing step thanks to a Fe protein CfbC and a MoFe pro-
tein CfbD, both homologs to NifH and NifD proteins,
respectively, implicated in nitrogenase biosynthesis. Finally,
CfbE or CfbF could act as an activator of the g-propionate
side chain for intramolecular C—C bond formation to pro-
duce the carboxylic F-ring and thus act as a coenzyme F430
synthase. At this point, the assembly of the active MCR is
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Reference 91) and proposed working model for MCR assembly (adapted from Reference 93)

not fully understood. The mcrBDCGA gene cluster contains
two conserved genes, mcrC and mcrD whose function is
unknown. A working model has been proposed where
McrB would serve as a scaffold for the assembly of the other
subunits (Figure 7b).”> The McrBDGA complex would be
formed first. McrD would both prevent the folding of the
McrA subunit to ensure the correct posttranslational modi-
fications and facilitate the insertion of the coenzyme F430
that would lead to the release of McrD before a final

activation step in which McrC could belong to a reductase
complex allowing the formation and stabilization of the
Ni(I) active state.
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