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A vast array of metal cofactors are associated with the active
sites of metalloenzymes. This Opinion describes the most
recently discovered metal cofactor, a nickel-pincer nucleotide
(NPN) coenzyme that is covalently tethered to lactate racemase
from Lactobacillus plantarum. The enzymatic function of the
NPN cofactor and its pathway for biosynthesis are reviewed.
Furthermore, insights are summarized from recent advances
involving other selected organometallic and inorganic-cluster
cofactors including the lanthanide-pyrroloquinoline quinone
found in certain alcohol dehydrogenases, tungsten-
pyranopterins or molybdenum-pyranopterins in chosen
enzymes, the iron-guanylylpyridinol cofactor of [Fe]
hydrogenase, the nickel-tetrapyrrole coenzyme F430 of methyl
coenzyme M reductase, the vanadium-iron cofactor of
nitrogenase, redox-dependent rearrangements of the nickel-
iron—sulfur C-cluster in carbon monoxide dehydrogenase, and
light-dependent changes in the multi-manganese cluster of the
oxygen-evolving complex
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Introduction

Approximately 30% of enzymes are suggested to possess
metallocenters and these metal-containing sites encom-
pass a vast array of structures [1]. Here, I summarize
recent studies describing the discovery, properties, and
synthesis of a novel metal cofactor in lactate racemase. In
addition, I describe fresh insights regarding selected
representatives from the broad landscape of previously
identified organometallic and inorganic cluster cofactors.
Excluded from this synopsis are mononuclear and binuc-
lear metal centers where the metals are bound only to
protein side chains.
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Organometallic cofactors

Nickel-pincer nucleotide cofactor

The most recently identified metal cofactor, discovered
in lactate racemase from Lactobacillus plantarum, is the
nickel-pincer nucleotide (NPN; Figure 1a and b) [2°°].
The organic portion of this cofactor, pyridinium-3-thioa-
mide-5-thiocarboxylic acid mononucleotide, is covalently
tethered to Lys184 of the enzyme and serves as a triden-
tate ligand to nickel. This molecule, with nickel bound in
nearly planar geometry to the pyridinium carbon atom,
the two sulfur atoms, and His200, is a biological example
of the highly studied pincer complexes in inorganic
chemistry [3].

Mechanistic studies of lactate racemase indicate the NPN
cofactor participates in a proton-coupled hydride-transfer
reaction [4°]. Pyruvate was identified as the catalytic
intermediate, a substrate isotope effect was observed
when using C2-*H-lactate, the enzyme chromophore
was perturbed in the presence of lactate or sulfite, and
the crystal structure of enzyme in the presence of sulfite
revealed an adduct of the reagent bound to C4 of the
pyridinium group (PDB ID: 6C1W). Density functional
theory computations are consistent with hydride addition
to the C4 site of the cofactor, but additionally suggest
possible formation of a nickel-hydride if His200 dissoci-
ates. Thus, the racemase reaction is proposed to involve
general base abstraction of the hydroxyl group proton of
lactate, hydride transfer to the NPN cofactor forming
pyruvate and a nickel-hydride or the C4 reduced species
(depending on the starting isomer), interconversion of the
two reduced cofactor species, and hydride return to either
face of pyruvate [4°].

The overall pathway for NPN cofactor biosynthesis has
been characterized (Figure 1c), and the responsible
enzymes have been studied to varied extents [5°]. LarB
uses nicotinic acid adenine dinucleotide (NaAD) as its
substrate and carries out two reactions, the carboxylation
of C5 on the pyridinium ring and hydrolysis of the
phosphoanhydride linkage to form AMP and pyridi-
nium-3,5-dicarboxylic acid mononucleotide (PZCMN).
LarE is a structurally characterized sulfur transferase that
activates a substrate carboxyl group by adenylylation
(releasing pyrophosphate), forms a thioester to the sub-
strate using Cys176 (releasing AMP), and sacrifices its
sulfur atom to the product while forming dehydroalanine
in the protein [6]. Two LarE subunits are needed to
generate pyridinium-3,5-dithiocarboxylic acid mononu-
cleotide (P2TMN). LarC then installs the nickel atom
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Lactate racemase and its nickel-pincer nucleotide (NPN) cofactor. (a) Ribbon structure of lactate racemase (green) with selected active site
residues and the tethered organic portion of the cofactor shown as sticks (blue and yellow carbon atoms, respectively) with the nickel depicted as
a green sphere (PDB ID: 5HUQ). (b) Closeup view of the NPN cofactor. (c) Biosynthetic pathway of the NPN cofactor in which LarB carboxylates
and hydrolyzes NaAD, LarE catalyzes ATP-dependent sacrificial sulfur insertion into P2CMN, LarC couples CTP hydrolysis to nickel insertion into

P2TMN, and the resulting NPN cofactor is incorporated into LarA.

into P2TMN via a CTP-dependent reaction to make the
final cofactor that attaches to the lactate racemase [7].

Metal-pyrroloquinoline quinone cofactors

Early studies of methanol dehydrogenases from methy-
lotrophic bacteria had identified a calcium-pyrroloquino-
line quinone (PQQ) cofactor in these enzymes (e.g. PDB
ID: 4AAH from Methylophilus W3A1 and PDB ID: 1W6S
from Methylobacterium extorquens). Thus, it came as a
surprise when Methylacidiphilum fumariolicum SolV was
shown to require a lanthanide metal ion (lanthanum,
cerium, neodymium, praseodymium, samarium, euro-
pium, or gadolinium) for growth, with the rare earth
element incorporated into its methanol dehydrogenase
[8°°]. Structural studies of the enzyme from this organism
in the presence of different metals revealed a cerium-
PQQ or europium-PQQ cofactor (Figure 2a) [8°°,9]. A

lanthanide-PQQ methanol dehydrogenase also was struc-
turally characterized from Methylmicrobium buryatense
5GB1C (PDB ID: 6DAM) and shown to interact with
the particulate methane monooxygenase of this organism
[10]. By contrast, the structure of methanol dehydroge-
nase from a marine methylotroph possessed a magne-
sium-PQQ cofactor (PDB ID: 5XM3) [11]. Studies
involving M. extorquens AM1 identified a lanthanide-
dependent and PQQ-dependent ethanol dehydrogenase,
ExaF, along with three methanol dehydrogenases (MxalF
with calcium-PQQ, and XoxF1 or XoxF2 with lantha-
nide-PQQs) [12,13]. Of additional interest, this microor-
ganism possesses a periplasmic lanthanide-binding pro-
tein that was named lanmodulin due to the presence of
four metal-binding EF hand motifs similar to the motif
found in the calcium-binding protein calmodulin [14,15];
the role of lanmodulin is unknown at this time, but it may
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Selected other organometallic cofactors. (a) Active site of methanol
dehydrogenase (MDH) with its lanthanide-PQQ cofactor [PDB ID:
4MAE (cerium) or 6FKW (europium)] and a schematic of the metal-
PQQ structure. (b) Schematic of a generalized Mo/W-pyranopterin site
and active sites of the molybdenum-containing or tungsten-containing
and pyranopterin-containing enzymes aldehyde oxidase (AO; PDB ID:
5Y6Q), benzoyl-CoA reductase (BCR; PDB ID: 4Z3Y), and formyl-
methanofuran dehydrogenase (FMD; PDB ID: 5T5l). (c) Biosynthetic
pathway for synthesis of the FeGP cofactor.

provide the lanthanide to target alcohol dehydrogenases.
The lanthanide-PQQ methanol dehydrogenases are not
restricted to methylotrophs as shown by functional and
regulatory studies with Pseudomonas putida K'T'2440 [16].

Metal-pterin cofactors

Molybdenum- or tungsten- and pyranopterin-containing
enzymes have long been known [17,18]. Here, the diver-
sity of these enzymes is represented by three recent
structurally elucidated examples (Figure 2b). The alde-
hyde oxidase of Methylobacillus sp. KY4400 contains a
pyranopterin cytosine dinucleotide with its dithiolene
moiety bound to molybdenum, which has two oxygens

and a sulfide to complete its coordination sphere [19].
"This architecture is typical of members in the xanthine
oxidase family. The second example is benzoyl-coen-
zyme A (CoA) reductase of Geobacter metallireducens,
BamBC [20]. In this case, a tungsten is coordinated by
two pyranopterin monophosphate molecules and Cys322.
A sixth ligand is present, but its identity remains
unknown, and the bispyranopterins bind a magnesium
ion between them. Finally, formyl-methanofuran dehy-
drogenase is a CO,-fixing enzyme in methanogens, with
the structure determined within the FwdABCDFG com-
plex from Methanothermobacter wolfeii [21]. 'This enzyme
possesses a tungsten bound to two pyranopterin guanine
dinucleotides, Cys118, and a sulfide ligand. Humans
possess four molybdenum-containing enzymes and
inborne errors of metabolism affecting the pyranopterin
biosynthesis, and metal insertion are associated with
disease states [22]

Iron-guanylylpyridinol cofactor

The pathway for biosynthesis of the iron-guanylylpyridinol
(FeGP) cofactor (Figure 2¢), a coenzyme that was identified
over 10 years ago in [Fe] hydrogenase HmdI from Metha-
nocaldococcus jannaschii (PDB ID: 3DAG), has been the
subject of intense recent investigation. Biochemical and
structural (e.g. PDB ID: 5D4H) results indicate HegC is an
S-adenosylmethionine (SAM)-dependent methyltransfer-
ase that converts 6-carboxymethyl-5-methyl-4-hydroxy-2-
pyridinol to the dimethyl derivative with release of §-
adenosylhomocysteine (SAH) [23]. HcgB also was struc-
turally elucidated (e.g. PDB ID: 5D5Q) and shown to be a
guanylyl transferase that adds GMP to the 4-hydroxy
position of the cofactor, presumably with release of pyro-
phosphate [24]. HegE, crystallized from Methanothermobac-
ter marburgensis (e.g. PDB 1D: 3WV8) [25], is an adenylyl
transferase that activates the carboxymethyl group of the
cofactor with release of pyrophosphate. Cys9 of HcgF,
structurally defined from M. jannaschii (e.g. PDB 1D:
3WVA), then forms a thioester as AMP is released [25].
The process for incorporating the iron atom and two carbon
monoxide molecules into the FeGP cofactor remains
unclear; however, the structure of M. jannaschii HegD (e.
2. PDB ID: 3WSD) reveals a dinuclear iron center, hinting
at a possible role in iron delivery [26]. Some hydrogenase
activity was observed when an FeGP mimic was reconsti-
tuted into the recombinant apoprotein generated in Escher-
ichia coli [27]. By contrast, no activity was detected when
FeGP was reconstituted into the HmdII apoprotein from
M. jannaschii, perhaps suggesting an alternative role such as
a H, sensor [28].

Metal-tetrapyrrole cofactors

An important family of organometallic cofactors are the
metal tetrapyrroles. Many redox enzymes contain red
heme pigments, with selected enzymes possessing alter-
native versions such as siroheme and heme
(Figure 3a) [29,30]. Additional modifications of these
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iron-tetrapyrroles also are known, including the lysine-
linked version of heme associated with cytochrome P460
[31]. The magnesium-containing tetrapyrrole found at
the photosynthetic reaction center and used in antenna
proteins in eukaryotes is chlorophyll @ (Figure 3b), and
microbial bacteriochlorophylls encompass a large range
of structural derivatives that serve the same roles [32,33].
Cobalamin-containing enzymes use a red cobalt tetra-
pyrrole (Figure 3c¢) to promote isomerase, methyl trans-
fer, reductive dehalogenation, and radical reactions [34].
Finally, methanogenic and methanotrophic archaea pos-
sess a nickel-containing tetrapyrrole known as coenzyme
F430. The biosynthetic pathway of this yellow cofactor
was recently uncovered (Figure 3d) [35°,36], a number
of modified versions of coenzyme F430 were identified
[37], and its assembly into methyl coenzyme M reduc-
tase is beginning to be clarified [38].

Figure 3

Inorganic cluster cofactors

Iron-sulfur clusters

Many enzymes contain cubane-type [4Fe4S] clusters
that either participate in electron transfer reactions or
facilitate catalysis. When used for electron transfer,
amino acid side chains typically coordinate each of the
four iron atoms in the cluster; however, the identities of
the participating residues vary (e.g. four Cys, three Cys
and one Asp/Glu/His/Ser/Met/Tyr, five Cys, six Cys, or
other configurations). In contrast, the absence of a pro-
tein ligand leaves one iron site available to interact with a
substrate so the cluster can then directly function in
catalytic activity. A recent example of such a cluster is
found in TtuA (Figure 4a), where the open coordination
site is thought to bind inorganic sulfide that is used to
form the modified tRNA base 2-thiouridine [39,40]. An
open coordination site also is found in the vast family of
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Metal-tetrapyrrole cofactors. (a) Heme, siroheme, and heme d;. (b) Chlorophyll a. (c) Cobalamin. (d) The F430 biosynthetic pathway.
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Figure 4

Current Opinion in Structural Biology

Inorganic cluster cofactors. (a) Cubane-type [4Fe—4S] cluster with an open coordination site on one iron atom (TtuA, PDB ID: 5MKQ). (b) [8Fe-9S]
cluster of a reductase (PDB ID: 6ENO). (c) Non-cubane [4Fe-4S] clusters of methanogenic heterodisulfide reductase (PDB ID: 50DH). (d) Iron-
molybdenum cofactor of nitrogenase (PDB ID: 3U7Q). (e) Iron-vanadium cofactor of nitrogenase with a belt sulfide replaced by a carbonate (PDB
ID: 5NBY). (f) Possible reaction intermediate of nitrogenase containing the iron-vanadium cofactor (PDB ID: 6FEA). (g) and (h) Reduced (PDB ID:
6B6X) and oxidized (PDB ID: 6B6W) forms of the C-cluster of carbon monoxide dehydrogenase. (i) and (j) The multi-manganese cofactor of the
photosystem Il (PS Il) oxygen-evolving complex is shown in the Sy and S; states, revealing a [Ca—4Mn-05] to [Ca—4Mn-60Q] transition (PBD ID:
6DHE and 6DHH; manganese, calcium, and solvent atoms are depicted as purple, green, and red spheres; the newly incorporated solvent atom is
indicated by cyan bonding).
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radical SAM enzymes; SAM coordinates to one iron atom
of the [4Fe-4S] cluster that generates a reactive 5'-
deoxyadenosyl radical via formation of an Fe—C5’ bond,
denoted intermediate ) [41]. Within this group of
enzymes is the interesting example of TYW1 containing
two cubane [4Fe—4S] clusters with three coordinating
Cys residues; one cluster functions to catalyze typical
radical SAM chemistry while an auxiliary cluster coor-
dinates a Schiff base intermediate formed between a
lysine side chain and the substrate pyruvate, which
condenses with V-methylguanosine to form 4-demethyl-
wyosine in tRNA [42].

Not all iron-sulfur clusters in enzymes are simple
cubanes. A protein with an intriguing [8Fe-9S] double
cubane cluster (Figure 4b) was recently identified in
Carboxydothermus  hydrogengenoformans and appears to
operate with a co-expressed ATPase as a very low poten-
tial reductase [43]. Furthermore, a pair of noncubane
[4Fe—4S] clusters (Figure 4¢) are found in heterodisulfide
reductase of methanogenic archaea, an enzyme that forms
coenzyme M (CoM) and coenzyme B (CoB) by catalyzing
a flavin-based electron bifurcation reaction to reduce both
ferredoxin and the CoM-CoB heterodisulfide [44]. The
CoM-CoB disulfide is proposed to bind between the two
clusters.

Nitrogenase

Molybdenum-containing nitrogenase of Azofobacter vine-
landii possesses a [1Mo—7Fe-9S-1C] cofactor (Figure 4d)
with homocitrate and a His residue coordinating the
molybdenum, a Cys residue ligating the distal iron, and
three sulfides forming a ‘belt’ around the cluster [45]. The
vanadium nitrogenase of this microorganism has a very
similar [1V-7Fe-8S-1C-CO;] cofactor (Figure 4e), in
which vanadium replaces the molybdenum and one belt
sulfide is replaced by a bridging carbonate ligand [46°].
Additional studies with this enzyme revealed the possible
structure of a bound reaction intermediate (Figure 4f), in
which another belt sulfide is replaced by a probable
bridging protonated nitrogen atom [47°°].

Carbon monoxide dehydrogenase

Nickel-containing carbon monoxide dehydrogenases con-
tain standard electron-transferring iron-sulfur clusters as
well as the distinct C-cluster that has been described as a
[Ni-3Fe—4S] cluster connected through a linking sulfide
to another Fe atom. Recent studies have shown a dra-
matic redox-dependent cluster rearrangement for the C-
cluster of the enzyme from Desulfovibrio vulgaris [48].
Whereas the reduced C-cluster has four Cys residues
(Cys340 Cys448, Cys478, and Cys519) binding a [Ni—
3Fe—4S] unit with one of the sulfides bridging to Fe that is
further coordinated by Cys302 and His266 (Figure 4g),
the oxidized C-cluster possesses a [4Fe—4S] unit bound
by five Cys (Cys301, Cys302, Cys340, Cys448, and
Cys478) with Cys302 also binding Ni that is additionally

coordinated by His266, Cys519, and Lys556. This cluster
rearrangement with its shift in nickel coordination envi-
ronment was suggested to provide stability of the cluster
against oxygen inactivation [48].

Photosynthetic Mn cluster

The 20-subunit crystal structure of photosystem II (PS IT)
with its [1Ca-4Mn-50] oxygen-evolving complex from
Thermosynechococcus vulcanus was solved at 1.9 A resolution
in 2011 (PDB ID: 3WU2) [49]. Concerns about potential
photodamage by the X-ray source led to recent studies to
obtain a damage-free structure by using a free-clectron
laser to generate femtosecond pulses with this [50] and
the Thermosynechococcus elongarus PS 11 [51]; for similar
reasons, the structure also was evaluated using very low
doses of conventional X-rays [52]. Of additional interest
are the structural effects of light flashes on the site of
dioxygen formation [51,53]. In particular, structures of
intermediates associated with Kok’s oxidation clock
reveal the conversion of the [1Ca—4Mn-50] species in
the S; state to a [1Ca—4Mn-60] species in the S; state
(Figure 4i and j) [54°°].

Conclusions and outlook

Despite the wealth of knowledge already available on
metalloenzymes, it is still possible to identify additional
new metal cofactors as shown by the discovery of the
NPN coenzyme. Some microorganisms possess multiple
copies of genes homologous to that of lactate racemase
and other microorganisms possess genes for NPN cofactor
biosynthesis while lacking an obvious lactate racemase.
These findings suggest the NPN cofactor may function in
enzymatic reactions beyond the racemization of lactic
acid, and this research area is certain to be an area of
future investigation. New features of established metal
cofactors also continue to be uncovered, and additional
insights into the properties of these metallocenters are
sure to be revealed, especially related to their biosyn-
thetic pathways and catalytic intermediates.
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