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Radical S-Adenosyl-.-methionine Chemistry in the Synthesis of
Hydrogenase and Nitrogenase Metal Cofactors

Amanda S. Byer, Eric M. Shepard, John W. Peters,

and Joan B. Broderick: Department of Chemistry and
Biochemistry, Montana State University, Bozeman, Montana
59717

Nitrogenase, [FeFe]-hydrogenase, and [Fe]-hydrogenase enzymes
perform catalysis at metal cofactors with biologically unusual
non-protein ligands. The FeMo cofactor of nitrogenase has a
MoFe,S, cluster with a central carbon, whereas the H-cluster of
[FeFe]-hydrogenase contains a 2Fe subcluster coordinated by
cyanide and CO ligands as well as dithiomethylamine; the [Fe]-
hydrogenase cofactor has CO and guanylylpyridinol ligands at a
mononuclear iron site. Intriguingly, radical S-adenosyl-L-me-
thionine enzymes are vital for the assembly of all three of these
diverse cofactors. This minireview presents and discusses the
current state of knowledge of the radical S-adenosylmethionine
enzymes required for synthesis of these remarkable metal
cofactors.

Despite the potential deleterious effects of radical reactions
and unconstrained metal ions, the exquisitely controlled pro-
tein armature of metalloenzymes and the orchestration of their
biosynthetic accessory proteins allow for the creation of com-
plex metal centers that accomplish formidable catalysis. N,
reduction to ammonia occurs at the nitrogenase FeMo cofac-
tor, which can be viewed as a complex bridged metal assembly
consisting of a [4Fe-3S] cluster linked to a [Mo-3Fe-3S] cluster
by three sulfides and a central carbon (Figs. 14 and 24) (1, 2).
Reversible reduction of protons to H, occurs at the [FeFe]-
hydrogenase H-cluster, a [4Fe-4S] cubane bridged by a cysteine
to a 2Fe subcluster containing CO, CN ™, and dithiomethyl-
amine ligands (Figs. 1B and 2B) (3). The reversible conversion
of methylenetetrahydromethanopterin to methenyltetrahydro-
methanopterin and H, is catalyzed at a mononuclear iron active
site, the ligands of which include two CO factors and one gua-
nylylpyridinol cofactor (Figs. 1C and 2C) (4).

Metal cofactor assembly begins with the synthesis of FeS
clusters by either the housekeeping iron-sulfur cluster assem-
bly machinery (5) in the case of [FeFe]-hydrogenase or the Nif
(nitrogen fixation)-specific homologs in the case of nitroge-
nase. The biosynthetic steps necessary for preparation of
[FeFe]-hydrogenase and nitrogenase active sites require addi-
tional dedicated proteins that include scaffolds for assembly of

* This work was supported by United States Department of Energy Grant
DE-FG02-10ER16194 (to J. B. B, J. W. P., and E. M. S.). This is the fourth arti-
cle in the Thematic Minireview Series on Radical SAM Enzymes.

the nascent cluster, as well as radical S-adenosyl-L-methionine
(SAM)? enzymes that synthesize unique non-protein ligands.
Whereas less is known about the assembly of the iron-guany-
lylpyridinol (FeGP) cofactor of the [Fe]-hydrogenase, it is clear
that radical SAM chemistry is involved (6).

It is interesting to note that in all three enzymes discussed
here, the metal cofactors are organometallic in nature and exist
with only minimal protein coordination (Figs. 1 and 2). The
FeMo cofactor of nitrogenase is covalently bound to the protein
by only one histidine and one cysteine ligand; the 2Fe subcluster
of the H-cluster of [FeFe]-hydrogenase and the FeGP cofactor
of [Fe]-hydrogenase have only a single cysteine ligand.

Radical SAM chemistry is required for the synthesis of each
of these inorganic cofactors, despite the fact that there is no
single non-protein ligand shared by all three cofactors. The
requirement for radical SAM chemistry to synthesize this
diverse array of non-protein ligands reflects the wide variety of
chemical transformations that can be initiated by hydrogen
atom abstraction (7).

Nitrogenase FeMo Cofactor Biosynthesis

Found in a variety of bacteria and some methanogenic
archaea, nitrogenase plays a critical role in the global nitrogen
cycle by reducing N, to NH; (Fig. 1A4). Cleavage of the triple
bond in N, requires considerable energy, as reflected in the high
temperatures, high pressures, and catalysts required to attain
practical rates of N, reduction industrially (8). In contrast,
nitrogenase employs ATP to drive the process at atmospheric
pressure and ambient temperatures and accomplishes this
through the activity of some of the most complex metal clusters
observed in biology. Although alternative nitrogenases are
known to contain vanadium or iron instead of molybdenum at
the active-site cluster (9), the molybdenum nitrogenases are the
most common and well characterized; thus, these will serve as
the main source of examples for this discussion.

The active molybdenum nitrogenase consists of two pro-
teins: 1) an Fe protein (NifH) with a [4Fe-4S] cluster and 2) a
MoFe protein (NifDK) with an [8Fe-7S] P-cluster and a
[Mo-7Fe-9S-C-homocitrate] cluster, which is referred to as the
FeMo cofactor. The Fe protein is a homodimer with a binding
site for ATP hydrolysis in each subunit and a [4Fe-4S] cluster
bridging the two subunits (Fig. 14). The MoFe protein is a het-
erotetramer with the P-cluster sitting at each af3-subunit inter-
face, whereas the FeMo cofactors are located within each
a-subunit (10-13). During catalysis, electrons are transferred
from the [4Fe-4S] cluster in the Fe protein to the P-cluster in
the MoFe protein and ultimately to the FeMo cofactor where
N, is reduced. However, to create this incredible protein assem-
bly with the three critical clusters required for activity, a host of
maturase enzymes is involved, with one of these being the rad-
ical SAM enzyme NifB.

2 The abbreviations used are: SAM, S-adenosylmethionine; SAH, S-adenosyl-
homocysteine; FeGP, iron-guanylylpyridinol; dAdo’, 5’-deoxyadenosyl
radical; DHG, dehydroglycine; ACTD, C-terminal deletion; PDB, Protein
Data Bank.
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FIGURE 1. Active-site metal centers within protein structures. A, nitrogenase with the FeMo cofactor magnified (oval) (PDB ID 1M1N). B, [FeFe]-hydrogenase
with the H-cluster magnified (oval) (PDB ID 3C8Y). C, [Fe]-hydrogenase with the FeGP cofactor magnified (oval) (PDB ID 3F47). The additional cluster in
nitrogenase is the P-cluster at the interface between NifD (green) and NifK (dark gray); the additional clusters in [FeFe]-hydrogenase are the F-clusters involved
in electron transfer. Multiple protein subunits are distinguished by color: for nitrogenase, the MoFe protein tetramer is illustrated with one aB-subunit
including NifD (green) and NifK (dark gray), whereas the second a-subunit is light gray; for [Fe]-hydrogenase, one subunit of the dimer is pink, whereas the
other is dark gray. In the cofactor magnifications, the protein-based ligands touch the outside of the oval. Blue, nitrogen; red, oxygen; orange, phosphorus;
yellow-orange, sulfur; rust, iron; agua, molybdenum; magenta, unknown; gray, carbon, unless part of a protein-based ligand, in which case, the carbons are the

same color as the protein schematic. H,-MPT, tetrahydromethanopterin.
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FIGURE 2. Structural drawings of the metallocofactors. A, FeMo cofactor of nitrogenase. B, H-cluster of [FeFe]-hydrogenase. C, FeGP cofactor of [Fe]-

hydrogenase. X* and **X, locations of catalysis; Hcit, homocitrate).

The FeMo cofactor is synthesized (Fig. 3, panel I) by complex
biosynthetic machinery, which includes the radical SAM
enzyme NifB. FeMo cofactor assembly begins with the forma-
tion of [2Fe-2S] and [4Fe-4S] clusters, which are synthesized by
the combined actions of NifS, a cysteine desulfurase, and NifU,
a scaffolding protein (14, 15). Both NifS and NifU are homologs
of IscS and IcsU, which have analogous roles in general FeS
cluster assembly. After transfer of these [4Fe-4S] clusters to
NifB, radical SAM chemistry is required to create a FeMo
cofactor precursor cluster that has six to eight iron atoms, nine

sulfur atoms, and one central carbon (16—18). This carbon-con-
taining precursor has been referred to as the NifB-co (1) and is
transferred to a scaffold protein, NifEN, which is structurally sim-
ilar to the MoFe protein (16-22). Additional steps, including the
addition of molybdenum (by NifQ) and homocitrate (by NifV),
occur by the activity of additional accessory enzymes, not
addressed here, en route to the synthesis of the FeMo cofactor (19,
20, 23-26). The final step of maturation (22) is the transfer and
insertion of the FeMo cofactor to a cofactorless MoFe protein to
produce an active nitrogenase (19, 20, 25, 27).
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FIGURE 3. Schematic illustration of the biosynthesis of the FeMo cofactor of nitrogenase (panel I) and the H-cluster of [FeFe]-hydrogenase (panel I).
Similar steps in the two pathways are shown in the same shade of gray. From top to bottom, these steps are radical SAM-based ligand synthesis, assembly of
the precursor on a scaffold protein, and transfer of a cluster precursor to the apoenzyme. Gray, carbon; blue, nitrogen; red, oxygen; orange, phosphorus;
yellow-orange, sulfur; rust, iron; aqua, molybdenum; magenta, unknown. HC, homocitrate.

NifB contains the CX;CX,C motif characteristic of the radi-
cal SAM superfamily; however, until recently, the specific func-
tion of this enzyme in FeMo cofactor assembly was unclear.
Due to a lack of solubility of NifB, Wiig et al. (17) investigated
NifB via studies of a fusion protein, NifEN-B, overexpressed in
Azotobacter vinelandii in the presence of all accessory proteins
except the Fe protein (NifH) and the MoFe protein (NifDK).
The goal was to halt cluster maturation at the NifB state until
SAM was added; the addition of SAM then would allow modi-
fication of the cluster(s) on NifB and the subsequent transfer of
the product cluster to NifEN. Initial EPR characterization dem-
onstrated that, prior to the addition of SAM, a single axial EPR
signal (g = 2.02,1.95, and 1.90) existed (17); given that sequence
annotation predicted that NifB contains both a radical SAM
[4Fe-4S] cluster and two other [4Fe-4S] clusters, the observed
paramagnetic signal could be explained by either all clusters
having similar g values or by only one of these clusters being
EPR-active. Upon SAM addition to NifEN-B, this axial signal
disappeared, and an isotropic signal (g = 1.94) appeared and
was assigned to the FegS,C cluster (17). Although the origin of
these EPR spectral changes with SAM addition was not clear at
the time, spectroscopic evidence for an interstitial carbon in the
precursor and FeMo cofactor clusters (21, 22, 28 —30) suggested
that the NifB-catalyzed reaction served to install the central
carbon atom.

NifB does not require substrate other than SAM to catalyze
the transformation of two [4Fe-4S] clusters to the FeMo cofac-
tor precursor FeS cluster with a central carbon. This result,
together with the observation that both 5’-deoxyadenosine and
S-adenosylhomocysteine (SAH) were formed as products,
pointed to potential roles for SAM as both radical precursor
and substrate. Reductive cleavage of SAM generally produces a
5’-deoxyadenosyl radical (dAdo"), which, upon hydrogen atom

abstraction from substrate, is converted to 5'-deoxyadenosine.
On the other hand, SAH is the expected product when SAM
acts as a methyl donor (16). Use of methyl-d;-SAM in the NifB
reaction vyielded deuterated 5’-deoxyadenosine product,
providing evidence that dAdo" abstracts a hydrogen atom from
a methyl originating from another SAM (Fig. 4, upper panel)
(16). Furthermore, incubation of [methyl-'**C]SAM with the
NifEN-B protein yielded '*C label incorporation into the clus-
ter, but not the polypeptides of the protein, suggesting direct
transfer of the carbon from SAM to the cluster without a pro-
tein-bound intermediate (16). Thus, multiple lines of evidence
implicate the methyl group of SAM as the source of the central
carbon in the cluster intermediate synthesized on NifB and ulti-
mately in the FeMo cofactor on the mature MoFe protein.
One mechanism proposed for the carbon atom insertion
process (Fig. 4, upper panel) involves the S2 transfer of the
methyl on SAM to a sulfide of a [4Fe-4S] cluster on NifB.
Reductive cleavage of the second equivalent of SAM then pro-
duces a dAdo’ that abstracts a hydrogen atom from the methyl
just added to the [4Fe-4S] cluster. This mechanism has chemi-
cal precedent in radical SAM enzymes, as it is similar to that
proposed for the RNA methyltransferase radical SAM enzymes
RImN and Cfr (31, 32). An alternative mechanism (not shown)
requires that the first equivalent of SAM is reductively cleaved
to form a methyl radical, which is then transferred to an iron of
a [4Fe-4S] cluster on NifB. The reductive cleavage of the second
equivalent of SAM forms dAdo’, which then abstracts a hydro-
gen atom from this methyl group. This second scheme seems
less likely because it requires two distinct radical-forming reac-
tions at a single radical SAM active site; however, further stud-
ies should decipher this. After these initial steps, both mecha-
nisms are expected to converge and involve proton loss from
the intermediate species in conjunction with the further incor-
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FIGURE 4. Schematic illustration of the reactions catalyzed by NifB (upper panel) and HydG (lower panel). For the NifB reaction, S2 methylation of a
cluster sulfide by SAM is followed by radical SAM chemistry, resulting in hydrogen atom abstraction from this cluster methyl and subsequent insertion of
carbon to form a Fe,_gS,C cluster. For the HydG reaction, the dAdo’ produced upon reductive cleavage of SAM abstracts an hydrogen atom from tyrosine,
eventually generating a 4-hydroxybenzyl radical and DHG; further reaction of DHG leads to the formation of CO and CN™ ligands ultimately found in the 2Fe

subcluster of the H-cluster. SAH, S-adenosylhomocysteine.

poration of the carbon to form the Fe,_¢S,C cluster. The car-
bon atom insertion is concomitant with incorporation of a sul-
fide of unknown origin that bridges the two clusters, as well as
rearrangement of the two clusters, although the details of the
mechanism by which this occurs have yet to be elucidated.

[FeFe]-Hydrogenase H-cluster Biosynthesis

[FeFe]-Hydrogenases are distinguished by the organometal-
lic H-cluster at the active site and are found in numerous spe-
cies of anaerobic prokaryotes (such as sulfate reducers and Fir-
micutes) lower eukaryotes, including green alga and protists
(33, 34). The H-cluster (Fig. 1B) consists of a [4Fe-4S] cluster
linked via the thiolate of a cysteine residue to a 2Fe subcluster
coordinated by three CO and two CN™ ligands and a bridging
dithiomethylamine (Fig. 2B). Only three accessory proteins are
required for generation of this active-site cluster; these include
the radical SAM enzymes HydE and HydG and the GTPase
HydF (35, 36). Evidence suggests that these three accessory pro-
teins are specifically directed toward the synthesis of only the
2Fe subcluster of the H-cluster (Fig. 3, panel 1) (36 —40). When
these three maturation proteins are expressed together in Esch-
erichia coli and then HydF is purified from the cells, this
HydF*€ is able to generate an active hydrogenase in the absence
of other proteins or exogenous small molecules, indicating that
HydF serves as a scaffold or carrier during H-cluster assembly

(37, 38). Observation of vibrational bands associated with
Fe-CO and Fe-CN and Fe-CO-Fe species (41, 42) on HydF*%,
but not on HydF expressed without HydE and HydG (HydF~=%)
(41), further supports a scaffolding role for HydF. Most
recently, synthetic models of the 2Fe subcluster of the H-cluster
have been inserted into HydF~F%, and this semisynthetic holo-
HydF has been shown to be competent for hydrogenase matu-
ration, providing yet further evidence that HydF acts as a scaf-
fold/carrier for the 2Fe subcluster precursor (43).

HydG Catalyzes CO and CN— Biosynthesis—HydG (44) exhib-
its significant sequence homology to ThiH, a radical SAM
enzyme that catalyzes the Ca—Cp bond cleavage of tyrosine to
produce p-cresol and dehydroglycine (DHG), the latter of
which is a precursor in thiamine biosynthesis (45). This
sequence homology ultimately led to testing of tyrosine as a
substrate for HydG, and p-cresol was observed as a product
(46). At the time, it was proposed that the presumed DHG
product of HydG served as a precursor for the dithiomethyl-
amine of the H-cluster; however, the source of this ligand
remains unknown. Driesener et al. (47) demonstrated that CN ™
was formed in the HydG-catalyzed reaction at an ~1:1:1 stoi-
chiometric ratio with p-cresol and 5'-deoxyadenosine. Subse-
quent HydG assays in which deoxyhemoglobin was included in
the assay mixture demonstrated the conversion of deoxyhemo-



globin to carboxyhemoglobin, resulting from the HydG-cata-
lyzed production of CO (48). In both the CN™ and CO assays,
use of isotopically labeled tyrosine coupled with mass spectral
or FTIR analysis demonstrated that the diatomic products are
derived from tyrosine (47, 48). Interestingly, similar rate con-
stants for formation of both CO (k_,, = 11 X 10" *s™ ' at 30 °C
for carboxyhemoglobin) (48) and CN ™~ (k.,, = 20 X 10~ *s™ ' at
37 °C for the CN™ adduct) (47) in separate experiments pro-
vided support that these species arose from the same interme-
diate, presumably DHG. Furthermore, isotopic labeling has
revealed that all of the diatomic ligands of the H-cluster are
derived from tyrosine (49), implying that HydG provides all of
the diatomic ligands of the H-cluster. Intriguingly, the reaction
catalyzed by HydG as shown in Fig. 4 should provide CO and
CN" in a 1:1 stoichiometric ratio, and yet the H-cluster con-
tains these ligands in a 3:2 ratio. Therefore, assembly of the
H-cluster may require three turnovers of HydG, producing
three CN ™~ and three CO molecules. As only two CN™~ mole-
cules are incorporated into the H-cluster, the rate of the third
CN™ is undefined at this time.

The mechanism by which HydG catalyzes this intriguing
reaction is currently under active investigation (Fig. 4). HydG
binds two [4Fe-4S] clusters (48, 50), both the radical SAM clus-
ter at the N-terminal CX;CX,C motif and a second site-differ-
entiated cluster in the C-terminal domain at a CX,CX,,,C motif.
Both clusters are essential for synthesis of the diatomic prod-
ucts and for achieving hydrogenase maturation (36, 48, 50). A
recent study has shown that the N-terminal cluster alone is
involved in the reductive cleavage of SAM and the Ca—C3bond
cleavage of tyrosine to produce p-cresol (50). However, the
C-terminal domain is essential for the subsequent production
of the diatomic products from DHG (50-52). These two site-
differentiated [4Fe-4S] clusters are expected to be bound at
opposite ends of a (Ba)g TIM (triose-phosphate isomerase) bar-
rel based on comparison with PylB and HydE, structurally char-
acterized radical SAM enzymes with considerable sequence
similarity (3, 53).

To separately analyze the SAM and C-terminal clusters, var-
iant proteins were created: 1) a C-terminal deletion (ACTD)
variant, in which the entire C-terminal domain was eliminated,
and 2) a C96A/C100A/C103A variant, in which the cysteines of
the SAM-binding cluster were mutated to alanines. EPR analy-
sis of purified, reconstituted, and photoreduced HydGACTD
demonstrated an axial signal akin to wild-type HydG that was
perturbed by addition of SAM (50); in contrast, the C96A/
C100A/C103A variant lacking the N-terminal SAM-binding
cluster showed no perturbation of the wild-type axial EPR sig-
nal with addition of SAM (50). Furthermore, the ACTD variant
catalyzed reductive cleavage of SAM and tyrosine to generate
p-cresol, but could produce neither CO nor CN™ (50-52).
Together, these results suggest that the N-terminal cluster
alone is responsible for the radical SAM chemistry resulting in
the initial tyrosine reaction to produce p-cresol, whereas
diatomic ligand production requires elements in the C-termi-
nal domain and the accessory cluster itself.

The specific mechanistic steps involved in the synthesis and
delivery of the diatomic products of HydG remain a subject of
current inquiry. Although tyrosine was proposed to coordinate

to the C-terminal cluster (54) in a manner similar to the coor-
dination of GTP to the C-terminal cluster of the radical SAM
enzyme MoaA (55), recent results demonstrate that the C-ter-
minal cluster is not involved in or required for tyrosine cleav-
age, making tyrosine binding to this cluster unlikely (3, 44, 50).
However, spectroscopic evidence does suggest that a fragment
of tyrosine may bind to this cluster (56), consistent with a role
for this cluster in breaking down DHG to CO and CN . It was
originally proposed that HydG synthesized and delivered only
the diatomic products; however, recent studies provide evi-
dence that CO and CN™ produced by HydG coordinate to an
iron on the protein, possibly the unique iron of the C-terminal
cluster (56). Furthermore, use of >’Fe-enriched HydG has pro-
vided evidence that iron from HydG becomes incorporated into
the H-cluster (56). Although some specifics of the diatomic
ligand production and delivery by HydG are debated, the steps
illustrated in Fig. 4 provide a reasonable framework consistent
with current data. In the initial step, SAM bound to the N-ter-
minal [4Fe-4S] cluster undergoes reductive cleavage to gener-
ate dAdo’. This dAdo® abstracts a hydrogen from tyrosine to
produce a radical that undergoes heterolytic Ca—CB bond
cleavage to give a 4-hydroxybenzyl radical and DHG (44, 50,
54). Presumably, DHG decomposition occurs in the C-terminal
domain and is key for the generation of CO and CN™. The
breakdown of DHG to these diatomics is unprecedented and
novel chemistry, and it seems most likely to occur via a radical
mechanism, possibly initiated by hydrogen atom abstraction
from DHG by the 4-hydroxybenzyl radical.

Role of HydE in H-cluster Biosynthesis—In contrast to HydG,
several crystal structures of HydE have been solved (Protein
Data Bank (PDB) ID 3I1Z, 3IIX, 3CIX, and 3CIW) (57-59).
These structures illustrate a complete (Ba)g TIM barrel with an
internal electropositive channel that extends from the SAM-
binding cluster at the top of the barrel to the bottom of the
barrel. The channel appears to include three specific anion-
binding locations, including one near the bottom of the barrel,
which was found to bind thiocyanate in soaking experiments
(58). Thus, at the top of the barrel, radical SAM chemistry could
act on substrate to form intermediates that travel the length of
the barrel before being transferred to another protein such as
HydF (58, 60). Although previously annotated as having
sequence similarity to the radical SAM enzyme biotin synthase
(BioB) (58), a greater similarity exists with the methylornithine
synthase PylIB (61).

Because HydG is known to synthesize the diatomic ligands
of the H-cluster, HydE is presumed to synthesize the dithio-
methylamine ligand (62, 63); however, the substrate for HydE
has yet to be identified. It has been suggested that HydE plays no
essential role in hydrogenase maturation (64), although this
seems unlikely given the in vivo and in vitro evidence that HydE
is essential to the assembly process and conservation of hydE
across species with hydF and hydG (35, 36, 38).

Although the substrate and product of HydE have yet to be
identified, the interactions between HydE and the other
maturase enzymes have been investigated. Both HydG and
HydE have been observed to stimulate the rate of GTP hydro-
lysis in HydF (38), possibly implying a connection between GTP
hydrolysis on HydF and the interactions with the other two



maturases. Surface plasmon resonance experiments corrobo-
rated this result, as the presence of GTP increased the rate of
dissociation of HydG and HydE from HydF (65). Furthermore,
although surface plasmon resonance experiments revealed that
neither HydG nor HydE could displace each other from HydF, a
stronger interaction between HydE and HydF compared with
that between HydG and HydF was observed (65). The strength
of this interaction is perhaps related to the observation that
HydE and HydF are fused in some organisms (36), as the radical
SAM enzyme NifB is fused to the NifEN scaffold in Clostridium
acetobutylicum (66), and could be interpreted to emphasize the
independent role of both HydE and HydG in hydrogenase mat-
uration. As depicted in Fig. 3 (panel II), the radical SAM
enzymes are expected to deliver the CO and CN™~ (HydG) and
dithiomethylamine-bridging (HydE) ligands to form the 2Fe
subcluster on HydF, which is essential for the formation of the
complete H-cluster and activation of hydrogenase.

[Fel-Hydrogenase (Hmd) Cofactor Biosynthesis

[Fe]-hydrogenase, or H,-forming methylenetetrahydro-
methanopterin dehydrogenase (Hmd) (Fig. 1C), is an enzyme in
the pathway that produces methane from CO, (4). The enzyme
utilizes a novel cofactor, FeGP (Fig. 2C) (67), to catalyze the
reversible reduction of methenyltetrahydromethanopterin™
with H, to yield methylenetetrahydromethanopterin and a pro-
ton (68-70). The FeGP cofactor contains a low-spin iron(II)
(71, 72) that is octahedrally coordinated to 1) the thiol of the
cysteine ligand (73, 74), 2) two CO ligands (75), and 3) nitrogen
and carbon from the guanylylpyridinol. The sixth ligand
remains undefined but presumably is the site of the methe-
nyltetrahydromethanopterin™ reduction (Fig. 2C) (67, 76, 77).
The nine carbons in the pyridinol moiety of the FeGP cofactor
are derived from acetate, methionine, pyruvate, and CO, (78).

[Fe]-Hydrogenases are found in hydrogenotrophic methano-
genic archaea and are the only other hydrogenases in these
organisms aside from various [NiFe]-hydrogenases; thus, when
the nickel content is below a certain threshold, [Fe]-hydro-
genase is up-regulated as compensation (79). Although the imd
gene codes for [Fe]-hydrogenase, the accessory proteins are
coded for by the hcgA-hcgG suite of genes, and all seven are
required for Hmd activation (80). Although the specific roles of
each of these genes have yet to be determined, annotation has
provided some clues: hcgA is annotated as a radical SAM
enzyme; iicgB appears to have a phosphate-binding domain that
shares structural similarities with pyrophosphatases (PDB ID
3BRC) and catalyzes the guanylyltransferase reaction to form
the guanylylpyridinol part of the cofactor (80, 81); hcgC has a
putative NAD(P)-binding Rossmann-like domain; /cgD is pro-
posed to be an iron chaperone for the FeGP cofactor (82); and
hcgG may have a SAM-binding domain but is annotated as a
fibrillarin-like protein (80). The detailed roles of each of these
accessory proteins remain undefined.

The accessory gene /icgA codes for a protein that harbors a
motif (CX;CX,C) similar to the canonical radical SAM
CX5;CX,C motif. This CX,CX,C motif found in HcgA is
expected to coordinate three irons in a [4Fe-4S] cluster, leaving
a site-differentiated iron that is coordinated by SAM (6).
Although the cluster-binding motifis slightly different from the

canonical motif, other radical SAM proteins such as Elp3 and
ThiC (83, 84) have also been shown to have altered motifs.
Although the substrate of HcgA is not known, the purified pro-
tein has been shown to catalyze the uncoupled reductive cleav-
age of SAM (6). Upon reduction, the purified protein gives rise
to an EPR signal consistent with the presence of a [4Fe-4S]™"
cluster, which is altered upon addition of SAM (6). Due to
sequence similarity with HydG, the role of HcgA was tenta-
tively assigned to be generation of the CO ligands for the
FeGP cofactor; however, in vivo labeling studies illustrated that
the CO ligands of the FeGP cofactor come from CO, (78).
Furthermore, transfer of the methyl group on L-[methyl-
>H,]methionine to the pyridinol ring implied that a potential
SAM-dependent methyltransferase reaction might occur (78).
However, without further evidence, the role of HcgA in the
synthesis of the FeGP cofactor remains the subject of current
inquiry.

Concluding Remarks

Despite significant progress, important aspects of the overall
metallocofactor assembly pathways and the specific roles of the
radical SAM enzymes remain unresolved. With regard to FeMo
cofactor biosynthesis, aspects of the mechanism of carbon
insertion, sulfide incorporation, and cluster rearrangement
have yet to be elucidated. For H-cluster biogenesis, the mecha-
nism of formation of CO and CN ™ from tyrosine, the identity of
the substrate of HydE, and the detailed steps involved in assem-
bly and delivery of the 2Fe subcluster of the H-cluster will be the
focus of future work. For the FeGP cofactor maturation in [Fe]-
hydrogenase, the role of the radical SAM enzyme HcgA is cur-
rently unresolved. The discovery of the involvement of radical
SAM chemistry in the synthesis of organometallic cofactors in
biology adds fascinating new examples of the remarkable chem-
istry that can be catalyzed by this diverse superfamily, using the
simple combination of an iron-sulfur cluster and SAM.
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