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The genetic context, phylogeny, and biochemistry of a gene flanking the H2-forming methylene-H4-methanopterin dehydrogenase gene (hmdA), here designated hmdB, indicate that it is a new member of the radical
S-adenosylmethionine enzyme superfamily. In contrast to the characteristic CX3CX2C or CX2CX4C motif
defining this family, HmdB contains a unique CX5CX2C motif.
proteins thought to be involved in the assembly of the [NiFe]
hydrogenase share homology with proteins involved in the
assembly of the active site of [FeFe] hydrogenases, indicating
that the maturation genes, like the structural genes, evolved
independently. The presence of CO-ligated Fe and the GP
cofactor suggests the involvement of a number of gene products in HmdA cofactor biosynthesis; however, such gene products have yet to be identified.
The genes involved in active site cluster biosynthesis in [FeFe]
and [NiFe] hydrogenase are often colocalized with structural
genes on the chromosome (17). We screened all available
genome sequences for the presence of hmdA and examined the
flanking genes. Two protein-encoding genes were colocalized
with hmdA (Fig. 2A) (27), whose products are referred to
herein as HmdB and HmdC. HmdB and HmdC exhibit sequence homology with radical AdoMet enzymes and eukaryotic fibrillarin, respectively. Importantly, these genes were not
found associated with the hmdA homologs encoding HmdAII
and HmdAIII, which have been proposed to act as scaffolds or
cellular reservoirs of GP cofactor given the ability of HmdAII
from Methanocaldococcus jannaschii to bind cofactor in vitro
and the similarity of Hmd active sites (7, 27, 30).
As a first step toward investigating the role of the HmdB
and HmdC proteins, we reconstructed the evolutionary history
of HmdA, HmdB, and HmdC (see Methods in the supplemental material). The HmdA topology is nearly mirrored in the
HmdB topology (Fig. 2B), with the primary exception being
the sequence from Methanopyrus kandleri, which forms a lineage at the base of the Methanobacteriales/Methanomicrobiales
lineage. In the HmdC phylogram, the deeply branching lineages were not statistically well supported, thereby precluding
a detailed examination of the branching order among earlyemerging taxa (data not shown). Nonetheless, two distinct lineages comprising sequences from Methanobacteriales/Methanomicrobiales/Methanopyrales and Methanococcales were apparent.
Thus, the topology of the HmdC phylogram is similar to that

The HmdA enzyme is found in hydrogenotrophic methanogens, where it functions in the reversible reduction of methenyl-tetrahydromethanopterin (H4MPT⫹) to methylene-H4MPT
and H⫹, an intermediary step in CO2 reduction to CH4 using
H2 as an electron donor (33). Biochemical characterization of
the enzyme has revealed the presence of a unique active site
metal cofactor which consists of an Fe ion ligated by two CO
molecules, a cysteine side chain, a guanylyl pyridinol cofactor
(GP cofactor), and an unknown ligand suggested from crystallographic data to be an acyl group (Fig. 1) (8, 9, 12, 22, 28, 29).
The active site features and activity of the HmdA protein,
namely, the CO-coordinated Fe and the ability to react with
H2, bear similarity to the [NiFe] and [FeFe] hydrogenases.
These three hydrogenase classes are evolutionarily unrelated
(17, 36, 34, 35), but all have CO-coordinated Fe at the active
site (21, 29, 37), indicating that active site and functional similarities are a result of convergent evolution (14).
The synthesis of the active site cluster of [NiFe] hydrogenase
requires at least seven proteins (see reference 1 and references
contained therein), whereas three are required for the synthesis of the active site cluster of the [FeFe] hydrogenases (15, 16,
24). Two oxygen-sensitive (10) radical S-adenosylmethionine
(AdoMet) enzymes are involved in [FeFe] hydrogenase maturation (23, 24), whereas none are involved in the maturation of
the [NiFe] hydrogenases. This observation may reflect the fact
that [FeFe] hydrogenase is present only in anaerobic bacteria
and several lower eukaryotes, whereas [NiFe] hydrogenases
are widely distributed among aerobic and anaerobic members
of both the archaea and bacteria (17, 34–36). None of the
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observed in the HmdB phylogram. Similar tree topology for
each of the individual HmdA, HmdB, and HmdC phylograms
(27) suggests that these protein-encoding genes have coevolved.
The evolutionary relationship of HmdB to several members
of the radical AdoMet superfamily of enzymes was determined
by evolutionary model prediction using the ProtTest software
program and maximum-likelihood phylogenetic reconstruction
(see the supplemental material) and as previously described
(2). HmdB clustered within a well-supported sequence lineage
that contained ThiH, HydE, and HydG (Fig. 2C). HydE and
HydG are required for the synthesis of the active site cluster of
the [FeFe] hydrogenase (24). Thus, these proteins recently
diverged from a common ancestor and therefore may catalyze
similar chemistry. Sequence alignment of HmdB proteins indicates that they universally harbor a unique CX5CX2C motif,
rather than the CX3CX2C or CX4CX2C motif characteristic of

radical AdoMet enzymes (4, 6, 13, 31) (see Fig. S1 in the
supplemental material).
To examine the biochemical characteristics of HmdB, the
protein from Methanococcus maripaludis S2 was heterologously expressed in Escherichia coli. Cloning was accomplished
as described in the supplemental material to allow for the
expression of a 6⫻-His tag variant of HmdB. Ni2⫹ affinity
chromatography yielded protein estimated to be ⬃99% pure
(data not shown). Gel filtration chromatography indicated that
the protein existed as a monomer (data not shown). Iron analysis via inductively coupled plasma mass spectrometry (ICPMS) on an Agilent 7500ce ICP-MS (see the supplemental
material) revealed the protein bound 2.2 ⫾ 0.3 Fe atoms/
protein as isolated. Reconstitution of the protein with iron and
sulfide by incubation with 25 equivalents dithiothreitol (DTT),
6.5 equivalents FeCl3, and 6.5 equivalents Na2S showed that
the protein was capable of binding 3.91 ⫾ 0.4 Fe atoms/protein.
Room temperature UV/visible spectroscopic characterization of the protein as isolated, acquired on a Cary 6000i UV/
visible/near-infrared spectrophotometer (Varian), showed an
absorbance peak centered at ⬃410 nm (Fig. 3A), indicating the
presence of an iron-sulfur cluster. Reduction of the protein by
addition of dithionite (DT) to a final concentration of 2 mM
showed a decreased intensity of the ⬃410-nm peak, indicating
reduction of an iron-sulfur cluster. Low-temperature electron
paramagnetic resonance (EPR) analysis of the as-isolated protein performed at 12 K (see the supplemental material for
parameters) revealed a small isotropic signal characteristic of
[3Fe-4S]1⫹ clusters, although spin integration versus a copper
standard indicated this signal accounted for less than 1% of
bound iron (data not shown). Upon addition of DT (8 mM,
final concentration), the isotropic signal disappeared and a
strong axial signal corresponding to spin ⫽ 1/2 [4Fe-4S]1⫹
cluster appeared which accounted for approximately 31% of
bound iron as calculated from spin integration (Fig. 3B).
Power and temperature dependence indicated the presence of
a mixture of [4Fe-4S] and [2Fe-2S] clusters bound by the protein (see Fig. S2 in the supplemental material). To investigate
possible interaction of the cluster with AdoMet, AdoMet was
added to the reduced protein (8 mM, final concentration)

FIG. 2. (A) Gene context of hmdA, hmdB, and hmdC. hmdA, blue; hmdB, purple; hmdC, black. (B) Chronogram of HmdB rooted with a
homolog identified in the genome of Desulfitobacterium hafniense Y51 and HmdAI rooted with HmdAII from Methanococcus maripaludis S2. The
scale bar represents 0.5 substitutions per site. (C) Phylogram of representative members of the radical AdoMet superfamily of enzymes.
Descriptions of the functions of the various AdoMet enzymes can be found in the work of Sofia et al. (31). The depth of the collapsed clades is
proportional to the diversity of the individual enzyme class. The scale bar represents 0.6 substitutions per site.
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FIG. 1. Active site of the Hmd hydrogenase as determined by Xray crystallography (8), ligated by DTT and an acyl group from the
pyridinol ring. Oxygen, red; nitrogen, blue; carbon, gray; iron, rust;
sulfure, gold; phosphorus, orange. The figure was generated using the
BALLView 1.3.0 software program (18).
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immediately prior to freezing it for EPR analysis. The resulting
EPR spectrum revealed a markedly decreased signal intensity
(approximately 5% of total iron), as well as slightly altered G
values (Fig. 3B). The decrease in signal, which is similar to that
observed previously when the radical AdoMet enzyme spore
photoproduct lyase was incubated in the presence of AdoMet
(3, 25), could be the result of reductive cleavage of AdoMet
(which would be accompanied by cluster oxidation); alternatively, a change in the spin state of the [4Fe-4S]1⫹ cluster could
give rise to a decrease in the spin ⫽ 1/2 EPR signal. In addition
to the decrease in signal intensity, the change in G values
observed with the addition of AdoMet may be indicative of
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interaction with the cluster. From these studies, it is clear that
HmdB binds an iron sulfur cluster and the cluster likely interacts with AdoMet.
Enzymatic assays performed in sealed and anaerobic vials
(see the supplemental material for details) containing purified
HmdB protein were monitored for the production of 5⬘-deoxyadenosine (dAdo) at time points of 10, 20, 40, 60, and 90
min. Experiments were performed in triplicate at 37°C. In the
presence of HmdB, the concentration of dAdo increased over
time. Deoxyadenosine was not observed in incubations performed in the absence of HmdB, demonstrating that dAdo
production due to cleavage of AdoMet was catalyzed by HmdB,
presumably through the formation of a 5⬘-dAdo radical (Fig.
3C). An approximate 2-fold increase in the reaction rate was
observed in reaction mixtures containing DTT, a result consistent with the observed activities of the AdoMet enzymes HydE
and HydG, where an increase in the reaction rate has been
attributed to DTT acting as a radical acceptor, shifting the
reaction equilibrium (26). Under these conditions, maximal
dAdo production of 1 mol of product per mol HmdB enzyme
was observed at a rate estimated to be 0.87 mol dAdo/mol
HmdB/h, similar to that observed for HydE and HydG from
Thermatoga maritima (26).
The possible involvement of HmdB in the synthesis of the
iron-carbonyl linkage in the Hmd cofactor is suggested by the
collective evolutionary and biochemical data presented herein.
The AdoMet phylogram indicates that HmdB is evolutionarily
related to HydE and HydG, which have been proposed to be
involved in the synthesis of the CO ligand in the active site of
HydA (20). The colocalization of hmdB and hmdC with hmdA
in the genomes of hydrogenotrophic methanogens, coupled
with the similar evolutionary histories observed for deduced
amino acid sequences for hmdA, hmdB, and hmdC (Fig. 2),
suggests that the genes are likely involved in a common process. This argument is bolstered by the observation that homologs of HmdB and HmdC were identified only in the genomes of hydrogenotrophic methanogens that contained hmdA.
The fibrillarin homolog HmdC bears homology to members of
a class of enzymes involved in RNA maturation, including
enzymes which catalyze nucleoside modification, such as the
methylation and methoxycarboxylation of target molecules, using AdoMet as a substrate (5, 11, 19, 32). Thus, HmdC may be
involved in the methylation of the GP cofactor on the pyridinol
ring; however, the demonstration of this activity is beyond the
scope of the current study.
The combination of bioinformatics and biochemical approaches presented here represents a powerful approach for
developing hypotheses regarding the functions of uncharacterized protein-encoding genes in genomic databases. Further
spectroscopic and biochemical characterization of the HmdA
cofactor synthesized in a background lacking hmdB and/or
hmdC, in addition to further characterization of the HmdB
protein in vitro, will continue to provide insight into the specific role of these enzymes in the maturation of HmdA.
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FIG. 3. (A) UV-visible spectra of HmdB obtained in the presence
(dotted) or absence (solid) of dithionite; the protein concentration was
95 M. (B) EPR spectra of dithionite-reduced HmdB in the presence
(dashed) or absence (solid) of SAM; the protein concentration was 395
M. (C) Production of dAdo by HmdB (20 M) in the presence of 2
mM SAM and 1 mM DT as determined by high-performance liquid
chromatography. Time points correspond to assays performed in triplicate which contained (open squares) or lacked (closed squares) 5 mM
DTT.
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