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Using genomic analysis, researchers previously identified genes coding for proteins homologous to the
structural proteins of nitrogenase (J. Raymond, J. L. Siefert, C. R. Staples, and R. E. Blankenship, Mol. Biol.
Evol. 21:541-554, 2004). The expression and association of NifD and NifH nitrogenase homologs (named NfiD
and NflH for “Nif-like” D and H, respectively) have been detected in a non-nitrogen-fixing hyperthermophilic
methanogen, Methanocaldococcus jannaschii. These homologs are expressed constitutively and do not appear to
be directly involved with nitrogen metabolism or detoxification of compounds such as cyanide or azide. The
NflH and NflD proteins were found to interact with each other, as determined by bacterial two-hybrid studies.
Upon immunoisolation, NfID and NflH copurified, along with three other proteins whose functions are as yet
uncharacterized. The apparent presence of genes coding for NflH and NfiD in all known methanogens, their
constitutive expression, and their high sequence similarity to the NifH and NifD proteins or the BchL and
BchN/BchB proteins suggest that NfIH and NfID participate in an indispensable and fundamental function(s)

in methanogens.

Nitrogenase is a two-component metalloenzyme complex
that catalyzes the ATP-dependent reduction of dinitrogen to
ammonia (nitrogen fixation) (2, 11, 21, 52). The fixation of
atmospheric nitrogen is an essential process for the survival of
life on earth and a critical part of the global nitrogen cycle (14,
22, 39). The components that make up the nitrogenase com-
plex are dinitrogenase (called the FeMo protein or component
I) and dinitrogenase reductase (called the Fe protein or com-
ponent II). Dinitrogenase is an a,f, heterotetramer of the
proteins NifD and NifK (encoded by the genes nifD and nifK,
respectively) (33). Dinitrogenase reductase is a homodimer of
the protein NifH (encoded by the gene nifH) (18). Residing at
the o/B subunit interface of dinitrogenase is an unusual [FegS-]
cluster called the P cluster (7, 42, 51), which has been shown to
transfer electrons and protons to the active site [Fe,S¢MoN(ho-
mocitrate)] cluster (called FeMo-co), which is the active site of
substrate reduction. FeMo-co lies within the a subunit (NifD)
(8, 12, 26, 27, 29, 36, 54).

It has been proposed that a key event in the evolution of
dinitrogenase was a paralogous gene duplication of a NifD/
NifK precursor (13). Subsequent divergence resulted in the
heterotetrameric form found in diazotrophs. It has also been
suggested that the ancestral nitrogenase complex might have
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existed as a homotetramer of the NifD/NifK ancestor (13).
Subsequent Nif DK paralogous operon duplication and diver-
gence is proposed to have given rise both to NifEN (13), a
NifDK homolog that serves as a scaffold during the biosynthe-
sis of FeMo-co (19, 28), and to dinitrogenase.

Another essential biochemical process on earth is photosyn-
thesis, the ability of microorganisms and plants to convert solar
energy to chemical energy. This process is the primary pro-
ducer of energy for life on this planet and is also a part of the
global carbon cycle, as photosynthetic organisms utilize the
chemical energy generated by photosynthesis to fix carbon.
There are two nitrogenase homolog systems involved in late
steps in the biosynthetic pathway of chlorophyll and bacterio-
chlorophyll (5, 16, 17). The transformation of protochlorophyl-
lide into chlorophyllide through the reduction of ring D is
accomplished by an enzymatic complex of BchLNB, where
BcehL is a NifH homolog and BchN and BchB are NifD and
NifK homologs, respectively (16). The BchLNB complex is also
known as the light-independent protochlorophyllide oxi-
doreductase. The transformation of chlorophyllide into bacte-
riochlorophyllide through the reduction of ring B is accom-
plished by the system of BchXYZ, where BchX is a NifH
homolog and BchY/BchZ are NifD/NifK homologs, respec-
tively. Because the nitrogenase and bacteriochlorophyllide/
chlorophyllide synthesis proteins described here are almost
certainly homologous, it is likely that there was ancestral gene
duplication and divergence in function to produce enzymes
that utilize very different substrates (44). The ancient reductase
enzyme from which all the extant Nif and Bch reductases are
derived may well have had an entirely different function. It is of
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great interest, both with regard to the evolution of life on earth
and to the evolution of substrate specificity, to determine when
this diversification of function occurred and what the function
of the ancestral system was.

Recently, the analysis of the published whole genomes of
101 organisms for the presence of NifH or NifD/NifK ho-
mologs uncovered numerous atypical sequences of both nifH-
like and nifD/nifK-like genes scattered among all known me-
thanogens and some phototrophs (44); these genes are distinct
from bona fide nifH and nifD homologs that allow nitrogen
fixation in several methanogens. The same general relationship
holds true for both NifH homolog and NifD/NifK homolog
trees. Phylogenetic analyses show that these sequences lie
basal in the tree, between the Nif and Bch clades (44). Due to
the similarity of these genes to nif genes and to the lack of
knowledge of a specific function for the proteins, these genes
were termed nflH and nfID, and the proteins they code for were
termed NfIH and NfID (nfl is for “nif-like”). Two of the or-
ganisms containing these atypical sequences do not perform
either photosynthesis or nitrogen fixation. These organisms are
Methanocaldococcus jannaschii and Methanopyrus kandleri,
both hyperthermophilic methanogenic members of the
Euryarchaeota. In this study, M. jannaschii was utilized because
it has been much more widely studied and the methods for
cultivating this organism with precision have been established
(40). The goals of this study were to assess whether the nfl
genes present in the M. jannaschii genome are expressed and,
if so, under what conditions; to determine whether these genes
are involved in nitrogen metabolism; and to determine
whether the NfID protein is associated with the NflH protein in
vivo. In the course of this study, we determined that NflH and
NflD are constitutively expressed. NflH and some other pro-
teins are associated with NflD, suggesting a possible functional
role for these proteins in M. jannaschii.

MATERIALS AND METHODS

Strains and plasmids. The plasmid pRSETA (Invitrogen) was used to con-
struct the heterologous expression vectors. Escherichia coli strain BL21-Codon-
Plus(DE3)-RIL (Stratagene, La Jolla, CA) was the expression host. M. jannaschii
nflH or MJ0879 coding sequence was PCR amplified by the use of Vent poly-
merase (New England Biolabs, Beverly, MA) and the primer pair (5’ to 3")
MJ0879 (NfIH)/F (GAGCTCATGAGAAAATTTTGTGTCTATG; Sacl; re-
striction site is underlined) and MJ0879 (NflH)/R (GAATTCTTATCCTTTAA
CACTCTCTTTTA). The amplified DNA was digested with SacI and EcoRI and
was cloned into similarly digested pRSETA to obtain the plasmid pRSETA-
MjNfIH. The plasmid pRSETA-MjNfID was constructed similarly, and for this
purpose, M. jannaschii nflD or MJ1423 coding sequence was amplified using the
primer pairs MJ1423 (NfID)/F, GAGCTCATCATATTCCATCCAAGA (SacI),
and MJ1423 (NfiD)/R, GAATTCTTATTCCAATGCATAATCCAATATT
TCAC (EcoRI). Each of these constructs allowed the expression of the recom-
binant protein with a polyhistidine (Hise) tag on the N terminus. Standard
techniques were used for DNA manipulations (48). The sequences of cloned
DNA segments were confirmed by determining the nucleotide sequences of both
strands.

For bacterial two-hybrid experiments using the BacterioMatch system (Strata-
gene, La Jolla, CA), the E. coli XL1-Blue host was used. Sequences for the
specific primers used to PCR amplify nflH from Methanocaldococcus jannaschii
genomic DNA for insertion into the pBT bait vector were 5'-AGATGGATCC
ATGAGAAAATTTTGTGTCTAT-3' (BamHI) and 5'-GATAGGATCCTTAT
CCTTTAACACTCTCTTT-3' (BamHI). The sequences for the primers de-
signed to amplify nfID for cloning into the pTRG target vector were 5'-AGAT
GGATCCATGATATTCCAT CCAAGACCT-3' (BamHI) and 5'-GATAGGA
TCCTTATTCCAATGCATAATCCAA-3’ (BamHI). The PCR amplified nflH
and nfID fragments were digested with the BamHI enzyme and ligated with the
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similarly digested pBT and pTRG plasmids, respectively. The pBT-nflH and
PTRG-nfID plasmids were then used for cotransformation of the E. coli XL1-
Blue cells. These cotransformants were further used for the measurement of the
B-galactosidase activity in order to detect the protein-protein interaction be-
tween NflH and NfiD.

E. coli cell growth and harvest. E. coli BL21-CodonPlus(DE3)-RIL, carrying
either pRSETA-MjNflH or pRSETA-M;jNfID, was grown aerobically in 1 liter
LB medium (48), with vigorous agitation at 37°C until the culture reached an
optical density at 600 nm (ODgq,) of 0.5 to 0.6. Protein expression was then
induced with IPTG (isopropyl-p-p-thiogalactopyranoside) at a final concentra-
tion of 1 mM, and the cultivation was continued for another 5 h. From this
culture, the cells were pelleted by centrifugation at 7,140 X g for 20 min at 4°C.
The resulting cell pellet was frozen in liquid nitrogen and stored at —80°C. The
E. coli XL-1 Blue strain was grown at 37°C in 2YT medium (48). Ampicillin,
chloramphenicol, and tetracycline were used to final concentrations of 50, 34,
and 5 pg/ml, respectively, wherever selection was necessary.

Recombinant NfIH and NfiD purification. Frozen cells were thawed in an
anaerobic chamber (Coy Laboratory Products, Inc., Grass Lake, MI), maintained
under 3% hydrogen with 97% ultra-high-purity nitrogen, and suspended in 2.5X
the cell mass of anaerobic 20 mM sodium phosphate (pH 7.5), 500 mM NaCl, 1
mM imidazole that also included DNase, RNase, lysozyme, and phenylmethyl-
sulfonyl fluoride (PMSF). Cells were homogenized by vortex homogenization
(modified Cuisinart daiquiri maker; Cuisinart, East Windsor, NJ), transferred to
40-ml Nalgene tubes with sealed modified caps (for use on a Schlenk line), and
then removed from the glove box and placed on ice. The cell suspension was then
sonicated five times using a Branson sonifier (Branson, Danbury, CT) cell dis-
ruptor under streams of ultra-high-purity nitrogen. After cooling on ice, the
disrupted cell lysate was centrifuged at 47,800 X g for 20 min. The cell extract
supernatant was collected in the anaerobic chamber and passed through a
0.45-pm syringe filter to remove particulate matter.

Purification of recombinant NflH. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) analysis showed that upon centrifugation of cell
lysate, most of the overexpressed NflH was recovered in the supernatant. There-
fore, this protein was expressed in the soluble fraction in high abundance. The
cell supernatant was heat treated (anaerobically) within a sealed Beckman cen-
trifuge tube (Beckman-Coulter, Fullerton, CA) for 2 h in a 65°C water bath to
denature most E. coli proteins. The precipitated proteins were removed via
centrifugation at 47,800 X g for 20 min, and the supernatant was collected within
the anaerobic chamber. All subsequent work was performed inside the anaerobic
chamber. The supernatant was filtered and loaded onto a Pharmacia HiTrap
chelating HP column (Pfizer-Pharmacia, New York, NY) charged with nickel by
using a Rainin Dynamax peristaltic pump (Rainin Instrument Co., Alameda,
CA). Upon loading, the column exhibited a brown color indicative of bound
protein containing iron-sulfur clusters. The column was washed with 20 mM
phosphate, pH 7.5, 500 mM NaCl, and 100 mM imidazole. The protein was
eluted with 500 mM imidazole (with the major portion eluting at 200 mM
imidazole). If the column was run aerobically, some NflH began eluting at 50
mM imidazole, which is the imidazole concentration utilized to remove proteins
with nonspecific binding affinity from the column. Protein was eluted directly into
a 20X elution volume containing 25 mM Tris HCI, pH 7.5, 100 mM NaCl. The
diluted protein solution was then concentrated anaerobically to 2 ml by an
Amicon ultraconcentrator (Millipore, Billerica, MA). It retained the tan color
when concentrated.

Purification of recombinant NfD. Like NflH, NfiD was also expressed in the
soluble fraction in high abundance. NflD purification was similar to that of NflH,
with some exceptions. Extracts of E. coli overexpressing NflID were not heat
treated at 65°C, but after filtration through a 0.45-um filter, they were loaded
directly onto the HiTrap column, which was subsequently washed with 1 mM, 30
mM, and 50 mM imidazole in 20 mM phosphate, pH 7.5, 500 mM NaCl. The
protein was eluted (using 200 mM imidazole in 20 mM phosphate, pH 7.5, 500
mM NacCl) directly into 20X the elution volume of 25 mM Tris HCI, pH 7.5 (no
NaCl), with 1 mM EDTA added to avoid the protein precipitation that occurs
soon after elution if the eluted protein is not diluted, and to prepare for the next
column. This mixture was then loaded onto a 5-ml DE-52 column. The protein
was eluted from the column with 500 mM NaCl in 25 mM Tris HCI, pH 7.5, in
one step, after washing with 50 mM NaCl in Tris HCI, pH 7.5, for 10 column
volumes. The eluted protein was tan in color.

Production and purification of antibodies. NflD antigen was sent for antibody
production in two forms, folded (0.2 mg) and denatured (0.4 mg), to make sure
that the resultant antibodies would recognize protein by using both native PAGE
and SDS-PAGE. The same rabbit was used so that the anti-natured NflD and
anti-denatured NflD were in the same serum. Antibodies for NflD were obtained
from Rockland Immunochemicals (Gainesville, PA). NflH antigen (1.5 mg) was
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sent only in the folded form to ProSci Incorporated (Poway, CA). NfiD and NflH
antibodies were cleaned and purified from rabbit serum using Bio-Rad Econo-
Pac DG disposable chromatography columns and Bio-Rad Econo-Pac DEAE
Blue cartridges according to the manufacturer’s recommended protocols.

Construction of a cross-linked protein A—anti-NfID immunoglobulin G (IgG)
agarose column. NfiD antibodies (in Tris HCI) were buffer exchanged by using
an Amicon ultrafiltration device and dilution into 50 mM sodium borate, pH 8.2.
A 3-ml suspension of ImmunoPure immobilized protein A-agarose (Pierce,
Rockford, IL) was equilibrated with the borate buffer and then very gently stirred
overnight at 4°C with 20 ml of NfiD antibody solution. The column matrix was
allowed to settle, and the remaining antibody solution was decanted. Sodium
borate buffer was added to the matrix, and the matrix was poured into a 10-ml
Bio-Rad disposable column. Twenty micrograms of dimethyl pimelimidate - 2
HCI (DMP) was dissolved in 2 ml of 0.2 M triethanolamine, pH 8.0 (cross-linking
buffer), and the solution was immediately added to the column. Then the column
was allowed to sit for 2 h at room temperature. The column was washed with 10
ml of cross-linking buffer. The column was loaded with 3 ml of 0.1 ethanolamine,
pH 8.2 (blocking buffer), and allowed to sit for 30 min. Afterwards, 10 ml of 0.1
M glycine, pH 2.5 (elution buffer), was applied. The column was stored in the
dark at 4°C until used.

Western blotting of denatured proteins. All SDS-denaturing polyacrylamide
(Bio-Rad) Laemmli gels contained 10% polyacrylamide in the resolving gel and
4.5% polyacrylamide in the stacking gel and were run on a Bio-Rad Mini Protean
3 cell. The transfer was performed in Tris-glycine-methanol according to recom-
mended protocols (Bio-Rad, Hercules, CA) by using a Bio-Rad Mini Trans-Blot
cell. Rabbit anti-NflD IgG was used at a 1:20,000 dilution, and a 1:1,000 dilution
was used for rabbit anti-NflH IgG. A 1:10,000 dilution was used for the secondary
antibody (goat anti-rabbit IgG-alkaline phosphatase [AP] conjugate).

Growth of M. jannaschii. M. jannaschii cells were grown in a mineral salts
medium under an atmosphere of H, with CO, (80:20, vol/vol) at a total pressure
of 236 kPa as described previously (40), but with the following modifications. For
generating cell mass for the purification of Nfl proteins, a 16-liter (12-liter
working volume) stirred-tank reactor was used and the growth medium con-
tained 22 mM ammonium chloride and 50 wM sodium selenate (40). For study-
ing the effect of cyanide, isothiocyanate, or azide on the expression of NflD and
NflH, the organism was cultivated in a sealed 530-ml serum bottle containing 200
ml growth medium (40) with 0.8 mM ammonium chloride and 1.5 uM VSO,.
Before inoculation, the sterile medium was supplemented with cyanide, isothio-
cyanate, or azide to a final concentration of 1 mM from an anaerobic filter-
sterilized aqueous stock solution. This organism is normally grown with 22 mM
ammonium chloride (40), and under this condition, a 530-ml serum bottle-based
culture attained a final ODg, of 1.0. Since the ammonium level in the test
medium was suboptimal, growth ceased when the culture reached an ODgq, of
0.2. An assay utilizing Nessler’s reagent on samples withdrawn from the serum
bottles showed that at this stage, the culture medium was devoid of free ammo-
nium ions, a condition conducive for the derepression or activation of the nifD
and nifH genes in organisms capable of diazotrophic growth (35) and cyanide and
azide detoxification genes in certain bacteria (9, 30, 43, 46). For testing the
possibility of diazotrophic growth upon the exhaustion of NH,*, nitrogen was
supplied in the headspace at a partial pressure of 50 kPa. Diazotrophic growth
was also tested using medium devoid of ammonium from the time of inoculation,
but with 50 kPa nitrogen in the headspace.

Immunoisolation of NfID and associated proteins. The immobilized, cross-
linked, rabbit anti-NfiID IgG—protein A column was brought to room tempera-
ture and equilibrated with anaerobic 10 mM Tris HCI, pH 7.5 (load buffer), in an
anaerobic chamber (Coy Laboratory Products, Inc., Grass Lake, MI). Twoto 3 g
of M. jannaschii frozen cell paste was thawed inside the anaerobic chamber,
where 30 ml of anaerobic 10 mM Tris HCI, pH 7.5, containing DNase, RNase,
lysozyme, PMSF, and dithiothreitol (1 mM) was added. The cell suspension was
then homogenized to break the M. jannaschii cell walls. The broken cell slurry
was centrifuged at 47,800 X g for 20 min in a sealed centrifuge tube. The
supernatant was collected inside the anaerobic chamber and passed through a
0.45-um syringe filter to remove particulate matter. The clarified supernatant
was applied to the antibody column under a gravity flow. After the sample passed
through, the column was washed with 20 ml of load buffer. Subsequent washes
were with 20 ml each of 100 mM MES (morpholineethanesulfonic acid), pH 3.5,
4.5, and 5.5, and finally with 10 ml of elution buffer.

Analysis of proteins eluted from anti-NfiD IgG column. The NflH and NfID
proteins were identified using Western blotting and also by using matrix-assisted
laser desorption—time of flight (MALDI-TOF) mass spectroscopy and trypsin
fingerprinting as described below. Proteins other than NflH and NflD persisted
in binding to the column through several washings and relatively harsh acidic
conditions (buffers at pH 5.5, 4.5, and 3.5). Three prominent bands from the
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resolved elution buffer fraction were excised from a Coomassie-stained gel in
portions of approximately 2 mm by 1 mm by 1 mm. Each denatured polypeptide
band in a Coomassie blue-stained gel slice (2 mm by 1 mm by 1 mm) was digested
with trypsin by using an in-gel digestion protocol as instructed by Promega
(Madison, WI). Mass spectra were collected on an Applied Biosystems Voyager
MALDI DE-STR mass spectrometer (Applied Biosystems, Foster City, CA).
Data processing to obtain a list of monoisotopic peak masses was performed
using Data Explorer software (version 4.0; Applied Biosystems, Foster City, CA).
Monoisotopic masses obtained by this procedure are accurate to within 0.1 Da
over the mass range of peptides examined in this work.

Tryptic fragment data obtained from mass spectral analysis were analyzed
using the MASCOT peptide mass fingerprint tool available online from Matrix
Science (Matrix Science, Inc., Boston, MA). Monoisotopic peak masses were
searched against the MASCOT Archaea database.

B-Galactosidase assay. The B-galactosidase activity assay was performed as
described elsewhere previously (34, 48). B-Galactosidase units were defined as
the activity that hydrolyzes 1 pumol of o-nitrophenyl-B-p-galactopyranoside
(ONPG) to o-nitrophenol and p-galactose per minute. B-Galactosidase activity
in Miller units was calculated as 1,000 X [OD4,, — (1.75X ODss)/(t X V X
ODy0)], where ¢ is the elapsed time (in minutes) of incubation, V'is the volume
of cells (including the concentration factor), and ODg is the optical density of
1 ml of culture at 600 nm. The negative controls used for the B-galactosidase
assay were E. coli XL1 Blue reporter cells cotransformed with the following
plasmid combinations: (i) N-terminal a-RNAP of pTRG with NfID protein and
pBT (full-length N\CI only), (ii) full-length NCI with NflH protein and pTRG
(N-terminal «-RNAP only), and (ii) ACI of pBT and a-RNAP of pTRG vectors
without any translational fusions. The positive control was the E. coli XL1 Blue
reporter cells cotransformed with the following plasmids: pBT-LGF2 containing
the full-length NCI protein of pBT vector fused to the LGF2 (dimerization
domain of the yeast transcriptional activator Gal4) and pTRG-Gal11¥ containing
the N-terminal domain of the «-RNAP of the pTRG vector fused to the Gal11?
(a mutant form of Galll protein) (BacterioMatch two-hybrid instruction man-
ual; Stratagene, La Jolla, CA).

RESULTS AND DISCUSSION

As described in Materials and Methods, an extract of M.
jannaschii cell supernatant was passed through an anti-NflD
IgG agarose column. The goal was to trap NflD and the pro-
teins that associated strongly with NfiD onto the column and
then to wash the column with a low-salt buffer and elute the
bound proteins with a high-ionic-strength solution or low-pH
solution. The fractions were examined for NfID and NflH via
Western blot analysis. Most of the loaded M. jannaschii pro-
teins were found in the flowthrough and in the 10-mM Tris
HCI wash. NfID and NflH bound to the column and did not
elute under the high-salt wash. Therefore, we used a solution
at pH 2.5 for elution. At a very low pH, iron-sulfur clusters are
largely destroyed because the sulfur of iron-sulfur clusters is
acid labile. Thus, in our work, the eluted proteins were not
suitable for spectroscopic characterization. While a very small
amount of NflH was eluted in the wash at pH 3.5, the majority
of this protein associated with NfID and was eluted in 100 mM
glycine, pH 2.5. An assessment of the presence of NfID and
NflH was performed using Western blot analysis. The Western
blot (Fig. 1) showed a prominent NflH band, a much less
prominent NflD band, and an apparent NfID/NflH dimer com-
bination band. The NID/NflH dimer appeared above the 50-
kDa molecular mass marker, although the predicted molecular
mass for this NfID/NflH combination band is 69 kDa. Typi-
cally, if a protein has unreduced areas of incompletely dis-
rupted secondary structure, it cannot unfold to full length and
it tends to run faster than expected in a typical SDS gel. In
addition to the apparent NfID/NflH dimer, there may be other
combinations that represent an NflH dimer (slightly below the
75-kDa molecular mass marker), an NflD dimer (at the 75-kDa
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FIG. 1. Anti-NfID and anti-NflH Western blots of the elution
buffer fraction of the cross-linked anti-NflD IgG—protein-A agarose
column. Lane 1, molecular mass markers (250, 150, 100, 75, 50, 37, 25,
and 20 kDa); lane 2, anti-NfID (1:20,000 dilution) primary/Novagen
goat anti-rabbit IgG-AP conjugate; lane 3, anti-NflH (1:1,000 dilution)
primary/Novagen goat anti-rabbit IgG-AP conjugate.

molecular mass marker), and higher order multimeric NfiD
forms (at the 100-kDa molecular mass marker and slightly
below and at the 250-kDa molecular mass marker). A dimer,
trimer, and tetramer of NfID would be expected to have mo-
lecular masses of 78.8, 118.2, and 157.6 kDa, respectively. Since
the samples were treated with 20 percent B-mercaptoethanol
and boiled for 20 min (conditions that would normally break
protein complexes into their corresponding monomers), the
appearance of multimeric forms was a surprise. However, it is
often observed that multimeric protein complexes from hyper-
thermophilic organisms such as M. jannaschii persist under
SDS-PAGE analysis in even the harshest of conditions (6).

Because the Coomassie-stained SDS gel did not show a
prominent band for NflD, even though this was an anti-NfID
rabbit IgG polyclonal antibody column, it was speculated that
much of NflD remained on the column even after harsh wash-
ing in high-salt (not shown) or low-pH conditions. This pos-
sibility was tested by treating the column matrix with ace-
tonitrile-trichloracetic acid (TCA) solution and loading a
suspension of the matrix and precipitated or released proteins
on an SDS-polyacrylamide gel. As shown in Fig. 2, a significant
increase in NfID was observed but also other proteins de-
scribed below remained associated with NflD on the column
matrix even after extensive washing. These other proteins may
form a complex with NflD, although we cannot rule out the
possibility that these proteins have a fortuitous affinity for the
anti-NflD antibody. These proteins were identified by MALDI-
TOF mass spectroscopy and trypsin fingerprinting as MJ1210
(NCBI accession no. A64451), MJ0861 (NCBI accession no.
E64407), and MJ1157 (NCBI accession no. E64444) (see the
supplemental material).

Detection of protein-protein interaction between NflH and
NfiD by bacterial two-hybrid analysis. The BacterioMatch
two-hybrid system (Stratagene, La Jolla, CA) is a molecular
genetic approach for the detection of protein-protein interac-
tions in vivo in Escherichia coli based on the principle of tran-
scriptional activation (BacterioMatch two-hybrid system man-
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___—NfiD
MJ1167

—— NfID/NfIH
MJ0861
NfID

FIG. 2. Coomassie-stained 10% acrylamide SDS-PAGE of M. jann-
aschii proteins remaining tightly associated to a cross-linked polyclonal
anti-NfID IgG—protein-A agarose after extensive washing with elution
buffer and 2 M NaCl. MJ1157, a 100.3-kDa protein (NCBI accession no.
E64444); MJ0861, a 50.03-kDa protein (NCBI accession no. E64407);
MIJ1210, a 28.68-kDa protein (NCBI accession no. A64451). Lane 1,
molecular mass markers (250, 150, 100, 75, 50, 37, 25, and 20 kDa); lane
2, proteins extracted from the slurry of column matrix using trichloracetic
acid-acetonitrile-SDS-sample buffer as described in the text.

NflH
MJ1210

1

ual; Stratagene, La Jolla, CA). As shown in Fig. 3, we found
that when the E. coli XL1-Blue reporter strain was cotrans-
formed with the plasmids pBT-nflH and pTRG-nfID, the B-ga-
lactosidase activity of the cotransformants corresponded to
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FIG. 3. Results of the liquid B-galactosidase assay with ONPG as a
substrate to demonstrate protein-protein interaction. Miller units were
calculated as 1,000 X [OD,,, — (1.75 X ODss()/(t X V' X ODgy)], where
t is the elapsed time (in minutes) of incubation, V" is 0.1 ml times the
concentration factor, and ODy, is the absorbance of 1 ml of culture at
600 nm. Assays were repeated a minimum of four times with various co-
transformants, and the -galactosidase activity units shown are an average of
four independent observations. Values are means = standard errors.
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52 = 8 Miller units. In comparison, the cotransformants con-
taining (i) pBT and pTRG, (ii) pBT-nflH and pTRG, and (iii)
pBT and pTRG-nfID were each found to have B-galactosidase
activities at least 2.5-fold lower. As expected, strong interaction
was demonstrated between the LGF2 and Gall1¥ proteins, as
observed by high B-galactosidase activity units (89 = 28).
Therefore, the interaction between NflIH and NflD proteins
was further validated by this quantitative method.

Expression of NflH and NfID in M. jannaschii under various
nitrogen nutrition and toxicity conditions. Western blots of
SDS-resolving polyacrylamide gels of whole-cell extracts were
used to examine the expression of NfID and NflH in M. jann-
aschii. Cells generated with the following nitrogen sources
were analyzed: ammonium chloride at a concentration of 22
mM (sufficient) or 0.8 mM (limiting) as the sole nitrogen
source; 1.0 mM of sodium azide, sodium isothiocyanate, or
sodium cyanide, along with a sufficient or limiting amount of
ammonium; and nitrogen in the headspace at 50 kPa, along
with a sufficient or limiting amount of ammonium. When nor-
malized for cell density (not shown), the results showed that
NflD and NflH were expressed at equal levels under all con-
ditions tested. Therefore, we concluded that in M. jannaschii,
NflD and NflH were constitutively expressed. M. jannaschii, in
a medium without any fixed nitrogen available, but with nitro-
gen gas in the headspace, did not exhibit any growth, nor did
M. jannaschii, in a medium with nitrogen gas in the headspace,
continue to grow upon the depletion of reduced nitrogen from
the medium.

We have detected the expression of one of the uncharacter-
ized group IV nitrogenase homologs in methanogens, and in
particular in a non-nitrogen-fixing species, so these genes ap-
pear to be functional and do not function as nitrogenases. We
have also established that these group IV NifH and NifD
homologs associate with each other, as would be expected if
they form a functional complex with analogy to the NifHDK
complex. The evolution of the nitrogen cycle (including nitro-
gen fixation) and photosynthesis (including chlorophyll and
bacteriochlorophyll biosynthesis) are two of the most impor-
tant events in the history of life on earth. Methanogens typi-
cally lie basal in the phylogenetic tree of life and may have had
an ancient origin (1, 15, 55), as evidence of methanogenesis
dates back 2.8 billion years (24, 47). The observation of group
IV nitrogenase homologs basal to the phylogenetic Nif ho-
molog tree and intermediary between group V (bacteriochlo-
rophyll synthesis) and groups I to III (nitrogen fixation) sug-
gested that the genes giving rise to those involved in both of
these important processes may have originated in methano-
gens (44). In this work, Nfl proteins from M. jannaschii were
chosen to be studied because (i) M. jannaschii does not have
the complicating factor of having additional Nif homologs in-
volved in nitrogen fixation or photosynthesis; (ii) M. jannaschii
lives in an environment that may mimic that of the early earth;
(iii) genome trees based on shared gene pairs have shown a
strong monophyletic clustering of M. jannaschii with M.
kandleri, and both represent very deeply branching methano-
genic lineages (4); (iv) the genome is completely sequenced
(3); and (v) M. jannaschii is amenable to physiological and
enzymological studies (32, 40, 41).

There are several possible reasons why nflH and nflD are
present in the genome of M. jannaschii. One possibility that fits

J. BACTERIOL.

well with phylogenetic analysis is that nflID and nflH may rep-
resent relic prenitrogenase genes or another branch off a more
ancient, possibly extinct, precursor. If this possibility were the
case, nflD and nflH might still have the same function in M.
jannaschii that they had before the evolution of nitrogenase or
photosynthesis. One must allow for the possibility that they
were laterally transferred from another nitrogen-fixing or pho-
tosynthetic organism and recruited to perform a completely
different type of enzymatic activity. However, it has been pro-
posed that nifDK evolved from a paralogous duplication of a
single nifD/nifK precursor gene. The nifD-like gene, here
named nflD, in M. jannaschii is a single copy, so apparently it
has not been duplicated. Indeed, it has been shown (44) that
NfID contains conserved cysteine residues (among group IV)
that correspond to cysteines in both NifD and NifK, suggesting
that NflD predates both NifD and NifK, rather than it being a
laterally transferred NifD (or NifK). This possibility may have
evolutionary ramifications if it can be proven that NflD pre-
dates both dinitrogenase and BchNB/BchYZ. A complicating
fact is that homologs fitting into group IV, while present in all
methanogens whose genomes have been sequenced, are also
present scattered in some phototrophs. In phototrophs, these
homologs may have a different as yet unknown function.

In 2000, Fani and colleagues proposed two models for the
origin of nitrogenase from an ancestor protein (13). In the first
case, assuming a neutral atmosphere, the ancestral protein
might have been a rather nonspecific enzyme utilizing a variety
of substrates. The first nitrogenase would then have been very
slow, inefficient, and with low substrate specificity, able to react
with a wide range of compounds with a triple bond (such as
acetylene, hydrogen azide, hydrogen cyanide, nitrous oxide,
and dinitrogen). In the second case, assuming a reducing at-
mosphere, the possible broad substrate specificity may have
been useful in detoxifying cyanides and other chemicals
present in the primitive reducing atmosphere. In this scenario,
the primitive protein encoded by the ancestral gene would
have been a detoxyase, perhaps detoxifying cyanide and other
reduced chemicals. If NfID and NfIK represented relics, pre-
duplication versions of dinitrogenase and dinitrogenase reduc-
tase, they may still be performing the ancient functions pre-
dicted by Fani et al. (13). If these ancient functions were as a
detoxyase or a primitive nitrogenase, one would expect the
expression to be regulated dependent upon the presence of
toxifying agents or on the availability of reduced nitrogen (am-
monium), as the expression of nitrogenase in most organisms is
highly regulated (20, 22, 23, 25, 31, 37, 38, 53), being com-
pletely repressed in the presence of ammonium and dere-
pressed upon ammonium depletion. We found, however, that
the expression of NfID and NflH is constitutive, independent
of either the availability of nitrogen or the presence of a range
of toxic agents.

The observations of the expression patterns of NfID and
NflH from this work suggest that they (i) are not directly
involved in nitrogen metabolism in M. jannaschii, and (ii) are
important for cell function as they are constitutively expressed.
The other system that contains proteins homologous to NifH
and NifD consists of the group V (1) protochlorophyllide re-
ductase (BchLNB) and chlorophyllide reductase (BchXYZ).
These proteins both reduce heterocyclic macrocyclic chlorin-
type rings whose synthesis pathways diverge off porphyrin syn-
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thesis. Thus, the functions of BchLNB and BchXYZ are
broadly similar to that of nitrogenase (i.e., reducing a multiple
bond), while the substrate is very different. However, M. jan-
naschii does not contain a photosynthetic apparatus. There-
fore, NfID and NflH cannot be involved in photosynthesis as
BchLNB and BchXYZ are. Nor are they involved in the re-
duction of dinitrogen to ammonium, as M. jannaschii is not
diazotrophic (as was previously known and is confirmed in this
work). However, NflD and NflH might be utilized in a similar
chemistry, namely a bond reduction. Also, as validated by
bacterial two-hybrid analysis, NflH and NflD interact with each
other, although the functional implications of this interaction
are not yet fully understood.

The sequence of NflH shows striking similarity to the se-
quence of NifH, particularly in what are known to be the
metal-binding and ATP-binding regions of NifH. The se-
quence of NflH also shows a high degree of similarity to the
NifH homologs BchL and BchX (the obligate electron donors
in the bacteriochlorophyll synthesis pathway) (5, 16). Due to
the high level of sequence identity in functionally important
regions, we think that it is likely that this protein is individually
performing a role in M. jannaschii similar to its role in the Nif
and Bch pathways, namely, as an ATP-dependent obligate
electron donor. That NflH associates with NflD suggests that it
may be donating electrons to NfID in a manner similar to the
nitrogenase system or donating the electrons to one or more of
the other proteins described in this work.

It has been found that all known methanogenic archaea rely
on methyl-coenzyme M reductase for the terminal step in
methanogenesis (45). The active site of methyl-coenzyme M
reductase contains F430, a nickel-containing heterocyclic mac-
rocycle cofactor with external cyloketone and lactam rings (10,
49). However, very little is known about the biosynthetic path-
way for F430 (50). Considering the role of NifH and NifD
homologs in chlorin synthesis, it may be speculated that NfiD
and NflH are similarly involved in methanogens in the synthe-
sis of F430, possibly through ring reductions. Perhaps the other
proteins associated with NflD are also involved. For instance,
the N-terminal lactamase domain predicted in the 50-kDa pro-
tein (see the supplemental material) may be involved in form-
ing the external lactam ring of F430. Further investigations,
including extensive genetic manipulations of and mechanistic
studies with NflD and NflH, are required to assess these pos-
sibilities.

It is interesting to note that NflH and NflD are both ex-
pressed as soluble proteins in aerobically grown E. coli. We
were able to overexpress the dinitrogenase reductase or a di-
nitrogenase homolog in E. coli as a soluble protein rather than
an inclusion body. Even when grown aerobically, a significant
portion of iron-sulfur clusters (as judged by the brown colora-
tion) are assembled. Furthermore, it is likely that the anaero-
bic expression of NflH (or possibly NfD) in E. coli could yield
fully active protein. If this possibility is the case, future struc-
tural, biochemical, and spectroscopic studies would be greatly
facilitated.
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