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ABSTRACT: NifB utilizes two equivalents of S-adenosyl
methionine (SAM) to insert a carbide atom and fuse two
substrate [Fe—S] clusters forming the NifB cofactor (NifB-
co), which is then passed to NifEN for further
modification to form the iron—molybdenum cofactor
(FeMo-co) of nitrogenase. Here, we demonstrate that
NifB from the methanogen Methanocaldococcus infernus is a
radical SAM enzyme able to reductively cleave SAM to §'-
deoxyadenosine radical and is competent in FeMo-co
maturation. Using electron paramagnetic resonance spec-
troscopy we have characterized three [4Fe—4S] clusters,
one SAM binding cluster, and two auxiliary clusters
probably acting as substrates for NifB-co formation.
Nitrogen coordination to one or more of the auxiliary
clusters in NifB was observed, and its mechanistic
implications for NifB-co dissociation from the maturase

are discussed.

NifB belongs to the superfamily of radical S-adenosyl

methionine (SAM) enzymes.' These enzymes are
present in all forms of life and provide the most common
way in biology to perform directed radical based chemistry by
utilizing a [4Fe—4S] cluster to coordinate SAM and generate a
5'-deoxyadenosyl radical (5'dA*®). The $'dA°® then typically
abstracts an H atom from the substrate to initiate catalysis.” In
NifB, simple [Fe—S] clusters are converted into a nitrogenase-
specific [Fe—S] cluster of high nuclearity, termed NifB-co.”
NifB-co is the source of most (or all) Fe and S present in
FeMo-co along with its central C atom (Scheme 1).*”” The
insertion of carbide to fuse [Fe—S] clusters is a unique reaction
among radical SAM enzymes.'

NifB proteins, first purified from Azotobacter vinelandii and
Kilebsiella oxytoca, exhibited spectroscopic and catalytic proper-
ties typical of radical SAM proteins and were shown to be
competent in FeMo-co maturation.”® Further investigations
were limited due to instability of the purified NifB when not
fused with the downstream maturase NifEN.””'" NifB from
methanogens was shown to be more stable target for
spectroscopic studies.'”'® Purification of NifB from the
methanogens Methanocaldococcus infernus, Methanosarcina
acetivorans, and Methanobacterium thermoautotrophicum con-
firmed their ability to use SAM as substrate to form dAdoH and
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SAH, the products of the radical SAM and demethylation
reactions, respectively.'”'* These homologues were competent
in FeMo-co maturation and were proposed to each have three
[4Fe—4S] clusters based on the Fe content of fully
reconstituted enzymes.

Here, we expand our understanding of NifB by characterizing
the three [Fe—S] clusters of M. infernus NifB (MiNifB) through
the use of site-directed variants and electron paramagnetic
resonance (EPR) spectroscopy. Further, we detect N ligand(s)
to at least one of these clusters and discuss the implications this
may have on the release of NifB-co to NifEN.

The metin_0554 gene from M. infernus was heterologously
expressed as a Hiso-tagged protein in E. coli as described."”
Anaerobically purified MiNifB ran as a single 35-kDa band in
SDS-PAGE (Figure S1A), in good agreement with its predicted
molecular weight of 37543 Da and TOF/TOF mass
spectrometry analysis (37483 Da; Figure S2). The UV-—vis
spectrum of as-isolated MiNifB displayed features of [Fe—S]
proteins (Figure S1B). Among these features, the shoulder at
320 nm and the peak at 400—420 nm are the most defining, as
is the broad tail extending beyond 700 nm. This absorption
feature is assigned to S — Fe charge transfer transitions
characteristic of [4Fe—4S]** clusters. Consistently, as isolated
MiNifB contained, on average, 3.3 Fe and 4 acid-labile S atoms
per monomer (Table S1). In vitro reconstitution of [Fe—S]
clusters was carried out either on as-isolated MiNifB or on
samples previously stripped of Fe and S (apo-MiNifB).
Incorporation of Fe and S was higher on apo-MiNifB samples
(Table S1), and these preparations exhibited UV—vis spectra
with the most prominent 320 and 420 nm features (Figure
S1B).

As-isolated MiNifB was active in the NifB-dependent in vitro
FeMo-co synthesis and apo-NifDK activation assay. Apo-
NifDK activation was strictly dependent on addition of MiNifB
or NifB-co (isolated from K. oxytoca cells and used here as
control of NifB activity; Figure S1C). Addition of either apo-
MiNifB or aerobically purified MiNifB did not activate apo-
NifDK (data not shown). The capacity of MiNifB to transfer a
methyl group from SAM, generate 5'dAdo®, and initiate FeMo-
co synthesis were determined by measuring concomitant
production of S-deoxyadenosyl-L-homocysteine (SAH), §'-
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Scheme 1. Maturation of Nitrogenase FeMo Cofactor”
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two nomenclatures used to refer to these metalloclusters are shown.

deoxyadenosine (dAdoH), and reconstituted NifDK in a single
assay. SAH and AdoH production correlated with MiNifB-
dependent activation of nitrogenase over time (Figure S1D).
Interestingly, demethylation of SAM proceeded at higher rates
than dAdoH formation (3:2 SAH to dAdoH ratio), and this
difference was maintained over time. Incubation with *CDj5-
SAM resulted in production of deuterated 5’-deoxyadenosine
(dAdoD), demonstrating abstraction of a H atom from the
methyl group of SAM (Figure S3).

The Fe and S content of reconstituted wild-type (WT)
MiNifB (10 = 0.2 Fe and 11.2 + 0.4 S atoms per monomer,
Table S1) was consistent with the presence of, at minimum,
two [Fe—S] clusters in addition to the SAM-binding [4Fe—4S]
cluster. The SAM-binding cluster is anchored to the enzyme by
three cysteine thiolate side chains, identified by the canonical
CX;CX,C motif. Substitution of these Cys residues (C36A/
C40A/C43A) in variant SM (Table 1) resulted in reduction of

Table 1. MiNifB Variant Nomenclature

name variant substitutions

WT wild type none

SM SAM motif variant C36A/C40A/C43A

AM auxiliary motif variant C260A/C263A

DM double variant C36A/C40A/C43A C260A/C263A

Fe and S content, changes in the UV-vis spectrum, and
inability to activate apo-NifDK (Figure 1A—D and Table S1).
NifDK activation ability was also lost in the AM variant carrying
amino acid substitutions in the C-terminal CXXC U-type motif,
which is similar to those shown to bind [Fe—S] clusters for
storage and transfer'>'® and in the DM variant with amino acid
substitutions in both domains (Table 1 and Figure 1D). [Fe—
S] cluster reconstituted DM preparations exhibited UV—vis
features, as well as Fe and S content consistent with a [4Fe—
48] cluster (Figure 1C and Table S1), suggesting the presence
of one additional [Fe—S] cluster-binding motif in MiNifB.
Anaerobic size-exclusion chromatography of reconstituted WT
and the SM, AM, and DM MiNifB variants indicated these
proteins were monomers (Table S2), suggesting that each
MiNifB monomer is able to coordinate all observed clusters.
To investigate the composition of the [Fe—S] clusters
present in WT MiNifB, continuous wave X-band (9.4 GHz)
EPR analysis was performed on reconstituted enzyme
preparations. WT and the SM and AM variants reduced by
sodium dithionite (DTH), in the presence or absence of SAM,
exhibited spectra with components representative of multiple S
=1/2 [Fe—S] clusters (Figure 2A—D and Figure S4). The EPR
spectrum of the DM variant was consistent with a single [4Fe—
48] cluster (Figure 2E), in agreement with its Fe and S content
(Table S1). The experimental spectra of WT and all the
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Figure 1. Biochemical properties of MiNifB variants lacking [Fe—S]
cluster-binding motifs. (A) SDS-PAGE of pure MiNifB preparations.
(B,C) UV—visible spectra of WT MiNifB (red), and the SM (black),
AM (green), and DM (blue) variants in as-isolated (AS) (B) and
reconstituted (Rec) (C) forms. Spectra were normalized to their
absorbance at 279 nm. (D) MiNifB-dependent apo-NifDK recon-
stitution assays with MiNifB WT and variants. Activities are nmol of

ethylene-min™"-mg™' NifDK (mean + SD; n > 2).
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Figure 2. X-band CW EPR spectroscopy of DTH-reduced MiNifB
WT and site-directed variants. (A) WT MiNifB (274 uM), (B) WT
MiNifB in the presence of 3 mM SAM, (C) SM variant (159 uM), (D)
AM variant (159 uM), and (E) DM variant (252 uM). Data are shown
in black with composite spectral simulations in red.

variants were simulated using the DM variant as starting point
(see Table S3 for simulation parameters, Table S4 for spin
quantitations, and Figure SS for individual component spectra).
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Temperature-dependent EPR, which has proven useful to
establish the nuclearity of [Fe—S] clusters,'”'® was utilized to
identify individual species present. Data shown in Figure S6
suggest that the three clusters present in MiNifB are [4Fe—4S]
clusters. Additionally, the g, feature of each cluster becomes
clear when examining the temperature dependence of the
different spectra, providing spectroscopic handles for these
clusters. Deconvolution through spectral subtractions was
performed to support individual cluster assignments. Unique
teatures for each of the species present, and the positions of g,
and g; for each of the clusters were verified (Figure S7). The
cluster present in the DM variant, termed AC2, showed
features typical of a [4Fe—4S] cluster, such as a fairly axial g-
tensor (g = [2.039 1.923 1.886]) and signal disappearance
above 40 K. Three clusters were identified in the SM variant.
The [4Fe—4S] cluster described above for the DM variant, an
additional [4Fe—4S] cluster, termed ACIl, with g-values of
[2.062 1.917 1.875], and a third cluster that was only observed
above 50 K and had a much more rhombic g-tensor of [2.058
1.985 1.909] consistent with a [2Fe—2S]. This [2Fe—2S]
cluster was only apparent in the SM variant and was tentatively
assigned to a degraded cluster, termed ACx. The EPR spectrum
of the AM variant could be simulated with a combination of
AC2 and a new [Fe—S] cluster with g-values of [2.038 1.931
1.916], which has been assigned to the SAM-binding cluster
(RS). The g-values and temperature dependence of the EPR
spectrum for RS are in agreement with reported SAM binding
clusters."

Examination of WT MiNifB by three pulse electron spin
echo envelope modulation (3P-ESEEM) revealed nitrogen
modulations to the echo from one or more of the [Fe—S]
clusters (Figure 3, black trace). Incubation with isotopically
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Figure 3. X-band (9.4 GHz) 3P-ESEEM time domain (top) and
Fourier transform of the time domain (bottom) of MiNifB. Black
trace, WT MiNifB reduced with 10 mM DTH in the presence of 3
mM “N-SAM. Blue trace, WT MiNifB reduced with 10 mM DTH in
the presence of 3 mM '"N-SAM. Red trace, DM variant reduced with
10 mM DTH in the absence of SAM.

7470

enriched ®N-SAM, carried out to investigate changes in
spectral features attributed to SAM coordination, resulted in
no change in modulations (Figure 3, blue trace) as would be
expected if this modulation derived from coupling to SAM
nitrogen. This lack of "N/ >N SAM isotope sensitivity of the
ESEEM spectra suggests proteinaceous nitrogen coordination
to one or more of the [Fe—S] clusters. Due to its simplified
EPR spectrum and cluster content, the DM variant was selected
to investigate nitrogen coordination from the protein to the
AC2 cluster. The nitrogen modulations observed in the DM
variant (Figure 3, red trace) were very similar to those of the
WT, suggesting that AC2 is coordinated by at least one
nitrogen ligand. While the nitrogen modulations arising from
AC2 are present in the spectra of WT MiNifB with peaks at 2
and 0.7 MHz (Figure 3), there was also evidence for additional
nitrogen modulations from a second cluster (peaks at 2.3 and 1
MHz), which was tentatively assigned to AC1.

NifB from M. infernus is functional in nitrogenase cofactor
maturation and represents a simplified homologue (lacking the
NifX domain) of NifB proteins from model diazotrophs A.
vinelandii and K. oxytoca. These results are in agreement with
those recently reported for M. acetivorans and M. thermoauto-
trophicum."* EPR and biochemical analyses indicate the
presence of three [4Fe—4S] clusters in MiNifB. One of these
clusters is identified as the [4Fe—4S] SAM binding cluster (RS)
by the canonical CX;CX,C motif and dAdoH formation assays.
While the auxiliary clusters AC1 and AC2 may be present as
conduits for electron transfer, our preferred model is that they
are in-fact precursors to NifB-co. Based on the temperature
behavior of EPR spectra, reporting information on the
relaxation dynamics of the cluster, we propose that both
auxiliary clusters are present as [4Fe—4S] clusters. While the
temperature dependence of an [Fe—S] cluster can help
discriminate between a [4Fe—4S] and [2Fe—2S] cluster (a
[4Fe-4S] cluster having faster relaxation rates than a [2Fe—2S]
cluster), this analysis can become clouded when multiple
clusters are present and near each other causing increased
relaxation rates from dipolar coupling between them. There-
fore, the presence of one [2Fe—2S] cluster cannot be
completely ruled out. The assignment of NifB-co as a fusion
of two [4Fe—4S] clusters or one [4Fe—4S] and one [2Fe—2S]
units is consistent with the previous proposal of NifB-co
comprising at least the [6Fe—9S—C] core of FeMo-co.’

Based on the number of strictly conserved cysteines in
MiNifB, there are not enough to fully coordinate the SAM-
binding cluster plus two additional [4Fe—4S] clusters (Table
S5). This would indicate that the two auxiliary clusters are
either not saturated in Fe coordination or that some
noncysteinyl residues may coordinate the auxiliary clusters as
suggested by 3P-ESEEM. MiNifB has two conserved His
residues as well as several conserved Arg residues. Coordination
by His or Arg residues is well-known for [2Fe—2S] clusters and
has precedence for an auxiliary [4Fe—4S] cluster of Cpl Fe—Fe
hydrogenase, as well as in the hydrogenase cofactor maturase
HydF.'*~*° Additionally, in BioB, IscU and MitoNEET
nitrogen coordination is utilized to bind transient [Fe—S]
clusters.”" Nitrogen coordination to the cluster would provide a
convenient path for cluster release through a simple
protonation of the nitrogen ligand and release of NifB-co to
NifEN or NifX.

Like NifB from M. acetivorans and M. thermoautotrophicum,"
MiNifB produces more SAH than AdoH in turnover assays (a
3:2 ratio). We note that SAM cleavage to AdoH has never been
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observed to be in excess of SAH in NifB suggesting a single H
abstraction followed by oxidation/deprotonation events to
remove the remaining H from the transferred methyl to form
carbide. Interestingly, we observed a shift in the g; feature at
352 mT of the WT EPR spectrum in the presence of SAM
(Figure 2B), but no indication of binding of SAM to the RS
cluster in the 3P-ESEEM, suggesting the existence of additional
steps in the reaction mechanism to form NifB-co. In the
mechanism that has been proposed for NifB,'”** SAM transfers
a methyl group to one of the clusters that will be fused to form
NifB-co (Scheme S1). We suggest the observed perturbation to
WT NifB EPR spectrum in the presence of SAM is due to
methyl transfer to one of the auxiliary [Fe—S] clusters, poised
for NifB-co formation, thus ensuring that, when 5'dAdo® is
formed, the site of hydrogen abstraction is present preventing
unwanted side reactions from the highly reactive primary
carbon radical.
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