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Abstract

Nitrogenase catalyzes the reduction of N, to NH,4* at its cofactor site. Designated the M-cluster,
this [MoFe;SqC(/~-homocitrate)] cofactor is synthesized via transformation of a [Fe4S4] cluster
pair into an [FegSqC] precursor (designated the L-cluster) prior to insertion of Mo and
homacitrate. Here we report the characterization of an eight-iron cofactor precursor (designated
the L*-cluster), which is proposed to have a composition of [FegSgC] and lack the “9t sulfur” in
the belt region of the L-cluster. Our X-ray absorption and electron spin echo envelope modulation
analyses strongly suggest that the L*-cluster represents a structural homolog to the L-cluster
except for the missing belt sulfur. The absence of a belt sulfur from the L*-cluster may prove
beneficial for labeling the catalytically important belt region, which could in turn facilitate
investigations into the reaction mechanism of nitrogenase.

Graphical Abstract

This work reports the spectroscopic characterization of an Fe-only nitrogenase cofactor precursor
(designated L*-cluster), which is proposed to have a composition of [FegSgC] and lack the “9th
sulfur” in the belt region. The lack of a belt sulfur may prove beneficial for labelling this position
for mechanistic studies of nitrogenase.
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Introduction

Nitrogenase catalyzes the conversion of atmospheric nitrogen to ammonia at ambient
temperature and pressure, thereby providing a reduced nitrogen source required by all life
forms on Earth for the generation of fundamental cellular building blocks.[*~4] Substrate
reduction by nitrogenase is a multi-electron process that is carried out at its cofactor site.
Known as the M-cluster (or FeMoco), this complex metallocofactor has a composition of
[MoFe;SgC(R-homocitrate)] and features MoFe3S3 and FesS3 subcubanes that are ligated
by three “belt” z5-sulfides (S27) and an interstitial z5-carbide (C*7) (Figure S1a).[5.6]
Situated within the a-subunit of the catalytic component (designated the MoFe protein, or
NifDK) of the Mo-dependent nitrogenase of the diazotrophic organism, Azofobacter
vinelandii, the M-cluster receives electrons from the reductase component (designated the Fe
protein, or NifH) of Mo-nitrogenase, which passes electrons in an ATP-dependent process
from its [Fe4S4] cluster, via a so-called P-cluster ([FegS7]) at the a/B-subunit interface of
NifDK, to the M-cluster to enable substrate reduction.

Considerable effort has gone into investigations of the biosynthesis of the M-cluster,[7-%] as
a better understanding of this process could shed important light on the structure-function
relationship of nitrogenase. The bioassembly of M-cluster involves several nifencoded
proteins, starting at NifS/U and terminating at NifDK, and the pathway involves a number of
co-substrates that facilitate the transformation of clusters (Figure S1a).[%] Of the various
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biosynthetic events, the most dramatic occurs on NifB, a radical S-adenosyl-L-methionine
(SAM) enzyme that is believed to catalyze the conversion of a [Fe;S,] cluster pair
(designated the K-cluster) to an [FegSgC] cluster (designated the L-cluster) concomitant
with radical SAM-dependent insertion of an interstitial carbide (Figure 1a).[10-16]
Representing both a precursor and an all-Fe structural homolog of the M-cluster, the L-
cluster is then transferred to NifEN, where it is matured into an M-cluster upon substitution
of a terminal Fe with Mo and homocitrate by NifH.[17-19] Subsequently, the M-cluster is
transferred to its target binding site in apo-NifDK, resulting in a holo-NifDK that is
competent in nitrogenase catalysis.

Previously, we have confirmed that a heterologously expressed homologue of NifB from
Methanosarcina acetivorans (MaNifB) indeed contains two FeS cluster species: the SAM-
cluster (7.e., a SAM-binding [FesS,4] cluster) and the K-cluster (/.e., a pair of [Fe4S4]
clusters); further, we have demonstrated that upon reconstitution of its cluster species,
MaNifB can facilitate the K- to L-cluster conversion in the presence of SAM.[13.15.20] gych
a process requires incorporation of an interstitial carbide and a “9t" sulfur” to complete the
stoichiometry of the L-cluster. While the source of carbide has been traced to the methyl
group of SAM,[11.22] the origin of the “9t" sulfur” has remained elusive. Recently, however,
it was shown to be possible to reconstitute MaNifB by synthetic [Fe4S4] clusters. This
procedure yielded a protein free of sulfur impurities introduced by the conventional
FeCl3/Na,S reconstitution procedure and thereby permitting the subsequent assessment of
various sulfur compounds as the potential “9™ sulfur” donor.[*3] Not surprisingly, in the
absence of a “9™ sulfur” donor, the SAM-treated MaNifB protein species cannot be used as
an L-cluster source for the L- to M-cluster maturation and the subsequent activation of apo-
NifDK by the matured M-cluster; however, the maturation activity can be restored when
MaNifB is incubated with SAM and sulfite (SO32), pointing to sulfite as a source of the “9th
sulfur” (Figure 1b). [15] Interestingly, although it is inactive in the maturation assay, MaNifB
treated with SAM but not sulfite exhibits the same, L-cluster-specific electron paramagnetic
resonance (EPR) signal as that displayed by MaNifB treated with both SAM and sulfite
(Figure 1c).1%3] Since the L-cluster-specific EPR signal is a marker for the formation of an
all-Fe core of the nitrogenase cofactor, this observation suggests that the coupling and
rearrangement of two [Fe4S,4] clusters into the core structure of the L-cluster has already
occurred upon incubation with SAM, prior to the insertion of the “9t" sulfur”. Based on this
observation, the inactive cluster species on the SAM-treated MaNifB (designated the L*-
cluster) is proposed to be an [FegSgC] precursor of the nitrogenase cofactor, which lacks one
of the belt z5-sulfide ligand and is ready to receive the “9t" sulfur” from sulfite for the
formation of an L-cluster (Figure 1a).[2%]

Results and Discussion

To test our proposal that a “9t" sulfur”-deplete form appears prior to the sulfur-replete form
of the L-cluster, we first used CW and pulse electron paramagnetic resonance (EPR)
techniques to monitor the biosynthetic events leading to the formation of the L*-cluster.
Recently, CW and pulse EPR techniques were used as an effective spectroscopic handle for
the analysis of the cluster-binding sites on NifB.[20.21] Combined with mutagenic and
biochemical analyses, these spectroscopic studies have led to the successful identification of
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nine Cys ligands—three per cluster—for the three [Fe;S4] clusters on MaNifB, namely, the
SAM-cluster and the two 4Fe modules of the K-cluster (designated the K1- and K2-cluster,
respectively). Additionally, a fourth, nitrogen ligand (from a His residue) was assigned by
three-pulse electron spin echo envelope modulation (3P-ESEEM) and two-dimensional
hyperfine sub-level correlation (HYSCORE) experiments to the K1 cluster. Interestingly, the
nitrogen coupling to the K1 cluster in MaNifB—reflected by modulations to the electron
spin echo from hyperfine and quadrupole couplings of a cluster-ligated *N nucleus—is lost
upon incubation of MaNifB with SAM and SO32~, when the K1- and K2-modules were
coupled into an L-cluster.[20] This observation suggests the utility of 3p-ESEEM in probing
whether the cluster conversion has taken place on MaNifB, with the loss of nitrogen ligation
as a marker in this case.

Using our previous data as a standard for nitrogen ligation from a His ligand of MaNifB, we
examined the untreated, SAM-treated and SAM/SO32-treated MaNifB (designated
MaNifBSAMHK - p1aNifBSAMHL" and MaNifBSAM*L respectively; see Figure S1b for cluster
compositions of these MaNifB species) by 3P-ESEEM. As expected, the untreated sample,
MaNifBSAM+K ‘shows deep modulations in the time domain of the ESEEM spectrum
(Figure 2a) and the corresponding intensity between 0-6 MHz in the FFT (Figure 2b),
indicating the presence of the nitrogen ligand in this sample. Upon SAM treatment in the
absence or presence of SO32~, however, the resulting MaNifBSAM+L" or AfaNifBSAM*L
sample no longer displays the deep modulations to the echo intensity (Figure 2a, b),
suggesting a loss of nitrogen coupling to the L*- or L-cluster. Together, these results point to
a structural rearrangement upon conversion of the K- to L*-cluster, which is accompanied by
a change in the ligation of the cluster species to the protein scaffold.

X-ray absorption near edge structure (XANES) analysis was then carried out to provide
insights into the electronic environment and symmetry of the Fe atoms of MaNifB-bound
clusters. As measured, the Fe K-edge energies are 7117.9, 7118.0 and 7118.1 eV for the
cluster species in MaNifBSAM+K  A/aNifBSAM+L* and MaNifBSAM*L respectively (Figure
S2), similar to those reported for the FeS-clusters in the Ni-Fe hydrogenase (7118 to 7119
eV),[22] indicating that the Fe centers in the MaNifB species are all in a similar sulfur ligand
environment. To circumvent complications originating from the presence of more than one
cluster species on MaNifB, data collected on MaNifBSAM_—the A/aNifB variant carrying
only the SAM-cluster—were subtracted from those collected on MaNifBSAM+K
MaNifBSAM+L" and MaNifBSAM*L respectively, to yield information on the pre-edge peaks
in the XANES region of the MaNifB-bound K-, L*- and L-clusters (designated MaNifB-K,
MaNifB-L* and MaNifB-L) (Table S1). Subsequent analysis of the area under the pre-edge
peak, which originates from a dipole-forbidden 1s—3d transition that increases in intensity
as the metal center is distorted away from centrosymmetry,[23-26] provided the first hint of a
significant structural rearrangement upon the K- to L*-cluster transformation, as well as a
notable structural similarity between the L*- and L-clusters (see Supplementary Discussion
for an expanded discussion of the pre-edge analysis).

Examination of the smoothed second derivative of the pre-edge data further demonstrated
the structural similarity between MaNifB-L* and MaNifB-L, and between MaNifB-L*/L
and NifEN-L (Figure 3a). As described earlier,[27] the pre-edge spectrum of NifEN-L
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consists of at least two well-spaced peaks centered at ~7112.6 and ~7114.5 eV, which
reflects the unusual geometry of the L-cluster (or cofactor core) that is intermediate between
tetrahedral and trigonal pyramidal.[28] In comparison, the pre-edge spectrum of MaNifB-K
apparently consists of a single broad peak centered at ~7112.6 eV, which is typical of
protein-bound FeS clusters with tetrahedral Fe site geometries.[2%] The pre-edge spectra of
MaNifB-L* and MaNifB-L, on the other hand, have one peak at ~7112.6 eV and a second
peak emerging at ~7114.5 eV, although the second feature is weaker in both MaNifB-L and
MaNifB-L* as compared to that in NifEN-L, particularly in the case of MaNifB-L*. The
reduced intensity of the second feature of MaNifB-L than that of NifEN-L suggests an
impact of protein environment on the spectral properties of the same cluster species;
whereas the fact that this feature in MaNifB-L* (albeit weaker) resembles that in MaNifB-L
provides further evidence that major structural rearrangement has already occurred upon
transformation of the K-cluster into an L*-cluster, rendering it in a conformation highly
similar to that of the L-cluster.

Extended X-ray absorption fine structure (EXAFS) analysis of the Fe K-edge was
subsequently performed to provide structural information about the ligands bound to the Fe
centers, as well as structural metrics, such as Fe—S and FeeeeFe distances, of the clusters on
MaNifB. The Fourier transforms (FT) of the EXAFS data of all MaNifB-bound clusters
(Figure 3b) have an intense feature at R+A ~ 1.7 A that is associated with the Fe—S scatterers
of the primary coordination sphere, and additional less intense features at R+A > 2 A that are
associated with FeeseFe distances of the metallocofactors.

For MaNifB-K, the best fit is 2.29 A for the Fe-S distance, which corresponds to the FT
peak at R+A ~ 1.7 A; in addition, there is a FT peak at R+A ~ 2.5 A beyond the primary
sphere that is comprised of contributions from FeeesFe distances at 2.51 and 2.69 A (Table
1). These values agree well with those found in FeS cubane structures and support the
previous assignment of MaNifB-K as a [FesS4] cluster pair.[15.20.30]

MaNifB-L* and MaNifB-L, on the other hand, have intense primary sphere FT peaks at R+A
~ 1.7 A (Figure 3D, solid line) that originate from Fe—S contributions at 2.24 and 2.23 A,
respectively, both of which are shorter than those found in the K-cluster (Table 1). These
distances appear to be unique to the NifB-bound cofactor species, as they are on the lower
end of the range found for FeS clusters in general (2.2 to 2.4 A),[3% and are slightly shorter
than the previously reported Fe-S distances from the EXAFS analyses of NifEN-bound
(2.28 A)[28] and extracted (2.26 A)3 L-clusters, as well as the average Fe-S distance from
the crystallographically characterized M-cluster on NifDK (~2.25 A, PDB code 3U7Q).[¢]
The FT peak associated with the FeseeFe distances of MaNifB-L* and MaNifB-L changes to
amore intense feature at R+A ~2.4 A relative to that of MaNifB-K (Figure 3b, dotted line).
The best fits for the FeseeFe distances associated with this feature were 2.62 and 2.64 A for
MaNifB-L* and MaNifB-L, respectively, and these distances are similar to those reported
for other FeS clusters (~2.65 A).[27:30] |n addition, both MaNifB-L* and MaNifB-L have an
additional FT peak at R+A ~3 A (Figure 3b, dashed line), which originates from an FeeesFe
distance at ~3.70 A (Table 1). This observation is important, as this FeeesFe distance is
consistent with the long-range order characteristic of the cofactor structure and, therefore, is
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a strong indication that the overall core structure of the cofactor is already in place in
MaNifB-L* and MaNifB-L.[28:31]

While similar, the XAS spectra of MaNifB-L* and MaNifB-L are not identical to each other.
The features of MaNifB-L* in the FT at ~2.1 A and in the A%-weighted EXAFS data at k
~8.5 A1 are less pronounced than those of MaNifB-L (Figure 3c, blue vs. red). It is not
possible to directly interpret these subtle changes into a three-dimensional structure;
however, since these spectroscopic features correspond to shorter FeeseFe distances, a
decrease in the intensities of these features would suggest less strong scattering of the Fe
atoms in MaNifB-L* as compared to those in MaNifB-L. Therefore, the L*-cluster may
adopt a slightly more open conformation than the L-cluster, which would be consistent with
the absence of a third g»-ligand in the belt region of the cluster. It is also important to note
the similarity and dissimilarity between MaNifB-L*/L and NifEN-L.[9:28.31] Al three cluster
species feature similar FT and A%-weighted XAS spectra and fits, although NifEN-L has a
much more intense FT peak at ~2.1 A, as well as a well-defined beat at <~8.5 A1 in the
EXAFS spectrum, both of which are associated with an FeseeFe distance at 2.64 A (Figure
3c). Coupled with the contraction of the bond metrics observed for MaNifB-L*/L, the
difference in scattering for the corresponding spectra could indicate that the specific active
site environments on NifB and NifEN structurally constrain the cluster in different ways to
accommodate different cluster maturation events that occur on these two biosynthetic
scaffolds, as well as the event of cluster transfer between the two scaffolds.

Conclusions

In summary, we have provided strong spectroscopic evidence for the appearance of a “9th
sulfur’-deplete L*-cluster during the biosynthesis of the nitrogenase cofactor. Our results
clearly show that the L*-cluster differs from the K-cluster in the addition of the interstitial
carbide and the loss of the histidine ligand that coordinates the K-cluster. Moreover, the L*-
cluster is clearly distinct from the L-cluster in lacking not only the ‘9™ sulfur’, but also the
strong Fe-Fe interactions observed in the EXAFS analysis of the L-cluster, presumably due
to a significantly more open cluster geometry of the L*-cluster compared to that of the L-
cluster. The absence of a z»-belt sulfide from the L*-cluster is consistent with the labile
nature of the belt region of the cofactor,[32:331 which may facilitate activation of the Fe sites
coordinated by the belt sulfide(s) during catalysis. While the “vacant” site of the L*-cluster
is likely occupied by a putative cysteine thiolate or H,O ligand for the stabilization of the
cofactor structure, it can be easily “reconstituted” upon treatment with sulfite. This feature
could prove beneficial for labeling the catalytically important belt region of the nitrogenase
cofactor, which could in turn facilitate investigations into the catalytic mechanism of
nitrogenase.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Biosynthesis of the nitrogenase cofactor precursors on NifB and NifEN. (a) Proposed

assembly steps of the L-cluster species on NifB, including (1) formation of the putative L*-
cluster via coupling/rearrangement of the two 4Fe modules (designated K1 and K2,
respectively) of a K-cluster concomitant with SAM-dependent insertion of the interstitial
carbide; (2) sulfite-dependent conversion of the putative L*-cluster into an L-cluster; and (3)
transfer of the L-cluster from NifB to NifEN. Atoms are colored as follows: Fe, orange; S,
yellow; C, grey. Note that one belt sulfur is behind the interstitial carbide and not visible in
the cluster models as shown in a. The cluster composition is indicated in gray fonts. (b)
Perpendicular-mode EPR spectra of the various precursor species of the cofactor. (c)
Relative maturation activities using various precursors on NifB as a source to generate the
M-cluster for the reconstitution/activation of NifDK. Data were taken from refs. 13 and 15.
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Figure 2.
(a) Three-pulse ESEEM spectra and (b) FFTs of MaNifBSAM*K (pjack), MaNifBSAM+L*

(blue) and MaNifBSAMTL (reg). The large modulations observed in the time trace (A) and
the corresponding FFT peaks of MaNifBSAM*K petween 0-6 MHz (B) are characteristic of
the hyperfine coupling of a nitrogen coordinating the K1 cluster. These modulations from
the ligating nitrogen are lost upon L*- and L-cluster formation. Experimental conditions:
1t/2 width=12 ns, t=128 ns, T increments=16 ns, frequency=9.816 GHz, temperature=10 K.
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Figure 3.

e ==

s

L,

2 4 6 8

k(A1)

10

Fe K-edge XAS analysis of the K- (black), L*- (blue), L- (red) clusters on MaNifB and the
L-cluster (green) on NifEN. (a) Pre-edge region of the normalized fluorescence spectra

(upper) and smoothed second derivatives of the pre-edge regions (/ower). (b) Fourier

transforms of the EXAFS data (dotted) and the best fits of data (so/id). (c) k3-weighted

EXAFS data (dotted) and the best fits of data (so/id). See Supporting Information for

EXAFS fits (Figures S3-S8; Tables S2-S7; also see Supplementary Discussion, “Best fits of

EXAFS data”).
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