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1. Introduction

Nearly 80% of the earth's atmosphere is comprised of inert
dinitrogen (N,), which must be converted into a bioavailable form
for incorporation into both amino and nucleic acids, the building
blocks of proteins and DNA. Industrially, the conversion of dinitrogen
to ammonia is achieved using heterogeneous catalysts in the well-
known Haber-Bosch process, which operates at high temperatures
and pressures. The Haber-Bosch process is utilized to produce fertilizers
and as such is often credited for the dramatic increase in the global
population, which followed its discovery. Prior to the invention of the
Haber-Bosch process, nitrogenase enzymes, found in bacteria and free
diazotrophs, provided the dominant (~95%) source of fixed bioavailable
nitrogen (with the remaining ~5% deriving from atmospheric N,
conversion).

The nitrogenase family of enzymes includes Mo-dependent, V-
dependent and Fe-dependent forms, all of which can affect the
reduction of dinitrogen (N,) to ammonia (NH3) under ambient
conditions. By far the best studied nitrogenase enzymes are the
Modependent forms which utilize eight electrons, eight protons and
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sixteen ATP molecules in order to produce two molecules of ammonia
and one molecule of hydrogen, as shown in the reaction below [1].

N, + 8H' +8e ™ + 16ATP + 16H,0—2NH; -+ H, + 16ADP + 16P;

Mo-dependent nitrogenases consist of two component proteins: the
iron protein (which serves as a reductase) and the Mo-Fe protein. The
Fe protein is an a; homodimer that contains a single [4Fe-4S] cluster
that bridges the 2 units. This protein is known as a redox-active agent
that is capable of transferring electrons to the MoFe protein. The MoFe
protein is an aP, heterodimer, where each af3 unit contains two
unique metalloclusters: the P-cluster and the FeMo cofactor (FeMoco)
(shown in Fig. 1). The P-cluster is an [8Fe-7S] distorted dicubane,
which can be thought of as a [4Fe—4S] cluster and a [4Fe-3S] cluster
bridged by sulfides. The P-cluster mediates electron transfer from the
[4Fe-4S] cluster of Fe protein to FeMoco. The FeMo cofactor (FeMoco)
is @ Mo:7Fe:9S:C-homocitrate cluster, which can be viewed as coupled
[4Fe-3S] and [Mo-3Fe-3S] clusters. This cofactor is embedded in each o
subunit and is generally agreed to be the active site, where substrates
bind and are reduced. It is for this reason that particularly strong
research efforts have been placed on understanding the structure of
the FeMoco cluster [2,3].

X-ray spectroscopy has played an important role in our understand-
ing of nitrogenase cofactors for more than three decades. It was in 1978
that the first Mo EXAFS derived structures of FeMoco were proposed [5,
6]. The initial proposals suggested sulfur bridged clusters with either a
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Fig. 1. Structures of the two metalloclusters of nitrogenase: FeMoco (left) and P-cluster (right) (based on PDB: 3U7Q [4]).

linear Fe-Mo-Fe unit or a MoFe; cubane-like structure. In 1982, the
EXAFS proposals were somewhat modified when available Fe EXAFS
data suggested that the FeMoco cluster must be larger than simply a
single cubane unit [7]. While ultimately the 1992 crystal structure
deviated from these initial EXAFS proposals, many of the important
structural aspects had already been captured by these early X-ray
spectroscopic data — namely, the ~2.35 A Mo-S and Fe-S distances, as
well as the ~2.7 A Mo-Fe and Fe-Fe distances [5,8]. In the decades
that have followed, X-ray spectroscopic methods have continued to
play an important role in our understanding of nitrogenase.

In this review, we first give an overview of X-ray spectroscopic
methods and the information that can be obtained. We then highlight
recent applications of these methods in nitrogenase research.

2. X-ray spectroscopy.

X-ray spectroscopic methods provide element selective probes of
electronic and geometric structures. X-ray absorption spectroscopy
(XAS) provides information about the unoccupied levels, while X-ray
emission spectroscopy (XES) probes the filled levels. Together these
two experimental methods can provide a detailed experimental map
of the molecular orbitals, giving insight into the oxidation state, spin
state, and ligand environment around a specific absorbing atom [9]. In
the case of nitrogenase, X-ray spectroscopic studies have allowed all
the Fe, Mo and S atoms to be separately probed.

2.1. X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy measures the absorption of X-rays as
a function of the energy of the incident X-ray. In an XAS spectrum, a dra-
matic change in the absorption coefficient occurs upon excitation of a
core electron. This sharp discontinuity in the spectrum is referred to as
an absorption edge. An edge occurs anytime a core electron absorbs
an X-ray with energy equal to or greater than its binding energy. The
nomenclature of XAS edges reflects the core level from which the
electron originates. For example: a K-edge corresponds to the transition
from a 1s core orbital, L-edges correspond to 2s and 2p levels, and M-
edges to 3s, 3p and 3d levels as shown in Fig. 2 [10]. In the case of
nitrogenase research, Fe K- and Mo K-edge XAS have been most
extensively applied. However, reports of Mo L- and S K-edge data
have also been made [11,12,51].

The resultant XAS spectrum can be divided into two regions:

a) the X-ray absorption near edge structure (XANES) — the low-energy
part below, at, and just above (20-50 eV) the edge,
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Fig. 2. Transitions resulting from the excitation of a core electron and the corresponding
XAS edges.
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Fig. 3. X-ray absorption spectrum showing the X-ray absorption region near edge struc-
ture (XANES) including the pre-edge feature and extended X-ray absorption fine structure
(EXAFS) region. Note, in some cases the high energy pre-edge peak may be attributed to
charge transfer processes [13].

b) the extended X-ray absorption fine structure (EXAFS) — the higher
energy part, tens to hundreds of eV above the edge (Fig. 3).

2.1.1. The X-ray absorption near edge structure (XANES) region

The XANES region shows two characterized features: the already
mentioned sharp increase in absorption, which results from the ioniza-
tion of a core electron and the pre-edge peak, which originates from the
transitions to empty molecular orbitals localized on the photoabsorber.
The XANES region provides electronic structure information. For first
row transition metals the K-edge results from electric dipole allowed
1s to 4p transitions, while the two orders of magnitude lower pre-
peak arises from the quadrupole allowed 1s to 3d transitions (Fig. 4).

The position of the edge is usually used as an indicator of the
oxidation state of the absorbing atom: the higher the effective charge
of an absorbing atom, the more energy that is required to ionize a core
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Fig. 4. Energy diagram showing the origin of the K-edge and pre-peak features in X-ray ab-
sorption spectrum of transition metals.

electron, resulting in a shift of the edge to higher energies. Typically
an increase in 1 unit of oxidation state will result in a ~1-2 eV shift in
the edge for compounds with similar ligation environments. We
emphasize that it is important to compare systematic series of model
complexes, for which the variations in geometric and electronic
structural parameters are known, in order to correlate the observed
spectral changes with oxidation state trends. As an illustrative example,
Fig. 5 shows a comparison of oxidized (Fe(Ill)Fe(Ill)) and one-electron
reduced (Fe(II)Fe(Ill)) ferredoxin [14]. In this example, the average Fe
oxidation state has changed by 0.5 units, and the edge has shifted by
~0.8 eV. This reference is useful for understanding oxidation state as-
signments in FeMoco, vide infra.

In addition, the pre-edge features are sensitive to the symmetry of
the system. In centrosymmetric transition metal complexes metal 3d
and 4p orbitals cannot mix and hence the pre-edge intensities are
weak, representing less than 5% of the edge intensity. In contrast, in
tetrahedral systems 3d and 4p orbitals mix by symmetry, allowing for
the pre-edge to gain intensity due to dipole allowed contributions. We
note that for most iron sulfur clusters, intense pre-edges are generally
observed due to the tetrahedral coordination environment. The
position and number of the peaks are sensitive to the oxidation state
(position/shift of the edge), coordination number, covalency and site
symmetry [9,12].

Most of the studies on metals in biological systems are conducted
at K-edge, due to ease in performing the experiment, as well as
the reduction in beam-induced damage. However, it is worth mention-
ing that it is also possible to carry out studies at L-edges, which
result from the dipole allowed 2p to 3d transitions (for 3d metals)
(see Fig. 2). In comparison to the K-edge, the L-edge spectra provide
3-5 times better energy resolution resulting in sharper spectrum
features [15]. In nitrogenase research, Mo L-edge spectroscopy has
been previously applied [11,51]. However, to date Fe L-edge measure-
ments on nitrogenase have not been reported. An alternative method
for obtaining higher resolution XAS data is to use high-energy resolu-
tion fluorescence detection (HERFD) methods, as highlighted briefly in
Section 3.1.2 [16,17].

2.1.2. The extended X-ray absorption fine structure (EXAFS) region

After a core electron has been ionized to the continuum, it can be
approximated as a photoelectron wave, which propagates out from
the absorbing atom and is backscattered by the electrons of neighboring
atoms. The outgoing wave and the backscattered waves will result in in-
terference effects, which result in a modulation of the absorption coeffi-
cient, referred to as the extended X-ray absorption fine structure or
EXAFS (Fig. 3). Through the analysis of the EXAFS region, information
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Fig. 5. Comparison of the normalized Fe K-edges for oxidized (red) and reduced ferredoxin
(blue).
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about the type and distance of the nearest neighboring atoms, can be
obtained. In certain cases the bond angle information can also be ex-
tracted [18,19]. EXAFS played a particularly important historical role
in nitrogenase research. As also noted in the Introduction, the first pro-
posed structures for the FeMoco core were based on EXAFS analysis. Al-
though the exact core structure later proved to be quite different, the
Fe-S and Fe-Fe distances were very accurate and provided very impor-
tant early clues for the complexity of the cluster topology. These EXAFS
studies also inspired numerous efforts to synthesize small molecule an-
alogues [20-23].

2.2. X-ray emission spectroscopy (XES)

X-ray emission spectroscopy (XES) is directly related to XAS, asitis a
consequence of the absorption of a photon by a core electron. In XES, the
core hole created in the X-ray absorption process is immediately
(t~107155) filled by an electron from a higher level with a subsequent
emission of an X-ray photon. The resulting emission processes are
labeled as shown in Fig. 6.

The most studied emission lines are the K lines that result from the
filling of a 1s orbital hole. The origin of the Ko and Kp features is
shown in Fig. 7 while the complete K emission line spectrum in Fig. 8
[9,24].

2.2.1. The Ko region

The lowest energy emission lines are the Ko lines, which result from
the fluorescence which occurs after a 2p electron refills a 1s core hole.
Due to 2p spin-orbit coupling, the Ko line will split into two features,
the Ko; and Ko, lines. These lines provide little direct chemical infor-
mation, however, detection of fluorescence data from the Ka line,
using a Bragg optic, can be used to obtain XAS data which has resolution
dominated not by the 1s core hole lifetime, but rather by the 2p core
hole lifetime. These experiments are termed high-energy resolution
fluorescence detection (HERFD) [9,17] and can result in an ~5-fold
improvement in experimental energy resolution. This methodology
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Fig. 6. X-ray emission lines (solid arrows) following the excitation of an electron from the

K and L levels. Dashed arrows correspond to ionization of a core electron.
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Fig. 7. Energy level diagram for K emission line showing the origin of the Ko and K fine
structure.

was recently applied to obtain higher resolution Mo K-edge data, as
described in Section 3.1.2.

2.2.2. The KB region

The KP lines arise from the fluorescence that occurs when 3p
(or higher level) electrons refill the 1s core hole. Due to 3p-3d
exchange interactions, the main Kp line can split into KR4 3 and Kp’
spectral features. In a simple picture, the greater the number of un-
paired electrons, the larger the splitting of the KRB, 5 and Kp' features,
allowing this spectral region to be used as a marker for spin state [24].
However, recent studies have shown that this simple picture is further
complicated by covalent contributions [25]. Furthermore, there is a
very low probability (~1000 times less likely than the Ko emission)
that a valence electron will refill the 1 s core hole. This gives rise to
the Kp, 5 (ligand np to metal 1s) and KB” (ligand ns to metal 1s) transi-
tions, which are collectively referred to as the valence-to-core region or
VtC XES. The VtC region provides a sensitive probe of ligand identity, li-
gand ionization potential and protonation states [26]. This spectral

Ko,
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KBH

Intensity

x500

Energy

Fig. 8. X-ray emission spectrum showing fine structure of the K lines. Note that Ko lines
intensities are ~8 times more intense than the Kp’ and Kp, 5 features, and ~1000 times
more intense than the KB” and KB, s features.



1410

region was particularly important in establishing the presence of a cen-
tral carbon in FeMoco, as will be highlighted in Section 3.1.1.

A summary of the information that can be obtained from X-ray
spectroscopy related to bioinorganic systems is summarized in Fig. 9.

In the last few decades, X-ray spectroscopic methods have undeni-
ably had a large impact on bioinorganic chemistry, and in particular
on nitrogenase research. The history begins with the pioneering
application of XANES and EXAFS to the MoFe protein by Cramer and
Hodgson in the late 1970s [27]. In the years that followed their early
EXAFS work [5,6], XAS continued to play a key role in understanding
the electronic structure, metrical details and assembly of the active
site cofactors. In more recent years, the availability of dedicated beam
lines for XES measurements has allowed for the application of VtC XES
and HERFD XAS to nitrogenase. Herein, the most recent applications of
these X-ray spectroscopic methods and their impact on nitrogenase
research are briefly reviewed; this includes basic structural insights,
understanding of possible substrate interactions and biosynthesis.

3. Recent applications of X-ray spectroscopy in nitrogenase research
3.1. Structural insights into nitrogenase clusters

3.1.1. The identification of a central carbide in FeMoco

In 2002, Einsle and co-workers first revealed the presence of a
central atom in the middle of the FeMoco cluster that could be assigned
as a single carbon, nitrogen or oxygen atom [28]. However, due to the
resolution of the crystal structure at the time and the challenges
associated with identifying light atoms in the presence of heavier
atoms (such as Fe, S and Mo) a definitive assignment could not be
made. EXAFS studies were utilized by Corbett et al. [29], however
their results could not confirm the presence or absence of a light
atom. In a separate EXAFS study, George and co-workers combined
EXAFS and nuclear resonant vibrational spectroscopy (NRVS) to investi-
gate the identity of the central atom [50,30]. Their results were
consistent with the presence of a central atom, but also could not
identify it. It was clear that greater selectivity for the ionization potential
of ligand was required, and Lancaster et al. achieved this in 2011 by
using iron VtC XES. Fig. 10 shows the VtC XES data for the MoFe protein
(which contains both the FeMoco cluster and the eight-iron P-cluster),
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Fig. 10. The experimental V2C XES spectra for isolated FeMoco, MoFe protein, and delta-
nifB.

Adapted from Ref. [31]. Copyright 2011 America Association for the Advancement of
Science.

the data for isolated FeMoco in N-methyl formamide (NMF), and the
data for the delta-NifB gene deletion mutant, which contains only the
P-cluster [31]. These experimental data established that only when
the FeMoco active site is present that there is a significant intensity at
7101 eV. By correlation of the protein data to model complexes of
known coordination environment, the KB” feature was empirically
assigned as a carbide. We note that detailed model studies of small mol-
ecule complexes of known structures were essential for making this
correlation [32-34]. DFT calculations on the FeMoco with different
central atoms (i.e. C, N or O) were able to unambiguously assign the
central atom as a carbon [31]. This finding was also confirmed by a
higher resolution crystal structure and 13C-ESEEM data [35].

3.1.2. Oxidation state distributions in FeMoco

With the identity of the central carbon established, recent efforts
have turned to understanding the oxidation state distribution within
FeMoco. In general, the following total charge and oxidation state
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Fig. 9. Summary of information that can be obtained from X-ray spectroscopy.
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distributions have been assumed in the literature, all being consistent
with an S = 3/2 ground state: 1) [MoFe;SoC]! *:5 Fe(Ill):2Fe(Il):
Mo(IV), 2) [MoFe;SqC]" ~:3Fe(lll):4Fe(I1):Mo(IV), or 3) [MoFe,SoC]> ~:
Fe(Ill):6Fe(1l):Mo(IV). We note, however, that the Mo(IV) oxidation
state assignment has recently been reassigned as Mo(Ill) (vide infra),
thus requiring a greater complement of oxidized iron for each
of the three possibilities, i.e. [MoFe;SoC]! T:6Fe(III):1Fe(Il):Mo(III),
[MoFe;SoC]! ~:4Fe(Ill):3Fe(Il):Mo(Ill) or [MoFe;SoC]> ~: 2Fe(1ll):5Fe(1I):
Mo(III) [36]. As knowledge of the electronic structure is fundamental
to any informed mechanistic discussion, efforts have focused on experi-
mentally differentiating between these three possibilities.

Using X-ray spectroscopy to study the Fe oxidation state distribution
is intrinsically challenging due to the large number of irons in the
MoFe protein (8 Fe atoms in the P-cluster and an additional 7 Fe
atoms in FeMoco). Hence, while many Fe XANES studies have been car-
ried out, a clear assignment has yet to be made and even qualitative dis-
cussions of the relative oxidation state changes between FeMoco and
the P-clusters are relatively scarce. The most detailed studies in this re-
spect are those performed by Corbett et al., who reported the Fe K-edge
data for delta NifB (containing only the P-cluster in an all ferrous form),

1.2

0.8

0.6

Normalized Absorption

04

0.2

0 I I I I I I
7105 7110 7115 7120 7125 7130 7135 7140 7145

Energy (eV)

0.8 |-

06 |

0.4 -

Normalized Absorption

0
7108 7110 7112 7114 7116 7118 7120 7122 7124

Energy (eV)

Fig. 11. (top) Normalized Fe K-edge spectra for delta NifB (blue), MoFe protein (red), and
MoFe bound FeMoco (green), as reported by Corbett [37] (Copyright (2006) National
Academy of Sciences, U.S.A.). (bottom) Comparison of MoFe bound FeMoco (blue) and
isolated FeMoco (red) (isolated FeMoco data were reported by Fay et al. [39] Copyright
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA).

MoFe protein, and “MoFe bound protein FeMoco”, which was obtained
by subtraction [37]. A comparison of these spectra is shown in Fig. 11
(top panel). Interestingly, the rising edge inflection points for the P-
cluster and MoFe protein bound FeMoco overlay, seemingly suggesting
that FeMoco has a relatively small fraction of oxidized iron, such that ex-
perimentally no shift in the ~7119 eV rising edge is observed. We note
that previous studies of the two electron oxidized P-cluster also showed
overlapping edge positions for the PN (all ferrous) and P°* forms (two
electron oxidized), indicating that oxidation of two out of eight irons re-
sults in no observable shift in the ~7119 eV rising edge position [38]. In
contrast, changes are observed in the intensity of the ~7126 eV feature.
The decrease in the ~7126 eV intensity for MoFe bound FeMoco relative
to the P-clusters is consistent with the presence of some complement of
oxidized Fe. However, the precise extent of this is further complicated
by the differences in the local coordination environments in the P-
clusters vs. FeMoco, i.e. a local FeS4 coordination sphere vs. an FeSsC co-
ordination sphere. These differences in the local coordination environ-
ment may also account for the increase in pre-edge intensity for MoFe
bound protein FeMoco relative to the P-cluster, as also suggested by
Corbett et al. We note that similar comparisons can also be made with
isolated FeMoco. Fig. 11 (bottom) shows a comparison of the MoFe
bound FeMoco to isolated FeMoco in NMF (as reported by Fay et al.
[39]). While the overall edge shapes are very similar, the isolated
FeMoco edge appears to ~0.3 eV lower energy. This may be attributed
to a perturbation of the FeMoco ligation sphere upon extraction into
NMEF and/or to slight differences in the experimental calibrations. None-
theless at this stage, a definitive assignment of the Fe oxidation state
based on Fe K-edge XAS remains elusive. It does, however, appear that
the [MoFe;S¢C]' ¥, which requires a large complement of oxidized
iron (i.e. 6Fe(Ill):1Fe(II) and 1 Mo(III)), is unlikely to be consistent
with the Fe K-edge data. A more quantitative assessment of these data
will require correlations to computational studies and also the measure-
ment of higher resolution XAS data. These studies are currently under-
way in our laboratories.

While the Fe oxidation state assignment remains uncertain, progress
has been made in understanding the electronic structure of Mo and its
coupling into the FeMoco cluster. Based primarily on Mo-95 ENDOR
studies in the 1980s, a Mo(IV) assignment has generally been assumed
for FeMoco [40]. It is interesting to note that early XAS studies by
Hodgson and coworkers had very cautiously assigned the Mo oxidation
state as either Mo(IIl) or Mo(IV) based on Mo-S distances, and only
later was the XAS assignment revised [11] in order to be consistent
with ENDOR studies. Of course, as first noted by Hodgson et al., one of
the main challenges in using XAS to assign the oxidation state assign-
ments from the Mo K-edge is the large core hole lifetime broadening
at Mo, which renders the edges rather featureless. In order to address
this issue, we have recently utilized HERFD XAS to obtain higher resolu-
tion data at the Mo K-edge [16]. By comparison to model complexes of
known oxidation states, we were able to definitively assign the Mo
oxidation state assignment as Mo(III) [36]. Of particular importance
was the comparison of MoFe protein to data on MoFe model complexes
with Mo(III) and Mo(V) oxidation states. For this purpose data were
obtained on [ClyFe(III)(u-S),Mo(V)(0)s(ClsCat)]*~ [21] and [(Tp)
Mo(III)Fe(ILIILI1)3S4Cls ]~ [22], previously reported by Coucouvanis
and Holm, respectively. For reference, the structures are shown in
Fig. 12, and the corresponding Mo HERFD XAS data are shown in
Fig. 13. The Mo(V)Fe dimer has a rising edge that clearly appears at
higher energy, consistent with an increase in oxidation state by 2
units relative to the Mo(Ill)Fe3 cubane. If a Mo(IV) assignment were
appropriate for MoFe protein, it should have a rising edge that falls
between the two model complexes. However, MoFe protein appears if
anything to slightly lower energy, thus ruling out a Mo(IV) assignment
and providing stronger support for Mo(III). This assignment was further
verified by time dependent DFT calculations of both the model
complexes and FeMoco. Further, through DFT calculations, we were
able to show that the Mo has a d? configuration with an unusual
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Fig. 12. Structures of FeMo model compounds used in the study to assign the Mo oxidation state in FeMoco: [Cl,Fe(Ill)(u-S), Mo(V)(0)s3 (ClyCat)]*~ [19] (left) and [(Tp)Mo(IiI)Fe(ILIILIII)

354C1]1 [20] (right).

“non-Hund” alpha-beta-beta low spin configuration, which may be
attributed to spin coupling with the Fe atoms [36]. Whether this unusu-
al Mo spin configuration truly represents an excited spin state of the
molybdenum or whether the configuration arises due to spin-canting
effects in the cubane system, remains an open question. In any case,
this assignment requires a reassessment of the Fe oxidation state
distribution as noted above.

While the majority of X-ray spectroscopic studies have focused on
Mo-dependent nitrogenases, there has also been recent progress on
studies of vanadium-dependent nitrogenases by the collaborative
groups of Ribbe and Hodgson. The differences between Mo- and V-
dependent nitrogenases are of particular interest as the latter has
been shown to effectively catalyze C—C bond formation [41]. Hence,
one would like to know what the electronic structural differences
are that mediate these differences in reactivity. The earliest XAS
studies on vanadium nitrogenase were carried out by Arber et al.
in 1987 [42]. In this study, V K-edge XAS data were reported for
vanadium nitrogenase from Azotobacter chroococcum and compared to
a [VFe3S4Cl3(DMF)3] model complex, synthesized by Holm and co-
workers. Based on this comparison the authors concluded that the
vanadium site was in a distorted octahedral environment with an
oxidation state somewhere between V(II) and V(IV). In 1988, George
and co-workers reported similar results on vanadium nitrogenase
from Azotobacter vinelandii [43]. In addition, their work established an
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3 (ClyCat)]?>~ (Mo(V)Fe dimer [21]) and [(Tp)Mo(IlI)Fe(ILIILIII)3S4Cls]'~ (Mo(lll)Fe3
cubane [22]) and FeMoco.

Adapted from Ref. [36] with permission from the Royal Society of Chemistry (2014).

elongation of the M-Fe distances in V nitrogenases relative to Mo
nitrogenases, which they indicated could relate to differences in
observed reactivity. Interestingly, there have been no further reports
of V XAS data on VFe. However, in 2010 Fay et al. reported Fe K-edge
XAS data on FeVco in comparison to isolated FeMoco [44]. Their results
showed clear differences in the rising edge and pre-edge regions of the
two clusters (Fig. 14, panels A and B), with the FeVco data shifted almost
~2 eV to higher energy than FeMoco. The authors indicate that this may
be attributed to differences in the Fe coordination environment in
FeMoco vs. FeVco, with the latter having a greater complement of
light atom contributions based on EXAFS analysis (Fig. 14, panels C
and D). The authors' interpretation of this result is that FeVco is
surrounded by a well-ordered sphere of NMF, while in FeMoco there
are either fewer and/or more disordered interactions with solvent.
Based on these data, it is also argued that the FeVco cofactor is more
elongated than FeMoco consistent with the 1988 report of George
et al. [43]. However, it should be noted that the Blank et al. Fe-Fe and
Fe-V distances in FeVco are substantially longer than those initially re-
ported by George et al. on intact VFe protein (2.88 A vs 2.75 A), and
could suggest that the extracted FeVco preparation may have been par-
tially compromised. In any case, the differences in the electronic and
geometric structures of FeMoco and FeVco is clearly an area of great in-
terest and one which warrants further investigation.

3.2. Interaction of FeMoco with substrate

Toward the goal of understanding how nitrogenase reduces the
triple bond of dinitrogen, one would ultimately like to use X-ray
spectroscopy to examine the interaction of substrate, and its transfor-
mation to ammonia. This, however, presents many intrinsic challenges.
The MoFe protein requires the presence of its native reductase (the
Fe protein) in order to turn over, thus further limiting any selectivity
at the Fe K-edge. In addition, there are inherent obstacles in synchroniz-
ing the electron delivery to the MoFe protein, thus inhibiting the ability
to generate specific intermediates. In order to overcome these chal-
lenges, the groups of Dean and Seefelt have made point mutations
near the FeMoco active site to allow for the interaction of larger
substrates, such as propargyl alcohol, which can then be trapped and
studied as potential substrate analogues for N,. One recent study by
Cramer, Sean, Seefeldt and coworkers used a combination of NRVS
and Fe/Mo K-edge XAS to study the alph-702" variant of A. vinelandii
[45]. Based on these data, the authors suggested that propargyl alcohol
(PA) binds to the Fe6 or Fe7 iron atoms adjacent to the Mo, as shown in
Fig. 15. In our view, however, the changes in the XAS data are rather
subtle, and it is difficult to state that these data provide unambiguous
evidence for the interaction of PA with Fe. It is clear that the need for
greater selectivity for specific Fe—substrate interactions remains one of
the challenges and limitations of X-ray spectroscopic approaches.
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3.3. Biosynthesis

In addition to providing insights into the electronic structure and the
interactions of substrate with cofactor, X-ray spectroscopy has also
provided valuable information regarding the biosynthesis of FeMoco.
It is well known that the assembly of FeMoco begins with the formation
of Fe,S, and Fe,4S, fragments of NifS and NifU, respectively [46]. These
smaller fragments are then assembled on NifB and further matured
on NifEN. Based on initial EXAFS studies, it was suggested that the

©  a-195Ms
a-275Cys

o

“L-cluster” of NifEN was either a 7 or 8 iron core. Subsequent EXAFS
measurements on the isolated L-cluster showed that the L-cluster was
best described as an 8 iron core, with either contributions from central
light atoms and/or solvent contributions [29]. In 2013, VtC XES studies,
established that the L-cluster in fact contains a central carbon, thus
providing experimental evidence that carbon insertion occurs on NifB
[47]. This was also elegantly demonstrated by Ribbe and coworkers by
using 14-C labeling of s-adenosyl methionine to show that a methyl
group was the source of the central carbon atom [48].

Ym0
homocitrate 7' a-442His

a-195His

0

Fig. 15. The structure of the FeMoco (PRB: 1IM1N). Mo — purple, Fe — brown, S — yellow, O — red, N — blue, C — gray, X — gray. The Fe atoms are numbered in red.

Adapted from Ref. [45] with permission from Elsevier.
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4. Summary and outlook

Herein, we have briefly reviewed recent contributions of X-ray
spectroscopy to our present understanding of nitrogenase. The last
several years have seen the identification of a central carbon by XES,
the assignment of a Mo(III) in the ground state of FeMoco based on
HERFD XAS, and evidence for substrate interactions at Fe from both
EXAFS and NRVS. XAS and XES have also both provided fundamental
insights into cofactor biosynthesis.

However, it is clear that numerous open questions remain. The
charge of the FeMoco is still not definitively assigned, and in particular,
many open questions remain about the differences between FeVco and
FeMoco. It is here that high-resolution X-ray spectroscopic measure-
ments, such as the HERFD XAS measurements utilized at Mo, may pro-
vide a more quantitative understanding of the electronic structure
changes. In our view, the continued close coupling of experiment and
theory will play an essential role. The identification of substrate interac-
tions will likely continue to pose a major challenge. However, the recent
reports of ligand selective XAS, gives promise that two-dimensional X-
ray spectroscopic approaches may enable the identification of specific
metal substrate interactions [49].
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