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Reduction of dinitrogen by molybdenum nitrogenase relies on complex metalloclusters: the [8Fe:7S] P-
cluster and the [7Fe:9S:Mo:C:homocitrate] FeMo-cofactor. Although both clusters bear topological
similarities and require the reductive fusion of [4Fe:4S] sub-clusters to achieve their respective
assemblies, P-clusters are assembled directly on the NifD,K, polypeptide prior to the insertion of FeMo-
co, which is fully assembled separately from NifD,K,. P-cluster maturation involves the iron protein NifH,
as well as several accessory proteins, whose role has not been elucidated. In the present work, two
NifD,K, species bearing immature P-clusters were isolated from an Azotobacter vinelandii strain in
which the genes encoding NifH and the accessory protein NifZ were deleted, and characterized by X-ray
absorption spectroscopy and EPR. These analyses showed that both NifD,K, complexes harbor clusters

that are electronically and structurally similar, with each NifDK unit containing two [4Fe:45]2*/* clusters.
Received 17th November 2021 Bindi f th tein Nifw lels a d in the dist bet th lust i
Accepted 28th February 2022 inding of the accessory protein NifW parallels a decrease in the distance between these clusters, as we
as a subtle change in their coordination. These results support a conformational role for NifW in P-

DOI: 10.1039/d1sc06418e cluster biosynthesis, bringing the two [4Fe:4S] precursors closer prior to their fusion, which may be
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Introduction

Nitrogenases are the catalytic components of biological
nitrogen fixation, achieving the nucleotide-dependent reduc-
tion of dinitrogen (N,) to ammonia (NH;) at ambient tempera-
ture and pressure.'® Three structurally and functionally similar
but genetically distinct types of nitrogenases have been identi-
fied, which are classified according to the heterometal (Mo, V)
or lack thereof (Fe) of their cofactors. All microbial nitrogen
fixers identified to date produce at least Mo nitrogenase, and
certain also produce either or both V- and Fe nitrogenase.* Mo
nitrogenase is composed of catalytic components that include
a homodimeric Fe protein, encoded by nifH, and a hetero-
tetrameric MoFe protein, encoded by nifD and nifK. For clarity
and consistency, in the present work a nomenclature derived
from the corresponding genes will be used to designate the
catalytic components as well as certain other proteins involved
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crucial in challenging cellular contexts.

in maturation of the MoFe protein. For example, Fe protein is
designated NifH, and the MoFe protein is designated NifD,K,
(subscripts indicate subunit organization). NifH, contains two
MgATP-binding sites and a single redox active [4Fe:4S] cluster
that sequentially supplies electrons to NifD,K,. NifD,K, harbors
two pairs of complex metalloclusters that participate in catal-
ysis: the [8Fe:7S] P-cluster and the [7Fe:9S:Mo:C:homocitrate]
FeMo-cofactor (FeMo-co).* The P-cluster is located between the
subunits of each NifDK catalytic unit and is involved in the
inter- and intra-component delivery of electrons from the NifH,
[4Fe:4S] cluster to FeMo-co, which provides the site for substrate
binding and reduction.*** Understanding the biosynthesis of
nitrogenase metalloclusters is crucial from the practical
perspective of endowing certain eukaryotes the capacity to fix
nitrogen by transferring the genetic determinants from diazo-
trophs, as well as for improving the nitrogen fixing capacity of
symbiotic nitrogen fixing microbes associated with crop
plants.

There is some topological similarity between the P-cluster
and FeMo-co (Fig. 1) as their [Fe:S] cores can be considered to
represent fused or bridged sub-cluster units. Recent refinement
of a structural model of NifB, involved in formation of the
[Fe:S:C] core common to all three nitrogenase cofactors, sug-
gested a P-cluster-like intermediate as FeMo-co precursor
during its formation." Nevertheless, there is a fundamental
difference between FeMo-co assembly and P-cluster maturation.
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Fig. 1 Structures of the [Fe:S] clusters of NifD,K, of A. vinelandii. (A)
FeMo-co in DT-reduced NifD,K, (PDB ID: 3U7Q); (B) P-cluster in the
resting all-ferrous PV state (PDB ID: 3MIN); (C) P-cluster in the 2-
electron oxidized P?* state (PDB ID: 2MIN).*5

FeMo-co is separately assembled on a series of scaffolds and
subsequently inserted into an immature form of NifD,K,,
designated apo-NifD,K,, which already contains mature P-
clusters.>'” In contrast, it appears that an earlier stage of
NifD,K, maturation involves formation of a P-cluster precursor
directly within the polypeptide, which is then processed to apo-
NifD,K, replete with mature P-clusters. In the case of Mo
nitrogenase of Azotobacter vinelandii, P-cluster maturation
involves the interaction of immature forms of NifD,K, with the
dispensable accessory proteins NafH, NifW and Nifz.**** P-
cluster maturation within NifD,K, also obligately requires the
other nitrogenase catalytic component, NifH,, and MgATP.***®
The prevailing model for P-cluster maturation is that two
[4Fe:4S] clusters are separately formed within opposing NifD
and NifK subunits, representing a P-cluster precursor, and then
fused in a process involving elimination of a single S atom from
one of the [4Fe:4S] units. Although it has been clearly estab-
lished that each P-cluster precursor contains 8 iron atoms, it is
not possible to accurately quantify the S content of P-cluster
precursors. It is therefore not possible to distinguish whether
P-cluster precursors represent separately paired [4Fe:4S] clus-
ters or an [8Fe:7S] cluster that has already tethered two [4Fe:4S]
units together through a shared central S atom. Such a species
would be expected to have the same chemical composition as
mature P-cluster but differ by some combination of differing
redox state, conformation, and/or ligand arrangement.
Besides its key role in P-cluster maturation, NifH, is also
required for FeMo-co insertion into NifD,K,."*** Thereby,
AANGfD,K,§ contains immature P-clusters, but no FeMo-co.
Previous work from our laboratories has demonstrated that
ARNIfD,K, accumulates as a variety of NifD,K, species,
including those having no accessory proteins attached and
those bound to either NafH, NifW or NifZ."* Although the
specific functions of these factors are not yet known,
biochemical experiments have indicated they sequentially and
differentially interact with NifD,K, during P-cluster maturation
in the order NafH, NifW, NifZ. Prior work has also established
that, to date, there is no biochemical or physiological defect
associated with loss of NafH function,* whereas inactivation of
NifW results in slower diazotrophic growth due to low
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accumulation of active NifD,K,.?> Inactivation of NifZ also
entails slower diazotrophic growth resulting from the accumu-
lation of a mixed population of NifD,K, species including both
fully mature NifD,K, and a variety of inactive or partially active
species.'*** Among those, some are bound to NifW. These
observations have led to the suggestion that NifW serves to
stabilize a form of immature NifD,K, at an early stage in P-
cluster maturation and that NifZ could be involved in the
dissociation of NifW and further recruitment of NifH, in the
final stage of P-cluster maturation. In the present work, the
biophysical properties of cluster species contained in both
immature NifD,K, having no bound accessory protein and
immature NifD,K, with two associated NifW were examined by
electron paramagnetic resonance (EPR) and X-ray absorption
(XAS) spectroscopies.

Results

Mature P-clusters in resting state NifD,K, are diamagnetic and
therefore do not exhibit any EPR signature, whereas FeMo-co is
paramagnetic and exhibits a characteristic S = 3/2 EPR signal.”
Thus, reduced, fully matured NifD,K, shows an EPR signature
associated with the presence of FeMo-co only. In contrast,
AHNIfD,K, lacks the S = 3/2 EPR signature associated with
FeMo-co but exhibits a complex S = 1/2 signature that has been
assigned as a precursor to mature P-cluster formation.'®*
Comparison of EPR analysis of “*NifD,K, or “"NifD,K, sug-
gested that the complex S = 1/2 signature associated with
immature P-clusters corresponds to two electronic isomers
having close g-tensors of [2.06, 1.93, 1.89] and [2.03, 1.93,
1.86].**** Furthermore, fractionation of affinity-purified
AZNifD,K, could be resolved into populations that include
AZNifD,K, with no associated accessory protein, ““NifD,K, with
one NifW bound (**NifD,K,W), and “*NifD,K, with two bound
NifW (*“NifD,K,W,).** Initial EPR studies of isolated ““NifD,-
K,W, revealed a single S = 1/2 species with g =[2.02, 1.93, 1.86].
Nevertheless, analysis of the AZNifD,K, fraction for which no
NifW is bound is complicated since inactivation of NifZ does
not directly affect FeMo-co formation and only slows, but does
not eliminate, P-cluster maturation.™

To allow the isolation of a highly enriched fraction of
AZNifD,K, containing immature P-clusters and lacking both
FeMo-co and bound NifW, a strain was constructed in which
both the nifH and nifZ genes are deleted. The Strep-tag placed at
the N-terminus of NifD in this construct enables affinity puri-
fication of “2“NifD,K, fractions that are highly enriched for
species uniformly deficient in FeMo-co assembly and P-cluster
maturation. *2NifD,K, was further fractionated using anion
exchange chromatography allowing isolation of fractions cor-
responding to *#4“NifD,K, (no NifW attached to NifD,K,) and
AHAZNID,K,W, (two NifW attached) (Fig. 2, S1 and S21).

The availability of separable forms of NifD,K, harboring
immature P-clusters and having no associated FeMo-co, with or
without NifW bound, permitted the detailed biophysical
comparison of these species. UV-vis measurements of the iso-
lated samples showed slight differences in their spectra, sug-
gesting subtle structural changes upon binding of NifWw

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 NifD,K, species characterized in this work. (A) SDS-PAGE
analysis of proteins isolated by one-step Strep-tag affinity purification
(1), and “FA2NifDoK, (2) and AFA2NifDK,W, (3) isolated by ion-
exchange chromatography of the sample shown in (1). Molecular
weight standards are shown on the left lane. The presence of a small
amount of a *H29NifD,K.NafHy species (less than 8% of the total
sample) in (3) was revealed by SDS-PAGE analysis of more concen-
trated samples as shown in Fig. S1.1 (B) Schematic representation of
samples shown in (A). Interaction of NifW at the interface of NifD,K; is
only shown for convenience and has not been experimentally estab-
lished. Corresponding X-band EPR spectra are provided in Fig. S2.1

(Fig. S31). To characterize the structural and spectroscopic
properties of these clusters, XAS and EPR spectroscopic anal-
yses were performed. For comparative purposes, apo-NifD,K,
was also purified and characterized from a strain in which the
FeMo-cofactor anchoring 275Cys residue is substituted by
275Ala (abbreviated as “*7°*NifD,K,). “*”>*NifD,K, contains
mature P-clusters, but no FeMo-co."

To determine the influence of NifW on immature P-cluster
oxidation state and geometry, X-ray absorption spectroscopy
(XAS) at the Fe K-edge was performed for “"“?NifD,K,,
AHAZNIfD,K,W,, and “>”*ANifD,K, in both the dithionite (DT)-
reduced and indigo disulfonate (IDS)-oxidized states.

As previously noted, “>”**NifD,K, does not contain FeMo-co
but contains mature P-clusters, thus providing a useful internal
control for comparison of immature and mature P-cluster
species.” Fig. 3 compares the DT-reduced and IDS-oxidized
forms of each variant under investigation. All spectra appear
typical for [Fe:S] clusters, with a single well-defined pre-edge
feature ~7112 eV leading into an edge presenting a shoulder
at ~7118 eV."?** Upon oxidation, all variants exhibit an
increase in both intensity and energetic position of the pre-edge
feature, as well as an increase in the energetic position of the
rising edge (7115-7119 eV). The position of the pre-edge and
rising edge can serve as diagnostics of oxidation state, shifting
to higher energies with increased oxidation state. Meanwhile,
pre-edge intensity at the Fe K-edge derives from both lowering
of centrosymmetry, which induces Fe 3d-4p mixing, and the
number of available holes in the valence shell of Fe.?*? Hence,
relative increases in pre-edge intensity can arise from either
a decrease in local symmetry, increase in oxidation state, or
some combination. Therefore, these changes are all consistent
with some degree of Fe-centered oxidation upon exposure to
IDS. The observed shift in the rising edge moving from
C2TANIFD,K,(DT) — 7 NifD,K,(IDS) is +0.7 eV. Previous
studies have already established that exposure to IDS oxidizes

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Comparison of the normalized Fe K-edge XAS spectra of
AHAZNIfD K, (top), 2HAZNifD,KW, (middle), and “27*ANifD,K, (bottom)
in the DT-reduced (solid) and IDS-oxidized (dashed) forms. Insets
show an expanded view of the pre-edge region from 7109-7116 eV.

the mature, all-ferrous P-cluster (P") to a two-electron oxidized
form (P?*).*° Therefore, this +0.7 eV increase in the rising edge
can be used as a tentative diagnostic for two-electron oxidation.
This is consistent with previous observations for the DT-
reduced and IDS-oxidized forms of “®NifD,K,, which, like
C275ANifD,K,, contains mature P-clusters but no FeMo-co, and
displayed a relative shift of +0.6 eV."” Meanwhile, the observed
shifts in the rising edge for both “#*’NifD,K,(DT) —
AHAZNGfD,K,(IDS) and A“NifD,K,W,(DT) — ~"4“NifD,K,-
W,(IDS) are +0.35 eV, half that found for “*”**NifD,K,. There-
fore, exposure of either immature P-cluster variant to IDS likely
results in a one-electron oxidation event.

Comparison of the DT-reduced forms of the three variants
reveals that *2“NifD,K,(DT) and *"*?NifD,K,W,(DT) display
a nearly superimposable rising edge between 7114-7118 eV,
shifted by +0.7 eV relative to “>”**NifD,K,(DT) (Fig. S4t). This
shift is approximately the same as observed when “*”*NifD,-
K,(DT) and “*”**NifD,K,(IDS) (Fig. 3) are compared, supporting
an interpretation that *2“NifD,K,(DT) and *"*?NifD,K,W,(-
DT) are both two-electron oxidized relative to “>”**NifD,K,(DT).
Similarly, the rising edges of the IDS-oxidized forms of
AHAZNIfD,K, and “PA“NifD,K,W, are nearly superimposable
and shifted by +0.35 eV relative to “*”**NifD,K,(IDS). Interest-
ingly, while the Fe K-edge spectra of *“NifD,K,(IDS) and
AHAZNIfD,K,W,(IDS) are extremely similar, the DT-reduced
forms exhibit significant deviations at the pre-edge, around
7112 eV. Namely, while the pre-edge intensities of both
AHAZNGD,K,(DT) and “#24NifD,K,W,(DT) are more intense
than “275ANifD,K,(DT), *2“NifD,K,W,(DT) appears shifted to

Chem. Sci., 2022, 13, 3489-3500 | 3491
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lower energy by —100 meV relative to either *“*“NifD,K,(DT) or
C275ANifD,K,(DT). Besides oxidation state, local symmetry and
coordination environment can play a role in energetic position
and intensity distribution of the pre-edge, and this shift may be
indicative of local structural differences in the Fe environments
of “HAZNifD,K,(DT) and “"*“NifD,K,W,(DT). Based on these
results proposed Fe oxidation state distributions of the three
variants are summarized in Table 1. These distributions are
assigned assuming 8 unique Fe per NifDK unit.

The direct overlay of the Fe K-edge XAS spectra of
AHAZNGED,K,(DT), “#2“NifD,K,W,(DT), and “*">*NifD,K,(IDS)
further supports these oxidation state distribution assign-
ments, where the rising edges (7115-7119 eV) of these three
samples are superimposable (Fig. S5T). Overlays of the pre-edge
regions additionally support small variations in local geometry.

To obtain further information on these species, Fe K-edge
EXAFS measurements were performed (Fig. 4 and S6-S87). As
shown in Fig. 4, all spectra exhibit either one or two dominant
features around 1.9 and 2.4 A, which may be attributed to Fe-S
and Fe-Fe scatterers, respectively. In “>”*NifD,K,(DT), only the
dominant Fe-S scatterer is observed due to near complete phase
cancellation of the two distinct Fe-Fe scattering paths, Fe-Fe(1)
and Fe-Fe(2). This has been previously observed in studies of
both mature NifD,K, and “’NifD,K,."2*2531 However, this is
not the case for either AHAZNifDZKZ(DT) or AHAZNifDZKZWz(DT)
which display clear features at 2.4 A, similar to previous
observations for [4Fe:4S] cubane clusters and AHNIfD,K,. 172526
In the IDS-oxidized form of ©?”°ANifD,K, this feature is
apparent, although at a significantly lower intensity in the FTs
(Fig. 4 and S67). This is likely due to the significant structural
changes that have been crystallographically observed to
accompany the oxidation of mature P-cluster, including light
atom coordination of Fe and partial Fe-S bond dissociation.****
In the P** state, one of the two sub-cubanes assumes an open
conformation, with two iron atoms (Fes; and Fes) partially
dissociated from the bridging sulfide to ligate the backbone
amide of a cysteine and the hydroxyl group of a serine, respec-
tively (Fig. 1). A considerable number of other differences are
also observed among all three variants for ~1.9 and ~2.4 A
scattering features, including variations in total intensity, rela-
tive intensity, and small variations in radial distribution. These
imply all three variants exhibit structures that are distinct from
one another. However, as these spectra involve the complex
overlap of at least 3-4 scattering paths, direct interpretation of
the absolute values of the R-space spectra are non-diagnostic.

To gain physical insight into these changes, a minimalist
model was used to fit the data, involving a single Fe-S scattering

Table 1 Summary of proposed Fe oxidation state distributions of the
cluster species found in 27AZNifD,K, and 27AZNifD,K,W,, based on Fe
K-edge XAS

Sample DT-reduced IDS-oxidized
AHAZNIfD,K, [6Fe"2Fe™] [5Fe"3Fe™]
AHAZNIfD,K, W, [6Fe"2Fe™] [5Fe"3Fe™]
C275ANIfD,K, [8Fe"] [6Fe"2Fe™]

3492 | Chem. Sci, 2022, 13, 3489-3500
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Fig. 4 Comparisons of the Fourier transforms (FTs) of the Fe K-edge
EXAFS of the DT-reduced and IDS-oxidized forms of 27#A4NifD,K,
(black), 2"AZNifD,K,W, (red), and “27°ANifD,K, (blue) in R-space.
Spectra are k®-weighted, and FTs were performed for a k-range of 3—
13 A. No phase-shift was applied.

path and two unique Fe-Fe scattering paths. The use of two
unique Fe-Fe scattering paths is necessitated due to the wide
distribution of Fe-Fe distances observed in the mature P-cluster
as well as in iron-sulfur cubane clusters.”*** In addition, the
presence of O and N coordination of Fe observed in crystal
structures of oxidized mature P-cluster prompted us to test
whether such coordination environments exist in the immature
variants, using fits that included light atom scatterers.*>** The
resulting best fit parameters for models both with and without
an Fe-O scatterer are provided in Table S1.T It is important to
note that while an Fe-O scatterer was employed in these
models, the similar electron density of O and N make them
virtually indistinguishable from one another, and therefore this
scattering pathway represents a sum of both possible Fe-O and
Fe-N coordination.

Due to the high degree of correlation between scattering
path degeneracy, N, and bond variance, ¢?, it is generally diffi-
cult to accurately fit both simultaneously without some struc-
tural reference to restrict N. To fit the unknown structures of the
clusters in *#A?NifD,K, and “#2?NifD,K,W,, the sum of N for
Fe-Fe(1) and Fe-Fe(2) was fixed to 3, which is the theoretical Fe-
Fe path degeneracy for a [4Fe:4S] cubane cluster, and the ratios
of N for either path were allowed to vary. As there are 8 unique
Fe absorbers in each variant, the minimal increment in N for
Fe-O/N and Fe-S scattering paths was limited to 0.125. Mean-
while, the minimal increment used in variation of the Fe-Fe

© 2022 The Author(s). Published by the Royal Society of Chemistry
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scattering paths was 0.25, as the loss or addition of a single Fe-
Fe scatterer must be observed by both Fe involved. The degen-
eracies of each pathway for “*’*NifD,K,(DT) and “*”*NifD,-
K,(IDS) were determined from equivalent crystal structures of
the mature P-cluster in the P and the P** states and fixed
during fitting.'>*

As shown in Table S1,T the fit Fe-S, Fe-Fe(1), and Fe-Fe(2)
scattering distances all appear to fall within typical ranges for
both varying forms of the P-cluster and more generally for
homometallic iron-sulfur clusters.>*?* A comparison of the fit
parameters of the respective DT-reduced and IDS-oxidized
forms reveals only relatively minor contractions for *#*#NifD,-
K, and “2“NifD,K,W,. These changes are considerably more
significant when comparing “*”>*NifD,K,(DT) and “*”*NifD,-
K,(IDS), which exhibit contractions of ~0.06 A and ~0.10 A in
Fe-Fe(1) and Fe-Fe(2), respectively. However, based on the Fe
oxidation state distributions for the DT-reduced and IDS-
oxidized variants, these larger contractions are not surprising
due to “>”**NifD,K,(IDS) being two-electron oxidized relative to
C275ANifD,K,(DT). Notably, the structural parameters of
AHAZNIED,K,(DT), H#4“NifD,K,W,(DT), and “>"*NifD,K,(IDS)
appear quite similar, further supporting the oxidation state
distribution assignments shown in Table 1 (Fig. S87).

Inclusion of an Fe-O/N scattering pathway provides an
improved fit for all variants in both DT-reduced and IDS-
oxidized forms in terms of x* and R-factors. This is not unex-
pected, as increasing the number of free parameters in a model
will typically provide a better fit in terms of mean square devi-
ation. However, fits performed for *2?NifD,K,W, involving an
Fe-O scatterer show significantly greater improvement in these
parameters than for either *#**?NifD,K, or “>’**NifD,K,. This is
also clearly visualized in Fig. 5, where the inclusion of the Fe-O
scattering contribution to the fit provides only a slight
improvement between 1.25-1.75 A for “#22NifD,K,(DT), but
a significant improvement over this same R-range for
C27SANIFD, K, (DT).

To evidence the statistical improvement gained in fits of
AHAZNIfD,K,W, by inclusion of an Fe-O scattering path, we have
included the reduced x” statistic in Table S1.1 This parameter is
calculated by dividing the root mean-square deviation, x>, by
the difference between the total number of degrees of freedom
and the free parameters used in the fit. The number of degrees
of freedom (xinq) is calculated by eqn (1).

2(kmax — Kumin) (Rmax — Rumin)

L= 1
Xind T ( )

For the present spectra xinq €quates to 12.4. When including
an Fe-O scattering path to the EXAFS model, two additional free
parameters are necessary, raising the total number of free
parameters from 7 to 9 while the total number of degrees of
freedom remains the same. This reduces the unused number of
degrees of freedom from 5.4 to 3.4, meaning a >1.6-fold
improvement in x> must be achieved to improve the reduced x>
statistic. Given the weak scattering properties of O compared to
heavier atoms such as S and Fe, the presence of an Fe-O scat-
terer is not expected to make particularly large spectral

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Atand R=1-3A
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contributions. In turn, reduced x> serves as a particularly harsh
measure of statistical significance. Nevertheless, the reduced x>
statistic is improved for both “”22NifD,K,W,(DT) and
AHAZN{fD,K,W,(IDS) by inclusion of an Fe-O scatterer with N =
0.5. These statistical improvements are nearly invariant for
a range of 0.25-0.5, equating to the coordination of 2-4 light
atoms (O or N) per immature P-cluster of “**“NifD,K,W,.

While the presence of Fe-O/N coordination in *#“#NifD,-
K,W, is well supported by the observed statistical improve-
ments, inclusion of this scattering path to fits of either
AHAZNGfD,K, or “**NifD,K, results in a poorer reduced x>
statistic, with increases of 40-80%. However, this lack of
improvement in reduced x> does not exclude the possibility that
light atom scatterers are present in the Fe coordination envi-
ronments of these samples. Namely, the overall contribution of
such a light atom scatterer to the EXAFS is expected to be small,
especially considering that heavier scatterers such as S and Fe
are present. Additionally, variation in bond distances between
Fe and O or N can greatly affect whether these scattering paths
will accumulate into some significant spectral contribution. For
example, the P>* state of the mature P-cluster displays Fe-O
coordination from the NifK 5'188 residue at 1.90 A, and Fe-N
from the NifD ©°88 residue at 2.15 A.'5

Due to the large difference in distances of these two bonds
(0.25 A), attempts to account for both with a single scattering
path would require a very large bond variance ¢, which would
further diminish the contributions of these already weak scat-
tering paths to the total EXAFS spectrum. With such small
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contributions it is little surprise that inclusion of an Fe-O/N
scatterer to “*”*“NifD,K,(IDS), which contains mature P*',
does not significantly improve reduced x>.

The oxidation state assignments from our XAS studies (Table
1) imply that the IDS-oxidized forms of “*2’NifD,K, and
AHAZNIfD,K,W, should be paramagnetic, and possibly the DT-
reduced forms as well. Therefore, to further investigate the
electronic structures of “#A?NifD,K, and “#A?NifD,K,W,, X-
band EPR measurements of these systems were performed.
The EPR spectra of DT-reduced “*2NifD,K, and “***NifD,K,-
W, (Fig. 6 and S2t) are dominated by broad S = 1/2 signals
similar to those previously observed in ““NifD,K,."
AHAZNGD,K, displays a slightly rhombically distorted axial
signal, with clear inflections at g = 2.05, 1.93, and 1.90.
Meanwhile, **2?NifD,K,W, is dominated by an axial signal
with inflections at ¢ = 2.04 and 1.93, and additional shoulders
appearing at g = 2.07 and 1.88. Additionally, both ***?NifD,K,
and *”"*“NifD,K,W, samples exhibit weak signals at g =~ 5.60
and 5.11, consistent with transitions anticipated for an § = 3/2
system with negative zero-field splitting. These signals had
previously been detected in “*NifD,K, and ““NifD,K,, but are
not present in “’NifD,K,, implying they are associated with an
immature P-cluster species.* The appearance of a very minor
signal ¢ = 7.3 is also observed in ***?NifD,K,, possibly corre-
sponding to the Mg = £1/2 manifold of an S = 5/2 signal. SDS-
PAGE analysis of the *#*“NifD,K,W, sample (Fig. S1t) reveals
the presence of a low amount of NafH, which could suggest that
elements of the spectrum might originate from a low level of
NifD,K, with bound NafH. However, the normalized intensities
of this signal are invariant between the protein isolated by one-
step Strep-tag affinity purification and the further-purified
AHAZNID,K, and **2“NifD,K,W, fractions, supporting that this
signal is independent of NafH (Fig. S27). Alternatively, a similar
S = 3/2 signal has also been observed in the X-band EPR spec-
trum of NifH,, which contains a subunit-bridging [4Fe:4S]
cluster, as well as other [Fe:S] clusters having dominant S = 1/2
signals.**** The S = 3/2 signal observed here therefore may
belong to an S = 1/2, 3/2 spin admixture, originating from
a cluster species with an exchange-coupled system.*>**

Variable temperature measurements were performed to
further characterize and quantify the observed EPR signals
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(Fig. 6). The obtained spectra reveal similar saturation behavior
in DT-reduced “2?NifD,K, and *#2?NifD,K,W,, with satura-
tion observed below 12 K and temperature dependent broad-
ening occurring above 20 K. This narrow temperature range of
unsaturated signal intensity has been commonly observed in S
= 1/2[4Fe:4S]" clusters.** Meanwhile, the temperature-corrected
intensities of the respective S 3/2 signals are relatively
invariant across the measured temperature range. Based on the
Asaa-Vanngard corrected spin-integration against a CuSO,
standard, the S = 1/2 signal of DT-reduced samples accounts for
~3.75 spins/AFAPNifD,K, and ~3.5 spins/AFAZNifD,K,W,,
respectively.*® By comparison, the minor S = 3/2 signal accounts
for approximately 0.3 spins in either DT-reduced “**NifD,K,
or AMAZNIfD,K,W,; we note the broadness of this signal
precludes precise quantification. These results support ~2
spins per NifDK(W) unit, indicating the spectra presented in
Fig. 6 represent a convolution of at least two unique S = 1/2
species having similar spectral properties. When combined
with the described XAS measurements, these results support
the presence of two unique [4Fe:4S]" clusters in both
AHAZNID,K, and 27A2NifD,K,W,.

In the context of the P-cluster, the potential presence of two
unique [4Fe:4S]" per NifDK unit of “"’NifD,K, and
AHAZNGfD,K,W, is not surprising. However, if these clusters
were in relatively close spatial proximity, as would be required
for formation of the mature P-cluster, some significant degree
of spin-spin coupling would be anticipated.*” Additionally,
simulations of **?NifD,K,(DT) or “*2NifD,K,W,(DT) using
either a single S = 1/2 component or two uncoupled § = 1/2
components in a 1:1 stoichiometry cannot reasonably
account for either the level of broadening or additional inflec-
tions around g = 2 observed in these spectra. Therefore, to
investigate these species further, parallel mode X-band
measurements of DT-reduced “*?NifD,K, and *#2?NifD,K,-
W, were performed (Fig. 7).

The transition selection rule for parallel mode detection is
Amg = 0, and thus requires mixing of mg levels to gain intensity.
Such mixing occurs in a limited number of circumstances.
Examples include (i) Kramer's systems with half-integer S > 1
and very weak zero-field splitting (on the order of the Zeeman
effect), (ii) non-Kramer's systems with energetically close lying

AHAZp1: —5K 12K
A NifD,K,(DT) , sk 12K B
/‘\ / —T7K ——16 K
— A —8K —18K|
. ——9K —20K| o
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Fig.6 Temperature-dependent X-band EPR of DT-reduced (A) 2722NifD,K, and (B) *#2?NifD,K,W,. Spectra were collected using 1 mW power
at 9.65 GHz. All spectra are normalized for power, gain, collection time, and temperature.
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AHAZNIfD,K,W,. Spectra were measured at 16 K, 1 mW, and 9.65 GHz.

integer spin levels, and (iii) spin-coupled systems in which the
coupling strength competes with the Zeeman effect.*® Parallel
mode intensity is observed in spectra of both DT-reduced
AHAZNGfD,K, and “7*“NifD,K,W,, indicating the observed
signals could originate from weak spin-coupling. On this basis,
spectra of **?NifD,K, and “**“NifD,K,W, were each fit using
two spin-coupled S = 1/2 systems (Fig. S9 and Table S2+t). Due to
the large number of parameters involved in fitting such
a system, a definitive, unique fit was not possible. Spectra of
AHAZNIfD,K, could be reasonably fit using two overlapping § =
1/2 systems with equal contributions in the absence of spin-
coupling. Inclusion of spin-coupling resulted in an estimate
of J=1.2 x 103 em ! between two Mg = 1/2 components a and
b with g, = [2.06, 1.91, 1.91] and g; = [2.05, 1.93, 1.86], corre-
sponding to a lower limit on the e —e~ distance of approxi-
mately 11 A based on the point-dipole approximation.
Meanwhile, spectra of **2?NifD,K,W, required the use of spin
coupling to be simulated, with a larger axial e —e™ coupling of J
=3.3 x 10" * cm ™! between g, = [2.05, 1.93, 1.90] and g}, = [2.06,
1.93, 1.87], resulting in a reduced e -e~ distance of ~8 A. The
dependence of the simulated spectra on the magnitude of the
principal values of the e —e~ coupling interaction matrix is
provided in Fig. S10.7 Although the point-dipole approximation
has been shown to overestimate e -e~ distances in spin-
delocalized systems, the relative inter-cluster distances are ex-
pected to remain consistent given the similarity of **?NifD,-
K,(DT) and “2“NifD,K,W,(DT). These results support that
AHAZNGFD,K,(DT) and “P4“NifD,K,W,(DT) consist of two
unique, separate [4Fe:4S]" clusters, and that the distance
between these clusters is decreased in the NifW-bound form.
Further EPR measurements were performed on IDS-oxidized
samples. Mature P-cluster in the P** state exhibits a low-field
parallel mode signal (appearing at g = 12.0 for A. vinelandii
NifD,K,, g = 15.6 for Xanthobacter autotrophicus NifD,K,, and g
= 16.0 for Gluconacetobacter diazotrophicus NifD,K,) associated
with an integer spin system.*®* This is not the case for IDS-
oxidized “"*“NifD,K, or *"*“NifD,K,W,, in agreement with
previous reports for “*NifD,K,.* Given the EPR features
observed for “7ANifD,K,(DT) and “*“NifD,K,W,(DT)
combined with the XAS-based oxidation state assignments
summarized in Table 1, IDS-oxidized samples of both species

© 2022 The Author(s). Published by the Royal Society of Chemistry

were anticipated to be non-integer spin. Indeed, IDS oxidation
of either 2FAPNifD,K, or 2FANifD,K,W, resulted in the
complete disappearance of the spectra observed for the
dithionite-reduced species, and the appearance of a new,
complicated set of signals in the CW X-band EPR (Fig. 8).
Importantly, re-reduction of these samples with sodium
dithionite after desalting resulted in spectra identical to the
reduced states presented in Fig. 6 (see Fig. S117). Therefore,
IDS-oxidation of A7A?NifD,K, and *#A?NifD,K,W, is a revers-
ible process, and none of the features observed in these spectra
appear to originate from cluster damage.

In the IDS-oxidized forms of both 2#2NifD,K, and
AHAZN{fD,K,W,, low-field inflections are clearly observed start-
ing at g = 5.8 and 4.3 (Fig. 8, insets). Temperature-dependent
measurements reveal an increase in intensity of the g = 4.3
inflection between 5-20 K, followed by a decrease in intensity
above 20 K. This result is consistent with the presence of
a rhombic § = 5/2 species, with the g = 4.3 inflection arising
from population of the My = 3/2 manifold as a function of
temperature. Meanwhile, the presence of an inflection atg = 5.8
at low temperatures is consistent with the presence of an § = 3/2
species with negative zero-field splitting, like that observed in
the equivalent DT-reduced species (Fig. S127).

At intermediate fields (3200-3800 G), the spectra of IDS-
oxidized *"*“NifD,K, and “"*“NifD,K,W, become complex
and strongly temperature dependent. At low temperatures both
display inflections at g ~2.00 (sharp) and 1.94 (broad). The
extremely broad nature of the signal centered around 1.94 is
consistent with rapid spin-lattice relaxation. At temperatures
above 20 K, this broad signal quickly disappears and is replaced
by a well-defined axial S = 1/2 signal having inflections at g =
2.00, 2.00 and 1.94, which take full form at 40 K (*"2“NifD,K,)
and 45 K (*#*“NifD,K,W,). These signals continue to persist at
higher temperatures without any significant decrease in inten-
sity, similar to previous observations for [2Fe:2S] and [3Fe:4S]
clusters.*** Additionally, both species display further minor
inflections at g = 2.05, 1.92 and 1.86, and possibly at 2.15 and
2.09 as well. A similarly shaped S = 1/2 spectrum has been
observed for the minor component of the OX state of the open-
cubane active site of the hybrid cluster protein (Hep), but differs
significantly in both temperature dependence and observed g-
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values (1.971, 1.951, 1.898).>*** While the observed inflections
in the IDS-oxidized *"“NifD,K, and *"*’NifD,K,W, spectra
display very similar g-values, the intensity ratios of these
components and their temperature dependence are distinct
(Fig. 8). These additional inflections are generally indicative of
a spin-spin coupled system with non-integer S > 1/2. The
presence of spin-spin coupling is consistent with our observa-
tions of the DT-reduced species.

Discussion

The nitrogenase MoFe protein from A. vinelandii, designated
here as NifD,K,, contains two complex metalloclusters: the P-
cluster and the FeMo-cofactor. Although both clusters share
similar topological features, their assembly pathways differ
significantly. The biosynthesis of FeMo-co does not occur on
NifD,K,; instead, it is maturated on other scaffolds, and once
complete inserted into an apo-form of NifD,K, containing
mature P-clusters.® In contrast, maturation of individual P-
clusters is proposed to occur in situ, via the fusion of two
distinct [4Fe:4S] clusters already contained within apposing
NifDK subunits through a process involving the NifD,K, cata-
lytic partner, NifH,, and MgATP." In A. vinelandii, NifD,K,
sequentially binds the accessory proteins NafH, NifW and NifZ
prior to the final maturation step completed by NifH,."* Support
for the [4Fe:4S] cluster fusion model has come from a variety of
spectroscopic characterizations of NifD,K, produced in the
absence of NifH, (“*NifD,K,), which contain immature P-
clusters but lack FeMo-co."¢*%>*34

Previous X-band perpendicular mode EPR characterization of
the immature P-clusters contained in 2FNifD,K, revealed
a mixture of two S = 1/2 electronic isomers with similar g-tensors
(g ~ [2.06, 1.93, 1.89] and [2.03, 1.93, 1.86])."*'*'® A similar
signature was also observed for NifD,K, produced in the absence
of Nifz (*4NifD,K,)."* Recent biochemical studies established
that both 2FNifD,K, and “#NifD,K, isolated by single-step
affinity purification represent mixed populations of NifD,K,.">**
Specifically, “*NifD,K, was found to be separately bound to
either NafH, NifW, or NifZ, or unbound. Meanwhile, **NifD,K,
was resolved into three fractions, namely unbound, or with one

3496 | Chem. Sci, 2022, 13, 3489-3500

or two associated Nifw (““NifD,K,W and “*NifD,K,W,, respec-
tively). Importantly, the **NifD,K,W, fraction was found to be
highly enriched in one of the S = 1/2 signals (g ~ [2.03, 1.93,
1.86]), and did not exhibit the S = 3/2 signal associated with
FeMo-co. This result indicated that the two S = 1/2 electronic
isomers observed in ““NifD,K, and ““NifD,K, represented
a mixture of two different populations of immature P-cluster.

In the present work, we have shown that a strain with both
nifH and nifZ gene deletions has enabled the isolation of sub-
populations of immature AHAZNTD,K, and “7APNifD,K,W,,
each harboring immature P-clusters which are differentiable by
their respective EPR signatures. As described below, isolation of
these species permitted the detailed spectroscopic analysis of
the immature P-cluster states associated with the correspond-
ing samples.

Perpendicular-mode X-band EPR measurements demon-
strated that a combination of the individual immature P-cluster
species respectively contained in *”"*“NifD,K, and “**“NifD,-
K,W, species recapitulates the complex EPR signature found in
mixed species contained in either AHNIfD,K, and 2?NifD,K,
samples prior to their fractionation (Fig. S1t). Thus, this
complex signature represents at least two distinct populations
having two different states of immature P-clusters, rather than
arising from individual sub-clusters or oscillating conforma-
tions contained within a single immature P-cluster species.
Measurements of the Fe K-edge XAS permitted assignment of
redox states of the clusters observed in each species. Both
reduced samples of *"*?NifD,K, and ****NifD,K,W, displayed
a [6Fe"2Fe™] oxidation state, consistent with the presence of
two [4Fe:4S]" cubanes as evidenced by EPR. Oxidation with IDS
lead to the one-electron oxidation of either species, which
suggests that only one subcluster within an individual P-cluster
precursor is oxidized to [4Fe:4S]*" while the other maintains its
valency, indicating different redox properties for each
subcluster. In contrast, IDS treatment of mature, all-ferrous P-
cluster (PV) results in a two-electron oxidation to form P**
shifting from an [8Fe:7S]° state to a [8Fe:7S]*" state, consistent
with previous measurements.?

EPR simulations of reduced *#2NifD,K, and *#4?NifD,K,-
W,, combined with spin quantification, suggest their

© 2022 The Author(s). Published by the Royal Society of Chemistry
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corresponding spectra represent two unique S = 1/2 species
having similar electronic properties arising from two distinct
[4Fe:4S] clusters. Weak spin-coupling detected via parallel-mode
X-band EPR further supports that these two species are spatially
close enough to display spin-spin coupling. This coupling is
significantly increased in the “**NifD,K,W, sample when
compared to “72“NifD,K,, suggesting a decrease in distance
between the two [4Fe:4S]" cubanes in the NifW bound state, and
hence an associated conformational change in AHAZNGD,K,
upon binding of NifW. Spin-spin coupling is also observed in
equivalent oxidized samples, again differing between
AHAZNGfD,K, and “"*“NifD,K,W,. The unique spectra of these
oxidized samples are reminiscent of open [4Fe:4S] clusters, albeit
with significantly different temperature-dependent
behavior.>-***

Despite having similar electronic properties, the immature
P-clusters contained in 2F2?NifD,K, and *FANifD,K,W,
display significant structural differences, as indicated in our
XAS analyses by both shifts in the intensity and energetic
position of the pre-edge feature and by variations in the EXAFS
region. Remarkably, EXAFS analysis of ~*2?NifD,K,W, suggests
additional Fe-coordination of 1-2 light atom(s) (N or O) per
[4Fe:4S] subcluster when compared to the “*2NifD,K, species,
even when regarding stringent considerations of fitting statis-
tics. This observation suggests a transition or stabilization of
the coordination environment for one or, perhaps, both sub-
clusters upon NifW binding.

It should be noted that although this work has revealed that
NifD,K, from cells deleted for the nifH and nifZ genes repre-
sents a pool of two distinct AHAZNGD,K, and 27A%NifD,K,W,
species, this does not necessarily indicate that either species
accumulates significantly under normal physiological condi-
tions. The *"2?NifD,K, species lacking bound NifW may accu-
mulate due to interruption of the maturation process in the
absence of NifZ and NifH,. Both transcriptomic and proteomic
studies have revealed that NifD and NifK are expressed and
accumulate in vivo at much higher levels than the NafH, Nifw,
and NifZ assembly factors.’**” Consequently, when the matu-
ration process is interrupted by the inactivation of NifZ and
NifH,, the available NifW would become sequestered into
a NifD,K,W, complex, and excess immature NifD,K, lacking
NifW would be forced to accumulate. In contrast, under phys-
iological conditions maturation must occur more rapidly than
assembly intermediates can accumulate. Hence, deleting genes
involved in P-cluster maturation offers biochemical snapshots
of this process. In this context, AHAZN{fD,K,W, allows the
characterization of the Nif DKW complex occurring in physio-
logical conditions, and AHAZNIED,K, represents an immature
NifD,K, species prior to interaction with Nifw.

Conclusions

Taken together, our results shed light on the structure of the
individual immature P-cluster states and on the possible roles
of Nifw. Upon binding of Nifw to **2“NifD,K,, a decrease in
the distance between both [4Fe:4S]" clusters occurs along with
the coordination of 2-4 light atoms (O or N) per [8Fe:8S] unit.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The combination of these observations supports a NifW-
instigated conformational change in the NifD,K, at the NifD/
NifK subunit interface to assist in cubane fusion. A conforma-
tional role for NifW in optimizing a configuration of NifD and
NifK to promote efficient P-cluster maturation is consistent with
the observation that loss of NifW function only results in the
lower accumulation of active NifD,K, that displays the charac-
teristic EPR signature associated with FeMo-co.”” The possible
participation of assembly factors such as NafH and NifW in
promoting subunit interaction has previously been indicated by
studies that have demonstrated both NifD and NifK can accu-
mulate in the absence of each other, and that crude extracts
harbouring separately produced NifD or NifK can be mixed to
achieve only a very low level of activity.”® Nevertheless, NifD- and
NifK-subunits produced in the absence of each other have yet to
be purified and characterized. In our current working model,
NifW conformationally assists the fusion of the two subclusters
in a pathway that also involves NifZ, NifH, and MgATP. In this
provisional model, NifZ is proposed to assist dissociation of
NifW from the NifD,K,W, complex and, possibly recruit NifH,
to support sub-cluster fusion. In support of this model an
interaction between NifW and NifZ, based on yeast-two-hybrid
studies has been suggested.*

An analogous example of [4Fe:4S] cluster fusion following
slight structural changes has also been recently reported for
formation of a stable [8Fe:8S] precursor of FeMo-co, the K-
cluster.” Strikingly, the ligand environment of the K-cluster
appears identical to that of the P-cluster, underlining a struc-
tural convergence for [4Fe:4S] cluster fusion. Formation of P-
clusters directly within an immature form of NifD,K, repre-
sents a fundamentally different pathway than completion of
FeMo-co formation prior to its insertion into an apo-form of
NifD,K, that already contains intact P-clusters. Nevertheless,
P-clusters and FeMo-co share striking topological similarities
and a common mechanistic feature in their respective
assemblies involving reductant-dependent fusion of sub-
clusters. Further studies are required to fully elucidate the
conformational changes which occur upon binding of NifW to
NifD,K, - namely, structural resolution via crystallography
could determine the structural changes occurring around the
clusters.
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