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Nitrogenases utilize Fe-S clusters to reduce N, to NHs. The large
number of Fe sites in their catalytic cofactors has hampered spec-
troscopic investigations into their electronic structures, mecha-
nisms, and biosyntheses. To facilitate their spectroscopic
analysis, we are developing methods for incorporating >’Fe into
specific sites of nitrogenase cofactors, and we report herein site-
selective *’Fe labeling of the L-cluster—a carbide-containing,
[FegSoC] precursor to the Mo nitrogenase catalytic cofactor. Treat-
ment of the isolated L-cluster with the chelator ethylenediamine-
tetraacetate followed by reconstitution with °’Fe?* results in >’Fe
labeling of the terminal Fe sites in high yield and with high selec-
tivity. This protocol enables the generation of L-cluster samples in
which either the two terminal or the six belt Fe sites are selectively
labeled with *’Fe. Méssbauer spectroscopic analysis of these sam-
ples bound to the nitrogenase maturase Azotobacter vinelandii
NifX reveals differences in the primary coordination sphere of
the terminal Fe sites and that one of the terminal sites of the
L-cluster binds to H35 of Av NifX. This work provides molecular-
level insights into the electronic structure and biosynthesis of the
L-cluster and introduces postbiosynthetic modification as a prom-
ising strategy for studies of nitrogenase cofactors.

nitrogenase | metallocofactors | biosynthesis | iron-sulfur clusters

Metalloenzymes catalyze global-scale redox reactions that
shape the molecular composition of the biosphere. Many
such reactions, including H,O oxidation, O, reduction, CO/CO,
interconversion, N,O reduction, and N, reduction, are carried out
at high-nuclearity metalloclusters (1-7). In these and other ex-
amples, the high cluster nuclearity is thought to facilitate efficient
catalysis, but it also introduces practical challenges for mechanistic
and spectroscopic studies. In particular, techniques that directly
probe the metal centers (e.g., Mossbauer spectroscopy, which is
exceptionally useful for mononuclear Fe enzymes) are often
less insightful for high-nuclearity metalloclusters; with in-
creasing cluster nuclearity it can be difficult or impossible to
resolve the spectroscopic responses arising from many metal
sites, and it is further challenging to correlate these spectroscopic
features to specific sites in the three-dimensional structure (8-16).
Thus, the polynuclear nature of complex metalloclusters both
underpins their unique functions and, in many cases, precludes
a molecular-level understanding of their electronic structures
and reactivity.

The nitrogenase catalytic cofactors (FeMoco, FeVco, and
FeFeco) as well as their biosynthetic precursors (notably an
[FegSoC] cluster called “NifB-co” or the “L-cluster”) are prime
examples. They are composed of eight metal ions, of which at
least seven are Fe (Fig. 1) (7, 17, 18). Their electronic-structure
descriptions have undergone multiple revisions, and uncer-
tainties remain about their individual site valences, electronic
coupling schemes, and overall charges (19-27). This is in con-
trast to lower-nuclearity Fe-S clusters (e.g., [FesS,], [FesS4],
and [Fe,S4] clusters) for which relatively robust electronic-
structure models have been developed that account for the
ample spectroscopic data that have been acquired on these sys-
tems (28-31); the slower development of such models for nitro-
genase cofactors can be ascribed in large part to their higher
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number of metal centers and the resulting difficulty associated
with analyzing their spectroscopic features.

A significant challenge in interpreting the spectroscopic data
of these and other high-nuclearity metalloclusters is achieving
both spectral resolution and spatial resolution: having the ability
to assign spectroscopic features to specific metal sites in a clus-
ter. For nitrogenase cofactors, efforts in this regard have typically
relied on coupling X-ray diffraction measurements with other
spectroscopic techniques. For example, Einsle and coworkers
applied spatially resolved anomalous dispersion refinement to
single crystals of the MoFe protein (NifDK), which revealed
semiquantitative information about the relative oxidation states of
individual metal sites (14). In addition, DeBeer, Rees, and co-
workers used X-ray spectroscopic measurements on Se-labeled
samples to obtain insights into the oxidation states of the Se-
bound Fe sites (32).

In principle, having site-selective control over the incorpora-
tion of >’Fe would be exceptionally useful. Samples in which the
cofactor contains >’Fe in only specific sites would be functionally
indistinguishable from natural-abundance samples, but spectra
acquired using >’Fe-specific techniques (e.g., Mossbauer spec-
troscopy, electron-nuclear double resonance spectroscopy, and
nuclear resonance vibrational spectroscopy) would exhibit fea-
tures only from the labeled Fe sites. Access to such samples would
give spatially resolved information about the chemical bonding, Fe
oxidation states, spin density, electron—electron spin coupling,
electron—nuclear spin coupling, and vibrational dynamics within
the cluster. The power of this approach is illustrated by studies of
site-selectively labeled [Fe,S4] proteins, which have provided
critical insights into the mechanisms of aconitase and radical SAM
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Fig. 1. Simplified representation of FeMoco biosynthesis highlighting the
intermediacy of the L-cluster and the proposed role of NifX in cofactor
transport. Additional ligands to the cofactors have been omitted for clarity.

enzymes as well as the electronic structures of Fe-S clusters more
generally (33-35).

A common method for labeling metalloenzyme active sites
with °’Fe involves supplementing the growth medium with *>’Fe
during protein expression (Fig. 24). When applied to labeling
nitrogenase cofactors such as FeMoco or the L-cluster, this
procedure results in complete labeling of all Fe sites (Fig. 2B).
Our approach to achieving site-selective >’Fe labeling of nitro-
genase cofactors utilizes the cellular machinery for cofactor bio-
synthesis and a postbiosynthetic, chemical step for incorporating

A Standard method for labeling mononuclear Fe enzymes

+57Fe
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57Fe in a site-selective manner (Fig. 2C). As a proof of concept,
we herein report a method for the high-yielding, highly selective

57Fe labeling of the carbide-containing precursor to FeMoco,
the L-cluster. We further demonstrate the utility of this method
in studying FeMoco biosynthesis, in particular how the L-cluster
binds the nitrogenase maturase, NifX.

Before describing the results, we provide a brief introduction to
the L-cluster. The L-cluster is a central intermediate in FeMoco
biosynthesis that serves as the structural link between FeMoco and
its [Fe4S4]-cluster precursors (Fig. 1). Referred to as both “NifB-
co” and the “L-cluster” (17, 36), it is thought to be the product of
the radical SAM enzyme NifB and the substrate of the maturase
complex NifEN on which it is transformed into FeMoco. The
L-cluster was crystallographically characterized on NifEN, and
although the data quality precluded an atomic-resolution struc-
ture, it was modeled as a Ds,-symmetric cluster that resembles
FeMoco except with an Fe atom replacing the Mo(homocitrate)
moiety (37). Extended X-ray absorption fine structure and
Maossbauer spectroscopic experiments further support this
structure (23, 38, 39). The L-cluster also has D3;, electronic
symmetry; the Mossbauer spectrum of fully °’Fe-labeled
L-cluster bound to NifX features two partially resolved dou-
blets in a ~3:1 ratio that were proposed to correspond to the six
belt (Feg) and two terminal (Fet) centers, respectively (23). It
is because of these features—its critical role in nitrogenase
biosynthesis and its simpler Mossbauer spectrum compared to
that of FeMoco—that we chose to initiate our studies with site-
selective 3’Fe labeling of the L-cluster.

Results and Discussion

Our strategy for site-selective isotopic labeling of the L-cluster
consists of three steps (Fig. 2C): 1) extraction of the L-cluster
into N-methylformamide (NMF), 2) incorporation of *’Fe into
the extracted L-cluster, and 3) binding the isotopically labeled
L-cluster to a protein for purification and spectroscopic analysis.
Protocols for step 1 have been reported using both NifEN-L and
NifB/X-L (38, 40); in this work, we extract the L-cluster from
Azotobacter vinelandii (Av) NifEN-L. For the *’Fe incorporation
step 2, we reasoned that the Fer sites would be more labile than
the Fep sites, and that if this is the case the Fer sites could be
selectively substituted by exogenous >’Fe. This strategy was

C This work: site-selective labeling via postbiosynthetic modification
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Fig. 2. Methods for *’Fe labeling of metalloproteins. (A) Labeling of mononuclear Fe enzymes for which site selectivity is not an issue. (B) Unselective la-
beling of complex metallocofactors such as the L-cluster. (C) Postbiosynthetic chemical modification as a strategy for site-selective labeling of the L-cluster.

The yellow protein represents a generic metalloenzyme.
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inspired in part by the reversible interconversion of site-
differentiated [Fe4S4] and [Fe;S4] clusters (33, 35, 41-46) and
studies of compositional lability of the P-cluster in nitrogenase
mutants (47). Finally, for step 3, we employ the nitrogenase
maturase NifX. NifX is proposed to shuttle the L-cluster from NifB
to NifEN (Fig. 1) and has been previously shown to bind the
L-cluster (23, 48-51). The benefits of performing Mossbauer
spectroscopic analysis of the L-cluster on NifX are twofold: 1)
NifX features no additional metal-binding sites, and therefore
pure samples have no contributing background signals from Fe
that is not associated with the L-cluster, and 2) it allows for
comparison with the reported Mossbauer spectra of the fully
7Fe-labeled NifX-NifB-co samples (23).

We first used electron paramagnetic resonance (EPR) spec-
troscopy to examine conditions for Fe removal and reconstitu-
tion. As previously reported (38), samples of extracted L-cluster
in NMF that are oxidized with indigodisulfonate display an EPR
signal with g, = 1.94, consistent with its S = !/, ground state
(Fig. 3, Top). We found that treatment of extracted L-cluster
with the chelator ethylenediaminetetraacetate (EDTA) results
in quantitative loss of the EPR signal (Fig. 3, Middle) and a
slightly lighter brown solution (SI Appendix, Fig. S2). Subsequent
addition of excess “’Fe?* as a solution in NMF quantitatively
regenerates the original color and EPR signal (Fig. 3, Bottom).
These promising initial results are consistent with Fe removal
and reconstitution and prompted us to pursue Mossbauer
spectroscopic studies.

Mossbauer spectroscopic samples were prepared by binding
the L-cluster to Av NifX. A reference sample composed of the
fully >7Fe-labeled L-cluster [(L(°’Feg)] bound to NifX [NifX-
L(°’Feg)] was prepared by extracting L(*’Feg) from *’Fe-labeled
NifEN and incubating with NifX (Fig. 44, sample 1). The 80 K
Mossbauer spectrum (Fig. 4 B, Top) shows the expected signals
corresponding to the Feg and Fer sites, in agreement with pre-
viously reported spectra of NifX-NifB-co(*’Feg) (see Table 1
and SI Appendix for further discussion).*

The site-selectively labeled sample NifX-L(*’Fe,) was prepared
by treating unlabeled, extracted L-cluster initially with EDTA and
subsequently with >’Fe?*, followed by incubation with NifX
(Fig. 44, sample 2). The Méssbauer spectrum of the NifX-L(*"Fe,)
sample is strikingly different from that of the NifX—L(5 "Feg) sample
(Fig. 4 B, Middle). As for the spectrum of the NifX-L(*’Fes)
sample, the strong quadrupole doublet arising from the Fer sites is
still present; in contrast, the quadrupole doublet corresponding to
the Feg sites is nearly absent. Subtraction of the NifX-L(°’Fe,)
spectrum from the NifX-L(*’Feg) spectrum cleanly yields a single
quadrupole doublet that corresponds to the Fegy sites (Fig. 4 B,
Bottom). These observations demonstrate that the *’Fe labeling
protocol is indeed selective for the Fery sites and that the labeling
occurs with high efficiency (discussed below). The very small
contribution from the Feg sites to the Mdssbauer spectrum of
NifX—L(57Fez) arises from natural-abundance >’Fe, and, poten-
tially, a small degree of >’Fe incorporation into the Feg sites
(though we think the latter is negligible; see SI Appendix). Omit-
ting the EDTA treatment step from our protocol also results in
"Fe labeling of the Fer sites, albeit in lower yield (SI Appendix),
which highlights the intrinsic lability of the Fer sites.

Interestingly, the quadrupole doublet corresponding to the Fer
sites is slightly asymmetric; the high-energy peak is broader than
the low-energy peak, and together they are well-simulated by two
quadrupole doublets with equal area and slightly different pa-
rameters (Table 1 and Fig. 5 4, Top). Because the areas and

*Note that in addition to displaying very similar M&ssbauer spectroscopic properties, both
the L-cluster and NifB-co are EPR-silent in the NMF-isolated and NifX-bound states when
reduced by sodium dithionite (DTH). This observation further supports proposals that
NifB-co and the L-cluster are identical metalloclusters.
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linewidths of these two doublets are identical, there are two sets
of parameters that correspond to the same total simulation and
thus cannot be distinguished based on their quality of fit (see S/
Appendix for further discussion). Nevertheless, that the quad-
rupole doublets for the two Fer sites are distinct can be as-
cribed to differences in their coordination environments; below,
we prove this hypothesis using site-selectively labeled samples.

As a complement to the NifX-L(°’Fe,) sample, a sample with
an inverted isotope pattern [NifX-L(’’Fes)] was prepared by
subjecting isolated L(*'Feg) to the above procedure except adding
unlabeled Fe?* (Fig. 44, sample 3). This sequence removes >'Fe
from the Fer sites, leaving only the Feg sites labeled with 57Fe. As
expected, the resulting Mdssbauer spectrum shows a major
doublet arising from the six Fep sites with only a minor con-
tribution from the Fer sites (Fig. 4 C, Middle). The low intensity
of the Fer doublet in the NifX-L(*’Fe4) spectrum and the Feg
doublet in the NifX—L(>’Fe,) spectrum qualitatively indicate very
high labeling efficiency and selectivity. Global fitting of these
spectra utilizing Lamb-Mossbauer factors derived from the NifX—
L(*"Feg) spectrum indicate ~90% >’Fe incorporation into the Fer
sites (S Appendix). This labeling efficiency was corroborated by
measuring the *°Fe and >’Fe content using inductively coupled
plasma mass spectrometry (ICP-MS), which gave °’Fe/°°Fe
ratios of the NifX-L(*’Fe,) and NifX-L(*’Fe) samples corre-
sponding to 98(+6)% and 88(+10)% exchange of the terminal Fe
sites, respectfully. Taken together, the ICP-MS and Mdssbauer
analyses indicate effectively quantitative exchange of the Fer sites.
A complete discussion of the labeling efficiency is provided in
SI Appendix.

As an initial demonstration of the utility of this methodology,
we now show how site-selectively labeled samples of the L-cluster
can provide molecular-level insights into the nature of L-cluster
binding to NifX. NifX is thought to be involved in cofactor
transport and/or storage during FeMoco biosynthesis (Fig. 1) (17,
50). Although cofactor binding to NifX has been previously
demonstrated, NifX has not been structurally characterized, and it
is not well understood how NifX binds the L-cluster. To identify
which (if any) amino acid side chains function as ligands to the

L-cluster
0 + EDTA
o -y
o
©
+ EDTA
+ %Fe
300 350 400
BO (mT)

Fig. 3. X-band (9.37 GHz) EPR spectra of isolated L-cluster (Top), after ad-
dition of EDTA (Middle), and after subsequent addition of °’FeCl, (Bottom).
Spectra were recorded at 15 K with 1 mW power.
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Fig. 4. Preparation and Mossbauer spectroscopic analysis of °’Fe-enriched L-cluster samples. (A) Preparation of NifX-L(*’Feg) (sample 1), NifX-L(*’Fe,)
(sample 2), and NifX-L(*’Feg) (sample 3). (B) Massbauer spectroscopic comparison of NifX-L(*’Feg) (sample 1) and NifX-L(>’Fe,) (sample 2). (C) Méssbauer
spectroscopic comparison of NifX-L(*’Feg) (sample 1) and NifX-L(*’Feg) (sample 3). All spectra were recorded at 80 K. Black circles: experimental data. Black
lines: total simulations. Red lines: >’Fe-labeled sites. Gray lines: natural abundance >’Fe. Dashed red and gray lines: Feg sites. Solid red and gray lines: sum of

the two Fet doublets.

L-cluster, we utilized our site-selective labeling protocol in con-
junction with site-directed mutagenesis as described below.

NifX contains two highly conserved residues that could func-
tion as ligands to an Fe site of the L-cluster: H35 and C82.
Previous mutation studies on the NifX homolog, NafY, sug-
gested that H121 (analogous to H35 of NifX) is involved in
FeMoco binding, while the data for C166 (analogous to C82 of
NifX) were inconclusive (52). We therefore expected that H35
and possibly C82 of NifX could coordinate the L-cluster. To
assess this hypothesis, we acquired Mdossbauer spectra of wild-
type (WT), C82H, and H35C NifX-L(*’Fe,) samples, expecting
a significant difference between WT and mutant sample(s) in
which the mutated residue binds one of the Fer sites.

The Mossbauer spectrum of the C82H-NifX-L(*’Fe,) sample is
indistinguishable from that of WT-NifX-L(*'Fe,) (Fig. 5 A4, Left);
subtraction of the two spectra yields a horizontal line with no
features that rise above the noise. Based on this result we

Table 1. M®dssbauer parameters for NifX-L derived from global
fitting of the NifX-L(*’Feg), NifX-L(*’Fe,), and
NifX-L(*’Feg) spectra

NifX-L(>’Feg) at 80 K

Feg Fer (1) Fer (I1)
8, mm-s~’ 0.39 0.61 0.62
AEq, mm-s™ 1.03 1.36 1.54
I, mm-s~’ 0.29 0.28 0.28
Area, %* 79 21

Only one of the two possible sets of parameters for the Fer sites is shown
(S Appendix).
*The relative areas of the Feg vs. Fey sites are not 3:1 at 80 K due to differ-
ences in their Lamb—Mossbauer factors.

40f6 | PNAS
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conclude that C82 does not bind the L-cluster. In contrast, the
Méssbauer spectrum of the H35C-NifX-L(°’Fe,) sample is
clearly perturbed (Fig. 5 A, Right). The average isomer shift
decreases from 0.61 mm/s in the WT sample to 0.51 mm/s in the
H35C sample, as is particularly evident in the difference spectrum
(Fig. 5 A, Right). Such a decrease in isomer shift is consistent with
swapping a His imidazole ligand for a Cys thiolate ligand because
of the increased covalency of the Fe-S(Cys) bond vs. the Fe—
N(His) bond (see SI Appendix for further dlscussmn and relevant
comparisons) (53 54) As for the WT-NifX-L(*’Fe,) sample, the
H35C-NifX-L(*"Fe,) is equally well-simulated by two sets of sim-
ulation parameters (SI Appendix); nevertheless, based on the
change in average isomer shift, we can conclude that the H35C
mutation results in a change in primary-sphere ligation from His
to Cys for one of the Fer sites. Taken together, these results
demonstrate that H35—but not C82—binds to an Fer site of
the L-cluster (Fig. 5B).

In this study, we showed that the two classes of Fe sites in the
L-cluster exhibit differential lablhty, and we exploited this find-
ing to site-selectively incorporate >’Fe into the L-cluster. We
now briefly discuss the implications for FeMoco biosynthesis and
cofactor dynamics during nitrogenase catalysis.

The final steps of FeMoco biosynthesis involve substitution of
one of the Fer sites of the L-cluster with an Mo(homocitrate)
fragment to give FeMoco. The mechanism of this transformation
is poorly understood, but it must at some point entail breaking all
Fe-S bonds between an Fer site and its three p3-S ligands. In this
study, we found that the Fer sites of the L-cluster are inherently
labile and that, even under relatively forcing conditions (i.e., with
the addition of EDTA), the remainder of the cluster stays intact;
this both demonstrates the chemical feasibility of selective Fe
loss from the L-cluster during FeMoco biosynthesis and the re-
markably robust nature of the [FesC] core. The stability of the
[FesC] core is notable in the context of recent crystallographic

Srisantitham et al.
Postbiosynthetic modification of a precursor to the nitrogenase iron-molybdenum
cofactor
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Fig. 5. Interaction of the L-cluster with Av NifX. (A) Mossbauer spectra of
NifX-L(*’Fe,) samples. (Left) Comparison of WT-NifX-L(*’Fe,) and C82H-
NifX-L(*’Fe,), showing that the primary coordination sphere of the Fe sites
is identical for the two samples. (Right) Comparison of WT-NifX-L(>’Fe,) and
H35C-NifX-L(>’Fe,), showing a change in the primary coordination sphere of
one of the Fer sites. All spectra were recorded at 80 K. Black circles: exper-
imental data. Black lines: total simulations. Red lines: >’Fe-labeled Fer sites.
Dashed gray lines: natural abundance *’Fe in the Feg sites. See S/ Appendix
for further discussion of the fitting. (B) Depiction of L-cluster binding to H35
and not C82 of Av NifX.

studies of nitrogenases that demonstrate cleavage of belt Fe-S
bonds during turnover (32, 55-58). That the nitrogenase catalytic
cofactors can undergo such dramatic structural changes without
falling apart suggests a role for the interstitial C atom in stabi-
lizing the cofactor even as its Fe—S bonds are dynamically broken
and reformed. Our findings, along with other biochemical, spectro-
scopic, and computational work (59-62), support such a proposal.

Conclusion

In conclusion, we have reported a protocol for site-selective °'Fe
enrichment of the L-cluster, a key intermediate in FeMoco bio-
synthesis. EPR and Mdssbauer spectroscopic analysis indicates
that the Fer sites can be reversibly removed and reconstituted in
near-quantitative yield and selectivity, allowing for preparation of
samples with *’Fe in only the Fer or Feg sites. We illustrated the
utility of this methodology by probing the binding of the L-cluster
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to the maturase NifX. Additional studies, including extensions of
this strategy to other nitrogenase cofactors, are currently underway.

Materials and Methods

Av Cell Growth, NifEN Purification, and L-Cluster Isolation. Protocols were
adapted from literature procedures (38, 63); a detailed description is pro-
vided in S/ Appendix. In short, Av strain DJ1041 (which produces His-tagged,
L-cluster loaded NifEN) was grown in nitrogen-replete medium then dere-
pressed in nitrogen-deplete medium. The cells were harvested, flash-frozen
in liquid N,, and stored at —-80 °C. All subsequent steps were performed in
an anaerobic atmosphere (<5 ppm O,). After cell lysis, NifEN was purified
from the lysate by immobilized metal affinity chromatography and anion-
exchange chromatography. NifEN concentration was estimated by the
bicinchoninic acid method using bovine serum albumin as the standard
(64). The L-cluster was isolated by acidic denaturation of NifEN, protein
precipitation, washing the protein pellet with DMF, and extracting
into NMF supplemented with 5 mM sodium dithionite (DTH) and 1 mM
thiophenol. The L-cluster concentration was approximated using visible
spectroscopy (40).

NifX Overexpression and Purification. The Strep-tagged apo-NifX encoded
plasmid (pDB2109) was first transformed into Escherichia coli BL21-
gold(DE3). Cell growth was performed in lysogeny broth media, and NifX
overexpression was induced with isopropyl f-b-1-thiogalactopyranoside.
Cells were harvested, flash-frozen in liquid N,, and stored at -80 °C. Strep-
tagged apo-NifX was purified aerobically using the published procedure
(65). Purified apo-NifX was applied to a Sephadex G-25 column and subse-
quently eluted with anaerobic buffer containing 25 mM Hepes (pH 7.5),
200 mM Nacl, and 2 mM DTH. The concentration of apo-NifX was estimated
using the calculated absorbance at 280 nm (g250 = 20,110 M~"-cm™"), which
was derived from the NifX primary sequence using the ProtParam tool from
the ExPASy Proteomics Resource Portal (66). Site-directed mutations in apo-
NifX were introduced using the plasmid pDB2109 as a template and the
standard PCR protocol used for the PfuUltra High-Fidelity DNA Polymerase.
The primers are tabulated in S/ Appendix, Table S1. The presence of the
point mutation was confirmed by sequencing. The generated plasmids were
transformed using BL21-gold(DE3) E. coli competent cells. The growth,
overproduction, and purification of apo-NifX variants were conducted as
described for the WT apo-NifX.

Site-Selective Labeling of the L-Cluster. Isolated L-cluster was treated with 15
equiv. EDTA (added as a 100 mM aqueous stock solution) and stirred at
room temperature for 5 min. The solution was subsequently treated with
22.5 equiv. FeCl, added as a 100 mM aqueous stock solution (either natural
abundance FeCl, or *’FeCl,) and incubated for 5 min.

Insertion of the L-Cluster into apo-NifX. As-isolated or postbiosynthetically
modified L-cluster was added dropwise to a stirred solution of apo-NifX (3
equiv. relative to L-cluster) diluted in buffer containing 25 mM HEPES (pH
7.5), 200 mM NaCl, and 2 mM DTH at room temperature to a final NMF
concentration of 1% (vol/vol). The solution was incubated for 30 min, and
NifX-L was subsequently concentrated using an Amicon stirred cell equip-
ped with a 5-kDa filter. To ensure that excess metal ions and unbound
L-cluster were removed, holo-NifX was further purified by five, fourfold
dilution—concentration cycles through a 3-kDa Amicon centrifugal filter.

Spectroscopy. Routine methods for Mossbauer, EPR, ICP-MS, and analytical
size-exclusion chromatographic experiments were utilized and are described
in SI Appendix. The yield and selectivity of >’Fe labeling of the L-cluster were
determined using two complementary techniques: Mdssbauer spectroscopy
and ICP-MS. Detailed analysis and supplementary discussion are provided in
SI Appendix.

Data Availability. All study data are included in the article and/or S/ Appendix.
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