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Abstract

The Mo-nitrogenase catalyzes the reduction of N, to NH3 at its cofactor, an [(~-

homocitrate) MoFe;SgC] cluster synthesized via the formation of a [FegSgC] L-cluster prior to

the insertion of Mo and homocitrate. Previously, we have identified a [FegSgC] L*-cluster, which
is homologous to the core structure of the L-cluster but lacks the 9t sulfur” in the belt region.
However, direct evidence and mechanistic details of the L*- to L-cluster conversion upon “9th
sulfur’ insertion remain elusive. Here, we trace the ‘9 sulfur’ insertion using SeO3%~ and TeO32~
as ‘labeled’ SO3%~. Biochemical, EPR and XAS/EXAFS studies suggest a role of the ‘9" sulfur’
in cluster transfer during cofactor biosynthesis while revealing the incorporation of Se?™- and

Te2 -like species into the L-cluster. DFT calculations further point to a plausible mechanism
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involving /n-situ reduction of SO32~ to S2-, thereby suggesting the utility of this reaction to label
the catalytically-important belt region for mechanistic investigations of nitrogenase.

Graphical Abstract

Introduction

Nitrogenase catalyzes the ambient reduction of dinitrogen to ammonia, a key step in the
global nitrogen cycle, at its cofactor site.1* Designated the M-cluster (or FeMoco), the
cofactor of Mo-nitrogenase is a [(R-homacitrate)MoFe;SgC] cluster that can be viewed

as [MoFe3S3] and [Fe,S3] subclusters bridged by three ‘belt’ z»-sulfides (S27) and one
interstitial -carbide (C*7); additionally, its Mo ‘end” is ligated by an organic R-homocitrate
moiety (Supplementary Fig. 1a).5-6 Biosynthesis of the M-cluster (Supplementary Fig.
1a)*7-10 js initiated with the combined action of the cysteine desulfurase, NifS, and the
scaffold protein, NifU, which enables the sequential formation of [Fe,So] and [FesS4]
clusters. Subsequently, a pair of [FesS4] clusters (designated the K-cluster) is transferred to
NifB, an essential protein for cofactor biosynthesis, and converted to an [FegSgC] precursor
(designated the L-cluster) concomitant with the insertion of an interstitial carbide in the
center of the cluster and a ‘9t sulfur’ in its belt region.8:11.12 The L-cluster is then
transferred to NifEN, an indispensable assembly scaffold, where it is matured into a fully
complemented M-cluster upon substitution of Mo/homaocitrate for one of its terminal Fe
atoms.13:14 Once matured, the M-cluster is delivered from NifEN to its target binding site in
NifDK, the catalytic component of Mo-nitrogenase, thereby completing the biosynthesis of
this complex metallocofactor.9:10

Playing a pivotal role in nitrogenase cofactor biosynthesis, NifB catalyzes the most
dramatic transformation of a pair of the ‘usual’ [FesS4] clusters into an [FegSoC] precursor
with the “unusual’ geometry of the cofactor core. A member of the radical S-adenosyl-
L-methionine (SAM) enzyme family, NifB contains a canonical CxxxCxxC motif for

the ligation of a SAM-binding [Fe4S4] cluster (designated the SAM- or RS-cluster), as
well as additional, conserved Cys and His ligands for the coordination of a [FesS4]

cluster pair (/.e., the K-cluster, with its two 4Fe modules designated the K1- and K2-
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clusters, respectively).1516 Using a combination of biochemical, mutagenic, spectroscopic
and structural approaches, we have confirmed the presence of SAM- and K-clusters on

NifB and identified the respective ligands for these clusters through studies of NifB

proteins from Azotobacter vinelandii, Methanosarcina acetivorans and Methanobacterium
thermoautotrophicum.51112.16-18 More importantly, these studies have led us to the
proposal of a radical SAM-dependent pathway of carbide insertion concomitant with the

K- to L-cluster conversion on NifB (Supplementary Fig. 1b).#:910 This pathway begins

with transfer of a methyl group from one SAM molecule to the K2-cluster, followed by
abstraction of a hydrogen atom from the K2-bound methyl group by a 5’-dAs radical that is
derived from the homolytic cleavage of a second SAM molecule. The methyl-derived carbon
radical then initiates radical-based coupling and rearrangement of K1- and K2-clusters while
undergoing further deprotonation itself until a pg-coordinated carbide appears in the center
of the cluster.

Importantly, the cluster rearrangement and carbide insertion on NifB are accompaned

by the insertion of a ‘9" sulfur’ in the belt region of the cluster, which completes the
stoichiometry of the [FegSgC] L-cluster. Previously, by reconstituting the NifB protein from
M. acetivorans (designated MaNifB) with synthetic [FesS,4] clusters, we generated a protein
free of sulfur impurities introduced by the conventional FeCls/NayS reconstitution procedure
for the subsequent studies of the origin and insertion of the ‘9 sulfur’.11 These studies not
only revealed sulfite (SO327) as a source of the “9t" sulfur’, but also identified a [FegSgC]
precursor (designated the L*-cluster) that was formed upon incubation of MaNifB-bound
K-cluster with SAM in the absence of SO32~.1112 Fe K-edge XAS/EXAFS and ESEEM
analyses'2 pointed to a high degree of structural homology between the [FegSgC] L*-cluster
and the [FegSgC] L-cluster, with the former closely resembling the latter in structure

except for the absence of one belt /»-sulfide. This observation shed important light on

the sequence of events between carbide and sulfur insertion during the cofactor assembly
process, placing the insertion of the ‘9t sulfur’ after the formation of an 8Fe cofactor core
with the interstitial carbide already in place (/.e., the L*-cluster). However, direct evidence
for incorporation of SO32™ as the ‘9™ sulfur’ into the L*-cluster, as well as the mechanistic
details of this reaction, remains elusive.

Results and Discussion

To trace the incorporation and transformation of SO32~, we first examined whether heavy
chalcogenide congeners, SeO32~ and TeO32~, could substitute for SO32~ in the in vitro
cofactor maturation assay. Consistent with the closely related reactivities of S, Se and Te,
incubation of SO32~, SeO32~ or TeO32~ with the SAM-treated MaNifB in the presence

of a sulfur-free reductant, Eu''-EGTA, yielded MaNifB species capable of donating the
L-cluster (or its Se- or Te-substituted equivalent) that could be matured into an M-cluster
(or its Se- or Te-substituted equivalent) on NifEN and subsequently used to reconstitute

the cofactor-deficient apo NifDK (Fig. 1a; Supplementary Fig. 2a). In contrast, Se2~ or
Te2~ was unable to support cluster maturation in the same /i vitro assay (Supplementary
Fig. 2a), consistent with our previous observation that S2~ was inactive in this reaction.11
There was a difference in the concentration dependence of cofactor maturation activity with
S0427, Se042~ or TeO42~ as the source of the ‘9 sulfur’; most notably, the activity reached
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the maxima at 2 mM SO32~ but 0.5 mM SeO32~ or TeO32~ (Supplementary Fig. 2b). The
distinct behaviors of SO32~, Se032~ and TeO32™ in this reaction could be explained by the
discrepancies in the physical properties of S, Se and Te with respect to their sizes, acidities,
and bond strengths with a specific element. Regardless, at the optimum concentration,
Se042~ or TeO32~ supported cofactor maturation at a level comparable with that achieved by
S032~ (Fig. 1a). This observation points to the suitability of these compounds as ‘labeled’
sources of the ‘9t sulfur’.

Having established the ability of SeO32~ or TeO32~ in supporting cofactor maturation, we
then conducted continuous wave (CW) EPR analyses to monitor cluster transformation

on MaNifB. Consistent with the conversion of two 4Fe clusters (K-cluster) into an 8Fe

core (L*-cluster) prior to the incorporation of the 9" sulfur’, the SAM-treated MaNifB
(designated MaNifB-L*) displayed a distinct change in the line-shape of its S= 1/2 signal
(Fig. 1b, blue) from that of the untreated MaNifB (designated MaNifB-K) (Fig. 1b, black)
in the dithionite-reduced state. Moreover, in the IDS-oxidized state, an L-cluster-specific
signal appeared at g = 1.94 in the spectrum of MaNifB-L* (Fig. 1c, b/ue); in comparison,
this signal was absent from the spectrum of MaNifB-K (Fig. 1c, black). Incubation of
MaNifB with SAM and SO32~, SeO32~ or TeO32™ (designated MaNifB-L, MaNifB-LSe or
MaNifB-LT®) resulted in the same line-shape change of the respective S= 1/2 signal (Fig.
1b, green, red, brown) as that of MaNifB-L* (Fig. 1b, b/ue) in the dithionite-reduced state,
as well as the same g = 1.94 signal (Fig. 1c, green, red, brown) as MaNifB-L* (Fig. 1b, blue)
in the IDS-oxidized state. This observation suggests little to no impact of the insertion of
the “9t" sulfur’ or heavy chalcogenide congeners on the electronic properties of the 8Fe core
(7.e., the L*-cluster) despite the observed cofactor maturation activity of the cluster species
upon S-, Se- or Te-insertion that clearly distinguishes it from the inactive L*-cluster (Fig.
1a).

The cluster transformation on MaNifB was further examined by three-pulse electron spin
echo envelope modulation (3P-ESEEM). Consistent with the presence of a nitrogen ligand
for the K1 module of the K-cluster, MaNifB-K demonstrated deep modulations in the time
domain of the ESEEM spectrum (Fig. 2a, black) and the corresponding intensity between
0-6 MHz in the FFT (Fig. 2b, black).12:17.18 Upon incubation of MaNifB-K with SAM

in the absence or presence of SO32~, however, the resulting MaNifB-L* (Fig. 2a, b, blue)
or MaNifB-L (Fig. 2a, b, green) no longer displayed the deep modulations to the echo
intensity, suggesting a loss of nitrogen coupling upon conversion of the K-cluster to an L*-
or L-cluster.12 The same loss of nitrogen coupling was observed following treatment of
MaNifB-K with SAM in the presence of SeO32~ or TeO3%~ (Fig. 2a, b, red, browr). The
nearly indistinguishable behaviors of the heavy chalcogenide congeners from that of SO32~
in ESEEM (Fig. 2) and CW EPR (Fig. 1b) experiments, along with the their exchangeability
with SO32™ as the source of the ‘9t sulfur” in activity assays (Fig. 1a), establish the utility
of SeO32™ and TeO32~ as suitable spectroscopic probes to trace the incorporation of the “9th
sulfur” into the cofactor core.

In pursuit of this line of work, we first performed Fe K-edge XAS/EXAFS analyses of
MaNifB-LS¢ and MaNifB-LTe to assess the overall structure of the Se- and Te-substituted
L-clusters. A comparison of the smoothed second derivatives of the pre-edge data in the
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XANES regions revealed the structural similarity of the cluster species carried on MaNifB-
LSe and MaNifB-LTe to those carried on MaNifB-L* and MaNifB-L (Fig. 3a). As described
in our earlier report,12 the pre-edge spectrum of MaNifB-K consists of a single broad peak
centered at ~7112.6 eV (Fig. 3a, black), which is typical of the K-cluster (/.e., paired [FesS4]
clusters) with tetrahedral Fe site geometries.12:19 In comparison, the pre-edge spectra of
MaNifB-L* (Fig. 3a, blue) and MaNifB-L (Fig. 3a, green) have one peak at ~7112.6 eV

and a second peak emerging at ~7114.5 eV,12 which reflects the unusual geometry of the
L*- or L-cluster (Z.e., the 8Fe core) that is intermediate between tetrahedral and trigonal
pyramidal 1220 The same double-peak feature is also present in the second derivative of

the pre-edge spectra of MaNifB-LS¢ and MaNifB-L e (Fig. 3a, red, brown), suggesting an
overall structural similarity of these cluster species to the L*- and L-cluster. Consistent

with the similarity of the pre-edge data, the Fe K-edge data for MaNifB-L, MaNifB-LSe

and MaNifB-LTe all have similar fits of the EXAFS data, featuring (/) Fe-S scatterers at
2.23-2.25 A, which correspond to the Fourier Transform (FT) features at R+A ~1.7 A; (/i)
Fe---Fe scatterers at ~2.6 A from the cubane-like ends of the cluster, which correspond to
the FT feature at R+A ~2.4 A; and (/i) a long-range Fe---Fe scatterer at ~3.70 A from the Fe
centers across the carbide core, which corresponds to the FT peak at R+A ~3 A (Fig. 3b, c;
Supplementary Tables 1-3). Taken together, these observations suggest an overall structural
conservation among these cluster species.

With the structural homology of the Fe/S core of the Se- and Te-incorporated L-cluster
established, we then explored the transformation of SO32™ into the ‘9 sulfur’ through Se
and Te K-edge XAS/EXAFS analyses. The Se K-edge EXAFS data is best fit with two
Se—Fe scatterers at 2.38 A (Fig. 4a, b, upper, Supplementary Tables 4 and 5), suggesting
reduction of SeO32™ upon its incorporation into the L-cluster that results in Se—Fe bond
distances observed in synthetic [Fe4Se4] clusters.21:22 The reduction of SeO32~ is further
supported by an apparent change in the rising edge of the normalized fluorescence spectrum
of Se species (Fig. 4c, ypper), as well as the notable absence of a sharp, intense FT feature
below R+A ~1.5 A that would have originated from short oxido (S=0) bonds (Fig. 4a,
uppen). While the possible presence of SeO and SeO, species cannot be ruled out, inclusion
of O scatterers does not improve the fits in a meaningful manner, and the number of S-O
scatterers that can be fit is relatively small (N<1). This observation, along with the fact

that a substantial amount of Se—Fe scatterers with Se—Fe-type bonds of [FesSe,4] clusters is
required for the fit, suggests that a major portion of SeO32~ has been fully reduced to Se2™.
Paired with the Fe K-edge data, the Se K-edge data points to a possible route of SeO32~
incorporation as Se2™ into the belt position of the L-cluster.

Like SeO32~, TeO32~ also undergoes reduction upon its incorporation into the L-cluster, as
indicated by a clear change in the rising edge of the normalized fluorescence spectrum of
Te species (Fig. 4c, fower) and the absence of the characteristic FT feature of short oxido
(Te=0) bonds (Fig. 4a, fower). Unlike the Se K-edge data, however, the Te K-edge data

is best fit with (/) one Te—Fe interaction at 2.55 A, which is consistent with Te-Fe bonds
found in the crystal structures of FeTe complexes, including [FesTe4] clusters;23:24 and (/i)
two longer Te---Fe distances at 2.79 A, which are too long to be formal bonds given the
crystallographically determined range of Fe—Te bonds between 2.5 and 2.7 A (Fig. 4a, b,
lower, Supplementary Tables 4 and 6). Inclusion of O scatterers does not yield a substantive
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improvement on the goodness of fit parameters, although the small FT peaks between R+A
~1-2 A (Fig. 4a, Jowen can be fit with Te-O distances at ~1.9 and 2.1 A (Supplementary
Table 6). This observation implies that a small portion of the Te species has an oxygen
ligand(s), although the majority of the Te species is likely free of oxygen, as indicated by
the necessity to include a large number of Te—Fe distances typically found in the FeTe
complexes and a relatively small number of Te—O distances for the fit.

Based on the Fe, Se and Te K-edge data, it can be proposed that SeO32~ is mostly inserted
as a /b-belt Se?~ that is bridged symmetrically between a pair of cluster Fe atoms of the
LSe-cluster (in MaNifB-LSe); whereas TeO32~ is mainly inserted as a belt Te2"-like species
that forms a bond with one of the cluster Fe atoms of the LTe-cluster (in MaNifB-LT€) and
additionally interacts with two other Fe atoms at a longer distance than a formal bond (Fig.
4d). Together, these observations indicate that SO32~ is incorporated as S2~ in the belt region
of the L-cluster. Consistent with this argument, incubation of the SAM-treated MaNifB with
345042 in the presence of Eu!l-EGTA, followed by acid quenching, resulted in the release
of the acid labile, cluster-bound 3452~ as H,34S (Supplementary Fig. 2c). The possible
presence of a small portion of XO or XO, species (X=Se, Te), particularly in the case of

Te, may originate from an incomplete reduction of these ‘unnatural’, heavy chalcogenide
congeners en routeto fully reduced X2~ species. Moreover, the configurations of both the
fully reduced species (X27) and the partially reduced intermediates (XO or XO5) point to the
possibility of /7 situ reduction of SO32~ to S2™ at the ‘vacant’ belt site during the insertion of
the “9t sulfur’.

To further explore the insertion mechanism of the ‘9t sulfur’, we performed DFT
calculations of the energetics of the coordination of X032~ species (X= S, Se, or Te) to

the ‘9t sulfur’-deficient L*-cluster (see Supplementary Methods for computational details).
For the initial coordination step, we considered two possible binding scenarios for X032
one scenario involves coordination of one cluster Fe atom by the X atom, and another cluster
Fe atom by one O atom of the X032~ ligand (Fig. 5a, the ‘one O route’); whereas the

other scenario involves coordination of two O atoms of the X032~ ligand by two cluster

Fe atoms, each O atom ligated by one cluster Fe atom (Fig. 5b, the ‘two O route?). As
illustrated by the calculated reaction energies, the coordination and the subsequent, complete
reduction of X032~ to X2~ at the “vacant’ belt site of the L*-cluster are energetically feasible
in both scenarios, independent of the nature of the X atom (Fig. 5a, b). However, when

the cumulative reaction energy is plotted versusthe reaction step, it would appear that

the S species favors the “‘one O route’, while the Se and Te compounds favor the ‘two O
route’, especially when the energy of the first reduction step is considered (Fig. 5c). Given
the pK; values of HyX03,25-27 it is plausible that the terminal O atoms of SeO32~ and
TeO42™ have higher basicity and stronger tendency to donate electrons to metals than the
terminal O atoms of SO32~. Such a discrepancy in electron donating ability, along with

the size difference among X atoms (S<Se<Te), could contribute to the preference of SO32~
for the ‘one O route’ and the preference of SeO32~ and TeO32™ for the ‘two O route’ at

the beginning of the reaction. But more importantly, the overall energetic feasibility of this
type of reaction suggests a cluster-facilitated, /77 situ reduction of the X032~ species via
dissociation of water molecules.
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The observation that the 9t sulfur’ position needs to be occupied by an X032 -derived
species in order to achieve cofactor maturation activity led to the question of the role played
by the “9t" sulfur’ in this process. To address this question, we incubated a non-tagged form
of NifB with a His-tagged form of apo-NifEN in the presence of SAM with or without
X032, separated NifEN from NifB after incubation, matured the L-cluster species on
NifEN, and subsequently examined the ability of NifEN to donate M-clusters to apo-NifDK.
Interestingly, NifEN incubated with NifB in the presence of X032~ was capable of donating
M-clusters for the reconstitution of apo-NifDK; whereas NifEN incubated with NifB in the
absence of X032~ was inactive in this reaction (Fig. 6a). CW EPR analysis further revealed
the presence of the L-cluster-specific, g= 1.96 signal in the spectrum of NifEN prepared
with X032~, and the absence of this signal from the spectrum of NifEN prepared without
X032~ (Fig. 6b). The fact that the L*-cluster with a ‘vacant’ belt site cannot be transferred
from NifB to NifEN suggests a crucial role of the ‘9t sulfur” in stabilizing the cluster for
inter-protein cluster transfer. Moreover, the comparable substrate-reducing activities of the
NifDK proteins reconstituted with the S-, Se- and Te-containing M-clusters (Fig. 6a; also
see Fig. 1a) could be explained by a plausible cluster rotation mechanism that involves
substrate binding and product release via dynamic displacement and replacement of belt
sulfurs during catalysis (Supplementary Fig. 3).28 In this scenario, the displacement of S, Se
or Te is eventually followed by a ‘refill” with S, which renders the S-, Se- and Te-containing
M-clusters indistinguishable from one another in their catalytic capabilities.

Conclusion

Using SeO32~ and TeO32™ as a labeled SO32~ source, we have successfully traced the
incorporation of SO32" as the ‘9t S27* into the belt region of the L-cluster, an [FegSgC]
precursor of the nitrogenase cofactor. Our results have provided strong support for the
appearance of the L*-cluster, an [FegSgC] precursor that represents the core geometry of
the cofactor but lacks the 9t sulfur’ in the belt region, prior to the [FegSqC] L-cluster
along the cofactor biosynthetic pathway; moreover, these results have led to the proposal
of a plausible mechanism of /n situ reduction of SO32~ to S2~ at the ‘vacant’ belt site,

a process initiated via coordination of the S/O atoms of SO32~ to a pair of Fe atoms
across the belt. The insertion of the 9t belt sulfur’ during cofactor biosynthesis loosely
mirrors the proposed ‘refilling” of the belt-sulfur-displaced sites during nitrogenase catalysis
(Supplementary Fig. 3),28 both of which reflect the labile nature of the belt region of the
cofactor29:30 that is crucial for the assembly and mechanism of nitrogenase. In the case of
the former, insertion of the 9t sulfur’ in the belt region stabilizes the cofactor precursor,
allowing it to be transferred as an intact unit to the next receptor protein; whereas in the
case of the latter, the displacement and refilling of belt sulfur(s) may facilitate release of the
products and continuation of catalysis. In both cases, the spectroscopic evidence reported
herein seems to point to a weakly ligated atom (S, Se, or Te) that may act more like a —2
counter charge than a coordinating ligand in the belt region of the L- or M-cluster, which
could account for the insensitivity of the spectral data to the identity and coordination of
this belt atom. Importantly, the feasibility to use ‘labeled” SO32~ as the source of the “9th
sulfur’, as established in this work, could prove instrumental for labeling the catalytically
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important belt region of the nitrogenase cofactor, which will in turn facilitate mechanistic
investigations of nitrogenase-catalyzed reactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Incorporation of S, Se and Te into the L*-cluster.
(a) M-cluster maturation activity of MaNifB (carrying the K-cluster) without treatment with

any additive or upon incubation with SAM alone, SAM plus SO32~, SAM plus SeO32~,

and SAM plus TeO3%~. Eu''-EGTA, a sulfur-free reductant, was used in these assays.
Activity data were obtained from three independent experiments (n=6) and presented as
meanzs.d. Activities were normalized based on the L-cluster contents. (b, ¢) EPR spectra

of (b) dithionite-reduced and (c) IDS-oxidized MaNifB (carrying the K-cluster) without
treatment with any additive (MaNifB-K; b/ack) or upon treatment with SAM (designated
MaNifB-L*; blue), SAM plus SO3%~ (designated MaNifB-LS; green), SAM plus SeO32~
(designated MaNifB-LS¢; red), and SAM plus TeO32~ (designated MaNifB-LTe; brown). The
spectra were recorded as described in Methods. Shown are the representative spectra of three
independent experiments (n=3). The g values are indicated.
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Fig. 2. Three-pulse ESEEM spectra of various MaNifB proteins.
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(a) Time domain and (b) fast Fourier transformed (FFT) spectra of MaNifB-K (b/ack),
MaNifB-L* (blue), MaNifB-LS (greer), MaNifB-LS¢ (red), and MaNifB-LTe (brownr). The
large modulations observed in the time trace (a) and the corresponding FFT peaks of
MaNifB-K between 0-6 MHz (b) are characteristic of the hyperfine coupling of a nitrogen
coordinating the K1 cluster. These modulations from the ligating nitrogen are lost upon
formation of the L*-, LS-, LS- and LTe-clusters. Experimental conditions: r/2 width=12 ns,
=128 ns, T increments=16 ns, frequency=9.816 GHz, temperature=10 K. Shown are the

representative spectra from two independent experiments (n=2).
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Fig. 3. Fe K-edge XAS analysis of of various MaNifB proteins.
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(a) Pre-edge regions of the normalized fluorescence spectra (¢ypper) and smoothed second
derivatives of the pre-edge regions (/ower), (b) Fourier transforms of the EXAFS data
(dotted) and the best fits of data (solid), and (c) A3-weighted EXAFS data (dotted) and
the best fits of data (solid) of MaNifB-K (black), MaNifB-L* (blue), MaNifB-LS (green),
MaNifB-LSe (red), and MaNifB-LTe (browr). See Supplementary Tables 1-3 for detailed

EXAFS fits.
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Figure 4. Se and Te K-edge EXAFS analyses of of various MaNifB proteins.
(a) Fourier transforms of Se (uppen) and Te (Jower) K-edge EXAFS data (dotted) and the

best fits of data (so/id), (b) k3-weighted EXAFS data (dotted) and the best fits of data (sofid)
of MaNifB-LS¢ (ypper) and MaNifB-LTe (Jower) (see Supplementary Tables 4-6 for detailed
EXAFS fits), (c) spectra of the rising edges of the Se (ypper) and Te (/fower) normalized
K-edge fluorescence spectra for MaNifB-LX (sofid) and the corresponding Nay,XO3 (X=Se,
Te) references (dashed), and (d) schemes of the reactions the L*-cluster could undergo
within the MaNifB protein scaffold based on EXAFS data analysis.
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Fig. 5. Coordination and reduction of XOgZ_ X
under-coordinated L*-cluster.

Reaction energies of the (a) first and (b) second coordination scenario, obtained from

S, Se, Te) at the free binding site of an

Page 14

DFT calculations (TPSS/def2-TZVP, COSMO e=20, DFT-D3) on L-cluster models with
the assumption that coupled e/H™ transfer occurs after the initial coordination step. The
energies (kcal/mol) for S, Se, and Te incorporation are indicated in the schemes. (c)

Cumulative reaction energies of S (/ef?), Se (middle) and Te (right) incorporation from

the corresponding X032~ (X=S, Se, Te) species for the first (b/ack) and second (red)

coordination scenario.
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Fig. 6. The role of the ‘ot sulfur’ in cluster transfer from NifB to NifEN.
(a) M-cluster maturation activity and (b) EPR spectra of the IDS-oxidized NifEN that

was re-purified after incubation with NifB-L* (b/ue), NifB-LS (green), NifB-LS¢ (red)

and NifB-LT® (brown). NifB-L*, NifB-LS, NifB-LS€ and NifB-L " were generated upon
incubation of NifB-K with SAM in the absence and presence of the respective X032~

(X=S, Se, Te) species as indicated in the figure. The maximum maturation activity, 71+5
nmol C,H4/mg NifDK/min, was set as 100%, and the percentage maturation activity was
calculated accordingly (a). Activity data were obtained from three independent experiments
(n=6) and presented as mean+s.d. The EPR spectra were recorded as described in Methods,
and the g value of the L-cluster-specific signal is indicated (b). Shown are the representative
spectra from three independent experiments (n=3). An impurity occasionally observed at g =
2.01 in the spectra of IDS-oxidized samples is indicated by *.
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