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The Nitrogenase FeMo-Cofactor Precursor Formed by NifB Protein: A
Diamagnetic Cluster Containing Eight Iron Atoms
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Abstract: The biological activation of N, occurs at the FeMo-
cofactor, a 7Fe-95-Mo—C-homocitrate cluster. FeMo-cofactor
formation involves assembly of a Fey, Sy—C core precursor,
NifB-co, which occurs on the NifB protein. Characterization of
NifB-co in NifB is complicated by the dynamic nature of the
assembly process and the presence of a permanent [4Fe—4S]
cluster associated with the radical SAM chemistry for generat-
ing the central carbide. We have used the physiological carrier
protein, NifX, which has been proposed to bind NifB-co and
deliver it to the NifEN protein, upon which FeMo-cofactor
assembly is ultimately completed. Preparation of NifX in
a fully NifB-co-loaded form provided an opportunity for
Mossbauer analysis of NifB-co. The results indicate that NifB-
co is a diamagnetic (S=0) 8-Fe cluster, containing two
spectroscopically distinct Fe sites that appear in a 3:1 ratio.
DFTanalysis of the " Fe electric hyperfine interactions deduced
from the Mossbauer analysis suggests that NifB-co is either
a 4Fe*"—4Fe’ or 6Fe*'-2Fe’" cluster having valence-delocal-
ized states.

M o-nitrogenase carries at its active site a complex cofactor,
designated FeMo-co, composed of a [7Fe—-Mo0-9S-C] portion
bound to homocitrate (Figure 1A). FeMo-co biosynthesis
occurs outside nitrogenase in a pathway involving a series of
Nif proteins that act as substrate-providing enzymes, molec-
ular scaffolds, or cluster carriers.!] NifB catalyzes the first
committed step in the pathway, that is, the conversion of [4Fe—
4S] clusters into NifB-co, an Fe-S cluster of higher nuclearity
with a central C atom that serves as precursor of FeMo-co in
Mo-nitrogenase, of FeV-co in V-nitrogenase, and of FeFe-co
in Fe-only nitrogenase.” Interestingly, NifB-co was purified
before NifB,P! and its role as FeMo-co precursor was
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Figure 1. A) Structure of FeMo-co. B) [8Fe-9S—C] NifB-co structure
proposed in this work. C) NifB-co dependent in vitro synthesis of
FeMo-co and apo-nitrogenase activation with purified NifB-co (@) or
NifX/NifB-co (O) samples. Top right: anaerobic vial with pure NifB-co
(0.93 mm Fe). Bottom right: anaerobic vial with pure NifX/NifB-co
(0.85 mm Fe).

unambiguously established by the transfer of **Fe and *S
labels from NifB-co into FeMo-co.[! NifB-co binds readily to
NifEN, a nitrogenase-like molecular scaffold, and can be
shuttled from NifB to NifEN by the metallocluster carrier
protein NifX (Supporting Information, Figure S1).”! The final
stage of FeMo-co synthesis occurs in a NifEN/NifH com-
plex.”! Extended X-ray absorption fine structure (EXAFS)
and nuclear resonance vibrational spectroscopy (NRVS)
analysis of invitro produced NifX-bound NifB-co (NifX/
NifB-co) indicated that it comprised, at a minimum, the
central [6Fe-9S—C] moiety of FeMo-co.”! Herein, we purify
an in vivo formed NifX/NifB-co complex and use Mdssbauer
spectroscopy and density functional theory (DFT) to inves-
tigate the Fe centers in NifB-co (Figure 1B).

Two methods were used to produce NifX/NifB-co. In
method 1, “’Fe-enriched purified NifB-co preparations were
obtained from Klebsiella oxytoca cells derepressed for nitro-
genase.’! Azotobacter vinelandii NifX was obtained from
recombinant E. coli cells.’! NifX/NifB-co complexes were
prepared in vitro under reducing conditions (2 mm dithionite)
as in Ref. [5] and concentrated to 2 mm *’Fe in an Amicon cell
equipped with a YM10 membrane. In method 2, to avoid
possible artifacts derived from NifB-co isolation or from
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NifX/NifB-co complex formation in vitro with method 1, we
generated a K. oxytoca strain in which FeMo-co biosynthesis
was interrupted at the level of NifEN and a glutathione-S-
transferase (GST)-NifX fusion protein was overexpressed,
leading to the in vivo accumulation of “'Fe-enriched NifX/
NifB-co complex that was purified by affinity chromatogra-
phy (method 2, Supporting Information, Figures S1 and S2).
In vivo generated NifX/NifB-co contained an average of 7.4
Fe atomsmol ! of NifX (average from 10 preparations) and
was active in the FeMo-co biosynthesis and nitrogenase
activation assay (Figure 1C).

The zero-field Mossbauer spectrum of invivo formed
SFe-enriched NifX/NifB-co (method 2) recorded at 42K
exhibited two quadrupole doublets (Figure 2A). For the
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Figure 2. M&ssbauer spectra of NifX/NifB-co prepared by the in vivo
method (method 2). A) and B) are zero-field spectra recorded at 4.2 K
and 150 K, respectively. C) Spectrum recorded at 4.2 K with 8.0 T
applied magnetic field parallel to the vy radiation. Black solid lines are
spectral simulations using the parameters in Table 1. Black dashed
lines are spectral simulations of doublet 1. The black arrows indicate
the high-energy absorption line of doublet II, and the grey arrows
indicate the high energy absorption line of ferrous impurity represent-
ing approximately 4% of the total iron in the sample (see the
Supporting Information, Figure S4).

minor doublet (doublet IT), only the high-energy absorption
line is resolved, while the low-energy line is hidden under the
low-energy line of the major doublet (doublet I). By using
a Fourier transform technique to eliminate the *’Co source
linewidth contribution to the spectrum (Supporting Informa-
tion, Figure S3),*” we showed that the low-energy lines of
doublets I and II coincide. The fit of the spectrum in
Figure 2 A gave the isomer shifts and quadrupole splittings
of 8,=0.41 mms", AEy=1.04mms' (doublet I), &;=
0.62mms™', AEq;=1.46mms™"' (doublet II), and a I:II
absorption ratio of circa 3:1 (Table 1). The isomer shift has
been used as a reliable oxidation state indicator in Fe-S
cluster studies."”! The isomer shift of doublet I is almost
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Table 1: Mé&ssbauer parameters of *’Fe-enriched NifX/NifB-co.!

T Method 1 Method 2
[K] Doublet I  Doublet Il Doublet |  Doublet Il
& [mms el 0.41(1) 0.58(1) 0.41(1) 0.62(1)
4y AEg[mm s9 0 +1.02(2)  +1.55(3)  +1.04(2) +1.46(3)
“ Area [%] 73(2) 26(2) 71(2) 24(2)
T [mms™']d 0.27 0.30 0.28 0.31
S [mms® 0.42(1) 0.59(1) 0.41(1) 0.63(1)
150 AEo[mms™[4 091(2) 1.34(3) 1.00(2) 1.33(3)
Area [%] 85(2) 15(2) 78(2) 18(2)
I [mms™"e 0.28 0.33 0.31 0.32

[a] The numbers in parentheses are uncertainties of the least significant
digit. [b] Isomer shifts are quoted relative to iron metal at 298 K. Isomer
shifts obtained in the experiments are not subject to second-order
Doppler shifts due to the instrumental setup, in which the source and the
sample were kept at the same temperature. [c] AE, signs were
determined from the 8.0 T spectrum. [d] The linewidths used in the
spectral simulations.

identical to the averaged isomer shift of FeMo-co from A.
vinelandii (3,,=0.41 mms™" at 4.2 K),' of FeV-co from A.
vinelandii (0,, = 0.39 mms™" at 80 K),!'”) and of FeFe-co from
Rhodobacter capsulatus (0, =040 mms™" at 77 K).'*! The
isomer shift of doublet II is in the range of the isomer shifts of
the ferrous sites in Fe—S clusters.'”’ The quadrupole splittings
of the two doublets are temperature dependent (Table 1).
Moreover, at higher temperatures, the absorption area ratio
between doublets I and II changed from 3:1 (at 4.2 K) to > 4:1
(at 150 K). As the Mdssbauer absorption area is proportional
to the Lamb-Mossbauer factor, f; \;, the observed ratio change
implies that the f,; for the Fe sites of the two quadrupole
doublets have different temperature dependences (Fig-
ure 2A,B and Table 1). This observation suggests that the
Fe sites represented by doublet I are bound more tightly than
those represented by doublet II. Identical Mdssbauer spectra
with a [:IT absorption ratio of approximately 3:1 at 4.2 K were
also observed for the NifX/NifB-co sample prepared in vitro
(method 1, Supporting Information, Figures S5 and S6 and
Table 1). The similarity in the results obtained with methods
1 and 2 strongly suggests that doublets I and II do not belong
to different Fe-S clusters in the samples but are associated
with distinct sites of a single NifB-co cluster. Distinct iron
sites with different temperature dependences of f;,, have also
been observed in the P-cluster of the MoFe protein.¥
Because the Fe-site ratio determined from the 4.2 K spectra
was found to be more reliable than the ratios obtained at
higher temperatures, the 4.2 K ratio was used to determine
the relative abundance of the spectroscopically distinct Fe
sites in NifB-co.

The 3:1 absorption ratio constrains the number of Fe
atoms in NifX/NifB-co. Chemical analysis showed that there
are circa 7.4 Fe atoms mol ! NifX, hence NifX/NifB-co is most
likely an 8-Fe cluster with 6 Fe atoms represented by doublet I
and 2Fe atoms by doublet II. Previous EXAFS and NRVS
studies suggested that NifX/NifB-co prepared by method
1 contained at least 6 Fe sites that were best described as the
central [6Fe—9S—X] moiety of FeMo-co (X is the interstitial
atom, later identified as C**),["'*1°l although 7-Fe and 8-Fe
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models were not ruled out. The current Mossbauer data
provide evidence supporting an 8-Fe cluster for NifX/NifB-co.
The observation of two distinct types of Fe sites in NifB-co is
unique: six out of the eight irons in NifB-co have delocalized
valences, while the remaining two have localized valences.
NifB-co is different from FeMo-co, in which all irons have
delocalized valences.!"!!

To determine the spin state of NifX/NifB-co, high-field
Mossbauer measurements were performed. Figure 2 C shows
the 8.0T spectrum of “'Fe-enriched NifX/NifB-co. The
simulation reveals that both quadrupole doublets observed
in the zero-field spectrum are diamagnetic (S=0), which is
consistent with previous EPR studies of NifX/NifB-co.”
From Figure 2C, the sign of AE, as well as the asymmetry
parameters for the two quadrupole doublets have been
determined, yielding AE, >0 and 7,=0.7 (doublet I), 7, =
0.2 (doublet II).

The Mossbauer parameters for NifX/NifB-co guided the
DFT studies (for details, see the Supporting Information).
Table 2 lists our attempts to determine the oxidation state of

Table 2: |somer shifts from DFT and Méssbauer spectroscopy for NifB-
co.

Method Oxidation State S [mms™] =8 [mms]

Fer Feg
[2Fer’"6Feg, t9S* C* 1 0.40 0.28 2.48
[2Fes 6Feg, t9S* C*]° 0.56 0.29 2.86
DFT [2Fes 6Feg, **"9S> C* >~ 0.49 0.38 3.26
[2Fe;*"6Feg > 7987 C*]* 0.41 0.49 3.76
[2Fe; 6Feg, "9S*"C* ¢ 0.38 0.70 4,96
[2Fe;**6Feg, 657 3(HS) C* " 0.55 0.36 3.28
[2Fe;” 6Feg, "6S*"3(HS) C* '~ 0.72 0.35 3.52
DFT [2Fe;*"6Fe, ¢ '6S* 3(HS) C*]'" 0.62 0.41 3.7
[2Fe;**6Feg, P 6S*3(HS)"C*]'~ 0.52 0.52 413
[2Fe;”*6Fes, t6S” 3(HS) C* P~ -9 M L
Mb [8Fe nS* mH'X]? 0.62 0.41 3.70

[a] The results were obtained for B3LYP/TZVP optimized structures of
imposed Dy,-symmetric clusters (Figure 3 and Supporting Information,
Figure S8) for the broken-symmetry state FeTT3(FeEq~L)3(FeEqT) Ferl; the
0 values were subsequently evaluated from single-point B3LYP/6-311g
calculations for B3LYP/TZVP optimized structures. The calibration used
for evaluating O from the DFT results has been described in the
Supporting Information. Fe, terminal iron; Feg,, equatorial iron. [b] Sum
over the isomer shifts of the eight irons in NifB-co is calculated as =
0=60(Fee,) + 20(Fey). [c] No satisfactory state was obtained. [d] Mb:
Méssbauer.

the NifB-co cluster using Ds,-symmetric unprotonated [8Fe—
9S—-C] and protonated [8Fe—6S-3(w,-SH)-C] clusters. The
structural model and electronic state used in the DFT
calculations are illustrated in Figure 3 in the case of the
[8Fe-9S-C] cluster, and the Supporting Information Fig-
ure S8 for the protonated cluster. As NifB-co has a diamag-
netic electronic ground state (both as-isolated and in the
complex with NifX), the oxidation states of the 8-Fe cluster
model have been changed, starting from the all-ferric cluster,
in 2e” reduction steps using the broken symmetry (BS)
state.''8] All the models tested had two types of iron with 3:1
ratio (six equatorial irons, Feg,, and two terminal irons Fer),
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Figure 3. Left: DFT optimized structure for the

[2Fe;” 6Feg,"**"9S* C* |*~ cluster. S=light grey, Fe =dark grey, and
C=black. Right: Spin density plot for the broken symmetry state with
Ms=0 for which the structure was optimized. Net spin-up density
(dark mesh) and net spin-down density (white mesh).

consistent with the Mossbauer results. The calculated & values
generally follow the trend that a lower iron oxidation state
(Fe** vs. Fe**) gives a higher § value. With no information
available regarding the spin ordering in NifB-co, the ordering
adopted in the BS-DFT calculations (Figure 3) may not yield
accurate results for the individual iron sites. However, the
sum of  values (Z 0 in Table 2) is expected to be an indicator
for the oxidation state of the NifB-co cluster. Among all the
oxidation states calculated for the D5, 8-Fe cluster model, the
unprotonated (—4) state with a formal 6Fe*"2Fe*" config-
uration ([2Fe;**6Feg,***9S*"C*]*") and the protonated (+1)
state with a 4Fe**4Fe’" configuration ([2Fe;*"6Fe,* 65> -
3(HS) C*]'") provide the best agreements with the Mossba-
uer data (see the Supporting Information).

In the FeMo-co biosynthetic pathway, the NifB-co pro-
duced by NifB binds to the NifEN scaffold protein and is
further modified in a series of reactions that include the
incorporation of Mo and homocitrate to yield FeMo-co.!"”
The first of such reactions is the conversion of NifB-co into
the VK-cluster,” a Mo-free, homocitrate-free paramagnetic
Fe-S cluster capable of undergoing two-electron redox
transitions. The atomic structure of the VK-cluster (renamed
as L-cluster by the authors) inside the A. vinelandii NifEN
protein has been recently solved;?” its electron density map
was consistent with a [8Fe-9S] cluster closely resembling the
inorganic [7Fe-Mo-9S-C] core of FeMo-co, although the
2.6 A resolution did not allow the observation of the
interstitial C atom. The present evidence, which supports
that NifB-co is an 8-Fe cluster, suggests that VK-cluster
formation requires no additional Fe and that NifB-co and the
VK-cluster are equivalent in terms of nuclearity. This
interpretation is intriguing because NifB-co is a diamagnetic
cluster, whereas the VK-cluster exhibits paramagnetism in
both the reduced and the oxidized states.”! This implies that
these clusters are in different oxidation states and/or have
different spin ordering schemes. Further experiments are
underway to determine the origin of the spectroscopic
differences between NifB-co and the VK-cluster and its
relevance to the FeMo-co biosynthesis.

In conclusion, the first complex Fe-S cluster intermediate
in the FeMo-co biosynthetic pathway, NifB-co, exhibits two
quadrupole doublets with an absorption area ratio of 3:1 at
4.2 K. Both doublets are diamagnetic, consistent with irons
belonging to the same S =0 spin system. By comparing with
previous Mossbauer experiments on FeMo-co, FeFe-co, and
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FeV-co (particularly the isomer shifts), along with DFT
calculations within the broken symmetry formalism on a D5,
symmetric 8-Fe cluster model, we conclude that NifB-co is
best described as an 8-Fe cluster with either formal (6Fe*"—
2Fe*") or (4Fe*'—4Fe*") configurations. Two of the irons (Fer)
are more loosely bound than the remaining six (Feg,) based
on the difference in the temperature dependence of the
Lamb-Mossbauer factor, fy;, as anticipated for the capping
irons in the 8-Fe cluster.
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