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Spectroscopic Characterization of the Isolated Iron-Molybdenum
Cofactor (FeMoco) Precursor from the Protein NifEN**
Aaron W. Fay, Michael A. Blank, Chi Chung Lee, Yilin Hu,* Keith O. Hodgson,*

Britt Hedman,* and Markus W. Ribbe*

Nitrogenase provides the biochemical machinery for the
conversion of atmospheric dinitrogen (N,) into bioavailable
ammonia (NH;). The best-characterized molybdenum (Mo)-
nitrogenase consists of two redox-active metalloproteins: the
iron (Fe) protein and the molybdenum-iron (MoFe) pro-
tein.'! During catalysis, the Fe protein mediates the transfer
of electrons to the iron-molybdenum cofactor (FeMoco) site
of the MoFe protein, where substrate reduction eventually
occurs. FeMoco ([MoFe,;SoX-homocitrate], X =C, N or O) is
arguably the most complex metallocluster found in nature,
and the biosynthesis of this cofactor is an intricate process
that involves the participation of many protein factors.!
NifEN is one of the key players in this process. An a,f3,-
tetrameric protein that is highly homologous to the MoFe
protein in primary sequence and cluster type, NifEN serves as
a scaffold for the maturation of a FeMoco precursor into a
fully assembled cofactor prior to its transfer to the target
location within the MoFe protein.”) Apart from playing a
crucial role in cofactor biosynthesis, NifEN is also a catalytic
homologue of MoFe protein that is capable of reducing
acetylene (C,H,) and azide (N;7), the alternative substrates of
nitrogenase.”!

Two forms of NifEN have been characterized (see
Table S1 for designations of proteins used in this work).
One, designated NifEN, contains two cluster species: a [Fe,S,]
cluster at each o/f} subunit interface and a FeMoco precursor
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within each o subunit.”! The other, designated AnifB NifEN,
only contains the [Fe,S,] cluster, as the protein is expressed in
a genetic background where nifB—the gene encoding an
indispensable factor for FeMoco synthesis—is deleted.”! The
difference between the cluster compositions of the two NifEN
species has permitted the elucidation of the EXAFS-based
structure of precursor by subtracting the spectrum of AnifB
NifEN from that of NifEN, and the derivation of a Mo/
homocitrate-free precursor structure that closely resembles
the Fe/S core of the mature cofactor provides significant
insights into the biosynthetic mechanism of FeMoco.F! On the
other hand, the mixed cluster composition of NifEN has
hampered the direct examination of the physiochemical
properties of the precursor without the interference of the
[Fe,S,] cluster. Herein, we report the first isolation of the
FeMoco precursor from NifEN, the EPR and activity analyses
of the precursor in the isolated- and reconstituted-states, and
the XAS/EXAFS investigation of the electronic structure of
this isolated cluster.

Using a previously established acid-treatment proce-
dure, the FeMoco precursor was extracted from NifEN
into N-methylformamide (NMF) at a yield of 62% and a
purity of 96%. In the dithionite-reduced state, the isolated
precursor exhibits a near-axial S =1/2 EPR signal at g=1.97
(Figure 1a, experiment 1). This signal is clearly distinct from
the rhombic § = 1/2 signal that originates from the permanent
[Fe,S,] clusters in AnifB NifEN, which exhibit g values at 2.07,
1.95, and 1.90 (Figure 1a, experiment 2). Nevertheless, upon
the incorporation of the precursor into AnifB NifEN, the two
cluster species of the reconstituted NifEN give rise to a
composite S =1/2 signal at g=2.09, 1.95, and 1.88 (Figure 1a,
experiment 3), which is indistinguishable from that displayed
by NifEN (Figure 1a, experiment 4). This result is consistent
with our earlier observation that NifEN contains two S=1/2
species with different temperature- and power-dependent
behaviors;™ moreover, it suggests that an intact form of
precursor has been extracted into NMF, which is competent in
reconstituting AnifB NifEN. It should be noted, however, that
the percentage of precursor incorporation is approximately
67 % based on the quantification of the precursor-specific § =
1/2 signal.”! Such an incomplete precursor incorporation
could be explained by the inhibitory effect of NMF on the
reconstitution process, a phenomenon documented earlier for
the reconstitution of AnifB MoFe protein by NMF-extracted
FeMoco.["!

In the IDS (indigo disulfonate)-oxidized state the isolated
precursor displays a distinct EPR feature at g=1.93 (Fig-
ure 1b, experiment 1), which could arise from an § = 1/2 state.
This feature is absent from the spectrum of the precursor-
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Figure 1. EPR properties of isolated FeMoco precursor (experiment 1),
AnifB NifEN (experiment 2), FeMoco precursor-reconstituted AnifB
NifEN (experiment 3), and NifEN (experiment 4) in a) dithionite-
reduced and b) IDS-oxidized states. The dithionite-reduced samples
were measured at 10 K, whereas the IDS-oxidized samples were
measured at 15 K. All protein concentrations were 30 mgmL™". The

g values are indicated.

deficient AnifB NifEN (Figure 1b, experiment 2); however, it
can be recovered upon the incorporation of precursor into
AnifB NifEN, with a somewhat sharpened line-shape and a
slightly shifted g value of 1.96 (Figure 1b, experiment 3). The
minor changes of this signal reflect the impact of protein
environment on the precursor. More importantly, the same
g=1.96 signal can be observed in the spectrum of IDS-
oxidized NifEN (Figure 1b, experiment 4), again demonstrat-
ing the successful reconstitution of AnifB NifEN by the
isolated precursor. Compared to the signal in NifEN, the
reconstituted signal is approximately 56% in magnitude,
which is consistent with the percentage of precursor incorpo-
ration (see above).

The biochemical properties of the precursor were sub-
sequently examined by comparing the activities of the
precursor-reconstituted AnifB NifEN (designated NifEN*)
with those of NifEN in the invitro assays of cofactor
maturation (Table 1) and substrate reduction (Table 2). In
the case of the former, the NifEN- associated precursor was
first converted into a mature FeMoco and then used as a
FeMoco source to activate the cofactor-deficient AnifB MoFe
protein;® whereas in the case of the latter, NifEN was
analyzed for its capacity as a catalytic homologue of MoFe
protein in CH,- and N; -reduction.”! Compared to NifEN,
NifEN* exhibits 64-70 % activity in the cofactor maturation
assays (Table 1) and 58-60% activity in the substrate
reduction assays (Table 2). Thus, the relative activity of
NifEN* to NifEN (58-70 % ) is consistent with the percentage
of precursor incorporation (56-67 %, see above), suggesting
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Table 1: FeMoco maturation activities of as-isolated NifEN and recon-
stituted NIifEN*.

Species Substrate Product (nmolmg™' protein/min)®
NH; H, CH,
NifEN  GHy/Ar - - 795 +57 (100)
H'/Ar - 1007£87 (100) -
N, 332441 (100) 185+8 (100) -
NIfEN*  GHy/Ar - - 509421 (64)
H/Ar - 707+£33 (70) -
N, 233427 (70) 125410 (68) -

[a] Activities of NifEN are set as 100%, and percentages of activities of
NifEN* relative to those of NifEN are given in parentheses.

Table 2: Substrate reducing activities of as-isolated NifEN and recon-
stituted NifEN*.

Species Substrate Product (nmolmg™" protein/min)®
NH, CoH,
NifEN CoH,/Ar - 53-£2 (100)
N, /Ar 6546 (100) -
NIfEN CoH,/Ar - 3142 (58)
Ny~ /Ar 39+ 4 (60) -

[a] Activities of NifEN are set as 100%, and percentages of the activities
of NifEN* relative to those of NifEN are given in parentheses.

that the isolated precursor is fully proficient in both biosyn-
thesis and catalysis.

Interestingly, the isolated precursor is also capable of
directly activating AnifB MoFe protein, a cofactor-deficient
structural homologue to NifEN (Table 3).”) However, the

Table 3: Activation of AnifB MoFe protein by FeMoco and precursor.

Cluster  Substrate Product (nmolmg™' protein/min)#
NH; H, C,H,
FeMoco  C,H,/Ar? 8445 (83) 1187418 (96)
H*/Ar - 1362457 (88) -
N, 618452 (92) 254417 (98) -
Precursor  C,H,/Ar 371+£29 (9) 11946 (10)
H*/Ar - 474422 (6) -
N, 0 (N/A)H 459436 (5) -

[a] Percentages of activities retained after subjecting the samples to the
gel filtration chromatography are given in parentheses. [b] Maximum
activity was observed at 10% and 60% C,H,, respectively, for the
activation of AnifB MoFe protein by FeMoco and precursor. [c] N/A=not
applicable.

catalytic profile of the precursor-activated AnifB MoFe
protein differs drastically from that of the FeMoco-reconsti-
tuted AnifB MoFe protein. Most notably, the precursor-
activated AnifB MoFe protein is unable to reduce N, to NH;;
whereas its ability to evolve H, in the presence of N, is 1.8-
fold higher than the FeMoco-reconstituted AnifB MoFe
protein (Table 3). Similarly, the ability of the precursor-
activated AnifB MoFe protein to reduce C,H, to C,H, is only
10% relative to that of the FeMoco-reconstituted AnifB
MoFe protein, yet its ability to evolve H, in the presence of
C,H, is 4.3-fold higher than that of the FeMoco-reconstituted
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AnifB MoFe protein (Table 3). Clearly, there is a shift toward
the H, evolution in the case of the precursor-activated AnifB
MoFe protein. Such a disproportionately altered substrate-
reducing profile suggests that the precursor is not properly
inserted into the AnifB MoFe protein. Consistent with this
hypothesis, the activity of the precursor/AnifB MoFe protein
mixture is nearly abolished (5-10% of the initial activity)
once it is passed through a gel filtration chromatography
column; whereas the activity of the FeMoco/AnifB MoFe
protein mixture is largely unaffected (83-98 % of the original
activity) following the same treatment (Table 3). Apparently,
the precursor is only loosely associated with the AnifB MoFe
protein and, therefore, easily separable from the protein. This
observation is consistent with our previous report that
homocitrate—a component that is absent from the precursor
composition—plays an essential role in properly incorporat-
ing the cofactor into the MoFe protein.['")

The electronic structure of the isolated precursor was
further investigated by X-ray absorption spectroscopy (XAS)
analysis. The isolated precursor displays an overall edge
structure that is typical of an iron-sulfur cluster; moreover, it
shows a 1s—3d pre-edge transition feature in the iron K-edge
XAS spectrum that is remarkably similar in shape and
intensity to that of the mature cofactor (Figure 2a). Compar-
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Figure 2. Iron K-edge XAS of a) NMF-isolated FeMoco (solid black
line) and iron-only NifEN precursor (dashed dark gray line) and

b) smoothed second derivatives; c) k>-weighted iron K-edge EXAFS of
iron-only NifEN precursor (solid black line) overlaid with the best fit
represented in Table 4 (dashed dark gray line) and d) the Fourier
transforms thereof.

ison between the second derivatives of this region reveals
nearly identical pre-edge shape and peak location in the
respective spectrum of isolated precursor and FeMoco, with a
subtle shift to lower energy (0.4 eV) in the first pre-edge
transition and slight variations of intensities in the 7120-
7125 eV region of the precursor spectrum (Figure 2b), further
illustrating a high degree of conservation between the two
clusters in average iron geometry. The EXAFS data of the
isolated precursor (Figure 2c) were best modeled by an eight-
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iron cluster, with distances (Table 4) in good agreement with
the fit values of data collected on the NifEN-bound precursor
of Azotobacter vinelandii® but in contrast to those from a

Table 4: Best fits for the Fe K-edge EXAFS data of isolated precursor over
the k-range of 2-16 A~

Scatterer Isolated precursor (from NifEN)

N RIA o [A]
Fe—X 0.7 1.99 0.0039
Fe-S 3.0 2.26 0.0038
Fe—Fe short 33 2.65 0.0046
Fe—Fe short 0.5 2.85 0.0074
Fe—Fe long 1.5 3.7 0.0046
AEy[eV] -10.8
Weighted F 0.141

[a] Coordination number (N), interatomic distance (R, A), mean-square
thermal and static disorder in distance (0%, A?), and EXAFS threshold
energy adjustment from 7130 eV (AE,, eV) were varied in the fits.
Estimated errors are +0.02 A in R, +0.0001 A% in ¢%, and +20% in N.
The goodness of fit, F, is defined as F=[Sk® (exper —Xcatcd) "/ K (Xexper) 1°°-
The Fe-X distance was calculated by assuming X as N, although
indistinguishable results could be obtained by assuming X as C or O.

study of a similar Klebsiella pneumoniae system.'"] The most
substantial constituents of the fit are 3 sulfur atoms at 2.26 A
and a split iron shell with a short path at 2.65 A and a long
path at 2.85 A, respectively. Additionally, it was necessary to
include a long, cross-cluster, iron—iron path at 3.71 A with a
coordination number of 1.5 in order to fit the distant intensity
peak in the Fourier transform (Figure 2d). The inclusion of
this path generated a very significant improvement to the
goodness of fit, suggesting that a well-structured cluster was
extracted intact from the protein. Collectively, the fits to the
data of the isolated precursor are consistent with an eight-iron
homologue of FeMoco, in which the terminal molybdenum
atom in the native cofactor—along with homocitrate—is
replaced by an iron atom (Figure 3).

In addition to the final best fit itself, the process of fitting
disclosed two distinct patterns that offered further support to
an eight-iron structure of the isolated precursor. First, the
goodness of fit always
improved with the reduction
of the coordination number
of the 3.7 A iron paths. In an
eight-iron model, only the six
central iron atoms “see” two
iron scattering paths at 3.7 A,
whereas the two terminal
iron atoms do not. As such,
the total contribution of the
six central iron atoms should
be decreased in an eight-iron
model, as they make up a
lesser fraction of the total
iron intensity. The observed,
diminished demand for the

Figure 3. Structural model of iso-
lated precursor. The eight-iron
model of precursor was adapted

contributions of the two iron
paths, therefore, is consistent
with the expected fitting pat-
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from the crystallographic coordi-
nates of the MoFe protein'? but
modified on the basis of the

EXAFS fits. Fe black, S light gray.
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tern of iron atoms in an eight-iron model. Second, when a
single, approximately 2.7 A iron path with a coordination
number of 3.8 was included, the eight-iron model agreed
poorly with the EXAFS data. However, if this path was split
into two distinct paths—a 2.65 A path with a coordination
number of 3.3 and a 2.85 A path with a coordination number
of 0.5—the agreement of the eight-iron model to the EXAFS
data was enhanced dramatically at a confidence interval of
0.98. A less dramatic effect was achieved at a confidence
interval of 0.8 when a seven-iron model with coordination
numbers of 3.1 and 0.3, respectively, for the 2.65 A and 2.85 A
paths, was tested. The subsequent systematic exploration of
the fitting space revealed that the quality of fit improved with
an increase in the total iron coordination and, in particular,
with higher coordination numbers for both distances. Taken
together, both the final coordination numbers and the fitting
behavior suggest the presence of not one, but two terminal
iron atoms and, therefore, strongly favor the eight-iron model
of the isolated precursor (see Supporting Information
Tables S2 and S3 for the comparison of fit results of the
six-, seven-, and eight-iron models, as well as the stepwise
fitting procedure for the eight-iron model). This model is
further supported by the outcome of the crystallographic
analysis of NifEN, which reveals the presence of a nearly
surface-exposed precursor in the protein that is compatible in
geometry with an eight-iron analog of FeMoco."! Finally, it
should be noted that the inclusion of backscattering from a
lighter atom X (C, N, or O), which could originate from either
a pginterstitial atom!'” of the precursor or the solvent
molecules, provided additional improvement to the fits
(Table 4, Supporting Information S2 and S3).

In summary, the successful extraction of precursor from
NifEN has permitted the first direct examination of its
spectroscopic features without the interference of the [Fe,S,]
cluster. The integrity of the precursor is reflected by the
restoration of the precursor-specific EPR signal, as well as the
full proficiency of precursor in biosynthesis and catalysis upon
its incorporation into AnifB NifEN. The observation that the
precursor can readily reconstitute AnifB NifEN is in line with

the presence of a complete cofactor core in the precursor
structure, which is confirmed by the XAS/EXAFS analysis of
the isolated precursor. An eight-iron model is defined for the
isolated precursor, which suggests that the insertion of
heterometal atom into the precursor during the maturation
process of FeMoco involves the exchange of one of the
terminal iron atoms for a molybdenum atom.
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