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1. INTRODUCTION

Nitrogenase is a complex metalloenzyme that catalyzes a key
step in the global nitrogen cycle—the reduction of inert dinitro-
gen (N2) to bioavailable ammonia (NH3).

1 Three homologous
nitrogenases [i.e., the molybdenum (Mo)-, vanadium (V)- and
iron (Fe)-only nitrogenases] have been identified, which resem-
ble one another in primary sequence and cluster type.2 All of
them are two-component systems comprising a specific reduc-
tase (categorically termed Fe protein) and a catalytic component
(designated MoFe, VFe, and FeFe protein, respectively). The Fe
protein of the Mo-nitrogenase is the best studied among the
three homologous Fe proteins. It plays a key role in catalysis,
serving as an obligate electron donor to the catalytic MoFe
protein in an ATP hydrolysis-dependent manner.1,2 In addition,
it is essential for the maturation of MoFe protein, functioning as
an ATP-dependent reductase as well in this process.3

The Fe proteins of Mo-, V-, and Fe-only nitrogenases are
encoded by nifH, vnfH, and anfH, respectively. The three Fe
proteins (henceforth referred to as NifH, VnfH, and AnfH) share
a considerable degree of sequence homology with one another
(Figure 1A), although NifH resembles VnfH (91% homology)
much more closely than it does AnfH (61% homology) in
primary sequence. X-ray crystallographic analysis reveals that
NifH is a homodimer in which a surface-exposed [Fe4S4] cluster
is ligated symmetrically through two cysteines (i.e., Cys97 and
Cys132) from each subunit (Figure 1B).4 Additionally, NifH
contains a nucleotide-binding site within each subunit, and in the
case of MgADP, the two molecules are bound at locations near
the dimer interface in a parallel orientation.5 The [Fe4S4] cluster
of NifH can assume three oxidation states (i.e., 0, +1, and +2),
although the [Fe4S4]

2+/+ couple is generally believed to be

utilized under physiological conditions.6,7 Compared to what is
known about the cluster in NifH, spectroscopic information on
the clusters in VnfH and AnfH is rather limited. Nevertheless,
sequence alignment reveals that the two Cys ligands in NifH are
also conserved in VnfH and AnfH (Figure 1A), suggesting that
VnfH and AnfH may contain [Fe4S4] clusters similar to that in
NifH. Indeed, like NifH, VnfH contains an [Fe4S4]

1+ cluster that
exhibits analogous S = 1/2 and S = 3/2 ground-state electron
paramagnetic resonance (EPR) signals in the reduced state.8

However, VnfH does differ from NifH with regard to the medium
effects on the two spin mixtures in frozen solution, which is
indicative of a subtle difference between the cluster species in these
proteins.8 In the case of AnfH, so far, there has been no report on
the properties of its associated cluster. Here, we present a combined
biochemical, EPR, and X-ray absorption spectroscopy (XAS)
analysis of the [Fe4S4] clusters of NifH, VnfH, and AnfH of
Azotobacter vinelandii. Our results indicate that all three Fe proteins
contain [Fe4S4] clusters of very similar spectroscopic and geometric
structural properties; however, NifH differs more from VnfH and
AnfH in terms of the electronic structure. A plausible sequence of
evolution of nitrogenase Fe proteins can be proposed on the basis
of these findings. Moreover, the results presented herein provide a
framework for future investigations of the differential activities of
the three Fe proteins in nitrogenase assembly and catalysis.

2. RESULTS AND DISCUSSION

The identities of NifH, VnfH, and AnfH are confirmed by
N-terminus amino acid sequencing (data not shown). Each of
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them contains a subunit of∼30 kDa (Figure 2), and on the basis
of gel filtration analysis, all three Fe proteins are homodimers of
∼60 kDa (data not shown). Metal analysis reveals the presence
of approximately 4 mole of Fe atoms per mole of protein in all
three protein species (Table 1). Furthermore, in combination
with the MoFe protein, both VnfH and AnfH exhibit activities
that are comparable to those of NifH in the standard nitrogenase
reactions (Table 1).

The similarity among NifH, VnfH, and AnfH is further
demonstrated by EPR analysis. The dithionite-reduced NifH,
VnfH, and AnfH exhibit a highly similar mixture of S = 1/2 and
S = 3/2 signals, which originate from the [Fe4S4]

+ clusters in these
proteins (Figure 3). In the absence of glycerol, the ratios between
the S = 1/2 and S = 3/2 signals of NifH, VnfH, and AnfH are very
similar to one another, with those of VnfH and AnfH slightly
higher than that of NifH (Figure 3A). However, the intensities of
the two signals in NifH are consistently smaller than those of
their counterparts in VnfH and AnfH, which may reflect a slightly

different oxidation state of the [Fe4S4] cluster in the former
protein; additionally, there are small differences in the line-
shapes of the S = 3/2 signals, particularly between the signal of
NifH and those of the other two Fe proteins (Figure 3A). In the
presence of 50% glycerol, the intensities of the S = 1/2 signals of
NifH, VnfH, and AnfH increase 1.6-, 1.5-, and 1.5-fold, respec-
tively, whereas the intensities of the S = 3/2 signals of all three
proteins decrease by 30% (Figure 3B). As a result, the ratios
between the S= 1/2 and S= 3/2 signals of NifH, VnfH, and AnfH
become nearly indistinguishable from one another (Figure 3A).
Interestingly, a similar, albeit more pronounced, spin-redistribu-
tion effect was previously documented for NifH and VnfH in the
presence of 50% ethylene glycol.8

Consistent with the outcome of the EPR analysis, Fe K-edge
XAS data reveal similarities and differences among NifH, VnfH,
and AnfH. All three Fe proteins (prepared in 50% glycerol)
display pre-edge features of nearly identical intensity at∼7112.2 eV

Figure 1. Sequence alignment of NifH, VnfH, and AnfH (A) and crystal structure of NifH and its associated [Fe4S4] cluster (B). The residues conserved
among all three Fe proteins are highlighted in gray, with the Cys ligands highlighted in yellow (A). The atoms of the [Fe4S4] cluster are colored as
follows: Fe, purple; S, lime (B). The presentation in B was generated in PYMOL using PDB coordinates 2NIP.4

Figure 2. SDS PAGE of NifH, VnfH, and AnfH. Lane 1, Mark 12, 5 μg;
lane 2, NifH, 3 μg; lane 3, VnfH, 3 μg; lane 4, AnfH, 3 μg.

Table 1. Metal Content and Substrate-Reducing Activities of
NifH, VnfH, and AnfH

specific activities

(nmol/mg/min)

Fe

protein

Fe content

(mol Fe/mol

protein)

C2H4

formation

under

C2H2/Ar

H2

formation

under Ar

H2

formation

under N2

NH3

formation

under N2

NifH 4.0( 0.1 1780( 27 2170( 28 291( 39 750( 66

VnfH 4.1 ( 0.2 1848( 34 2321( 30 314( 33 737( 33

AnfH 4.0( 0.1 1916( 37 2640( 40 380( 30 813( 19
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in their dithionite-reduced forms (Figure 4A), suggesting that
the clusters in these proteins are similar in the coordination
geometry of Fe atoms.9 However, in the case of NifH, this feature
is shifted by 0.2 eV toward higher energy (Figure 4A). Likewise,
the inflection point of the rising edge of NifH is 0.2 eV higher in
energy than those of the rising edges of VnfH and AnfH
(Figure 4A). The same difference among the three Fe proteins
is more clearly displayed in the second derivatives of their Fe K-
edges, with the derivative of the NifH spectrum showing a
somewhat different shape and a higher energy than those of
VnfH and AnfH (Figure 4B). The shift of both the pre-edge
feature and the rising edge position to higher energy suggests
that the Fe atoms of the [Fe4S4] cluster in NifH are at a greater
average Zeff than those of the [Fe4S4] clusters in VnfH and
AnfH.10 Although the difference in Zeff is a subtle one, it points to
a more ferric nature of the Fe atoms in the cluster of NifH than
those in the clusters of VnfH and AnfH.

The k3 weighted Fe K-edge extended X-ray fine structure
(EXAFS) spectra (Figure 4C) are characteristic of those originat-
ing from both biological [FeS] clusters (e.g., the P-cluster
precursor) and synthetic compounds (e.g., (Et4N)2[Fe4S4-
(SPh)4]).

11,12 The EXAFS signals of all three Fe proteins are
of nearly the same amplitude (Figure 4C), suggesting the pre-
sence of intact, well-ordered clusters in these proteins.13 On the

other hand, NifH again exhibits features that are noticeably
different than those of VnfH and AnfH in the EXAFS spectra.
While VnfH and AnfH show almost identical frequency and
intensity throughout the EXAFS region of k = 2�16 Å�1, NifH
diverges markedly from them in the beat region near k = 8 Å�1,
which arises from the intersection of the Fe�S and Fe�Fe waves
(Figure 4C). The third maximum in the NifH EXAFS spectrum
(∼7.5 Å�1) is broader in shape yet lower in height than the
corresponding peaks in the VnfH and AnfH EXAFS spectra
(Figure 4C). Moreover, at higher k (i.e., k > 8 Å�1), the EXAFS
waveform of NifH maintains roughly the same frequency as, but
shifts slightly out of phase from, those of VnfH and AnfH until
k = ∼14 Å�1 (Figure 4C).

As is expected from the EXAFS data, the intensity of the first
peak of the Fourier transform (FT), which results from the
S shell backscattering, is roughly the same for all three Fe proteins;
however, in the case of NifH, the maximum of this peak, as well as
its left shoulder, is shifted to a shorter distance (Figure 4D). In
contrast, the intensity of the second peak of the Fourier trans-
form, which originates mainly from the Fe backscattering, varies
substantially between NifH and the other two Fe proteins;
additionally, the position of the maximum of this peak is very
similar, but not identical, for all three proteins (Figure 4D). The
differences in the second FT peak would reflect to a significant
degree of difference in the EXAFS data beyond k = 8 Å�1

(Figure 4C), which suggest a variation in the Fe coordination
shell of NifH from those of the other two Fe proteins.

Despite the differences in the EXAFS data of the three Fe
proteins, a common, overall structural model can be generated
for the clusters of all three proteins. A total of four S ligands at a
distance of ∼2.30 Å—which provide the vast majority of the
intensity of the first peak in the Fourier transform—represent
one of the key components of the final fit (Table 2). These S

Figure 3. EPR spectra of dithionite-reduced NifH (black), VnfH
(blue), and AnfH (red) in the absence (A) and presence (B) of 50%
glycerol. Spectra were measured at 10 K. The g values are indicated. In
the absence of glycerol, the intensities of the S = 1/2 and S = 3/2 signals
of NifH are 79% and 91%, respectively, of those of VnfH and 80% and
90%, respectively, of those of AnfH. Nevertheless, the ratios between the
S = 1/2 and S = 3/2 signals of all Fe proteins are very similar to one
another, with those of VnfH and AnfH being 116% and 112% of that of
NifH, respectively. In the presence of 50% glycerol, the intensities of the
S = 1/2 signals of NifH, VnfH, and AnfH increase 1.6-, 1.5-, and 1.5-fold,
respectively, whereas the intensities of the S = 3/2 signals of all three
proteins decrease by 30%. Consequently, the ratios between the S = 1/2
and S = 3/2 signals of all three Fe proteins become nearly indistinguish-
able, with those of VnfH and AnfH being 103% and 94% of that of NifH.

Figure 4. Fe K-edge XAS (A) and second derivatives (B) of NifH
(black), VnfH (blue), and AnfH (red). Fe K-edge EXAFS (C) and
Fourier transforms (D) of data for NifH (black), VnfH (blue), and AnfH
(red) in their dithionite-reduced states.
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atoms are assigned to the four Cys residues—two from each
subunit—of the homodimeric Fe protein (Figure 1B).4 Consis-
tent with the shift of the first FT peak and its left shoulder to
shorter distances (Figure 4D), the Fe�S distance in NifH is the
shortest among the three Fe proteins (Table 2). Nevertheless,
within the resolution limit of the XAS technique (i.e., 0.02 Å), the
Fe�S backscattering paths in all three Fe proteins are approxi-
mately equal in length, which is anticipated for three highly
similar [Fe4S4] clusters with equivalent Cys ligands. In addition
to the Fe�S path, two distinct Fe�Fe paths—one short path of
∼2.50 Å and two longer ones of ∼2.70 Å—represent the other
key component of the final fit (Table 2). These Fe�Fe paths
describe the unique shape and intensity of the second peak in the
Fourier transform and are common elements of EXAFS fits to all
three Fe proteins. Although the longer path is not present in the
crystal structure of NifH, it can be seen in the previous EXAFS
fits to both Ti(III) citrate- and dithionite-reducedNifH, as well as
those to the P-cluster precursor comprising paired [Fe4S4]-like
clusters.14 Crystallographic and Fe K-edge XAS studies of both
synthetic [Fe4S4]

+ clusters and the [Fe4S4]
+ clusters of reduced

bacterial ferredoxins have shown that an Fe�Fe distance of
approximately 2.70 Å is a conserved feature of this type of [FeS]
cubanes,15�19 whereas an Fe�Fe distance of approximately
2.50 Å is typical of the [Fe4S4] cluster of reduced NifH, the
P-cluster precursor, and the fused [Fe8S8] clusters.7,12�14,20,21

The ratios between these two distances, however, vary substan-
tially depending on the structure and electronic state of the cluster.

Interestingly, while there is an excellent agreement on the
distance (R) and mean static and thermal disorder (σ2) of the
longer path among all three Fe proteins, the short Fe�Fe path in
NifH is the shortest in distance (2.50 Å) with a mean displace-
ment factor (0.0128) approximately two and three times as large
as those of the corresponding paths in VnfH and AnfH,
respectively (Table 2). Such a combination of a shorter distance
with a higher static disorder is largely responsible for the unique
EXAFS features of NifH that are distinct from those of the other
two Fe proteins. In support of this argument, the EXAFS data of
NifH can be alternatively fit by including three (instead of two)
Fe�Fe paths: 2.46 Å, 2.62 Å, and 2.74 Å with coordination
numbers of 0.5, 1, and 1.5, respectively (Table 3). Both of the
two shorter Fe�Fe distances have been reported previously:
an Fe�Fe path of 2.62 Å was observed in the crystallographic

models of bacterial ferredoxin, whereas an even shorter Fe�Fe
path of 2.46 Å was seen in the EXAFS fits to the oxidized
P-cluster ofMoFe protein.22,23 In contrast, no reasonable fits that
include three Fe�Fe paths can be generated for either VnfH or
AnfH consistently, resulting in a very high σ2 value on the 2.68 Å
path for VnfH (σ2 = 0.0540) and the 2.72 Å path for AnfH (σ2 =
0.0456) (Table 3), thereby effectively reducing the contribution
of this path to a very minor degree. It should be noted that,
although the inclusion of an extra Fe�Fe path improves the fit to
the NifH EXAFS data, it does not improve the fit appreciably
enough to merit its selection over the two-path fit. Nevertheless,
the fact that only the NifH data can be fit with such a three-Fe-
pathmodel once again suggests that the cluster in NifH possesses
some features that distinguish it from the clusters in the other two
Fe proteins.

On the basis of the EXAFS analysis above, two structural
models can be proposed for the [Fe4S4] clusters in the three Fe
proteins (Figure 5). Both models have the four Fe�S paths in
common, yet differ in the number of Fe�Fe paths. The first
model contains two Fe�Fe paths and, thus, represents the fit to
the clusters in all three Fe proteins (Figure 5A). It consists of two
stacked [Fe2S2] rhomboids that are offset by 90�, and every Fe
atom in this cluster roughly assumes a tetrahedral geometry
with one Fe neighbor at∼2.50 Å and two more at∼2.70 Å. The
second model contains three Fe�Fe paths and, therefore, is
unique to the cluster in NifH (Figure 5B). Compared to the first
model, it consists of two unequal [Fe2S2] rhomboids that are
bent to a greater degree out-of-plane relative to each other. The
Fe�S distances are uniformly decreased in this model, providing
further credence to the observed increase in the average Zeff of
NifH. Additionally, the Fe sites in this cluster are not equivalent,
with each Fe atom neighboring 0.5 Fe at 2.46 Å, 1 Fe at 2.62 Å,
and 1.5 Fe at 2.74 Å. It needs to be pointed out that, while the
secondmodel highlights the subtle difference between the cluster
in NifH and those in VnfH and AnfH, it still bears a considerable
resemblance to the first model that suitably describes the clusters
in all three Fe proteins (Figure 5C).

The structural similarity among the clusters of NifH, VnfH,
and AnfH comes as little surprise, as it has been demonstrated
that the structure of Fe protein (and its associated [Fe4S4]
cluster) is generally insensitive to the sequence variations among

Table 2. Two-Fe Path Fits for the Fe K-edge EXAFS Data of
NifH, VnfH, and AnfH over the k-Range of 2�16 Å�1a

NifH VnfH AnfH

N R (Å) σ2 (Å2) N R (Å) σ2 (Å2) N R (Å) σ2 (Å2)

scatterer

Fe�S 4 2.30 0.0050 4 2.32 0.0052 4 2.31 0.0054

Fe�Fe 1 2.50 0.0128 1 2.51 0.0065 1 2.52 0.0038

Fe�Fe 2 2.72 0.0041 2 2.72 0.0061 2 2.71 0.0056

ΔE0 (eV) �12.0 �12.8 �13.2

weighted F 0.190 0.165 0.183
aCoordination number (N), interatomic distance (R, Å), mean-square
thermal and static disorder in distance (σ2, Å2), and EXAFS threshold
energy adjustment from 7030 eV (ΔE0, eV) were varied in the fits.
Estimated errors are (0.02 Å in R, (0.0001 Å2 in σ2, and (20% in N.
The goodness of fit, F, is defined as F = [∑ k6(χexper. � χcalc.)

2/∑
k6(χexper.)

2]0.5.

Table 3. Three-Fe Path Fits for the Fe K-Edge EXAFSData of
NifH, VnfH, and AnfH over the k-Range of 2�16 Å�1a

NifH VnfH AnfH

N R (Å) σ2 (Å2) N R (Å) σ2 (Å2) N R (Å) σ2 (Å2)

scatterer

Fe�S 4 2.29 0.0058 4 2.32 0.0049 4 2.32 0.0049

Fe�Fe 0.5 2.46 0.0010 0.5 2.52 0.0050 0.5 2.53 0.0018

Fe�Fe 1 2.62 0.0020 1 2.68 0.0540 1 2.72 0.0456

Fe�Fe 1.5 2.74 0.0017 1. 5 2.72 0.0051 1. 5 2.72 0.0048

ΔE0 (eV) �13.3 �12.2 �12.3

weighted F 0.188 0.165 0.183
aCoordination number (N), interatomic distance (R, Å), mean-square
thermal and static disorder in distance (σ2, Å2), and EXAFS threshold
energy adjustment from 7030 eV (ΔE0, eV) were varied in the fits.
Estimated errors are (0.02 Å in R, (0.0001 Å2 in σ2, and (20% in N.
The goodness of fit, F, is defined as F = [∑ k6(χexper. � χcalc.)

2/
∑ k6(χexper.)

2]0.5.
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different Fe proteins in the absence of nucleotides.4 Moreover,
the residues at or near the cluster-binding sites are highly con-
served in all three Fe proteins. Apart from the two Cys ligands, all
residues within 10 Å of the cluster of NifH are conserved in NifH
and VnfH (Figure 1A).4,24 In particular, Phe135 and Val130, which
form an interlocking screen to trap the cluster in place in NifH,
are present in the sequences of the other two Fe proteins
(Figure 1A).4,24 On the other hand, given the lesser degree of
sequence homology between AnfH and VnfH (61%) than that
between VnfH and NifH (91%), it is somewhat surprising that
the clusters in AnfH and VnfH are very similar to each other, yet
more distinct from their counterpart in NifH. From the sole
perspective of the Fe protein, it can be theorized that AnfH
preceded the other two Fe proteins during the course of
evolution and that, upon the appearance of a heterometal-
dependent nitrogenase (likely in the order of first the V-nitro-
genase and then theMo-nitrogenase), the conversion fromVnfH
to NifH required a substantially lesser degree of change in the
amino acid sequence, but rather a fine-tuning of the structure
of the [Fe4S4] cluster within the protein. Given the specific
pairing of Fe proteins with other proteins during the cofactor
assembly (i.e., AnfH/VnfEN, VnfH/VnfEN, and NifH/NifEN)
and substrate-reducing (i.e., AnfH/FeFe protein, VnfH/VFe
protein, and NifH/MoFe protein) events, it is plausible that
the variation of the primary sequence and the concomitant
adjustment of the cluster properties are the determining factors
for the high selectivity of Fe proteins for their respective
“partners” in these processes, an interesting evolutionary relic
that may provide useful insights into the mechanism of
nitrogenase.

3. EXPERIMENTAL PROCEDURES

Cell Growth and Protein Purification. NifH, VnfH, and AnfH
were purified from A. vinelandii strains YM13A,25 YM68A,25 and
YM10A, respectively. Using a previously described method,26 YM10A
was constructed by deleting both nifH and vnfH genes in the chromo-
somal DNA of YM68A. All strains were grown in 180 L batches in a
200 L New Brunswick fermentor (New Brunswick Scientific, Edison, NJ)
in Burke’s minimal medium supplemented with 2 mM ammonium
acetate, except that Mo in Burke’s medium was replaced by an equal
amount of V (for the growth of YM68A) or completely left out (for the
growth of YM10A). The growth rate was measured by cell density at
436 nm using a Spectronic 20 Genesys (Thermo scientific, Waltham,MA).
Cells were harvested in the late exponential phase by a flow-through
centrifugal harvester (Cepa, Lahr, Schwarzwald, Germany). The cell
paste was washed with a buffer containing 50 mM Tris-HCl (pH 8.0).

A published method was used for the purification of nontagged NifH,
VnfH, and AnfH proteins.27

Protein Characterization and Metal Analysis. An equal
amount (3 μg) of NifH, VnfH, and AnfH was loaded on a 10% Tris-
glycine-SDS gel, and the gel was run at 60 V for 2.5 h. The native
molecular weight of each Fe protein was determined by gel filtration
chromatography on a Sephacryl S-300 HR column (GE Healthcare,
Piscataway, NJ) as described previously.28 The N-terminal amino acid
sequences of the three Fe proteins were analyzed by the Molecular
Structure Facility at University of California—Davis. Iron content was
determined using a published method.29 The products of activity assays,
H2 and C2H4, were analyzed as described elsewhere,30 whereas NH4

+

was determined by a high performance liquid chromatography fluores-
cence method.31

EPR Spectroscopy. All EPR samples were prepared in a Vacuum
Atmospheres drybox at an oxygen level of less than 4 ppm. The
dithionite-reduced samples contained 25 mM Tris-HCl (pH 8.0),
0.5 M NaCl, and 2 mM Na2S2O4. All EPR spectra were recorded in
perpendicular mode using a Bruker ESP 300 Ez spectrometer (Bruker,
Madison, WI) interfaced with an Oxford Instruments ESR-9002 liquid
helium continuous-flow cryostat. Unless noted otherwise, all EPR
spectra were recorded at a microwave power of 50 mW, a microwave
frequency of 9.62, a gain of 5� 104, a modulation frequency of 100 kHz,
and a modulation amplitude of 5 G. Ten scans were collected for each
sample at 10 K. The S = 1/2 to S = 3/2 ratios of the three Fe proteins
were calculated on the basis of previously published methods.8,32

XAS Data Acquisition. The XAS data of VnfH and AnfH were
measured at XAS stations BL9�3 (focused) and BL7�3 (unfocused) at
the Stanford Synchrotron Radiation Lightsource (SSRL) under 3 GeV
and 80�100mA storage ring operating conditions. Energy selection was
attained using a Si(220) double-crystal monochromator tuned at
∼8 keV, and for both beamlines, a premonochromator collimating,
harmonic rejection mirror was used. Protein samples were loaded into
Kapton sheathed Lucite cells and flash frozen and preserved in liquid N2.
An Oxford Instruments CF1208 liquid He continuous-flow cryostat
held samples at a constant temperature of 10 K during XAS measure-
ment. Fe KR fluorescence data were recorded to k = 16 Å�1 (for VnfH
and AnfH) and to k = 17 Å�1 (for NifH) using a Canberra 30-element
Ge detector array. The concentrations of all Fe protein samples were
approximately 100 mg/mL and contained 25 mM Tris-HCl buffer
(pH 8.0), 50% glycerol, 500 mM NaCl, 200 mM imidazole, and
2 mM sodium dithionite. In all cases, internal energy calibration was
performed by the concurrent measurement of the absorption of an Fe
foil placed between two ionization chambers filled with N2 located after
the sample. The first inflection point of the foil XAS edge was assigned to
7111.2 eV. No signs of photoreduction of the metal sites, as observed by
shifts in edge energy with time, were observed. A total of 30, 29, and 14
scans were measured for VnfH, AnfH, and NifH, respectively.

Figure 5. Two-Fe pathmodel of the [Fe4S4] clusters in NifH, VnfH, and AnfH (A); three-Fe pathmodel of the [Fe4S4] cluster in NifH (B); and overlay
of the two-Fe path (colored) and the three-Fe path (gray) models (C). The structural models were adapted from the crystallographic coordinates of
NifH4 but modified for distances on the basis of the EXAFS fits. The atoms are colored as follows: Fe, purple; S, lime. The S atoms of the Cys ligands are
represented by small lime spheres.
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XAS Data Analysis. Following the inspection of raw data and the
removal of specious detector channels and scans, average files of all scans
for each sample were generated. The program PYSPLINE was used to
normalize the average data files for each sample by selecting control
points and fitting a first- or second-order polynomial to the pre-edge
region prior to the subtraction of this function from the entire data
range.33 All data were normalized to an edge jump of 1.0 at 7130 eV. A
four-region spline function of orders 2, 3, and 3 over the postedge region
was employed to yield the EXAFS spectra. Rising edge comparisons
were made by first truncating the data to k = 13.5 Å�1, then performing a
similar background subtraction, and finally fitting the data with a three-/
four-region spline. The smoothed second-derivative of the rising edge
was produced by using a third-order polynomial with five-point data
smoothing. By means of the least-squares fitting program OPT,
a component of the EXAFSPAK suite of software, EXAFS data over
the k range of 2�16 Å�1 (truncated from 16 Å�1 onward in the case of
NifH) were fit using initial ab initio theoretical phase and amplitude
functions calculated from FEFF 7.0 on the basis of the 2NIP crystal-
lographic starting model.4,34,35 Atomic coordinates from the crystal
model were modulated iteratively as fitting progressed to generate
improved, chemically plausible models. During the process of fit optimi-
zation, the interatomic distance between the absorbing and backscatter-
ing atom (R) and the mean-square thermal and static deviation in R (σ2)
were varied for all components. The threshold energy (ΔE0) was allowed
to vary for each fit but constrained to the same value for all components.
The amplitude reduction factor (S0

2) was maintained at a value of
1.0 throughout fitting. Coordination numbers (N) were systematically
adjusted from crystallographic values to provide the best chemically
viable agreement to the EXAFS data and their Fourier transforms.
Inclusion or exclusion of various scattering paths was methodically tested
to fully explore the average atomic environment at the Fe atoms.36
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