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The P-cluster of nitrogenase is one of the most complex biological
metallocenters known to date. Despite the recent advances in the
chemical synthesis of P-cluster topologs, the biosynthetic mecha-
nism of P-cluster has not been well defined. Here, we present a
combined biochemical, electron paramagnetic resonance, and X-
ray absorption spectroscopy/extended X-ray absorption fine-struc-
ture investigation of the maturation process of P-clusters in �nifH
molybdenum-iron (MoFe) protein. Our data indicate that the pre-
viously identified, [Fe4S4]-like cluster pairs in �nifH MoFe protein
are indeed the precursors to P-clusters, which can be reductively
coupled into the mature [Fe8S7] structures in the presence of Fe
protein, MgATP, and dithionite. Moreover, our observation of a
biphasic maturation pattern of P-clusters in �nifH MoFe protein
provides dynamic proof for the previously hypothesized, stepwise
assembly mechanism of the two P-clusters in the �2�2-tetrameric
MoFe protein, i.e., one P-cluster is formed in one �� dimer before
the other in the second �� dimer.

assembly � biosynthesis

B iological nitrogen fixation is a remarkable chemical feat
accomplished by a select group of microorganisms. These

microorganisms have a complex metalloenzyme, nitrogenase,
which is capable of reducing atmospheric dinitrogen (N2) to
bioavailable ammonia (NH3) under ambient conditions. The
most extensively studied member of this enzyme family is the
molybdenum (Mo)-nitrogenase of Azotobacter vinelandii, which
consists of two redox-active proteins (1). One, designated iron
(Fe) protein (encoded by nifH), is a 60-kDa �2 homodimer
containing one [Fe4S4] cluster at the subunit interface and one
MgATP binding site in each subunit. The other, termed molyb-
denum-iron (MoFe) protein (encoded by nifD and nifK), is a
230-kDa �2�2 heterotetramer containing one P-cluster ([Fe8S7])
at each �/�-subunit interface and one iron-molybdenum cofac-
tor (FeMoco) ([MoFe7S9X-homocitrate], where X � C, N, or O)
within each � subunit (2). It is believed that, concomitant with
ATP hydrolysis, Fe protein undergoes repeated association/
dissociation processes with MoFe protein, donating electrons
from its [Fe4S4] cluster, through the P-cluster, to the FeMoco of
the MoFe protein, where substrate reduction eventually takes
place.

The structure of P-cluster can be viewed as a symmetric double
cubane in which two [Fe4S4] cubanes share a central �6-sulfur (S)
atom. Such a geometry suggests that the P-cluster is likely
assembled by the fusion of two [Fe4S4]-like subclusters (3). This
reaction mechanism is well established in synthetic inorganic
chemistry and successfully realized by the recent synthesis of
P-cluster topologs (4–6). Biological evidence in this regard was
supplied by a FeMoco-deficient form of MoFe protein (desig-
nated �nifH MoFe protein), which was isolated from a nifH-
deletion strain of A. vinelandii (7). Extended X-ray absorption
fine structure (EXAFS) (8) and magnetic circular dichroism
(MCD) (9) analyses show that the �nifH MoFe protein contains,
instead of the two ‘‘standard’’ [Fe8S7] P-clusters, two pairs of
[Fe4S4]-like clusters that can undergo further maturation upon

incubation with dithionite, Fe protein (encoded by nifH), and
MgATP (10). These observations suggest that the paired
[Fe4S4]-like clusters are likely the precursors to P-clusters and
the maturation of P-clusters requires the presence of reductant
(i.e., dithionite) and ATP-dependent reductase (i.e., Fe protein/
MgATP). However, although the further-matured ‘‘P-clusters’’
in �nifH MoFe protein are more reduced, they remain as the
[Fe4S4]-like fragments despite the fact that the �nifH MoFe
protein containing these further-matured P-clusters can be
activated to a certain degree upon the insertion of isolated
FeMoco (10).

Here, we present a combined biochemical, electron paramag-
netic resonance (EPR) and X-ray absorption spectroscopy
(XAS)/extended X-ray absorption fine structure (EXAFS) in-
vestigation of the maturation process of P-clusters in �nifH
MoFe protein. Our data indicate that the previously identified
[Fe4S4]-like cluster pairs in �nifH MoFe protein are indeed the
precursors to P-clusters, which can be reductively coupled into
the mature [Fe8S7] structure in the presence of increased con-
centrations of dithionite and Fe protein. Moreover, our obser-
vation of a biphasic maturation pattern of P-clusters in �nifH
MoFe protein provides dynamic proof for the previously hy-
pothesized, stepwise assembly mechanism of the two P-clusters
in the �2�2-tetrameric MoFe protein, i.e., one P-cluster is formed
in one �� dimer before the other in the second �� dimer.

Results
The optimization of P-cluster formation was carried out by
incubating �nifH MoFe protein with varying concentrations of
dithionite and Fe protein and reisolating the protein for recon-
stitution assays with isolated FeMoco. The reconstituted activity
of �nifH MoFe protein increases upon maturation with elevated
dithionite and Fe protein concentrations and reaches the max-
imum at a Fe protein:�nifH MoFe protein ratio of 2:1 and a
dithionite concentration of 20 mM (Fig. 1A, bars 1–5). The
maximum activity of the �nifH MoFe protein (Fig. 1 A, bar 5) is
indistinguishable from that of the �nifB MoFe protein (Fig. 1 A,
bar 6), a FeMoco-deficient form of MoFe protein containing
intact P-clusters (11)*. This observation signifies a complete
transformation of precursors in �nifH MoFe protein into mature
P-clusters and provides strong evidence that the paired [Fe4S4]-
like clusters are indeed the physiologically relevant precursors to
P-clusters.
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To monitor the ‘‘real-time’’ maturation of P-clusters, the
�nifH MoFe protein was pretreated under optimized conditions
for varying lengths of time (i.e., 0, 5, 20, 60, and 120 min) and
subsequently reisolated for reconstitution and spectroscopic
analyses. Concomitant with an increase in activity with longer
incubation, the precursor-specific, S � 1/2 signal of the �nifH
MoFe protein decreases (Fig. 1B), whereas the P-cluster (P2�)-
specific, g � 11.8 signal increases (Fig. 1C) in magnitude,
suggesting a gradual conversion of precursors to P-clusters over
a certain time period. Interestingly, while the amplitude of the
S � 1/2 signal decreases to the near-minimum level within 5 min
(Fig. 1D, red line), the intensity of the P2�-spcific signal reaches
its maximum much more slowly (Fig. 1D, black line). Further, the
increase of the magnitude of the P2�-specific signal (Fig. 1D,

black line) aligns well with the increase of activity (Fig. 1D, green
line), both following a biphasic pattern with a ‘‘lag’’ period at
�50% of their respective maximum values (Fig. 1D). Such a lag
phase likely marks the formation of approximately half of the
P-clusters in the protein.

Consistent with the outcome of EPR analysis, the Fe K-edge
XAS data show a biphasic pattern of P-cluster formation in
�nifH MoFe protein. With an increase in the duration of
incubation, there is a clear shift in the shoulder feature of the
rising edge at 7117 eV (Fig. 2A), which corresponds to a
successive reduction of cluster Fe atoms that eventually stabilize
at a near all-ferrous oxidation state on average. This transfor-
mation is not evenly paced, because the shifts in Fe K-edge
energy are more significant between 0–5 and 20–60 min of

A B C D

Fig. 1. Optimization of the maturation conditions of �nifH MoFe protein (A) and time-dependent P-cluster formation in �nifH MoFe protein (B–D). (A)
Reconstitution activities of the as-isolated �nifH MoFe protein (bar 1), the �nifH MoFe protein matured in the presence of varying concentrations of Fe protein
and dithionite (bars 2–5), and the as-isolated �nifB MoFe protein (bar 6) are shown. The molar ratios of Fe protein/�nifH MoFe protein were 1:4 (bar 2), 1:3 (bar
3), and 2:1 (bars 4 and 5), respectively. A dithionite concentration of 2 mM was used for the maturation of all �nifH MoFe protein samples except that represented
by bar 5, where a dithionite concentration of 20 mM was applied. (B and C) Perpendicular-mode EPR spectra of dithionite-reduced �nifH MoFe protein (B) and
parallel-mode EPR spectra of indigo disulfonate (IDS)-oxidized �nifH MoFe protein (C) after 0 (black), 5 (red), 20 (green), 60 (pink), and 120 (blue) min of
incubation with excess MgATP, Fe protein (molar ratio of Fe protein/�nifH MoFe protein � 2:1), and dithionite (20 mM). The concentration of all EPR samples
was 10 mg/mL. The decrease of the precursor-associated S � 1/2 EPR signal (B) and the concurrent increase of the P-cluster (P2�)-specific g � 11.8 EPR signal (C)
during P-cluster maturation are indicated by the red arrows. (D) Changes in the average specific activity (green) and the relative areas of the S � 1/2 (red) and
the g � 11.8 (black) EPR signals of �nifH MoFe protein during P-cluster maturation.

A B C D

Fig. 2. Overlay of the Fe K-edge XAS absorption spectra (A), the second derivatives (B), the Fe K-edge EXAFS (C), and the nonphase shifted Fourier transforms
(D) of �nifH MoFe protein during P-cluster maturation. The �nifH MoFe protein was matured by incubation with excess MgATP, Fe protein (molar ratio of Fe
protein/�nifH MoFe protein � 2:1) and dithionite (20 mM) for 0 (black), 5 (red), 20 (green), 60 (pink), and 120 (cyan) min. The change in the rising edge at 7,117
ev (A) corresponds to a reduction of cluster Fe atoms, and the most significant shifts in Fe K-edge energy are between 0–5 and 20–60 min (B). The change in
the EXAFS spectra (C) is reflected by the change in the Fe-Fe scattering peak at �2.4 Å and by the shift in the Fe-S scattering peak at �1.8 Å in the Fourier transforms
(D), indicating a structural rearrangement upon P-cluster maturation. The Fourier transforms of the �nifH MoFe protein matured beyond 60 min (D, pink and
cyan) closely resemble that of the �nifB MoFe protein (8).
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incubation (Fig. 2B). The Fourier transforms (Fig. 2D) of the
EXAFS data (Fig. 2C) show a shift in the first transform peak
(at �1.9 Å) to a larger distance, which suggests an elongation of
the average Fe-S backscattering distance with longer incubation
time (8). Additionally, the second Fourier transform peak (at
�2.4 Å) undergoes a substantial change in shape and intensity
(Fig. 2D), which reflects a change in the Fe-Fe backscattering
components during the course of incubation. Such a Fourier
transform pattern is consistent with the conversion of the
precursor in �nifH MoFe protein to a cluster species that closely
resembles the mature P-cluster in �nifB MoFe protein (8).

EXAFS fit results over a k range of 2 to 15.7 Å�1 suggest, once
again, a significant rearrangement of the P-cluster species of
�nifH MoFe protein in two distinct steps. While each Fe atom
can be modeled as being coordinated to an average of 3.5 S atoms
at a steadily increased distance from 2.30 to 2.32 Å throughout
the duration of incubation, there is a noticeable increase in the
number of short Fe-Fe distances and a concomitant decrease in
the number of long Fe-Fe distances (Table 1). The ratio of short
to long Fe-Fe distance changes over the course of incubation
from 1:2.25 to 1:1.16, which is consistent with a conversion of the
immature precursor (with a ratio of short to long Fe-Fe distance
of �1:2) in �nifH MoFe protein to a fully matured P-cluster
(with a ratio of short to long Fe-Fe distance of �1:1) in �nifB
MoFe protein (8). Moreover, as early as 60 min into the
incubation, the Fe-Fe bond lengths (2.55 Å and 2.77 Å) and the
Fe-S bond lengths (2.32 Å) are already in excellent accord with
the corresponding distances determined by crystallographic
analysis of the mature P-cluster in �nifB MoFe protein (11).

Models for the P-cluster species of �nifH MoFe protein at the
beginning (i.e., 0 min) and the end (i.e., 120 min) of the
maturation process can be derived from these XAS/EXAFS data
(Fig. 3). Consistent with the previously reported EXAFS-based
models (8), before maturation, the P-cluster species (i.e., pre-
cursor) in �nifH MoFe protein is composed of a pair of
[Fe4S4]-like clusters (Fig. 3A). However, the two [Fe4S4]-like
subclusters are likely neither identical nor bridged together,
because combined EPR and MCD studies suggest the presence
of a [Fe4S4]1� cluster that is paired with a diamagnetic [Fe4S4]-
like cluster in the �nifH MoFe protein (7, 9). It is possible,
therefore, that one of the subcubanes of the [Fe4S4] cluster pair
is a ‘‘standard’’ [Fe4S4]1� cluster (12); whereas the other sub-
cubane is distorted (e.g., the cage may become asymmetrical if
a core sulfide is replaced by a bridging cysteine) and/or coordi-
nated by additional light atoms (e.g., N or O from Asp, His, Ser,
or adventitious water) (13, 14), both of which may account for
its unusual structural and redox properties (Fig. 3A). Upon
maturation, the conformation of the P-cluster species in �nifH
MoFe protein closely resembles that of the mature P-cluster in
�nifB MoFe protein (Fig. 3B). However, the P-cluster in �nifH
MoFe protein is slightly distorted, which is consistent with the
fact that the cluster species of the matured �nifH MoFe protein

contains a somewhat larger population of long Fe-Fe distances
than the P-cluster of the �nifB MoFe protein (Table 1).

Discussion
The complete formation of P-clusters from the previously iden-
tified [Fe4S4]-like cluster pairs in �nifH MoFe protein (7–9)
provides the definitive proof that (i) the paired [Fe4S4]-like
clusters are indeed the physiologically relevant precursors to
P-clusters; and (ii) unlike FeMoco, which is ‘‘preassembled’’
before being delivered to its targeted site in the MoFe protein,
P-cluster is assembled at its destined location within the MoFe
protein. Further, the observation that P-cluster is formed at
specific concentrations of reductant (i.e., dithionite) and reduc-
tase (i.e., Fe protein) (Fig. 1 A) suggests a key role of redox
chemistry in this process. Interestingly, the optimal solution
potential for P-cluster maturation (calculated to be approxi-
mately �440 mV for 20 mM dithionite) is the same as that for
FeMoco maturation on NifEN (15), both involving the action of
Fe protein in an ATP-dependent manner. Thus, the Fe protein
likely uses the same electron donor for the in vivo assembly
processes of both P-cluster and FeMoco, and the optimal in vitro
solution potential for these processes (i.e., approximately �440
mV) could serve as a guideline for future identification of this
in vivo electron donor.

The Fe protein functions in a similar capacity in the biosyn-
thesis of P-cluster and the turnover of substrates. First, it serves
as an ATP-dependent reductase in P-cluster assembly; only in
this case, it supplies the electrons for the reduction of Fe atoms

Table 1. EXAFS fitting results for �nifH MoFe protein samples matured for varying lengths of time

Incubation time,
min

Fe-S Fe-Fe (short) Fe- Fe (long)

�E0, eV ErrorN R, Å �2, Å2 N R, Å �2, Å2 N R, Å �2, Å2

0 3.50 2.30 0.0060 0.50 2.49 0.0040 2.50 2.70 0.0119 �12.7 0.352
5 3.50 2.31 0.0054 1.00 2.52 0.0065 2.25 2.73 0.0099 �12.0 0.303
20 3.50 2.31 0.0054 1.00 2.52 0.0063 2.25 2.72 0.0104 �12.6 0.323
60 3.50 2.32 0.0048 1.50 2.55 0.0116 1.75 2.77 0.0100 �10.8 0.332
120 3.50 2.32 0.0051 1.50 2.55 0.0094 1.75 2.76 0.0097 �10.8 0.336

The data were fit over the k range 2 to 15.7 Å�1. The variables are coordination number, N; interatomic distance, R (Å); mean-square thermal and static
deviation in R, �2 (Å2); and the shift in the threshold energy, �E0 (eV). R, �2, and �E0 were allowed to float during the fitting process in which N was systematically
varied; a single �E0 was used for each fit. The estimated uncertainties in R and �2 are � 0.02 and � 0.0001 Å2, respectively (30). There is a 10–20% uncertainty
in N (31). Error is reported as F/no. of points, where F � [�k6(�exptl � �calcd)2/ �k6�exptl

2] (27).

Fig. 3. Structural models for the cluster species in the �nifH MoFe protein
before (A) and after (B) P-cluster maturation. The precursor model (A) com-
prises two individual subclusters, a [Fe4S4] cluster (Upper) and a [Fe4S4]-like
cluster (Lower) with a bridging cysteine in place of a core sulfide; whereas the
P-cluster model (B) is nearly identical to the mature [Fe8S7] structure in the
�nifB MoFe protein (Fe, purple; S, green). The P-cluster model was derived by
systematically altering the crystallographic coordinates of 1L5H (11) based on
the EXAFS fits in Table 1. The possible protein ligands are indicated; additional
ligands comprising light atoms (N or O) are represented by red spheres.

18476 � www.pnas.org�cgi�doi�10.1073�pnas.0909149106 Lee et al.



of the precursor (Fig. 2 A, edge shift) rather than for the
reduction of the substrates. Second, it facilitates the structural
rearrangement of the MoFe protein during P-cluster assembly;
only in this case, it is likely required for positioning the [Fe4S4]-
like cluster pairs for the subsequent coupling rather than for
satisfying the mechanistic needs of substrate reduction. The
interactions between the Fe protein and the MoFe protein
during these two processes could also be very much alike, both
of which involve the docking of Fe protein on MoFe protein, the
conformational rearrangement of both proteins, and the elec-
tron transfer between the two proteins. It is interesting to note
that the Fe protein-induced conformational changes not only
facilitate the formation of P-cluster, but also ‘‘open’’ up the
FeMoco site, because FeMoco can be inserted into the MoFe
protein only upon the maturation of the P-cluster. Thus, assem-
bly of MoFe protein is a well-coordinated process that requires
the precise timing of a series of events.

The observation of a biphasic pattern of P-cluster formation
in �nifH MoFe protein supplies the first dynamic proof for the
stepwise assembly mechanism of the two P-clusters in the MoFe
protein, i.e., the P-cluster in one �� dimer is formed before the
other in the second �� dimer (Fig. 4). This ‘‘unsynchronized’’
assembly mechanism was originally proposed based on the ‘‘half’’
P-cluster content (i.e., one P-cluster in one �� dimer and one
precursor in the other) of a �nifB�nifZ MoFe protein, which was
obtained upon deletion of nifB (encoding NifB, which is specif-
ically required for FeMoco biosynthesis) and nifZ† (encoding
NifZ, which is specifically required for P-cluster biosynthesis)
genes (16, 17). Such a ‘‘half-assembled’’ conformation of MoFe
protein is once again observed during the maturation of P-cluster
in �nifH MoFe protein; however, in this case, it is a transient
‘‘snapshot’’ represented by the �nifH MoFe protein that is
temporarily ‘‘stuck’’ in the ‘‘lag’’ phase (Fig. 1D). Contrary to the
maturation of the ‘‘second’’ P-cluster in the �nifB�nifZ MoFe
protein, which requires the concerted actions of NifZ and Fe
protein (18), formation of both the ‘‘first’’ (before the lag phase)
and the ‘‘second’’ (after the lag phase) P-cluster in the �nifH
MoFe protein only requires the action of Fe protein. This
observation is not surprising, because the �nifH MoFe protein
is expressed in a nifZ-intact background and, therefore, the
impact of NifZ on P-cluster formation has already been achieved
before the isolation of the �nifH MoFe protein. More impor-
tantly, the appearance of a distinct lag phase before the forma-
tion of the second P-cluster in �nifH MoFe protein suggests that
the two P-clusters in MoFe protein are indeed formed sequen-

tially. It is likely that, after a fast coupling of the [Fe4S4]-like
cluster pair in the first �� dimer (Fig. 1D, 0–5 min), the MoFe
protein undergoes a slow, Fe-protein facilitated conformational
rearrangement (Fig. 1D, lag phase, 5–20 min) that positions the
[Fe4S4]-like cluster pair in the second �� dimer in a favorable
orientation for the subsequent coupling (Fig. 1D, 20–60 min).
Future structural analysis of the various MoFe protein interme-
diates during P-cluster assembly should provide additional in-
sights into the stepwise assembly mechanism of MoFe protein.

Materials and Methods
Unless noted otherwise, all chemicals and reagents were obtained from Fisher
Scientific or Sigma–Aldrich.

Construction of A. vinelandii Variant Strains. Construction of A. vinelandii nifB-
and nifH-deletion strains DJ1143 and DJ1165, which produce His-tagged �nifB
MoFe protein and �nifH MoFe protein, respectively, has been described (7,
19).

Cell Growth and Protein Purification. All A. vinelandii strains were grown in
180-L batches in a 200-L New Brunswick fermentor (New Brunswick Scientific)
in Burke’s minimal medium. The medium was also supplemented with 2 mM
ammonium acetate. The growth rate was measured by cell density at 436 nm
by using a Spectronic 20 Genesys spectrophotometer. Cells were grown to an
OD436 of 1.0 and harvested immediately afterwards by using a flow-through
centrifugal harvester (Cepa). The cell paste was washed with 50 mM Tris�HCl
(pH 8.0). Published methods were used for the purification of His-tagged
�nifB MoFe protein, His-tagged �nifH MoFe protein (7, 20), and wild-type Fe
protein (21).

P-cluster Maturation in �nifH MoFe Protein. Maturation of the P-clusters in
�nifH MoFe protein was modified from a previously published method (18).
Incubation mixtures designed to convert the �nifH MoFe protein-bound
P-cluster precursors to mature P-clusters contained, in a total volume of 100
mL, 25 mM Tris�HCl (pH 8.0), 100 mg of purified �nifH MoFe protein, 50 mg of
Fe protein, 20 mM Na2S2O4, 0.8 mM ATP, 1.6 mM MgCl2, 10 mM creatine
phosphate, and 8 units of creatine phosphokinase. These reaction mixtures
were incubated at room temperature for 0, 5, 20, 60, and 120 min, respectively,
before the �nifH MoFe protein samples were reisolated and analyzed for
P-cluster maturation by reconstitution assays, EPR, and XAS/EXAFS spectros-
copy (see below).

Reconstitution Assays of MoFe Protein. Assays designed to reconstitute the
preincubated �nifH MoFe protein samples contained, in a total volume of 0.8
mL, 25 mM Tris�HCl (pH 8.0), 20 mM Na2S2O4, 0.6 mg of reisolated �nifH MoFe
protein (see above), and 5 �L of isolated FeMoco (equivalent to 10 nmol
FeMoco). These reaction mixtures were incubated at 30 °C for 30 min and
determined for enzymatic activities as described (22–24).

EPR Analysis. All samples for analysis by EPR spectroscopy were prepared in a
Vacuum Atmospheres dry box with an oxygen level of �4 ppm. The dithionite-
reduced �nifH MoFe protein samples were in 25 mM Tris�HCl (pH 8.0), 10%
glycerol, and 2 mM Na2S2O4. The indigo disulfonate (IDS)-oxidized �nifH MoFe
protein samples were prepared by incubation with IDS for 5 min followed by

†nifZ encodes for a product that is required for the assembly of the second P-cluster in the
�2�2-tetrameric MoFe protein, because deletion of nifZ results in the formation of a
half-assembled form of MoFe protein that contains a P-cluster and a FeMoco in one ��

dimer and a P-cluster precursor and no FeMoco in the second �� dimer (16, 17).

A B C

Fig. 4. Model of the stepwise mechanism of P-cluster formation. Before maturation, the P-cluster species (i.e., precursor) in �nifH MoFe protein is composed
of a pair of [Fe4S4]-like clusters in each �� dimer (A). Upon incubation with Fe protein, MgATP and dithionite, the two P-cluster precursors in �nifH MoFe protein
are matured in a stepwise fashion, i.e., the precursor in one �� dimer is converted to a fully matured P-cluster (B) before the other in the second �� dimer (C).
Concurrent with the sequential formation of the P-clusters, the FeMoco sites in MoFe protein are converted from a closed conformation to an open one,
permitting the subsequent insertion of FeMoco into these sites.
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removal of excess IDS by a single passage over an anion exchange column (25).
All EPR spectra were recorded with a Bruker ESP 300 Ez spectrophotometer
interfaced with an Oxford Instruments ESR-9002 liquid helium continuous-
flow cryostat using a microwave power of 50 mW, a gain of 5 	 104, a
modulation frequency of 100 kHz, and a modulation amplitude of 5 G. The
microwave frequencies of 9.62 and 9.39 GHz were used for the perpendicular-
mode (5 scans at 10 K) and parallel-mode (10 scans at 4 K) measurements,
respectively. Spin quantitation of EPR signals was performed as described (16).

XAS Data Acquisition. XAS data for all samples were collected at the 20-pole
wiggler biological XAS station BL7–3 at the Stanford Synchrotron Radiation
Lightsource under 3 GeV and 80- to 100-mA storage ring operating conditions.
Rejection of higher harmonics and vertical collimation was provided by a
premonochromator flat bent Rh-coated mirror, while a Si (220) double-crystal
monochromator was used for energy selection. Protein samples were loaded
into Kapton sheathed Lucite cells, flash-frozen, and preserved under liquid
nitrogen (LN2). During XAS measurement, an Oxford Instruments CF1208
liquid-helium continuous-flow cryostat held samples at a constant tempera-
ture of 10 K. Fe K� fluorescence data to k of 16 Å�1 were recorded with a
Canberra 30-element solid-state Ge detector array with Soller slits and a Mn
filter secured between the sample cryostat and the detector window to
attenuate signal intensity from inelastic scattering and Fe K� fluorescence.
Internal energy calibration was affected by concurrent measurement of the
absorption of a Fe foil placed between two ionization chambers located after
the sample. The first inflection point of the foil XAS edge was assigned to
7,111.2 eV. No signs of photoreduction of the metal sites, as observed by shifts
in edge energy with time, were apparent. A total of 37, 43, 40, 35, and 37 scans
were measured for samples preincubated for 0, 5, 20, 60, and 120 min,
respectively. Concentrations of samples preincubated for 0, 5, 20, 60, and 120
min are 111, 97, 76, 62, and 84 mg/mL, respectively.

XAS Data Analysis. After inspection of raw data to remove specious detector
channels and scans, average files of all scans for each sample were generated.
The average data files for each sample were normalized by using the program
PYSPLINE (26) to select control points and fit a first- or second-order polyno-
mial to the preedge region before subtracting this function from the entire
data range. The data were normalized to an edge jump of 1.0 at 7,130 eV. A
four-region spline function of orders two, three, and three over the postedge
region was used to yield EXAFS spectra. EXAFS data over the k range of 2 to
15.7 Å�1 were fit by means of the least-squares fitting program OPT, a
component of the EXAFSPAK suite of software, using initial ab initio theo-
retical phase and amplitude functions calculated from FEFF 7.0 using a starting
model based on the 1L5H crystal structure (11, 27, 28). Atomic coordinates
from the crystal structure were modulated as fitting progressed to generate
more chemically plausible models. During fit optimization, the interatomic
distance between the absorbing and backscattering atom (R) and the mean-
square thermal and static deviation in R (�2) were varied for all components.
The threshold energy (�E0) 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 iron (29).
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