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A mechanistic understanding of enzymatic and electron-transfer
processes catalyzed by transition metal-containing proteins depends
crucially on identification of the oxidation states of the participating
redox centers. This information is typically obtained through various
spectroscopic techniques, while X-ray crystallography provides the
basic structural information but remains blind toward the subtle
differences of one or two electrons that distinguish a reduced from
an oxidized state. One spectroscopic method sensitive to oxidation
state is X-ray absorption spectroscopy (XAS); although the position
of an X-ray absorption edge depends primarily on the element and
coordination environment, it is also sensitive to oxidation state, since
oxidation will shift the absorption edge to higher energy, as each
of the remaining electrons experiences an increased interaction with
the unchanged nuclear charge. For example, the edge positions
between ferrous and ferric iron in various compounds can shift by
approximately+1 to +5 eV.1-3 Because of spectral overlap,
assignment of oxidation states to specific centers by XAS can be
problematic for complex metalloproteins containing multiple copies
of a given metal.

Absorption effects contribute to a wavelength dependence of
the atomic scattering factor for X-rays,f (λ), according to
f (λ) ) f 0 + ∆f ′(λ) + i∆f ′′(λ) where∆ f ′(λ) and∆ f ′′(λ), related
by a Kramers-Kronig transformation,4 correspond to the respective
real (dispersive) and imaginary (absorption) corrections to the
scattering factorf 0 that would be observed in the absence of
absorption effects. These wavelength-dependent effects are com-
monly referred to as “anomalous scattering”, although it has been
noted that there is nothing “anomalous” about this effect as it is
indeed the normal state of affairs.4 In macromolecular crystal-
lography, the wavelength dependence of the scattering factors is
routinely used to identify substructures of scatterers for solving the
phase problem and calculate electron density maps. The information
contained in the detailed structure and position of the absorption
edge is typically not utilized. As described by Wu et al., however,
if data sets are collected at suitably spaced energies around the
absorption edge, it is possible to refine values of∆f ′ and∆f ′′ for
the individual scatterers of the element in question and derive the
X-ray absorption curve for each individual atom, thereby allowing
the individual oxidation states to be deduced.5

The complex structure factor can be calculated as a summation
over all individual atomic scattering factorsfm for m atoms in the
crystal unit cell and expressed as an amplitude|F| and a phase
angleR, or by its real and imaginary componentsA andB:

whererb andhB are positional vectors in real and reciprocal space,
respectively.

The contributions ofn absorbing (“heavy”) atoms to the overall
structure factor at a given wavelength, highlighting the effects of
variations in∆f ′(λ) and∆f ′′(λ), can be formally separated from
the contributions of the nonabsorbing atoms in a protein:

Denoting the phase of the wavelength-independent scattering by

the respective anomalous and dispersive differences,

may be expressed as6

SinceR(hB), an(hB), andbn(hB) can be calculated from the coordinates
for a protein of known structure, the experimentally observed
differences are linear functions of∆ f ′n(λ) and∆ f ′′n(λ), which can
then be obtained as the least-squares solution to the series of
observational equations. The results of the procedure are individual
values of∆ f ′n(λ) and∆ f ′′n(λ) for each anomalous scatterer at the
X-ray energy where the data were collected. Our analysis shows
that while the relative magnitudes of the∆ f ′n(λ) values are rather
dependent on the choice of the reference data set and are sensitive
to occupancies and temperature factors of the refined structures,
the ∆ f ′′n(λ) values are very robust.
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This method should be generally applicable to X-ray data
collected at an absorption edge, and, in contrast to methods such
as diffraction anomalous fine structure,7 it can be straightforwardly
applied to crystals of large metalloproteins. To test the feasibility
of the procedure, we have carried out measurements with the [2Fe:
2S] cluster containing ferredoxin Fd4 fromAquifex aeolicus.8,9 The
iron atoms of the cluster are antiferromagnetically coupled, yielding
spin states ofS ) 0 for the oxidized (Fe(III)/Fe(III)) andS ) 1/2
for the reduced (Fe(II)/Fe(III)) form, whereby the additional electron
in the reduced state is localized to one of the metal centers
(Figure 1).

Crystals of Fd4 were grown under anaerobic conditions in the
presence of 2 mM sodium dithionite. They belong to space group
C2 and contain two monomers per asymmetric unit, such that two
independent [2Fe:2S] clusters are present and should yield identical
results. Complete diffraction data sets were collected at nine
energies along the iron K-edge (see Supporting Information). From
an X-ray fluorescence scan, energies were chosen to comprise low
and high-energy references (7100 and 7140 eV) as well as seven
data sets around the edge (7114, 7116, 7118, 7120, 7122, 7124,
and 7126 eV) (Figure 1). A model of Fd4, refined to a resolution
of 1.8 Å against the data collected at 7140 eV, was used to calculate
the real and imaginary parts,a andb, of structure factors for the
light atoms (C, N, and O), all sulfur atoms, two cadmium ions from
the crystallization buffer, and each of the four individual iron atoms
within the asymmetric unit. Sulfur and cadmium showed a distinct
anomalous scattering contribution but no edge feature and provided
a useful internal standard.

A computer program was written for reading coordinates of the
refined protein structure and prescaled reflection data to calculate
structure factors and solve the linear least-squares problem. The
resulting, refined∆f ′′ values showed an increase of anomalous
signal in excellent accord with the fluorescence scan taken
previously, while the sulfur and cadmium contributions remained
stable (Figure 2). The equivalent iron atoms in the two protein
monomers of the asymmetric unit of the crystal yielded virtually
identical results, while the two iron atoms within the same cluster
showed significant differences (Figure 2). The course of the∆ f ′′
values is clearly shifted to lower energies for the iron atoms closer
to the surface (Fe2 and Fe4), indicating a reduced Fe(II) state, while
the iron atoms more buried within the protein (Fe1 and Fe3) show
an edge at higher energies and are presumed to be in the Fe(III)

state. The finding that the iron atom closer to the surface is the
one that accepts and releases an electron is consistent with previous
inferences.8,9 We further note that the Fe(III) ions even seem to
reflect the XAS preedge feature at 7114 eV that is present in the
oxidized state only.

The assignment of redox states in metal clusters promises to be
a robust and versatile tool to examine the electronic structure of
these moieties. While further optimizations for issues such as the
minimal resolution and amount of data required and photoreduction
effects in oxidized samples will be necessary, the method should
be generally applicable to complex metalloproteins such as nitro-
genase, carbon monoxide dehydrogenase, or multihemec cyto-
chromes. The information gained from the position and shape of
the absorption edge for individual metals will provide an experi-
mental assessment of the oxidation states and should serve to both
guide and validate theoretical calculations.
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Figure 1. Structure of the ferredoxin Fd4 fromA. aeolicus. The iron-sulfur
cluster is coordinated by four thiolate sulfurs. Fe1 points toward the inside
of the protein while Fe2 is located close to the protein surface, and Cys 55
and Cys 59 even form part of this surface, providing a probable electron-
transfer site. The diagram shows the choice of nine wavelengths for data
collection along the iron K-edge on a fluorescence scan of Fd4.

Figure 2. Refined values of∆ f ′′ for Fd4. The asymmetric unit contains
two monomers, and the iron sulfur clusters in monomers A (Fe1 (]) and
Fe2 ([)) and B (Fe3 (O) and Fe4 (b)) show consistent differences between
their iron atoms. A fluorescence scan taken from the same crystal before
data collection is shown in gray. All sulfur (4) and cadmium (3) atoms in
the structure were each refined as a single anomalous species; the refined
values of∼4.4 and 0.5 electrons may be compared to tabulated values of
5.7 and 0.7 e-, respectively.4 The insert shows the refined∆ f ′ values,
where Fe2 and Fe4 yield a curve with two minima.
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