
Abstract Spin resolved multiple scattering (MS) calcu-
lations of Fe K-edge X-ray Absorption Near Edge Struc-
ture (XANES) of myoglobin are reported for the first time.
The observed differences of the Fe K-edge XANES spec-
tra of sperm whale metmyoglobin under spin transition as
a function of temperature have been studied. The method
allows one to compute separately spin effects and local
structural effects. The results show that spin effects are
confined in the absorption rising edge in the range
7111–7130 eV, while purely structural effects are domi-
nant in the range 7130–7170 eV. Symmetry changes of the
Fe coordination sphere mainly related to its movement to-
wards the heme plane, coupled to an increase of axial asym-
metry, can explain the XANES changes observed above
7130 eV without an appreciable change of the Fe-Np dis-
tance.
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Multiple scattering

Introduction

The spin state in hemoproteins is a characteristic feature
of the Fe active site. In myoglobin it depends on many fac-
tors such as, for example, pH and ligand type. The study
of the relationships between the Fe site structure and the
Fe spin state is important because a spin transition can be
accompanied by a change of the Fe ligand affinity and in

turn of the biological functional state of the protein. Al-
though many studies have addressed this subject no clear
understanding of the correlation between the spin state and
Fe-heme structure has been reached, the correlation being
perhaps different for the various systems under study. The
position of the iron atom in both high spin and low spin 
6-coordinated ferric porphinato model systems is found
within the heme plane, high spin model complexes having
on average an expanded core size with respect to low spin
model complexes (Scheidt and Reed 1981). On the other
hand, an out-of-plane position of the iron atom, of about
0.4 Å, as in high spin 5-coordinated model complexes, is
reported by diffraction data on sperm whale metmyoglo-
bin (Takano et al. 1977). By contrast, in spite of similar pH
and temperature conditions of the protein crystal, horse
heart metmyoglobin has, according to X-ray data of Evans
and Brayer (1990), a small Fe-heme displacement (0.03 Å,
towards the water molecule). Moreover it is likely that very
subtle local structural changes, difficult to detect by stan-
dard techniques, can affect the spin state, so that the
spin/structure correlation remains an open question. There-
fore developments of Fe-heme structure sensitive probes
will be helpful to clarify the problem.

X-ray Absorption Near Edge Structure (XANES) spec-
troscopy is one such local probe (Pin et al. 1994). In this
work we present an approach to the spin/structure prob-
lem in metmyoglobin, by analysing K-XANES spectra in
the framework of the multiple scattering approach (MS),
using spin resolved self consistent potentials. The K,L1-
edge XANES spectra measure dipole transition probabil-
ities starting from the deep metal core level 1 s (or 2 s) 
(l = 0, m

l
= 0) to delocalized final states with p-symme-

try (l = 1, m
l

= 0, 1). The XANES signal is due to posi-
tive interference between the outgoing photo-electron
wave (produced by an absorption event) and the ingoing
wave produced by multiple scattering of the same photo-
electron from the surrounding atoms. So the energy posi-
tion and intensity of a peak will depend on the geometry
of the cluster of neighbouring atoms (bond distances and
angles) and the actual potential seen by the photoelectron.
In the common approach to XANES interpretation, the
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scattering of the photoelectron from electron charge dis-
tribution is considered to be dominant, whereas that from
the spin of the valence electrons is neglected. Owing to
the characteristic very fast coherence time (∼ 10–15 s), the
XANES signal probes the iron site conformations aver-
aged over the protein ensemble, being close to that with
highest probability.

Temperature dependent variations of the XANES of al-
kaline metmyoglobin from sperm whale, clearly related to
the iron spin state, have been reported by Oyanagi et al.
(1987) (Fig. 1). In fact, magnetic susceptivity data show
that Fe(III) in this derivative is in a high spin state (S=5/2)
at room temperature, whereas at low temperature (80 K) it
converts completely to a low spin state (S=1/2). The
XANES spectrum of metmyoglobin exhibits various fea-
tures evolving with temperature: peak P is assigned to a
dipole forbidden 1 s → 3 d electron transition, and con-
tains contributions from both spin and structure. The other
peaks A, C, D and C2 have been interpreted in the case of
deoxy-Mb (Bianconi et al. 1984), MbCO and MbCN (Bi-
anconi et al. 1985a) as due to multiple scattering reso-
nances, so they should depend on the overall geometry of
the Fe site.

The first purpose of this study was to determine the Fe
K-edge XANES sensitivity to iron spin state and related
structural variations. We performed self-consistent spin re-
solved calculations of the electron structure of the Fe-heme
complex. We used the resulting electron wave functions of
high spin (t32g e2

g) and low spin (t52g) Fe configurations in
Fe(III)-myoglobin in order to simulate the K-XANES
measured by Oyanagi et al. (1987). These calculations try
to solve two Fe spin states, so they differ from the analo-
gous calculations used by Soldatov et al. (1994) to simu-
late spin polarized Mn K-edge XANES of MnF2 (in which
transitions to final spin-up states and final spin-down states
were separately measured, Hamalainen et al. (1992), as in-
dicated in the method section.

The temperature dependent high spin → low spin tran-
sition in ferric metmyoglobin has been reproduced accord-

ing to previous structural models. It is accompanied by a
movement of the Fe atom toward the heme plane. This
movement at low temperature is coupled with an increase
of axial asymmetry (i.e., a decrease of the Fe-OH bond dis-
tance and an increase of the Fe-prox. His bond distance.
The experimental XANES data are reproducible with very
little variation of the Fe-Np distance. According to our sim-
ulation, the low energy part of the spectrum is sensitive to
both Fe spin state and Fe-heme structure.

Methods

XANES probes a scattering cluster (i.e. a group of atoms
around an absorbing one) of a large size (Bianconi 1989).
On the other hand it is time consuming to make self-con-
sistent spin-dependent calculations within surch large clus-
ters. Therefore, we divided our task into two parts: first we
have obtained in a self-consistent mode two sets of spin-
dependent molecular potentials, and second we have per-
formed full multiple scattering calculations using a method
appropriate for continuum states.

In order to obtain two sets of potentials for both high
spin and low spin configurations we performed self-con-
sistent spin-polarized calculations of the electronic struc-
ture of a small cluster: FeON5 cluster that is a fragment of
myoglobin. The method we used is based on the self con-
sistent field scattered waves (SCF Xα-SW) technique with
Slater Xα local density approximation (LDA) (Hohenberg
and Kohn 1964), where a local exchange-correlation po-
tential Vex,σ for electronic states with σ-type of spin can
be written as

Vex,σ(r) = –6 α [(3/4) ρσ(r)]1/3 (1)

In this expression ρσ(r) is the total local charge density of
electrons with spin σ, and α is the exchange constant. Our
approach is close to the standard technique of Johnson and
Smith (1972). Its results are found to be in a good agree-
ment with experimental data for heavy metal oxides, such
as amorphous tantalum pentoxide (Gubskii et al. 1987) and
uranium oxide (Garcia-Vidal et al. 1994).

In the high-spin (HS, S=5/2) configuration, it is as-
sumed that the five 3d electrons of the Fe3+ ion are “spin-
up”, while the 3d “spin-down” orbitals are unoccupied. In
the low-spin (LS, S=1/2) configuration, there are three
spin-up electrons and two spin-down electrons. The ex-
change potential (1) for a given spin in our spin-polarized
calculation is determined by the total electron distribution
for that spin. When the number of spin-up and spin-down
electrons are different (in the HS case the difference is
equal to 5, while in the LS case it is equal to 1) the ex-
change potential tends to cause a splitting of the electronic
structure of the cluster in the same manner as was found
in early studies dealing with spin-polarized band structure
calculations (Slater 1974). As a result one obtains spin-up
and spin-down self-consistent potential functions for both
the HS and LS configurations, i.e., four sets of embedded
atomic potentials that we will refer as HU (high-up), HD
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Fig. 1 Fe K-edge XANES spectra of high spin Fe(III) MbOH at
pH=10.5, T=300 K (dashed line), and low spin Fe(III) MbOH at
pH=10.5, T=80 K (solid line). Data taken from Oyanagi et al. (1987)



(high-down), LU (low-up) and LD (low-down). A picto-
rial view of these four electron energy schemes is shown
in Fig. 2.

We first considered the 1-shell FeON5 cluster with C4v
symmetry around the central Fe atom. According to our
procedure of muffin-tin potential construction (Della
Longa et al. 1995) we obtained the following values of
muffin-tin radii: 1.11 Å for central Fe, 0.896 Å for pla-
nar N, 0.988 Å for apical N and 0.859 Å for the O site
sphere. We keep these values fixed going from the HS to
the LS case, and during the iterative refinement, so that
one can exclude artifactual charge transfers between muf-
fin-tin spheres during the self consistency refinement pro-
cedure. The resulting averaged constant values of poten-
tial in the region between MT spheres (VMT) are –1.2018
Ryd, –1.2117 Ryd, –1.2265 Ryd and –1.2286 Ryd for the
LU, LD, HU and HD potentials, the zero energy being
chosen at the vacuum level. In the self-consistent proce-
dure we have taken into account spherical harmonics with
angular momentum l = 0, 1 for oxygen and nitrogen
spheres and l = 0, 1, 2 for the iron sphere. The criterion
of convergence of the self-consistency process was the
inequality

max |ρσ
l+1(r)–ρσ

l(r) | ≤ 0.001 (2)

where i is the iteration number, ρ(r) the electron charge
density around each embedded atom, and σ the spin type.
These potentials were used to calculate four sets of partial
phase shifts of the photoelectron.

The XANES simulations make use of the one-electron
full multiple scattering formalism (Durham et al. 1982),
included in the G4XANES computer package developed
by us (Della Longa et al. 1995). The calculations have been
performed in real space for a three-shell cluster in the same
manner as in our previous work (Bianconi et al. 1985a;
Della Longa et al. 1993), where we did not consider the

spin state. For each chosen structural model of the Fe-heme
cluster four XANES spectra are calculated, corresponding
to the HU, HD, LU and LD potential sets (Fig. 3A). The
HU and LU spectra are always red-shifted by about 3 eV
and 1 eV respectively from the analogous HD and LD spec-
tra. The HS and LS XANES spectra are obtained simply
as HS = (HU+HD)/2 and LS = (LU+LD)/2. A broaden-
ing Lorentzian function is applied to the calculated
XANES to take into account the core hole lifetime (1.2
eV), the experimental resolution (0.5 eV) and an energy
dependent factor representing the photoelectron lifetime
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Fig. 2 Pictorial view of the processes considered in spin resolved
XAS simulation. Different one-electron potentials and absorption
probabilities are computed for each electron configuration (see the
Method section)

Fig. 3A–C Spin resolved XANES calculations related to a select-
ed structural model: A Calculations for the four potential sets LU,
LD, HU and HD. B Energy bandwidth function of final states in the
Fe K-edge XANES due to core hole lifetime (1.2 eV), experimental
resolution (0.5 eV) and photoelectron lifetime (energy dependent
part). C Final simulation obtained by convoluting the energy band-
width function with the calculated spectrum. Calculations consider-
ing high spin Fe (solid curves) and low spin Fe (dashed curve) are
superimposed, allowing one to distinguish purely structural effects
from spin effects. The zero energy is the averaged muffin-tin con-
stant potential VMT



due to inelastic scattering by valence electrons (Fig. 3B).
The energy dependent part is zero below the Fermi energy
and contains jumps at the energies of plasmon excitations.
Plasmon energies and jumps were chosen to be consistent
with values found by electron energy loss experiments on
Fe borides (Bratkovsky et al. 1994), then adjusted to fit the
experimental data. These convoluted calculations (Fig.
3C) are then comparable with the experiment. The final
difference in energy position of the absorption edge
between HS and LS calculations is not greater than 0.5 eV.

The basic cluster used for the MS simulations has no
symmetry, including 32 atoms from the porphyrin ring, the
proximal histidine and the OH ligand. In spite of the great
number of degrees of freedom, a large body of knowledge
(essentially from crystallography and EXAFS) furnish an-
cillary information allowing one to select a limited num-
ber of parameters at the Fe-heme site in Mb, which are
known to change dynamically and affect the XANES. The
Fe-heme system has a pseudo-C4v symmetry; the histidine
ring and pyrrol rings of the porphyrin remain perfectly
rigid. We have selected the following parameters: 1) d(Fe-
Np) (i.e. the equatorial first shell average distance from the
pyrrol nitrogens in a C4v symmetry); 2) and 3) d(Fe-Nε)
and d(Fe-O) (the axial distances of the proximal histidine
and the OH ligand); 4) and 5) the rotation (tilting) angles
of the same axial ligands; 6) the azimuthal angle of the
proximal histidine; 7) the Fe displacement on the heme
normal; 8) the heme “doming” (i.e., in-phase rotation of
the four pyrrol rings, affecting in turn the equatorial first
shell average distance); 9) the heme “ruffling” (i.e., oppo-
site rotation of the two couples of opposite pyrrol rings,
affecting the in-phase scattering of the equatorial ligands).

The fit goodness of the calculated vs. experimental data
is reported below by using a fit index parameter F calcu-
lated as:

where N is the number of fitted points (N=40), σ exp the
experimental error (in the experiment of Oyanagi et al.
(1987) a realistic value is σ exp =2 · 10–3 in normalized ab-
sorption units), yi

thand yi
exp the fitting and fitted absorption

data, respectively. For known crystal structures, a good
matching between calculations and experiments ifs found
for the energy position of the peaks, while a poorer agree-
ment on their intensity is expected.

The errors in applying XANES simulations to biologi-
cal compounds, arise from different factors: i) The basic
approximations in using the one-electron theory and the
spherically averaged atomic potentials. ii) The high com-
putational limits. The quantitative estimation of geomet-
ric parameters from XANES could be provided only by dy-
namical cluster simulations including all degrees of free-
dom. A first attempt to this challenging objective is in
progress in our laboratory. iii) Different conformational
substates at the metal site could exist (Parak et al. 1987;
Hong et al. 1990). The XANES spectra in such a case probe
the metal site structure averaged over the protein ensem-

F
N

y yi
th

i
i

N
= = −( )∑χ

σ
2 21

exp
exp

ble, being close to a particular conformation only if it has
a high probability. The overall systematic errors are there-
fore in practice larger than those implicit in the relatively
high sensitivity of XANES calculations in reproducing
structural changes (e.g., bond lengths variations of 0.01 Å).

The structural models 1 and 2 giving the best fit of the
calculated vs. experimental data (see the Results section)
are reported in Fig. 4. We note that the calculated total 
energies of clusters 1 in the two spin states of Fe were 
Etot

LS = –3338.56 Ryd, and Etot
HS = –3338.67 Ryd, with a dif-

ference of ∆Etot
HS–LS = –0.11 Ryd, still too large to explain

spin equilibrium in metmyoglobin (thermodynamic energy
difference between spin states according to a Boltzmann
distribution model: ∆G ≈ 1 kJ/M = 7 · 10–4 Ryd (Beetle-
stone and George 1964); estimated proximal work neces-
sary to move the iron atom onto the heme plane in a new-
tonian elastic approximation: ∆H ≈ 3 · 10–3 Ryd (Cham-
pion 1989). This gives an idea of the roughness of the (SCF
Xα-SW) approximation usually applied in biological con-
texts.

Results

As described in the method section, owing to computa-
tional limits we calculated the XANES for a limited num-
ber of conformations, varying all of the nine parameters
affecting the Fe-heme dynamics. The XANES fit was
found to be very sensitive, in decreasing order, to: first shell
distances (parameters 1, 2 and 3 mentioned in the method
section), the iron displacement (parameter 7), the tilting
angle of the axial parameter (parameters 4 and 5) the heme
doming and ruffling (parameters 8 and 9) and the azimuthal
histidine angle (parameter 6).
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Fig. 4 Sketch of the heme-iron site in alkaline metmyoglobin. In
the lower side, two examples of structural models, 1 (Fe out-of-plane)
and 2 (Fe in-plane), used to model the spin/structure transition. The
hydrogen atom of the OH– ion is not considered in the calculations
owing to its low scattering power



Two structural models, giving the best fit to the experi-
mental XANES spectra, are considered in more detail in
the present work (Fig. 4). In structure 1, the Fe is 0.4 Å out
of the Np plane, with the hydroxyl oxygen at 2.0 Å and the
imidazole nitrogen at 2.1 Å. In the structure 2, the Fe is in
the Np plane, with the hydroxyl oxygen at 1.9 Å and the
imidazole nitrogen at 2.3 Å. The Fe-Np distance is con-
strained between 2.01 Å (structure 2) and 2.015 Å (struc-
ture 1) by doming the heme.

To solve spin and structural effects, we have applied
both the high spin and low spin potential to each of 
the structural models. The theoretical XANES for struc-
ture 1 with high spin Fe (solid curve) and low spin Fe 
(dashed curve) are shown in Fig. 5A. The theoretical
XANES for structure 2 with high spin and low spin Fe
are shown in Fig. 5B. Every time the calculation has 
been carried out for a certain structural model, spin ef-
fects have proven negligible 30 eV beyond the intersphere
potential of the muffin-tin approximation. On the other
hand, symmetry changes of the Fe coordination sphere
determine marked XANES changes in the 30–50 eV en-
ergy region. Spin effects influence to some extent the ab-
sorption edge: the ideal, simple high spin → low spin re-
arrangement of the d-electrons (computed without struc-
tural changes) produces a blue-shift of the absorption
edge of about 0.5–1.0 eV and a small decrease of the main

absorption peak in the case of both structures 1 and 2.
This spin dichroism is explained theoretically by a spin
sensitivity of both the dipole transition matrix elements
(that influence the relative intensity of XANES) and
atomic scattering phase shifts that influence the energy
position of the absorption edge and of the peaks (Solda-
tov et al. 1995).

The 1-shell calculations do not satisfactorily repro-
duce the experimental spectrum of metmyoglobin. For
example peak D observed in the experiment (Fig. 1) is
not reproduced in the calculations; this peak has been as-
signed to multiple scattering involving the 2nd and the
3rd shell of the porphyrin plane (see below). Apart from
peak D, however, the observed experimental trend can be
reproduced by a movement of the iron atom towards the
heme plane (with changes in the Fe-Np distance less than
0.005 Å). The energy positions of peak A and peak C in
the 1-shell simulation are related to the Fe-His distance
and the Fe-Np distance respectively; they are weakly re-
solved in cluster 1, for which d(Fe-Np)-d(Fe-His) = 0.1
Å but become well resolved (and peak A becomes evi-
dent) in cluster 2, for which d(Fe-Np)-d(Fe-His) = 0.4 Å.
The intensity of peak C2 is mainly related to the Fe-Ct
distance, becoming prominent when the iron lies in the
heme plane. The ability to reproduce the trend at peaks
A and C2 by 1-shell calculations is a direct indication that
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Fig. 5 Spin resolved 1-shell XANES calculations related to A Fe
out-of-plane, lower axial asymmetry, and B Fe in-plane, higher ax-
ial asymmetry. Calculations considering high spin Fe (dotted curves)
and low spin Fe (solid curves) are superimposed, allowing one to
distinguish purely structural effects from spin effects

Fig. 6A, B Simulation of the XANES experiment reported in Fig. 1,
giving best fit among the selected structural models. A 1-shell calcu-
lations. B 3-shell calculations. The fit goodness to the experimental
spectra of HS and LS Mb+OH– is F = 2.96 and F = 3.2, respectively



the Fe coordination symmetry transforms in the experi-
ment 1.

The experiment of Oyanagi reported in Fig. 1 is theo-
retically reproduced in Fig. 6. The 1-shell calculations for
cluster 1 (Fe out-of-plane) using high spin potentials (plot-
ted curve), and for cluster 2 (Fe in-plane) using low spin
potentials (solid curve) are reported in Fig. 6A. The 3-shell
calculations of the same spectra are reported in Fig. 6B. It
is clear that to reproduce all the experimental features it is
necessary to consider a 3-shell scattering cluster contain-
ing the complete porphyrin macrocycle and the proximal
histidine. The 3-shell XANES simulation reproduces the
experimental trend concerning all the features A, C, D 
and C2, with a fit goodness F = 2.96 for the HS case, and
F = 3.2 for the LS case. The feature C2 receives pure struc-
tural contributions, being more pronounced when the iron
lies in the Np plane, with a marked axial asymmetry. On
the other hand the rising energy region depends on both
spin state and structure (as seen above), or, in other words,
structural effects are unresolvable from spin effects below
7130 eV. To interpret peak A is further complicated be-
cause partial charge transfers from (to) the iron atom in-
duce shifts of the absorption edge.

Other structural models that can be chosen to simulate
the HS → LS transition of Mb+OH– are shown in Fig. 7,
frames A, B and C. Dotted curves correspond to simula-
tions performed with HS potentials, while solid lines cor-
respond to simulations performed with LS potentials. The
effect of axial asymmetry changes, with the Fe atom re-
strained in the heme plane, is reported in Fig. 7A. The 
calculated fit goodness is F = 4.38 for the HS state, and 
F = 3.2 for the LS state. The same effect of axial asymme-
try changes, with the Fe atom restrained out of the heme
plane, is reported in Fig. 7B, giving F = 4.03 for the HS
state, and F = 4.11 for the LS state. The effect of in-plane
movement of the Fe atom, within the same axial asymme-
try, is shown in Fig. 7C, giving F = 3.91 for the HS state,
and F = 5.71 for the LS state.

Discussion

Our method allows one to calculate separately the contri-
bution of spin effects and structural effects in the XANES
spectrum of myoglobin: as pointed out in the Result sec-

tion, according to our simulations one expects these effects
to be experimentally unresolvable in the energy range be-
low 7130. In contrast, purely structural effects are pre-
dicted beyond 7130 eV. Even if XANES cannot be consid-
ered as a fully exact method to quantitatively measure
structural parameters (in fact in the calculations the differ-
ences between features A and C2 are somewhat smaller
than in the experiment) the calculations make it possible
to interpret the origin of spectral changes in structural
terms. The XANES spectra measured by Oyanagi et al.
(1987) are explained according to a model relating the Fe
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Fig. 7A–C Other structural simulations of the XANES experiment
on HS → LS transition of Mb+OH–. Dotted curves correspond to sim-
ulations performed with HS potentials, solid lines correspond to sim-
ulations performed with LS potentials. A axial asymmetry changes,
with the Fe atom restrained in the heme plane; B axial asymmetry
changes, with the Fe atom restrained out of the heme plane; C in-
plane movement of the Fe atom, within the same axial asymmetry

1 Our spin resolved 1-shell calculations are predictive of XANES
changes observed in spin transitions of non-heme proteins contain-
ing 6-coordinated iron. It is the case in HS Fe(II) bleomycin and LS
Fe(III) bleomycin (reported by Westre et al. (1995)). The large shift
of the absorption edge is easily explained by summing up spin ef-
fect, increasing of Fe charge, and decreasing of the Fe-Np distance
(reported by authors by EXAFS analysis). Moreover the XANES dif-
ference in shape (neglected by the authors), according to our 1-shell
calculations can be attributed to displacement of the iron from the
equatorial plane of the octahedral coordination. Peroxo Fe(III) LS
bleomycin has 6-coordinated iron in the equatorial plane with small
distortions from full octahedral geometry, while in HS Fe(II) bleom-
ycin Fe is out of the equatorial plane, with a large distortion from
octahedral symmetry



spin state to the Fe position with respect to the heme plane.
In sperm whale high spin metMb the Fe atom is out-of-
plane by at least 0.3 Å, as reported by Takano et al. (1977).
The temperature dependent high spin → low spin transi-
tion is accompanied by a movement of the iron atom to-
wards the heme plane. This movement should increase the
Fe- prox. His distance, changing in turn the axial asymme-
try at the Fe site. The axial asymmetry is thought to be a
consequence of the electronegativity difference between
the imino nitrogen from proximal histidine and the hy-
droxyl oxygen. We note here that most of the data on high
spin 6-coordinated porphinato models, reporting in-plane
Fe, refer to complexes with the same ligand type in the 5th
and 6th position of the Fe coordination, so simply by sym-
metry arguments the iron must be in-plane without any ax-
ial asymmetry. According to extensive MS calculations
(not shown here), even by considering other degrees of
freedom (heme core size expansion or heme ruffling) it is
not possible to fit the trend of peak C2 without consider-
ing the iron displacement.

The experimental absorption edge (Fig. 1) shifts very
little (about 0.5 eV after peak A, as predicted by theory for
spin effects). The absorption edge has been reported to shift
depending also on Fe-Np distance and Fe net charge. By
assuming that these two parameters remain nearly constant
during the spin transition (having restrained the Fe-Np dis-
tance between 2.01 and 2.015 Å) the theoretical spectra
aligned in energy to the experimental ones. It is not pos-
sible by XANES to solve ambiguities about the mecha-
nisms involved in the absorption edge shifts, however
changes in the Fe-Np distance could be easily probed by
EXAFS (Eisenberger et al. 1978).

Concerning previous MS simulations, two points have
to be clarified:

i) Oyanagi et al. (1987) observed that previous calcula-
tions applied to the Fe-heme displacement in deoxy-Mb
did not reproduce the changes in regions A and C2 as a con-
sequence of the out-of-plane movement of the iron atom.
However, on the basis of the MS theory, it is not possible
to compare the previous calculations on 5-coordinated Fe
with those on 6-coordinated iron with pseudo octahedral
symmetry.

ii) It is useful to compare the XANES simulation on
MbCO (Bianconi et al. 1985a, discussed in the paper of
Oyanagi et al. (1987)) with the present one on MbOH. In
the case of MbCO, it was shown that peaks C1 and C2 are
strongly polarized along the heme axis according to ex-
perimental polarized XANES. The peaks were fully repro-
duced by MS calculations and explained as being due to a
focusing effect (i.e., in-phase electron back-scattering
from the C and O atoms of the bonded CO molecule, the
bending angle Fe-C-O being about 150 degrees). Accord-
ing to MS calculations of the same work, when the ligand
bending angle increases, the focusing effect (and the C1
and C2 resonances due to the ligand) decreases, and peak
A at about 10 eV appears (curve d of Fig. 2 in the paper of
Bianconi et al. (1985a). This last theoretical curve exhib-
its all the features of the simulated low spin MbOH of the
present work: so it is expected that the scattering proper-

ties of a diatomic ligand with large bending angle are inter-
mediate between that of a diatomic ligand with efficient
focusing effect (oriented upright), and that of a mono-
atomic ligand such as OH, or OH2 (hydrogen atoms show
negligible electron scattering).

It is noticeable that in the paper of Oyanagi et al. (1987)
there is great similarity between the experimental spectra
of MbO2 and low spin MbOH–, that confirms this assump-
tion. This similarity can be explained only by i) a close
structural analogy between the Fe site in Fe(II) MbO2 and
that in Fe(III) MbOH–; and ii) similar electron scattering
properties of the axial ligands O2 and OH, due to the large
bending angle of O2 (Fe-O-O of about 120°). In sperm
whale MbO2 d(Fe-O) = 1.83 Å, d(Fe-Nε) = 2.07 Å, d(Fe-
Np) = 1.96 Å, and the Fe lies in the heme plane, with an
overall structure close to that used by us in cluster 2.

In spite of the fact that, owing to the physical origin of
the signal (electron multiple scattering), the Fe displace-
ment coupled to asymmetry changes are certainly not the
only parameters that can theoretically affect the C2 feature,
the XANES calculation fits made on the overall spectra
suggest that these parameters are involved in the spin tran-
sition of Mb, affecting the C2 feature. On the basis of these
calculations, the feature C2 could be assumed experimen-
tally, rather than a spin-state marker, as a direct spectro-
scopic probe of the structural state of the Fe-heme system
along a generalized coordinate Q that links the in-plane
movement of the iron to the readjustment of its coordina-
tion sphere. Now the question that arises is whether it is
possible to find a more general correlation between this
spectroscopic probe, the spin state, and the Fe-heme local
structure, at least within a limited group of hemoproteins.
Such a correlation would open up the possibility to directly
study, by XANES, intermediate configurations of the Fe-
heme moiety between the so far discussed high affinity and
low affinity forms of ligated myoglobin.

The feature C2 is prominent in O2 ligated and CO li-
gated hemoproteins for which the Fe2+ ion has been re-
ported in plane. Pure REDOX changes, such as spin
changes, should not affect the C2 feature: they should re-
sult in a rigid shift of the XANES spectrum without im-
portant changes in shape (it is the case of cytochrome C,
or the transient intermediate in the reaction of cyanide met-
myoglobin with dithionite, Saigo et al. (1993); therefore it
is a reasonable assumption that the feature C2 probes the
Q coordinate in the case of hemoproteins with monoatomic
ligands such as Mb+OH–, Mb+OH2 or diatomic ligands
with large bending angle, such as MbO2, MbNO, and
maybe Mb+N3. More caution is necessary when consider-
ing that an efficient focusing effect from the sixth ligand
(as in MbCO, Mb+CN and imidazole Mb+) can modulate
the feature C2. Other interesting cases such as sulfur-li-
gated and fluorine-ligated hemoprotein are out of the scope
of this study because of the different scattering properties
of these ligands.

Finally, we note that sometimes the spin/structure cor-
relation is certainly different, as in the relevant case of 
carp azidomethemoglobin (Perutz et al. 1978; Noble et al.
1983). It has been reported that this hemoglobin in the pres-
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ence of inositol hexaphosphate (IHP) is in a pH dependent
equilibrium between low affinity and high affinity quater-
nary structures. Two spin states of Fe-heme are related to
these low affinity and high affinity forms, the effective
magnetic moment changing from 2.83 µB (pH>6.5) to 
4.2 µB (pH<6.5), the high spin form having higher affin-
ity for azide. Their reported XANES spectra (Bianconi 
et al. 1985b) change very little under spin conversion, and
peak C2 slightly increases in parallel with the high spin
percentage, unlike with metmyoglobin. This finding is con-
sistent with the present study, by assuming a different
mechanism to account for the (small) average structural re-
arrangement of the Fe-hemes under spin transition, includ-
ing rotation of the azide bending angle, and rotation of the
proximal histidine tilting angle, with a constrained move-
ment of the Fe atom towards the heme plane in the high
spin form with higher affinity.
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