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ABSTRACT X-ray absorption near-edge structure (XANES) spectra of ferric myoglobin from horse heart have been acquired
as a function of pH (between 5.3 and 11.3). At pH = 11.3 temperature-dependent spectra (between 20 and 293 K) have been
collected as well. Experimental data solve three main conformations of the Fe-heme: the first, at low pH, is related to high-spin
aquomet-myoglobin (Mb*OH,). The other two, at pH 11.3, are related to hydroxymet-myoglobin (Mb*OH™), and are in
thermal equilibrium, corresponding to high- and low-spin Mb*OH™. The structure of the three Fe-heme conformations has
been assigned according to spin-resolved multiple scattering simulations and fitting of the XANES data. The chemical
transition between Mb™OH, and high-spin Mb"OH™, and the spin transition of Mb™*OH ™, are accompanied by changes of
the Fe coordination sphere due to its movement toward the heme plane, coupled to an increase of the axial asymmetry.

INTRODUCTION

The study of the active site structure of the hemoprotein,
and its variations on ligand binding, is a key step in solving
problems of carriage and storage of molecular oxygen, and
in general to gain an understanding of the relationship
between protein structure and function. The properties of
methemoglobin and metmyoglobin, which have a heme iron
in the ferric form, are widely studied. The heme iron in
these ferric hemoproteins is hexacoordinated, with a water
molecule as its sixth ligand. The H,O group can be ionized
to OH ™ or reversibly exchanged with other ligands, e.g.,
N3, CN™, F . In all cases, the sixth ligand change in ferric
hemoproteins is accompanied by variations of the magnetic
and structural properties of the heme iron coordinated
complex: these variations are similar to those observed
during the oxygenation process of deoxyhemoproteins to
oxyhemoproteins.

In ferrihemoglobin (Hb™) and ferrimyglobin (Mb™), it is
known that the Fe-heme has an intermediate value of mag-
netic susceptivity between 5.92 wg, characteristic of five
unpaired electrons, and 2.24 pg, characteristic of one un-
paired electron, this value fluctuating depending on pH and
temperature, and being different for Mb™ and Hb ™ (Kotani,
1968). This fact is attributed to the presence of two mag-
netic isomers, one in a high-spin (HS) and the other in a
low-spin (LS) state, and the measured temperature depen-
dence of the paramagnetic susceptivity is assumed to be-
have according to a Boltzmann distribution between the two
states (lizuka and Kotani, 1969). Mb*s and Hb™s undergo
an acid-alkaline transition between the aquomet and hy-
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droxymet forms with pK’ values ranging between 8 and 9,
the higher value pertaining to Mb™*. The paramagnetic sus-
ceptivity in Hb™* was found to variate as a function of pH
(Kotani, 1968; Yonetani et al., 1971), giving evidence of an
LS adduct at room temperature. It changes from 5.77 wy at
pH = 67 (corresponding to 95% HS) to 4.4 ug at high pH
values (48% HS). It is well established that the pH depen-
dence in Mb™ is more limited (5.1 ug at high pH values,
70% HS) (Beetlestone and George, 1964). Mb"OH ™~ at pH
11.3 converts completely to LS by cooling at low temper-
ature (below 7 = 100 K). Despite the large body of knowl-
edge, one must compare these data and more recent inves-
tigations with caution, because the spin state of the Fe-heme
is likely to depend also on the protein environment (buffer,
ionic strength), that has evolved in time with the preparation
protocols.

However, the conformational landscape of Fe-heme in
Hb" and Mb" under environmental parameters, e.g., pH
and temperature, is not so well defined. It is obvious to
expect changes of the Fe-heme local structure consequent to
either acid-alkaline transition or spin transition at high pH
values. Titration of distal histidine must directly influence
the coordination geometry of the sixth iron ligand. More-
over, the iron LS — HS transition is believed to be accom-
panied by a displacement of the iron along the heme normal
as a consequence of either the metal-pyrrol nitrogen repul-
sion resulting from the b, (d,>.,2) antibonding molecular
orbital (Perutz et al., 1968; Perutz, 1979), or pseudo Jahn-
Teller distortion coupling of the a, () porphyrin orbital to
the d2, Fe-N, antibonding orbital (Bersuker and Stavrov,
1988). However, x-ray diffraction (XRD) experiments
probe an average structure of the Fe-heme at the crystal
conditions, and do not probe the Fe spin state. The XRD
data on sperm whale Mb" (Takano, 1977), reporting an
Fe-heme displacement of 0.4 A toward the proximal histi-
dine, are in contrast with that on horse Mb* (Evans and
Brayer, 1990), reporting in-plane Fe. Other techniques ap-
plied to study the spin/structure problem add poor structural
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information: UV/V spectra are very sensitive to the -elec-
tron density changes inside the heme, but are poorly sensi-
tive to the axial symmetry; the structural interpretation of
temperature-dependent data is even more complicated be-
cause of strong vibrational coupling (Eaton and Hofrichter,
1981). Electron paramagnetic spectroscopy (EPR) can re-
veal structural details only at low temperatures (Yonetani et
al., 1971). Resonance Raman spectroscopy is very sensitive
to the Fe-heme arrangement, but the fifth and sixth iron
ligand geometries remain elusive: an Fe-His stretching vi-
bration has been assigned unambiguously only in deoxy-Mb
(at =220 cm™'); a resonance Raman peak (in the range
490-500 cm ™ ') has been assigned to the Fe—O stretching
frequency in aquomet-myoglobin (Asher and Shuster,
1979): the observed 5 cm ™' shift between Hb"OH ™~ (495
em ') and MbTOH™ (490 cm ') was interpreted as an
Fe—O bond length increasing only 0.01 A, but the correla-
tion between Raman frequency shifts and bond length
changes are questioned.

An X-ray absorption spectroscopy (XAS) investigation of
the pH and temperature dependence of ferric hemoproteins
gives complementary information to approach this problem.
In fact,

1. The x-ray absorption near-edge structure (XANES)
(Pin et al., 1994a) and extended x-ray absorption fine struc-
ture (EXAFS) (Chance et al., 1996) signals probe the aver-
age structure of the Fe site of the protein in solution at any
environmental conditions (pH, temperature, solvent), exhib-
iting different Fe-heme conformations if their conforma-
tional equilibria are opportunely modulated to obtain each
of their different specific states. It is just the case of
aquomet-myoglobin when both pH and temperature are
changed in solution. However, EXAFS in the single scat-
tering regime could hardly probe conformational changes
related to a little displacement of the Fe with respect to the
heme plane. For example, in the EXAFS study of the high
affinity-low affinity transition in carp HbCO (Chance et al.,
1986), no difference in the iron first-shell average distance
were found to accompany the transition. The same authors,
by looking at the range 7140—7200 eV (including the mul-
tiple scattering regime) that they called LFIR, i.e., ligand
field indicator region, observed changes interpreted result-
ing from the Fe displacement. Therefore, further informa-
tion can be provided by the analysis of multiple scattering
(MS) components in XAS.

2. Nuclear vibrations induce exponential damping terms
in the energy (or electron wavenumber, k) scale of an XAS
spectrum. For a certain absorber-scatterer couple at a dis-
tance R;, this damping factor in the single scattering regime
is accounted for by the Debye-Waller term [exp(—2074%)];
where o; is the root mean square (RMS) deviation of R;. It
is related to the individual atomic displacements of the
absorbing atom ({(x2,.)) and the scattering atom ((x2.,)) by
the following relationship:

O-j = <(;:abs . I_é_])2> + ((-;C)sca . I—é_])2> - 2((5éabs - jéj)(;:sca - jé_])> (1)
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The last term of Eq. 1 includes correlated motions of the
absorber-scatterer couple. The temperature dependence of
the individual atomic displacements in Mb ™" is well known,
including a thermal transition at 7 ~ 200 K giving evidence
for the existence of substates (Hartmann et al., 1982). Nev-
ertheless, the temperature dependence of o; is much more
limited because of the correlation term (D’Alba et al.,
1990). The correlation tends to vanish for further shells, but
in disordered systems such as proteins, only a few correlated
shells contribute to the XAS signal. Other degrees of free-
dom in the multiple scattering regime, e.g., rotation angles,
neglected in relation (1), could contribute, in principle, to
thermal damping. However, experimentally, temperature
effects in the XANES range are found to be negligible in LS
MDbCO (unpublished observation), so it is reasonable to
interpret temperature-dependent XANES spectra of Mb*
without considering effects from nuclear vibrations.

Therefore, a pH- and temperature-dependent XANES
study of ferric horse myoglobin has been carried out to get
structural information and investigate the main Fe-heme
conformations of horse and sperm whale ferric myoglobin.
Data support the existence of a multistate equilibrium be-
tween HS and LS forms of the Fe-heme. At least three main
states corresponding to HS iron in Mb"OH,, and HS and LS
iron in Mb"OH ™, have been structurally assigned. The iron
spin transition in horse Mb"OH™ is accompanied by the
same spectral changes as observed in sperm whale (Oyanagi
et al.,, 1987). The XANES theory, including spin effects
under a self-consistent potential, has been used to extract
information on both the atomic and electronic changes at the
Fe-heme site (Della Longa et al., 1995, 1998). Solving
Fe-heme structural states due to boundary conditions of the
protein (essentially its electrostatic field) will be helpful to
improve the interpretation of further XANES data concern-
ing the structure of mutants (Pin et al., 1994b), and inter-
mediate conformations in the ligand binding process (Della
Longa et al., 1994).

METHODS

Ferric myoglobin solutions were prepared from lyophilized horse heart
myoglobin (M-1882, Sigma-Aldrich Chimie S.a.r.l., St. Quentin Fallarier,
France) or from lyophilized sperm whale myoglobin purchased before the
ban on whaling. After an overnight dialysis (at 4°C) against distilled water,
the different pH values of myoglobin samples were obtained by dialysis
(48 h at 4°C), against 100 mM potassium (pH 5.0, 7.0, 9.0, or 11.5). The
pH values were not readjusted to keep the same ionic strength, but were
controlled for all samples. In these conditions, the pH values for horse
myoglobin samples were 5.3, 7.0, 8.7, and 11.3; whereas the values for
sperm whale samples were 6.9 and 11.1. Samples were concentrated by
passing on an Amicon Centricon 10. The protein concentrations were
calculated from the absorbance at the isobestic points (Antonini) and the
values were between 7 and 11 mM for horse myoglobin samples, and 3
mM for sperm whale myoglobin samples. Each sample was centrifuged at
45,000 X g before each XAS measurement. A control procedure on
possible radiation damage was made by visible absorption measurements
on the XANES samples. The absorption spectra on a DMS 100 Varian
spectrophotometer (from 450 to 650 nm) were identical for the samples
before and after their x-ray exposition. Moreover, each XANES spectrum
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was collected by scans, and before averaging the scans it was verified that
the last scan was identical to the first one.

Fe K-edge x-ray absorption spectra were collected in fluorescence mode
at the beam line D21 of the LURE synchrotron facility by using an
energy-resolving array detector made by 7 Ge elements of very high purity
from CANBERRA industries. The energy resolution at the Fe K, fluores-
cence (6400 eV) was 170 eV. An Si(311) double crystal used as a channel
cut was adopted as a monochromator, and the spectral resolution at the Fe
K-edge was ~1 eV. Harmonic contamination was rejected by using a total
reflection mirror after the monochromator. The spectra (4 frames about 601
experimental points with a AE = (0.2 eV) have a total signal averaging of
32 s/point. The fluorescence counts jumped from 70 counts/s/element
before the edge (7100 eV), to ~850 counts/s/element above the edge (7250
eV), giving a total count jump of ~175,000 with a noise-to-signal ratio of
6 - 10~* before the edge and 2 - 10 after the edge. In all experimental
spectra presented here, the energy is aligned at the absorption threshold of
metallic Fe foil. XANES spectra have been collected at pH = 5.3, 7, 8.7,
and 11.3 for horse Mb, and to pH 6.9 and 11.1 for sperm whale Mb. The
temperature-dependent experiment has been carried out independently.
Another sample at pH 11.3 has been cooled down to 20 K by using a liquid
helium cryostat (model 22C Cryodine Cryocooler by CT Cryogenics,
temperature controller model 80S by Lake Shore Cryotronics, and silicon
diode temperature sensor DT-470-SD by Lake Shore). Then, temperature-
dependent spectra were consecutively acquired at 7' = 20, 100, 150, 220,
and 293 K after stabilization of temperature. The last spectrum of the
sample has been compared with the fresh sample measured at room
temperature in the pH-dependence experiment to check for any experimen-
tal protocol condition giving systematic errors. The two spectra, after
background subtraction and normalization, are identical within statistical
counts. The fit goodness F in every fitting procedure is calculated as

1
F= NoP Zj\’:l(ylﬁt _y?Xp)z

where N is the number of fitted experimental points, 0°*" is the noise-to-
signal value, and y!™ and y$*P are theoretical and experimental absorption
values, respectively.

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 calcu-
lations have been performed in the real space for a three-shell cluster in the
same manner as previous works (Bianconi et al., 1985; Della Longa et al.,
1993), where we did not consider the spin state. For a chosen structure of
the Fe-heme cluster, spin-resolved XANES spectra can be calculated
corresponding to the HS or LS configuration of the absorbing Fe atom, as
described previously (Della Longa et al., 1998). A broadening Lorentzian
function is applied to the calculated XANES to take into account the core
hole lifetime (1.2 eV), the experimental resolution (1.0 eV), and an energy-
dependent factor representing the photoelectron lifetime due to inelastic
scattering by valence electrons. The energy-dependent part is zero below
the Fermi energy and contains jumps at the energies of plasmon excita-
tions. Plasmon energies and jumps have been initially chosen consistently
to values reported on electron energy loss spectra (EELS) of Fe borides
(Bratkovsky et al. 1994), then adjusted to fit the experimental data. The
energy zero of the simulation is the theoretical average potential energy
between atomic Muffin Tin spheres, VMT.

The basic cluster used for the multiple scattering (MS) simulations has
no symmetry, including 32 atoms from the porphyrin ring, the proximal
histidine, and the sixth ligand. Despite the great number of degrees of
freedom, a large body of knowledge (essentially from crystallography and
EXAFS) furnish ancillary information allowing selection of a limited
number of parameters at the Fe-heme site, which can affect the XANES.
The Fe-heme system has a pseudo-C,, symmetry; the histidine ring and
pyrrol rings of the porphyrin are retained perfectly rigid. We have selected
the following parameters: 1) d(Fe-N,) (i.e., the equatorial first shell aver-
age distance from the pyrrol nitrogens in a C,, symmetry); 2) and 3)
d(Fe—Ne) and d(Fe-O) (the axial distances of the proximal histidine and
the sixth ligand); 4) and 5) the rotation (tilting) angles of the same axial
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ligands; 6) the azimuthal angle of the proximal histidine; 7) the Fe dis-
placement along 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., opposite rotation of the two
couples of opposite pyrrol rings, affecting the in-phase scattering of the
equatorial ligands). Heme doming was changed in concert with the Fe-
heme displacement, the Fe-N,, distance being constrained between 2.007
and 2.027 A, so that a unique generalized coordinate took these parameters
into account. The validity of this assumption could be confirmed by
EXAFS, as in the case of carp HbCO (little changes in the Fe-N,, distance,
unrelated to Fe displacement and heme doming, being also possible). A
Monte Carlo search has been adopted to simulate the experimental data
among these reduced degrees of freedom. Hundreds of random Fe-heme
structures have been generated to fit each experimental spectrum, taking
about six weeks of elapsed time per search on an IBM-RISC 6000. Because
these severe computational limits restrain the number of trials, the refine-
ment of minimal search has been attempted only four times, by reducing
each parameter interval proportionally to the fit improvement, similarly to
the procedure used in optimization by simulated annealing (Kirkpatrick et
al., 1983). As a consequence it is still not possible to attempt a full
optimization or, in turn, a complete statistical analysis. A correlation
analysis on the entire set of independent parameters would be helpful to
solving the problem of finding a uniqueness of the parameter fitting by
allowing one to determine how much the value of one parameter depends
on the evaluation of other parameters (as in the case of coordination
number and Debye-Waller factor in EXAFS analysis). However, rather
than to increase the number of independent parameters in the actual
calculation procedure (by treating, for example, the Fe-N,, distance, the Fe
displacement and heme doming as independent parameters), the only
strategy that can be used to get new results in reasonable time seems to be
in writing a new XANES code for parallel computing. The implementation
of a XANES simulation software in parallel computing systems including
a full statistical analysis is in progress in our laboratory. For the moment,
it seems reasonable to evaluate bond distances as average among values
found within an allowable error of 1073 above the minimum of the Fit
Index, Min(F), a certainly upper limit for the sensitivity of the method (as
shown in Results and Fig. 5). Statistical errors can be estimated as well, as
half-maximum dispersion among these values.

One has to apply the XANES theory keeping in mind that systematic
errors can arise essentially because of 1) the basic approximations in using
the one-electron theory and spherically averaged atomic muffin tin poten-
tials; and 2) different conformational substates at the metal site could exist
(Parak et al., 1987; Frauenfelder et al., 1988; Doster et al., 1989). The
XANES spectra in such a case probe the metal site structure averaged over
the protein ensemble, being close to a particular conformation only if it has
a high probability.

RESULTS
Experimental data

The Fe K-edge XANES spectra of horse ferric myoglobin at
pH 5.3 at T = 293 K (top curve), pH 11.3 at T = 293 K
(middle curve), and pH 11.3 at T = 100 K (bottom curve)
are depicted in Fig. 1 4. Various features of the spectra, P
(7111 eV), A (7120 eV), C (7126 eV), D (7132 V), and C,
(=7140-7150 eV), evolve as a function of pH and temper-
ature. The top curve represents aquomet-myoglobin
(Mb*OH,). The XANES evolution between pH 5.3 and pH
11.3 follows the well-known acid-alkaline transition probed
by visible absorption spectroscopy (Antonini and Brunori,
1971): at high pH values the iron sixth ligand position is
occupied by an OH™ ion instead of OH,. Therefore, the
middle curve of Fig. 1 4 represents hydroxymet-myoglobin
(MbTOH"). It has also been proposed that the sixth ligand
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FIGURE 1 (4) Fe K-edge XANES spectra of Mb* OH, (pH 5.3, 293 K;

top curve), and Mb*OH™ (pH 11.3, 293 K; middle curve; pH 11.3, T =
100 K; bottom curve). (B) XANES derivative spectra of the same spectra.

is always OH ", the acid-alkaline transition corresponding to
proton titration of the distal histidine hydrogen bonded to
the OH™ ion (Caughey, 1967). The bottom curve of Fig. 1
A represents Mb " OH ™ at low temperature, showing marked
differences relative to the same sample at room temperature.
The XANES derivative spectra of Mb"OH™ at high and
low temperature (pH 11.3 at 7 = 293 and 100 K) and the
spectrum of Mb"OH, (pH 5.3 at 7 = 293 K) are plotted in
Fig. 1 B.

The temperature dependence of the XANES derivative
spectrum of MbYOH™ (pH 11.3 at 7 = 293, 220, 150, and
100 K) is shown in Fig. 2 4. At least six isobestic points are
discernible between 7' = 100 K and 7" = 293 K, giving the
clearest experimental evidence for a two-state thermal equi-
librium. The temperature dependence of horse Mb"OH ™ is
in full agreement with the results reported on sperm whale
Mb OH™ (Oyanagi et al., 1987). The pH dependence of
Mb ™ is depicted in Fig. 2 B where XANES spectra at T =
293 K, pH = 5.3, 7, 8.7, and 11.3 are shown. Another
spectral evolution is observed, with different (more unde-
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FIGURE 2 (4) Temperature dependence of the XANES derivative spec-
trum of alkaline Mb*OH ™ (pH 11.3, T = 293, 220, 150, and 100 K). (B)
pH dependence of XANES derivative spectra of Mb™.

fined) isobestic points. By looking back at Fig. 1 B, clearly
it is not possible to insert the plotted spectra within the same
isobestic points, hence they represent (at least) three struc-
tural states of the Fe-heme complex related to the multistate
equilibrium:

high-spin Mb*OH, <> high-spin Mb*OH~
<> low-spin Mb"OH™

with the first equilibrium being related to the acid-alkaline
transition at room temperature and the second to thermal
spin equilibrium in Mb*OH™. As it is well known from
visible absorption spectroscopy, the acid-alkaline transition
is accompanied by a large rearrangement of the heme
m-electrons. The implied slight structural modifications are
probed by XANES. At pH 11, Mb"OH™ is in thermal
equilibrium between two spin states of the Fe-heme com-
plex, reaching another different conformation. The term
“conformations” is used here to indicate main states reached
by the Fe-heme depending on external conditions, so it is
distinguished from “substates” (Parak et al., 1987; Frauen-
felder et al., 1988; Doster et al., 1989) indicating a multi-
plicity of protein states under the same environment.
Whether these main structural states selected under different
conditions coincide or not with substates, as suggested for
MDbCO (Ansari et al., 1987), is a separate question.
Information on spin is extracted from peak P (7111 eV)
assigned to the convolution of the 1s — 3d(t,,) and 1s —
3d(e,) electron dipole forbidden transitions. The effects of
spin transition on peak P were already discussed in detail in
Oyanagi et al. (1987), in the case of sperm whale myoglo-
bin. For the present discussion focused on the Fe site
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structure, it is sufficient to take peak P as a spin marker.
Going from pH 5.3 to pH 11.3, peak P enhances, but
remains at the same energy, corresponding to changes in the
d-p mixing (due to variations in the geometry of the Fe
coordination sphere) under the same spin state. On the
contrary, peak P evolves both in energy position and shape
following the thermal spin transition at pH 11.3. As shown
in Fig. 2 A4, peak 7 (related to peak P) red-shifts at low
temperature; moreover, the broad feature at ~7122 eV splits
into two peaks « and 3 at 7118 eV and 7122 eV (as well as
in sperm whale myoglobin, Oyanagi et al. (1987) and carp
azidomethemoglobin, Pin et al. (1989), and feature vy at
~7130 eV, red-shifts at low temperature (it is related to
peak C of the absorption spectrum).

In Fig. 3, XANES difference spectra are plotted ideally
following the multistate equilibrium depicted above. From
top to bottom, the former three spectra follow the pH
dependence of Mb™ at 7' = 293 K, the latter four spectra the
temperature dependence at pH = 11.3. Increasing the pH
induces discontinuous protein changes between different
conformations (Yamamoto, 1997), distinct from substates
(Frauenfelder et al., 1988). Because the visible absorption
spectra are sensitive to only two Fe-heme states, we assume
that these subtle changes pertain to the axial symmetry of
the Fe-heme, due to proton titration of the distal and prox-
imal histidines.

Theoretical simulation of the spectra

For the Fe-heme conformations in ferric myoglobin to be
investigated, a preliminary study of spin effects on the
XANES following thermal spin equilibrium in Mb"OH ™ is
essential. We already faced this task in a previous study
(Della Longa et al., 1998) using spin-resolved multiple

—— -
pH 5.3 > pH 7 -

XANES difference

230K > 160K ]

160K -> 100K ]

90K -> 20K -
U ST ST SO NN VO WY TR S Y S S
7100 7120 7140 7160 7180
Energy(eV)

FIGURE 3 XANES difference spectra of Mb*. As indicated in the
figure, from top to bottom, the former three spectra follow the pH depen-
dence of Mb* at T = 293 K, while the latter four spectra follow its
temperature dependence at pH = 11.3.
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scattering simulations. According to the simulations, con-
formational effects and spin effects are both present (i.c.,
experimentally unresolvable) in the range 7111-7130 eV,
including the absorption threshold and peak A, while purely
structural effects are expected in the range 7130—7170 eV
(including peak C,). For this reason we consider peak C, an
experimental marker of the symmetry changes in the Fe
coordination sphere of metmyoglobin, rather than a spin
marker as proposed by Oyanagi et al. (1987).

Spin-resolved MS calculations of the XANES spectra
giving best fit to HS Mb"OH,, HS Mb*OH™, and LS
Mb OH™ are reported in Fig. 4. The polarized calculations,
in which contributions to the XANES signal from heme
scattering (dashed curve) and axial scattering (plotted
curve) are separately computed, allow evidentiating the
axial contributions to the XANES changes. On the center
frame the structures corresponding to best fitting are de-
picted. The final simulations are obtained by a standard
procedure including a weighted sum of the polarized spec-
tra, a convolution with an energy-dependent broadening
function, and normalization and alignment to the experi-
mental one, as described in the Methods section. The spin
state at the Fe site has been taken into account in the
calculations (Della Longa et al., 1998). On the right frame,
the best fitting XANES theoretical spectra (plotted curves)
and the experimental spectra (circles) are superimposed.
Table 1 summarizes all the results of the Monte Carlo
search. Here are reported the minimum value of the fit index
factor F, Min(F), the structural parameters extracted from
the fit, and nonstructural parameters also extracted during
the fitting procedure, i.c., the energy alignment between the
theoretical and the experimental curve; the normalization
factor, which is experimentally known with an error of some
percent, and the energy broadening factors. The actual fitted
values of alignment and normalization for Mb*OH ™ at pH
11 at T = 293 K are taken as standard. According to the
final alignment, the zero energy (VMT) corresponds to
~7105 eV.

During the Monte Carlo search, the fit improvement
initially is dominated by the Fe—O distance parameter; after
refining the fit, the sensitivity to Fe-heme displacement and
Fe-histidine distance emerges. Angular parameters like his-
tidine rotation are actually ineffective, but should emerge in
a more refined search. Some of the F vs. parameter dia-
grams built up during the Monte Carlo XANES search are
reported in Fig. 5. Only diagrams corresponding to HS and
LS Mb"OH™ are reported for clarity. The statistical dis-
tance errors are evaluated as half-maximum dispersion
among values found within an allowable error of 103
around Min(F). They range between 0.03 and 0.1 A. Ac-
cording to the final simulations, the Fe-heme displacement
from the mean porphyrin plane in Mb"OH, is 0.37 = 0.05
A, with the water oxygen at 2.06 + 0.05 A and the proximal
histidine at 2.11 = 0.10 A. In HS Mb"OH ™, the Fe-heme
displacement reduces to 0.25 = 0.05 A, with the hydroxyl
oxygen at 1.93 = 0.05 A. In LS Mb"OH ", the Fe is
in-plane, 0.08 + 0.04 A, and the Fe—O distance is 1.84 +
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tribution of the structure of the axial moiety
on the spectrum. Center frame: structures
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0.03 A. The proximal histidine seems to follow the iron
movement.

DISCUSSION

Despite the fact that the XANES theory still cannot be
evoked as an exact method to quantitatively measure struc-
tural parameters, it seems that the origin of the spectral
changes depending on pH and temperature can be under-
stood in structural terms by this method, allowing connec-
tion, for the first time, of a large body of experiments from
different, unrelated techniques.

Fig. 6 shows the XANES derivative spectra of sperm
whale ferric myoglobin at pH 7 and pH 11. These data,
compared with those of Fig. 2 B, show that the Fe-heme
structural changes in horse and sperm whale myoglobin
depending on pH are almost identical. Moreover, the com-
parison between our data on horse Mb"OH ™ at low tem-
perature and that reported for sperm whale (Oyanagi et al.,
1987) show the same Fe-heme structural changes depending
on temperature. In other words, the same main Fe-heme
conformations exist in sperm whale and horse myoglobin,
possible differences pertaining only to the pH and temper-
ature kinetics but not the structure of the purely high- and

TABLE 1 Monte Carlo XANES fit on horse Mb*
Value pH 5.3,293 K pH 11.3,293 K pH 11.3, 100 K
Min (F) (X10?%) 4.03 2.77 2.96
Alignment (eV) +0.8 0.0 —0.7
Normalization const. 1.02* 1.0 1.0
d(Fe-0) (A)* 2.06 + 0.05 1.93 = 0.05 1.84 = 0.03
d(Fe-Ne) (A)* 2.11 +£0.10 2.07 = 0.05 2.14 = 0.10
d(Fe-Cp) (A)* 0.37 = 0.05 0.25 = 0.05 0.08 = 0.04

Phases: Self-consistent spin-resolved (6-coordinated Fe*™ in plane) (first
occupied energy level — VMT energy) ~ 6 eV. Broadening: core hole +
Instrum. resol. = (2.2 = 0.3) eV. Energy-dependent part with 2 plasmons
at (18.0 = 0.5) eV — amplitude = (1.5 £ 0.7) eV and (26.0 = 2.0) eV —
amplitude = (2.6 = 1.0) eV.

*Bond distances are averaged between values found within an allowable
error of 1073 around Min(F). Statistical errors are estimated as half
maximum dispersion among these values.

low-spin forms in solution. Here follows a more detailed
discussion on each main state of Mb™.

HS Mb*OH,

The Fe site structure in horse Mb™*OH, extracted from our
simulations includes a hexacoordinated Fe atom displaced
from the heme plane with a small axial asymmetry. The
same conformation is found in sperm whale Mb*OH,.
These results have to be compared with XRD experiments
reporting differences at the Fe site between horse and sperm
whale Mb™" at pH 6 (Takano, 1977; Evans and Brayer,
1988). Because no difference is seen in solution, these
results could be explained by crystal forces or protocol
differences in crystal growing, affecting the unstable equi-
libria between the Fe-heme local states. Our results fully
agree with the Fe-heme conformation reported by Takano
(1977), having a Fe atom out of the heme plane by ~0.4 A
toward the proximal histidine. The XANES sensitivity to
the Fe-heme displacement, assessed in the present work
from theoretical calculations, has been experimentally con-
firmed in the case of photolysed MbCO under continuous
illumination at low temperature (Della Longa et al., 1994).
The estimated Fe-heme displacement in photolysed MbCO
was ~0.3 A, intermediate between the in-plane position of
MbCO and the out-of-plane (=~0.45 A) position of de-
oxyMb, in good agreement with the latter XRD determina-
tion by Schlichting et al. (1994) and Teng et al. (1994).

HS Mb*OH™

There is no report about the Fe-heme conformation in
met-myoglobin at pH 11. According to our simulated
XANES, in HS Mb"OH™ the iron displacement from the
heme plane is reduced to ~0.2 A, and the distance Fe—O is
reduced to 1.9 A. According to the model of Caughey
(1967) we assume the sixth ligand in HS Mb"OH, to be
always OH ", the second proton coming from the hydrogen-
bonded distal histidine. The rupture of this hydrogen bond,
at pH > 9, should destabilize the hydroxyl ion position
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FIGURE 5 [Fit index] vs. [fitting parameter] diagrams built up after
iterative improvement by Monte Carlo XANES search. Distance and errors
are found within an allowable error of 1073 of the fit index in each
diagram.

(2.05 A apart from the Fe atom), due to both a partial
electron density transfer from the hydrogen atom donor
toward the Fe-heme—OH ™~ and a readjustment of the Cou-
lomb electrostatic potential, leading to a shorter bond (1.9
A) and to a movement of the Fe atom toward the heme
plane.

This adduct is in thermal spin equilibrium: according to
our description, the partial movement of the iron toward the
heme plane going from Mb"OH, to HS Mb"OH~ would
reduce the energy required to move the iron atom further
onto the heme plane under spin transition. The roughly
estimated work AH needed to move the iron toward the
heme plane in a Newtonian elastic approximation depends
quadratically on the Fe displacement. According to Cham-
pion (1989), it can be evaluated as AH ~ 8.8 KJ/M for a Fe
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FIGURE 6 XANES derivative spectra of sperm whale Mb™ at pH 7 and
pH 11, T = 300 K.

displacement of 0.4 A and AH ~ 2.2 KJ/M for a Fe
displacement of 0.2 A. This last value is close to the
thermodynamic energy difference between spin states ac-
cording to a Boltzmann distribution model, which is AG =
1 KJ/M (Beetlestone and George, 1964).

LS Mb*OH™

The only structural data on LS Mb"OH ™ come from EPR
spectroscopy. Characteristic reported g values at 2.59, 2.17,
and 1.83 indicate a Fe-heme conformation with high tet-
ragonal field (A/A =~ 6) and high rhombicity (V/A ~ 0.8),
indicating a highly distorted geometry around the Fe atom.
According to the XANES simulations, in LS Mb™OH™ the
Fe octahedral coordination has a marked axial asymmetry,
the Fe atom being nearly in the heme plane. The proximal
histidine seems to follow the movement of the Fe atom,
going from HS Mb " OH ™ to LS Mb " OH ™, as well as going
from Mb "OH, to HS Mb"OH ™. It should correspond to the
functionally relevant movement in hemoglobin: the iron
movement is transmitted almost unvaried to the proximal
histidine.

Noticeably, this latter Fe-heme conformation extracted
from the XANES simulations resembles that reported by
XRD on sperm whale MbO, (Phillips, 1980; Protein Data
Bank code IMBO0). In MbO, d(Fe-0O) = 1.83 A, d(Fe-N,) =
2.07 A, d(Fe-N,) = 1.96 A, and the Fe lies in the heme
plane. This structural similarity is well confirmed by the
observed spectroscopic similarity between the XANES of
MbO, (Pin et al., 1994a and references therein) and LS
Mb"OH™. The spectroscopic similarity can be explained
only by 1) a close structural analogy between the Fe site in
MbO, and that in Mb"OH~; and 2) similar electron scat-
tering properties of the axial ligands O, and OH . Despite
the fact that in-phase electron scattering from outer atoms of
the sixth ligand is important in many cases, it should be
negligible both in MbO,, due to the large Fe—O—O bending
angle (~115°, Phillips, 1980; Protein Data Bank code
IMBO; Congiu-Castellano, 1987), and in Mb"OH ™, due to
the weak electron density of hydrogen.
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The analogy between Mb"OH™ and MbO, recalls the
long-standing question about the iron net charge in oxy-
hemoproteins (Weiss, 1964). The Fe K-edge of MbO, is
well aligned to that of ferric compounds (Pin et al., 1994a
and references therein), so that the oxy-hemoproteins MbO,
and HbO, are assigned by XANES to Fe(Ill) complexes
rather than Fe(Il) complexes. This is in agreement with
various other spectroscopic data, the most convincing of
which (Potter et al., 1987) is the measured O-O stretching
band of '®0-substituted analogs (=1107 cm™ ") of myoglo-
bin and hemoglobin, typical of a coordinated superoxide
anion, i.e., a Mb" O, compound. According to this descrip-
tion, antiferromagnetic coupling between the unpaired elec-
trons of the LS Fe(Ill) atom and the O, ion leads to a
diamagnetic compound.

In conclusion, XANES spectroscopy, able to investigate
sample solutions at any environmental condition, allows
one to gain insight into the main conformations of the
Fe-heme in horse and sperm whale ferric myoglobin, ob-
tained by opportunely modulating the pH and temperature
equilibria. Three structural states of the Fe-heme, corre-
sponding to HS Mb"OH,, HS Mb"OH ™, and LS Mb"OH ™~
can be identified experimentally. The Fe-heme conforma-
tions in sperm whale and horse Mb™ are essentially the
same. XANES simulations in the frame of the multiple
scattering approach have been carried out to extract the
corresponding Fe-heme structures. The chemical transition
between Mb"OH, and HS Mb*OH ™, and the spin transi-
tion of Mb"OH ™, are accompanied by changes of the Fe
coordination sphere due to its movement toward the heme
plane, coupled to an increase of the axial asymmetry. The
Fe-heme structure in Mb " OH, extracted by XANES simu-
lations is in agreement with the XRD structure of sperm
whale Mb™ by Takano (1977) reporting the Fe atom out of
the heme plane by ~0.4 A with a small axial asymmetry of
the hexacoordinated iron. The Fe-heme structure in HS
Mb*OH ™ extracted from XANES simulation includes a Fe
atom closer to the heme plane (~0.2 A). This partial move-
ment could contribute to reducing the energy difference
between Fe spin states giving thermal spin equilibrium in
Mb*OH. The Fe-heme structure in LS Mb"OH ™ extracted
from XANES simulation resembles that of MbO,, with the
Fe atom in the heme plane and a marked axial asymmetry.
This fact is in line with the large similarity observed be-
tween the experimental XANES spectra of LS Mb"OH ™~
and MbO,, which supports previous assignments of oxy-Mb
to Fe(Ill) antiferromagnetically coupled Mb*O; .

Structural information has been provided by studying the
multiple scattering (MS) components in XAS. Support to
the present XANES analysis could be given by MS-EXAFS
analysis, already applied with some success to probe angu-
lar parameters in inorganic complexes (Filipponi et al.,
1991; Westre et al., 1994). Because the MS-EXAFS anal-
ysis includes the low energy interval, i.e., the LFIR region
between 7150 and 7180 eV that we found to variate with pH
and temperature, conformational changes would certainly
emerge from such an analysis. The measure of the detailed
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changes in length and collinearity of the 3-body photoelec-
tron pathways Fe—N{,l)—N](JZ)—Fe (Ng), Nf) being opposite
pyrrolic nitrogens with respect to the Fe atom), and Fe—O—
N,;—Fe, is a goal for another independent study.
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