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Abstract. The static magnetic susceptibilities of different ferric high spin and low
spin compounds of myoglobin (Mb(H,0), Mb(H,0) frozen under high pressure,
MbF, MbCN) were measured in the temperature region between 4.2 K and
130 K. Mdssbauer absorption experiments on Mb(H,0) and MbF were per-
formed at different temperatures between 4.2 K and 180 K and in small magne-
tizing fields H < 1 kOe. The evaluation of our experimental data was performed
with a Hamiltonian describing the 3d°-configuration of the ferric iron by taking
into account the Coulomb repulsion of the five electrons within the 3d-shell, the
crystal electric field of C, -symmetry, and the spin-orbit coupling. The Hamil-
tonian contains the splitting energies of the five antibonding d-orbitals (d,,, d,.,
d,., d;2-,2, d,2) as parameters. The values of these energies were obtained by a
least squares fitting procedure using our magnetic susceptibility data together
with the g-factors taken from the literature. In the case of MbF the energy
difference between the two lowest Kramers doublets was also determined from
present Mossbauer data. The results of the susceptibility and the Mossbauer
data are in good agreement.

The splitting energies of the 34-orbitals can be correlated to the distances
between the iron and its nearest neighbours. The different positions of the iron in
the compounds investigated are discussed.
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1. Introduction

The O, binding mechanism of various hemoglobins has been studied in some detail
by several different experimental methods. Although X-ray structure investigations
have brought deep insight into the functional properties of hemoglobin, spectroscop-
ic methods have become more and more important recently. In contrast to the X-ray
structure determination the spectroscopic methods are only sensitive to certain well-
defined places within the molecule. Much attention has been paid to the properties of
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the iron atom and its immediate surroundings, since it represents the active center of
all hemoglobins to which the O, molecule may be bound.

During the past years a large number of experimental and theoretical papers
have been published concerning the determination of the electronic structure of the
iron in various Fe?*-hemeproteins (Eicher et al., 1969; FEicher et al., 1975; Traut-
wein, 1975). A comparison of the different electronic structures may help to under-
stand the mechanism which controls the O,-affinity. It should be emphasized that
the dynamical behaviour of the protein can be inferred from these investigations only
rather indirectly since all experiments are performed on samples in which the mole-
cules are frozen into a static state. More detailed information about the dynamical
behaviour of the binding mechanisms can be obtained only from dynamical experi-
ments (Frauenfelder, 1975). It has been shown (Eicher et al., 1969; Eicher et al.,
1975) that it is possible to calculate the eigenvalues and the eigenvectors of the
energetically low-lying states of the electronic term scheme of the ferrous iron in
deoxygenated myoglobin and hemoglobin using a crystal field approach. In these
calculations a Hamiltonian containing a certain number of free parameters is diag-
onalized which involves the Coulomb repulsion of the 3d electrons, the interaction of
these electrons with a crystal electric field of C,, symmetry and the spin-orbit cou-
pling. The values of these parameters which are equal to the crystal field splitting of
the antibonding 3d electron orbitals have to be determined from the experiment. The
temperature dependence of the quadrupole splitting of deoxygenated myoglobin and
hemoglobin measured by Mdssbauer spectroscopy can be used for this purpose.
Although the Fe**-hemoglobins are of particular interest, since O, is stored or trans-
ported only when the iron is in the ferrous state, a great number of spectroscopic
investigations have been performed as well on hemoglobins in which the iron is in the
Fe®* state (Perutz et al., 1974a; Perutz et al., 1974b; Perutz et al., 1974c). In the
present work we investigated various ferric compounds of myoglobin by Mdssbauer
spectroscopy and by susceptibility measurements. The evaluations were also done
by means of a crystal field model. The Hamiltonian which contains the different
interactions acting on the 3d electrons within the 3d°-configuration, is constructed in
analogy to the one used in the case of ferrous compounds of myoglobin and hemo-
globin (Eicher et al., 1969; Eicher et al., 1975). A detailed description of this proce-
dure is given by Eicher (1975). In contrast to the results of the deoxygenated heme-
proteins mentioned above it was not possible to infer the electronic structure of the
ferric iron exclusively from the evaluation of the M&ssbauer spectra at different
temperatures between T = 4.2 K and T = 200 K. The Md&ssbauer spectra of high
spin ferric compounds show only a very small temperature dependence of the qua-
drupole splitting because of the spherical symmetry of the electronic ground state
(°4,) and because of the very low thermal population of higher electronic levels,
which contribute to the electric field gradient. Furthermore, the mixing of these
higher electronic levels, to the ground state by spin-orbit coupling proved to be
rather small. An additional experimental difficulty is that the Mdssbauer spectra of a
number of ferric compounds of hemeproteins become indistinct in a temperature
range between T = 10 K and 7 = 200 K since paramagnetic relaxation effects are
dominant.

Presently we are not able to fit appropriate theoretical curves to these relaxation
spectra. Nevertheless, it is possible to extract much useful information about the
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electronic structure of the ferric iron by the Mdssbauer absorption spectra at low
temperatures and by a qualitative comparison of the relaxation spectra of different
samples, as will be discussed later. Therefore in addition we measured the static
magnetic susceptibility between T = 4.2K and 7 = 130K of some ferric com-
pounds of myoglobin. In order to determine the free parameters of the Hamiltonian,
which describes the electronic system of the 3d°-configuration, the experimental data
were compared in least squares fitting procedures with the theoretical magnetization
curves which can easily be computed from the electronic term scheme. To evaluate
the free parameters without ambiguity it was necessary to use the g-factors (Gray et
al., 1973; Horrocks et al., 1974) of the lowest Kramers doublet known from EPR
experiments as an additional information.

Some years ago the magnetic susceptibility of a metmyoglobin and a myoglobin-
fluoride sample was measured at low temperatures by a Japanese group (Tasaki et
al., 1967). They tried to fit their data by means of a Spin Hamiltonian. However, the
theoretical curves obtained showed significant deviations from the experimental
data. Because the Spin Hamiltonian does not take into account the mixing of the
wave functions of the energetically higher states to the ground state by spin-orbit
coupling, we believe that the interpretation used in the present work is more appro-
priate. Furthermore, one is met with some difficulties, if one tries to correlate the
parameters of the Spin Hamiltonian with other physical and chemical properties of
the system. The free parameters used in the present work are the splitting energies of
the antibonding single 3d electron orbitals. Changes of these energies can be corre-
lated to different spatial arrangements of the iron relative to its nearest neighbours in
a straight forward manner. Information about any differences concerning the spatial
arrangements of the iron in different hemeproteins are highly important for discus-
sions of structural changes on ligand binding in hemeproteins.

2, Theory
The Electronic Structure of the Ferric Iron

For the calculation of the energies of the low-lying electronic levels as a function of a
set of free parameters we used the theory developed by Eicher (1975). In this ap-
proach the total Hamiltonian (&) contains four parts which take into consideration
the Coulomb repulsion (H,) of the five 3d electrons, a crystal electric field (HC4 ) of
tetragonal symmetry, a rhombic distortion (i) of the tetragonal symmetry of the
crystal electric field and the spin-orbit coupling ().

H=Hg + I:Ic,;v(fv € £3) + Hyou(D, E) + fILS(g) 1)

£, £, €3, D and E are free parameters which had to be determined by comparison
with the experimental data. The definition of ¢,, ¢, and ¢, as the splitting energies of
the antibonding 3d orbitals caused by the crystal electric field can be seen from
Figure 1. The parameters D and E determine the rhombic distortion of the crystal
electric field, the symmetry of which is assumed to be C,, in first order The energy
splitting of the initially degenerated d,, and d,, orbitals caused by Hyy, is exactly
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Fig. 1. Splitting of the five 3d-orbitals caused by a
free ion C,y -symmetry  crystal electric field of C, -symmetry

2.(D + E). The spin-orbit coupling constant ¢ has been taken equal to 300 cm™!

corresponding to the consideration of Eicher (1975).
Since the diagonalization of A as given by Equation (1) within the 3d° configura-
tion is practically impossible, in a first step only the Hamiltonian

B, = Hg + Hc4v(£15 £ €3) 2

is diagonalized within the basis set of the 3d° configuration, consisting of all possible
five-electron multiplets @5+ VL. (Here (25 + 1) is the spin multiplicity, L is the
angular momentum and « is the seniority number). It was shown that the “4,, %E,
2B,, *E, and the %4 -level always have the lowest energies, if the calculations are
carried out with realistic e-values. Thus one may reasonably expect that only these
five states determine the spectroscopic properties of the 3d@° configuration of the iron
with respect to Mdssbauer, susceptibility, and EPR data. The remaining states will
therefore not be taken into account in the following computations.
Within the range given by

22000 < £ < 28000
04 &5 < g <08 ¢ 3
—200 < ¢ < 800

linear relations between «,, ¢,, £; and the energies of the low-lying levels E(“4,),
E(*E), E(*B,) and E(*E) were inferred as follows:

E(®4) =0 (reference level)

E(*4,) = 24765 — 0.99 - ,

ECE) = 36960 — 0.96 - £, — 0.93 - ¢, — 0.98 - &, @
E(B,) = 37570 + 1.90 - &, — 0.98 - &, — 0.96 - &,

E(‘E) = 26480 + 0.96 - £, — 0.12 - £, — 0.85 - £,

The energies are given in units of cm~. The ranges chosen in Equation (3) cover the
e-values obtained in the present investigations.

The next step is to diagonalize the total Hamiltonian & of Equation (1) using the
levels 64,, *4,, 2E, ®B,, *E as basis vectors. Because of the multiplicity of these levels



Mossbauer and Susceptibility Data of Ferric Myoglobin Compounds 211

one obtains twelve eigenvalues E, and eigenvectors ]vi) which depend on the free
parameters &, £,, £3, D and E. These twelve eigenvectors |v+ ) still are twofold de-
generate (Kramers doublets). The energy differences between the Kramers doublets
E,—E, (the energy E, is assumed to be the lowest one) shall be designed by
AL

v

Determination of the Free Parameters of the Hamiltonian H
Jfrom Susceptibility and g-Factor Measurements

The 12 wavefunctions |v+) and their energies (E, or the differences A,) are com-
pletely determined by the parameters «,, ¢,, £5, D and E. These parameters have to
be obtained experimentally. Since we used for this purpose the temperature depend-
ence of the paramagnetic magnetization and the g-factors, it is necessary first to
calculate the influence of an external magnetizing field ﬁ(z‘), ) to the energies and
wavefunctions of the electronic system.

The g-factors of the individual Kramers doublets |v+) are calculated from the
first order perturbation energies of the Hamiltonian ﬁmm which has to be added to
the total Hamiltonian A of Equation (1):

N

Hmagn = IB ﬁ("?ﬂ 90)(1—: +gs'§)' (5)

Here j is the Bohr magneton, and g, = 2.0023 is the g-factor of the free electron
spin.

The energy spli_t'tings A8 )0, ¢) of the Kramers doublets |vi> caused by the
magnetizing field H(9, ) are the differences of the eigenvalues §/.(9,¢) and
8, (D, ¢) of the matrix:

(<D+lﬁmagn,u+> <D+ ,ﬁmagnly_>)

- - (6
<v_leagn,v+> <v—'|HmagnIV—'> )

The g-factors g (?, ¢) of the individual Kramers doublets may be computed as
follows:
AS,)(D, )

5 -|H|

&0, 0) = @)

Since the wave functions of the Kramers doublets |v+) are functions of the free
parameters €, ,, £5, D and E, the g-factors g,(f, ) will also depend on these pa-
rameters. The terms of second order perturbation theory will not change the
g-factors. In contrast to the approach used by Eicher (1975) the terms of higher
order are neglected, because the g-factors used in our evaluations had been
measured at relatively low magnetic fields (Gray et al., 1973; Horrocks et al.,
1974).

In the computations of the induced paramagnetic magnetizations M,+(?, ¢) of
the individual levels, however, the terms of second order perturbation theory must be
considered too. The energy shifts in second order 8”/+(8, @) of the levels lvi) may be
written as follows:
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12 1 3 1 7 i ’
8!y = Z [(u'+] Hmagnl V)R + (] Hmasnly +)f ) (8)
E —E
u=1 "
wiv
The wave functions |v’i> (r=1,2,3...12) are the eigenvectors of the matrix
given in Equation (6). The energies E, are the eigenvalues of the Hamiltonian & in
Equation (1). Taking into account all terms up to second order the total energies
E® of the individual levels |v+) or ['+) respectively, are given by:

Eiz)i(ﬁ’ w) = Eu + 3;i(0a ¢) + S;Ii(ﬂs 4’) . (9)
The magnetizations of the individual levels M, (9, ¢) are computed by:
_ OE2(®, ¢)
M0, 0) = — =5 (10)

The average value of the magnetization of the Fe** jon (M(9, ¢)); at a certain
temperature T may be calculated inserting the Boltzmann distribution function.

%(M+ L EART | pp | BT

(M@, o)y = =—; . (11)
Z( o~ FAKT QKT )

For the comparison with the experimental data which had been measured with
randomly oriented molecules one has to average over ¢ and ¢:

(M)r =5 ((M(90°, 0%))y + (M(90°,90%); + (M(0°, 9))7) . 12

Comparing the experimentally determined magnetizations M,,, with the theoretical
expression above, one may use the relation:

, (13)

Mx < Mi
epzN. T+ dia
H H H

where H is equal to the magnitude of the magnetizing field |ﬁ|, N is the number of
paramagnetic iron ions in the sample and My;, is the diamagnetic magnetization of
the whole sample including the sample holder and the salt solution. N is determined
by means of optical spectroscopy (see part 3), whereas My, is an additional fitting
parameter.

Using Equation (13) the unknown parameters E(*4,), E*E), E(*B,), D, E and
M y;, could be determined in principle by a least squares fitting procedure. Which of
these six free parameters actually could be determined by the fitting routine shall be
discussed later. Because of their linear dependence [see Equation (4)] it is possible to
use either the energies ¢, &,, and ¢, or the energies E(*4,), ECE) and E(*B,) as free
parameters.

Calculation of the Low Temperature Mdssbauer Spectra

The energy differences between the resonance lines appearing in the Mdssbauer
spectra of our samples arise from the hyperfine interactions. These energies are in
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the order of 10~2 cm™!, which is much less than the energy differences between the
different Kramers doublets. That means that the Hamiltonian describing the hyper-
fine interactions may be treated as a small perturbation of the total Hamiltonian &
of Equation (1). A mixing of different Kramers doublets with each other by means of
the hyperfine interactions is not to be expected. A mixing of the two levels of a
Kramers doublet due to the hyperfine interactions can also be avoided, if one applies
a small magnetizing field H of about 1 kOe to the sample. Consequently the interac-
tion between the electronic shell and the atomic nucleus may be treated separately
for each electronic level.

The Hamiltonians Hygy or Hf,p determining the splitting energies of the
ground state and of the first excited state of the 'Fe nucleus respectively, can then
be written as:

A - ~ A -
HNGR - Hmagn + Hmhf + H /l_in H
HgGR = Hmagn + Hmhf + H* H (14)

The definition of ﬁmagn has already been given in Equation (5). 4, and gd* are
the nuclear magnetic moments of the ground state and of the 14.4 keV excited
state of Fe®’, respectively. H e and H2,: describe the magnetic hyperfine interac-
tion, whereas H* determines the electric quadrupole interaction. For the ground
state of the nucleus H vanishes and for the 14.4 keV level H* is given by:

~x € 0V, ) 2

eq_4'I‘(21_1) (3Iz I(I+1))7 (15)
where e is the elementary charge, Q is the nuclear electric quadrupole moment,
V,, is the electric field gradient of the nucleus in the direction of the z-axis and I is
the nuclear spin. In Equation (14) and (15) the point symmetry of the iron is as-
sumed to be C,, which should be a good enough approximation for the evaluation of
the MOssbauer spectra, as the experimental g-factors g, and g, of metmyoglobin and
metmyoglobin fluoride differ only slightly.

The operators H,,, and H¥, . may be written in avery simple form, if one takes
into account that the orbital angular momentum Lis strongly quenched by the
interaction of the crystal electric field (HC%) and by the spin-orbit coupling (&, ;). By
the application of the Wigner-Eckart theorem one can show, that

H :g.A .§.f
R (16)
Hype = g5+ A0+ 8 -1

g, and g% are the nuclear g-factor of the two nuclear levels involved. 4, is the
hyperfine coupling constant which is the same for both nuclear levels.

For the computation of the eigenvalues and eigenvectors of Hygg and H¥g, a
set of basis vectors was used which are composed of an electronic part (|v +)) and
of a nuclear part (|7, ,))

It has already been mentioned, that due to relaxation processes only the spectra
at low temperatures could be fitted by the theory described here. For that reason
only the ground state Kramers doublet | 1'+) which is split into two singlets by Hgpn
is taken into account. The second Kramers doublet |2'+) separated from |1'+)
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by the energy A, has to be considered only in the case of MbF, as will be discussed
later on.

It should be remembered that the eigenvalues and the eigenvectors of the Hamil-
tonians Ay and Ay are still functions of the angle #, which is the angle between
the C,, axis and the direction of the applied magnetizing field H.

The isomer shift of our samples is treated as a constant parameter, which had to
be added to the calculated energies of the resonance lines. Thus we have three
parameters which have to be determined by fitting the Mdssbauer spectra. They are:
the magnetic hyperfine coupling constant 4,, the electric quadrupole splitting
1i.e-0V,, and the isomer shift S. In principle the parameters ¢,, €, and £, which
determine the g-factors of the Kramers doublets could also be regarded as free
parameters in such a fit. For the sake of simplicity we have used the g-factors of the
lowest Kramers doublet as taken from the literature (Gray et al., 1973).

For the computation of the shape of the spectra it is also necessary to calculate
the relative intensities of the individual resonance lines. For this the following formu-
la was used (DeBennedetti, 1964):

PO 3 54,0 =2 uG, k) - oG, D - MU, 1, )P 17n

ij
The indices k and / number the eigenvalues of Hyggx and of Hgg, respectively.
The coefficients u(i, k), (i = 1, 2) and v(j, ), (j = 1, 2, 3, 4) define the eigenvectors of
the nuclear levels. M(I, ; I, ) is given by:

M( z, _]’ ) < z v - 1’M|%’ Iz,j> ' XII‘{=1 (18)
and ‘
M = Iz,j —1

z, i

The vectors X¥_, describe the angular dependence of a M1 p-radiation.

-1 () 1
Z%ﬁ(i-cosﬁ), X?:(i-sinﬁ), Xl_lz—%vic-cosﬁ) (19)

Here ¢ is the angle between the direction of the p-ray and the C,, axis of the iron site
(z-axis). Since in our experiments a geometrlcal arrangement was used, in which the
direction of the applied magnetizing field H was always parallel to the direction of
the p-ray (longitudinal field) the angle # here is identical with the one used earlier in
Equation (5). As our experiments have been performed on isotopic samples, one has
to average over the angle ©. Therefore we calculated the spectra for & = 0°, 3°,

. 180° and added them up multiplying each of them by the weighting factor
sin 7.

3. Sample Preparation and Experimental Techniques
Sample Preparation

For the magnetization measurements we exclusively used polycrystalline material in
order to get a high concentration of the individual myoglobin derivatives in our
samples. The volume of the sample holders, amounts to about 50 mm?. The prepara-
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tion and the crystallization of sperm whale metmyoglobin Mb(H,0) in a 3.75 molar
(NH,),SO,-solution at pH = 6.3 was done according to the procedures described by
Kendrew and Parrish (1956). The MbCN and the MbF derivatives were obtained by
adding KCN, respectively NaF to the (NH,),SO,-solution, in which the Mb(H,0)
crystals had been crystallized. Before filling the myoglobin crystals into the sample
holders the crystals were broken to very small pieces by a glass rod in order to avoid
any anisotropy effects in the measurements. Afterwards the samples were frozen by
insertion into liquid nitrogen. Besides the three derivatives Mb(H,0), MbCN and
MDbF mentioned above we also investigated a metmyoglobin sample, which was
cooled to 77 K by a special freezing method. It is possible to avoid the usually
occuring destructions of the crystal lattice of a myoglobin single crystal during its
freezing by appliying a hydrostatic pressure of about 2500 atm (Thomanek et al.,
1973). X-ray structure investigations of metmyoglobin single crystals frozen under
these conditions showed no significant structural changes of the molecule (Parak et
al., 1975). Especially in the environment of the iron no structural change could be
detected. In the investigations of a metmyoglobin sample frozen at the hydrostatic
pressure of 2500 atm (Mb(H,0), ..) we looked for changes in the electronic struc-
ture of the iron ion. The magnetization measurements of this sample (Mb(H,0),, \.)
could be carried out at atmospheric pressure, because the structure of this special ice
phase is metastable for long times at temperatures below 7= 100 K.

By Mossbauer spectroscopy we investigated solutions of metmyoglobin and
myoglobin fluoride. In order to get appreciable absorption effects we exclusively
used samples enriched with *’Fe. The procedures for the chemical enrichment of the
natural sperm whale myoglobin molecules are described elsewhere (Parak et al.,
1971). The amount of myoglobin in our samples was about 60—70 mg dissolved in
(NH,),SO,-solutions of various concentrations. Their values will be given later for
the individual samples.

Magnetization Measurements

Magnetizations were measured by a vibrating sample magnetometer with supercon-
ducting magnets (Princeton Applied Research Corporation, Model 150A). The
physical and technical principles of such magnetometers have been described, for
example, by Feldmann et al. (1964).

The sample can be vacuum insulated from the vessel containing the liquid he-
lium. Thus it is possible to measure magnetizations not only at T = 4.2 K but also at
temperatures between 7= 12 K and room temperature. As our temperature sensor
(GaAs diode) could not be fixed directly at the sample but was thermally coupled to
the sample via the helium exchange gas a very careful calibration was necessary. For
the temperature calibration we used calibrated platinum and germanium resistance
thermometers.

The measurements of the high-spin compounds of myoglobin have been carried
out at a magnetizing field of H# = 10.0 + 0.02 kOe, whereas for myoglobin cyanide
H=20.0 + 0.04 kOe were used. At H = 10.0 kOe the experimentally determined
magnetic moments of the high spin compounds at 7= 4.2 K were in the order of
about 1072 emu, whereby our samples contained about 1-10%—2 - 10'® protein
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molecules. The maximum sensitivity achieved with our apparatus was about 3 - 103
emu. The number of myoglobin molecules contained in a sample was determined
after the magnetization measurements. For this purpose we dissolved our samples in
50 or 100 ml of water and measured the intensities of the absorption maxima at the
characteristic wave lengths of the different compounds in the range from
410—600 nm (Antonini et al., 1971). In addition, the samples were also analyzed
quantitatively after converting them to reduced pyridine hemochromogen. Absorp-
tion measurements of these hemochromogen solutions were carried out at 540 nm

and 557.5 nm. At these wavelengths the absorption coefficients are £, = 9000

Jite lit -
B , E557,5 = 32000 T ,as taken from DeDuve (1948). The accuracy in
cm - mole cm - mole

the determination of the number of iron ions was about 41%.

Mdssbauer Absorption Spectra

The Mdssbauer measurements were carried out in a liquid helium cryostat equipped
with a superconducting solenoid (Siemens, Model Kryos 180). In order to vary the
temperature of the absorber between T'=4.2 K and room temperature, a second
small cryostat was constructed which was inserted into the bore of the solenoid, The
small cryostat can be vacuum insulated from the surrounded liquid helium bath and
the temperature of the sample can be raised up to room temperature by a small
heater without causing any considerable increase in the consumption of liquid he-
lium. The temperature sensor used here was a Si-diode (D446, Texas Instruments).
In our temperature calibration we achieved an accuracy of +0.5 degrees.

$1Co diffused into a rhodium matrix was used as the source. The temperature
of the source was the same as the absorber temperature. It had been shown in
test experiments that the width of emission line of this source is practically tempera-
ture independent. A sinusoidally operating electromechanical Mdssbauer spectrom-
eter was used. Data were stored in 400 channel analyzer (Laben Spectroscope,
Model 400) in time mode. Synchronization of velocity and time sweep was per-
formed according to Kaindl et al. (1968). The 14.4 keV gamma quanta were de-
tected by a proportional counter filled with 96% argon and 4% CO,.

4. Evaluation and Results
Susceptibility Measurements

As already mentioned, we used the energies of the *4,-, 2E- and 2B,-levels relative to
the °4,-level, the thombic distortion energies D and E, and the diamagnetic contribu-
tion My, as parameters in the least squares fitting procedures. It turned out, that
only two or three of these six parameters could be determined reliably by the least
squares fits of the susceptibility data. These are the diamagnetic contributions My,
and in the case of high spin compounds the energies E(*4,) and ECE), if ECE)
< 15000 cm™!, If the energy E(*E) is greater than 1500 cm™! the accuracy of its
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determination is very low, because the influence of the 2E state to the magnetic prop-
erties of the iron at low temperatures becomes very small. The remaining param-
eters E(2B,), D and E have either to be determined by other experimental methods
or have to be fixed at reasonable values. For that reason we used the experimental g-
factor of the lowest Kramers doublet (g, = 1/2(g, + g,) and g,, = g, — g,) taken
from the literature as additional data. Thereby the accuracy of the determination of
E(’E) became much better and one of the parameters D or E could then also be
determined. We did not use the g-factors as further experimental data in our fitting
procedure, but rather fitted only the susceptibility data using E(*4,) and My, as free
parameters and then varying the energies E(*E) and D step by step within a certain
range. The parameters E(B,) and E were kept at constant values which will be
discussed later. In this manner we got a series of slightly different electronic level
schemes all of which gave the correct susceptibility data but show small differences
in the g-factor of the ground state Kramers doublet. As the final result we took that
electronic term scheme, which showed the best agreement with the experimental g-
factors.

As mentioned above the energies E(*B,) and E had to be fixed at constant
values. In contrast to the calculation of Eicher (1975) we set E =0 cm~. As may be
seen from Figure 2 in (Eicher, 1975), it is purely optional to fix the energy E at a
certain value and then use D as a fitting parameter, since the two parameters D and
E are linearly dependent on each other. Setting £ =0 cm™ corresponds to the ap-
proach used earlier for Fe?*-Myoglobin (Eicher et al., 1975). The energy E(*B,) had
been fixed by keeping the energy difference (E(*B,) — E(*E)) at a constant value.
From the Equation (4) it may be seen that this energy difference is mainly deter-

|
0.4 MbE, pH=7
“c|e
5[
= Mb (H,0),pH= 6.3
zlz
\!/03 ] Mb(HO)p-tce »
' pH=6.3
0.2
Fig. 2. Experimental results of the 0.1
magnetization measurements at different 1
temperatures and constant magnetizing MBCN,pH=7.3
fields H. The solid curves are obtained
from the least squares fitting
procedures taking into account also the

experimental data at 7'=4.2 K which 005 o1 1 {1 ]
are not shown in the figure TIK
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mined by the energy ¢,, which lies in the order of a few hundreds of cm~. Therefore
we set:

E(By) — ECE) = 500 cmn ™.

Alterations of this value modifies the energy ¢, only slightly [see Equation (4)].
This uncertainty was taken into account in the error bars of ¢,. Consequently the
energy ¢, cannot be determined by the evaluation of our data, whereas the energies
&, and £, may be calculated from the energies E(*4,) and E(E) via the Equation (4).
Fortunately the energies ¢, and ¢, contain the most relevant information about the
spatial arrangement of the iron relative to its nearest neighbours.

In Figure 2 the temperature dependence of the ratio of experimental magnetiza-
tions M., and the applied magnetizing field H, corrected for the diamagnetic part
My, and calculated for one mole of the substances are shown together with the
theoretical curves, which have been obtained in the least squares fitting procedures.
The temperature scale of Figure 2 makes it impossible to show the data at 4.2 K.
They are in very good agreement with the theoretical values as well and have also
been taken into account in the fitting procedures. In Table 1 we summarize our
results of the magnetization measurements of the individual high spin compounds.
Since we do not know the g-factors of the lowest Kramers doublet of Mb(H,0), 1ce,
we set the parameter D equal to 50 cm™. This gave a reasonable g-factor g, in
comparison to Mb(H,0). Figures 3 and 4 show the energy diagrams of the levels
4, “4, and ?E and of the antibonding single 3d electron orbitais d,, d,,, d.,, d,2 and

Xy Yyze

d,2 - 2 of the individual high spin compounds. Figure 3 also shows the splittings of

Table 1. The energies of the low lying 3d° electron multiplets *4,, 2E, 2B, and *E relative to the 4, level
of the Fe** ion of some ferric high spin compounds of metmyoglobin. The definition of the energies &,
and ¢, are given in Figure 1. A; and A, are the splitting energies of the 64, level, the splitting of which is
caused by the spinorbit coupling

MDB(H,0), 1ce Mb(H,0) MbF

(pH = 6.3) (PH = 6.3) (°H = 7.0)
ECA,) [em™] 0 0 0
E(4,) [em1] 667 + 40 1295 + 60 1963 + 80
ECE) lem™] 1500 + 500 3500 + 700 1525 + 400
ECB,) [em 1] 2000 4000 2025
ECE) [em™] 4300 + 600 4960 + 600 5340 + 600
& [em™] 12500 + 900 10940 + 1000 13960 + 800
& lem1) 24342 + 40 23707 + 60 23032 + 80
Ay lem™] 30.5 + 2.0 222 + 1.5 127 + 1.0
A, lem™] 1313 + 6.0 724 + 2.0 44.0 + 2.0
g, =4 (g +gr - 5.92 5.96
€ =8 — 8" - 0.13 0.18
D [em™] 50 122 + 30 75 + 20
Aﬁ;‘ﬂ 107 [em’] —1.90 + 0.04 —0.88 + 0.015 ~1.29 + 0.02

2 The g-factors had been taken from Gray et al. (1973)
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Fig. 3. The energies of the muiti-electron levels °4;, “4, and 2E of the ferric iron in different compounds
of myoglobin. The energies of the groundstates are set to £ = 0. The splittings of the multi-electron
levels caused by the rhombic distortion of the C, -symmetry of the crystal field and by the spin-orbit
coupling are also shown in the figure
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Fig. 4. The energies of the antibonding single 34 electron orbitals d,2 - 1, d,2, d,, and d,, relative to the
d,,-orbital. The error bars of the d,2 - z-orbitals of the high spin compounds are so small, that they
cannot be shown in the figure
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Table 2. The energies of the low lying 3¢ electron multi-
plets %4, *4,, ?B, relative to the 2E level of the Fe** ion
in myoglobin cyanide. A, and A, are the energy differ-
ences between the three Kramers doublets of the 2F and

2B, level

MbCN

(pH = 1.3)
ECE) [em™] 0
E(B;) [em™] 270 + 50
E(4,) [em™] 800 + 400
E(4) [em™] 1500
£, [em1] 13600 + 500
&5 [em™] 25500
Ay [em™] 450 + 20
A, [em™] 700 + 50
g 0.93
g’ 1.89
g2 345
D [em™] 61 + 4
Ml_;wia - 107 [em?) —0.47 + 0.01

? The g-factors are taken from Horrocks et al. (1974)

the electron multiplets caused by the spin-orbit coupling and by the rhombic distor-
tion of the crystal field.

For the evaluation of the data of myoglobin cyanide we first looked at the g-
factors of the lowest Kramers doublet (Horrocks et al., 1974). By a large number of
simulations we found that the ?E level had to be the ground state and the 2B, term
should be the first excited state. The g-factors are mainly determined by the pa-
rameter D and by the energy difference (E(E) — E(2B,)), which in this case has to be
about 270 cm~1. By fitting our experimental magnetization data we saw, that in the
case of MbCN the energies of the 4, level and the 4, level could not be determined
very exactly because their contributions to the magnetizations (M), are very small.
The resuits for myoglobin cyanide are summarized in Table 2.

Méssbauer Absorption Spectra

In Figures 6 and 7 the Mdssbauer spectra taken for a metmyoglobin and a myoglo-
bin fluoride sample, both in a 2.5 molar (NH,),SO,-solution, are shown. If the mo-
larity of the buffer is much lower, the Mossbauer spectrum of Mb(H,0) at 4.2 K
shows a second species of Mb(H,0), which might be a low spin compound. A
comparison of the Mdssbauer spectra of metmyoglobin solutions with high and low
molarity is given in Figure 5. As the optical absorption spectra of these two samples
at room temperature did not show any differences, we believe this second species of
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Fig. 5. Mossbauer spectra of Mb(H,0) at T=4.2K and at a longitudinal magnetizing field of
H = 1.0kOe. a) Mb(H,0) in a 2.5 molar (NH,),SO, solution at pH = 6.3. b) Mb(H,0) in a 0.05 molar
(NH,),SO, solution at pH = 6.7. The dashed curve shows the part of the spectrum which is attributed
to the low spin compound of Mb(H,0)

metmyoglobin to be formed during the freezing of the solution. FoL least squares
fitting of the spectra at T=4.2K and at low magnetizing fields H we used six
parameters. These are the isomer shift S (relative to the ’Co in Rh source), the
quadrupole splitting L - e- Q - V,,, the magnetic hyperfine interaction constant 4,
the linewidth I',,, and the maximum and minimum counting rates of the spectrum.
The parameters S, 4 - e- Q - V,, and 4,/f3, (B,-nuclear magneton) for Mb and MbF,
yielded by the least squares fits of the spectra of Figures 6 and 7 at T=4.2 K are
summarized in Table 3. As can be seen from Figure 5b we also fitted the spectrum of
metmyoglobin, which had been prepared in a low concentrated buffer. We therefore
simulated the spectrum of the low spin compound by means of a phenomenological

v

T
curve proportional to the function 5 —— -

The fitting parameters S, +-e- Q- V,, and 4,/5, of the spectrum of Figure 5b
are within the indicated accuracy identical with that of the spectrum of Mb(H,O) in
the high concentrated buffer (Fig. 5a).

As the relaxation times for MbF are longer as the ones for Mb(H,O) (compare
Fig. 6 with Fig. 7), it has been possible to fit the Mossbauer spectrum of MbF at
T= 10K and H = 1.0 kOe. That spectrum is essentially composed of two different
spectra, because at T= 10K the two lowest Kramers doublets of the 54, ground
state have to be taken into account. By means of the Boltzmann distribution func-
tion we calculated the relative intensities of the two different MGssbauer spectra
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Fig. 6. Mossbauer spectra of Mb(H,0) in a 2.5 molar (NH,),SO, solution (pH = 6.3) at different
temperatures with or without a longitudinal magnetizing field H.

produced by the two lowest Kramers doublets. Thereby we introduced a further
parameter A,, which is the energy difference of these two doublets. We took the
values S,1.e- Q- V,, and 4,, which were obtained from the fit of the spectrum at
T =4.2 K as constants. Then only four parameters determine the fit to the spectrum
at T=10K. The least squares fitting . procedure vyielded for the energy
A, =140+ 1.5cm™.
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Fig. 7. Mossbauer spectra of MbF in a 2.5 molar (NH,),SO, solution saturated with NaF (pH = 6.8) at
different temperatures with or without a longitudinal magnetizing field H.

Table 3. The fitting parameters S (isomer shift relative to a 7Co in Rh
A
source), + - ¢ - Q - V,, (quadrupole splitting), andﬁ—0 (magnetic hyper-

fine interaction constant) of the Mdssbauer spectra of Mb(H,0) and
MbF at T = 4.2 K and low magnetizing fields H. The spectra are
shown in Figures 6 and 7

Mb(H,0) MbF

(pH = 6.3) (PH = 6.8)
S [mm/s] 0.170 + 0.01 0.172 + 0.01
1.¢e.0 v, [mm/s] 124 + 0.04 0.77 + 0.05

A [kOel] 2004 +04 2114 +05

n
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5. Discussion

Since experimental susceptibility data of Mb(H,0) and MbF measured at low tem-
peratures have already been published earlier by Tasaki et al. (1967), it is possible
to compare these data with our.results. As may be seen by comparison with Figure 1
of Tasaki et al. (1967), similar results were obtained by us in the case of MbF.
Our susceptibilities of Mb(H,0), however, are about 3—4% lower within the tem-
perature region of 42K < 7T < 14K. Above T= 14K this difference vanishes.
Since to our knowledge the temperature dependences of the magnetic susceptibility
of Mb(H,0),.1.. and MbCN are not published, a comparison of these data is not
possible. Only the induced effective magnetic moments of MbCN calculated from
the susceptibilities at T=4.2K and at T= 150K are given by Tasaki et al.
(1967).

With the determination of the energies and the wave functions of the low-lying
electronic levels we are able to calculate the molar susceptibility of Mb(H,0) and
MbF at any temperature. In this way we compared calculated susceptibilities with
experimental data collected at room temperature by Beetlestone et al. (1964) and by
Theorell et al. (1951). No difference within the indicated accuracy were found and it
can be concluded, that the electronic structures of Mb(H,0) and MbF determined at
low temperatures in this work are identical with the ones existing at room tempera-
tures.

In the field of Mdossbauer spectroscopy spectra of Mb(H,0) and MbF at
T=4.2K with an applied magnetizing field (H < 10 kOe) had been published by
Lang (1970). The spectrum of Mb(H,0) at 7'= 4.2 K, however, had not been fitted
by a theoretical curve. This might be due to the fact, that the sample used by Lang
(1970) was not absolutely free of the low spin compound which appears, if the
sample is prepared in a low molar salt solution. The fit of the MbF spectrum taken at
T =4.2 K, where such a low spin compound is not to be seen, shows a very good
agreement in comparison to our results. As has been shown in part 4 of this work,
we could determine the energy difference A, of the two lowest Kramers doublets of
the %4 ,-term of MDF fitting the M&ssbauer spectrum at 7= 10 K and H = 1.0 kQe.
To determine this energy A, Lang (1970) used the spectrum of MbF at T=4.2K
and H = 10.2 kOe. The evaluation of this spectrum was done by means of a Spin
Hamiltonian with the crystal field parameter D(2 - D corresponds to A ). The energy
A, =140 + 1.5 cm™! yielded from our spectrum and the energy given by Lang
(1970) 2- D=12.6 + 1.0 cm™ are in agreement to each other.

The Mossbauer spectra of Mb(H,0) and MbF at temperatures 4.2K <7'<
180 K have not been published earlier. As may be seen from Figures 6 and 7 we
could not fit the Mossbauer spectra of Mb(H,0) and MbF at temperatures T >
10 K to appropriate theoretical curves. An approach to a relaxation theory, which
should be able to describe the spectra at higher temperatures is in progress. Nev-
ertheless, a qualitative comparison of the spectra of Mb(H,0) and MbF (see Fig-
ures 6 and 7) shows, that in Mb(H,O) the relaxation times of the spin flips are
shorter than in MbF. One may assume, that the spin flips are caused by spin lattice
relaxations. Since the electron spins are coupled to the phonons via spin orbit cou-
pling, the difference of the relaxation times become understandable: the off-diagonal
matrix elements of the Hamiltonian describing the spin-orbit coupling between the
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54, and the *4, level are inverse proportional to the energy difference between these
two levels. Therefore one should expect, that the energy of the 4, level relative to
the ®4, ground state in Mb(H,0O) is lower than in MbF, which is in agreement with
our results of the susceptibility data.

A comparison between our results and the results, which were obtained by other
spectroscopic methods is possible only in a limited way. Examples are the determi-
nation of the anisotropy of the magnetic susceptibility of single crystals by Morimo-
to et al. (1965) and by Uenoyama et al. (1968) and far infrared spectroscopic data
by Brackett et al. (1971). These data have all been evaluated using a Spin Hamilton-
ian. Therefore only a comparison of the energy A, as obtained from our evaluations
with the crystal field parameter 2 - D of the Spin Hamiltonian is possible. A fairly
good agreement is obtained. It should be mentioned, however, that the determination
of the energy 2 - D by far infrared spectroscopy is of poor accuracy in the region of
2D > 16 cm™!, The evaluations of the magnetic field dependence of the EPR data
as given by Gray et al. (1973) and by Slade et al. (1972) also using a Spin Hamilton-
ian gave larger deviations between A, and 2 - D. These discrepancies may arise from
the fact, that the treatment of the data does not correctly consider the mixing of the
different Kramers doublets of the 54, level due to the strong magnetizing fields H A
new evaluation which was done by Eicher (1975), showed, that the agreement to our
results became much better. In these calculations of these EPR data, Eicher (1975)
used the susceptibilities of Mb(H,0) and MbF at temperatures 42K < 7'< 20K
measured by Tasaki et al. (1967). Therefore the results for MbF agree very good
with our results, whereas in the case of Mb(H,0) some differences are to be seen. It
should be added that to our opinion the error bars of the energies of the electronic
levels given by Eicher (1975) are too small, because the uncertainty of the energy ¢,
has not been taken into account.

Finally we want to discuss the structural significance of the results for the
splitting energies of the antibonding single 3d electron orbitals d,2 and d,2- 2
relative to the d,-orbital designed by &, and ¢, (see Fig. 1). It is easy to under-
stand, that the energy of the antibonding d,2 — ,2 orbital &; has to increase, if
the bonding of the iron ion to the four nitrogen atoms of the protoporphyrin
ring system becomes stronger. That means, the overlap between the d,2- 2
orbital and the wave functions of the nitrogen atoms with o-bonding character
becomes larger. Therefore one expects that the energy ¢, increases, if the distance
between the iron ion and the protoporphyrin ring plane becomes smaller. Accordin-
gly the energy ¢, has to increase, if the distance between the iron and its axial ligands
decreases. The comparison of Mb(H,0) with Mb(H,0),.r.. shows that not only &,
but also £, of Mb(H,0), 1 exceeds the corresponding energies of Mb(H,0). There-
fore one may conclude, that by the application of the hydrostatic pressure of
2500 atm the nitrogen atom N, of the proximal histidine F8 in Mb(H,0), .. is
moved towards the iron, which thereby is pushed to the porphyrin ring plane. The
comparison of Mb(H,0) and MbF shows that in Mb(H,0) the iron is placed nearer
to the porphyrin ring plane than in MbF. A comparison of the energies ¢, of
Mb(H,0) and MDF in this way gives no clear result, since the ligands at the sixth
coordination position of the iron are different. It is not known how much &, will be
influenced by this. The distance of the iron to the porphyrin ring plane in MbCN
proved to be the shortest in comparison to the high spin compounds, because the
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energy ¢; clearly exceeds the corresponding energies ¢, of the high spin com-
pounds.

The energies ¢, and ¢, of the ferrous iron in myoglobin (&,, e2+—yp = 7900
cem™, gy pearoyp = 17270 cm™!) have already been published by Eicher et al.
"(1975). A comparison between the spatial arrangement of the ferrous iron and the

ferric iron may also be derived. It is obvious, that the ferric iron lies closer to the
porphyrin ring plane than the ferrous iron (g3, ped+—nmemz0) > €3, re2+—mp)» Which
is qualitatively in good agreement with the structural considerations of Perutz
(1970). The differences of the energies ¢, of the ferrous and the ferric iron may to
some extent result from the additional axial ligand (H,0-molecules) of the ferric iron
in metmyoglobin. A more detailed discussion about the energy ¢, is not indicated
with the set of data presently available.
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