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ABSTRACT: Anaerobically reduced samples of cytochrome
P-450 from Pseudomonas putida were studied by Moss-
bauer spectroscopy. In the presence of an applied magnetic
field the high-spin ferrous heme iron showed an intricate
pattern of electric and magnetic hyperfine interactions
which could be parametrized successfully in terms of a spin
Hamiltonian formalism. The results imply a very low (tri-
clinic) symmetry of the heme iron. The effects of the ligand
environment and of spin-orbit coupling result in a large
zero-field splitting of the electronic ground state. The elec-
tric-field gradient tensor is characterized by a large asym-

Cytochromes of the P-450 type were first identified in
liver microsomes on the basis of the characteristic Soret ab-
sorption near 450 nm that they exhibit upon reduction and
complexation with CO (Klingenberg, 1958; Garfinkel,
1958). These cytochromes demonstrated monoxygenase ac-
tivity toward many drugs, steroid hormones, polycyclic
compounds, and a variety of other potentially toxic mole-
cules. Other important P-450 cytochromes, in particular
those from the adrenal cortex mitochrondria, are involved
in steroid metabolism (Schleyer et al., 1972). All the mam-
malian cytochromes P-450 are membrane bound, and only
recently has it been possible to solubilize them in active, ho-
mogeneous form (Imai and Sato, 1974; van der Hoeven et
al., 1974). Gunsalus and coworkers, however, found a solu-
ble cytochrome P-450 in the camphor hydroxylase from
Pseudomonas putida (Hedegaard and Gunsalus, 1965).
This three-component enzyme system closely resembles the
adrenocortical hydroxylase (Schleyer et al., 1972) and, be-
cause of its solubility and easy accessibility, provides an
ideal model for the mammalian monoxygenases. A compre-
hensive summary of the chemical and physical properties of
this enzyme system, in particular of the stable intermediate
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metry parameter, and its principal axes are rotated substan-
tially from the frame that defines the zero-field splitting.
This study shows that high-field Mossbauer spectroscopy
provides a unique tool for structural investigations of high-
spin ferrous compounds and can substitute, under suitable
conditions, for magnetic susceptibility measurements. The
present paper focuses on the methodology and data analy-
sis; in the subsequent paper the data obtained for P-450 are
compared with new results obtained for hemoglobin, chloro-
peroxidase, and horseradish peroxidase.

states of cytochrome P-450, was given by Gunsalus et al.
(1974).

Spectroscopically, cytochrome P-450 differs in many re-
spects from a typical heme protein such as hemoglobin, and
several authors have speculated on the nature and the ge-
ometry of the heme ligands that might be responsible for
these differences (Bayer et al., 1969; Stern et al., 1973;
Stern and Peisach, 1974). Whereas the oxidized states of
cytochrome P-450 have been studied in detail by electron
paramagnetic resonance (EPR) and Mdssbauer spectrosco-
py (Gunsalus et al., 1974), relatively little is known about
the reduced state of the enzyme. 3"Fe-Mdssbauer spectros-
copy can fill this gap, since it applies to all charge and spin
states of iron, including the EPR-silent ferrous state. It
measures the internal electric and magnetic fields acting on
the nucleus and yields detailed information about the elec-
tronic ground state of the heme iron.

An earlier Mdssbauer study of reduced camphor-com-
plexed cytochrome P-450 revealed a quadrupole splitting
and an isomer shift characteristic of high-spin ferrous iron
(Sharrock et al., 1973). In this respect it is an analog of
deoxyhemoglobin and, like the latter, reversibly binds small
molecules such as O3, CO, and NO. In spite of this similari-
ty, there are substantial differences between the electronic
ground states of the two proteins. The quadrupole splitting
of hemoglobin is strongly temperature dependent; several
authors (Huynh et al., 1974; Trautwein et al., 1970) con-
clude from a crystal field model that excited singlet and
triplet states may be populated near room temperature in
addition to the quintet ground state. Reduced cytochrome
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P-450, on the other hand, has an almost temperature inde-
pendent quadrupole splitting, and only the five spin states of
the orbitally nondegenerate ground state are expected to be
populated. Substantial differences in the zero-field splitting
D of the lowest quintet have been derived from magnetic
susceptibility data. Champion et al. (1975a) obtained D =~
20 K for cytochrome P-450, in agreement with Mdssbauer
experiments, whereas Nakano et al. (1971, 1972) inferred a
value of D = 7.5 K for deoxyhemoglobin; however, all
states other than the lowest quintet were ignored.

The present paper examines the Mossbauer spectra of
high-spin ferrous P-450 in detail, while the subsequent
paper (Champion et al., 1975¢) extends the discussion to
three other heme proteins. We show that the spectra of
P-450 observed in a strong magnetic field consist of an in-
tricate pattern of electric and magnetic hyperfine interac-
tions which have been parametrized successfully in a spin
Hamiltonian formalism. To our knowledge these are the
first well-resolved magnetically split Mossbauer spectra of a
high-spin ferrous heme protein. In the next section we dis-
cuss the spin Hamiltonian formalism and its application to
Maossbauer experiments in external magnetic fields. Two
limiting cases are then briefly considered, low-temperature,
low-field spectra and high-temperature, high-field spectra.
Both cases are experimentally very useful since they allow
the independent determination of some of the parameters in
the spin Hamiltonian. Following the experimental proce-
dure the results are presented, and a final section is devoted
to the discussion.

Theory

In order to lay the ground work for the detailed presenta-
tion of the paramagnetic Mossbauer spectra that follows,
we turn to a spin Hamiltonian approximation that works
very well in describing the data. Johnson (1967) successful-
ly applied this formalism to describe high-field Mdssbauer
spectra of ferrous fluosilicate. Presently, spin Hamiltonian
parameters do not lend themselves to a straightforward in-
terpretation of molecular structure. Nevertheless such a de-
scription of the data is of considerable value since it allows
the experimental data to be parametrized in a compact
fashion and permits systematic comparison of the results for
various heme proteins.

The pertinent spin Hamiltonian describing the Moss-
bauer spectra of the ferrous ion depends on electronic and
nuclear variables. The electronic part takes into account the
zero-field splitting and the Zeeman interaction of the elec-
tronic ground state, which is a spin quintet (S = 2). The nu-
clear part describes the magnetic hyperfine interaction, the
electric quadrupole interaction, and the nuclear Zeeman ef-
fect. The electronic part of the spin Hamiltonian may be
written as

3 = DIS2 = 2+ (E/D)(S* = S5+ 8SgH (1)

where D and E are coefficients describing the splitting of
the spin quintet in zero magnetic field. For heme proteins
the two terms quadratic in S yield energy splittings of the
order of 1-50 cm™'; other terms that may exist (Abragam
and Bleaney, 1970), including those of fourth order in S,
have been ignored since they are likely to be small in com-
parison with D and E. Although eq 1 depends on electronic
parameters only, both terms have a profound influence on
the Mdssbauer spectrum when the samples are studied in an
applied field H. The zero-field splitting lifts the fivefold
spin degeneracy of the orbital ground state and the result-
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ing eigenstates |[N), N = 1 ... 5, are spin singlets, except
when E = 0. In the absence of an applied field these singlet
states have no magnetic moment, i.e., the expectation value
of the electronic spin vanishes, {(S)5 = 0. An applied mag-
netic field, however, mixes the states and produces a spin
polarization, (S} > 0.

The magnetic hyperfine interaction is given by (S)-A-l,
where A is the magnetic hyperfine tensor. The nuclear part
of the Hamiltonian then is

3, = (S)-Al — g,8,HI + 3q (2a)
with
o = (eQV/12)[31: — 15/4 + (12 ~ 1,%)] (2b)

for the excited (/ = %) nuclear state and 3q = 0 for the
ground (/ = '5) nuclear state. The form of the quadrupole
interaction in eq 2 explicitly shows that the principal axes of
the electric-field gradient tensor (Vi V,, Vi) need not
coincide with those of the zero-field splitting; n = (Vi —
V,,,,;/V;(( is the asymmetry parameter (by convention 0 < 5
<1).

In the absence of an applied magnetic field, the spin ex-
pectation value (S) vanishes and only the magnitude of the
quadrupole splitting can be observed in polycrystalline sam-
ples, |AEQ| = (eQVir/2) VT + T%hn?. Application of a
strong magnetic field leads to a spin polarization, (S) = 0,
and permits determination of all the quantities in eq 2.

We may rewrite eq 2a as

In = -gnﬁn[H - <S>-1§/(gn6n)]-l + JCQ (3)

The quantity Hj,, = —(S)-A/(gnﬁn), the internal magnetic
field, determines the magnetic splittings of the nuclear
ground and excited states. Since Hi,; depends on (S) the
electronic parameters introduced in eq 1 can be determined
from Méssbauer measurements. Depending on the tempera-
ture 7 and the electronic spin relaxation time four types of
Mdssbauer spectra can be expected.

(i) At temperatures such that k7 <« D only the lowest
spin state, N = 1, is populated, and the spin expectation
value to be used in eq 2 and 3 is (S)|, no matter whether
the relaxation time is fast or slow. (ii) At higher tempera-
tures, all five eigenstates | V) of eq | with energies En, N =
1, ... 5, have finite Boltzmann factors, exp(—Ex/kT), and
the observed Mdgssbauer spectra then strongly depend on
the spin relaxation time. For slow relaxation, a given mole-
cule may exist in any of the five spin states predicted by eq
1, each giving rise to a different internal magnetic field
Hi.. The resulting Mdssbauer spectrum then is the weight-
ed average of the spectral components from each individual
eigenstate. (iii) For most high-spin ferrous compounds the
electron spin relaxation time is fast compared to the nuclear
precession times. The 37Fe nucleus then sees a net expecta-
tion value of the electronic spin that is a thermal average,
(S)T, taken over the five spin states | N):

(S)r = [ £ (S)s exp(‘E”’/"T)]/
N=]

[z1 exp(—EN/kT)] (4)

As in case (i) each molecule has a well-defined internal
magnetic field Hiy, but the spin expectation value to be
used in eq 2 and 3 is now the thermal average, eq 4. (iv) For
intermediate spin relaxation times the problem is more
complicated, and no attempt is made in this paper to simu-
late Mdssbauer spectra for this general case.
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FIGURE 1: Mossbauer spectrum of reduced cytochrome P-450 taken
in zero magnetic field at 4.2 K. The solid curve is the result of a least-
squares fit to the data utilizing two Lorentzian lines of equal areas.
The quadrupole splitting, AEq, was found to be equal to 2.42 + 0.03
mm/sec while the isomeric shift, 8, was found to be 0.82 £+ 0.02 mm/
sec with respect to iron metal. The lack of absorption between O and
1.0 mm/sec indicates a magnetically “clean” sample. The narrow line
width (FWHM) of 0.25 mm/sec implies that the sample is very homo-
geneous.

The number of adjustable parameters in eq 1 and 2 is
quite large and finding a reliable solution can be a formi-
dable problem. There are three components apiece in the A
and g tensors, two in the zero-field splitting and the electric-
field gradient tensors, plus six Euler angles relating the
principal axes systems of the A and EFG tensors to the
frame defined by the zero-field splitting. The number of un-
knowns can be reduced, however, since the spectra are rath-
er insensitive to the g tensor and since one can determine §
via a simple second-order perturbation expansion (Zimmer-
mann et al., 1974). Furthermore, for D > 0, it follows from
eq 1 that (S,) =~ O for temperatures such that kT is compa-
rable to or smaller than the zero-field splitting; hence the
Méssbauer spectra are insensitive to the component of the
A tensor along the direction of (S.). Moreover, by a judi-
cious choice of experimental conditions the size of Hin¢ can
be controlled. Specifically, by measuring the spectra in
fields of moderate strength (gnBnHint <|AEQ|) and at vari-
ous temperatures (T < 20 K) we can independently esti-
mate the magnitude of the zero-field splitting. Such mea-
surements provide the same information as obtained from
magnetic susceptibility data. In addition, such experiments
give crucial information about the orientation of the elec-
tric-field gradient relative to the zero-field splitting. A de-
tailed treatment of the methodology has been given by
Champion (1975) and Champion et al. (1975b).

Finally, at higher temperatures (( Ex — E)/kT « 1) eq
4 yields the Curie law, i.e., Hint ~ 1/kT. Thus at sufficient-
ly high temperatures the internal magnetic field is small
and the sample behaves like a diamagnet. Under these con-
ditions the asymmetry parameter n can be determined.

Experimental Methods

The methods used for the purification and *’Fe enrich-
ment of cytochrome P-450 from Pseudomonas putida have
been described previously (Sharrock et al., 1973). The
P-450 complex with substrate (camphor) was prepared
under argon and reduced by dialysis against sodium di-
thionite. Samples with a P-450 concentration around | mM
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FIGURE 2: Quadrupole splitting AEq as a function of temperature for
the four high-spin ferrous heme proteins deoxyhemoglobin (Huynh et
al., 1974), cytochrome P-450 (Sharrock et al., 1975), horseradish per-
oxidase (HRP), and chloroperoxidase (CPO). The measured quadru-
pole splittings, AEq, and isomer shifts, &, of ferrous HRP and CPO
are listed in the insert. The values are given in units of Doppler shift
(mm/sec) with an uncertainty of #0.02 mm/sec. Isomer shifts are
quoted relative to iron metal at 300 K.

were frozen in small cylindrical nylon cups (1 ml) and
stored under liquid nitrogen.

The Mossbauer spectrometer was of the constant acceler-
ation type. A 45.mCi source of *’Co in rhodium was used,
giving a minimum observable line width of 0.23 mm/sec
(FWHM). The system was calibrated with a metallic iron
absorber; all velocity scales and isomer shifts are referred to
the iron standard. Variable temperature and weak magnetic
field experiments were carried out with the sample placed
in the tail section of a variable temperature dewar (Janis
Research Co.), which allowed the placement of an electro-
magnet (Varian Model V-4004) around the sample. In this
configuration, magnetic fields up to 6.6 kG could be gener-
ated. Sample temperatures between 1.5 and 200 K were
easily obtained by the use of a small heating coil; they were
monitored by means of calibrated 1/8-W carbon resistors
or Keystone thermistors.

Experiments conducted in large applied magnetic fields
(~45 kG) and at high temperatures (~200 K) were carried
out in an Andonian dewar/superconducting magnet system
with room temperature access. A simple liquid nitrogen
heat exchanger was used to keep the temperature of the
protein sample in the range between 160 and 200 K.

In order to carry out experiments in large magnetic fields
and at low temperatures (4.2 or 1.6 K), we have designed
and built a superconducting magnet with compensation coil.
The achievement of acceptable field homogeneity presented
no particular problem, since a field variation of up to 1%
over the sample volume has negligible effect on the Mgss-
bauer spectrum. The compensation coil allows the source to
be placed about 3 cm from the sample, resulting in high
count rates. The cryogenic system, housing this arrange-
ment, is described in detail elsewhere (Champion, 1975).

Results and Analysis

A typical Mossbauer spectrum of reduced cytochrome
P-450, taken at 4.2 K in zero magnetic field, is shown in
Figure 1; a symmetric quadrupole doublet with narrow ab-
sorption lines (0.23 mm/sec full width at half-maximum) is
4153
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FIGURE 3: Maéssbauer spectra of reduced P-450 taken in a 6.6-kG magnetic field applied perpendicular to the incident v radiation. The sample
temperature is indicated beside each spectrum. The solid curves are the result of computer simulations using the parameters listed in Table I and as-

suming fast relaxation.

observed. The quadrupole splitting is almost independent of
temperature (Figure 2) indicating an isolated orbital
ground state, well separated in energy from the next orbital
state. For comparison we have plotted in Figure 2 the qua-
drupole splittings for chloroperoxidase, horseradish peroxi-
dase, and hemoglobin. The latter proteins will be discussed
in paper II (Champion et al., 1975¢c).

As mentioned above, application of a strong magnetic
field yields a polarization of the electronic spin resulting in
Mdssbauer spectra showing paramagnetic hyperfine struc-
ture. Figure 3 shows a series of spectra taken in a field of
6.6 kG, applied transverse to the observed Méssbauer radia-
tion. The spectrum in Figure 4 was taken at 4.2 K in a 8.6-
kG parallel field. Notice that the quadrupole splitting re-
mains dominant, although the magnetic splitting, essential-
ly due to the term (S)-A-T in eq 2, is quite sizable. When
the external field is increased to 25 kG the magnetic split-
ting reflects the increased values of (S) and becomes the
dominant factor in the determination of the overall spec-
trum (Figure 5). At 25 kG the internal magnetic field is
saturated; i.e., {(S) has almost reached its maximum value
and any further increase of the applied field results in a re-
duction of the magnetic splitting (the applied field opposes
the internal field, see eq 3; both A and (S) have negative
values).

As a first step in our analysis we discuss how the zero-
field splitting parameters can be extracted from the spectra.
Notice that the magnetic splitting does not increase appre-
ciably (less than 7%) when the temperature is lowered from
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4.2 to 1.6 K (Figure 3). Hence it follows that only the
ground singlet of the spin quintet is appreciably populated
at 4.2 K (see eq 4). This observation places a lower limit on
the magnitude of the zero-field splitting, D > 15 K. To ob-
tain a quantitative estimate of the zero-field splitting pa-
rameters we have calculated the temperature dependence of
the components of (S)t from eq 1 as a function of D and
E/D in the fast relaxation limit.! Since the experimentally
observed magnetic splitting not only depends on (S)T, but

1975

" An attempt was made to simulate the spectra of Figure 3 in the
slow relaxation limit. At 1.6 and 4.2 K only the lowest spin singlet is
occupied, and the simulations for fast and slow relaxation are practi-
cally indistinguishable. For higher temperatures, however, the predic-
tions based on the two limiting cases differ considerably. For fast relax-
ation the peaks are flat-topped and narrow as shown in Figure 3. For
slow relaxation, on the other hand, the peaks assume a triangular shape
and are very broad. Apparently neither of the two limiting cases ade-
quately reproduces the data, and there is reason to believe that an in-
termediate relaxation model should be used. No attempt was made to
develop such a model, since the simulations based on the fast relaxation
limit were deemed adequate for the present purpose, i.e., the determi-
nation of D and E. If the spin relaxation rate is indeed intermediate at
7 ~ 10 K and H = 6.6 kG, then the 4.2 K spectra of Figures 4 and §
might be close to the slow relaxation limit. For reasons stated above the
simulations of the 4.2 K data are insensitive to the assumed relaxation
rate and no direct evidence about its magnitude can be derived. Al-
though the theoretical spectra of Figures 3-5 and 8 were calculated in
the fast relaxation limit, it should be borne in mind that the only claim
made about the relaxation time is that it does not significantly affect
the parameters deduced from the data. This statement does not apply
to the 180 K spectra of Figure 6 for which the fast relaxation limit un-
doubtedly applies.
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FIGURE 4: Mdssbauer spectrum of reduced P-450 taken in a field of
8.6 kG applied parallel to the transmitted v rays at 4.2 K. The solid
line is the result of a computer simulation using the parameters listed
in Table I and assuming fast relaxation.

also on the (poorly known) hyperfine tensor A, the parame-
ters D and E/D cannot be determined separately with good
accuracy. However, acceptable ranges appear to be: D = 15
K,0<E/D<0.1;0orD=20K,0<E/D=<0.15;0rD=25
Kand 0 < E/D < 0.2. (For a detailed discussion, see Cham-
pion, 1975.)

Thus, we have extracted from the Mdssbauer spectra the
same kind of information that can be obtained from a low-
temperature magnetic susceptibility measurement. To ob-
tain an independent determination of the zero-field splitting
parameters we have used the latter technique in collabora-
tion with Dr. T. H. Moss of the IBM Watson Laboratory.
The susceptibility experiments indicate values of D that are
greater than 15 K but less than 25 K although the accuracy
is not sufficient to allow a precise determination of D and
E/D (Champion et al., 1975a). The agreement between the
two methods is encouraging; it shows that low-field, vari-
able temperature Mossbauer experiments are a useful alter-
native to magnetic susceptibility measurements.

The spectra in Figures 3 and 4 yield crucial information
about the orientation of the electric-field gradient tensor
(EFG tensor). For D > 0 the solutions to eq 1, at low tem-
peratures, always yield (S;)r = 0, i.e., the internal magnet-
ic field is essentially in the x-y plane of the zero-field split-
ting. (This plane is not necessarily coincident with the heme
plane; information relating the various interactions to mo-
lecular geometry can only be obtained from measurements.
of single crystals.) If the largest component of the EFG ten-
sor (V) were oriented along the z axis, the spectra in Fig-
ures 3 and 4 would have quite different absorption features;
one absorption band would be much broader than the other
one (see the low-field spectrum of ferrous fluorosilicate in
Figure 2a of Spiering et al., 1974). The spectral features in
Figures 3 and 4 can only be explained by assuming that the
two largest components of the EFG tensor are close to the
x-y plane, ie., Vi is substantially tilted away from the z
axis defining the zero-field splitting. The recognition of this
rotation turned out to be crucial for the successful simula-
tion of the spectra shown in Figures 3-5.

As mentioned above, the electronic spin moments will
begin to obey the Curie law when the temperature is large
compared to the energy separation of the five spin states.
Thus at infinite temperature, (S)T =~ 0, and the paramag-
netic contribution to the Miossbauer spectrum vanishes so

Effect in Per Cent

2 -2 0 2 4

Velocity in (mm/sec)
FIGURE 5: Mossbauer spectrum of reduced P-450 taken in a field of
25 kG parallel to the transmitted v rays at 4.2 K. The solid line is the
result of a computer simulation using the parameters listed in Table I

and assuming fast relaxation.

EFFECT IN PER CENT

VELOCITY (N (mm/sec)

FIGURE 6: Mdssbauer spectrum of P-450 taken in a 45-kG parallel
magnetic field at 180 K. The solid line is a simulation based on the pa-
rameters listed in Table I assuming fast relaxation. The circled line
represents a simulation utilizing the same parameters, but assumes
pure diamagnetism, i.e., {S)7-A-l = 0. The data clearly show effects
due to the magnetic hyperfine interaction.

that only the quadrupole and nuclear Zeeman terms in eq 3
remain. Hence the sample behaves like a diamagnetic com-
pound at higher temperature. Under these conditions we
can determine 5, the asymmetry parameter, and the sign of
V. Figure 6 shows a Mdssbauer spectrum of reduced P-
450, taken at 180 K in a field of 45 kG applied parallel to
the observed v rays. Using a computer program (Miinck et
al., 1973) we have simulated a theoretical Mdssbauer spec-
trum assuming (S)t = 0. The solid line connecting the cir-
cles in Figure 6 shows the result. The difference between
the overall splitting of the theoretical curve and the experi-
ment is due to a residual hyperfine field, Hj, = —(S)T-A/
g.8.. (At 180 K the components of (S)1 are between 0.06
and 0.09 for D = 15K.)

The spectrum in Figure 6 may be compared with a high-
field spectrum of a true diamagnet, the low-spin ferrous (S
= 0) CO adduct of reduced P-450. Figure 7 shows the spec-
trum of this complex taken at 4.2 K in a 25.5-kG parallel
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Effect in Per Cent

Velocity in (mm/sec)

FIGURE 7: Mdssbauer spectrum of the carbon monoxide complex of
P-450 taken at 4.2 K in a 25.5-kG parallel field. The solid line is a
computer simulated spectrum using the following set of parameters:
AEq = +0.29 mm/sec, 7 = 0.5, and T = 0.25 mm/sec. The agreement
between theory and experiment is not perfect; the sample contains a
few percent of high-spin ferrous iron contamination, and thickness
broadening was not taken into account. However,  can be determined
top=0.5+02

field. The solid line is a theoretical fit using? Hipe = 0 and
the parameters listed in the figure caption.

It is clear that a detailed fit to the spectrum shown in
Figure 6 requires some knowledge about the magnetic hy-
perfine tensor A. However, dozens of computer simulations
have convinced us that we can estimate 5 fairly well; the
spectrum shown in Figure 6 is not compatible with values of
n less than 0.6, as long as we keep the components of the A
tensor within reasonable bounds.

Up to this point we have restricted ourselves to a proce-
dure by which we estimate some important parameters by
mere inspection of the data coupled with some computer
simulations. Once we have reasonable estimates for D, E
and 7, and know the orientation of the EFG tensor, the task
of solving the multiparameter problem is greatly facilitated.
To further reduce the parameter space to be searched we
can restrict the x and y components of the A tensor to the
values —200 kG < A;/gg8n < —100 kG.? Another simplifi-
cation arises if we ignore the fact that the principal axes
system of the A tensor need not coincide with the frame de-
fined by the zero-field splitting. This can be done without
much loss of generality because it is really the quantity Hip,
« (S)7-A that governs the Mdssbauer spectrum, and the
three components of the A tensor, diagonal in the principal

2 The Méssbauer parameters of the carbon monoxide complexes of
reduced P-450 and of myoglobin (A. Trautwein, to be published in
Struct. Bonding (Berlin)) are almost indistinguishable; both com-
pounds have a positive quadrupole coupling constant, i.e., V,: > 0 (n =
0.5 for P-450-CO; 5 was not determined for Mb-CO). The similarity
of the Mossbauer spectra is quite surprising in view of the drastic dif-
ferences in the optical absorption spectra of the two proteins. We have
to note, however, that the Mdssbauer spectra of low-spin ferrous com-
plexes do not give very detailed information; first, they lack magnetic
features and second, measurements on polycrystalline materials do not
provide information regarding the spatial relation between the field
gradient tensor and the molecular axes.

3 From the spectra of Figures 3 and 4 the x and y components of the
internal magnetic field can be estimated, taking into account the rota-
tion of the EFG with respect to the zero-field splitting tensor. Since
(S)7 can be calculated from eq 1 and 4 for reasonable values of D and
E. an estimate of the x and y components of the A tensor is obtained.
Simulations of the spectrum in Figure 6 indicate that the internal field
opposes the applied field and, in addition, they limit the components of
A 10 the values —200 kG < A; /g8, < —100 kG.
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Table I: Parameters Used in the Simulation of the Mossbauer
Spectra of Reduced Cytochrome P450.

r 0.25 mm/sec gy 2.24
D 20K &y 2.32
E/D 0.15 g 2.00
V,z Positive .
aEq (+)2.42 mm/sec Euler Angles Taking
7 0.8 D into EFG
Ay ~180 kG efg 60°
Ay ~125kG Bety 70
N ~150 kG Yefg 0

Euler Angles Taking

D into A

ap 0°

N 0°

YA 0°

axes system of the zero-field splitting, can still yield a very
general Hiy. In addition, model calculations (Champion,
1975) have shown that, even in low symmetries, the off-di-
agonal elements of A are usually quite small when ex-
pressed in the electronic principal axes system.

The next and final steps of the data analysis involve spec-
tral simulations with a computer program® that generates
Mossbauer spectra for polycrystalline specimens from eq 1
and 2. By choosing initial parameters as they have emerged
from the inspection procedure we were able to simulate
spectra which represent the overall shape of the experimen-
tal data quite well. It is absolutely necessary to tilt the EFG
tensor away from the z axis of the zero-field splitting ten-
sor; we were unable to obtain simulations resembling the
spectrum shown in Figure 5 when we kept V¢ aligned with
the electronic z axis. A final set of parameters was found by
employing an iteration procedure: after many refinements
of single spectra the parameters were cross-checked against
the entire set of experimental spectra. The solutions thus
obtained reflect a set of parameters consistent with the
spectra obtained under various experimental conditions.
The solid curves through the data points in Figures 3-6 rep-
resent the best set of parameters we have obtained after
simulating hundreds of spectra; the parameters used to gen-
erate these curves are quoted in Table I. The most surpris-
ing result of the simulations is the fact that the EFG tensor
is rotated substantially away (8 = 70°) from the z axis of
the electronic system. This finding, together with the large
value of 7, implies a low symmetry at the heme iron. In an
attempt to give the reader some feeling for the dependence
of the spectra on the orientation of the field gradient, we
have displayed in Figure 8 a set of 25-kG simulations with
all parameters, except for 8, identical with those quoted in
Table I.

Discussion

It is instructive to compare the results for reduced P-450
with those obtained for hemoglobin. Although the quadru-
pole splittings AEq of both compounds are quite similar at
4.2 K, a glance at Figure 2 shows that the temperature de-
pendences of AEq are quite different. A temperature de-
pendent AEq suggests that excited orbital states become
populated at higher temperatures. Various theoretical ap-
proaches have been pursued to account for the Mossbauer

4 The program used is an extension of a simulation program de-
scribed earlier (Miinck et al., 1973). The modification involves the ad-
dition of a subroutine that computes the components of (S) fromeq 1.
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FIGURE 8: A set of theoretical spectra showing how the 25 kG, 4.2 K Mossbauer spectrum varies with 3, the Euler angle relating the z axes of the

D and EFG tensors. All other parameters are as listed in Table I.

data of hemoglobin and myoglobin. Most recently Huynh et
al. (1974) determined the electronic structure of the ferrous
ion in hemoglobin using a crystal field approximation that
takes into account the entire 210 states of the 3d® configu-
ration. These calculations give good agreement with the
Mossbauer data, i.e., the temperature dependence of AEq
and the orientation of the field gradient relative to the heme
plane are accounted for. Moreover, the magnetic suscepti-
bility data of Nakano et al. (1971 and 1972) are well de-
scribed by the model. For our discussion the results of the
calculations on hemoglobin have two interesting aspects:
(1) singlet and triplet configurations interpenetrate the li-
gand-field split D term, and (2) the resulting energy levels
are spaced such that no isolated spin quintet can be dis-
cerned. The fact that the low-temperature susceptibility
data can be parametrized in terms of a spin Hamiltonian
with S = 2 therefore appears fortuitous; the spin Hamilto-
nian and the crystal field calculations yield drastically dif-
ferent level sequences for the lowest electronic states. Thus,
it is unlikely that the zero-field splitting parameters ob-
tained for deoxyhemoglobin (D = 7.5 K, £ = 0; Nakano et
al.,, 1971) can be directly compared to those found for P-
450.

A description of the P-450 data in terms of a spin Hamil-
tonian is probably valid; the temperature independent qua-
drupole splitting and the successful fits to the paramagnetic
Maéssbauer spectra support this claim. Therefore we decid-
ed to further evaluate the data in the framework of a ligand
field model restricting ourselves to the D configuration. If
the energy separation of the ground and first excited orbital
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states is large compared to the spin-orbit coupling energy,
the spin Hamiltonian parameters can be computed using
second-order perturbation theory (Abragam and Bleaney,
1970). From such calculations the properties of the ground
state orbital wave function can be deduced. These wave
functions reflect the symmetry of the heme iron environ-
ment.

Without going into the details of these calculations
(Champion, 1975; Champion et al., 1975b) some conclu-
sions can readily be drawn. D,; symmetry (often assumed
to apply to the heme iron) will produce a ground state orbit-
al of either dy,, d.;, or d,, symmetry. Monoclinic (C3),
symmetry will produce a mixture of two of these orbitals
(Oosterhuis, 1971), while triclinic symmetry (C;) will mix
all three orbitals into the ground state.

For orthorhombic symmetry (Djp) it is clear that the
field gradient of the ground state must have n = 0.° If we
take the dy, orbital as an example, it follows from the spa-
tial arrangement of the electronic charge distribution that
the electrostatic potential will vary in the same manner
along the x and y axis. The situation involving a mixture of
two 1 orbitals (monoclinic symmetry) is not so simple, but

5 This statement is valid only if the admixture of excited orbital
states in the orbital ground state can be ignored, i.e., if the excited
states are sufficiently far removed in energy from the ground state.
Since this condition appears to be satisfied for reduced cytochrome P-
450, the analysis of Cosgrove and Collins (1971) applies. Whenever the
spin-orbit coupling energy is comparable with the splittings produced
by lower symmetry components of the ligand field, however, this simple
treatment is not adequate as was pointed out by Dale (1972).
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it has been treated along with the more general case (a mix-
ture of all three orbitals) by Cosgrove and Collins (1971). It
turns out that n vanishes even in monoclinic symmetry, and
triclinic symmetry is required in order to mix all three wave
functions, thus generating non-zero values of .

With this in mind our experimental determination of 0.6
< 5 < 1.0 implies a very low symmetry® (triclinic) at the
heme iron of reduced cytochrome P-450. Moreover, the fact
that the principal axes of the field gradient and zero-field
splitting tensors do not coincide is further evidence for a low
symmetry, since in orthorhombic or higher symmetry all
tensors must be aligned.

Thus, we have seen that the intricate Mdssbauer spectra
of heme proteins in the high-spin ferrous state provide a
wealth of information. Cytochrome P-450 is the first pro-
tein for which a detailed analysis of the data has been
achieved. It is clear that this is just a beginning. The Moss-
bauer effect will certainly be used further as a tool for the
elucidation of the structural details of high-spin ferrous
heme proteins. It is promising that zero-field splitting pa-
rameters can be determined quite well with this technique.
As a result, Mdssbauer spectroscopy can substitute for
magnetic susceptibility measurements when the Iatter
method cannot be applied because of the presence of para-
magnetic impurities (chloroperoxidase, discussed in the fol-
lowing paper, is an example). Moreover, the Mossbauer ef-
fect provides the means of probing the symmetry of the ac-
tive site.

The biochemical information that can be straightfor-
wardly extracted from a spectroscopic investigation relies
heavily on the comparison of the data with those obtained
from compounds with a known structure. In the following
paper we will extend our discussion by comparing the Mdss-
bauer results for P-450 with results obtained for hemoglo-
bin, chloroperoxidase, and horseradish peroxidase.
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