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ELECTRONIC STRUCTURE OF BIBMOLECULES 

E. MUNCK (*) and P. M. CHAMPION 

Department of Physics, University of Illinois, Urbana, Illinois 61801, U. S. A. 

RBsumC. - L'application de la spectroscopie Mossbauer a 1'6tude de molCcules biologiques est 
discutee sur I'exemple des protkines de type hkme. Toutes ces proteines ont fondamentalement le 
m8me centre actif constitue par I'heme. Le fer dans I'htme est habituellement ?I 1'6tat ferreux ou 
ferrique ; dans chaque &tat d'oxydation on peut trouver des configurations aussi bien de spin fort 
que de spin faible. Les spectres Mossbauer a basse tempkrature peuvent &re decrits par un Hamil- 
tonien de spin de la forme 

Dans les faibles symetries - pour lesquelles la nature semble avoir une preference dans les bio- 
molecules - I'Hamiltonien de spin comprendra un grand nombre de coefficients inconnus et 
l'analyse des spectres constitue un travail d'une 6norme complexit6. On discute les spectres Moss- 
bauer typiques pour les differents Btats de charge et de spin du fer dans I'heme & l'aide des exemples 
du cytochrome P450, de la chloroperoxydase et de la peroxydase du raifort. Dans le cas des pro- 
teines ferriques, l'utilisation des resultats de RPE facilite grandement l'analyse des spectres Moss- 
bauer. Pour les proteines ferreuses & spin fort, les mesures dans dzs champs magnetiques externes 
intenses sont particulierement utiles ; des mesures de ce type sont discutees en detail pour le cyto- 
chrome P450 & 1'6tat reduit. En outre on presente les spectres Mossbauer d'kmission d'hkmes 
substitues par 57C0 ; ce type de spectroscopie permet d'etudier des modeles de composes d'hkmes 
qui ne peuvent &re prepares chimiquement. 

Abstract. - The application of Mossbauer spectroscopy to the investigation of biomolecules 
is discussed for heme proteins. All heme proteins have basically the same active center, namely 
heme. The heme iron is usually either ferric or ferrous ; in either oxidation state both high-spin and 
low-spin configurations can occur. The low temperature Mossbauer spectra can be described by a 
spin Hamiltonian of the form 

In low symmetries, which nature seems to prefer in biomolecules, the spin Hamiltonian will have a 
large number of unknown coefficients and the evaluation of the spectra is a formidable task. The 
Mossbauer spectra typical for the various charge and spin states of the heme iron are discussed ; 
cytochrome P450, chloroperoxidase and horseradish peroxidase are used as examples. For ferric 
heme proteins Epr results can be used to significantly facilitate the analysis of the Mossbauer spectra. 
For high-spin ferrous proteins Mossbauer measurements in strong applied fields are particularly 
useful ; such measurements on reduced cytochrome P450 are discussed in detail. In addition, 
MGssbauer emission experiments on 57C0 substituted hemes are presented ; this type of spectro- 
scopy provides a means of studying heme model compounds which cannot be prepared chemically. 

1 .  Introduction. - Nature abounds with a wide 
variety of iron containing biomolecules which chal- 
lenge the talents of researchers in many fields. In  
addition to being involved in many of the fundamental 
processes that sustain life, these biomolecules offer the 
Mossbauer spectroscopist every degree of scientific 
challenge. In  the past years the Mossbauer effect, 
which is the focus of this International Conference, 
has made a sizeable contribution to unveiling some 
unique biological structures. 

In this paper we will discuss Mossbauer spectroscopy 
of a special class of biomolecules - the heme proteins. 
However, since much of the literature dealing with 
Mossbauer spectroscopy of biomolecules is scattered 

(*) New address : Department of BiochemistryIFreshwater 
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through physical and biological journals, we would 
briefly like to mention some structures which we will 
not discuss here but which are quite interesting from 
a stand-point of physics. 

There is the large class of so-called plant-type 
ferredoxins which are involved in electron transport 
in plant, bacterial or mammalian systems ; in addition 
they act as primary electron acceptors in photosyn- 
thesis. These proteins have a fascinating active site 
made up of two iron atoms which are spin-coupled 
via sulfur bridges. Mossbauer spectroscopy has played 
an indispensable role in revealing features of these 
unique structures [I, 21. 

Bacterial-type ferredoxins feature spin-coupled clus- 
ters involving four iron atoms situated a t  alternate 
corners of a distorted cube. One protein, the ferre- 
doxin from Chlostridium pasteurianum (a bacterium) 
has two such clusters ; X-ray crystallography has 
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revealed that these clusters are spaced apart by 
12 A [3]. There is experimental evidence that the 
reduced form of this protein presents us with a double 
spin-coupling problem ; each individual cluster is 
strongly spin-coupled to a spin system and both 
cIusters are weakly coupled to yield a singlet and a 
triplet state. 

The plot thickens when we consider the MoFe 
proteins from nitrogenase, an enzyme system capable 
of reducing molecular nitrogen to ammonia. These 
proteins contain two molybdenum and some twenty- 
odd iron atoms. Recently these proteins have been 
studied by the Mossbauer effect [4] and by Epr 
spectroscopy and it appears that nature utilizes yet 
another type of cluster, containing (probably) four 
iron atoms, spin-coupled to a total spin of S = 3 
(E. Miinck et al., submitted for publication). The 
MoFe protein seems to have two such clusters account- 
ing for a total of 8 iron atoms. The other irons reside 
in complexes of integer electronic spin and are there- 
fore not amenable to most of the spectroscopic 
methods. Thus the elucidation of structural details of 
the MoFe proteins falls squarely upon the shoulders 
of Mossbauer spectroscopy. 

In this paper we shall be concerned with heme pro- 
teins. These proteins, immensely important in biolo- 
gical systems, serve as good examples to show what 
information can be obtained from Mossbauer spectro- 
scopy. Elegant reviews about the application of 
Mossbauer spectroscopy to biological materials have 
been written by Lang [5 ]  and Debrunner [6]. 

2. Cytochrome P450 : an example. - Heme proteins 
perform many vital functions in biological systems. 
Probably the best known example of this class is hemo- 
globin, the oxygen carrier in the blood. All heme 
proteins have basically the same prosthetic group, 
namely Fe-protoporphyrin IX (heme). As depicted in 
figure 1, the iron atom is incorporated into an aromatic 
ring and coordinated to four nitrogen atoms. In gene- 
ral, a fifth (axial) coordination position is occupied by 
an amino acid residue (like histidine in hemoglobin) ; 
the sixth position is either vacant, or occupied by 
another amino acid residue or by an extraneous ligand 
(like O,, CO, etc.). This multitude of possible coordi- 
nations permits the amazing diversity of biological 
functions that characterize the families of heme 
proteins (electron transport, oxygen transport, and a 
variety of catalytic reactions). From a standpoint of 
Mossbauer spectroscopy the variability in stereoche- 
mica1 coordination results in different electronic spin 
configurations which give their characteristic signature 
in the Mossbauer spectra. 

As an example we discuss cytochrome P450, an 
enzyme which catalyses the hydroxylation of camphor. 
This protein has a molecular weight of 40 000 
(393 amino acids) and has one heme group. The axial 
ligands to the heme iron are not known with certainty, 
though cysteine is suspected. In the following sections 

FIG. 1. - The heme group (Fe-protoporphyrin IX). Eight 
side chains are attached to the periphery of the porphyrin ring 

(4 methyl, 2 vinyl and 2 propionic acid groups). 

we will discuss some of the Mossbauer data which have 
been obtained for this protein. Cytochrome P450 has 
been isolated from a bacterium, Pseudomonas putida, 
by Gunsalus and coworkers [7]. The proposed reaction 
mechanism is shown in figure 2. We start at the 
lower left in figure 2 and move clockwise around the 

* 
P - 4 5 0 - S  

P-FAD ~P-!F~S); 

S-OH 
+ H 2 0  

CAMPHOR I4 

FIG. 2. - Proposed reaction mechanism for the hydroxylation 
of camphor in Pseudornonas putida. NADH (NAD+) is a bio- 
logical reducing agent in its reduced (oxidized) state, P-FAD is a 
flavoprotein, P-(F~S)Z is the 2 Fe-2 S protein, putidaredoxin, Sand 
S-OH stand for the substrate, D-camphor, and the product, 
hydroxylated camphor, respectively. Species marked with an 

asterisk have been studied by Mossbauer spectroscopy. 
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reaction cycle. In the native protein, the heme iron is A spin Hamiltonian adequate for the description of 
in a low-spin ferric state (S = 4). Upon binding of the the data obtained for heme proteins may be written as 
substrate (camphor) the electronic configuration of the 
iron atom changes drastically, although the substrate x=S.o" .S  + PS.g".H + s . ~ . I  + 1.p.1 -gn Pn H.1 

,.. 
does not bind directly to the iron. In the temperature (1) 
range from 1.5 K to 240 K one observes a mixture 
of high-spin ferric and low-spin ferric material [8]. 
In the next step the P450-substrate complex is reduced 
in a one-electron transfer reaction. In the biological 
system the reduction is mediated by putidaredoxin, 
an iron-sulfur protein (putidaredoxin has been studied 
extensively by Mossbauer spectroscopy ; its active 
center consists of a spin-coupled pair of iron atoms [I]). 
It is interesting to note that putidaredoxin cannot 
reduce P450 unless the substrate is bound to the latter. 
Substrate binding causes a dramatic change in the 
redox potential ; thus the substrate acts like a switch 
controlling the flow of electrons to P450. 

The heme iron of reduced P450 is in a high-spin 
ferrous state as witnessed by the Mossbauer data. The 
reduced P450-substrate complex binds to molecular 
oxygen to yield a diamagnetic complex. The remaining 
steps, addition of a second electron and product 
formation (hydroxylated camphor and H,O) are 
mediated by putidaredoxin and proceed through an 
unstable intermediate, or perhaps a series of them. 
Cytochrome P450 has now completed a catalytic cycle 
and has returned to its native state. 

3. Paramagnetic Mossbauer spectra. - The example 
in the preceding section illustrates that the heme iron 
can occur in a variety of charge and spin states. Most, 
but not all, states of the heme iron fit conveniently 
into four classes : high-spin ferric (S = $), and 
ferrous (S = 2), low-spin ferric (S = 4) and ferrous 
(S = 0). In three of these states the iron is parama- 
gnetic and magnetic Miissbauer spectra may be 
observed under the proper experimental conditions. 
These spectra carry a wealth of information and for 
this reason, most of this paper will be concerned with 
spectra showing paramagnetic hyperfine structure. 

Ultimately, we want to use the Mossbauer para- 
meters to obtain a detailed picture of the electronic 
structure which, in turn, should relate directly to 
biological function. Presently, we have to be humble 
since a quantitative theoretical description of the heme 
prosthetic group imposes formidable difficulties and 
experimental work is preceding theoretical studies. 
Fortunately the spin-Hamiltonian approximation 
works very well in describing the data. Such a descrip- 
tion is of considerable value for various reasons : 
1) one can cast the experimental data into a compact 
form ; 2) the Mossbauer data can be related to results 
obtained from Epr, Endor, far-infrared spectroscopy, 
and magnetic susceptibility ; 3) the spin Hamiltonian 
provides means of looking at the results for various 
proteins in a systematic way. Moreover, the spin 
Hamiltonian is a useful interface between experimental 
and theoretical work. 

where the electronic spin S (real or fictitious) can 
assume the values 5, 2, and 3. 

Before discussing the spin Hamiltonian for each 
state separately, a few general remarks might be 
useful for the reader not so familiar with the nature 
of paramagnetic Mossbauer spectra. For ferric heme 
proteins we can observe, at low temperatures, well 
developed paramagnetic Mossbauer spectra even in 
the absence of an applied magnetic field. However, the 
resulting spectra are almost unmanageably compli- 
cated since the electronic magnetic moment interacts 
with ligand nuclei. (The heme iron is surrounded by 
four 14N nuclei (I = 1) in the porphyrin plane !) 
In this case (H = 0) terms describing transferred hyper- 
fine interactions need to be included in the Hamil- 
tonian. The Mossbauer spectra change drastically 
when the samples are measured in a weak applied 
magnetic field. A few hundred gauss will sufficiently 
decouple ligand nuclei ; this simplifies the problem. 
For most cases the intensities of the spectra depend 
quite sensitively on the direction of the applied field 
relative to the observed y-rays. The problem of comput- 
ing a Mossbauer spectrum from eq. (1) is both facili- 
tated and complicated when a magnetic field is 
included in the problem. The field in effect decouples 
the electronic and nuclear variables (for an applied 
field of 500 G the electronic Zeeman energy is about 
50 times larger than the magnetic hyperfine inter- 
action) ; thus the applied field determines the expecta- 
tion value of the electronic spin, < S >, which in 
turn determines the internal magnetic field, 

Hint = - < S >.Z/gnPn, 

via the A-tensor. However, the presence of an applied 
field implies that eq. (1) is orientation dependent, 
i. e. the Mossbauer spectrum (intensities and posi- 
tions) depends on the direction of the applied field 
relative to the molecular axes. For polycrystalline 
specimen (a protein in frozen solution) the computa- 
tion of a Mossbauer spectrum from eq. (1) lequires 
proper averaging of all molecular orientations. A 
computer program is available for this task [9]. 

4. High-spin ferric heme proteins. - A considerable 
amount of information may be obtained from Moss- 
bauer investigations of high-spin ferric heme proteins 
when the samples are studied at the temperature of 
liquid helium. At higher temperatures, only the 
quadrupole splitting and the isomeric shift can be 
measured and it is difficult to draw detailed conclu- 
sions from the data. At low temperature, however, 
these spectra are rich in information and can be 
interpreted in terms of electronic structure. Further- 



more, the hyperfine parameters obtained at low 
temperature can be related to the results of comple- 
mentary spectroscopic techniques. 

The low temperature Mossbauer spectra of heme 
proteins in a high-spin ferric state can be quite complex. 
However. evaluation of the spectra presents no parti- 
cular difficulty, since the problem is considerably 
simplified when the results of an Epr investigation are 
taken into account. This will become clear when we 
look at the pertinent spin Hamiltonian. 

For high-spin ferric heme proteins the 'S free ion 
ground state is split into three Kramers doublets by the 
combined interactions of crystalline electric fields and 
spin-orbit coupling. The ground state retains a domi- 
nant 'S character, however, and orbital contributions 
to the electron Zeeman interaction and the magnetic 
hyperfine interactions are negligible. 

Before we consider the Mossbauer spectra we 
briefly discuss the electronic part of the spin Hamil- 
tonian, 

1 

[ 3 

E 
X,=D sf - - S ( S + l )  + -(s:-s:) +goPH.S. 

D I 
(2) 

In eq. (2) we have assumed that the electronic Zeeman 
interaction is isotropic, a fact well established (to 
within 1 %) from Epr results. D and E are the coeffi- 
cients describing the zero-field splitting of the spin 
sextet ; the coordinate system can always be chosen 

E I 
such that 0 < - < - [lo, 111. For heme proteins the 

D 3 
parameter D is always found to be positive and very 
large (5-15 cm-I) and E/D is usually quite small 
(E /D < 0.1). This suggests that nature, in designing 
heme proteins, was on the side of the Epr spectrosco- 
pist ; the values for D and E yield an almost pure 
M ,  = + + ground doublet, which gives rise to a very 
intense Epr signal ; the other two Kramers doublets 
are Epr silent. Figure 3 shows the energy level diagram 
resulting from eq. (2) for E = 0 and PH 6 D. 

As long as mixing of the Kramers doublets by the 
applied magnetic field can be neglected, it is conve- 
nient to describe the ground doublet by an effective 
spin (S' = 4) Hamiltonian 

The components of the effective g-tensor associated 
with the ground doublet can be computed quite easily 
by comparing the matrix elements of the 1 3, + 3 > 
subspace of eq. (2) with the elements of eq. (3). For 
tetragonal symmetry ( E  = 0)  one obtains gx = gy = 6 
and g, = 2. For lower symmetries the signal at g = 6 
splits and, to first order, the splitting is directly related 
to the departure from tetragonality of the heme, 

gx = 3 go(l - 4 E/D) = 6 - 24 E/D 

gy = 3 go(l + 4 E/D) = 6 + 24 E/D . 
(4) 

Expressions (4) show that Epr spectroscopy is a sensi- 
tive tool for the determination of E/D ; even values 

FIG. 3. - Splittings of the sextet ground state in (a) zero magne- 
tic field, (b) in perpendicular field and (c)  in parallel field. The 
Zeeman splittings are given for the case D > 0, go pH< D 

and E = 0. 

as small as E/D = 0.005 can be determined from a 
measurement on a polycrystalline sample. 

The Mossbauer spectrum measures the magnetic 
hyperfine interaction and the electric quadrupole 
interaction. Quite often the spin-lattice relaxation 
time is too fast to observe magnetic spectra above 10 K, 
so we generally cool the sample to the temperature 
of liquid helium to observe magnetic effects. Hence, 
only magnetic spectra associated with the ground 
doublet are observed. For high-spin ferric heme pro- 
teins we can utilize the fact that the magnetic hyperfine 
interaction in eq. (1) contains only the Fermi contact 
term (A ,  S.1). We therefore can define an effective 
magnetic hyperfine tensor for the lowest Kramers 
doublet. The Mossbauer spectrum can be described by 
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where the components of the effective A-tensor are I I I 

related [ll] to ;he g-values by 

Thus if the g-values are known (from Epr) the magnetic 
hyperfine tensor is known to within a scalingfactor. This 
factor can easily be determined from the total magne- 
tic splitting of the Mossbauer spectrum. How good is 
the approximation of an isotropic hyperfine interaction 
for heme proteins ? The Mossbauer spectra of poly- 
crystalline specimen are very sensitive to Ax and A, in 
eq. (9, but quite insensitive to A, which cannot be 
determined to better than 20 %. Recent Endor 
results [12] for metmyoglobin and methemoglobin 
confirm that the A-tensor in eq. (I) is isotropic to 
within 2 % ; moleover, Mossbauer and Endor measure- 
ments on metmyoglobin give the same value for A, 
within the experimental errors (see Table I). 

The quadrupole splitting in high-spin ferric 
compounds is generally independent of temperature 
and, in many cases, can be determined directly at 
higher temperatures. A characteristic feature of the 
low temperature magnetic spectra is that they probe 
the components of the field gradient in the x-y plane ; 
the magnetic anisotropy forces the internal field into 
the x-y plane, and, since AEQ 6 g, P, Hi,,, the compo- 
nent of the field gradient perpendicular to Hi,, does 
not effect the Mossbauer spectrum. 

As typical examples, the Mossbauer spectra of the 
fluoride complexes of two heme proteins, horseradish 
peroxidase and chloroperoxidase, are shown in 
figures 4 and 5. A difference in symmetry at the heme 
iron of the two proteins is apparent. For horseradish 
peroxidase (F-), a tetragonal symmetry at the heme 

Myoglobin (H20) 

Myoglobin (F-) 

Hemoglobin (F  -) 

Cytochrome c peroxidase 
Cytochrome c peroxidase (F -) 
Chloroperoxidase (F -) 
Chloroperoxidase (I -) 
Cytochrome P450 
Horseradish peroxidase (pHs) 
Horseradish peroxidase (F  -) 

HRP-F PH 6.0 T=4.2'K 1 1 
-10 -5 0 5 10 

VELOCITY (mm/s) 

FIG. 4. - Mossbauer spectra of horseradish peroxidase fluoride 
at P H 6 . 0  taken at 4.2 K in transverse and parallel magnetic 
fields. The solid curves superimposed upon the experimental data 
are computed spectra ; the parameters used are quoted in Table I. 

iron gives rise to a spectrum with six fairly narrow 
absorption lines. The heme iron in chloroperoxidase 

Parameters of some high-spin ferric heme proteins 

D (cm -1) Method 6c Reference 

- 
Susceptibility [13], 
Mossbauer [5], 
far-infrared [14], 
Epr relaxation [15], 
Endor [12], 
Susceptibility [13], 
Mossbauer [5], 
far-infrared [14], 
Epr relaxation [15], 
high-frequency Epr [17], 
Mossbauer [5], 
far-infrared [14], 
Mossbauer [5], 
Mossbauer [5], 
Mossbauer, Epr [18, 191, 
Mossbauer, Epr [18, 191, 
Epr, Mossbauer [20, 81, 
Epr, Mossbauer [21], 
Mossbauer [21]. 



FIG. 5. - Spectum of the fluoride complex of chloroperoxidase 
taken at 4.2 Kin a 2 500 G field applied parallel to the Mossbauer 
radiation. The computed spectrum (solid line) was calculated 

with the parameters quoted in Table I. 

(F-) has a more rhombic environment (E/D = 0.05) ; 
this causes an anisotropy of the hyperfine field in the 
heme plane (A, # A,,) and a spectrum with broad 
absorption bands results. The solid lines are theore- 
tical spectra generated with a computer program [9]. 
The parameters used to calculate the spectra are listed 
in Table I. 

As mentioned above, the parameter E/D can be 
determined from a measurement of the principal axes 
values of g. This parameter is a reflection of the asym- 
metry of the ligand field, but contains no information 
regarding its strength. In order to obtain a measure- 
ment of the magnitude of the zero-field splitting 
various methods can be used. Most common is a 
measurement of the magnetic susceptibility as a func- 
tion of temperature [13] ; however, direct measure- 
ments of the splitting can be obtained from far- 
infrared spectroscopy [14]. Measurement of electron 
spin relaxation utilizing the temperature dependence 
of the Orbach process can also be employed [15]. 

So far we have assumed that the Mossbauer sample is 
studied in a weak magnetic field (< 2 kG) so that 
mixing of the Kramers doublets by the applied field 
can be ignored. We can, however, use a strong magnetic 
field to our advantage since a large field (10-30 kG) 
mixes the wave functions of the Kramers doublets 
appreciably, causing a drastic change in the Mossbauer 
spectrum. The mixing depends on the strength of the 
magnetic field relative to the zero-field splitting. With 
all other parameters known from low field measure- 
ments, D can be determined with reasonable accuracy. 
The value D = (6.3 f 0.5) cm-' obtained by Lang [5] 
for myoglobin fluoride is in good agreement with 
results obtained by other methods. A similar tech- 
nique, mixing of the Kramers doublets by a strong 
applied field, has been used in Epr spectroscopy also. 
Epr studies using submillimeter microwaves have 
been employed to determine D from the field depen- 
dence of the ground state g-values [16]. 

A brief summary of some pertinent parameters 
found for various high-spin ferric heme proteins has 
been compiled in Table I. 

5. Low-spin ferric heme proteins. - Many heme 
proteins in their resting state have the heme iron in 
the low-spin ferric configuration ( S  = 4). Examples 
are the cytochromes c, b, and P450. Others, like 
chloroperoxidase, are high-spin ferric at physiological 
temperatures and undergo a transition to low spin 
when the temperature is lowered. P450 complexed to 
its substrate, camphor, is a nearly temperature inde- 
pendent spin mixture at temperatures below 200 K. 
Horseradish peroxidase can be brought into low-spin 
configurations at high pH values. Finally, many ferric 
heme proteins can be converted into low-spin forms by 
addition of strong binding exogenous ligand groups. 
Thus, with such a variety of compounds available, the 
low-spin ferric form of hemes offer a wide field for 
investigations. 

The method most commonly used to evaluate Epr 
and Mossbauer data obtained from low-spin ferric 
heme proteins follow the treatment of Griffith [22]. 
This simple, yet illuminating theory, assumes that the 
cubic component of the ligand field potential is strong 
enough so that only the 'T,,(~:J ground term needs 
to be considered. The six-fold degeneracy of the ground 
state can be partially removed by non-cubic contribu- 
tions to the crystal field and by spin-orbit coupling. 
Usually, an orthorhombic symmetry is assumed 
which allows the Hamiltonian perturbing the degene- 
rate ground state to be expressed in terms of a tetra- 
gonal distortion parameter (A), a rhombic parameter 
(V) ,  a spin-orbit coupling constant (2) and an orbital 
reduction factor (k). The application of Kramers' 
theorem to the system and diagonalization of a 3 x 3 
matrix involving the dimensionless parameters A/2, 
VIA and k yields a set of wave functions and energy 
levels which can be used to calculate the g-tensor, 
A-tensor, and EFG-tensor associated with each Kra- 
mers doublet. Details of this type of calculation and 
its application to low-spin ferric Mossbauer spectra 
have been discussed by Oosterhuis and Lang [23]. The 
method has been applied to Mossbauer spectra of 
heme proteins and reasonable theoretical fits to the 
data have been obtained [18, 8, 241. 

An Epr experiment provides an excellent starting 
point for this type of analysis, since the three g-values 
belonging to the ground doublet can be measured and 
used to find the parameters All, V/A and k. Thus, once 
the ground state g-values are known, a complete set 
of hyperfine parameters, consistent within the theory, 
may be generated. The g-values of a large number 
of low-spin ferric compounds have been measured by 
Blumberg and Peisach [25] and the preceding type of 
analysis was used to find the tetragonality, A/& and 
rhombicity, VIA, of each compound. The results are 
classified in a Truth Diagram and display information 
pertaining to the axial ligands of the heme group. 
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We now present a few typical Mossbauer spectra 
and discuss how well the simple theory describes the 
data. Figures 6 and 7 show Mossbauer spectra taken 
at 4.2 K in weak magnetic fields applied transverse 
and parallel to the Mossbauer radiation. Figure 6 
shows the spectra of native chloroperoxidase [18] 
and figure 7 the spectra of oxidized P450 complexed 
to 2-phenylimidazole [26]. The displayed spectra are 
typical for heme proteins in a low-spin configuration. 
The large quadrupole splitting (2.9 mm/s for chloro- 
peroxidase and 2.85 mm/s for the P450 complex) in 
conjunction with a large and anisotropic hyperfine 
field gives rise to these broad and intricate magnetic 
spectra. The anisotropy of the A-tensor results from 
large orbital contributions which often exceed the 
(isotropic) Fermi contact interaction. 

L 1 - I -_J L 1- i .u 
-8 -6 -4 -2 0 2 4 6 8 

VELOCITY (mm/s)  

FIG. 6. - Mossbauer spectra of native chloroperoxidase, 
PH3.0, taken at 4.2 K in 1 300 G external magnetic fields, 
applied transverse (upper spectrum) and parallel (lower spectrum) 
to the observed y-rays. The solid lines are computed spectra. 
The absorption peak at about + 5.3 mmls shows the presence 
of some high-spin material (approximately 5-10 % of total Fe 

present). 

For chloroperoxidase we have computed Mossbauer 
spectra predicted by the simple model described above. 
We have used a computer program to search for 
those values of A l l ,  VIA and k giving the correct expe- 
rimental g-values. These parameters were used to 
compute the A-tensor and the EFG-tensor. To allow 
for some lattice contribution to the EFG-tensor and for 
the Sternheimer factor we used different scaling fac- 
tors for the A-tensor and the EFG-tensor but kept the 
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FIG. 7. - Mossbauer spectra, measured at 4.2 K, of the 
complex of oxidized cytochrome P450 with 2-phenylimidazole. A 
magnetic field of approximately 1 650 G was applied parallel to 
the transmitted y-rays in (a) and perpendicularly in (b). The solid 
lines are simulated spectra taking into account different cova- 
lencies for different d-orbitals. For details see text and refe- 

rence [26]. 

anisotropy of both tensors as predicted by the model. 
The solid lines in figure 6 are the computed spec- 
tra [18] ; the overall features of the experimental 
spectra are described rather well by the theory. We 
did not try to improve the fits for two reasons. First, 
the resonance absorption at a velocity of + 5.3 mm/s 
clearly shows the presence of some high-spin material 
(approximately 5-10 % of total Fe present). Secondly, 
little is known about the symmetry of the iron envi- 
ronment. For symmetries lower than orthorhombic 
the various tensors involved will have different princi- 
pal axes systems. This would introduce more unknown 
parameters and it is doubtful whether improved fits 
would give more reliable information. Endor measu- 
rements could help here greatly, since this method 
could give precise values for the components of the 
A-tensor. Moreover, it could give information about 
the relative orientations of the principal axes systems 
of the g- and A-tensors and provide crucial informa- 
tion about the symmetry of the heme environment. 
Thus, Endor results would reduce the large number of 
unknown parameters affecting the Mossbauer spectra. 

We have found that the fits to the Mossbauer spectra 
can be improved substantially if the parameters pre- 
dicted by the model are used as starting parameters 
and the value of the asymmetry parameter y is varied. 
Such an alteration of q can be justified if covalency 
effects are larger for those iron orbitals that are out 



of the heme plane (d,, and d,,) than for that in the 
heme plane (d,,). M. Sharrock in our laboratory obtai- 
ned quite satisfactory fits for the spectra of oxidi- 
zed P450 complexed to 2-phenylimidazole assuming 
different covalency factors for different t2, orbitals 

2 2 (N,, = N,, = 0.83, and N:, = 0.96). The solid lines 
in figure 7 show the results [26]. A similar variation 
of y improves the fits to the Mossbauer spectra of 
oxidized cytochrome b, quite drastically [27]. 

At temperatures above 100 K the electron spin 
relaxation time of low-spin ferric heme proteins is 
short compared with the nuclear quadrupole precession 
frequency. The magnetic hyperfine interaction is 
averaged out and the Mossbauer spectra consist of 
fairly well resolved quadrupole doublets. Thus, at high 
temperatures, the quadrupole splitting and its tempe- 
rature dependence can be measured. In order to fur- 
ther check the model described above, we can compare 
these measurements with the calculated temperature 
dependence of AEQ. This is accomplished by taking a 
thermal average over the components of the EFG- 
tensor for the three Kramers doublets. In general the 
theory predicts a drop in AEQ of only a few percent 
from 4.2 K to 240 K. The temperature dependences 
of AEQ for the cytochromes c, b, and P450 ag~ee  quite 
well with the predictions of the model. However, for 

the peroxidases it fails to account for the large decrease 
of AEQ at higher temperatures. Since peroxidases under 
various conditions (pH, concentration, ionic strength) 
can undergo transitions from high-spin into low-spin 
configurations, considerable care has to be taken in 
interpreting the rapid decrease of AEQ at higher tem- 
peratures. 

As an example of the above consideration we discuss 
briefly the high temperature Mossbauer spectra of 
chloroperoxidase [18]. The spectra in figure 8 consist 
of two quadrupole doublets, a narrow one belonging 
to a high-spin ferric configuration and a wide doublet 
showing low-spin ferric material. As the temperature 
is raised the intensity of the narrow doublet increases 
with a concomitant decrease of the intensity of the 
wide doublet ; the sample undergoes a transition from 
a low-spin (S = 3) to a high-spin ( S  = 3) configura- 
tion. Since the spectra are reasonably well resolved, 
the spin fractions can easily be quantitated by least- 
squares fitting the spectra. The results are plotted in 
the lower half of figure 9. We have also plotted in 
figure 9 the temperature dependence of the quadru- 
pole splitting for the low-spin material (BEQ is inde- 
pendent of temperature for the high-spin component). 

We have also investigated the chloride complex of 
chloroperoxidase. At 4.2 K the Mossbauer spectra 
of this complex are nearly indistinguishable from 
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FIG. 8. - Mossbauer spectra of native chloroperoxidase taken 
at 194 K, 219 K and 245 K. The spectra show that native chloro- 
peroxidase undergoes a spin transition from low spin to high spin 
as the temperature is raised. The solid lines are the results of 

fitting two quadrupole doublets to the data. 

TEMPERATURE (OK) 

FIG. 9. - The fraction of low-spin ferric material in native 
chloroperoxidase is plotted as a function of temperature. The 
upper part of the figure shows the temperature dependence of the 
quadrupole splitting for the low-spin component of native 
chloroperoxidase (circles) and for the chloride complex (crosses). 
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native chloroperoxidase. However, at higher tempe- 
ratures the chloride complex shows no evidence of 
a spin transition and the material remains low spin. As 
observed for the low-spin components of the native 
protein, the quadrupole splitting of the chloride complex 
decreases strongly at high-temperatures (see Fig. 9). 
These observations suggest that any explanation of 
the temperature dependence of AEQ which assumes 
rapid transitions between a high-spin and a low-spin 
configuration [28] must be viewed with caution. 

In summary, we must conclude that the adopted 
ligand field model describes the low temperature 
Mossbauer spectra reasonably well. At least it se- L V ~ S  as 
a good starting point for evaluation of the data, 
although the model certainly needs some refinement. 
One way to improve the agreement with the experi- 
mental spectra is to allow for different covalencies for 
the different orbitals. Endor measurements on low- 
spin ferric heme proteins could help greatly, since 
useful information about the symmetry of the iron 
environment could be obtained and the usefulness 
of the ligand field approach could be further explored. 
The strong temperature dependences of AEQ for the 
peroxidases need further studies. The difficulties in 
calculating the temperature dependence of AEQ could 
be caused by neglecting contributions from excited 
states outside the T,, configuration. Alternatively, the 
strong temperature dependence of AEQ may indicate 
a change in geometry and therefore in the crystal field 
parameters of the heme iron as the temperature is 
raised. 

6. High-spin ferrous heme proteins : measurements 
in strong magnetic fields. - Heme proteins in the high- 
spin ferrous state are excellent candidates for Moss- 
bauer investigations since the Mossbauer effect is poten- 
tially the most powerful method of revealing details 
about the electronic structure at the heme iron. Some 
examples are hemoglobin and myoglobin which are 
high-spin ferrous in their native states. In Chapter 2 
we discussed P450 which goes through this state in the 
catalytic cycle. For other heme proteins, such as 
chloroperoxidase and horseradish peroxidase, we have 
no evidence that the proteins become high-spin fer- 
rous in the catalytic process, but nevertheless some of 
these proteins exhibit stable high-spin ferrous forms 
upon reduction. 

as the temperature is increased. Two exceptions are 
the reduced forms of P450 and chloroperoxidase ; 
both display almost temperature independent quadru- 
pole splittings up to 230 K. 

Surprisingly little work has been reported concern- 
ing the paramagnetic hyperfine interactions of the 
ferrous ion. In 1966, Lang and Marshall [29] published 
the Mossbauer spectrum of reduced red blood cells 
measured at 4.2 K in an applied field of 30 kG. The 
spectrum shows the presence of paramagnetic hyper- 
fine structure, but it is very featureless ; thus, it is very 
difficult to extract useful information from it. 

We have recently started working in this area and 
have measured Mossbauer spectra of reduced cyto- 
chrome P450 in strong applied magnetic fields. Before 
presenting the data, we discuss briefly what parameters 
the spectra depend upon and how the data can be 
evaluated. 

The ligand field of the heme iron removes the orbital 
degeneracy of the 5D free ion ground state and gives 
rise to a new ground term which is quite often an 
orbital singlet and a spin multiplet well separated 
from the next higher set of levels. The degeneracy 
of the spin quintet is lifted by the spin-orbit coupling 
interaction in conjunction with the ligand field. The 
resulting zero-field splitting along with the action of an 
applied magnetic field can be adequately and conve- 
niently described by a spin Hamiltonian ( S  = 2), 

where D and E are coefficients describing the zero- 
field splitting, H is the applied magnetic field, and ;: 
expresses the anisotropic Zeeman interaction. The 
energy levels resulting from the solution of eq. (7) are 
shown in figure 10. For S = 2, the eigenstates are all 
singlets, except when E = 0. In the absence of an 
applied magnetic field a singlet state can have no 

The high-spin ferrous ion is a non-Kramers sys- 
tem and under most circumstances electron spin 
resonance cannot be observed. Therefore, Mossbauer 
measurements may be especially valuable as the only 
method of studying structural details of the iron atom. \ - 

In the absence of a strong magnetic field, Mossbauer 
spectra of heme iron in a high-spin ferrous state E=O D > O  E * 0 
consist of a quadrupole doublet characterized by a TETRAGONAL RHOMB~C MAGNETIC 

FIELD 
large isomeric shift (6 0.7-1.1 mm/s relative to 

FIG. 10. - Energy eigenvalues for the spin Hamiltonian eq. (7) iron The quadrupole 'plittings of most high- 
with S = 2. E # 0 the degeneracy of the spin quintet is 

spin ferrous heme proteins at 4.2 K lie in a range from completely removed ; the expectation values of the spin are zero 
2.0 mm/s to 2.7 mm/s and show a pronounced decrease unless a magnetic field is applied. 



magnetic moment and therefore no magnetic Moss- 
bauer spectrum can be observed. An applied magnetic 
field mixes the states and produces a polarization, i. e. 
the expectation value of the spin < S > f 0, a fact 
which is used in magnetic susceptibility measurements. 

Generally the high-spin ferrous ion has a fast 
relaxation time, i. e. the spin flips very rapidly from 
one electronic state into another. The nucleus then sees 
a net expectation value of the electronic spin which is a 
thermal average taken over the five spin states 

where i designates the component of the electron spin 
and N sums over the five states ; AEN is the energy 
of the Nth state relative to the lowest state. Observe 
that < Si >,, depends on D, E, the g-tensor, and is 
strongly dependent on the magnitude and direction 
of the magnetic field. In the fast relaxation limit we 
may write down a nuclear Hamiltonian involving the 
magnetic hyperfine interaction, the nuclear Zeeman 
term, and the quadrupole interaction (XQ is given 
by eq. (5)) ; 

where 2 is the magnetic hypeifine tensor and gn (3, I 
the nuclear magnetic moment. The quantity 

is commonly called the internal magnetic field at the 
nucleus. The nucleus experiences an effective magnetic 
field which is the vector sum He,, = Win, + H. The 
internal magnetic field is quite a complicated quantity, 
since it depends on the zero-field splitting, the g-tensor, 
the A-tensor, the magnitude and direction of the 
applied field, and, because of the thermal averaging 
procedure in eq. (8), on the temperature. 

The task is then to measure the Mossbauer spectra 
at various temperatures in applied magnetic fields of 
different strengths and to find a consistent set of 
parameters describing the spectra. This requires a 
computer program which calculates Mossbauer spectra 
resulting from eq. (7), (8) and (9). Since we investigate 
heme proteins generally in frozen solutions rather 
than in the form of single crystals, the Mossbauer 
spectrum has to be properly averaged over all orienta- 
tions of the molecule relative to the applied magnetic 
field. (For details see Miinck et al. [9].) 

We now turn to some experimental results obtained 
for reduced cytochrome P450. We have chosen this 
protein for several reasons. Primarily, because we 
have an ample supply of extremely pure 57Fe enriched 

material. In zero field reduced P450 exhibits a sharp 
and symmetrical quadrupole doublet (r = 0.23 mm/s); 
the spectra show that no detectable iron impurities are 
present in the sample. Furthermore the quadrupole 
splitting, AEQ = 2.42 mm/s at 4.2 K, is almost inde- 
pendent of temperature (unlike hemoglobin and horse- 
radish peroxidase for example) implying that the first 
excited orbital state is far above the ground state. This 
suggests that one might be able to use a ligand field 
model to compute the coefficients of the spin Hamilto- 
nian in a second order perturbation treatment [30] ; 
such calculations might aid the search for a consistent 
set of parameters. 

We have measured reduced P450 in strong applied 
fields under a variety of conditions (6.6 kG transverse 
field at five temperatures between 1.5 K and 15 K ; 
8.6, 17 and 25 k~ parallel field at 1.5 K and 4.2 K ; 
46 kG parallel field at 180 K). Some representative 
spectra are shown in figures 11 and 12. During the 

FIG. 11. - Mossbauer spectrum of reduced cytochrome P450 
taken at 4.2 K in a 8.6 kG magnetic field applied parallel 
to the y-radiation. The solid lines in figures 11 and 12 are 
computer simulated spectra using the following set of para- 
meters : D = 14 cm-1, E/D = 0.15, g, = 2.24, g, = 2.32, 
gz = 2.00, A,  = - 180 kG, A, = - 125 kG, Az = - 150 kG, 
A& = + 2.42 mmls, q = 0.8 and r = 0.25 mm/s. The g-tensor 
and the A-tensor were assumed to have the same principal axes 
frame as the zero-field splitting tensor. The EFG tensor is 
rotated relative to this frame. The Euler angles a = 60°, B = 700 
and p = O0 rotate the zero-field splitting tensor into the EFG 

frame. 

last six months we have been working on the evalua- 
tion of these spectra using the human iteration proce- 
dure, i. e. we have computer simulated hundreds of 
spectra using different sets of parameters in eq. (7)-(9). 
After missing badly for a few months (assuming a 
high symmetry at the heme iron), two conditions 
necessary for satisfactory fits to the data emerged. 
First, a systematic study of the temperature depen- 
dence of the spectra revealed that the zero-field 
splitting parameter, D, is positive and larger than 
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Velocity In (mm/s)  

FIG. 12. - Mossbauer spectrum of reduced cytochrome P450 
taken at 4.2 K in a 25 kG parallel field. The parameters used to 
generate the solid line are quoted in the caption of figure 11. 

10 cm-I (I). Second, the EFG-tensor has a large 
asymmetry parameter q,  and its largest component 
(VZ3 is tilted substantially away (-- 700) from the 
z-axis defined by the zero-field splitting tensor. A third 
remark, probably in order here, concerns itself with 
the insensitivity of the low temperature spectra to the 
component of the A-tensor along the (electronic) 
z-direction. When D is 10 cm- ' or greater, < S, >,, 
is much smaller than either < S, >,, or < S,, >,, 
for the vast majority of magnetic field orientations. 
This results in powder averaged Mossbauer spectra 
which are quite insensitive to A, at 4.2 K. 

The solid lines in figures 11 and 12 reflect our 
current status of finding a consistent set of parame- 
ters. The reader is advised to view the parameters 
quoted in the caption of figure 11 in the spirit of a 
progress report. These parameters are chosen such 
that the features of the entire set of experimental data 
are reproduced reasonably well. Presently, we are 
working on magnetic susceptibility experiments to 
obtain better values for D and ElD ; such data should 
greatly facilitate the search for better hyperfine para- 
meters. 

It might be useful here to comment on the spectrum 
taken at 180 K in a parallel field of 46 kG (Fig. 13). 
Measurements at high temperatures in strong fields can 

(1) The magnetic term acts as a perturbation on Je4 if Heff 
is sufficiently small. Under these conditions one obtains spectra 
consisting of quadrupole split lines, each broadened by Meff. 
The energy levels which give rise to this broadening can be 

FIG. 13. - Mossbauer spectrum of reduced cytochrome P450 
taken at 180 K in a parallel field of 46 kG. The triplet structure 
on the right would indicate that AEQ < 0. However, the overall 

intensity pattern is better reproduced for AEQ > 0 (see text). 

often be used to determine q and the sign of AEQ. AS 
Johnson [31] and Lang [5] have pointed out, the inter- 
nal magnetic field at high temperatures is proportional 
to the applied field and can be related to the magnetic 
susceptibility. Since < S >,, decreases with l/T, one 
can hope that the largest component of the internal 
field, H,,,, is sufficiently small compared to the applied 
field (H,,, < H/10), so that the Mossbauer spectrum 
looks like that of a diamagnetic compound. However, 
y can also be determined quite accurately if Hi,, is 
large but isotropic (Hi,,) ; then the spectrum looks 
like that of a diamagnetic compound measured in a 
reduced applied field H' = H - Hi,,. Unfortunately, 
neither condition holds for the spectrum shown in 
figure 13. The triplet structure at positive velocities 
would indicate AEQ < 0. However, a computer ana- 
lysis shows that the overall intensity pattern of the 
spectrum is much better reproduced for AEQ > 0. 
We can use eq. (9) and the parameters obtained at low 
temperatures to elucidate the problem. For T = 180 K 
we obtain H,,, , = - 14 kG and Hi,,, = - 11 kG. 
However, Hi,, . is undetermined and can be anywhere 
between - 3 k G  and - 15 kG at 180 K. This unknown 
anisotropy makes a precise determination of q at high 
temperatures virtually impossible. (We can infer from 
figure 13, however, that q is certainly larger than 0.5.) 
In order to sufficiently suppress the effects of the 
internal fields one would like to measure the sample 
at 400-500 K, a temperature quite unsatisfactory to the 
P450 molecule. 

calculated explicitly as a function of q and Hefn ; and, since Heft 
depends on < S >,,, a series of experiments at different tempe- 7. Low-spin ferrous - Some heme proteins 
ratures can yield the temperature dependence of < S >,,. This occur in the low-spin ferrous state as they function 
gives the same information which is obtained from a magnetic in the biological system. These molecules are mainly 
susceptibility measurement. The interpretation of the Mossbauer involved in electron transport reactions ; examples 
data does not rely on the sample concentration and non-iron spin 
Impurities do not affect the results. This overcomes some of the are the cytochromes c and b, which are low-spin ferric 
crucial problems associated with protein magnetic susceptibility in their state and low-~pin 
experiments. upon reduction. Many proteins which bind extraneous 



ligands to the heme iron undergo transitions to the 
low-spin ferrous states ; examples are the carbon 
monoxide complexes of hemoglobin and cytochrome 
P450. Oxyhemoglobin and the oxygenated P450 
complex have one property in common with low-spin 
ferrous hemes - they are diamagnetic. However, 
a bulk of experimental data collected in the past few 
years favors a description where iron is formally ferric 
and the ligand is the bound superoxide anion 0; [32]. 

Since the heme iron is diamagnetic for the low-spin 
ferrous state we can obtain only isomeric shift and 
field gradient data. However, Mossbauer data are very 
useful since most of the other techniques discussed in 
previous chapters cannot be applied. In the absence 
of single crystal data the most useful information has 
been obtained from measurements in strong applied 
fields. Both the sign of AEQ and the asymmetry para- 
meter can be determined from such studies. As an 
example a Mossbauer spectrum of the reduced P450- 
carbonmonoxide complex is shown in figure 14 ; the 
solid line is the result of a computer simulation. 

Veloc i ty  In (mm/s) 

FIG. 14. - Mossbauer spectrum of reduced P450 complexed 
with carbonmonoxide taken a t  4.2 K in a 25.5 k G  parallel field. 
The solid line is a computer simulated spectrum using the follow- 
ing set of parameters : A& = + 0.29 mm/s, q = 0.5 and 
r = 0.25 mm/s. 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, q can be determined to 

q = 0.5 * 0.2. 

8. Mossbauer emission spectroscopy. - One aim of 
the study of heme proteins is to learn the mechanisms 
by which a protein can modify the chemical reactivity 
and the electronic structure of the heme prosthetic 
group. Such information can be obtained by compar- 
ing the results obtained for a protein with those obtained 
for a model compound. Such comparisons, however, 
have been frustrated by two facts ; either the proper 
ligand combination cannot be assembled or the desired 
heme model complex cannot be stabilized in the desired 
oxidation state. Fortunately, rapid progress has been 
made in the preparation of hemes for which the iron 
atom is substituted by cobalt. These developments 

have offered a new approach to the study of heme 
model complexes - Mossbauer emission spectroscopy. 

Hemoglobin and myoglobin are 5-coordinated high- 
spin ferrous complexes in their deoxy form. The axial 
heme ligand is the imidazole ring of the amino acid 
residue histidine. Upon oxygenation the heme iron 
becomes 6-coordinated, with oxygen binding in the 
position trans to the imidazole. Model complexes for 
these proteins are of considerable interest for two 
reasons : 1) Can a non-protein environment for iron 
duplicate the unique Mossbauer spectrum for oxyhe- 
moglobin ? 2) To what extent does the protein 
environment impose a stereochemical constraint on 
the binding of histidine in the deoxy forms ? Neither 
a 5-coordinated nor an oxygenated model complex 
with Fe-protoporphyrin IX suitable for Mossbauer 
investigations has been reported in the literature ('). 
Fortunately, the cobalt analogues for these compounds 
can be prepared. 

We have prepared 57Co (IT) labeled protoporphy- 
rin IX complexes with 1-methyl imidazole as axial 
ligand. These compounds were kept in toluene, a 
solvent which allows efficient oxygenation at low tem- 
peratures. The complexes (59Co : 5 7 C ~  M 500 : 1) 
can be studied with optical and Epr spectroscopy to 
check the desired coordination. The resulting emission 
spectra are shown in figure 15. Figure 15a shows the 
spectrum of the 5-coordinated complex ; the quadru- 
pole splitting, its temperature dependence and the 
isomeric shift of the major spectral component (desi- 
gnated by the bracket) agree within the experimental 
error with the parameters reported for myoglobin and 
hemoglobin. Figure 156 shows a spectrum taken after 
the sample was oxygenated at - 60 OC ; a new compo- 
nent (indicated by the bracket) has appeared with 
parameters matching those of oxyhemoglobin. Thus 
a non-protein environment can reproduce the Moss- 
bauer parameters of hemoglobin and myoglobin. 

The spectra in figure 15 clearly show that more 
than one spectral component is present in the samples 
and we have to ask a crucial question associated with 
emission spectroscopy : Do some molecules fracture in 
the aftermath of the nuclear decay process ? The 
major impurity in the spectra (with broad absorption 
lines at - 1.5 mm/s and + 0.2 mm/s) can be traced to 
a problem commonly associated with the chemistry 
of porphyrins : low solubility in toluene and aggrega- 
tion. These impurities were present with different inten- 

(2) Recently specifically designed heme model complexes, the 
so-called picket-fence porphyrins have opened an interesting new 
approach to the problem. These compounds (hemes, chemically 
modified at  the porphyrin periphery) can be prepared as five- 
coordinated compounds which can be reversibly oxygenated [331. 
The picket fence analog to oxyhemoglobin is diamagnetic and 
shows a temperature dependent quadrupole splitting like oxy- 
hemoglobin. However, the absolute values of AEQ are approxi- 
mately 20 % smaller for the model compound [33]. It is well 
established that a chemical modification of the substituents at  the 
porphyrin periphery can influence the Mossbauer parameters 
profoundly [34]. 
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FIG. 15. - Mossbauer emission spectra obtained from com- 
plexes of 1-methyl imidazole and oxygen with s7Co-labeled proto- 
porphyrin IX dimethylester in toluene. The 57Co-labeled com- 
pounds were used as the Mossbauer source. The source was 
immersed in liquid helium and kept stationary while a single- 
line absorber, K4Fe(CN)6.3 Hz0  (kept at room temperature), 
was moved relative to the source : (a)  emission spectrum of 
the porphyrin complex with 1-methyl imidazole ; (6) emis- 
sion spectrum (taken at 4.2 K) of the same sample after oxyge- 

nation at - 60 C. 

sities in different preparations and a sample of 57Co- 
protoporphyrin IX {( dissolved D in toluene showed 
broad absorption peaks at the same velocities. At the 

present time we are not able state that no chemical 
bonds are disrupted after the electron capture process. 
However, it appears that the majority of molecules 
escape fragmentation and stabilize in the desired state. 

We have further studied oxygenated porphyrin 
complexes using a variety of axial ligands (pyridine, 
piperidine, 1,2 dimethyl imidazole, and ethylmethyl 
sulfide) (E. Miinck et al. in preparation). Surprisingly, 
the spectra of these compounds resemble each other 
quite strongly. This suggests that the Mossbauer para- 
meters essentially reflect the nature of the iron-oxygen 
bond. 

Although the absorption technique has received 
more attention, Mossbauer emission spectroscopy can 
offer distinct advantages for certain biological studies. 
It requires far less material than the absorption method 
if cobalt of high specific activity is used (less than 
1 nmole of 57Co can be sufficient). This inherently 
greater sensitivity could be exploited for single crystal 
work. If tracer free 57Co-protoporphyrin IX is avai- 
lable, a cobomyoglobin (the cobalt analog of myoglo- 
bin) single crystal containing only 20 pg of protein 
could be investigated. 
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