
Lawrence Berkeley National Laboratory
LBL Publications

Title
Iron Electronic Configurations in Proteins: Studies by Mossbauer Spectroscopy

Permalink
https://escholarship.org/uc/item/5b81b80c

Authors
Bearden, Alan J
Dunham, W R

Publication Date
2023-09-06

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/5b81b80c
https://escholarship.org
http://www.cdlib.org/


IRON ELECTRONIC CONFIGURATIONS IN PROTEINS: 

STUDIES BY MOSSBAUER SPECTROSCOPY 

Alan J. Bearden and W.R. Dunham 

Donner Laboratory 

University. of California 

Berkeley, California 94720 

To be Published in, Structure and Bonding 8, (1970). 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 

Government. While this document is believed to contain correct information, neither the 

United States Government nor any agency thereof, nor the Regents of the University of 

California, nor any of their employees, makes any warranty, express or implied, or 

assumes any legal responsibility for the accuracy, completeness, or usefulness of any 

information, apparatus, product, or process disclosed, or represents that its use would not 

infringe privately owned rights. Reference herein to any specific commercial product, 

process, or service by its trade name, trademark, manufacturer, or otherwise, does not 

necessarily constitute or imply its endorsement, recommendation, or favoring by the 

United States Government or any agency thereof, or the Regents of the University of 

California. The views and opinions of authors expressed herein do not necessarily state or 

reflect those of the United States Government or any agency thereof or the Regents of the 

University of California. 



TABLE OF CONTENTS 

• I. Introduction. 

II. Mossbauer Spectroscopy. 

Experimental Parameters. 

Theoretical Framework. 

III. Iron-Porphyrin Model Compounds. 

Fe(III) Hemin Compounds. 

Fe(II) Heme Compounds. 

IV. Hemoproteins. 

Hemoglobin and Nyoglobin. 

Cytochromes. 

Horseradish Peroxidase and Japanese Radish Peroxidase. 

Cytochrome C Peroxidase. 

V. Iron-sulfur Proteins. 

Plant-type Iron-sulfur Proteins. 

Bacterial-type Iron-sulfur Proteins. 

VI. Hemerythrin. 

Summary. 

Acknowledgements. 

References. 



1 

I. Introduction 

Resonance spectroscopy, which includes nuclear magnetic resonanc
e, 

electron paramagnetic resonance, and nuclear gamma-ray resonance 
(Mossbauer 

spectroscopy) is a valuable adjunct to chemical and x-ray investi
gations 

of protein structure. The rapid utilization of high-frequency (2
20 MHz) 

proton magnetic resonance for the study of protein conformation i
n 

solution by McDonald and Phillips (1,2) and by Shulman etal. (3)
, the 

role of electron paramagnetic resonance (EPR) in the study of par
amagnetic 

active centers of proteins (for reviews see the works of Beinert 
and 

Ortne-Johnson (4,5) and by Palmer et al. (6) ), and the exploitation of 

the "spin-label" technique for the study of proteins and membrane
s by 

Hamilton and McConnell (7), McConnell et al. (8), and Hubbell and
 

McConnell (9) are familiar examples of the biological applicatio
ns of 

resonance techniques. The use of Mossbauer spectroscopy in deter
mining 

the electronic configurations at iron nuclei in iron-containing p
roteins 

is less general than other resonance methods, but has found usefu
lness 

in a number of iron-protein problems. The Mossbauer method measu
res 

small changes in the nuclear energy levels of a suitable Mossbaue
r 

nuclide; these energy changes are produced by the electronic surr
oundings. 

In a sense, the 
57 
 Fenuclide serves as a probe of extremely small dimension 

which does not perturb the electronic configuration as it transmi
ts 

information about the surroundings. Unfortunately, there are no 
Mossbauer 

nuclides among the isotopes of C,N,O,P,S, or the biologically-,interesting, 

metals Mn, Mg, Cu, or Mo although the Mossbauer nuclides 
127i  and  129k 

may potentially be useful (10). 
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The early work in 
57 
 FeMossbauer spectroscopy of biological mole-

cules has been the subject of several reviews;, for example, by Bearde
n 

and Moss (11), by Phillips et al. (12), and in a recent conference 

proceedings on this subject edited by Debrunner, Tsibris, and MUnck (
13). 

The two principal areas of application in biochemistry have been the study 

of hemoproteins and heme prosthetic groups, and the study of the iron-

sulfur proteins. In both areas 'the goal has been to determine the elec-

tronic configurations at or near the active group by correlation of the 

Mossbauer spectroscopic results with other measurements, principally 

magnetic measurements by EPR or by magnetic susceptibility. 

Before considering in review the present state of these researches 

and evaluating the effect of these researches on an understanding at t
he' 

electronic level of these materials, it might be useful to present ,in
 an 

abbreviated form a discussion of the various parameters that are usef
ul 

in describing Mossbauer spectroscopy. This will be done solely with t
he 

chemical and biochemical application in mind; more extensive reviews 
of 

Mossbauer spectroscopy ' are plentiful and'delve into the physics of th
e 

Mossbauer Effect and other areas of application more fully than will 

be done here (14-18). Despite the limitation that only biological 

materials containing iron are candidates for Mossbauer spectroscopy, 

there are a number of attractive features of this type of spectroscopy
 in 

comparison to other methods of spectroscopy, even other methods of 

resonance spectroscopy. First, there are no interfering signals from
 

other atomic species; second, the Mossbauer nuclide does not perturb 

the protein from its normal configuration, objections of this sort hav
e 

been raised concerning the use of spin-labels. The low natural abunda
nce 

of. the 57Fe nuclide (2.197) does suggest that Mossbauer
 spectra may he 



improved by either growing the host organism on an 
57 
 Fe-enrichedmedia 

(19,20), pulse-enrichment by injection of an 
57 
 Fe-containingmetabolite 

(21,22), or by undertaking chemical exchange either directly or 
by 

reconstitution of the protein with an 
57 
 Feenriched prosthetic group 

(23,24). Mossbauer samples typically require 1-2 inicromoles of 
57 
 Fein 

order to show "good contrast." It is alsO important to keep the 
concen-

tration-of atoms which absorb or scatter the 14.4 keV Mossbauer r
adiation 

low; sample volumes are typically less than 1 ml and ions such a
s Cl and 

Br are to be avoided because of the relatively high Compton sca
ttering 

and photoelectric absorption present for these elements. 

There is one other important factor which affects the design of 
a 

Mossbauer spectroscopic experiment;, the sample must be in solid 
form. 

This is usually accomplished by using a frozen solution or lyoph
ilizing 

the protein. Some attempts have been made to obtain 'Mossbauer s
pectra of 

iron-containing proteins in a sucrose solution of high viscosity
 (25) but 

these methods so far are not generally useful. The solid form re
quire-

ment is imposed by the fact that small nuclear energy level chan
ges can 

only be seen when the linewidth of the Mossbauer spectral lines 
are at a 

minimum and are determined by the properties of the nuclear tran
sitions 

themselves and not affected by line-broadening due to recoil. 

An important precaution for all low-temperature spectroscopy of 

biological materials has been pointed out by Ehrenberg (26). Protein 

conformations and electronic states are functions of temperature; therefore, 

it is important to ascertain whether the state under study of th
e material 

is the same, or even related to the State under physiological co
nditions. 

This precaution is in addition to the usual worries about harm b
eing 

done to the protein by freezing and thawing or by lyophilization or 
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buffer changes as a. function of temperature. In several cases, most 

notably in the hydroxide derivatives of hemoglobin, magnetic.states are 

a function of temperature or in the case of several forms of hemoglobin, 

it is dependent on the degree of hydration of the protein (24,27,28,29). 

This article will limit its view to hemoproteins and heme pr
osthetic 

groups, the iron-sulfur proteins, and hemerythrin. Mossbaue
r spectro-

scopic studies have been incorporated into very thorough stu
dies of iron-

storage biomolecules; this field has already recently review
ed by Spiro 

and Saltman (30) and an additional effort here would be supe
rfluous. 

Nossbauer spectroscopic studies of ferrichrome by Wickman, K
lein, and 

Shirley are complete within themselves (31-33). Other iron-
containing 

systems are under invesdgation; for many of these interpret
ation at 

this time is not as clear as for hemoproteins and the iron-s
ulfur 

proteins; several of these studies will be mentioned briefly
 at the end. 
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II. Mossbauer Spectroscopy. 

A. Experimental Parameters. 

Mossbauer spectroscopy in biochemical application is 
normally arranged 

as a single-beam transmission spectroscopy: a source
, an absorber con-

taining a proportion of the Mossbauer nuclide (
57 
 Fe), and a proportional 

counter or a scintillation counter as a detector of 
radiation. The 

source (
57 57

decays by K=electron capture to an excited state of 57Fe; 

this state undergoes radiative decay to the low-lying
 14.4 keV state which 

is used for the Mossbauer measurements. Sources are a
vailable commercially; 

source strengths in the range from 5 mCi to 60 mCi ar
e normally employed. 

The 269 day haiflife of 
57
Co allows a single source to be used for a long 

series of experiments. The Nossbauer source must popu
late the same nuclide 

as contained in the resonant absorber. Some experimen
ts have been carried 

out with the source in a protein rather than the abs
orber (34). Inter-

pretation of these experiments rests on the details o
f the decay following 

K-electron capture ard the establishment of a well-de
fined electronic 

state (35,36). 

Once again, it is important to state, perhaps more precisely, that 

the source and absorber must be in a solid form so th
at the gamma-ray 

energies are determined solely by the nuclear propert
ies of the states 

and not by the recoil properties of individual atoms 
or molecules. 

Explicitly, the recoil energies are made vanishingly 
small by two 

factors: the incorporation of the source (or absorbe
r) into a large 

coherent mass, the lack of lattice vibrations excited
 during the nuclear 

event. This latter condition is athd by lowering the 
temperature of the 

solid, 77°K is a typical temperature for 
57 
 FeMossbauer spectroscopy. 



Discussions of the basis of the Mossbauer effect are available at all
 

levels of description; the more detailed works are by Danon (37) and 

Kittel (38). 

Under these conditions the linewidth (E) of the emitted (and absorbe
d) 

radiation is governed by the Heisenberg Uncertainty Principle; that i
s, 

= h/27er where h is Planck's radiation constant, and T is the mean 

lifetime of the nuclear state. (t = 1.4 x lO S for the first excited 

57 9 
state of Fe; this corresponds to an energy width of 10 eV.) In 

order for. a spectroscopy to be useful some means must be introduced to 

change the energy of the beam; the absorbançe is then recorded as a 

function of the variation in energy. In Nossbauer spectroscopy, a first-

order relativistic energy shift is used; the addition of a small relative 

velocity between source and absorber causes an increase in the energy
 of 

the incident radiation. The equation, in first order, governing this
 

energy shift is 

= v E / c , 

where v is the relative velocity between source and absorber, E is th
e 

energy of the isomeric transition (14.36 keV for 
57 

 Fe)and c is the 

velocity of light. Two conventions are defined: positive velocities
 

correspond to motion of the source towards the absorber, and the con-

venient unit of velocity (mm/S) is used as an "energy" scale; .1 mm/S = 

4.8 x 108  eV. The effects of the electronic configura
tions surrounding 

the Fe nuclide are generally from ten to several hundred times the na
tural 

linewidth as specified in the above velocity "energy" units. (The full
-

width at one-half maximum for an "unsplit" source absorber combinatio
n 

is 0.19 mm/S; the best spectrometers and well made sources appro
ach 

0.25 mm/S with the largest contribution to the increased width coming 
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from irthomo.geneity in the source.) 

The interaction of the 
57 
 Fe nuclide with the surroundings is through 

the magnetic and electric properties of the nuclide. The 
57
Fe nuclide 

has a magnetic moment in both the I = 1/2 ground state (0.9024 nm) and 

the I = 3/2 excited state (-0.1547 nm). The charge densities of both 

states interact with the electronic charge density at the nuclear position 

(isomer shift); the .1 = 3/2 excited state has an electric quadrupole 

moment (0.3 barns) which can interact with electric field gradients 

produced by the surrounding electron charge densities. In keeping with 

terminology developed in the early days of optical spectroscopy, four 

basic in are possible for the 
57 
 Fenuclide. They are: the 

'nuclear isomer (chemical) shift; the nuclear quadrupole interaction; and 

two magnetic interactions, the nuclear hyperfine interaction, and the 

nuclear Zeeman interaction. 

The isomer shift illustrated in Fig. 1 is produced by small changes 

in the nuclear energy levels in both source and absorber brought about 

by the incorporation of the nuclide into an electron charge density. Only 

relative information about charge densities at the nuclear position is 

obtained; this being found from substitution of the protein absorber 

with another "standard" absorber such as Fe metal. For Fe(II) and Fe(III) 

configurations, isomer shift information is highly dependent on the 

details of the electronic configuration and the amount of electron 

delocalization or "back-donation" from surrounding ligands (14, 18,39); 

in practice only high-spin Fe(II) is distinguished with certainty by 

its large (+1.5 to +2.0 rrun/S relative to the center of an Fe metal 

absorber value (40,41). Theoretical treatment of isomer shifts for 

57Fe have been based on free-atom wave functions (42) and also introducing 

the effects of overlap and covalency (43). 
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The quadrupole interaction of the quadrupole moment of the I = 3/2  

excited isomeric state of 
57 
 Fewith an electric field gradient atthe 

nuclear position produces a characteristic line pair in Nossbauer spectra 

as shown in Fig. 2. The energy difference is called the quadrupole 

splitting (44,45). Two parameters describe the quadrupole interaction; 

there are the quadrupole splitting and the asymmetry parameter, r, which 

is defined as, 

- -V 
T1 xx yy 

V zz 

where the double subscript denotes the second derivative of the potential. 

The sign of the quadrupole splitting and the value of the asymmetry 

parameter can be found by applying a large (30 to 50 kG) magnetic field 

to the sample (46,47) and determining whether the m. = + 3/2  states lie 

higher or lower in 'energy than the m1 = ± 1/2 states. As in the case 

of the isomer shift quadrupole interactions do not uniquely determine 

the electronic configuration of the Fe atom, only high-spin Fe(II) is 

uniquely determined, but unlike the isomer shift which contains only a 

single scalar parameter, the knowledge of the quadrupole splitting in 

both sign and magnitude and the value of the asymmetry parameter affords 

more opportunity to determine the configuration. 

The nuclear hyperfine interaction is produced by the interaction of 

the nuclear moments in both states with an internal magnetic field 

produced at the nuclear position by one or more unpaired electrons (48). 

These internal fields may be quite large, 500 to 600 k0e for the five 

unpaired electrons in the 6S /  state of the Fe(III) ion, even larger 

than the internal fields produced in a ferromagnet, 330 k0e in Fe metal 
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Observation of a nuclear hyperfine field is a positive identification
 of 

electron paramagnetism with the paramagnetism located close to the 

Mossbauer nuclide. In contrast to electron paramagnetic resonance 

studies in metalloproteins where the hyperfine interaction is seen as
 a 

small additional broadening of the EPR line (for a review of this fie
ld 

see: Beinert and Orme-Johnson, 1969), the nuclear hyperfine interact
ion 

in Mossbauer spectroscopy often overshadows the other interactions. 

Nuclear Zeeman interactions involve a direct interaction of the 

magnetic moments of the 
57 
 Fenuclides with the applied field and are of 

most usefulness in ascertaining the sign of the quadrupole splitting a
nd 

the value of the asymmetry parameter. It is also possible to increas
e 

the information gained by changing the direction of the applied field
 from 

colinear with the direction of observation of the transmitted gamma r
ay 

to a direction perpendicular to the direction of observation; this ch
ange 

affects the relative transition probabilities between nuclear energy 

levels according to the ruins for magnetic-dipole nuclear radiative 

transitions with the result that State assignments can be made based on 

the behavior of the absorbance (14,15,46,32,48). 

In the foregoing discussion of the Mossbauer interactions two assump-

tions have been made. First, it has been implied that the interactio
ns 

may be treated as first-order perturbations in the energy Hamiltonian
 for 

the system. This is a very good assumption; it is utilized in much t
he 

same manner as the "spin-Hamiltonian" approach in use in electron par
a-

magnetic resonance spectroscopy (49,50,51). Secondly, all the inter-

actions have been discussed as if they were time-independent. This i
s 

sometimes not the case thus complicating the interpretation of Mossba
uer 
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spectra. There are two important characteristic times that should be
 

considered in discussions of Nossbauer spectroscopy, the mean lifetim
e 

of the nuclear excited state (1.4 x 10S for 
57 
 Fe)and the Larmor 

precession time of the nuclear magnetic moments which is inversely 

proportional to the internal magnetic field (32). 

The quadrupole interaction and. the isomer shift sense the electronic 

surroundings with a characteristic time which is the nuclear lifetime
; 

thus measuring an average effect over this order of time. The fluctua
-

tions produced by molecular motions are generally more rapid than 10
 S .  

as molecular vibrations usually give rise to frequencies in the microw
ave 

region. What is important in any case is the magnitude of Fourier co
m- 

ponents having low frequencies; that is, in the order of 10 S or 

lower. If there is appreciable amplitude to such a Fourier then one w
ould 

expect to see additional quadrupole pairs or a line with a different v
alue 

of the isomer shift with an absorbance proportional to the amplitude.
 

Of course this absorbance would show a temperature dependence characte
ristic 

of the thermal population of the particular vibrational modes. Prese
nt 

analysis of Nossbauer spectra do not show any effects of this type, b
ut 

there are a number of situations in solid-state physics where Mossbau
er 

spectra might be expected to show the influence of "localized modes." (37) 

The time dependent effects on the magnetic interactions are more 

complex. If the nuclear Larmor precession time is long compared to t
he 

nuclear, radiative lifetime, then the nuclear magnetic energy states a
re 

not well defined. This means that, for example, it is impossible to s
ee 

through magnetic transitions the effect of any field at the nucleus le
ss 

than about 30 kG for 57 than In addition, the internal field can be 
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averaged to zero if in the nuclear hyperfine interaction the space 

quantization of the paramagnetic electron is disturbed by rapid enough 

spin-lattice or spin-spin relaxation processes. This effect can be 

minimized by working at low temperatures (40K) or by superi
mposing an 

external magnetic field and obtaining a large value of HIT. 
The decom-

position of nuclear hyperfine inte.ractioas as the temperature is raised 

have been described for ferrichroma A by Wickman, Klein, and Shirley (31); 

a general discussion for many cases has also been given by Wickman (32). 

In addition to the Mossbauer parameters which describe the pertur-

bations of the nuclear energy levels and thereby give abundant information 

about the surrounding electronic configuration, there is an additional 

parameter, the Lamb-Mossbauer factor, which measures the probability that 

a "recoil-free" event will occur either in the source or in the absorber 

(52). For 
57 
 FeMossbauer spectroscopy it suffices to mention that the 

Lamb-Mossbauer factor approaches 0.8 at temperatures below 77°K and is 

greater than 0.5 even at 300°K. This permits the source to be kept at 

room temperature with cooling furnished only to the protein-absorber. 

Some attempts have been made to describe in more detail the Lamb-Mossbauer
 

factor factor for 
57 
 Fe(53,54) but in general these correlations have not 

increased the amount of information that Mossbauer spectroscopy can give 

about a biochemical environment. In principle, such information might 

be useful, but the experimental arrangement required is more than.the 

usual transmission experiment (55,56) or it is necessary that. a very 

accurate measure of the amount of nonresonant radiation entering the 

detector be made. This last requirement is hard to realize for biomole-

cules as there is enhanced scattering of incident 122 keV as well as 14.4 

keV radiation due to Compton processes from the high percentage of low-Z 

atoms present. 
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Finally, it should be mentioned that as single protein crystals are 

rarely used for Mossbauer spectroscopy in a biomolecular context, the 

general description is mainly directed at Mossbauer spectroscopy of a 
large 

and random collection of microcrystals such as found in a powder or in
 a 

frozen solution. Spatial averages taken under these experimental cond
itions 

usually average-out orientation-dependent Lamb--Mossbauer factors; the 

exception to this, the Goldanskii-Karyagin Effect (57) may arise from 
a 

number of possibilities, particularly from any effect which would give
 

unequal Lamb-Mossbauer factors for different nuclear states. The orig
ins 

and a thorough theoretical treatment of these effects have been given
 by 

Russian workers;at present, there are no biochemical conclusions whic
h 

are dependent on a detailed knowledge of these Goldanskii-Karyagin Eff
ects. 

Theoretical discussion of electronic configurations and correlation 

with Mossbauer spectra is usually undertaken within the framework of t
he 

"ligand field theory" approach by Orgel (58) and by Ballhausen (59), 

although a "crystal field" approach has been used in the analysis of s
ome 

low-spin ferrihemoglobin compounds by Harris-Lowe (60,61). In the "li
gand 

field" method an energy level diagram has its rough qualitative featu
res 

determined by field symmetry; for example, the five d-orbitals are sp
lit 

into two d
1 
 orbitals and three d€  orbitals, the d orbitals conta

ining 

the d 2 2 and d 2  orbitals and the d orbitals con
taining the d , 

x-y z G xy 

d  yz  , a
nd d xz  orb

itals. In octahedral symmetry the three d€  orbitals lie 

lowest; the energy separation between the d€  orbitals and the dr  or
bitals 

being designated as 10Dq. In tetrahedral field symmetry the situation 

is reversed with the two d1  orbitals lying lowest. For Fe(II) and 

Fe(III) there are six- and five-d-electrons respectively; these can be 

fitted into the orbitals in either a high spin, with maximum number of 
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unpaired electrons, or a low spin, with maximum electron
 spin-pairing, 

scheme. The strength of the ligand field determines whic
h of these two 

possibilities occurs; in the weak field or ionic case, t
he energy 

advantage for maximum exchange (spins parallel) produces
 the high-spin. 

configuration; in a strong ligand field, the spin-paired
 low-spin con-

figuration dominates. For ligand field symmetries other 
than octahedral 

or tetrahedral or for cases when appreciable rhombic or 
other distortions 

are present, the classification given above becomes less
 strict; for 

example, in-the. iron phthalocyanines, there is ample evi
dence for the 

existence of mid-spin states for ferrous iron (62,63,64)
. The energy 

splitting, 10Dq, is larger for Fe(III) ions than Fe(II) ions in octa-

hedral- 'symmetry  (58,65) ; in tetrahedral symmetry, l0Dq is of the order 

-1 
of 4000 cm for Fe(II) (66,67) where the electron configuration is 

high spin. Because of the lower values for 10 Dq in tetr
ahedral symmetry, 

Fe(II) low-spin configurations are unknown for this symm
etry (58,68). 

Detailed Mossbauer and magnetic susceptibility data and 
analysis have 

been made for a number of tetrahedrally-coordinated Fe(I
I) compounds 

(69,70) and tetrahedrally-coordinated Fe(III) compounds 
(71). 

In summary, high-spin Fe(II) is usually recognized in Mo
ssbauer 

spectroscopy by the large values of the isomer shift (1 
- 2 mm S) and 

the quadrupole splitting (2 - 4 mm S) and, the prono
unced temperature, 

dependence of the quadrupole splitting produced by the u
nequal occupation 

of either d1  or d levels by the sixth d-electron. 
Mossbauer spectroscopy 

is .a Sensitive measure, of distortions which split the d-
orbitals, for 

example any rhombic distortion (70).' High-spin Fe(II) i
n either octa-

hedral or tetrahedral field symmetry is spherically symmetric in the 

free-ion limit (6S512). The small values of the quadrupole splitting and 



14 

the isomer shift are then due. to charges of surrounding ligands. These 

values of quadrupole splitting and isomer shift are not far different 

from those produced by low-spin Fe(III) compounds (21,39) or low-spin 

Fe(II) compounds. The analysis of Mossbauer data for these states 

requires a consideration in detail of all the Nossbauer parameters; that 

is, the sign and magnitude of the .quadrupole splitting, the asymmetry 

parameter, the presence or absence of nuclear hyperfine interactions, 

and the behavior of the spectra under applied magnetic field. 

Iron atoms in states other than Fe(II) and Fe(III) are rare in 

biological material, but there is one case where Mossbauer evidence has 

pointed to an Fe(IV) electronic configuration. Horseradish peroxidase, 

when it forms peroxide derivatives (Compounds I and II of HRP), displays 

an isomer shift which is about equal to that obtained with Fe metal (23). 

A similar observation has also been found on an analogous compound, 

Japanese Radish Peroxidase (72). There is no evidence for Fe(I) or 

Fe(IV) states in any other hemoproteins, or in any of the iron-sulfur 

proteins. 

It is important to realize that no one method of spectroscopy is 

clairvoyant. Electron paramagnetic resonance spectroscopy cannot sense 

low-spin Fe(II) as this state is diamagnetic, nor reliably the high-

spin Fe(II) state because of rapid spin-lattice relaxation, large zero-

field splittings or both; Nossbauer spectroscopy cannot distinguish 

Fe(III) spin states without a detailed analysis over wide ranges of 

temperature and applied magnetic field; and magnetic susceptibility 

measurements give only the number of unpaired spins per molecule, not 

the locationor spin species. The only worthwhile procedure is to 
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gather the results from each of these methods done on the best availab
le 

biochemical material and then to carefully make comparisons. It is th
is 

approach which has been followed in the study of two major classes of
 

iron-proteins that will be discussed in the following sections. 
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III. Iron-Porphyrin Model Compounds. 

A. Fe(III) Hemin Compounds'. 

Mossbauer spectroscopic investigations of hernin derivatives have been 

undertaken with both natural and enriched in 
57  Fecompounds to provide 

model-system data for comparison with similar data on he
moproteins as 

well as to aid in the understandin.g of the electronic configurations 'of 

hemin compounds themselves (47,73-78). These systems, f
ormally Fe(III), 

have been studied with a variety of ring substitutions 
at the porphyrin 

structure;dataon the proto-,meso-, and deutero- forms o
f' hemin both-in 

free acid form and as the dimethyl ester are the most common. ,The s
pectra 

show small isomer shifts (< 0.3 mm/S), but larger quadru
pole splittings 

than normally would be expected for high-spin Fe(III) co
mpounds (0.6 to 

1.0 mm/S). There is a small temperature dependence of both the isom
er 

shift and the quadrupole splitting. The porphyrin-ring constraint 

distorts the electrOnic charge cloud of the Fe(III) conf
iguration 

considerably from the spherical form of the free Fe(III
) ion. As the 

fifth:ligand is varied in a series of pentacoordinated h
emins, the 

distortion of the symmetry increases following the seri
es: fluoro- < 

acetato- < azido- < chloro- < bromo- < (78). Experiment
ally, the sign 

of the electric field gradient is determined to be posit
ive (47,78,81); 

'this does not agree with the prediction of the molecula
r-orbital cal-

culation - by Zerner et al. (172), as is not surprising as "cova
lency 

effects" of the sort that are evident in this context ar
e not apparent in 

a theoretical effort of this type. The large quadrupole
 splitting is in 

keeping with the x-ray data for hemin obtained by Koenig (79) in which 

the Fe ion is out-of-plane with respect to the porphyrin
 ring. 

Normally Fe(III) high spin configurations present as dil
ute paramagnets 
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show nuclear hyperfine interactions in zero applied m
agnetic field at 

temperatures above 4°K (14); hemin chloride in
 frozen aqueous or frozen 

acetic acid solution does not. Instead there is an u
nusual behavior; 

the simple quadrupolar pair spectra obtains only at t
he lowest tempera- 

0 
tures, generally below 30 K. Above this temperature,

 one member of the 

pair shows line broadening although the area of this 
absorption remains 

equal to the area of the unmodified line. The explan
ation of this 

behaviour is thought to rest in relaxation processes 
for the electronic 

spin which are available only at the higher temperatu
res. The EPR spectra 

of hemin compounds are all characterized by showing a
 g11  = 2 and a g=6. 

Griffith (80) has been able to account for this behav
iour by assuming a 

zero-field splitting for hemin of the order of 10 cm
1; a value which is 

uncommonly large for Fe(III) ions, but which is due t
o square-planar 

arrangement of the porphyrin moiety. The existence o
f this large zero-

field splitting was implied by the following consider
ations of the 

anomalous nuclear hyperfine interaction in the Mossba
uer spectra of these 

materials and has now been measured directly with far
 infra-red absorption 

by Fe.her, Richards, and Caughey (82,83) to be 2D= 13.
9 cm 1. 

The zero-field splitting (2D) separates the S = + 1/2 ground state 

of the system from the S = ± 3/2 state; another energy-gap (4D) s
eparates 

this state from the higher S = ± 5/2 state. •At the lowest tempe
ratures 

(4°K) the S = + 1/2 state is populated exclusively and provides
 rapid 

relaxation of the electronic spin thereby averaging t
he nuclear hyperfine 

interaction to zero within the nuclear Larmor preces
sion time. As the 

temperature is raised, the other S states become popu
lated; the relaxation 

times are longer and may proceed by other processes; 
for example, spin-

spin relaxation has been proposed by Blume (84). How
ever, hyperfine 
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fields are evident at the higher sample temperatures;. this is wha
t gives 

ris,e to the broadening of the line. This broadening identifies t
he 

broadened line as the predominantly m1  = 3/2 member of the pair (78,81). 

There have been two additional experiments which verified this ba
sic 

picture of the nuclear hyperfine interaction in hemins. Johnson 
(78) 

increased the spin-lattice relaxation time by performing the Mos
sbauer 

experiment under field and temperature conditions which provide a
 large 

value of H/T. At 1.60K and in an applied field of 30 kG, a
 magnetic 

hyperfine interaction corresponding to that expected for high spi
n Fe(III) 

and for the -'-values measured experimentally. Recently, Lang et al. have 

found that a portion of hernin chloride dissolved in tetrahydrofu
ran at 

1 MM concentration displays a hyperfine interaction at 4°K in zer
o applied 

magnetic field. Their conclusion is that a portion of the hernia 
is 

present in a monomeric form in this solvent, a situation which i
s not 

apparent to any extent in water, acetic acid, chloroform, or dim
ethyl 

sulfoxide (77) at any concentrations used. 

Chloroprotohernin in pyridine solution shows a different behaviou
r; 

two quadrupole line pairs replace the single quadrupole line pair
 for 

chioroprotohernin in aqueous solution. The wide quadrupole split
ting 

(1.8 mm/S) of the new line pair is more characteristic of Mossbauer 

spectra obtained for methemoglobin; these spectra will be discus
sed in 

the next section, but it suffices to point out here that the pyri
dine 

coordination produces an environment more nearly like the hexacoo
rdinated 

environment of the iron in the hemoproteins (78). 
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B. Fe(II) Heme Compounds. 

Mossbauer data for 2,4 diácetyl deuteroporphyrirt IX d
imethyl ester 

and Fe(II) protoporphyrin IX obtained at 77°K show 
isomer shifts similar 

to those for the Fe(III) hernin compounds in aqueous s
olution but larger 

quadrupole splittings (1.15 mm/S). In simple inorgani
c compounds which 

are ionic, reduction of Fe(III) usually strongly affe
cts the isomer 

shift (40). However, covalent compounds such as ferr
ocyanide and fern-

cyanide show similar isomer shifts (40) ; this case ha
s been treated 

theoretically by Shulman and Sugano (39) and the lack
 of isomer shift 

changes between these compounds has been interpreted 
in terms of delocal-

ization of electrons through 7r-bonding. The conclusi
on for heme compounds 

is that similar delocalization obtains; this point wi
ll be discussed 

later as it applies to the oxygen-binding forms of the
 hetnoproteins. 
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IV. Hernoproteins. 

A. Hemoglobin and Myoglobin 

Mossbauer spectroscopic investigations on hemoglobin and myo
globin 

have been undertaken to support other magnetic investigation
s aimed at a 

complete electronic description of the heme site; hopefully 
in sufficient 

detail to permit the basis of oxygen-binding to be ascertai
ned. For 

hemoglobin, the important feature; namely, the cooperative b
inding of 

oxygen must have as its root subtle configurational changes 
of the protein. 

Many techniques have been utilized to study this phenomena (
85-94) 

including spin-label techniques (8). Mossbauer data has bee
n acquired 

on many forms of myoglobin and hemoglobin (24,95-108). 

The most exhaustive series of studies, made with enriched co
mpounds 

and with magnetic fields of up to 30 kG supplied by a superc
onducting 

solenoid, have been done byLang and Marshall (101-104). Usi
ng the EPR 

g-values for low-spin forms of hemoglobin, a no-parameter fi
t was possible 

to Mossbauer data taken at 4°K and 1.2
0
K as shown in Figure 4. Positive 

assignment of a low-spin S = 1/2 configuration can be made as the result 

of these experiments. In contrast to the low-spin ferric en
vironment, 

oxygenated hemoglobin displays a single quadrupole pair, unp
erturbed 

by any evidence of a nuclear hyperfine interaction, down to 
4°K. A small 

temperature dependence of the quadrupole splitting in oxyhem
oglobin has 

suggested that the bound 02  molecule may not b
e in the same orientation 

at'all temperatures (103). The spin-state assignment on the
 basis of 

Mossbauer spectroscopy is not clear, but the data are compat
ible with an 

S = 0 assignment as determined by magnetic susceptibility 
measurements 

(103). The values of the isomer shift and the quadrupole sp
litting indi- 

cate a strong covalency between the ligand and the heme for both 02-hemoglobin 
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and NO-hemoglobin. There is no evidence that Mossbaue
r spectra of partially 

oxygenated hemoglobin shed any information on the nat
ure of cooperative 

effects producing the sigmoidal oxygenatioa curve-for
 these compounds; 

perhaps the electronic environment at the Fe nuclear 
position is not 

sufficiently perturbed to sense the small changes ass
ociated with this 

phenomena. 

High-spin ferric hemoglobin compounds, for example hemoglobin fluoride, 

display Mossbauer spectra characteristic of high-spin Fe(III) compounds 

but with large quadrupole splittings (1.8 nn/S) similar to hemin and a 

large nuclear hyperfine interaction which is particul
arly evident in 

spectra taken at the lowest temperatures (4°K to 1.2°
K) (103). The data 

can be fit with a zero-field splitting (2D) of about
 14 cm with g-values 

(g1 = 2 and g= 6) which are not far from the parameters used for the 

analysis of high-spin hemin model compounds. Zero-fi
eld splittings of CD  

this size have been observed for high-spin forms of f
errihemoproteins by 

far infrared absorption techniques (109,110). 

Lyophilization of both ferrohemoglobin and ferrimyogl
obin produces 

spin-state changes; the Fe(III) configuration in the dehydrated form of 

these proteins being low-spin in contrast to the high
-spinform of the 

hydrated protein (24,111). The evidence for this chan
ge in myoglobin is 

in the form of quadrupole data, a new pair of quadrup
ole lines appearing 

in the Mossbauer spectra with quadrupole splittings gr
eater than 2 ram/S 

(24). This data supports the earlier assertion made 
on the basis of 

changes in the optical spectra of dehydrated methemog
lobin (112) that 

spin-state changes do occur. Williams and coworkers h
ave acquired 

Mossbauer data on a large series of hemoglobin compou
nds including the 

hydroxide which undergo spin-state changes as a funct
ion of ligand or 
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degree of hydration (113); it is clear that Moss
bauer data is essential 

in following these phenomena. 

Anexce11ent review of the Nossbauer spectroscop
ic data on hemoproteins 

has beenpub1ished recently by Lang (195). 
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B. Cytochromes. 

Cytochromes from bacterial, yeast, and mammalian sources ha
ve been 

investigated by Mossbauer spectroscopy (114-117). Horsehea
rt cytochrome c 

and the c-type cytochrome from T. utilis show spectra chara
cteristic of 

low-spin Fe(III) in the oxidized form of the protein and lo
w-spin Fe(II) 

for the reduced form of the protein. Lang et al. (115) hav
e analyzed 

the Mossbauer data in terms of a low-spin Hamiltonian in so
me detail. 

Cooke and Debrunner (116) present quadrupole data on dehydra
ted. forms of 

oxidized and reduced cytochrome c; the quadrupole splitting
s for hydrated 

and dehydrated forms of the reduced protein are quite simil
ar in contrast 

to a difference for the oxidized form. No spin-state change
 is reported 

for either form of cytochrome c. 

Mossbauer data for cytochrome cc' from Chromatium and R. rubrum and 

for cytochrome c552  from Chromatium and cytochrome c
2  from R. rubrum are 

reported in the work of Moss et al. (117). The oxidized cy
rochrome cc' 

data show highly-distorted high-spin electronic configurati
ons similar 

to those in methemoglobin; the sign of the nuclear quadrupo
le coupling 

constant is reversed from that for methemoglobin indicating
.that the ligand 

binding is not similar. Cytochrome cc' in the reduced stat
e is high-spin 

Fe(II) in contrast to the low-spin form found in the reduce
d cytochrome c. 

Cytochromes cc' and methemoglobin hydroxide have been propo
sed to 

be proteins which also exist in a thermal mixture of S = 5/2 and S = 1/2 

magnetic spin states (119). The fact that Mossbauer spectr
a taken over 

the temperature range from 4°K to 270°K consist of a sing
le quadrupole 

pair has been stated as evidence that these states do not e
xist for times 

long compared to 108  S (101,113,24). It is important to p
oint out that 

the large difference in the nuclear magnetic fields ("400 k
0e as compared 
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to 500 k0e) produced by St=ll/2  and S=5/2 elec
tronic states causes a 

large difference in the nuclear Larmor precession tim
e necessary to 

observe the hyperfine field. Therefore, the S = 5/2 state would be far 

more observable by Mossbauer spectroscopic measuremen
ts at 4°K than the 

S = 1/2 state. 

It has also been suggested that temperature-dependent
 quadrupole 

splittings as observed for methemoglobin and cytochror
ne cc' is evidence 

for thermally populated high- and low-spin states for
 these proteins. CD  

For measurements of quadrupole splittings, the  salien
t nuclearly-imposed 

measurement time is the mean lifetime of the 
57 
 Feexcited state, 1.4 x 10 S. 

Any change in the charge distribution surrounding the
 iron nucleus which 

is faster than 4 x 1o8  S 1  will be averaged; loca1lr different charge 

environments which maintain the distribution for time
s long compared to 

1.4 x 10 S will be sensed as distinct quadrupole environtrents
. Vibra-

tional oscillations for the usual ligands bound to ir
on in metalloproteins 

are at microwave frequencies; that is, within 10 S there will be many 

oscillations so that the Mossbauer measurements sense
 an average of the 

surrounding charge distributions. 
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C. Horseradish Peroxidase and Japanese Radish Per
oxidase. 

Horseradish peroxidase is a particularly interesti
ng material for 

Mossbauer examination as it has been reported that
 there are two oxidizing 

equivalents above the Pe(III) state (119,120). A g
reen Compound 'I is 

formed when the enzyme if reacted with hydrogen pe
roxide or with alkyl 

hydroperoxides (121). The red Compound .11 is form
ed more slowly from 

Compound I and retains one oxidizing equivalent abo
ve 'Fe(III) (120) (122). 

Ma-gnetic susceptibility measurements by Theorell 
andEhrenberg (123) were' 

compatible with the assignment of Fe(V) forCompoun
d, I and Fe(IV) for 

Compound II. The Mossbauer studies of Noss et al.
 (23) show that lap-

Compound I is in a Pe(IV) state, but that Compound 
II does not' display 

Nossbauer spectra characteristic of a Fe(V) state
. Similar studies of 

Japanese Radish peroxidase by Maeda (72) show the 
same result although 

the work of Morita and Mason (124) show difference
s in the magnetic 

properties of the two enzymes and the intermediate compounds. 



26 

D. Cytochrorne C Peroxidase. 

Perhaps the best example of a well-defined nuclear hyperfine splitting 

in a hetnoprotein is the Nossbauer spectra of cytochrome c peroxidase-

fluoride obtained by Lang (125). When either the meso- or the proto-forms 

are examined at 4°K with a small (100 G) magnetic field used to align 

the electronic magnetic moments, the spectra shown in Pig. 5 are the 

result. The assignment of a high-spin Fe(III) state similar to that in 

methemoglobin fluoride with a zero-field-splitting of about 7 cm is 

unequivocal. When cytochrome c peroxidase is examined at pH values nearer 

neutrality there is evidence for a mixture of high- and low-spin states. 
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Tablel 

Electrons 
E0 EPR g- 

Fe S= 
Trans-  
ferred MW (mV) values 

Azoto-  2 2' 1 
' 

21,000 -300 to ' 

_400* 
gx1.93 
gy=1.95  

bacte gz=2.OZ 
Fe-S Pro- 
tein I 

• 2 2 1 24,000 -300 to 
Azoto- _400* gy=1.95 
bacter gz2.04 
Fe-S Pro- 
'téinll  

Parsley 2 2 1 
• 

12,000 -300-to 
_400* 

gx=1.89 
gy1.96 

Ferre- gz2.04 
doxin 

2 2 1 12,000 • 
-370 gx=1.93 

Adreno- gy=1.94 
doxin gz2.02 

Spinach 2 2 1 12,000 -420 gx=1.89* 
gyl.96' 

Ferre- 
• 

doxin • 

2 2 1 24,000 -300 to • c1.93 
'Pas-  C.  _400* gy1.95  

teurian gz 2.00 
Paramag- 
netic Pro- 
tein ' 

*Personal communication, W.H. 0rme-Johnson 
**Personal communication, R.H. Sands 



Table 2'  

1 2 3 4 5 6 7 8 9 10 11 12 13 14, 15 16 17' 18 19 20 

1, L. Clàuca ---- Ala-Phe-Lys-Va1-Lys-(Leu) -Leu-Tlir-P ro-Asp-G1y-(Pro) -Lys-G1u-Phe-Glu-Cys-Pro-Asp 

2. Spinach Ala Tyr Thr Val Thr Asn Và1 Gin 

3, Alfalfa Ala Ser Tyr Val , Clii Thr Gin 

4. Scenedesmus Ala Thr Tyr Thr Lys Ser' Asp Gin Thr lie 

/ 

21 22 23 24 25 26 27 28-29  30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 

Asp-Vai-Tyr-Ile-Leu-Asp-Gln-Ala-Giti-Giu-Leu-G].y-Ile-(Asp)-Leu-Pro-Tyr-Ser-Cys-Arg-Ala-Gly-er-Cys 

' Ala (Glu) (lie) 
His Ciu Val 

Thr Ala Ala Leu " Ala 

45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 
60 61 62 63 64 65 66 67 68 69 

 Ser-Ser-Cys-A1a-Gly-Lys-Lcu-Val-C lu-Gly-Asp-Leu-Asp-Gln-S er-Asp-Gln-Ser-Phe-Leu-Asp-Asp-Clu-Gin-I le 

 Lys Thr Ser ' Asri ' Asp '  Asp 

 Val Ala Ala Clu Val Ser Gly Asp 

 Val Clu Ala Thr Val ' 
' Ser Met 

70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 .  94 

 
 Asp ' 

Val ' Thr 

3.' ' Val Ala Lys Thr 

4. Asp Gly Phe Val Thr Cys Thr Ala Asp 

95 96 97 ' 

1. Leu-Thr-(Ala) 
2, 

 
Phe ---, 

00 
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V. Iron-Sulfur Proteins. 

The second class of iron-containing proteins which have been well-

studied by Mossbauer spectroscopy, and by other resonance techniques
, are 

the iron-sulfur proteins. These molecules are also known by the nam
e, 

ferredoxins. Iron-sulfur proteins in several varieties serve as ele
ctron-

transport agents for processes in plants, bacteria, and mammals. Pe
rhaps 

the most-studied physiological process involving the iron-sulfur pro
teins 

is the study of their role in photosynthesis. This subject has been
 

extensively reviewed by Arnon (126,135), Hind and Olson (127), Hall 
and 

Evans (I?9)  and by Vernon and Avron (128). A review by Malkin an
d 

Rabinowitz (129) summarizes the properties of the iron-sulfur:prote
ins, 

and in particular discusses the work on ferredoxins linked to noapho
to-

synthetic processes; this involvement of ferredoxin was implied in t
he 

earliest researches by Nortenson, Valentine, and Carnahan (130) and
 by 

Tagawa and Arnon (131). 

The progress of research on the structure of the active site of the 

iron-sulfur proteins can be summarized by dividing the discussion i
nto 

three parts: a discussion of the basically biochemical studies aime
d at 

determining the chemical properties of the 'iron-sulfur moiety, the u
nsuc-

cessful attempts so far to determine the structure by means of x-ra
y 

crystallography, and the application of resonance techniques as an a
lternate 

method of determining the configuration of the iron-sulfur complex.
 The 

iron and inorganic sulfide content, the reactivity of the complex, 
and a 

refutation of the claim by Bayer, Parr, and Kazmaier (132) that additional 

sulfide is not necessary to reconstitute ferredoxin from apoferredoxin 

are presented in a series of researches by Buchanan, Lovenberg, and 
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Rabinowitz (133) and by Malkin and Rabinowitz (134). These matte
rs are 

covered in the review mentioned above (129). Unfortunately
, to date, 

although small crystals can be obtained of the iron-sulfur 
proteins (126), 

crystals of a size sufficient for x-ray use have not been 
available. The 

methods of isomorphic replacement which have been essential
 for x-ray 

studies have also not been workable with these materials (1
36). 

Iron-sulfur proteins can be classified on the basis of iron
 and 

sulfide content into "plant-type" iron-sulfur proteins, and
 "bacterial-

type" iron-sulfur proteins. Plant-type iron-sulfur protein
s contain just 

two Fe and two S atoms per protein molecule; the name refers to the 

material first isolated from chloroplasts. The bacterial-
type iron-

sulfur proteins always contain more than two Fe (and S) atoms per protein 

molecule; in general. there are eight Fe and eight S atoms per protein 

molecule. 

All iron-sulfur proteins, whether of the plant-type or the bacterial-

type have three characteristics in common: all contain the
 acid-labile 

sulfide in equirnolar ratio to iron; all show reduction pote
ntials in the 

range from -240 to -420 mV (E0
, p}i=7.0); and when these proteins are 

chemically-reduced (typically with dithionite), they displa
y an uncommon 

EPR signal, known as the "gr=1.94" signal. The oxidized forms of the 

proteins are not paramagnetic. 



31 

A. Plant-Type Iron-Sulfur Proteins. 

Table 1 lists some of the properties of the plant-type iron sulfur-

proteins for which extensive study by EPR and Nossbauer spectroscopy has 

been reported. The physical properties summarized show that the plant-

type iron sulfur proteins have molecular weights in the range from 12,000 

to 241000 and have EPR g-values (g,g,g) all of 
the "g=1.94't type shown 

in Fig.. 6 but with minor variations reflecting axial or nonaxial symmetry 

of the paramagnetic center. The amino-acid sequences of four plant-type 

iron-sulfur proteins are known: alfalfa (136), L.glauca (137), Scenedesmus 

(138), and spinach (139). Each protein has about 97 residues, all in a 

single peptide chain; these are shown in Table 2; 

The plant-type iron-sulfur proteins, can accept a single electron 

from substrate (140); this single electron is accounted for quantitatively 

by double-integration of the EPR signal in the reduced form of the protein 

(140,141). In addition to providing a structure for the active paramag-

netic center of the protein, resonance spectroscopy may provide a picture 

of the electronic configuration; this would answer questions as how the 

conformation of the protein prevents a second electron from being accepted 

from substrate and a description of the magnetic properties of the protein 

in both the oxidized and reduced forms of the protein. 

The g = 1.94 EPR signal exhibited in the reduced state of the ferre-

doxins was the basis for models of the active site of these proteins. The 

identification of this EPR signal with an iron complex has been described 

in a review by Beinert and Palmer (142). The complexity of the iron 

ligand field which is necessary to produce a g = 1.94 signal was demon-

strated by Beinert et al., (143) who proposed a model compound for this 

signal. This model compound was pentacyanonitrosylferrate (I). The 
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Table 3 

Blumberg and Peisàch (145) 

Reduced protein 

Brintzinger et al. (146,147) 

Oxidized protein 

Reduced protein 

Gibson et al. (148) 

Oxidized protein 

Reduced protein 

-II 
Fe 

Free 

(S=O) Radical 

+(S1=1/2) . 402=1/2) 

FeU' Fe' 

O(S2=0) 

FeIM Fe1' 

t(si=512) (S=5/2) 

Fe Fe+++ 

(S=5/2) (S=2) 

Fe+ F&' 

D. Johnson et al. (149) 

++ 
• Fe i Fe 

- 
FeO Fe 

low-spin low-spin d low-spin low-spin 

(S=O) (S=1/2) 

FeO • FeO • Fe4 FeO 

low-spin low-spin • e low-spin low-spin 

(S=O) -• - - (S=1/2) - 

Oxidized Protein Reduced Protein 

(PREVIOUSLY-PROPOSED MODELS FOR THE ACTIVE CENTER OF THE PLANT-TYPE FERREDOXINS.) 
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properties of this model compound were later related and
 expandedby 

Van Voorst and Heinmerich (144). 

Meanwhile, Blumberg and Peisach (145) showed that the in
teraction 

between a low-spin ferrous atom and an adjacent free radi
cal can give 

rise to a g = 1.94 EPR signal. Brintzinger, Palmer, and Sands (146
) 

proposed'the first two-iron model for the active center o
f a plant-type 

ferredoxin. Their model, which consisted of two spin-cou
pled, low-spin 

ferric atoms in the oxidized protein and one low-spin fer
ric and one low-

spin ferrous atom in the reduced protein, explained much
 of the chemical 

data on the proteins. Later, they (Brintzinger, Palmer, 
and Sands, 

(147) ) presented EPR data for a compound, bis-he
xamethylbenzene, Fe), 

which demonstrated all the properties of the g = 1.94 signal observed in 

the ferredoxins. 

The above model was criticized by Gibson et al., (148) and Thornley 

et al., (150) who reported that the tetrahedral symmetry 
of the BPS model 

could not give the crystal-field splitting required for s
pin pairing in 

the iron atoms. They, instead, proposed a model with two
 high-spin. 

ferric atoms in the oxidized protein which were exchange 
coupled to 

render this state diamagnetic. In the reduced state, the
ir model con-

sists of a ferric (S = 5/2) state exchange coupled to a ferrous (S = 2) 

state to give a resultant spin to the complex as a whole of S = 1/2. 

Thus, the reduced state was ferrimagnetic, and they attri
buted the high-

temperature disappearance of the EPR signal to two-phonon
 Orbach processes 

(151). The g = 1.94 signal was explained by assuming a tetrahed
ral ligand 

field about the ferrous atom with spin-orbit coupling c
onstant of 75cm. 

This model explained all the properties of the g = 1.94 EPR signal; also, 

it has the advantage of being quite plausible in view of 
the known sulfur 
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ligands around the iron atoms. 

Several Mossbauer spec troscopic papers have dealt with members o
f 

the plant-type ferredoxins. In these papers, the Mossbauer spect
ra for 

a particular protein were interpreted to yield information such 
as the 

oxidation state and spin state of the iron atoms in the protein,
 and in 

some cases this information was extended to validate a proposed model 

for the active site. However, problems with denatured protein m
aterial 

or incorrect interpretation of the Mossbauer data have prevented
 any of 

these models from being accepted as valid. 

Bearden and Moss (12) and Moss et al. (152) presented the Mossba
uer 

spectra of spinach ferredoxin in its oxidized and reduced states
. These 

spectra showed the two iron atoms in the oxidized protein in ide
ntical 

electronic environments. Upon protein reduction, one of the iron
 atoms 

exhibited a spectrum characteristic of a high-spin ferrous ion.
 The 

Mossbauer spectra of the reduced proteins in the above study are
 not 

consistent with subsequent data for these proteins (153,164,165
). It 

is now believed (personal communications, W.H. Orme-Johnson and 
Graham 

Palmer) that 1) the samples in these experiments were impure, 
and 2) 

the buffers used in these experiments were not strong enough to 
maintain 

a buffer pH level during the dithionite reductions. Therefore, t
he 

Mossbauer spectra of reduced spinach ferredoxin in the above exp
eriment 

resulted from a mixture of oxodized protein iron and iron from de
natured 

protein material. 

Johnson et al. (1541155) interpreted the spectra on spinach ferre-

doxin (similar to those of Moss et al., (152) ) as consistent with t
he 

following interpretation: a) the oxidized protein contains two l
ow-spin 

ferrous ions, and b) the reduced protein contains one low-spin f
errous 
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ion and one high-spin ferrous ion. Cooke at al. (156) inter
preted their 

data (similar to the data contained in the present work) on 
putidaredoxin 

in - the following manner: a) the electronic environments of both iron 

atoms are identical in the oxidized protein, with the diamag
netism of 

this material resulting from spin pairing between the iron 
atoms, and b) 

in the reduced state, a single electron is shared equally by
 both iron 

atoms and gives rise to the internal magnetic field observed
 in the Moss-

bauer spectra. Novikov et al. (157) have published the resu
lts of a 

Mossbauer spectroscopic study on an iron-sulfur protein from
 Azotobacter. 

• Both the data and the conclusions are similar to those made 
by Moss at al. 

(152) on spinach ferredoxin. Recently, Johnson at al. (155)
 and Johnson 

at al. (149) have published Nossbauer studies on the ferredo
xins from 

Euglena.and spinach. They now report their data as being mo
st favorable 

to two models for the active site of these proteins. 

Figure 7 shows the Mossbauer spectra obtained by Dunham et a
l. (153) 

of the oxidized state of all the plant-type ferredoxirts. Th
e isomer 

shift and quadrupole splittings for these spectra are listed
 below: 



36 

TABLE 4 

MOSSBAUER PARAMETERS FOR TEE OXIDIZED PROTEINS 

- 
IS/Pt* 

• (mm/S) OS (mrn/S) 

Spinach Fd. -0.08 + 0.01 0.65 + 0.01 0.05 ± 0.2 

Parsley Pd. -0.07 + 0.01 0.66+ 0.01 0.05 + 0.2 

Adrenodoxin -0.08 + 0.01 0.61 + 0.01 0.05 + 0.2 

Putidaredoxin -0.08 + 0.01 0.61 ± 0.01 0.5 + 0.2. 

Cbs. Pararnag. Protein -0.07 + 0.01 0.62 + 0.01 0.5 + 0.2 

Azoto. Fe-S Protein I -0.04 + 0.01 0.73 + 0.01 0.5 0.2 

Azoto. Fe-S Protein II 0.06 + 0.01 0.71 + 0.01 0.5 + 0.1 

*Isomer shifts quoted here are given relative to a gamma ray source 

consisting of 5  C diffused into a platinum matrix. 

The parameters, IS and QS, shown in Table 5 are measured at 4.2°K 

with zero applied field. The value of Tj and the sign of QS are derived 

by matching computed spectra to the Mossbauer data for the oxidized 

proteins taken at 4.2°K in 46 kilogauss applied magnetic field (Fig. 8). 

The above parameters do not exhibit any measurable temperature dependence 

over the temperature range from 4.2°K to 77°K. 

Thus, the best fit to the oxidized protein data is a single quadrupole 

pair with an isomer shift of -.08 rn/S and an observed splitting of 0;65 

mm/S. 

The most probable electron configurations for iron atoms in a ligand 

5 6 
field formed by amino-acid side chains and sulfur are d and d . The 

crystal field splitting (A)  required to pair spins in iron compounds is CD  

-1 
greater than 15,000 cm (59). Ligand field theory calculations (65) 
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indicate that even in octahedral coordination, strong field 
ligands are 

required to cause spin pairing of iron atoms. The only side
 chain 

capable of supplying this strong field ligand is histidine. 
•Since there 

is only one histidine common to the plant-type ferredoxins (Table 2) 

and since sulfur is shpwn to be a ligand in the iron complex, low-spin 

iron configurations are doubtful for these proteins. 

The small quadrupole splittiiig in the oxidized protein spect
ra imply 

that the electron density around the iron atoms is nearly s
pherical; A 

spherical charge density indicates that. the iron is an S-sta
te ion, 

although low-spin ferric atoms can have small quadrupole spl
ittings (158). 

In addition, the oxidized protein spectra show a single quad
rupole pair, 

which indicates that the environments for the two iron atoms
 are nearly 

identical. The isomer shift for this quadrupole pair is mos
t consistent 

with that of ferric iron, although low-spin ferrous iron can
not be ruled 

out as a possibility by the isomer shift value alone. 

Thus, the most reasonable interpretation of the oxidized pro
tein 

data is that the iron sites in this protein are either high-
spin ferric 

or low-spin ferrous, with the high-spin ferric situation fav
ored by the 

ligand field arguments set forth above. Combinations of ele
ctrons for 

the two iron Site are not possible because the Mossbauer spe
ctra do not 

exhibit the effects of the internal magnetic field which wou
ld result 

from a paramagnetic system. In addition, the EPR results and the magnetic 

susceptibility data (159) show that these proteins are diamagnetic in 

the oxidized state. 

If the iron sites are high-spin ferric (S = 5/2), then an exchange 

coupling mechanism is necessary to account for diamagnetism 
of the proteins 

in this oxidation state. Evidence for this exchange coupling between the 
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iron sites will be given during the discussion of the reduced protein 

spectra. Since high-spin ferric is an S-state ion, the EFG which gives 

rise to the quadrupole splitting in the oxidized spectra must result from 

anisotropies in the ligand field surrounding the iron sites. In this 

case, the value of r1 for these spectra indicate that both axial and 

rhombic distortions are present in the ligand field. It is important 

that this be true since the g = 1.94 EPR signal of the reduced state can 

only be explained if these distorons are present. Some of the verifica-

tion that these iron sites are both spin-coupled, high-spin ferric irons 

rests with the interpretation of the reduced protein spectra. Accordingly, 

we shall return to the discussion of the oxidized proteins after the 

presentation of the reduced protein data. 

The Mossbauer spectra of spinach ferredoxin at 256°K is shown in 

Fig. 9a; the solid line on these spectra is the result of computer-

simulated Mossbauer spectra. A magnetic field of 46 kilogauss parallel 

to the gauuna-ray direction was applied to this sample (Fig. 9b) in order 

to establish the sign of QS and the value of rI.  Inspection of the four-

line,, zero-field spectrum (Fig. 9a) reveals that this spectrum can be 

fit by two quadrupole pairs. The parameters for the computer simulated 

spectra shown in Fig. 9 are given below in Table 5. 

TABLE 5 

MOSS BAUER PARAMETERS FOR THE HIGH TEMPERATURE 
REDUCED PPR SPECTRA 

IS/Pt (miniS) QS (mrn/S) 71 

Iron Site #1 -0.10 +0.64 0.5 

Iron Site #2 +0.19 -2.63 0 to 0.5 
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The assignment of quadrupole pairs shown in Table 5 is 
the result of 

a trial-and-error approach to fit the high-field data w
ith computer 

simulated spectra. This approach establishes, unambiguo
usly, the values 

for the isomer shift and magnitude of the quadrupole spl
itting shown for 

iron sites in Table 5. In addition, the sign of QS for 
iron site #2 is 

determined with no assumptions in interpretation during
 curve fitting 

procedures. Noticing that the values of IS and QS for iron site #1 are 

the same as for the sites in the oxidized proteins, we 
then assume that 

the value of r for iron Site #1 is the same in oxidized 
and reduced 

proteins. With this assumption, the value of r for iron
 site #2 can be 

specified by the goodness of computer fits to the range
, 0 to 0.5. The 

uncertainty in the value of ii  is diminished, howeve
r, by fitting the 

low-temperature spectra of the reduced proteins. 

These data establish that there are two non-equivalent i
ron sites 

in the reduced proteins: site #1 is quite similar to th
at of both iron 

atoms in the oxidized proteins, site #2 is characteristi
c of a high-spin 

ferrous ion. The isomer shift and quadrupole splitting of site 102 

leave little doubt that this site is high-spin ferrous.
 Since the one-

electron reduction of this protein is expected to change
 only a single 

high-spin ferrous ion, these data greatly reinforced th
e conclusion that 

the oxidized proteins contain two high-spin ferric ions
. In addition, 

the reducing electron is seen to reside almost exclusive
ly at site 1#2, 

since the Mossbauer parameters of site #1 are not affec
ted by the 

reduction of the protein. 

The magnetic susceptibility measurements of (159) show a
 molecular 

paramagnetism in the reduced protein characteristic of a
 S = 1/2 compound. 

The absence of internal magnetic effects in: the high-te
mperature, reduced-

protein spectra are explained by the Nossbauer spectra shown in Fig. 10. 
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These spectra, taken at variable temperatures and a small polarizi
ng 

applied magnetic field, show a temperature-dependent transition for 

spinach ferredoxin. As the temperature is lowered, the effects of an 

internal magnetic field on the Mossbauer spectra become more distinct 

until they result at around 30°K, in a spectrum which is cha
racteristic 

of the low temperature data of the plant-type ferredoxins (Fig.
 11). 

We attribute this transition in the spectra to spin-lattice rel
axation 

effects. This conclusion is preferred over a spin-spin mechani
sm as the 

transition was identical for both the lyophilized and 10 mN aqu
eous 

solution samples. Thus, the variable temperature data for redu
ced 

spinach ferredoxin indicate that the electron-spin relaxation t
ime is 

around 10 seconds at 50°K. The temperature at which this transition 

in the'Mossbauer spectra is half-complete is estimated to be th
e following: 

spinach ferredoxin, 50°K; parsley ferredoxin, 60°K; adrenodoxin
, putidare-

doxin, Clostridium and Axotobacter iron-sulfur proteins, 100°K.
 

The Mossbauer spectra of the reduced proteins at 4.2°K are shown i
n 

Fig. 11 for 3.4 kilogauss applied field and in Fig. 12 for 46 k
ilogauss 

applied field. Since the spectra are so similar, we shall spea
k exclu- 

sively in terms of the spinach ferredôxin data. Fig. 13 is low
-temperature 

At 

spinach-frredoxin spectra with computed fits superimposed. By
 assuming 

that the isomer shift and quadrupole parameters for the low tem
perature 

spectra are the same as for the high temperature spectra and th
en adjust-

ing magnetic parameters by trial and error, we were able to obt
ain a set 

of "best fit" magnetic parameters for the low temperature spec
tra. The 

hyperfine constants for site lfrl which resulted from this approach were 

very close to those measured independently by R.H. Sands, J. Fr
itz, and 

J. Fee by ENDOR experiments (160). Since hyperfine constants measured 
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by ENDOR are more precise than those measured by M
ossbauer spectroscopy, 

the ENDOR results were adopted for Site #1. Using
 these "improved para-

meters" for site 01, the trial and error approach 
was then resumed in 

order to find a best fit for the site #2 paramete
rs. Subsequently, the 

ENDOR values for the hyperfine interaction at site
 #2 were also obtained 

by Sands and his co-workers (160). Since these va
lues were also in 

agreement with our own, the final parameters for s
pinach ferredoxirt shown 

in Table 6 incorporate the combined effort of E
NDOR and Mossbauer results, 

although the ENDOR results give no information on 
the sign of the prin-

ciple A tensor components. The spectra in Fig. 13
 show the computed 

Mossbauer spectra which result from the parameters in Table 6. 

TABLE 6 

MOSSBAUER PAR ETERS FOR THE LOW TEMPERATURE 

REDUCED PPR SPECTRA 

IS/Pt QS A A A G G G 

(miniS) 
X V Z X y 

(In electron gauss) 

Iron #1 -0.10 +0.64 .5 -17.8 -18.6 -15.1 1.89 1.96 2.04 

Iron #2 +0.19 -2.68 .15 +5.0 +7.1 +12.5 1.89 1.96 2.04 

In order to 'explain the spectra in Fig. 13 it is 
necessary to intro-

duce another parameter into the discussion. Consi
der the effect of apply-

ing an external magnetic field to an S = 1/2 system. The effect of the 

field is to create two electron spin populations:
 one with spin parallel 

to the applied field and one with spin anti-parall
el to the applied field. 

Further, these spin states will have different pop
ulations given by a 

Boltzmann factor. Note also that because the magn
etic moment of the spin, 

with respect to the applied field, is reversed for
 the two spin states, the 
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magnitude of the effective magnetic field at the nucleus differs for the 

two spin states by twice the amount of applied magnetic field. An applied 

magnetic field of around 30 kilogauss is necessary in order that the 

Nossbauer spectra of the two spin states become distinct. When the 

applied field is around 30 kilogauss, low temperatures of approximately 

50K are needed to cause the differences in population of the two states 

to become measurable by Nossbauer spectroscopy. When the applied field 

is 46 kilogauss and the temperature is 4.2°K, as is the case in Fig. 13, 

both of these criteria are met. Therefore, Fig. 13 contains Boltzmann 

parameters, 0.26 and 1.0 for the populations of the two spin states for 

the resultant spin one-half system of the reduced protein complex. 

As added evidence for our confidence in the parameters shown in 

• Table 6, the zero applied field spectra taken at low temperatures are 

• shown in Fig. 13. Since the A-values for site #1 are almost isotropic, 

it is expected that the absorption peaks from this site would dominate 

the Nossbauer spectra in both zero and applied magnetic field. Compari-

son of Fig. 14 and Fig. 3 reveals that the absorption in these spectra 

at -6mm/S results from an isotropic hyperfine interaction of about -17 

gauss .at one of the iron sites in the reduced proteins. The anisotropic 

hyperfine interaction at site 1#2 results in a broad, unresolved absorp-

tion which accounts for the difference in shape between the spectra. 

The Mossbauer spectra for these proteins are consistent with the 

"spin-coupled" model proposed by Gibson et al. (148) for the active site 

of these proteins. In the next section we shall discuss this model in 

detail. 

• The iron atoms in the oxidized protein are high-spin ferric 

6 
( S5/2) ions, exchange coupled to give a resultant spin-zero complex. 
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Upon reduction, one of the iron atoms changes to the high-spin ferrous 

state (S = 2). The exchange coupling for this protein oxi
dation state 

gives a resultant spin of one-half. Lewis etal
. (160), Khedekar et al. 

(161) and Gerloch et al. (162) have observed a 
similar exchange-coupling 

mechanism in a number of Schiff's base iron sa
lts. In every case in 

which the exchange coupling constant was negati
ve (antiferromagnetic), 

the structure of the salt is as shown below: 

/9 0 

1ç. 

3 0 1 

where the R's refer to the Schiff-base ligand
s. If this situation is 

analogous to that in the plant-type ferredoxins
, then we may assume that 

the role of the labile sulfur in these proteins
 is to bridge the iron 

atoms in an analogous fashion and thus promote 
the exchange coupling 

interaction. 

The g = 1.94 EPR signal of the reduced proteins must
 be explained by 

any model for their active site. Using subscrip
t 1 to specify the ferric-

iron site and subscript 2 the ferrous-iron site
, the "spin-coupled" 

model explains this EPR signal in the following
 way. The electron 

magnetic moments (S1  = 5/2 and S2  = 2) are coupled to form a resultant 

spin S as shown below. 
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fs(th) 

From - 

v-aAthe law of the cosines, the g-value for an 

S = 1/2 system is given by the following expression:
 

g = (7g1  - 4g2) / 

Since arises from an S-state ion, spin-orbit interactions are 
not 

allowed to first order (163) and.g1  can therefore b
e assumed to be iso-

tropic. It is assumed to be 2.019 in accord with the me
asurements of 

Title (166). With this assumption, the g-values for the
 ferrous iron 

can be derived using the above equation and the measured
 g-values for the 

proteins (Table 6). For spinach ferredoxin, these calcu
lated values are 

= 2.12, 92  = 2.07, and g = 2.00. 

In the high-spin ferrous ion, spin-orbit interactions mi
x the 

ground state wave functions with the excited states. If
 the ground state 

is assumed to have d2  symmetry, then the f
ollowing expressions apply 

for anion in a crystal field with both rhombic and axia
l distortions 

(Edwards. et al. (70) ). 

g =g +6X/A 2x a yz 

=g + 6X /i g2 e xz 

where X is the spin-orbit coupling constant in the inter
action 
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A and A are the energy gaps to the excited 
states having d and d 

xz yz 
xz yz 

symmetries, respectively. These expressions are
 derived by assuming 

that the electronic ground state is equivalent 
to a hole with spin = 2 

in a d2  orbital. X can be
 estimated to be 80 cm by taking into 

account the effects of covalency on other high-
spin ferrous ions (70). 

With theabove assumptions, one can derive the f
ollowing energy level 

scheme for the high-spin ferrous ion. 

yz - 

d 6900 cm 
XZ 

d:: 
4000 cm 

d 2  

d2 ____ 
0 cm- l 

Z 

Both axial and rhombic distortions of a tetrahed
ral ligatid field 

are necessary to cause the energy-level scheme 
shown above. 

The energy levels shown for the ferrous-iro
n site of the reduced 

protein is based on the assumption that the ele
ctron pair in the d-orbital 

system of this ion occupies a d2 orbital. The 
proof of this assumption 

lies in the values of the derived parameters fo
r the low temperature 

spectra of the reduced proteins. Consider first
 the parameter, QS. 

The only d-orbitals which give negative values 
for QS are d2, d xz  and 

A large negative, value -2.63 mm/S, for site #2 (Table 6) agrees 

well with that calculated for a single electro
n in a d2 orbital. The 

experimental value of r is close to zero for th
e ferrous iron. This 

value is inconsistent with the theoretical valu
es of TI  for d and d xz yz 

orbital density. In addition, the magnitude of 
the measured value of 

QS (-2.63 mm/S) is very close to that predicted
 for a d 2  electron: 

-3 ram/S (167). 
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Other Mossbauer data which indicate that the model is correct are 

the measured a-values for the low-temperature, reduced-protein spectra. 

The measured a-values for the ferric iron (Table 6) are close to iso-

tropic with an average value of -17 gauss. Remembering that this a-value
 

is calculated for an electron spin = 1/2 situation, we now recalculate 

the-value for the ferric site in terms of the 5/2 spin present at this 

site. For the ferric site in the spin-coupled model, 

Al (S1  = 5/2) - 7/15 <a 1 measured d 
= -8 gauss 

—  

In high-spin ferric iron this a-value is the result of the Fermi contact
 

interaction alone. Hence, this a-value comprises an experimental deter-

mina.tion.of the Fermi contact interaction of the ferric iron in this 

protein. 

The value of <r
-3 
 > is, by the above procedure, equal to 

-1.6 gauss. We now apply this constant to the calculation of tl-e a- 

values for the ferrous iron. The Fermi contact interaction at the ferrou
s 

site is approximated by assuming that <r 3> for this site equals 

-1.6 gauss times 0.87. A value of 0.35 is assumed for K, thus scaling 

the Fermi contact interaction to the dipolar interaction. These values 

are then entered using the data for the dipolar part of the hyperfine 

interaction. Using the orbital scheme the a-values for the ferrous 

iron are then 

a 
x 
 =-4.5 gauss 

— 

a 
y 
 =-4.5 gauss 

- 

a 
z 

= -8 gauss 
— 

Following a procedure analogous to that used before, a set of a-values 

are computed which correspond to those measured by Nossbauer spectroscopy
 

for the ferrous iron. Table 7 shows these completed and measured a-

values for the ferrous site. 
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A-VALUES FOR FERROUS IRON 
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Computed 

a = +6.6 gauss 
—x 

a 
7 

= +6.6 gauss 
- 

a = +11.8 gauss 
—z 

Measured 

a = +5.0 gauss 
-. 

a 
-7 

= +7.1 gauss 

a = +12.5 gauss 
.—z 

The agreement in the values of Table 7 not only in
dicate the validity 

'of our assumptions regarding the hyperfine intera
ction of the ferrous 

iron, but also comprises a rigorous test for the m
odel as a whole, 

since the presence of positive a-values for iron w
ith magnitudes shown 

in Table 6 necessitates an exchange coupling mecha
nism. 

In the preceding section we presented the experime
ntal evidence in 

support of the "spin-coupled" model proposed by Gi
bson et al. (148) and 

Thornley et al. (150) for the plant-type ferredox
ins. However, the 

"spin-coupled" model does not provide a spatial or
 configurational model 

for the active center. Therefore we proceed to a 
more detailed analysis 

with the goal of. asserting a proper chemical and 
structural model of the 

active center. The following properties of the ac
tive site of these 

proteins are well-substantiated experimentally. 

The active center of the oxidized plant-type ferre
doxins contains 

two iron atoms with identical electronic environme
nts at the nuclei. - 

These irons are high-spin ferric (S = 5/2), spin-coupled to give a 

resultant diamagnetism for the complex. 

In the reduced state, the active center contains one h
igh-spin 

ferric state spin-coupled to one high ferrous stat
e (S = 2) to give a 

resultant S = 1/2 complex. 



48' 

The ligand symmetry around both iron atoms is tetrahedra
l, but 

with both axial and rhombic distortions. This, basic sym
metry is not 

affected by.  reduction of the proteins. 

The active center of the plant-type ferredoxins is nearl
y 

identical in every protein studied. The only differences
 in this active 

center are the presence ard magnitude of the rhombic distortion of the 

symmetry for the ferrous iron in the reduced proteins. 

In addition, the two-iron Schiff's base compounds studie
d by Lewis 

et al. (160-162) have magnetic properties which indicate a structure which 

may be similar to that in the active centers of the plan
t-type ferredoxins. 

The following arguments set forth criteria on which to ba
se any model for 

the active site: 

The iron atoms have been shown to be exchange coupled th
rough a 

superexchange mechanism. Thus, they are connected by a b
ridging ligand 

which, in view of the arguments in the previous section 
and the elemental 

composition of the holoprotein, is, almost likely a sulf
ur atom. This 

bridging ligand (sulfur) can, however, be either cystein
e sulfur or 

"labile. sulfur!!. 

The 33S EPR experiments show that the "labile s
ulfur" atoms are 

in the active site. The magnitude of the sulfur hyperfin
e constants 

indicate that the "labile sulfur" is bonded to the iron
. In view of 

the amino acid compositions of these proteins, the "labile s
ulfur" is 

either the bridging ligands for the iron atoms or part o
f a persulfide 

ligand to the iron atoms. 

Thus, the following persulfide structures are consistent
 with the 

above criteria: 
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V 

(cr) 

(cr2) 
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(7) •  

(Cr) .  

5('c) 

L = Ligand from amino acid side chains. 

ALthough no direct evidence has allowed a decis
ion between these struc-

tures, we feel that both the structures shown ab
ove are doubtful because: 

a) the persulfide bonds are higher energy than 
sulfur-iron bonds, b) 

these structures do not promote the similarities
 which are observed in 

the Mossbauer spectra of the seven proteins in 
this study, and c) these 

Structures do not explain the resistance of thes
e proteins to two elec-

tron reduction. 

Note that in the structure in Fig. 15, there ar
e six ligands: two 

"labile sulfur", iron-bridging ligands and four
 cysteinyl-sulfur ligands. 

The tetrahedral ligand symmetry of this model i
s distorted by the dif-

ference in character between the "labile" and c
ysteinyl sulfur atoms 

and by the position of the iron atoms themselve
s. 

In crystal field theory calculations the direction
 of the axial 

distortion is along the z-axis. Therefore, the
 d1

2 orbitals in iron atoms 

in Fig. 15 are along the line adjoining the two
 iron atoms. Remembering 

that the d2 orbital lies lowest in this symmetr
y, the effect of reducing 

the complex is to add electron density to the d
2  orbitals of the iron 

atoms. Since the d 2  iron-orbitals in Fig. 15 overlap, this str
ucture 

results in an electron repulsion term between t
he iron atoms which 
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increases as the iron atoms in these proteins are reduced. Thus
, the 

negative reduction potentials (Table 1) of the plant-type ferred
oxins 

can be accounted for by this model. 

The protein sequence data in Table 2 show that the cysteine resi
dues 

in all the proteins occur in identical positions (18, 39, 44, 47
, 77) in 

the sequence. Thus, the ligand field produced by the cysteinyl-s
ulfur 

atoms is not likely to be different among these proteins unless 
there is 

a difference in protein conformation which causes a displacement
 in one 

or more of the cysteinyl sulfur atoms. Note that a displacement
 of any 

cysteinyl sulfur atom in the model in Fig. 15 results in rhombic
 distortion 

at the iron to which it is ligated. Since, according to the "sp
in-coupled" 

model, this rhombic distortion will manifest itself in the diffe
rence 

between a and for a particular protein, the EPR data in Table 1 ax 
O

X  

provide a measure of the rhombic distortion around the ferrous i
ron in 

the reduced proteins. In particular, the g-values of adrenodoxin
 are 

axially symmetric while the g-values of spinach ferredoxin show a
 rhombic 

distortion. Thus, the observation of Kimura et al. (168) that ad
renodoxin 

and spinach ferredoxin have different protein conformations is c
onsistent 

with the prediction of the above model. 

The "spin-coupled" model also predicts a constant value of g, 

numerically 2.04. Inspection of Table 1 shows some deviation fr
om g = 

2.04 for the plant-type ferredoxins. With respect to the model 
shown 

in Fig. 15,  we must invoke large strains on the cyste
ine sulfurs around 

the reduced protein ferric site in order to account for the devi
ations 

as the "spin-coupled" model attributes the value of g mainly to
 the 

g-value of the ferric site. 

Assuming that the structure shown in Fig. 15 is valid, one can 
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draw some conclusions as to the characters of the 
iron d-orbitals in 

the "spin-coupled" model. Since the symmetry aroun
d the iron is te,tra-

hedral, the d Z2 
 and d x,  2 y g orbital are more ionic than the t orbitals 

which must be covalent as the ligands are sulfur 
atoms. There are 

several important consequences of this conclusion
: 1) The energy level 

scheme is based on crystal-field approximations and there
fore 

can be considerably in error. 2) The reducing ele
ctrons will occupy an 

ionic orbital (d 2); thus, the reduction potential of the plant-typ
e ferre-

doxins is justifiably attributed to electron repul
sion between the d 2  

orbitals of the two iron atoms. 3) Covalency of t
he t 2 iron orbitals 

with sulfur implies that the Mossbauer spectra of 
these proteins will be 

• sensitive to ligand changes between the members o
f -the plant-type ferre-

doxins. That is, the substitution of tyrosine or h
istidine for cysteine 

as a ligand is certain to cause a change in isomer
 shift which is not 

observed for these proteins. 

In fact, the similarities in the Mossbauer effect 
parameters impose 

tight constraints on the freedom to choose ligands
 for this complex. 

Thus, the suggestion by Yang and Huennekens (169) 
that iron-sulfur 

complex involves octahedral hydroxy ligands includ
ing tyrosine is not 

applicable on two counts: 1) the ligand symmetry 
is tetrahedral and, 

2) the positions of the tyrosine residues are not 
constant throughout the 

sequence of the plant-type ferredoxins. 

The acidity of these proteins implies that the ami
no acids which 

occur in areas of the sequence with a preponderance
 of glutamic acid, 

aspartic acid and glutamine will not be free to li
gate to the iron-

sulfur complex, as they will be drawn out to the p
eriphery of the protein 

conformation. Thus, consideration of the similari
ties in the Mossbauer 

spectra and inspection of the amino acid sequences
 and composition (170, 
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171) imply that cysteine is the most probable ligand to 
the iron-sulfur 

complex, :and that the structure shown in Pig. 15 is vali
d. 

- 

1 
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B. Bacterial-Type Iron-Sulfur Proteins. 

The bacterial-type iron-sulfur proteins all contain larger amounts 

of iron and labile sulfide than the plant-type iron-sulfur proteins; best 

estimates for the iron and labile sulfide content being 8 Fe and 8 S per 

protein molecule (172,173) for these ferredoxins from Clostridium and 

from Chromatium. Although these proteins have large amounts of Fe and S, 

the molecular weights are less than the molecular weights of the plant-

type iron-sulfur proteins, typically about 6000 for the bacterial-type 

ferredoxin from Clostridium pasteuranium and Clostridium acidi-urici. 

The biochemistry of these materials and the physiological function, where 

khown, are discussed in several review articles previously mentioned 

(129, 133)  135). 

The first Nossbauer spectroscopic studies on this class of iron-

sulfur proteins were carried out by Blomstrom et al. (174) who reported 

only spectra taken on the oxidized form of the protein from Clostridium 

pasteuranium. Evidence in the form of two partially resolved quadrupole 

pairs was presented to support two distinct environments for the iron in 

the oxidized form of the protein, the ratio of 5:2 was suggested in 

keeping with the then thought number of Fe atoms per protein molecule. 

This assignment of the number of Fe atoms per site, of course, rests on 

the assumption of equal Lamb-Mossbauer recoil-free fractions for the two 

sites. 

The ferredoxin from Chromatium has also been examined by Mossbauer 

techniques (152), and in this case both the oxidized and the dithionite-

reduced forms of the protein were examined, although there is now some 

doubt as to the validity of the data for the reduced form. In the 
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oxidized form, there are again two Fe sites in about the
 ratio 2:1. The 

quadrupole splittings observed (1.32 and 0.66 mm/S at 4°K) are within 

the range for high-spin Fe(III) biomolecules; in addition
, there is no 

evidence for a magnetic hyperfine interaction even at 4
°K. No studies 

of this material have ever been made under conditions of
 an external 

magnetic field. When the Chromatium bacterial-type iron-
sulfur protein 

was reduced with sodium dithionite., a pair of quadrupole
 lines with a 

splitting of 2.9 mm/S appeared, and accounted for about 
1/6th of the 

total Mossbauer absorption; later studies (175) with Clos
tridial acidi-

urici point Out that the reducing conditions and buffe
r concentration 

used in the earlier work may have not preserved the redu
ced form of the 

protein, but may be indicative of denatured protein; the
se studies with 

the reduced form of the protein certainly bear repeating.
 

The absence of magnetic hyperfine interactions in the oxo
dized forms 

of the bacterial-type iron-sulfur proteins does point to 
the possibility 

of spin-pairing within the molecule; this feature is als
o shown more 

clearly by the reported diamagnetism and by the effects 
of the spin-

coupling on line positions in high resolution proton mag
netic resonance 

in the studies by Poe et al. (176).. The fact that the b
acterial-type 

iron-sulfur proteins act as two electron-trasnfer agents in contrast to 

the single electron transferred in the plant-type iron-su
lfur proteins 

and the discovery that there are two paramagnetic center
s, each of the 

g = 1.94 variety of 0rme-Johnson and Beinert (177) for
 Clostridium 

pasteuranium (and for theconjugated iron-sulfur protein
, xanthine 

oxidase) indicates the complexity of these materials. Fu
rther study of 

Mossbauer spectroscopy in conjunction with other resonan
ce techniques 

is needed to. clarify this situation particularly keeping
 in mind the 
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fact that the Fe-S complex can only be removed (and reconstituted) as •a 

complete unit (178). . 
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VI. Hemerythrin 

Hemerythrin is a non-heme iron-containing protein which is d
istinct 

from the iron-sulfur proteins previously discussed. This protein serves
 

as a reversible oxygen carrier in red cells of brachipods an
d sipunculids. 

(179-181) Hemerythrin can be dissociated into eight subunit
s each of 

molecular weight 13,500 which contain two Fe atoms and can b
ind reversibly 

one 02  molecule (182). There is 
no "acid-labile" sulfide present in the 

molecule. The determination of the oxidation state of the i
ron and the 

mechanism of reversible oxygenation has been a goal for some
 time; chemical 

studies by Klotz and Klotz (183) which suggest a ferric pero
xy form of 

binding have been questioned by other workers (184,185). Th
us it is 

important to apply physical techniques, particularly magnet
ic suscepi-

bility measurements and Mossbauer spectroscopy in order to r
esolve this 

question. 

Magnetic susceptibility measurements by York and Moss (186) 
over 

the temperature range from 14°K to 770K show the absence of any
 para-

magnetism for the F, N3 ,. OCN, SON, CN derivatives of the oxidized 

protein, and for the deoxygenated and oxygenated forms as w
ell. Room 

temperature magnetic susceptibility measurements (187) show 
a para-

magnetism close to the value expected for four unpaired eleè
trons 

(S = 2) for deoxygenated hemerythrin and an absence of paramagnet
ism for 

the oxidized derivatives. A paramagnetism corresponding to 
a single 

electron per Fe atom is found for the oxygenated form. Thes
e quantita-

tive-magnetic susceptibility measurements are in agreement w
ith relative 

measurements made by Okamura and co-workers (181). 

Mossbauer spectroscopic measurements on hemerythrin were fir
st 
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performed by Gilchrist (188) and later by York and Bearden (186), Okamura 

et a1. (188), and by Garbett et al. (189). The results as obtained by 

the first two groups are now agreed to by all researchers and can be 

summarized as follows. The oxidized derivatives of hemerythrin display 

a single quadrupole pair of lines with a quadrupole splitting of about 

1.8 mm/S with a very slight temperature dependence. This wide splitting 

is similar to the splitting observed in methemoglobin and metmyoglobin 

and is considerably wider than observed for ionic Fe(III) model compounds. 

This point has been well discussed under the section on the Mossbauer 

spectroscopy of hemoproteins; it is only necessary to recall that this 

wide pair is attributable to the large distortions of the Fe(III) electronic 

configuration by the porphyrin ring and protein-binding ligand. Such a 

distorted configuration must be present in this non-porphyrin moiety in 

hemerythrin. There is no evidence for a magnetic hyperfine interaction 

down to 40K and in applied magnetic fields of several kilogauss. 

For the deoxygenated form of hemerythrin, a single quadrupole pair 

is again present, but with a much wider quadrupole splitting (2.8 mm/S) 

indicative of a high-spin Fe(II) electronic configuration. No hyperfine 

interaction is present down to 4°K. In each form of hemerythrin discussed 

so far, all of the Fe is present ina single site in each form. 

The oxygenated form of the protein has a Mossbauer spectra consist-

ing of two pairs of quadrupole lines indicating two distinct Fe sites. 

Again there is no evidence of hyperfine interaction down to 4°K. The 

attribution of one pair of lines to impurities by Okamura et al. (181) 

has now been retracted by this group of researchers (189). 

Garbett et al. (189) and Rill and Klotz (190) present a mechanism 

supporting the peroxo-bridge arrangement for the oxygen-bound form of 
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.hemerythrin; the difficulty of explaining the two dis
tinct sites of Fe 

rests on subsequent reaction mechanisms which are not
 easily demonstrable. 

The most important conclusion based on Mossbauer evid
ence is the absence 

of hyperfine interactions for any of the forms of th
e protein. The 

absence of paramagnetism for the oxidized and oxygena
ted derivatives 

indicate that there is a "spin-paired" diamagnetic mo
lecule. 

The two environments indicated by the Mossbauer data and the fact 

that during the reaction of tetranitromethane with ty
rosine residues only 

one of the two iron atoms per protein subunit was released (190) points 

out the possibility that 02  binding to a singl
e iron site must still be 

considered a possibility. The recent work on 02 
 binding to Bis [bis(diphenyl- 

phosphino) ethane] iridium(I) Hexafluorophosphate (19
1) and a series of 

other papers on 02  
-binding to binuclear complexes (192,193) may be rele

- 

vant to the 02  binding of hemer
ythrin. Further studies by magnetic 

susceptibility with the full temperature range available in a single 

instrument and by Mossbauer spectroscopy with the ava
ilability of a large 

external magnetic field, and,the possibility of 
57

Fe enrichment would be 

most helpful in this problem. 
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SI.ThINA.RY 

Resonance spectroscopies have an important role in determining elec-

tronic configurations and protein conformations. High resolution proton 

magnetic resonance may provide information on conformations in solution, 

an essential adjunct to studies by x-ray crystallography. Mossbauer 

spectroscopy is most valuable for materials which are not so far amenable 

to x-ray study; for example, studies of iron-sulfur proteins and other 

nonheme proteins. 

For proteins whose structure is known by means of crystallographic 

studies, Mossbauer spectroscopy and studies by electron paramagnetic 

resonance afford an opportunity to determine the detailed electronic 

configurations, a necessary step towards the chemical basis of protein 

function. 
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LIST OF FIGURES AND FIGURE CAPTIONS. 

Fig. 1. Mossbauer spectrum resulting from nuclear isomer shift. 

Fig. 2. Mossbauer spectrum resulting from nonzero electric field 

gradient at the Mossbauer nuclear position for a powder sample. 

Fig. 3. Mossbauer spectrum resulting from a magnetic hyperfine inter-

action between electron aramagnetic moment and Mossbajer 

nuclide nuclear magnetic moments. 

Fig. 4. Mossbauer absorption spectra of hemoglobin fluoride at 

a) 4°K, background 407, and b) 1.2
0
K, background 407.. 

Line spectrum calculated in the low temperature approximation, 

valid at both 4°K and 1.20K. There are no free parameters; 

the lack of sharp lines in the observed spectra is attributed 

to spin relaxation (After Lang and Marshall, Ref. 103). 

Fig. 5. Mossbauer spectra of cytochrome C peroxidase fluoride; 

(a) - proto, (b) - meso. A magnetic field of 100 G is applied 

parallel to the direction of observation of the gam-ma-ray 

beam; (c) - proto, (d) - meso. A magnetic field of 500 G is 

applied perpendicular to the direction of observation of the 

gamma-ray beam. 

Fig. 6. Electron paramagnetic resonance signal showing the "g = 1.94" 

characteristic of the dithionite-reduced spinach ferredoxin, 

a plant-type iron-sulfur protein. Spectrum taken at 20°K. 

Fig. 7. Mossbauer-spectra of oxidized plant-type iron-sulfur proteins 

in zero applied magnetic field. Abbreviations: AZI = Azotobacter 

Fe-S protein I, 4.6°K; AZII = Azotobacter Fe-S protein II, 4.2°K; 

0 0 
Put. = Putidaredoxin, 4.2 K; Ad. = Pig Adrenodoxin, 4.2 K; Cbs. = 
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Clostridial paramagnetic protein, 4.2°K; PPNR = Spinach ferre- 

doxin, 4.50K; Parsley = Parsley Ferredoxin, 4.20K. Velocity 

scale is relative to iron in platinum. 

Fig. 8. Mossbauer spectra of oxidized plant-type 
iron-sulfur proteins in 

high applied magnetic field. Abbreviations: Ad., = Pig Adrenodoxin, 
CD  

4.2°K, 46kG; PPNR = Spinach Ferredoxin, 4.5°K, 50 kG; Cbs. = 

Clostridial Paramagnetic Protein,.4.2°K, 46 kG; AZ
I = Azotobactér 

Fe-S Protein I, 4.6°K, 46 kG; AZII = Azotobacter Fe-S Protein II, 

4.2°K, 46 kG. Applied magnetic field is parallel to 
gamma-ray direction. 

Fig. 9. Mossbauer spectra and computed Mossbauer 
spectra for reduced 

spinach ferredoxin at 256°K. (a). Lyophilized spi
nach ferre- 

doxin in zero magnetic field; (b). Lyophilized spi
nach ferre- 

doxin with 46 kG magnetic field parallel to gamma-
ray direction. 

Velocities relative to platinum source. 

Fig. 10. Mossbauer spectra taken at various tempe
ratures between 4.3°K 

and 253°K for lyophilized spinach ferredoxin with 
580 G magnetic 

field applied parallel to the gamma-ray direction
. Velocity 

scale relative to platinum source. 

Fig. 11. Mossbauer spectra at low temperature and
 small applied magnetic 

field for reduced plant-type ferredoxins. Abbrev
iations: AZI = 

Azotobacter Fe-S Protein I, 4.2°K, 1.15 kG; AZII
 = Azotobacter 

Fe-S Protein II, 4.2°K, 300 G; Put. = Putidaredoxin, 4.6°K, 

580 G; Cbs. = Clostridial Paramagnetic Protein, 4.70K,, 3.4 kG; 

Ad. = Pig Adrenodoxin, lyophilized, 5.3°K, 580 C; PPNR 
= Spinach 

Ferredoxin, lyophilized, 4.3°K, 580 G; Parsley = Parsley Ferre- 

doxin, 5.1
0
K, 580 G. Applied magnetic field is parallel to 

gamma-ray direction. Velocities are relative to p
latinum 

source matrix. 
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Fig. 12. Nossbauer spectra at low temperatur
e and high applied magnetic 

field for reduced plant-type ferredoxins. Ab
breviations: 

AZI = Azotobacter Fe-S Protein I, 4.2°K, 46 kG; 
AZII = Azoto-

bacter Fe-S Protein II, 4.2°K, 46 kG; Put. 
= Putidaredoxin, 

4.6°K, 46 kG; Cbs. = Clostridial Paramagnetic Protein, 4.2°K, 

46 kG; Ad. = Pig Adrenodoxin, 4.2°K, 46 kG; Parsley = Parsley 

Ferredoxin, 
0 

4.3 K, 46 kG-; PPNR = Spinach Ferredoxin, lyophilized, 

4.30K, 46 kG. Applied magnetic field is pa
rallel to gamma-ray 

direction. Velocities are relative to platin
um source matrix. 

Fig. 13. Mossbauer spectra and computed Noss
bauer spectra for reduced 

spinach ferredoxin at 4.30K. (a). 580 0; (b)
. 46 kG. Applied 

magnetic fields are parallel to gamma-ray direction. Velocities 

are relative to platinum source matrix. Bolt
zmann weighting 

factor for electronic states = -.26. 

Fig. 14. Nossbauer spectra of reduced plant-type ferredoxins in zero 

• magnetic field at low temperature. Abbreviations: AZI = 

Azotobacter Fe-S Protein I, 4.2°K; Put. = Putidaredoxin, 4.2°K; 

Cbs. = Clostridial Paramagnetic Protein, 4.2°K; Ad.
 = Adreno-

doxin, 4.2°K; Parsley = Parsley Ferredoxin, 4.6°K. Velocity 

scale is relative to source in platinum matri
x. 

Fig. 15. A Model of the Active Center of the Fe-S Plant-Type Ferredoxins. 



64 

REFERENCES: 

C.C. McDonald and W.D. Phillips; in "Magnetic Resonance in Biol
ogical 

Systems," edited by A. Ehrenberg, B.G. Malmstrm, and T. V.nng
rd, 

Pergaxnon Press, Oxford, 1967, p-3. 

C.C. McDonald and W.D. Phillips; J. Amer. Chem. Soc. 91, 1513 (1969). 

R.G.. Shulman, Kurt Wuthrich, T. Yamane, Eraldo Antonini, and Ma
urizio 

Brunoni; Proc. Natl. Acad. Sct. (U.S.) 63, 623 (1969). 

Helmut Beinert and William H. Orme-Johnson; Annals of the New Y
ork 

Academy of Sciences, "Electronic Aspects of Biochemistry," 158,
 Art. 1, 

p-336 (1969). 

Helmut Beinert and William H. Orrne-Johnson; in "Magnetic Resona
nce in 

Biological Systems," edited by A. Ehrenberg, B..G. Malmstr}3m, an
d T. 

0 
Vnngard, Pergamon Press, Oxford, 1967, p-221. 

G. Palmer, H. Brintzinger, R.W. Estabrook, and R.H. Sands; in "Mag-

netic Resonance in Biological Systems," edited by A. Ehrenberg, B.G. 

Malmstr3m, and T. Vnngrd, Pergamon Press, Oxford, 1967, p-173. 

C.L. Hamilton and H.M. McConnell; in "Structural Chemistry and 
Molecular 

Biology," edited by A. Rich and N. Davidson, W.H. Freeman, San 
Francisco, 

1968, p-115. 

H.M. McConnell, W. Deal, and R.T. Ogata; Biochemistry 8, 2580 (
1969). 

W.L. Hubbell and H.M. McConnell; Proc. Natl. Acad. Sci. 63, 16 
(1969). 

W.D. Phillips, E. Knight, Jr., and D.C. Blomstrom; in "Non-Heme
 Iron 

-Proteins: Role in Energy Conversion," edited by A. San Pietro, 
Antioch 

Press, Yellow Springs, Ohio, 1965, p-69. 

Alan J. Bearden, Thomas H. Moss, R.G. Bartsch, and M.A. Cusanov
ich; 

in "Non-Heme Iron Proteins: Role in Energy Conversion," edited 
by A. 

San Pietro, Antioch Press, Yellow Springs, Ohio, 1965, p-87. 



• 65 

Alan J. Bearden and Thomas H. Moss; in Magnetic Resonance in Bio-

logical Systems," edited by Anders Ehrenberg, B.G. Ma1ms
tr3m, and 

T. Vnngard, Pergamon Press, Oxford, 1967, p-391. Also i9e7' /76. 

P. Debrunner, J.C.M. Tsibris, and E. MUnck (editors); "
Mossbauer 

Spectroscopy in Biological Systems," University of Illin
ois Bulletin 

Urbana, 1969. 

G.K. Wertheim; "Mossbauer Effect: Principles and Applic
ations," 

Academic Press, New York, 1964. 

V.I. Goldanskii and R.H. 'Herber; "Chemical Applications
 of Nossbauer 

Spectroscopy," Academic Press, New York, 1968. 

J. Danon; in "Physical Methods in Advanced Inorganic Che
mistry," 

edited by H.A.O. Hill and P. Day, John Wil'ey/Interscien
ce, New York, 

1968, p-380. 

R.H. Herber; in Annual Review of Physical Chemistry, 17 
(1966), p-261. 

D.A. Shirley; in Annual Review of Physical Chemistry 20 
(1969), p-25. 

Thomas H. Moss, A.J. Bearden, R.G. Bartsch, and M.A. Cus
anovich; 

Biochemistry 7, 1591 (1968). 

A.J. Bearden, T.H. Moss, R.G. Bartsch, and M.A. Cusanovi
ch; in 

"nonheme Iron Proteins: Role in Energy Conversion," edit
ed by A. San 

Pietro, Antioch Press, Yellow Springs, - Ohio, 1965. - 

G. Lang and W. Marshall; Proc. Phys. Soc. (London) 87, 3
 (1966). 

U. Gonser, R.W. Grant, and J. Kregzde; Science 143, 680 
(1964). 

T.H. Moss, A. Ehrenberg, and A.J. Bearden; Biochemistry 
8, 4159 (1969). 

W.S. Caughey, W.Y. Fujimoto, A.J. Bearden, and T.H. Moss
; Biochemistry 

5, 1255 (1966). 

W.R. Dunham and A.J. Bearden, unpublished data. 

A. Ehrenberg in "Hemes and }Iemoproteins," B. Chance, R.W
. Estabrook, 

and T. Yonetani (editors), Academic Press, New York, 19
66, p-133. 



66 

P. George, J. Beetlestone, and J.S. Griffith; in "Hematin Enzymes," 

International Union of Biochemistry Symposium Series 19, 105.('1961), 

Pergamon Press, Oxford. 

T. Yonetani and A. Ehrenberg; in "Magnetic Resonance in Biological 

Systems, edited by A. Ehrenberg, B. Malmstrbm, and T. Vthingard, 

Pergamon Press, Oxford, 1967, p-151. 

T. Yonetani; in "Methods of Enzymology: Oxidations and Phosphoryla-

tions," edited by R.W. Estabrook and N.E. Pullman, Academic Press, 

New York, 1967, p-332. 

T.G. Spiro and P. Saltman; Structure and Bonding 6, 116 (1969). 

 H.H. Wickman, M.P. Klein, and D.A. Shirley; Phys. Rev. 152, 345 (19.66). 

 H. H. Wickman; Nossbauer Effect Methodology 2,39 (1966). 

M.P. Klein; in "Magnetic Resonance in Biological Systems," edited 

by A. Ehrenberg, B.G. Nalmstrbm, and T. Vnngrd, Pergamon Press, 

Oxford, 1967, p-407. 

A. Nath, N. Harpold, M.P. Klein, and W. Kundig; Chem. Phys. Letters 

2, 471 (1968). 

A. Nath, M.P. Klein, W. Kundig, and B. Lichtenstein; Radiation 

Effects 21  211 (1970). 

36.. G.K. Wertheim and R.H. Herber; J. Chem. Phys. 38, 2106_ (1963). 

J. Danon; "Lectures on the Mossbauer Effect," Gordon and Breach, 

New York, 1968. 

C. Kittel; "Quantum Theory of Solids," John Wiley and Sons, New York, 

.ir/eoM, ,'7o': 

R.G. Shulman and S. Sugano; J. Chem. Phys. 42, 39 (1965). 

40—E. Fluck, W. Kerler and W. Neuwirth; Ang. Chem. 2, 277 (1963). 

41. A.H.—Muir Jr., K.J. Ando, and H.M. Coogan; "Mossbauer Effect Data 

Index 1958-65," John Wiley/Interscience, New York, 1966. 



67 

L.R. Walker, G.K. Wertheim, and V. Jaccarino; P
hys. Rev. Letters 

6, 98 (1961). 

V.I. Goldanskii, E.F. Makarov, and R.A. Stukan;
 Teor. I Eksperim. 

Khim. Adkad. Nauk Ukr. SSR. 2, 504 (1966). 

O.C. Kistner and A.W. Sunyar; Phys. Rev. Letter
s 4, 412 (1960). 

R.W. Grant; in "Mossbauer Effect Methodology, V
ol. 2," edited by CD  

I. Gruverman, Plenum Press, New York, 1966,. p-2
3. 

R.L. Collins; J. Chem. Phys. 42, 1072 (1965). 

C.E. Johnson; in "Magnetic Resonance in Biologi
cal Systems," edited 

by A. Ehrenberg, B.G. MalrnstrSm, and T. Vnngr
d, Pergamon Press, 

Oxford, 1967, p-405. 

S.G. Cohen, P. Gielen, and R. Kaplow; Phys. Rev
. 1411  423 (1966). 

A. Carrington and A.D. McLachlan; "Introduction
 to Magnetic Resonance,' 

Harper and.Row, New York, 1967. 

A. Abragam; "The Principles of Nuclear Magnetism," Oxford University 

Press, 1963. 

A. Abragam and M.H.L. Pryce; Proc. Roy. Soc. A2
05, 135 (1951). 

H. Frauenfelder; "The Mossbauer Effect," Benjamin, New York, 1962, 

p-4- 

V.I. Goldanskii and E.P. Makarov; in "Chemical Applications of 

Mossbauer Spectroscopy," edited by V.I. Goldans
kii and R.H. Herber, 

Academic Press, New York, 1968, p-36.- 

J.G. Mullen; Phys. Letters 15, 15 (1965). 

J.G. Dash; in "Mossbauer Effect Methodology, Vo
l. 1," edited by I. 

Gruverman, Plenum Press, New York, 1965, p-107. 

D.A. O'Connor and P.J. Black; Proc. Phys. Soc. 
(London) 83, 941 (1964). 

V.1. Goldanskii, S.V. Karyagin, E.F. Makarov, a
nd V.V. Khrapov; Dubna 

Conference on Mossbauer Effect, July, 1962, p-1
89 (This conference 

proceedings has been published by Consultants B
ureau, New York, 1963). 



.58. L.E. Orgel; "An Introduction to Transition-Metal 
Chemistry Ligand-. 

Field Theory," John Wiley, New York, Second Edition, 19
66. 

K.J. Balihausen; "Introduction to Ligand Field Theory,"
 McGraw-Hill, 

New York, 1962. . 

G. Harris; J. Chem. Phys. 48, 2191 (1968). 

G.H. Loew and R.L. Ake; J. Chem. Phys. 51, 3143 (1969).
 

J.P. J.esson, S. Trofirnenko, and D.R. Eaton; J. Am. Chem
. Soc. 891  

3158 (1967). 

J.P. Jesson and J.F. Weiher; J. Chem. Phys. 46, 1995 (1
967). 

A.H. Robinson andT.H. Moss; Inorganic Chem. 2. , /61Z (/Uf 

.C.K. Jrgensen; Structure and Bonding 1, 3 (1966). 

R.M. Golding, Fay Jackson, and E. Sinn; Theoret. Chim. 
Acta (Berlin) 

15, 123 (1969). 

C.D. Burbridge, D.M.L. Goodgame, and M. Goodgame; J. Ch
em. Soc. (A) 

(1967) p-349. 

C.S.G. Phillips and R.J.P. Williams; "Inorganic Chemist
ry," Oxford 

University Press, 1965. 

R. Ingalls; Phys. Rev. 128, 1155 (1962). 

P.R. Edwards, C.E. Johnson, and R.J.P. Williams; J.. Che
m. Phys. 47, 

2074 (1967). . 
. 

P.R. Edwards and C.E. Johnson; J. Chem. Phys. 49, 211 (
1968). 

Y. Maeda; J. Phys. Soc. (Japan) 24, 151 (1968). 

R.G. Shulman and G.K. Wertheim; Rev. Mod. Phys. 36, 457
 (1964). 

74.. U. Gonser and R.W. Grant; Biophys. J. 5, 823 (1965
). 

A.J. Bearden, T.H. Moss, W.S. Caughey, and C.A. Beaudre
au; Proc. 

Natl. Acad. Sci. (U.S.) 53, 1246 (1965). 

L.M. Epstein, D.K. Straub, and C. Maricondi; Inorg. Che
m. 6, 1720 (1967). 



M. 

C. Lang, T. Asakura, and T. Yonetani; Phys. Rev. Letters (to be 

published). 

T.H. Moss, A.J. Bearden, and W.S. Caughey; J. Chem. Phys. 51, 2624 

(1969). 

D.F. Koenig; Acta Cryst. 18, 663 (1965). 

J.S. Griffith, Biopolymers Symposium 1, 35 (1964). 

C.E. Johnson; Phys. Letters 21, ,491 (1966). 

P.L. Richards, H.I. Eberspaecher, W.S. Caughey, and C. Feher; J. 

Chem. Phys. 47, 1187 (1967). 

G. Feherand P.L. Richards; in "Magnetic Resonance in Biological 

'I 
0 

Systems, edited. by A. Ehrenberg, B.C. Malmstrtha, and T. Vnngard, 

Pergamon, Oxford, 1967, p-141. 

M. Blume; Phys. Rev. Letters 14, 96 (1965) and 18, 308 (1967). 

M.F. Perutz; Nature 194, 914 (1962). 

M.F. Perutz; J. Nol. Biol. 13, 646 (1965). 

H. Nuirhead and M.F. Perutz; Nature 199, 633 (1963). 

A. Riggs; J. Biol. Chem. 236, 1948 (1961). 

R. Benesch and R.E. Benesch; J. Biol. Chem. 236, 405 (1961). 

Q.H. Gibson and F.J.W. Roughton; Proc. Roy. Soc. (London) B146, 204 

(1957). 

J. Wyman; Advan. Protein Chem. 19, 233 (1964). 

A. Rossi-Fanelli, E. Antonini, and A. Caputo; Advan. Protein Chem. 

19, 73 (1964). 

E. Antonini; Physiol.. Rev. 45, 128 (1965). 

S. 0hnishi, J.C.A. Boeyens, and H.N. McConnell; Proc. Natl. Acad. 

Sci. (U.S.) 56, 809 (1966). 

U. Gonser; J. Phys. Chem. 66, 564 (1962). 



70 

U. Gonser and R.W. Grant; Appi. Phys. Letters 3, 189 (1963)
. 

T.H. Moss; Ph.D. Thesis, Department of Physics, Cornell Uni
versity, 

Ithaca, New York, 1964. 

W. Karger; Ber. Bunsenges. Physik Chem. 68, 793 (1964). 

J. Maling and M. Weissbluth; in "Electronic Aspects of Bioc
hemistry," 

edited by B. Pullman, Academic Press, New York, 1964,.p-93.
 

W. Karger; Z. Naturforsch. 17B, 137 (1962). 

G. Lang and W. Marshall; J. Nol. Biol. 18.,  385 (1966). 

G. Lang and W. Marshall; Biochemistry J. 95, 56 (1965). 

G. Langand W. Marshall; in "Hemes and Hemoproteins," edite
d by 

B. Chance, R.W. Estabrook, and T. Yonetani, Academic Press,
 New York, 

1966, p-.115. 

G. Lang and W. Marshall; in "Mossbauer Effect Methodology, 
Vol. 2," 

edited by I.. Gruverman, Plenum Press, New York, 1966, p-127. 

E. Bradford and W. Marshall; Proc. Phys. Soc. (London) 87, 
731 (1966). 

N. Weissbluth; Structure and Bonding 2, .1 (1967). 

H. Eicher and A. Trautwein; J. Chem. Phys. 50, 2540 (1969).
 

H. Eicher and A. Trautwein; J. Chem. Phys. 52, 932 (1969). 

1Q9. P.L. Richards and G.C. Brackett; Proceedings of the I
nter-American 

Symposium on Hemoglobins, Caracas, Venezuela, edited by G. 
Bemsky, 

1969. 

G.C. Brackett and P.L. Richards; Chem. Phys. Letters (to b
e published). 

R.W. Grant, J.A. Cape, U. Gonser, L.E. Topo1, and P. Saitma
n; 

Biophysical 3. 7, 651 (1967). 

D. Keilin and E.F. Hartree; Nature 1701  161 (1952). 

R.J.P. Williams; in "Hemes and Hernoproteins," edited by B. 
Chance, 

R.W. Estabrook, and T. Yonetani, Academic Press, New York, 
1966, 

p-135. 

P. McDermott, L. May, and J. Orland; Biophys. J. 7, 615 (1
967). 



71 

G. Lang, D. Herbert, and T. Yonetani; J. Chem. Phys. 49, 944 (1968). 

R. Cooke and P. Debrunner; J. Chem. Phys. 48, 4532 (1968). 

T.H. Moss, A.J. Bearden, R.G. Bartsch, and M.A. Cusanoich; Bio-

chemistry 7, 1583 (1969). 

A. Ehrenberg and M.D. Kamen; Biochim. Biophys. Acta 102, 333 (1965). 

B. Chance; Arch. Biochem. Biophys. 41, 404 (1952). 

P. George; Biochem. J. 54, 267 (1953). 

.121. H. Theorell; Enzymologia 10, 250 (1941). 

T. Yonetani; J. Biol. Chem. 241, 2562 (1966). 

H. Theorell and A. Ehrenberg; Arch. Biochem. Biophys. 41, 442. (1952).. 

Y. Morita and H.S. Mason; J. Biol. Chem. 210, 2654 (1965). 

G. Lang in "Mossbauer Spectroscopy in Biological Systems," edited 

by P. Debrunner, J.C.M. Tsibris and E. Nlinck, University of Illinois 

Bulletin, November, 1969, Urbana. 

D.I. Arnon; in "Non-Heme Iron Proteins: Role in Energy Conversion," 

edited by A. San Pietro, Antioch Press, Yellow Springs, Ohio, 1965. 

C. Hind and J.M. Olson; Ann. Rev. Plant Physiol. j,  249 (1968). 

L.P. Vernon and N. Avron; Ann. Rev. Biochem. 34, 269 (1965). 

R. Malkin and J.C. Rabinowitz; Ann. Rev. Biochem. 36, 113 (1967). 

L.E. Mortenson, R.C. Valentine, and J.E. Carnahan; Biochem. Biophys. 

Res. Comm. 7, 448 (1962). 

K. Tagawa and D.I. Arnon; Nature 195, 537 (1962). 

E. Bayer, W. Parr, and B. Kazmaier; Arch. Pharm. 298, 196 (1965). 

B.B. Buchanan, W. Lovenberg, and J.C. Rabinowitz; Proc. Natl. Acad. 

Sci. (U.S.) 49, 345 (1963) ; W. Lovenberg, B.B. Buchanan, and J.C. 

Rabinowitz; J. Biol. Chem. 238, 3899 (1963). 

R. Malkin and J.C. Rabinowitz; Biochemistry 5, 1262 (1966) and 

Biochem. Biophys. Res. Comm. 231  822 (1966). 



72 

D.I. Arnon; Naturwissenschaften 56, 295 (1969). 

S. Keresztes-Nagy, F. Perini, and E. Margoliash; J. Biol. Chem. 

244, 5955 (1969). 

A.M. Benson and K.T. Yasunobu; J. Biol. Chem. 244, 955 (1969). 

K. Sugeno and H. Matsubara; Biochem. Biophys. Res. Comm. 32, 951 

(1968). 

H. Matsubara and R.M. Sasaki; J. Biol. Chem. 2431  1732 (1967). 

• 140. S.G. Mayhew, D. Petering, C. Palmer, and G.P. Foust; J. Biol. Chem. 

244, 2830 (1969). 

G. Palmer, H. Brintzinger, and R.W. Estabrook; Biochemistry , 1658 

(1967). 

H. Beinert and G. Palmer; Adv. Enzyrn. 27, 105 (1965). 

H. Beinert, D.V. DeVarcanian, P. Hemmerich, C. Beeger, and J.D.W. 

VanVoorst; Biochem. Biophys. Acta 96, 530 (1965). 

J.D.W. VanVoorst and P. Remmerich; in "Magnetic Resonance in Bio-

logical Systems," edited by A. Ehrenberg, B.G. Ma1mstr3m, and T. 

Vanngard, Pergamon Press, Oxford, 1967, p-183. 

W.E. Blumberg and J. Peisach; in "Non-Heme Iron Proteins: Role in 

Energy Conversion," edited by A. San Pietro, Antioch Press, Yellow 

Springs, Ohio, 1965, p-iOl. 

H. Brintzinger, G. Palmer, and R.H. Sands; J. Am. Chem. Soc. 88, 

623 (1966). 

H. Brintzinger, G. Palmer, and R.H. Sands; Proc. Natl. Acad. Sci. 

(U.S.) 55, 397 (1966). 

J.F. Gibson, D.O. Hall, J.H.M. Thornley, and F.W. Whatley; Proc. 

Natl. Acad. Sci. (U.S.) 56, 987 (1966). 

C.E. Johnson, R.C. Bray, R. Cammack, and D.O. Hall; Proc. Natl. 

Acad. Sci. (U.S.) 63, 1234 (1969). 



73 

J.H.M. Thornley, J.F. Gibson, P.R. Whatley, and
 D.C. Hall; Biochem. 

Biophys. Res. Comm. 24, 877 (1966). 

R. Orbach; Proc. Roy. Soc. (London) A264, 458 (
1961). 

T.H. Moss, A.J. Bearden, M.A. Cusanovich, R.G. 
Bartsch, and A. San 

Pietro; Biochemistry 7, 1591(1968). 

W.R. Dunham, A.J. Bearden, R.H. Sands, I. Salmee
n., C. Palmer, and 

W.H. orrne-Johnson; (to be published). 

C.E. Johnson and D.0. Hall; Nature 217, 446 (19
68). 

C.E. Johnson, E. Elstner, J.F. Gibson, G. Benfi
eld, M.C.W. Evans, 

and D.C. Hall; Nature jQ, 1291 (1968). 

R. Cooke, J.C.M. Tsibris, P.G. Debrunner, R. Ts
ai, I.C. Gunsalus, 

and H. Frauenfelder; Proc. Natl. Acad. Sci. (U.
S.) 59, 1045 (1968). 

G.V. Novikov, L.A. Syrtsova, G.I. Likhtenshtein
, V.A. Trukhtanov, 

V.P. Rachek, and V.I. Goldanskii; Doki. Akad. N
auk. SSSR 181, 1170 

(1968). 

H.H.- Wickman; "Nuclear and Magnetic Resonance
 Studies in S-State 

Ions," Ph.D. Thesis, Lawrence Radiation Laborat
ory, Berkeley, 

California, 1965. 

T.H. Moss, D. Petering, and G Palmer; J. Biol.
 Chem. 244.,  2275 

(1969) . . 

J. Lewis, F.E. Mabbs, and A. Richards; J. Chem.
 Soc. (A), 1014 

(1967). 

A.V. Khedekar, J. Lewis, F.E. Mabbs, and H. Wei
gold; J. Chem. Soc. 

(A), 1561 (1967). 

M. Gerloch, J. Lewis, F.E. Mabbs, and A. Richards; J. Chem. Soc. 

(A),. 112 (1968). 

E. Koenig in "Physical Methods in Inorganic Che
mistry," edited by 

H.A.0. Hill and P. Day, Wiley/Interscience, New
 York, 1968. 



7 74 

.164. I. Salmeen, Ph.D. Thesis, Department of Physics, University
 of 

Michigan, Ann Arbor, 1969. 

W.R. Dunham, Ph.D. Thesis, Department of Chemistry, University of 

California, San Diego, La Jolla, California, 1970. 

R.S. Title; Phys. Rev. 131, 62.3 (1963). 

W.T. 0osterhuis and C. Lang; Phys. Rev. 178, 439 (1969). 

T. Kimura; Structure and Bonding 5, 1 (1968). 

C.S. Yang and F.M. Huennekens; Biochem. Biophys. Res; Comm. , 

634 (1969). 

D.J. Neiman and J.R. Postgate; Eur. . J. Biochem. 7, 45 (1968). 

D.J. Newman, J.N. Ihie, and L. Dure; Biochem. Biophys. Res. Comm. 

36, 947 (1969). 

J.S. Hong and J.C. Rabinowitz; Biochem. Biophys. Res. Comm. 29, 

246 (1967). 

B.B. Buchanan and K.T. Shanmugan (private communication). 

D.C. Blomstrom, E. Knight, Jr., W.D. Phillips, and J.F. Weiher; 

Proc. Natl. Acad. Sci. (U.S.) 51, 1085 (1964). 

A.J. Bearden and W.H. orme-Johnson; (unpublished data). 

N. Poe, W.D. Phillips, C.C. McDonald, and W. Lovenberg; Proc. Natl
. 

Acad. Sci. (U.S.) 65, 797 (1970). 

W.H. orme-Johnson and H. Beinert; Biochem. Biophys. Res. Comm. 
36, 

337 (1969). 

J.S. Hong; Ph.D. Thesis, Department of Biochemistry, University of
 

California, Berkeley, California, 1970. 

F. Chiretti; in "Oxygenases," edited by 0. Hayaishi, Academic Pres
s, 

New York, 1962, pp. 517-553. . 

I.M. Klotz and S. Keresztes-Nagy; Biochemistry 2, 455 (1963). 



- - 

75 

• 181. M.Y. Okamura, I.M. Klotz, C.E. Johnson, M.R.C. Wi
nter, and R.J.P. 

Williams; Biochemistry 8, 1951 (1969). 

I.M. Klotz, T.A. Klotz, and H.A. Fiess; Arch. Biochem. 
Biophys. 68, 

• 284 (1957). 

I.M. Klotz and T.A. Klotz; Science 121, 477 (1955). 

R.J.P. Williams; Science 122, 558 (1955). 

E. Boeri and A. Ghiretti-Nagaldi; Biochem. Biophys. Act
a 23, 489 (1957). 

J.L. York and T.H. Moss; (to be published). 

J.L. York and A.J. Bearden; Biochemistry (to be publish
ed). 

J.L. Gilchrist; Master's Thesis; Department of Chemistr
y, University 

of Texas, Austin, 1965. 

K. Garbett, D.W. Darnall, I.M. Klotz, and R.J.P. Willia
ms; Arch. 

Biochem. Biophys. 135, 419 (1969). 

R.L. Rill and I.M. Klotz; Arch. Biochem. Biophys. 136, 
507 (1970). 

J.A. McGinnety, N.C. Payne, and J.A. Ibers; J. Am. Chem
. Soc. 91, 

6301 (1969). 

M. Calligaris, G. Nardin, and L. Randaccio; Chem. Comm. 673 (1969). 

• 193. G.G. Christoph, R.E. Marsh, and W.P. Schaeffer; I
norg. Chem. 8, 291 

(1969). • 

D.O. Hall and M.C.W. Evans; Nature 223, 1342 (1969). 

G. Lang; Quart. Revs. Biophysics 3, 1 (1970). 

P. Debrunner; in "Spectroscopic Approaches to Biomolecu
lar Confor-

mation," edited by D.W. Urry, American Medical Associat
ion Press, 

1969. 



I=V2 

z 
0 

(1) 

Cd) 
z 
CC 

A 
SOURCE 

E=14.4keV 
E+ISS  

TRO STATIC 
BARE MONOPOLE 

NUCLEUS INTERACTION 

!II*I;1:11; 

I= 

E1.4.4keV 

I='/z i TROSTATIC 
-.BARE MONOPOLE 

NUCLEUS INTERACTION 

EFFECT OF ELECTRON CHARGE DENSITY 

ON BARE NUCLEI 

L!J 

ISIS 

0 

SOURCE VELOCITY 

RESULTING MOSSBAUER SPECTRUM 
XBL 703-515 



Ih/2  

UNPERTURBED POSITIVE Vzz(QS) 

NUCLEUS 

QUADRUPOLE SPLITTING - OF NUCLEAR LEVELS 

B 

2 
0 
Cr) 
U, 

2 

I- QS 

U 
SOURCE VELOCITY 

RESULTING MOSSBAUER SPECTRUM 

FOR POWDER SAMPLE 

XBL 703-514 

m1=±% 

m1=±'/2 



F=2 - 

=92 

F=1 

a1  =-175a2 

1/2  
UNPERTURBED 

:: 

NUCLEUS 
a1S WHEN 

a1  IS NEGATIVE& S=½ 

EFFECT OF MAGNETIC HYPERFINE INTERACTION 

ON NUCLEAR LEVELS 

LJ 

2 
0 
C') 

2 

I.— 
.0 
OR 

SOURCE VE,LOCITY 

RESULTING MOSSBAUER SPECTRUM 
XBL 703-518 



.I. 
0 

C.) 

(0; 

I I 

76 ;. • • 
I p 

- 

75- 
 

Vt  

74- 

r3 • 
 

fi 

15 -b ib  15 

(b) 

a-oi 

.00 

-99 

-98 

to 

 
.97 

Source velocity (mm sec) 



0 - 5 

SOURCE VELOCITY (mm/sec) 

!:
Oi  

L 9. c. 
> I.00.....-. 

I- 

w 

(I  



SPINACH FERREDOXIN (REDUCED) 

g2.04 91.96 g1.89 
XBL 703-516 



U) 
z 
a: 
I- 

I—
z 
w 
U 

w 
ci 

I
to  

It  I - 

0 
00400 

pzI - 

4' 

t cz .11 : 

' 

•k •• . 
4'.01

- -. 

P U T  

I lit 

- 

: 4' N 
, Ai - 

t CLOS • : 
4 ? - 4 4; •I, 4 - 

-: 

II -: 

4 4 

PPNR 

•. •. • : PARSLEY - 

•
.

I44 

• y 

-3 -2  
MM/SEC XBL703-527 



Crj 

2: 
a 

A . 
0

~100100~ -- . 

I PD. : 
I - 

I - 

I 

I 

:' 

• I/ 

FF'NR - 

I - 

10 

 
i4iIi ft i 

I  

C L 0 S. = 

PzI - 

I 

AZ II 

II I!  

I 
1H 

I 

- 

I I 

-3 -2 U 

MM/SEC 
XBL7O3-531 

N 

2: 
LU 
U 

ral 



Cr) 
z 
a 

I- 
2: 
LU 
C-) 

ry 
LU 
a- 

-6 -4 -2 0 +2 +4 

MM/SEC 

U 

U) 
z 
a 

2: 
LU 
U 

LU 
a- 

-6 -4 -2 0 +2 +4 +6 

MM/SEC XBL703-525 



I— 
z 
uJ 
L) 

w 
a- 

U) 
Z' 
cr- 

- 

23K 

½, 

'¼ 90K 
ft 

km 

G SK 

g4  # 
1I 4I 

4. 
 

V 7 K 

%4iiIy / 0 K 
y
l 

32 K 
V 'I 

4 4 . 44;44 I44; 

• 44 444  

44' 

 

I 4.3K 

1
•  %mJ''.d\ 

b 

S 
S 

1y  
5, 

$ 
$ 

St 

-6 -4 -2 U 
MM/SEC XBL7O3-528 



Cl) 
z
al 

z 
w 
U 

ru 

}/H
1 

 
} I

ø
to 1 

t 
AZ I : 

4k4H\ 
.14 - 

• ' 
P UT. - 

- 

kllt~l  
fill II 

4* 

CLOS  

I - 

S 

e •i •.•,.., ' P o..
14 

- 

4 
44 • 4 ½ -  

I • 4 
- 4 

•5 
I  

- 

5
44 

 

•• 

44 • : P P N R = 
, - 

.4. 

- 
4 
4 4  

'P P R S L E Y- 
4
4 4 

if ' = 
- 

41k •4 

4 6 - 

- 

-6 -4 -z U -'• 

MM/SEC XBL703529 



Ll 

pjgjoj~~l I I 
I.  

p pz I- 

IN  
V 

kI4 
10 

z II- 
I, - 

4I 

4i4II  + 4/ + PUT.- - 
4/ 

MI CLOS.. 

\4t};444 
p o 

44  

4 - 

44 

,if 0 1 
 v14 

 I  I  IoI 
4 po 

Nil 
A 

 Il 
 I 

j&4 

111 
I PRSLE' 

I 
• 

41444  
PPNR 11444411111A11'III 

441111
4 I 144 I 

ki44' 
I 

C 

U, 
7: 
cc 
cy- 

- 
7: 
LLJ 
Li 

IL 
0 

_-) n 
-r - 

MN/SEC 

- 

+2 -4-4 +6 

XBL 703-5 30 



S 

(I) 
z 
a 

F— 

LU 
 

ci 

ry 

 

LLJ

-  
- 

-6 -4 -2. 0 +2 -1-4 ±6 

MM/SEC 

S 

(1) 
z 
CE 

I— 

F— 
z 
w 
c-i 

ry 
w. 
0 

0 +2 +4 -6 74 
-2 MM/SEC 

XBL7O3-524 



S 

(I) 
z 
a 

z 
LU 
U 

244  

IwI Iihp 

p z I 
Hi 

11IjI 

WA loksj*41 

I.e 
/ PUT.  - 

0k 
'k It - 

II/ - 

oil  IIJY4 
 * iCLDS. 

- 
- 

- 

- 

- 

. 444V 

 

- 

- 
It 

- 

PD. - 

C - 

,I.I4  

4  IPPRSLE 
ill 

4 - 

131 I4 , 

—6 —4 -z u -'-4 +6 
MM/SEC XBL7O3-526 



'k. 

XBL 703-510 




