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I. Introduction

Resonance spectroscopy, which includes nuclear magnetic resonance,
electron paramagnetic resonance, and nuclear gamma-ray resonance (Mossbauer
spectroseopy) is a valuable adjunct to chemical and x-ray investigations
éf.protein structure. The rapid gfilization of high-frequency (220 MHz)

proton magnetic resonance for the study of protein conformation in

t.al. (3), the

solution by McDonald and Phillips (1,2)'aﬁd by -Shulman

role of electron paramégnetic resonance (EPR) in the study of paramagnetic

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

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

the "spin-label"vtechnique for the study of proteins and membranes by

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

McConnell k9) are familiar examples of the biological applications of

resonance techniques. The use of Mossbauer spectroscopy in determinihg :

the electronic cdnfigurations at iron nuclei in iron-containing proteins

is lgss general than other resonance methods, but has found usefulness

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

small changes in the nuclear energy 1e§els of a suitable Mossbauer

nuclide; these energy changes are produced by the electronic surroundings.

In a sense, theA57Fe nuclide serves as a probe of extremely small dimension

which does not perturb the electronic configuration as it transmits

information about the surroundings. Unfortunately, there are no Mossbauer

ﬁuclides among the isotopeé of C,N,0,P,S, or the biologicallyjinteresting
127 129

metals Mn, Mg, Cu, or Mo although the Mossbauer nuclides I and 1

may potentially be useful (10).



The early work in 5?Fe Mossbauer spectroscoﬁy of biological mole~
cules has been the subject of severalAreviews;.for example, by Bearden
and Moss (l1), by Phillips é& al. (12), and in a receﬁt conference
proceedings on this subject edited by Debrqnner, Tsibris, and Mlnck (13);
The'two principal areas of application in biochemistry have been the-stﬁdy
of hémoproteins and heme prosthetic groups, and‘the study of the iron--
sul fur proteins. In both areas the goal has been‘to determine the elec-
tronic configurations ét or ﬁear the active group by correlation of the
. Mossbauer spgctroscopic results with other meaSurements, pfincipally
magnetic measurements by EPR or by magnetic susceptibility.

Befofe considering in review the present state'of these researﬁhes
and evaluating the effect.of these reseafches on an unders;anding at the’
electronic level of these materials, it might be useful to present in -an
abbreviated form a discussion of the vérious parameters that are useful
in describing Mossbauer spectroscopy. This will be done solely with the
chemical an& biochemical application in mind; more extensive reviews of
Mossbauer spectroscopy are plentiful and 'delve into the physics of the
Mossbauer Effect and other areas of application more fully ?han will
be done here (14-18). Despite the limitation that only biological
materials containing iron are candidétes’fbr Mossbauer spectroscopy,
there are a number of attractive features of this type of spectroscopy in
comparison to ogher methods of spectfoscépy, even other Qethods of
resonance spectrqscopy. First, there are no interfering signals from
other afomic species; second, the qusbauer nuclide does not perturb
the protein from its normal configuratiom, objections of this sort have
been raised concerning the use of spin-labels. The low natural abundance

of. the $7Fe nuclide (2.19%) does suggest that Mossbauer spectra may be



improved by either growing the host organism on an 57Fe-enriched media
(19,20), pulse-enrichment by injection of an S7Fe-containing metabolite
(21,22), or by undertaking chemical exchange either directly or by
reconstitution of .the protein with an 57Fe enriched prosthetic group
(23,24). Mossbauer samples typical}y require 1-2 micromoles of 57Fe in
order to show '"good contrést;" It is alsb important to keep the concen-

-

tration<of atoms which absorb or scatter the 14.4 keV Mossbauer radiation
low; sample volumes are typiéally leés than 1 ml and ions such as c1” an&
Br are to be avoided because of the relatively high Compton scattering
and photoelecfric absorption present for ﬁhese elements. |

There is one other important factor which affects the desigh of a
Mossbauef spectroscopic experiment;. the sample must be in solid form.

This is usually accomplished by using a frozen solution or lyophiliiing
the protein. Some attempts have been made to obtain Mossbauer spectra of
iron-conﬁaining proteins in a sucrose solution of high viscosity (25) but
these methods so far are not genefally useful. The solid form require-
ment is impoéed by the fact that small nuclear eﬁergy level changes 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 transitions
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 elecfronic states are functions of temperature; therefore,
it is important to ascertain whether the state under study of the material
is the same, or even related to the state under physiological conditions.

This precaution is in addition to the usual worries about harm being

done to the prdtein by freezing and thawing or by lyophilization or



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-pf hemoglobin,
it is dependent on theAdegrée-of hydration of the protein (24;27;28,29).

This article will limit i;g view to hemoproteins and heme prosthetié
groups, the‘iron-Suifuf proteins, and hemefythrin. .Mossbauer spectfo-
scopic studies have been incorporated into very tﬁorough studies of iron-
storage biomolecules; this f{eld has already recently reviewed by Spiro
and Saltman (30) and anladditional»effort here would be superfluous.
Mossbauer spectroscopic studies of ferrichrome by Wickman, Klein, and
Shirley are complete.within themselves (31-33)‘4'0;her iron-containing
systems are under invesﬁigation; for many of these interpretation at
this time ‘is.mot as clear as for hemoproteins and the iron-sulfur

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



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-
- - ' . 57 .
taining a proportion of the Mossbauer nuclide (°'Fe), and a proportional
. counter or a scintillation counter as a detector of qadiation. The

57Fe;

source (57Co) decays by K=e1qctfon capture to an excited state of
this state undergoes rédiati;e decay to the low-lying 14.4 keV state which
is used for the Mossbauer measurements. .Sources are available commercially;
source strengths in the range from 5 mCi to 60 mCi are normally'employed.
The 269 day halflife of 57Co allows a single source to be used for a long
series of experiments. The Mossbauer soﬁrée must populate.the same nuclide
as contained in the resonant absorber. Some experiments have been carried
out with the source in a protein rather than‘the absorber (34). Inter-
" pretation of these experiments rests on the details of the decay following
K-electron capture ard the establishment of a well-defined electronic
state t35,36) .

Once again, it is important to state, perhaps more precisely, that
the source and absorber must be in a solid form soAthat the gamma-ray
energies are determined solely by the nucléar properties of the states
and not by the recoil properties of individual atoms or molecules.
Explicitly, the recoil energies are made Qanishingly small by two
factors:. thé incorporation of the source (or absorber) into a large
coherent mass, the lack of lattice vibrations excited during the nuclear
event.A This latter condition is aikd by 1qwer?ng the temperature of the

solid, 779K is a typical temperature for 57Fe Mossbauer spectroscopy.



Discussions of the basis of the Mossbauer effeét are available at ali
vlevels of descripfion; the more detailed works are by Danon (37) and
| Kittel (38).

Under these conditions thé linewidth (AE) of the emitted (and abéorbed)
radi;tion is governed by the Heisenberg Uncertainty Principle; that is,
AE = h/2r% where h is Planck's radiation constant, and 7 is the mean
lifetime of the nuclear state.  (1 = 1.4 x 10”7 S for the first excited
.state of 57Fe; this correspoﬁds to an energy width of 10-9 eV.) In
. order for.a spectroscopy to be useful some means .must be introduced to
change the energy of the beam; the absérbénce is then recorded as a
function of the variation in energy. In Mossbauer spéctroscopy, 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 ofdér, governing this
energy shift is

8- =vE/c,.

where v is the relative velocity between source and absorber, E is the
energy of the ispmeric transition (14.36 keV for 57Fe) and E is the
velocity of light. Two conventions are defined: positive velocities
correspond to motion of the source towards the absorber, a;;"the con-
venient unit of velocity (mm/S) is used as an ‘energy" scale; .1 mm/S =
4.8 x 10“8 éV. The effects of the electronic configurations surrounding
the Fe nuclide are generally from ten to several hundred times the natural
linewidth as specified in the above velocity "energy" units. (The full- |
widtﬁ at one-half maximum for an "unsplit" source absorber combination

i's 0.19 mm/S; the best spectrometers and well made sources approach

0.25 mm/S with the largest contribution to the increased width coming



‘from inhomogeneity in the soufce.)

The,interaction of the 57Fe nuclide with the surfoundings is through
the magnetic and electric properties of the nuclide. The 57fe 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 electrenic-chatge density at the nuclear position
.(ispmer shift); the I = 3/2 excited state has an electric quadrupole
moment (0.3 barns) which can~interact with electric field gra&ients
~produced by ;he surrounding electron charge densities. in keeping with
terminology developed in the early days of optical spectroscopy, four
basic ieteractions are possible for the 57Fe nuclide. They are: the
nuclear isemer (chemical) shift; the nuclear quadrufole interaction; ard
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 éosition is
obtained; this being found from substitutiog of the protein\ebsorber
_with another "standard" absorber secﬁ as Fe metal. TFor Fe(II) and Fe(III)
conflguratlons,'lsomer shift information is hlghly 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 mm/S relative to the center of an Fe metal
eﬁsorber value (40,41). Theoretical treatment of isomer shifts for
57

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

the effects of overlap and covalency (43):



The quadrupole interaction of the quadrupole moment of the I = 3/2
excited isomeric state of 57Fe with an ele;tric field gradiept At'the
nuclear position produces a characteristic line pair in Mossbauer spectra
as shown in Fig. 2. The energy difference is called the duadrupole
splitting (44,45). Two paraﬁetgrs describe the quadrupolé interaction;
there are the quadrupole splitting and the asymmetry parameter, 7, which

is defined as,

v.. -V
n= _XxX_ Yy
\'
zz

where the dousle 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 ﬁI = i'3/2 states lie
'higher or lower in -energy than the m =4 1/2 staﬁes. As in tﬁe case

of the isomer shift quadrupole interacﬁions 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 éonfiguration._ -

The nuclear hyperfine interaction is produbed by the interaction of
the nuclear moments in both states with aﬁ 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 kOe for the five
unpaired electrons in the 6$5/2 stage of the Fe(III) ion, even larger

than the internal fields produced in a ferromagnet, 330 kOe in Fe metal,



Observation of a nuclear’hfperfine field is a positive identification of
elecfron paramagnetism with the paramagnetism located close to the
Mossbauer nuclide. In contrast to electron paramagnetic resonance
studigs in metalloproteins where the hyperfine interaction is seen as a
sﬁall additional broadening of the EPR line (for a review of this field
-see: Beiqert and Orme-Johnson, 1969), the nuclear-hyperfine interaction
in Méssbauer spectroscopy often overshadows the other interactions.

Nuclear Zeeman interactiéns involve a direct interaction of the
magneticfmoments of the 57Fe nuclides with the applied fieldvand are of
moét usefulﬁées in ascertaining the sign of the quadrupole splitting and
the value of the asymmetry parameter. It is also possible to increase
the information gained by changing'&he direction of the applied field irom
colinear with the direction of observation'of the transmitted gamma ray
to a direction perpendicular to the direction of observation; this chénga
affects the relative transition probabilities between nuclear energy
levels according to the rules for.magnetic—dipole nuclear radiative
- transitions with the result that state assignments can be made based on
the behavior of the absorbance (14,;5,46,32,48).

In the foregoing discussion of the Mossbauer interactions two assump-
tions have been made. First, it has been implied that thexzhteractions
may be treated as first-order perturbations in the energy Hamiltonian for
the system. This is a vefy good assumption; it is utilized in much the
same manner as the "spin-Hamiltonian" approach in use in electron para-
magnetic resonance spectroscopy (49,50,51). Secondly, all the inter-

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

sometimes not the case thus complicating the interpretation of Mossbauer



spectra. There are two imporﬁant characteristic times that should be
considered in discussions of Mossbauer spectroscopy, the mean lifetime
of the nuclear excited state (l.4 x 10°S for 57Fe) and the Larmor
precession time of the nuclear magnetic moments which is inversely
proportional to the interﬁal‘magnetic field (32).

The quadrupole interaction and the isomer shift sense the electronic
surroundings with a characteristic time which is the nuclear lifetime;

I3

tﬁus measuring an average effect over this order of time. The fluctua-
tions produce§ by molecular motions are generally more rapid than 107 -Stl,
as molecular vibrations usuallyngVe rise to frequencies in the microwave
region. What is important in any case is the magnitudé of Fourier com-
.ponents having low frequencies; that is, in the order of 107 S-l or
lower. If there is appreciable'amplitude'to such a Fourier then one would
expect to see additional quadrupole pairs or a line with a different value
of the isomer shift with an absorbance proportional to the amplitude.
Of course this absorbance would show a temperature dependence characteristic
of the thermal population of the particular vibrational modes. Present
analysis of Mossbauer spectra do not show any effects of this tyse, but
there are a number of situations iﬁ solid-state physics where Mossbauer
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 éompared to the
nuclear, radiative lifetime, then the nuclear magnetic energy states are
not well defined. This means that, for example; it is impossible to see
through magnetic transitions the effect of any field at the nucleus less
57F

than about 30 kG for e. In addition, the internal field can be
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averaged to ;ero if in the'ﬁuclear hyperfing interaction the space
quantization of the paramagnetic electron is disturbed by rapid enough
spin-latticé or spin-spin relaxation processes.. This effect can be
minimized by_working at low témperatures (4°K) or by superimposing an
external magnetic field and obtaininé a large value of H/T. The decom-
position of nuclear hyperfine interactions as the temperature is raised
have been described for ferrichroma A by Wickman, Klein, and Sﬁirley (31);
a general discussion for man§ cases has also been given by Wickman (32).
In addition to the Mossbauer parameters which describe the pertur-
bations of thé nuclear energy levels and thereby give abundant inf&rmation
about the surrounding electronic configuration, there is an additional
parameter, the Lémb-ﬁossbauer factor, which measures the probability that
a "recoil-free" event will occur either in the source or in the absorber
(52). ‘Fﬁr 57Fe Mossbauer 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 thé Lamb-Mossbauer
factor factor for 57Fe (53,54) but in general these correlations have not
increased the amount of informatioﬁ that Mossbauer spectroszgpy can give
about a biochemical environment. In pfinciple; such information might
be useful, but the experimental arrangemeﬁt required is more than.the
usual transmission experiment (55,56) or it is necessary that a very
accurateé measure of the amount of nonresonant radiation entering the
detector be made. This last requirement is hard to realize for biomole-
cules as there 1is enhanced scattering of incident 122 keV as well as 1l4.4

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

atoms present. .



Finally, it should be mentioned'that as single pro;ein crysta}s are
rarely used for Mossbauer spectroscopy in a biomolecular context, thé
general description is mainly directed at Mossbauer spectroscopy of a large
and random collection of micro;rystals such as found in a powder or in a
frozen soluﬁion. Spatial averages taken under these experimental conditions
usually average-out orientation-dependent Lamb-Mossbauer  factors; the
exception to this, the Goldanskii:karyagin Effect (57) may arise from a
number of possibilitieé, particularly from any effect which would givel
unequal Lamb-Mossbauer factors for different nuclear states. The origins
and a'thorough theoreticai treatment of these effects have been given by
Russian workers;at present, there are no biochemical coaclusibns which
are dgpendent on a detailed knowledge of these Goldanskii;Karyagin Effects.

Theoretical discussion of electronic configurations and correlation
with Mossbauer spectra is usually undertaken within the framework of the
"11gand field theory" approach by Orgel (58) and by Ballhausen (59),
although a "crystal field" approach has been used in the analySLS of some
low-3pin.fer;ihemdglobin compounds by Harris-Lowe (60,61). 1In the "ligand
field" method an energy level diagram has its rough qualitative features
determined by field symmetry; for egample, the five d-orbitals are split
into two dY orbitals and three d€ orbitals, the inorbitalsf;ontaining
the d 2_ 2 and d 22 orbitals and the d orbitals containing the dxy’
dyz’ and dxz orbitals. In octahedral symmetry the three d_ orbitals lie
lowest; the energy separation between the de orbitals and the dY orbitals
being designated as 10Dq. In tetrahedral field symmetry the situation
is reversed with the two d% orbitals lying lowest. For Fe(II) and
_Fe(III) there are six- and five-d-electrons reépectiVely; these can be

fitted into the orbitals in either a high spin, with maximum number of
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ﬁnpaired electrons, or a 10& spin, with maximum electron spin-pairing,
sche@e. The strength of the ligand field determines which of these two
possibilitiés occurs; in the weak field or ionic caée, the 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 otﬁer than octahedral
or tetrahedral or for cases when appreciable rhomﬁic or other distortions
are present, the classification given above becomes lesé strict; for
example, in-the iron phthalocyanines, there is ample evidence for the
e#istencevof &id-spin states for ferrous iron (62,63,64). The energy
splittiﬁ 10Dq, is laroer for Fe(III) ions than Fe(II) ions in octa-
hedral ‘symmetry (58, 65); in tetrahedral symmetry, 10Dq is of the order
of 4000 Cm-l for Fe(II) (66,67) where the electron configuration is
high spin. Because of the lower values for 10 Dq in tetrahedral symmetry,
Fe(II) low-spin configurations are unknown for this symmetry (58,68).
Detailed Mossbauer and magnetic suéceptibility data and analysis have
beén made for a number of tetrahedrally-coordinated Fe(II) compounds
(69,70) and tetrahedrally-coordinated Fe(III) compounds (71).

In summary, high-spin Fe(II) is usually recognized in Mossbauer
spectroscopy by the large values of the isomer shift (1 - 2:;m S) and
the quadrupole splitting (2 - 4 mm S) and the pronounced temperature
dependence éf the quadrupole splitting produced by the unequal occupation
of either dY or d€ levels by the sixth d-glectron. Mossbauer spectroscopy
is .a sensitive measure of distortions which split the d-orbitals, for
example any rhombic distortion (70). High-spin Fe(II) in either octa-
hedral or tetrahedral f1e1d symmetry is spherically symmetric in the

free-ion limit ( 85/2). The Small values of the quadrupole spllttlno and
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the isomer shift are then dueﬁto‘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(I1) compounds. The analysis of Moésbauer data for these statés
requires.a consideration in detail of all theIMossbauer parameters; that
is, the sign and magnitude of the -quadrupole splitting, the asymmetry
parameter, the presénce or absence of nuclear hyperfine interactions,
and;the behavibr of the specéra under applied magnetic field.

Iron atoms in states other than Fe(II) and Fé(III) are rare in
biological material, but there is one case where Mossbauer evidence has
pointed to an Fe(IV) electrénic 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,
Japanesé Radish Peroxidase (72). Ihere is no evidence for Fe(I) or
Fe(IV) states in any otﬁer hemoproteins, or in any of the iron-sulfur
proteins.

It is important to realize that no one method of Specgroscopy»is
clairvoyant. Electron paramagnetic rescnance spectfoscopy cannot sense
loQ-Spin Fe(II) as this state is diamagnetic, nor reliably the high-
spin Fe(II)'state because of rapid Spin-latticé relaxation, large zero-
field splittiﬁgs or both; Mossbauer sPectfoscopy cannot distinguish
Fe(III) spin states without a detailed analysis over wide ranges of
cemperature and applied magnetic field; and magnetic susceptibility
measurements give only the number of unpaired spins per molecule, not

the location or spin species. The only worthwhile procedure is to
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" gather the results from each of these methads done on the best available
biochemical material and then to carefully make comparisons. It is this
‘ apprbach which has been followed in the study of two major classes of

iron-proteins that will be discussed in the following sections.

P
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“1II. Iron-Porphyrin Model Compounds.

A. TFe(III) Hemin Compounds. ‘ o

Mossbauer spectfoscopic investigations of hemin &eriyatives have been
ﬁndértaken with both natural and enriched in 57Fe compounds to provide
modelrSYStem data for comparison with similar data on hemoproteins as
well as to aid in the-understanding of the electronic configurations of
hemin compounds themselves. (47,73-78). These'systems, formally Fe(III),
‘have been studied with a variety of ring substitutions cn the porphyrin
str@ctu;e;(data:on the proto-,meso-, and deutero- forms qf’hemin both-in
free acid forﬁ and as the dimethyl ester are the @ost common. The Speﬁtra
show smail isomer shifts (< 0.3 mm/S), but larger quadrupole splittings

than nornally would be expected for high-spin Fe(III) compounds (0.6 to
1.0 mm/S). There is a small temperature dependence of both the isomer
shift and the quadrupole splitting. The porphyrin-ring constraint
distorts the electronic charge cloud of the Fe(III) configuration
considerably from the spherical form of the free Fe(III) ion., As the
fifth ' ligand is varied in a series of pentacoordinéted'hemins, the
distortion of the symmetry increases following the series:' fluoro- <
acetato- < azido- < chlorq- < bromo- < (78). AExpefimeﬁtally, the sign
of the electric field gradient is &etermined to be positivéﬂf47,78,8l);
this does not agree with the prediction of the molecular-orbital cal-
culation’by‘Zerﬁer et al. (172), as is noﬁ surprising as ''covalency
effects" of the sort that are evident in this context are not apparent in
a theoretical effortiof this type. The large quadrupole splitting is in
keeping with the x-ray data for hemin obtained by Koenig (79) in which
'ﬁhé_Fe ion is out;of—plane with respect to the porphyrin ring.

Normally Fe(III) high spin configurations present as dilute paramagnets



<show'nuc1ear hyperfine'interactions in zero app%ied magnetic field at
temperatures above 4%k (14) ; hemin chloride'in_frozen aqueous or frozen
acetic acid solution does not. Instead there is an unusual gehavior;

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

" tures, generally below 30°K. Above this temperature, omne mémber of the
pair shdws line broadening although the area of ‘this absorption remains
gqual.to the area of the unmodified line. The explanation of this
behaviour is thought to rest in relaxation processes for the electrounic
'Spinjwhich are availaﬁle only at the higher temperatures. The EPR spectra
of hemin compgunds are all characterized by showing a 8y = 2 and a g.L~=6;
Griffith.(SO) has been able to account for this behaviour by assuming a
zeré-field splitting for hemin of the order of 10 ém-l; a value which is
uncommonly 1arge fof Fe(III) ions, but which is dqe to square-planar
arrangement of the porphyrin moiety. The existence of this large zero-
fiéld splitting was implied by the following considerations of the
anomalous nuclear hyperfine interaction in the Mossbauer spectra of these
materials and has now been measured directly with far infra-fed absorption
by Feher, Richérds, and Caughey (82{83) to be ZD; 13.9 cm-l.

The zero-fiéld splitting (2D) . separates the Sz = + 1/2 ground state
of the system from the Sz = + 3/2 state; anﬁther energy-ga;ﬁ(QD) separates
this state from the higher.Sz = + 5/2 state. At the lowest temperatures
(4°K) the Sé = 4 i/2 state is populated exclusively and provides rapid
relaxatién of the electronic spin theréby averaging the nuclear hyperfine
interaction to zéro within the nuclear Larmor precession time. As the
temperature is raised, the other Szvstates become}poPulated; the relaxation
;iﬁes are longer énd may proceed by other processes; for example, spin-

spin relaxation has been proposed by Blume (84). However, hyperfine
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fieldé are evident at the higher sample temperatureé; this is what gives
rise to the broadening of the iine. This broadening identifies the
bfoadened line as the predominantly m = 3/2 member of_ghe pair (78,81).

There have been two additional experiments Wthh verified this basxc
picture of the nuclear hyperfine interaction in hemins. Johnson (78)
increased the spin-lattice relaxation time by performing the Mossbauér
éxperiment under field and temperature conditions which provide a large
value of H/T. At 1.6 %K and in an applied field of 30 kG, a magnetic
hyperfine interaction correséondlno to that expected for high spin Fe(III)
and :for the g-values measured experimentally. Recently, Lang et al. have
found that a portion of hemin chloride dissolved in tetrahydrofuran at
1 mM concenﬁration displays a hyperfine interaction at 4°K in zero applied
magnetic field. Their conclusion is that a portion of the hemin is
pfesent in a monomeric form in this solvent, a situation which is not
~apparent to any extent in water, acetic acid, chloroform, or dimethyl
sulfoxide (77) at any concentrations used.

Chloroprotohemin in pyridine solution shows a different behaviour;
two quadrupole line pairs replace the single quadrupole line pair for
éhloroprotohemin in aqueous solution. The wide quadrupole splitting
(1.8 mm/S) of the new line pair is more characteristic of M9§sbauer
spectra obtained for methemoglobin; these spectra will be discussed in
the next section, but it suffices to point out here that the pyridine

coordination produces an environment more nearly like the hexacoordinated

environment of the iron in the hemoproteins (78).



B. Fe(II) Heme Compounds.

Mossbauetr data for 2,4 diacetyl-deuteroporphyrin IX dimethyl ester
and Fe(Ii) protoporphyrin IX obtained at 77°K show isoﬁef shifte similar
to those for the Fe(III) hemin compouﬁds‘in aqueous solution but larger
quadrupole splittings (1.15 mm/S). In simple inorganic compounds which
.are ionic, reduction of Fe(III) usually strongly affects the isomer
shift (40)...However,.c6valent compounds such as ferrocyanide and ferri-
cyanlde show similar 1somer shifts. (40), this case has been treated
theoretlcally by Shulman and Sugano (39) and the lack of isomer shift
changes between these compounds has been interpreted in terms of delocal-
_ ization~of.e1ectrons through r-bonding. The cenclusion for heme compounds
. is that siﬁilar delocalization obtains; this point.will be discussed

later as it applies to the oxygen-binding forms of the hemoproteins.

——
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"IV. Hemoproteins.

A. Hemoglobin and Myoglobin

Mossbauer spectroscopic investigations on hemoglobin and myoglobin
have been undertaken to support other magnetic investigations aimed at a
complete elecfronic description of the heme site; hopefully in sufficient
detail to permiﬁ the basis of oxygen-binding to be ascertained. For
hemoglobin,Athe iﬁportant feature; namely, the coéperative binding of
oxygen must havé as its rootLSubtle configurational changes of the protein.
Many cechniqﬁgs ﬁave been utilized to study this phenomena (85-94)
including spin-label techniques (8). Mossbauer data has been acquired
~on many forms'of myoglobin and hemoglobin (24,§S-108).

The most exhaustive éeries of studies, made with enriched compounds
and with magnetic fields of up to 3OAkG supplied Sy a superconducting
solenoid, have been done by Lang and Marshall (101-104). Using the EPR
g-values for low-spin forms of hemoglobin, a no-parameter fit was possible
to Mossbauer data taken at 4°k and 1.29% 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 environment,
o#ygenated hemoglobin displays a single quadrupole pair, unperturbed
by any evidence of a nuclear hyperfiﬁe interaction, down t;~4°K. A small
temperature dependencé of the quadrupole spliEting in oxyhemoglobin has
suggested that fhe bound O2 molecule may not be in the same orientatign
at all temperatures (103). The spin-state assignment on the basis of
. Mossbauer épectroscopy is not clear{ but the data are compatible with an
S = 0 assignment as determined by magnetic susceptibility measurements
(103). The values of the isomer shift and the.quadrupole splitting indi-
' cate a strong covéiéncy between the ligand and the heme for‘bo;h Oz-hemoglobin

~
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"and NO-hemoglobin. There is no evidence that Mossbauer spectra of partiélly
oxygenated hemoglobin_shed any information on the nature of cooperative
effects producing the sigmoidal'oxygénatioh cufve‘for these compounds;
perhaps the electronic environment at the Fe nucleér position is not
sufficiently perturbed to sense the small changes associated with this
Aphenomena;

Higﬁ-Spin ferric hemoglobin CSmpounds, for e#ample hemoglébin fluoride,
displa& Mossbauer spectra cha;acterisﬁic of high-spin Fe(III) compounds
but with large quadrupole splittings (1.8 mm/S) similar to hemin‘and a
large nuclear hyperfine interaction which is particularly 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-l with g-values
(g” = 2 and %l.=‘6) which are not far from the parameters used for the
analysis of high-spin hemin model compounds. Zero-field splittings of
this size have been observed for high-spin forms of ferrihemoproteins by
far infrared absorption techniques-(109,110).

Lyophilization of both ferrohemoglobin and ferrimyoglobin produces
spin-state changes; the Fe(III) configuration in'the dehydrated form of
these proteins being low-spin in cpdtrast to the high-spin.form of the
hydrated protein (24,111). The evidence for this change in myoglobin is
in the form of quadrupole data, a new pair of quadrupole lines appearing
in the Mossbauer spectra with quadrupole‘splittings greater than 2 mm/S
(24). This data supports the earlier assertion made on the basis of
changes in the optical spectra of dehydrated methemoglobin (112) that
spin-state-chaﬁges do occur. Williams and coworkers have acquired
Mpssbauer'data on a large series of hemoglobin ;ompounds including'the

hydroxide which .undergo spin-state changes as a function of ligand or
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.degrée of hydration (113); it is clear that Mossbauer data is essential

in following these phenomena.

An.excellent review of the Mossbauer spectroscopic data on hemoproteins

| has .been.published recently by Lang (195).



B. Cytochromes.

Cytbchrémes'from bacterial, yeast, and mamﬁalian sources have been
investigated by Mossbauer spectroscopy (114-117). Horgeheart cytochrome ¢
and thé c-type cytochrome from T. utilis show Spectra«characteristic:of
low-spin Fé(III) in the oxidized form of the protein'and low-spin Fe(II)
for‘the reduced form 6f the protein. Lang et al. (115) have analyzed
the Mossbauer data in terms of a low-spin Haﬁiltonian in some detail.
Cooke and Debrunner (115) present quadrupolé daté on dehydrated. forms of
oxidized and reduced cytochrome c; the quadrupole splittingé for hydrated
and dehy@ratea forms of the reduced protein are quite similar 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

2 from R. rubrum are

for cytochrome 552 from Chromatium and cytochrome c

reéorted in the work of Moss et al. (117). The oxidizgd cyrochrome cc'

data show highly-distorted high-spin electronic configurations similar-

_ to those in methemoglobiﬁ; the sign of the nuclear quadrupole coupling

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

binding is not similar. Cytochromé cc' in the reduced state is high-spin

Fe(II) in contrast‘to the low-spin férm found in thevreduCeE‘cytochrome c.
Cytochromes ce' and methemoglobin hydroxide have been proposed to

- be proteins whi;h also exist in a thermal mixture of S =5/2and S = 1/2

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

the temperature range f;omihoK to 270°K consist of a single quadrupole

pair has been étated as evidence th;t these states do not exist for times

long compared to_lO-8 S (101,113,24). It is important to point -out that

the large difference in the nuclear magnetic fields (~100 kOe as_compafed

-~



to 500 kOe) produced by S =41/2 and %’=£5/2 electfonic states causes a
large difference in the nuclear Larmof precession time necessary to
observe the hyperfine field., Therefore, the S = 5/2 state wo§1d be far
more observable by Mossbauer spectros;opic measurements at 4°K than the
S = 1/2 state.

It has also been suggested that temperature-dependent quadrupole
éplittings as observed for méthemoélobin.and cytochrome cc' is evideqce
for therﬁally populated high- and low-spin states for these proteins.

For measurements of quadrupole splittings, the.salient nuclearly-imposed
‘measurement time is the mean lifetime of the 57Fe excited state,vl.é X 10.7 S.
Any change in the charge distribution surrounding the iron nucleus which

is faster than &4 x 108 S.1 will be averaged; locally different charge
environments which maintain the distribution for times long compared té

1.4 % 10.7 S will be sensed as distinct quadrupole environments. Vibra-
tional oscillations for the usual ligands bound to iron in metalloproteins
are at microwavé frequencies; that is, within 10-7 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 aﬁd‘Japanese Radish Peroxidase.

Horseradish peroxidaée is a particularly interesting material for
‘Mossbauer examination as it has been reported that thefe are two oxidizing
‘equivalents above the Fe(III).state (119,120). A green Compound I is
formed when the énzyme if reacted with hydrogen perox1de or with alkyl
hydr0pero£ides (121). The red Compound IT is formed more slowly from
Compound T and retains one oxidizing equivalent above Fe(III) (120) (122).
Magnetic: susceptlblllty meaSurements by Theorell and Ehrenbero (123) were’
compatible wi;h the assignment of Fe(V) for .Compound I and Fe(IV) for
Compound II. \The Mossbauer studies of Moss et al. (23) show that HRP-
Compound I is in a Fe(1V) state, but that Compound.II does not display
Mossbauer 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 differences in the magnetic

properties of the two enzymes and the intermediate compounds.
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D. Cytochrome C Peroxidase.

'Perhaps the besﬁ exémple of a Well-défined nuclear hyperfine splitting
in a hemoprotein is the Mossbauer 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 specfra shown in fig; 5 are the
 fesu1£. The assignment of a bigh-spin Fe(III§ state similar to.that in
-methemoglobin fluoride ;ith.auzero-field-splitting of about 7 cm“1 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.



Table 1
Electrons , ‘
Trans=-. Eo EPR g-
Fe S= ferred MW (mV) values
Azoto- 2 2 1 21,000 2300 to - gx=1.93
bacter - ' -400%* gy=1.95
Fe-S Pro- ' gz=2.02
tein I '
Azoto- 2 2 1 24,000 -300 to gx=1.90
bacter -400* gy=1.95
Fe~S Pro- A gz=2.04
“tein II
. parsley 2 2 1 12,000 -300 to gx=1.89
Ferre- ; ‘ =400%* gy=1.96
doxin gz=2.04
Adreno- 2 2 1 12,000 - =370 gx=1.93
doxin ‘ gy=1.94
gz=2.02
Spinach 2 2 1 12,000 -420 rc=1.89%%
Ferre- gy=1.96%=
doxin gz=2.04%%
C. Pas- 2 2 1 24,000 -300 to ex=1.93
teurianum -400%* gy=1.95
Paramag- gz=2.00

netic Pro-
tein .

*Personal communication, W.H.
**Personal communication, R.H.

Orma-Johnson

Sands

27




1.
2.
3.
4,

1.
2.
3.
40

30'

4,

1,
2.
3.
4.

Table 2

) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1718 19 20
L. Clauca ----Ala-Phe-Lys-Val—Lys-(Led)-Leu—Thr-Pro-Asp-Clyé(Pro)—Lys—Glu—Pbe—Glu-Cys-Pro-Asp

Spinach Ala Tyr Thr Val Thr Asn Val Gln
Alfalfa Ala Ser Tyr Val = | Glu Thr Gln,
Scenedesmus Ala Thr Tyr Thr Lys © Ser’ Asp Gln Thr Ile

S

291 22 23 24 25 26 27 :°28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44

Asp-Val—Tyr—Ile—Leu—Asp-Gln-Ala—Glu—Glu—Leu—Gly—Ile-(Asp)—Leu—Pro—Tyr—Ser—Cys~Arg-Ala-Gly-Ser—Cys

Ala ‘ (Glu) (Ile)
His Glu - Val -
Thr Ala Ala Leu R Ala

4S 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—Ala-Gly-Lys-Leu—Val—Glu-Gly-Asp—Leu-Asp-Gln-Ser-Asp-Gln-Ser-Phe—Leu-Asp-Asp-Glu—Gln—Ile

‘Lys Thr  Ser = Asn "~ Asp _ ~ Asp D
Val Ala Ala Glu Val . Ser Gly Asp
Val Clu Ala Thr Val . o : Ser Met

v

70 71 72 73 74 15 76 771 78 79 80 81 82 83 84 85 86 87 ‘88 89 90 91 92 93 . 94

Glu-Glu-Gly—Trp-Val—Leu—Thr-Cys—Ala—Ala-Tyr-Pro—Arg—Ser—Asp—Val—Val—I1e—Glu-Thr—His—Lye—Glu—Glu-Glu

Asp : Val Thr

- Val Ala Lys Thr . :
Asp Gly Phe : Val Thr Cys Thr Ala : Asp
95 _96 97 f

Leu-Thr-(Ala)

Phe === .

8¢



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. The;e‘molecules are also known by the naﬁe,
ferredoxins. Iron-sulfur proteins in several varieties serve as electron-
‘transport agents for processes in plants, bacteria, and mammals. Perhaps
the most-stuaiea physiological process involving the iron-sulfur proteins
is the study of their fole iﬁ photosynthesis.  This subject has been
‘extensively reviewed by Arnon (126,135), Hind and Olson (127), Hall and
Evans (/9% ;ﬁd by Vernon and Avron (128). A review by Malkin and
Rabinowitz (129) summarizes the properties of the iron-sulfur proteins,
and in particular discussés the work on ferrédoxins linked to nonphoto-
synthetic processes; this involvement of ferredoxin was implied in the
earliest researches by Mortenson, 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 surmarized by dividing the discussion into
three parts: a discussion of the basically bio;hemical studies aimed at

determining the chemical properties of the iron-sulfur moiety, the unsuc-

cessful attempts so far to determine the structure by means of x-ray
crystallography, and the appiication of resonance techniques as an alternate
method of determining the configuration of the iron-sulfur complex. The
jron 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 matters are
_covered Ain the review mentloned above (129). Unfortunately, to date,
although small crystals can be obtalned 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 materlals (136).

Iron-sulfur proteins can be classified on the basis of iron and-
sulfide content into Vplant-type" iroq-sulfur proteins, and "bacterial-
type".iron-sulfur proteins. }lant-type iron-sulfur proteins 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 charecteristics inAcommong all contain the acid-labile
sulfide in equimolar ratio to iron; all show reduction potentials in the
range from -240 to =420 mV (Eo', pH=7.0); and when these proteins are
chemically-reduced (typically with dithionite), they diSp1a§ an uncommon

EPR sienal, known as the "g=1.94" signal. The oxidized forms of the
gnai, A

proteins are not paramagnetic.
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A. Plant-Type Iron-Sulfur Proteins.

Table 1 lists some of the properties of the plant-tfpe iron sulfur-
proteins fo? which exténsive study by EPR and Mossbauer spectroscopy has
been reported. The physical ﬁroperties summarized show that the plant-
type iron sulfur proteins have molecular weights in the range from 12,000
to 24,000 and have EPR g-values (gx,gy,gz) all of the "g=1.94" type shown
in Fig. 6 but with minor variations reflecting axial or nonaxial symmetry
of the paramagnetic ce&ter. iThe amino-acid sequences of four plant-type.

iron-sulfur p;oteins 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 fromibeing‘accepted
from substrate and a description qf the magnetic properties of the protein
in both the oxidized and reduced forms of the protein. h

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.A The
jdentification 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 prodﬁce 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



Table 3.

A. Blumberg and Peisach (145)-

Reduced protein

B. Brintzinger et al. (146,147)

Oxidized protein

Reduced protein

AN

C. .Gibson et 1. (148)

— ——

Oxidized protein

Reduced protein

D. Johnson et al. (149)

Fe++++

low-spin low-spin

(5=0)

Fe' 0 - FetTo

low-SPinv low-spin
(s=0)

Oxidized Protein

(PREVIOUSLY-PROPOSED MODELS FOR THE ACTIVE CE
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Fe+++7¥v

FéII : Free
(s=0) Radical
Ms1=1/2) 43 {(52-1/2)
FeIII FeIIIj
‘k51=1/2) 4—»  0(52=0)
Felll Fell
f(sl=5/2) . l(s‘=5/2)‘
Fettt Fettt
(51=5/2) *(sa)
Fe'tt Fet?
_ re'o pettt A
d low=-spin low-spin
(8=1/2)
o et h re'’o
e low-spin low-spin
L ' (s=1/2) -

Reduced Protein

NTER OF THE PLANT-TYPE FERREDOXINS.)
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properties of this model compound were iaterArelated and expanded'by
Van Voorst and Hemmerich (144). |

Meanwhile, Blumberg and Peisach (145) sho&ed that the interaction
between a.low-spin ferrous atom and an adjacent frée radical can give
rise to'a g = 1.94 EPR signal. Brintzinger, Palmer, and Sands (146)
: proposeé‘the first two-iron model for the active center of a plant-tyﬁe
-fgrrédoxin. Their model, which cohsisted of two spin-coﬁpled, low-spin
ferrié atoms in the oxidized_protein and one low-spin ferric and one low-
spin ferrous atom in the reduced protein, explained much of the chémical
data on the pfoteins. Later, they (Brintzinger, Palmer, and Sands,
(147) ) presented EPR data for a compound bis- hexamethylbenzene, Fe(I),
which demonstrated all the properties of the g = 1.94 signal observed in
the ferredoxins. |

The above model was criticized by Gibson gi al., (148) and Thornley
‘EE.EL'? (150) who rgported ﬁhat the tetrahedral symmetry of the BPS model
could not give the crystal-field splitting required for spin pairing in
the iron atoms. They, instead, proposed a model with two high-spin .
vferric atoms in the oxidized protein which were exchange coupled to
rende? this state diamagnetic. In the reduced state, their model con-
sists of a ferric (S = 5/2) state'éthange éoupled to a ferrous (S = 2)
state to give a resultant spin to the complex as a wholé of § = 1/2.
Thus, the reduced state was ferrimagneti;, and they attributed the high-
temperature disappearance of the EPR signal to two-phonon Orbach processes
(151). The g = 1.94 signal was explained by assuming a tetrahedral ligand
field about the ferrous atom with spin-orbit coupling constant of 75cm-1.
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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'ligaﬁdsqaround the iron atoms.

Several Mossbauer spectroscopic papers have dealt with members of
the plant-type ferredoxins. In these papers, the Mossbauer épectra for
a particular protein wefe interpreted to yield information such as the
oxidation state and spin state of the iron atoms in thg protein, and in
~some cases this information was éxtended to validate a proposed model
for the active site. However, proflems with denatured protein material
or inéorrect interpretation qf the Mossbauer data have prevented any of
these models from being accepted as valid.

ﬁéarden and Moss (12) and Moss et al. (152) presented the Mossbauer
spectra of spinach ferredoxin in its oxidized and reduced states. These
spectfa showed the two iron atoms in the oxidized protein in identical
electronic environments., Upon protein reduction, one of the iron atoms
eihibited a spectrum characteristic of a high-spin ferrous ion. The
Mossbauer spectra of the redﬁced 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 ﬁhese experiments were impure, and 2)
the b;ffers used in these experimenté were not strong enough to maintain
a buffer pH level during the dithionite reductions. Therefore, the
Mossbauer spectra of reducedepinach ferredoxig in the above experiment
resulted from a mixture of oxodized protein irom and iron from denatured
protein material.

Johnson et gi. (154,155) interpreted the Spectfa on spinach ferre-
doxin (similar.to those of Moss et al., (152) ) as consistent with the

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

ferrous ions, and b) the reduced protein contains one low-spin ferrous
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. ion and one high-spin ferrous ion. Cooke ég al. (156) interpreted their
data (similar to the-data contained in the present work) on putidapedoxin
in the following manner: a) the electronic en?ironments of both iron
atoms are jdentical in the oxidized protein, with the diamagnetism 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 obsefvea in the Moss-
bauer spectra. Novikov et al. (157) have published the results of ;
Mossbauer spectroscopic study on-an iron-sulfur protein from Azotobacter.
Both the daté\and the conclusions are similar to those made by Moss et al.
(152) on spinach fegredoxin. Recently, Johnson et al. (155) and Johnson
et al. (149) have published Mpssbauer studies on fhe ferredoxins from
Euglgna;and spinacﬁ. They now report their data as being most favorable
to two.models for the active site of these proteins.

Figure 7 shows the Mossbauer spectra obtained by Dunham et al. (153)
of the oxidized state of all the plant-ﬁype ferredoxins. The isomer

shift and quadrupole splittings for these spectra are listed below:
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. TABLE &

. MOSSBAUER PARAMETERS FOR THE OXIDIZED PRQTEINS

CIS/Pt* :
(mm/S) 0S _(mm/S)

Spinach Fd. -0.08 + 0.01 0.65 + 0.0l 0.05 + 0.2
_Parsley Fd. - -0.07 + 0.01 0.66-+0.01 0.05 + 0.2
Adrenodoxin -0.08 + 0.01 0.61 + 0.0l  0.05 + 0.2
Putidaredoxin -0.08 i 0.01 0.61.i 0.01 0.5 +0.2
‘Clos. Paramag. 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 guoted here are given relative to a gamma ray source
consisting of 57¢co 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 ! and the sign of QS are derived
- by matching c0mputéd spectra to the Mossbauer data for the oxidized
proteins taken at 4.2% in 46 kilogauss applied ﬁagnetic field (Fig. 8).
The above pafameters do not exhibi; 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 sﬁift of -.08‘mm/$ and an observed splitting of 0.65
mm/S.

The most probable electron configurations for iron atoms in a ligand
.field forméd by amino-acid side chains and sulfur are d5 and d6.v The

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

greater than 15,000 cm-1 (59). Ligand field theory calculations (65)
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-indiéate'that even in octahedral coordination; strong field ligands are
requirea‘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 fefredoxins (Tablé 2)
and since sulfur is shown to be a ligand in thé iron complex, low-spin
iron configurations are doubtful for these proteins. |

The small quadrupole splitting in the oxidizgd proteéin spectra imply
that the electron density around the irén atoms is nearly spherical. A
spherical charge density indicates that.the iron is an S-state ion,
although low-spin ferric atoms can have small quadrupole splittings (158).
In‘addition,(the oxidized protein spectra show a single quadrupole pair,
which indicates that the environments for the twé iron atoms are nearly
identical. The igomer shift for this quadrupole pair is most consistent
with_that of ferric iroﬁ, although low-spin ferroug iron cannot be ruled
out as a possibility by the isomer shift value alone.

Thus, the mostAreasonable interpretation of the oxidized protein
data is that the iron sites in this protein are either high-spin ferric
or lbw-spin ferrous, with the high-spin ferric situation favored by the
ligand field arguments set forth above. Combinations of electrons for
the two iron site are not possiblejbecause the Mossbauer spectra do not
:exhibit the effects of the iﬁternal magnetic field which woﬁld result
from a paramagngtic system. In addition, the EPR results and the magnetic
susceptibility data (159) show that these proteins are diamagnetic in
the éxidized state. >

If the iron sites are high-spin ferric (S = 5/25, then an exchange
coupling mechanism is nécessary to aqcount for diamagnetism of the proteins

in this oxidation state. Evidence for this exchange coupling between the
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iron sites will be éiven during the discussion of the reduced érotein
spectra. Since high-spin fefric is an S-state ion, the EFG which gives
rise ﬁo the quadrupole splitting in the oxidized spectra must result from
.anisotropies'in the ligand field surrounding the iron sites. 1In this
case, the value of n 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 = 1.9§ EPR éignal of the reduced state can
only be expiaine@ if these distort ons are présent. Some of the veriﬁica-'
tion that these iron sites are both spin-coupled, high-spin ferric irons
résts Qith 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 parallei
to the gamma-ray direction was applied to this sample (Fig. 9b) in order
to esﬁablish the sign of QS and the Qalue.of ﬁ. Inspection of the four-
.1ine, zero-field spectrum (Fig; 9a) reveals that this spectrum can be
" fit by two quadrupole pairs. The pérameters for the computer'simulated

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

TABLE 5

MOSSBAUER PARAMETERS FOR THE HIGH TEMPERATURE
REDUCED PPNR SPECTRA

IS/Pt (mm/S) QS (mm/S) 9
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 quadrupple pairs shown in Table 5 is the result of
a trial-and-error approach to fit the high-field data with computer
simulated spéctra. This approach establishes, unambiguogsly;‘the values
for the isomer shift and magnitude of the quadrupole splitting 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 vélhes of IS and QS for iron site #1 are
-the same as for ﬁhe sites in the oxidized proteins,  we then assume that
the value of n for iron site #1 is the same in oxidized and reduced
proteins. With this assumption, the value of y for iron site ##2 can be
specified by the goodness of computer fits to the range,‘O to 0.5. The
uncertainty in the value of ﬁ is diminished, however, by fitting the
low-temperature spectra of the reduced proteins.

These data establisﬁ that thefe are two non-equivalent iron sites
in the reduced proteins: site #1 is quite similar to that of both iron
atoms in the oxidized proteins, site #2 is characteristic of a high-séin
ferrous ion. The isomer shift and quadrupole splitting of site #2
leave little doubt that this site is high-spin ferrous. Since the one-
electron reductibn of this protein is expected to change only a single
high-spin ferrbus ion, these.data greatly feinforced the conclusion that

- the oxidized proteins contain two high-spin ferric ionms. In addition,
the reducing electron is seen to reside almost exclusively.at site #2,
since the Mossbauer paraﬁeters of site #1 are not affected by the
reduction of the prbtein.

The magnetic susceptibility measurements of (159) show a mélecular
éaramagnetism in the reduced protein characteristic of a-S = 1/2 compound.

The absence of internal magnetic effects in the high-temperature, reduced-

protein spectra are explained by the Mossbauer spectra shown in Fig. 10.

~
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These spectra, taken at variab}e temperatures and a small polarizing
applied magnetic field, show a temperature-dependent transition for
spinach ferredoxin. As the temperature is lowered, the effects of an
ipternal magnetic field on the Mossbauer spectra become more distinct
until they result at around 30°K, in a spectrum which is characteristic
of the low temperature data of ﬁhe plant-type ferredoxins (Fig. 11).

We attribute this tramsition in thé spectfa to spin-lattice relaxation

. effects. This conclusion is preferred over a spin-spin mechanism as the -
transition was identical for both the lyophilized and 10 mM aqueous
solution samples. Thus, the variable temperature data for reduced
spinach ferredoxin indicate that the electron-spin reiaxatioﬁ time is
around 10-7‘seconds at 50°K. The temperature at which this transition

in the Mossbauer spectra is haif-complete is.estimated to be the following:

spinach ferredoxin, SOOK; parsley ferredoxin, 60°K; adrenodoxin, putidarg-

: ] . 1 . . o
doxin, Clostridium and Axotobacter iron-sulfur proteins, 100°K.

_ The Mossbauer spectra of the reduced proteins at 4.2°K are shown in
Fig. 11 for 3.4 kilogauss applied field and in Fig. 12 for 46 kilogauss
applied field. Since the spectra are so similar, we shall speak exclu-
sively in terms of the spinach ferredoxin data. Fig. 13 is low-tempgésture
spinach-ferredoxin spectra with computed fits superimposed.’ By assuming
that the isomer shift and quédrupole parameters for the low temperature
spectra are the same as for the high temperature spectra and then adjust-
ing magnetic parameters by trial and errof, we were able to obtain a set
of "best fit' magneﬁic parameters for the low temperature spectra. The
hyperfine constants for site #1 which resulted from this approach were
very close to those measured independently by R.H. Sands, J. Fritz, and

J. Fee by ENDOR experiments (160). Since hyperfine constants measured
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by ENDOR are more ﬁrecise than'those meésured by Mossbauer spectroscopy,
_the ENDOR results were adopted for site #1. Using these "improved para-
meters' for site #1, the trial and error approach was then resumed in
order to find a best fit for the site ##2 parameters. . Subsequently, the
ENDOR values for the hyperfine interaction at site ##2 were also obtained
by Sandsiand his co-workers (160)._ Since these values were also in
agreement with our own, the final parameters for spinach’ferredoxin shown
in Table 6 incorporate'the combined effort of ENDOR and Mossbauer re;ults;
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 PARAMETERS FOR THE LOW TEMPERATURE
- REDUCED PPNR SPECTRA

1S/Pt Qs A A A G G G
(zm/S) x v z x y z
(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 spectfa'in Fig. 13 it is.necessary to intro-
" duce another parameter into the discussion. Consider the effect of apply-
ing an extefnal'magnetic fieldvto an S = 1/2 system. The effect of the
field is to create two electron spin populations: omne wiﬁh spin parallel
to the applied field and one with spin anti-parallel to the applied field.
Further, these spin states will have different populations.giien sy a

Bol tzmann factor. Note also that because the magnetic moment of the spin,

with respect to the applied field, is reversed for the two spin states, the



magnitudé of the effective hagnetic field at the nucleus differs for the
two spin states by twice ;he amount of applied magnetic field. "An applied
magnetic fiéld of around 30 kiiogaués is necessary in order that the
Mossbauer spectra of the two spin states become distinct. . When tﬁe'
applied field is around 30 kilogauss, low temperatures of approximately
SOK.are ﬁeeded to cause the differénces in population of the two states
to become measurable by Mossbauer 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 resuitant spin onefhalf system éf the reduced protein complex.

As,adéed evidence for our confidence in the pafameters shown in
Table'6, the zero applied field spectra taken at low temperatureé are
shown in Fig. 13. Since the A-values for site #1 are almost isotropic,
it is expected tﬁat the absorption peaks from this site would dominate
the Mossbauer 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 fromran isotrogic hyperfine interaction of about -17
gauss at one of the iron sites in the reduced proteins. The anisotropic
hyperfine iateraction at site'#Z results in a broad, unresof;ed absorp-
tion which accounts for the difference in shape between the spectra.

The Mosébauer 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-zefo 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 oxidation state
gives a resﬁltaﬁt spin of one-half. Lewis et al. (160), Khedekar et al.
(16l)<and Gerloch et gl. (162) have observed a similar exchange-gouéling
mechanism in a number of Schiff's base iron salts. In every case in
which ﬁhe;exchange coupling éonstqnt was negative (antiferromagnetic),

the structure of the salt is as shown below:

~

N O\/’iz

AR

g o 4

‘where the R's refer to the Schiff-base ligands. 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 subscript 1 to spezzfy the ferric-
jron 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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From
Poltatiae=Fig, 9, the law of the cosines, the g-value for an

S =1/2 system is given by the following expression:
| g= (7g;. - 48y / 3

Since gl_arises from an S-state ion, spin-orbit'interactions are not
allowed to first order (163) andg1 can therefore be assumed to be iso-
tropic. It is assumed to 5e 2.019 in accord with the measurements of
Title (166). With this éSSumption, the g-values for the ferrous iron
can be derived using the aboveiequation and the measured g-values for the
proteins (Tableé). For spinach ferredoxin, these calculated values are
8y = 2,12, gzy = 2,07, and 89y = 2,00.

In the high-spin ferrous ion, spin-orbit interactions mix the
ground state wave functions with tﬂe‘excited states. ILf the ground state
is aséumed to have dz2 symmetry, thenithe followihg expressions apply
for an ion in a crystal field with both rhombic and axial distortioans

. (Edwards et al. (70) ).

82 © 8e % GK/Ayz
gzy = ge + 6\ /AXZ
gzz = ge :

‘A,

where N is the spin-orbit coupling constant in the interaction A\L-S
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A and A _ are the energy gaps to the excited states having d and d
X2 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 sz orbital. X can be estimated to be 80 cm-1 by taking into
account the effects of covalency on other high-spin ferrous iomns (70).
With the above assumptions, one can derive the following energy level

scheme for the high-spin ferrous ion.

d
yZ .
-1
d 6900 cm
Xz —_—
: d 4000 cm !
vz _ ;

d o 0 cm-l

Both axial and rhombic distortioas of a tetrahedral ligand field
are necessary to cause the energy-level scheme shown above.

The energy levels shown for the ferrous-iron site of the reduced
protein is based on the assumption that the electron pair in the d-orbital
sjstem of this ioﬁ occupies a dz2 orbital. The proof of this assumption
lies in the values of the derived pérameters for the low temperature
spectra of the reduced proteins. Consider first.the par#meter,'QS.

The only d-orbitals which giQe négative values.for QS are dzz, d and

. XZ
dyz' A large negative, value -2.63 mm/S, for site #2 (Table 6) agrees
well with that calculated for a single elec;fon in a dzz orbital. The
experimental value of n is close to zero for the ferrous iron. This
value is inconsistent with.the theoretical vaiues of n for dxz and dyz
orbital densit&. In addition, the magnitude of the measured value of

Qs (-2.63 mm/S) is very close to that predicted for a dz2 electron:

-3 mm/S (167).
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Other Mossbauer data which'indicate that the model is correct are
the meaSured a-values for the loﬁ-temperatu;e, reduced-protein spectra.
The measured a-values for the ferric ifon.(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 recalcﬁlate<
the a-value for the ferric site in terms of the 5/2 spin present at this
site. TFor the ferric site in the'épin-qoupled model,

2 (Sl = 5/2) - 7/15 <31>measured = -8 gauss

In high‘épiﬁ ferric iron this a-value is the result of the Fermi contact
interaction afOne. Hence, this a-value comprises an‘experimental deter-
minationiof the Fermi contact interaction of the ferric iron in this
protein.

The value of -ZgNBBN <r-3> is, by the above procedure, equal to
-1.6 gauss. We now apply this constant to the calculation of tte a-
values for the ferrous iron. The Fermi contact interaction at the ferrous
site is approximated by assuming that -ZgNBSN <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 theigerrous
iron are then

=-4.5 gauss’

a

-—x

a -=-4,5 gauss
2y .

a = -8 gauss

Following a procedure analogous to that used before, a set of a-values
are computed which correspond to those measured by Mossbauer spectroscopy
for the ferrous iron. Table 7 shows these completed and measured a-

values for the ferrous site.
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.TABLE 7

A-VALUES FOR FERROUS IRON _ .

Computed Measured
= +6.6 gauss a, = +5.0 gauss

+7.1 gauss

+6.6 gauss

+12.5 gauss

+11.8 gauss

Am Jm Jm
(NG

The "agreement in the values éf Table 7 not only indicate the validity
of our assumptions regarding the hyperfine interaction of the ferroué
ifon, but alsé comprises a rigorous test for the moael as a whole,
since the presence of positive a-values forAiron'with magnitudes showm
in Table 6 necessitates an exchange coupling mechanism. -

In the preceding section we presented fhe experimental evidence in
support of the "spin-coupled" model proposed by Gibson et al. (148) and
Thornley et al. (150) for the plant-type ferredoxins. However, the
4"spin-coup1ed" 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 ;hemical and structura1 mode1 of the
active center. The following properties of the active site of ghese
proteins are well-subétantiated experimentally. o

1. The active center of the.oxidized plant-type ferredoxins contains
two iron atoms with iaentical electronic énvironments at the nuclei.
These irons are high-spin ferric (S = 5/2), spin-coupled to give a
resultant diamagnetism for the complex.

2. 1In the reduced state, the active center contains one high-spin

ferric state spin-coupled to one high ferrous state (S = 2) to give a

resultant S = 1/2 complex.
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3. The ligand symmetry around both iron atoms is tetrahedral, but
with both axial and rhombic distortions. This basic symmetry is not
affected by:reduction of the proteins.

4. The active center of the plant-type ferredoxins is nearly
'identical in every protein studied. The only differences in this.active
center are the presence ard magﬁitude of ;he rhombic distortion of thé
symmetry for the ferrous iron in the reduced proteins.

In addition, the two-irom Schiff's base compounds studied by Lewis
et al. (160-162) have_magnetic pfoperties which indicate a structure which
may be similar to that in the active centers of tHe plant-type ferredoxins.
The following arguments set forth criteria on which to base any model for
the active site:

1. The iron atoms have been shown to be exghange coupled through a
superexchange mechanism. Thus, they are connected by a bridging ligand
which, in view of tﬁe arguments in the previous section'and the elemental
composition of tﬁe holoprotein, is almost likely a sulfur atom. This
bridging ligand (sulfur) can, however, be either cysteine sulfur or
"labile sulfur". |

2. The 33S EPR experiments show that the "labile sulfur'" atoms are
in the active site. The magnitude of the sulfur hyperfine constants
iﬁdicate that the "labile sulfur" is bonded to the iron. In view of
the -amino acid compgsitions of these proteins, the '"labile sulfur" 1is
either the bridging ligands for the iron atoms or part of a perSulfiae
ligand to the iron atoms.

Thus, the following persulfide structures are consistent with the

above criteria:
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L = Ligand from amino acid side chains.

-AlthOugh no direct evidence has ailowed a decision between these struc-
tures, we feei that both the structures shown above 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 these proteins to two elec-
tron reduction.

Note that in the strucrure in Fig. 15, there are six ligands: two
"]abile sulfur", iron-bridging ligands and four cysteinyl- sulfur ligands.
The tetrahedral ligand symﬂetry of this model is distorted by the dif-
ference in character between the "lablle" and cysteinyl sulfur atoms
and by the position of the iron atoms themselves. e

In crystal field theory -calculations the direction of the axial
distortion is along the z-axis: Therefore, the dzz orbitals in iron atoms
in Fig. 15 are along the 1rne adjoining the two iron atoms. Remembering
that the dzz orbital lies lowest iﬁ this éyﬁmetry, the effect of reducing \
the complex is to add electron density to the dzz orbitals of the iron

atoms. Since the dzz jron-orbitals in Fig. 15 overlap, this structure

. results in an electron repulsion term between the iron atoms which



50

increases as the iron atoms in these proteins are reduced. Thus, the
negative reduction potentials (Table 1) of the plant-type ferredoxins
can be accounted for by this model.

The protein sequence data in Table 2 show that the cysteine residues
in all the proteins occur in identicalvpositions (18, 39, 44, 47, 77) in
tﬁe sequence. Thus, the ligand field produced by the cysteinyl-sulfur
atoms is not likely to be different among these proteins unless there is
a differeﬁce in proﬁein conformation which causes a displacement in one
or more of the cysteinyl sul fur 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 "spin-coupled”
model, this rhombic distortiOn will manifest itself in the difference
between 8y aﬁd 8y for a particular protein, the EPR data in Table 1
provide a measure of the rhombic.distortion around the ferrous irom 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 adrenodoxin
and spinach ferredoxin have different protein conformations is consistent‘
with the prediction of the above quel.

The "spin-coupled" model also.predicts a constant value of 8,7
wumerically 2.04. Inspection of Table 1 shows some deviation from g, =
2.04 for the plant-type ferredoxins. With respect to the model show;
in Fig; 15, we must invoke large strains on the cysteine sulfurs around
-. the reduced protein'ferric site in order to account for the deviations
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 "spinfcoupiéd" model. Sinée‘the symmetry around the iron is tetra-
-hedral, the d22 and dx2°y2 orbital are more ionic than the tg orbitéls
which must be covalent as the ligands are sulfur atoms. There are
several important consequences of this conclusion: 1) The energy level
Aschemé. is based on crystal-field approximations and therefore
can be considerably in error. 2) The reducing electrons will occupy an
" ionic orbital (dzz); thus, the reduction potential of the plant-type ferre-
doxins is justifiably attrib;ted to electron repulsion between the dzz
orbitals of the two iron atoms. 3) Covalency of the tZg iron orbitals
with sulfur implies that the Mossbauer spéctra of these proteins will be
sensitive to ligand changes between the members of -the plant-type ferre-
- doxins. That is, the substitution of tyrosine or histidine.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 ligaﬁds for this complex.
Thus, the suggestion by Yang and Huennekens (169) that iron-sulfur_
complex involves octahedral hydroxy ligands incluaing tyrosine is not
applicable on two counts: 1) the ligand éymmetry is tetrahgdral 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 amino acids whicﬁ
occur in areas of the sequence with a ﬁreponderance of glutamic acid,
aspartic acid and glutamine will not be free to ligate to the iron-
sulfur complex, as they will be drawn out to the periphery of the protein
conformation. Thus, consideration of the similarities in the Mossbauer

spectra and inspection of the amino acid sequences and composition (170,

~
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e iron-sulfur

_ .171)‘imply that cysteine is the most probable ligand to th

complex, ;and that the structure shown in Fig. 15 is valid.
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B. Bacterial-Type Iron-Sulfur Proteins.

The bacterial-type iron-sulfur proteins all contain larger am;unts
of iron and‘labile sulfide than the plant-ﬁype iron-sulfur_proteins; best
-estimates for the iron and_iaSile sul fide content being 8 Fe and'8 S per
pfotein mplecule (172,173) for these ferredoxins from Clostridium and
from Chromatium. -Although £hese 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 pasteufanium andkclostridium acidi-urici.
The biochemiséry of these materials and the physiological function, where
known, are discussed in several review articles previously mentioﬁed
(129, 133, 135).

The first Mossbauer spectroscopic studies on this class of iron-
Sulfur'pfoteins 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 preéented to support two diétinct environments for the iron in
the oxidized form of the protein, the ratio of 5:2 was suggésted in
keeping with the then thought number of Fe atoms per protein“molecule.
This assignment of the number of Fé atoms per site, of cour;é, 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
tecﬁniques (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'ére again two Fe sites in about the ratio 2:1. The
quadrupole ‘splittings observea (1.32 and 0.66 mm/S at 4°K) are within
the range for high-spin Fe(III) bibmolecules; in addition, there is no
evidence for a magnetié hyperfine intera;ﬁion even at 4°K. No studies
of this material have ever been made under conditions of an external
magnetic field. When the Chromatium bacteti;l-type iron-sulfur protein
was reduced with sodium dithionite, a paif of quadrupole lines with a

splitting of 2.9 mm/S appeared, and accounted for about 1/6th of the

total Mossbauer absorption; iater studies (175) with Clostridial acidi-
urici point out that the reducing conditioné and buffer concentration
used in the earlier work may have not preserved the reduced fqrm of the
protein, but may be indicative of aenatured protein; these studies with
the reduced form of the protein certainly bear repeating. |

The absence of magnetic hyperfine interaétions in the oxodized forms
of the bacterial-type iron-sulfur proteins does point to the possibility
of spin-pairing within the molecule; this feature is also shown more
gleariy by the reported diamagnétism and by the effects of the spin-
coupling on line positions in high resolution proton magneticlresonance
in the studies by Poe et al. (176).  The fact that the bacéerial-type
iroq-sulfur proteins act as two electron-trasnfer agents i?—contrast to
. the single electron transferred in the plant-type iron-sulfur proteins
and the discovery that there are two paramagnetic centers, each of the

g = 1.94 variety of.Orme-Johnson and Beinert (177) for Clostridium

pasteuranium (-and for the conjugated iron-sulfur protein, xanthine
oxidase) indicates -the complexity of these materials. Further study of
Mossbauer spectroscopy in conjunction with other resonance 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 distinct
from the irdn-sulfﬁr proteins previously'discussed. This protein serves
as a reversible oxygen carrier in red cells of brachipods and sipunculids.
(179-181) Hemerythrin can be dissociated into eight subunits each of
moleculaf weight 13,500 whichAcontain two Fe atoms and can bind reversibly
one 02 molecule (182). There is no "acid-labile" sulfide present in the
molecule. The determination of the oxidation state of the iron and the
mechanism of reversible oxygenation has been a goal for some time; chemical
studies by Klotz and Klotz (183) which suggest a ferric peroxy form of
binding have been questioned by other workers (184,185). Thus it is
important to apply physical techniques, particularly magnetic Suécepéi-
bility measurements and Mossbauer spectroscopy in order to resolve this
ques tion.

Magnetic susceptibility measurements by York and Moss (186) over
the temperature range from 14°¢ to 77%K shdw the absence of any para-
magnetism for the F, N3-,.OCN-, SCN , CN derivatives of the oxidized
protein, and for the deoxygenated and oxygenated forms as well. Room
temperature magnetic Susceptibility ﬁeasureménts (187) show a para-
magnetism close to the value gxpected fof four unpaired electrons
(5 = 2) for deoxygenated hemerythrin and an absence of paramagnetism for
the oxidized derivatives. A paramagnetism corre;pon&ing to a single
electron per Fe atom is found for the oxygenated form. These quantita-
tive magnetic Susceptibility measurements are in agreement with relative
méaSurements made by Okamﬁra and co-workers (181).

Mossbauer spectroscopic measurements on hemerythrin were first
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perfo;med'by Gilchrist (188) and later by York and Bearden (186), Okamura
et al. (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 Af hemerythrin diSplay

a single quadrupole pair of lines with,é quadrupole splitting of about
1.8 mm/S with a very slight temperature dependence., This wide splitting
is similar to the splitting observéd in methemoglobin and metmyoglobin
and is considerably wider than observed for ionic Fe(III) model compéunds{

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

configufation 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 évidence for a magnetic‘hyperfine interaction
down to 4°K and in applied magnetic fields of several kilogauss.

For the deoxygenatéd 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 configﬁration. No hyperfine
interaction is pfesent down to 4°k. 1In each form of heﬁerythrin discussed
so far, all of the Fe is present in a single site in each form.

The oxygenated form of tﬁe protein has a ﬂossbauer 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 péir 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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hemerythrln, the dlfflculty of explaining the two distinct sites of Fe
rests on Subsequent reaction mechanlsms which are not easily demonstrable.
The most important conclusion based on Mossbauer evidence is the absence
of hyperfine interactions for any of the forms of the protein. The
absence of paramagnetism for the oxidized and oxygenated derivatives
indicate that there is a '"spin-paired” diamagnetic molecule.

The two enyironments indicated by tﬁe Mossbauer data and the fact
that during the reaction of tetranitromethane with tyrosine residues only
one of the two iron atoms pef protein subunit was released (190) points
out the possibility that O2 binding to a single iron site must still be
con51dered a possibility. The recent work'on O2 binding to Bis [bis(diphenyl-

phosphino) ethane] lrldlum(I) HexafluorophOSphaee (191) and a series of
other papers on Oz-binding to binuclear complexes (192,193) may be rele-
vant to the O2 binding of hemerythrin. Further studies by magnetic
susceptibility with the full tanperature range available in a single
instrumentAand by Mossbauer spectroscopy with the availability of a large
external magnetic field, and the possibility of 57Fe enrichment would be

most helpful in this problem.
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SUMMARY -

. Resonance spectroscopies have an important role in determining glec-
tronic configurations and protein conformations. High resolution proton
‘magnetic resonance may provide information on conformations in solution,
an essential édjunctbto studies by x-ray crystallography.' Mossbauer
spectroscopy -is most valuable for materials which are not so fér-amenable

to x-ray étudy;-for example, studies of iron-sulfur protéins and .other
nonheme proteins. i |
For proteins whose structure is known by means of crystallographic
studies, Mossﬁauer 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.



60
ACKNOWLEDGEMENTS

The authors are in debt to their many colleagues and co-workers who
have 1aborea in the applications of resonance Speétrosc0py to biological
problems. We particularly acknowledge the discussion of these matters
with Professors D.I. Arnon, Helmut Beinert, A. Ehrenberg, I.C. Gunsalus,
M.D. Kamen, J;B. Neilands, L.E. Ozrgel, and J.C. Rabihowitz and with
Drs.-R.G.‘Bartschg B.B.‘Buchanan, W.D. Phillips, and I. Salmeen.

‘The report-in—depﬁh on Mossbauer spectroscopy of the iron-sulfur
proteins includes'collaborative research, also published elsewhere, with
W.H. Orme-Joghéon, Graham Palmer, R.H. Sands, and I. Salmeen.

Thié work has been supported through grants;in-aid from the Nationél
Science Foundation (GB-13585) and from the U.S. Atomic Energy Commission
through Donner Laboratory. The first authdr (AJB) has been partially
supported by a Public Health Service Research Career Deveiopment Award. -
(1-K4-GM-24,494-01) from the Institute of General Medical Studies. The
second author (WRD) has been Suppérted in pért by a Biochemistry Training

Grant from the National Institutes of Health through the Department of

Chemistry, University of California, San Diego.



61

LIST OF FIGURES AND FIGURE CAPTIONS.

Fig. 1.
Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Mossbauer spectrum resulting from nuclear isomer shift.
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. Mossbauer spectrum resulting from a magnetic hyperfine inter-

action between electron paramagnetic moment and Mossbajer
nuclide nuclear magnetic moments.

Mossbauer absorptian spectra of hemoglobin fluoride at

a) 4%, background 40%, and b) 1.2°K, background &40%.

Line spectrum calculated in the low temperature approximation,
valid at both 4°K and 1.2°K.‘ 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).
qusbaugr spectra of cytochrome c peroxidase fluoride;

(a) - proto, (b) - meso. A magnetic field of 100 G is applied
pafallel to the direction of observation of the gamma-ray
Beam; (c) - proto, (d) - meso. A magnetic field gf 500 G is
applied perpendicular to the direction.of observation of the
gamma-ray beam. = A
Electron paramagneticrresonance signal showing the "g = 1.94"
characteristic of the dithionite-redﬁced spinach ferredoxin,

a plant-type iron-sulfur protein. Spectrum taken at 20°K.
MossbauerJSpectra of oxidized plant-type iron-sulfur proteins

in zero applied magnetic field. Abbreviatiﬁns: AZI = Azotobacter
Fe-S protein I, 4.6%K; AZII = Azotobacter Fe-S protein II, 4.2%;

Put. = Putidaredoxin, 4.2°K; Ad. = Pig Adrenodoxin, 4.2°K; Clos. =
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Clostridial paramagnetic protein, 4.2°K; PPNR = Spinach ferre-

doxin, 4.5%K; Parsléy = Parsley Ferredoxin, 4.2°. Velocity

scale is relative to iron in platinum.

Mossbauer spectra of oxidized plant-type iron-sul fur proteins in
high applied magnetic field.. Abbreviations: Ad. = Pig Adrenoéoxin,
4.2°K, 46.kG; PPNR = Spinach Ferredoxin, A.SOK, 50 kG; Clos. =
Clostridigl Paramagnetic'Protein,,&.ZoK; 46 kG; AZI = Azotobacter
Fe-S Protein I, 4.6__°1<; 46 kG; AZII = Azotobacter Fe-S Protein II,
4.2°K, 46 kG. Applied magnetic field is parallel to gamma-ray direction.

Mossﬁauer spectra and computed Mossbauer spectra for reduced
spinach ferredoxin at 256°k. (a). Lyophilized spinach ferre-
doxin in zero magneﬁic field; (b). Lyophilized spinach ferre-
doxin with 46 kG magnetic field parallel to gamma-ray direction.
Velocities relative to platinum source.

Mossbauer spectra taken at various temperatures between &.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.

qusbauer spectra at low ﬁemperatﬁre and small applied magnetic
field for reduced plant-type_ferrédoxins. Abbreviations: AZI =
Azotobacter Fe-S Pfotein I, 4.2°K, 1.15 kG; AZIT = Azotobacter
Fe-S Protein II, 4.2°K, 300 G; Put. = futidaredoxin, 4.6OK;

580 G; Clos. = Clostridial Paramagnetic Protein, 4.7°K, 3.4 kG;
'Ad. = Pig Adrenodoxin, lyophilized, S.3°K, 580 G;lPPNR = Spinach .
Ferredoxin, lyophili;ed, 4.3°K, 580 G; Parsley = Parsley Ferre-
doxin, S.loK, 580 G. AApplied magnetic field is parallel to
gaﬁma-ray direction. Velocities are relative to platinum

source matrix.
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Mossbauer spectra at low temperatﬁre and high applied magnetic
field for reduced plént-type ferredoxins. Abbreviations:

AZI = Azotobacter Fe-S Protein I, A.ZOK, 46 kG; AZIL = A;oto-
bacter Fe-S Protein II, 4.2°K, 46 kG; Put. = Putidaredoxin,
4.6k, 46 kG; Clos. = Clostridial Paramagnetic Protein; 4. 2°K,
46 kG;‘Ad. = Pig Adrenodoxin, 4.2%K, 46 kG; Parsley = Parsley
Ferredoxin,'4.3°K, 46 kG-; PPNR = Séinach Ferredoxin, lyophilized,
4.3°K, 46 kG. Applied magnetic field is parallel to gamma-ray
direction. 'Velociéies are relative to platinumAsource matrix.
Mossbauer spectra and computed Mossbauer spectra for reduced
spinach ferredoxin at 4.3%. (a). 580 G; (b). 46 kG. Applied
magnetic fields are parallel to gamma-fay‘direction. Velocities
are relative to platinum source matrix. Boltzmann weighting
factor for electronic étates = -.26.

Mossbauer spectra of reduced plant-type ferredoxins in zero
magnetic field at low temperature. Abbreviations: AZIL =
Azotobacter Fe-S Protein I, 4.2°K; Put. = Putidaredoxin, 4.2°K;
Clos. = Clostridial Paramagnetic Protein, 4.2°%; Ad. = Adreno-
doxin,'&.ZoK; Parsley = Parslevaerredoxin, 4.6°K. Velocity
scale is relative to source in platinum matrik.

A Model of the Active Center of the Fe-S Plant-Tyne Ferredoxins.
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