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ABSTRACT OF THE DISSERTATION

"”:The Aciive Center of the Plant-Type Ferredoxins:

Studies by Mossbauer_Spectroscopy 

by
William Richard Dunham .=

Doctor of Philosophy in Cheﬁigtry
University of California, San Diego, 1970
Professor Alan J. Bearden, Chairman

ProfeSsor Martin D, Kamen, Co-Chairman

- The plant-type ferredoxins from spinach; parsley, Pseudomonas

putida, Azotobacter vinelandii, Clostridium pasteurianum and pig

adrenal1§oftex were investigated by Mossbauef spectroscopic experiments
at varyiﬁg temperatures (4.2 to 256°K) and appliedvmagne;ic field up

to 46 kGéuss. The reSulps of these experiments, when correlated with‘
other'data:on these proteins, have led to a structural model for ﬁhe
activéggenter of the plant-type ferredoxins. The following properties
of thé'ééﬁiVe_centér.are Weil¥substantiated exﬁefiméntally by the |

present:study. '1) The active center of the oxidizéd plaﬁt—type
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féfredokinsucontain two iron atdms-with‘idepticél éieﬁﬁronié
ehvironﬁgﬁ;é at the nuclei. These iron afbms'aré'high—spin‘ferfic
(S = 5/2)} épin—coupled tb giﬁe a resultant diamégﬁétism for the
complex;:.Z) In the réduded_sﬁﬁte,.the active céptgf'contaiﬁs one '
high-sﬁihlfé?ric sﬁate_spin—coﬁpléd tovoné high‘fef?éus'étate S = 2)
to‘givé a'feSultant S ="l/2 complex. 3) The iigan&.symmetry around
both ifoﬁ‘aféms is'tetrahedral,vbut with botﬁ axiél‘and'rhombic dis~-
toftions; tThis baéic.symmétfy is not’affectéd by‘reduction of’the
proteins.‘;ﬁ) The active center of thebplént—tyﬁe‘ferredqxins is nearly
identical.iﬁ every protein studied. The only differences in this
active éenper are the presence and magnitude 6f thé.rhombic distortion
of the Symge;ry fér the ferrous iron in the reduéed'proteins.'
fﬁe;reduétion potentiéls of the plant—typevferredokins are
attribﬁted to an electron repulsién.term between the d,2 orbitals of
the two ifon.atoms. The two labile sulfpr atbmsbéf.;hevactiveléenter
form bfidéiﬁg ligands to thg two iron atdmé, eéch of which isvfurther

tetrahedrally ligated to two cysteine sulfur atoms.

xiidi



I. PLANT-TYPE FERREDOXINS

A. INTRODUCTION

_'ﬁétgiloproteins form an in;eresting subclaSé of protein enzymes;
in many céses ihe métal ion or ionmns participate iﬁ:détermining the
enzymatic pr6perties of the prbtein by forming thenéctive center in
conjuncﬁigﬁ'&ith’a highly specific‘mefal-binding complex. The most
famiiiaruégémplevof this Specificitykis the Fe—pérphyrin:complex found
in the ptbtéins hemoglobin and mjoglobin where fhévheme group confers
the impdgiént pfoperty of reversible'OXYgén binding.a Porphyrin-
magnesiuﬁ cOﬁplexeé férm tﬁe center responsible-fér’primary photosynthe-
sis in chiorophyllsg iron not boﬁn& in a heme moigtylbinds oxygen
reversibleiin the misnaﬁe& pfotein hemerythriﬁ. -

VIron.is also an-important constifuént_of.another‘class of
proteins'(Fig. 1), the‘ifon—sﬁlfur proteins, whicﬁ»function as electron-—
transfer agents, and which shéil be the subject_of this work. Iron is
also, ofnCOQrse, carried by several proteins (e.g.; transférrins and
conalbumin);.and stored by others (e.g., ferritin and ﬁemosiderins), as
it is a nééessary element for most life érdcesses; The iron storage
protein; ferritin, whose principle function is felated to binding iron
reversibl&: has been investigated thoroughly by a number of physical-
chemical téchniques (Brady;gg;gi;, 1968) including.magnetié

susceptib;lity, electron paramagnetic resonance, Mossbauer spectroscopy,

and low—éhgle x-ray scattering.



FIGURE 1. PROPOSED CLASSIFICATION OF IRON PROTEINS.
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Heme proteins have been investigated fully by a variety of

chemical and phy31ca1 techniques.' These 1nvest1gations (Chance et al.,.
1966) have shown that the wide range of biochemical propertles, includ-

ing oxygen—transport as in myoglobin and hemoglobin and electron—transfer
as in cytochromes, depend 1nt1mate1y on the conflguration of the iron
atom w1th1n a porphyrin ring (Falk, 1964) and on the details of the
1ncorporation of this iron-porphyrin complex in the protein. Although
the studies.on heme compounds have given precise information on the
character of the iron bound in these molecules (Moss gg_gl., 1968), this
1nformation is not directly applicable to the present study of the plant-
type ferredox1n for these two types of iron proteins never have similar
iron environments, even when.their functions areienslogouS,-i.e.,
electron'transfer reactions. B

iron_proteins which‘have more than one tyoe:of prosthetic
group (for example, xanthine oxidase) are calledv"conjugated iron pro-
teins" (Beinert; 1969). Xanthine oxidase is a lerge mOlecule‘
(MW = 275?000) containing two molybdenum and eight’iron atoms as well
as two flavin adenine dinucleotide (FAD) moieties‘per protein molecule.
The heme-flavoproteins such as yeast lactate dehfdrogenase, are slso'in
this group. It has been suggested that the ironsconplex_of the plant-
type ferredoxins is sometimes a constituent in these proteins (Orme-
Johnson and Beinert, 1969).

.The:non—heme proteins can be divided into two groups: the
iron-snlfur proteins and the rubredoxins. Rubredoxin has a single
iron atom per protein molecule. This singleviron atom has been

recently shown by x-ray crystallography to be tetrahedrally ligated by

€
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the sulfur atoms from four'cysteine residues (Hérriott et al.,>l970).,

. These are’ one electron—tranéfer‘proteins, charactériiéd chiefly by

color'(rgd?brOWn when oxidized) and by a'g =,4.27 electron'para—
magnetic  resonance signél (referenced in Palmer and'Brinfzinger, 1966;

Newman and'Postgate, 1968). Two distinct chemica1 differences dis-

: tinguishvthe iron-sulfur proteins from the rubrédokins: 1) the

‘iron-sulfur proteins contain "labile" sulfur, that is, sulfur which is

not partlof the amino acid backbone, and 2) the_iroﬁ-sulfur proteins

always contain more than one iron per molecule. . The iron-sulfur

proteinslﬁith more thaﬁ two iron atoms per moleéuie.and, generally;
eight iron atoms per moleculeA(Orme—Jdﬁnson and Beinert, 1969) are
called ﬁa¢férial-type ferredoxins, as they'wefe first discovered in
ﬁonphotdéynthetic bacteria (Mortensen.gg_é;., 1962). Those with two
iron atoms per protéin molecule are called plant¥type ferredoxins.
_\There are'two'éther non-heme iron protéinsr 'hemérythrin, and

the high%potential iron pfotein_(HiPIP) found in Chxomatium D and

Rhodopsgudomas gelatinosa. Hemerythrin is an oxjgen-transport protein
found inTSOme marine invertebrates: for example; sipunculid worms.
There'arg two iron atoms and one cysteine residue in each of the eight
subunits qf the protein (LQve, 1957; Boeri and Magaldi, 1957). The
cystéine in this protein ié invélvéd in binding the subuhits togeﬁher
(Keres?tés-Nagy'gngg,; 1965); therefore the iron coﬁplexés in thi;
protein‘aré not similar tovthat in rubredoxin (Lovenberg and Sobel,
1965), noffis the iron:in hemerythrin analogous to tﬁat found in the

iron-sulfur proteins (Fry and San Pietro, 1962).



Thé ﬁnique'pfépertieé of HiPIP Havé giveﬁvfiée to studies-of

'its chemical'prbpértieé'(Dus et al., 1967), but to_Aatétits function‘-
'isAunkndwn; HiPIP céﬁtains four iron atoms and:foufilabile:sﬁlfur
atoms péf;protein @oiécule. However, its reduciionipotential
(Eé = +0;35V5 is notlgharécteristic of any othef:irén pfopein, and it
is.noﬁfékpected to contéin.an acfivé center similar-to.the other>
iron—sulfuf proteins. |

- Aé.mentioned-above, the name "plant—typé:ferredbxin" refers
to iron4sulfur proteins with two irén atoms pefjmoiegule. The origin

of this ﬁaﬁé is historical and not particularly;desériptiVe for there

are plantftype ferredoxins in animals and bacteria as well as in plants. -

Thus faf;.howéver, all iron;sulfur'proteins in plants contain‘justrtwo
iron atdm; per'moleculé,vénd g;l;ifon—éuifur prbtéins whiéh havé3more
than two iron atoms per molecule occur only in bacteria. In this
research‘we have studied the bes;-charécterized 91aﬁt—type-ferredoxins
froﬁ plaﬁfs, animals andubacterié:. B
v“S§inachiFérredoxin
-Parsley Ferredoxiﬁ
‘ Pig Adfenodoxin
“Azotobacter Iron-Sulfur Protein I
‘AZOtobactef Iron—Sﬁlfur Protein II

' C. pasteurianum Paramagnetic Protein

TPutidaredoxin
. The above designation of the iron-sulfur proteins in
Azotobacter is in accordance with Shethna et al. (1968). C. gasteur—

ianum paramagnetic protein (Hardy et al., 1965) is not to be confused

.



with the bacterial~type ferredoxin from C. pasteurianum known as

Clostridial ferredoxin (Hong and Rabinowitz, 1967).

B. FUNCTION OF THE PLANT-TYPE FERREDOXINS

'fThé;ﬁain reactions of the plant~type féfrédbkinsvinclﬁded in
Ehié ét@d?ﬁére shown in Fig.v2. in blﬁnts, ferfedbxin is involved in
photosyﬁfhétic proéessés which afe located veryuéiqée to the chloro-

phyll in the electron~transport chain} It has been thought that

v ferredoxin was the primary electron acceptor in photosystem I in

plants. Reéehtly; however, Yocum and San Pietr§.k1969) have assigned
this poéiiidn in the chain to a different molecuié which they named
ferredoxin4feducing‘substance (FRS) . Adreﬁodo#in and putidaredoxin
are invoivéd in the hydroxylation of deoxycorticosterone and camphor,

respectively. The plant-type ferredoxins from C. pasteurianum and

Azotobacter. vinelandii have unknown functions; it is presumed that

they are.involved'in nitrogén fixation.

Thﬁs, the plant;type ferredoxins are participants in nitrogen
fixaﬁidn,.photosynthesis, and steroid and camphbr hydroxylations.
Regardleéé'of origin, however, these proteins show remarkable simi-
laritiéé.iﬁ their chemistry. All the plant-type ferredoxins whose
function is known, participate in electron traﬁsport chains with both
one and“two—electron-transfer reactions present. In each chain, the
switch éetWeén one‘ahd‘two eiégtron transfer reactions takes place at
the point where the ferredéxin reaéﬁs witﬁfa fiévbﬁrotein. Since
Foust.gg;gk. (1969) have shown that spinach ferredbxin forms a 1:1
complék:With the appropriate flavoprdtein from spinach, it seems

likely that the reaction in spinach involves two consecutive



FIGURE 2. ELECTRON-TRANSFER REACTIONS OF THE PLANT-TYPE FERREDOXINS.

Abbreviations:

ATP
Ad

Fd

fp

FRS

NADPH.

P-450

P-450cam

'Put.

@

Adenosinertfiphosphatev

Adrenodoxih

Ferredo#in

Flavoprotein

Ferredokin—réducing substance

Reduced nicotinamide adenine dinucleotide
phosphaté

Cytdchrome P-450

‘camphor specific cytochrome P-450

Putidaredoxin

‘Reduced form
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II.

ITI. -

Iv.

PLANT FERREDOXINS
A. " Cyclic Phosphorylation (Arnon, 1967)

4Rdy, + 2ADP + 2Py + 2Hp0-a4Fd g + 2ATP + O + 4HT

B;“ Reductlon of NADP+ (Yocum and San Pletro, 1969)

FRS(r) )( fp(r)
>< Fd(x)

nappt

NADPH

ADRENODOXIN -

‘Deoxycorticosterone Hydroxylation (Kimu;a, 1968)

NADPH fp(r) :
NADP+ >< >< Ad(r) >

PUTL.DAREDOXIN

P~450(r)

P-450

Methylene Hydroxylatlon of Camphor
(:: fp(r) Put. ‘450cam
+ :> :> ,;>
NAD Put.(r) P-450cam
AZOTOBACTER FE-S PROTEINS, CLOSTRIDIAL PARAMAGNETIC PROTEIN

- Nitrogen Fixation?

(r)
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reductidﬁé df thé flavoprotein by.ﬁeduced ferredéxiﬁ:molecules.  Tﬁus,
the rolé}of“phetplant—type.fer:edbxins seemé to.bébiinkea to an abil%
ity, in coﬁjﬁnction with é flavoproteiﬁ,vtovswitéh anle1éctrQn
transpofﬁiéhain from one to two electron transfer.feactions or vice
verss. |
‘Thé importance of protein conformation inbthe reaétions 6f the

plant—typé'ferredoxins is not clear. The bactefiéliférredoxins (Arnon,
1965; Tagawa and Arnon, 1962) and most of the plant-type ferredoxiné
will substitute for the plant ferredoxins in ﬁhe photoreduction of
nicotine adenine dinucleotide tribhosphate (NADP). Thé iron-sulfur
proteiﬁs'ffom Azotdbacter have no biologiéal aéﬁiﬁify in thevphofo-
reduction of NADP (Shethna ef al., 1968). Here»ﬁévnbte'that the
Azotﬁbadtef»proteins have twice the molecular'weight‘as ény other
plant-tYpé'ferredoxin (Iable.l).’ Hoﬁevér,'nbne of the plant-type
ferrédokins will substitute for édrenédoxiﬁ inséteréid hydroxylation
(RKimura et al., 1969)‘ Many of the above bbsef&atibns can be explained
on the‘basis of thermodynamic arguments and knqwﬁ féduction potentials,
_although:it.is obvious that steric factors alsq play.an important

part iﬂ_&eﬁermining the biological activity of tﬁese_proteins. _Sincé'
we arevinterested here in the active site of these proteins, it.is
import#nt ﬁo realize that the amino-acid reéidueé not directly involvgd
in thé_aétive site binding are surely of some impbrtance‘in determining.
the chemical propertiesvof these proteins. Thﬁs,_the measured re-
ductiqq potentials of these protéins néed not be a propefty which is

determined solely by the physical properties of the active site.
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‘but in the reduced state, they ‘show the

11

c. PHYSiCAL‘ PROPERTIES OF THE PLANT-TYPE FERREDOXINS

The plant type ferredoxins are small protelns with molecular
weights between 12 OOO and 24, 000. -Table 1 shows that four of the
protelns examlned ‘have molecular welghts around’ 12 000 this weight
consistseef‘97 amino acid residues, two iron atgms and two sulfur
atome.'.Sihee'disuifide bonds‘have not been‘deteeted_in the plant;type
ferredokihe, they are assumed to.consist'of‘a:sihgle amino eei& chain
Wifh-th?]iUQP and sulfur atoms bound tojthe protein via amino ecid
side cheiﬁe;

The two iron and two sulfur atoms are 1abile§ thet is, they ate
released-teﬁthe eolution when the pH is lowere&vte ereund four. Sinee
the prqteih-conteins'no prosthetic‘groﬁp such eehflavih or heme, and
Sinee the:apeprotein'is biblogicaliy'inaetive,tthehhiological activity

of the plaht—type ferredoxin must result from a'complex involving the

apoprotein, the iron, the sulfur, or all three.

There are two oxidation states in plant-type ferredoxins: an
oxidizedfstete which then accepts a sihgle electron to form the reduced
state»of’these proteins. It will be- important to keep in mind that

even a strong reducing agent such as dithionite will only transfer a

single electron to the plant-type ferredoxin (Mayhew et al., 1969) .

Once reduced, the plant~type ferredoxins are strong reducing agents

themselves with réduction'pbtentials between -240 and =420 millivolts

.at pH 7. 5 (Table 1). Moreover, the plant-type ferredoxins exhibit

no electron paramagnetic resonance (EPR) s1gnal in the oxidized state,
11

g = 1.94" EPR 51gnal_at low

temperatures. (As a convenience, the abscissa in EPR data (Fig. 3) are
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'TABLE 1. PROPERTIES OF
of references used,

b.

d.
6.
f.
g
h.

t.

U

Bendall et al (1963)

Cushman et al (1967)

',c...DérVartanian et al.'(1967) 

Evané:et al, (1968)

Héliiand Evans (1969)

Hardy et al. (1965)

Hollocher et al. (1966)

Kimura and Suzuki (1967)
 Kimura.et al. (1969)
.ﬁMatsubara and Sasaki (1968)

Matsubara et al, (1968)

Orme—Johnédn‘et al, (1968)

Palmer, G. (1967)

~Palmer, G. — unpublished data

Pélmer and Sands (1966)

~Palmer et al. (1967a)

Shethna et al. (1964)
Shethna et al. (1968)

Tagawa and Arnon (1968)‘

‘Tsibris et al., (1968)

Watari and Kimura (1966)

THE PLANT-TYPE FERREDOXINS iNVESTIGATED. List

e



*Personal communication, W.H. Orme-Johns on

**Personal communication, R,H,., Sands

*%HEO =

reduction potential at pH 7. (Mahler and Cordes, 1966) .

Electrons - v
: Trans- EO*** EPR g-
. Fe S= ferred MW (mV) values Ref
Azoto- 2.2 1 21,000 -300 ‘to gx=1.93.  c,g,
bacter o ' ~400% gy=1.95 q,r
Fe-S Pro-. . C gz=2.02
tein T
Azoto- . 2 2 1 . 24,000 ~300 to gx=1.90 q
bacter : "~400% gy=1.95
"Fe-S Pro-- S gz=2.04
tein II - :
Parsley =~ 2 2 1 12,000 -300 to gx=1.89  a,m
Ferre- - : ~-400% gy=1.96
doxin o gz=2.,04
Adreno- - 2 2 1~ 12,000 -370 ex=1.93  e,h,
doxin o ' gy=1.94 i,1,
‘ gz=2.02 n,u
Spinach -~ 2 2 1 12,000 -420 gx=1,89%% d,j,
Ferre-~ - gy=1.96%% k,p,
doxin gz=2.04%*% o,s
C.Pas- 2 2 1 24,000 -300 to gx=1.93  e,f
teurianum -400% gy=1.95
Paramag- . gz=2.00
netic Pro- '
tein - ‘
putida- 2 2 .1 12,000 ~240 gx=1.94 . b,c,
"redoxin ' e e ‘ gy=1.94 e,t
o gz=2,02
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sbmetimeé_given'in terms of g, the spectroééopic spiitting.faétor.
"g'" is defined as Pﬂma where D is the micfowgve:f¥eqﬁency and H is
the applied field fér a point along the absciss;; ifg" is near the
Lande g-ﬁalﬁe in the aboﬁé experiments, buf may;v;fy'widely for other
compounds fAbragam and Pryce; 19511).

| ‘This EPR signal has been critical for fhé i&entification and
purificatién of these compounds'(for.example, sée”Shéthna et al., 1964).
The "g'=.i.94" EPR signal has been obsefved frdm»4g2°K to between 80°K
and:200°K; depending on the protein. The "higﬁ temﬁerature" disappéar—
ance of fhis signalldue to line broadeniﬁg ié étﬁfibuted‘td spin
relaxatiép‘éffects (personal coﬁmunication, G.'Pélmef; Shethn;vggigk.,
1968). bihe EPR signal (Fig. 3) is'énisotropiCKWiﬁh'two g—véiues
around‘1f94 (gl_) and a third g-value around 2{04 (g" ). Thus?'the.
weighted average of these g-values ié less than"2.0b23, the g-value of
the free électron. Although the "gv=_l.94"vEPﬁ'éighal in itself
attracts attention and gives rise to numerous.tgéofetical implications
with respéét to the position of eléctronic enefgyfievéls (Brintzinger
et al., 1966), we shall first turn to a consideration of a group of
experiments in which changes in this EPR sighal.were observed. |

.These experiments cdnsistvof substituting isotopes with

non-zero nuclear spin for native iron or SQlfufiagqﬁs in the prbteiﬁ
and thén oﬁserving the resulting'hyperfine interaction in_thé EPR
spectfg@ éf the reduced proteins at low temperature. Thevrationéle
and results of the experiments are as follows: 1) the oxidized
protein does not show an EPR signal, whereas the ;educed protein

exhibits.a sigmal characteristic of an § = 1/2 ground state doublet
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. FIGURE 3. EPR SIGNAL OF SPINACH FERREDOXIN. This spectrum was taken

on 10—5M.spinach ferredoxin in 0.1Mtris (pH 8.1 at125°C), reduced
with sodium &ithionite. The spectrum was recorded at a_microwave
§6§9r (9.203GH2)‘of lmW, a modulation amplitude of 4_géﬁss, a scaﬁning
rate of SOOHéauSE/min. and af 20°K.- The receiver gain of the Varian

E-3 EFR Spectroﬁeter was 3.2 x 10°.
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(Beinertlet°a1., 1965). In addition, the EPR signalhquantitates to a -

single electron by double integration of the EPR 31gnal (Palmer et al.,

1967), and by spectrophotometric tltration with dlthlonlte (Mayhew

et al., 1969) Since the proteins are known to take up a single elec-

~.tron during reductlon, the electron spin which causes the EPR signal

is 1ocated at the active 31te of the protein. 2) If atoms in the

native proteln are 1nterchanged with isotopes hav1ng non-zero nuclear

spin and if these atoms are involved with this reducxng electron

through a molecular orbital then one can expect to see a broadenlng

of the EPR 51gna1 due to the magnetic hyperflne lnteractlon. Certalnly,

if broadenlng is obserVed upon 1sotop1c substltution, th1s would mean
that the substltuted atom is part of the active 31te of the protein.

Since Malk;n and Rabinowitz (1966)Ahave heen able to reconstitute W

- ferredoxin after the iron and inorganic sulfide_has been removed, it

would seem'possible‘to induce hyperfine broadénlng by substituting
57pe (Il%‘l/z) or 33s (I';hé/Z)ifor_their counterparts in the native
protein;v Alternatively,.one:could grow the cells in a medium enriched
n 57Fe or 335 and obtain the desired orotein in{this way. The latter
method is the more expen51ve in terms of time and money, and it is
obviously not very feasible to produce enriched pig adrenodoxin in this
way. However, the advantage of the growth.experiments is that one is
assured-by this approach that enrlched proteln ls,structurally,
1dent1ca1 to the non~enriched protein. | |

_.The results of the above experiments show that enrlchment w1th

 either. 57Fe or 33S results in a broadenlng of the EPR SLgnal in many of

the plant-type ferredox1ns (references in Table l) These studies have
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shown thet'both ifon‘nuclei and Both inoréanic sulfide‘uuciei.interect
magnetlcally with the electron spln. The magnltudes of the hyperflne
interactions_with 57Fe and 33S nucle1 1nd1cate that the iron and sulfur
atoms areebonded to form a complex at the active‘eenter of the plant-
type fefredokins. .In addition, cysteine sulfur has oeen implicated in
the ectiue site of putidaredoxin by growfh expefiments on 33s (Der
Vartanlan gg_gl,, 1967). Thus, the results of tﬁese.EPR experiments
imply that the active site of the plant-type ferredox1n consists of a
complex'with two iron atoms and two sulfur atoms ligated by the side
chains of Ehe protein amino acids. The absence of disulfide bonds in
the proteins and the 33s growth experiments for,EPR study indicate
that cysteiue is a_ligand in this complex. -
The amino-acid sequences of several plant-type ferredoXius

are known.(Fig. 4). Since x-ray crystallographi'uas not as yet been
successfully applied to the studyvofbeny plant—type'ferredoxin,.the'
.chief use_of this auino—acid data has been ﬁo point out similarities
in the sequences (Sesaki and Matsubara, 1967) andvto_draw conclusions
on the evolution of- these proteins from'correla;ionS'in their sequences
(Matsubera et al., 1968a). Since cysteine has:beeu'implieated.as a
ligand.iu the iron-sulfur complex of these protein; mention of its
characteristics in these proteins is werranted.

| The position of the five cysteine residuee which are present
in most plant-type ferredoxins is one of the'most obvious and conetant
features in the sequences. In particular, cys44 and cys47 would seeuv
to provide a most inviting binding site for the,iron—sulfur.complex.

However, the incidence of amino acids with side chains having charged
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" FIGURE 4.

_AMINO ACID SEQUENCES OF PLANI-TYPE FERREDOXINS.
Alfalfa — Ke:¢$ztes—Nagy,et'éi.; 1969

L. Glauca - Benson and Yasunobu, 1969

';;Séeﬁedesmus;é Sugand'ahd“MatSubara, 1968

. Sﬁih&éh - Matsubara and_Sasaki;11968

- References:

n



20

—- oud

(eIv)-2uL-neT

L6 96 S6

dsy , ety 1yg, sD ayL TeA R oyg . 419 dsy
o Iyg s ety TeA  . L ,

iy - TeA _ . : dsy

.:,.“ :Ho|=ao|sHu|mmq mﬂmuu:anaﬁuumﬁHlﬁm>|ﬁm>-mm<unmm-wu<-oumuu%meﬁ<|mﬁ<:m%ongsynzmqnam>-muaumaonaﬁu|sao
. W6- 86 6 16 06 68 88 /8 98 S8 Y8 €8 78 T8 08 6L 8L LL 9L SL. WL €L TL .TL OL

4

umz aoag : . TeA Ayl BTV NTO TBA

Cdsy v £19 19§ TeA D19 BTV BTV TeA
dsy , , dsy usy I9g Iyl s41

ymHHlaﬂwlsawlmw< mm<|=wam£mlummlnﬁwlmm<lummchulmm4namglam<lmﬁolzaunam>|smg|m%qlmﬁu|ma¢lm%01ummlumm

69 -89 L9 99 S9 ¥9 €9 T9 T9 09 65 85 LS 9% GS ¥G €S TS IS 0S5 6% 8% L% 9% G¥

t

eIV S o - ne eTy - eTy ayL
o TeA Nty STH
(*11) = (n19) BTy

m%olumwlhﬁwlmﬂ<|mu<lwholummlumﬁloumnsmg Amm<vloHH|%Hw|:wquuslsao|mﬁ<|ﬁawlgm<lsmqlmaHlk%&lﬁmblam<

LAANE % A4 A A A Mm 8¢ Lf 9t GE w€ €L TE€ TE€ Ot 6& 8T LT 97 ST YT ¢¢ <t T1¢

OTI Iyl ury dsy - a8g . sA1 ayg - 2Ll 1yjg, ma% .mnEmm@oamum

_ . U9 Iyr - N1y - Ten : 141 193 BTV eITEITV
L) - IepA -usy .- ayr . IepA - Ay’ 1K1 BTV ~ yoeurdg
amdloumlm%olsaoloﬁmlzawlmmq Aoumvlhﬁwlmm<loumlusalswaA:mgv|m%qlam>lmmqlonmlma<llll "BONBTYH °*1

0¢ 6T 8T (LT 9T ST %¥T €T ¢TI IT OT 6 8 = L 9 ¢ % ¢ T 1

t

'Y
°e
*C
'T

'Y
-m..
x4
oHA

'Y
'€
°C
T

'Y
'€
'
‘T

"
'€
v
‘T



21

or polerizedVatems is quite high in the plant-t?pe.ferredoxins; thus,
there aré—many side chains in the proteins which_cbuld provide ligands
to the iren-eulfur complex. Although hethionine.is not always preseut
in piant ferredoxins, "béekbone" suifur could be7prqvided to the |
complexIViérthis amino acid residue.

Although the optical spectra of these protelns have been

extremely helpful in thelr identification and purlflcatlon, their

: importance‘to the characterization of the active site has been less

than gretifying. However, an absorption peak at 420 nanometers has

been shown to lose one-half of its intensity updn reduction of the

protein (Tsibris et'al., 1968). Also EPR, CD (Ciréular dichroism) and

ORD (opt1ca1 rototary dispersion) data have been correlated with
OD420 (Palmer et al., 1967). The results of these experlments would
indieate:that 0D49q 1is characteristic of a'charge;transfer band in the
iron—sulfur complex.

"In‘summary, plant—tyﬁe ferreuoxins are‘97“auino acid proteins
with twq.iron atoms and two sulfur atoms bound inta complex with the

ligands supplied by the amino acid side chains.v_Single electron re-

:duction of.this protein results in a material exhibiting a low-

temperature EPR s1gnal with absorptions centered around g 1.94.

Other phy31cal techniques which give 1nformat10n on the active 31te of

these proteins are magnetic susceptibllity, Mossbauer epectroscopy and

electrun nuclear double resonance (ENDOR). The results uf studies with

these techniques are the subject of Chaptex V.



D. WHY MOSSBAUER SPECTROSCOPY?

The functlon of the plant type ferredox1ns.1s to accept a
single electron from one protein and pass it on to another. This
lectron, whlle in the ferredox1n molecule, is locallzed to a complex
which contalns two iron and two sulfur atoms which are not from the
amino acld residues. As will be shown in Chapter V; however, the
experimental data which have been presented heret0fore are not suf-
ficient:to_substantiate a definitive model for the:active site of these
'proteins. " There is also no small molecular»weight lron—sulfur compound
which hastall the physical properties of the active site.

Sincevthe prohlem'is essentially to find the structure of the
active 51te, the logical first choice for such a study is x—ray
crystallography. This technlque demands large, stable crystals of the
‘native proteln and one or mare 1somorphous-replacement derlvatlves.
Since these demands have not been,met thus far wrth'any plant—type'
ferredoxin, x~ray'crystallography has not been possihle;.

‘ Thus'we are forced to study non—crystalline preparations of
- the holo—proteins in order to discern the nature of the active site.
. Here, also, we are faced with a problem common‘tohthe study ofball
proteins: the active gite of the protein is represented by around one-
fiftieth of the_total weight of the protein. Webare interested.in the
oxidation state and coordinating ligands ofﬂtwo iron-atomsfwhich are
surrounded by 97 amino acids. It is in this contekt that Mossbauer
spectroscopy seems most appropriate to the study.of the plant—type
ferredox1ns. Mossbauer spectroscopy is an absorptlon spectroscopy

in whlch transitions between nuclear quantum states are observed The

22
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propertiés bf thisvspectrbscopy'aré such that the‘gxfremely small

‘perturbations of the nuclear energy levels become.measurable. These

pefturbatiéﬁs result from interactions of nucleifwith surrounding

electrons. One is thus able to derive informdtion on the electronic

‘environment .of a particular nucleus by Mossbauer spectroscopic experi-

ments. - -

“ The energy measurement made through MossBauer spectroscopy is

-also cbm@letely noise-free with respect to any other nucleus than the

one being studied. Thus, if a spectrometer is set up to observe

. transitiops-in an 57Fe hucleus, 100% of the relative absorption seen at

the detector is due to 57Fe transitions. This specificity can be
especiallyihélpful in protein study as it allows one to see‘a_particular

locus in a large molecule. However, iron is one of the few elements

-~ present in biological compounds which has an isotope (57Fe) that can
bexhibit‘a‘Mossbauer spectrum. Since the naturél:abundance of °7Fe is

v2.l9Z,vénrichment with this isotope facilitates a study of the plant-

type feﬁﬁe&oxins.

-"AﬂOther characterisﬁic of Mossbauer spectroscopy is that it'is.
most efficient at low temperatures (for frozen-aqueous solutions, below
2509K).i As discussed previously, the "g = l.é&"IEPR signal was
,observ§51e only at low tempefatures. Thus,. the temperature dependence
of Mbsébauér spectroscopy ailows correiationfof the Mossbauer spectro- -

scopic;results directly with those of EPR under identical experimental

" conditions.



II. 57Fe MOSSBAUER SPECTROSCOPY

A. THE MQSSBAUER EFFECT B

'As Mossbauer.spectroscopy is a newer field than otﬁer:fields
of resonapce:spectroscopy, its literature is not yet:organized to the »
point where a newvinvestigator in the field can easiiy find the answer.
to as basic a question as, "What is the Mossbauer-effect?" The biblio-
graphy presentsva listing of‘the.basic articles and works which deal
with Mosspauer spectroscopy in general, and in its applicatiop.ip
partlcular to biological problems. Three monographs (Werthelm,
Frauenfelder, and Abragam) are good starting places to learn about
Mossbauer spectroscopy, although ‘a more thorough understandlng of the
field can carry one deeply into the literature of associated disciplines
such as solid-state and_nuclear physics. The folloying remarks on the
theory of Mossbauer Spectroscopy are meant to prov1de a feellng of the
phy51cal parameters as seen in the Mossbauer llterature. In biological
contexts, the Mossbauer spectroscopy literature,is'almost exclusively
restricted to 37Fe although other isotopes (129Xe,'1198n, 1271, 1291)
are of potential value_to experimenters in biology.

| Decay of the I = 3/2 nuclear state of 57Fe to the I = 1/2
ground'state takes place either by internal conversion or by the |
emission of a gamﬁa ray. About ten internal conversioﬁ events occur
for each éamma ray emission (Kistner and Sunyar; 1965), The emitted
gamma ray has an energy of 14.41keV and a line'wiath of 4.7 x 10'9év
which arises from the lifetime of the I=3/2 state through the

Heisenberg uncertainty principle (AE =‘l’yz. where 7 is the mean lifetime

24



_bf thevﬁuc1ear excited state). The monochromaticity of the gamma ray

should in pfinciple allow one to measure the perturbations of a 27Fe

nucleus produced by the electronic envirohment, since these perturba-

tions are'éfound’10_7ev,'thus much larger than the. linewidth of the
gamma fay.v.Normally, nuclear absorpﬁion speétrosédpy is not par-
ticuiafly monochromatic bécause the energy of the emitted (and absorbed)

gamma ray is modified by Doppler energy shifts due to nuclear recoil.

These Doppler shifts are many orders of magnitude larger than either

_ ﬁhe linewidth of the géﬁma ray or the raﬁge'ofbenergy perturbations

pfoduced by atomic electrons on the iron nucleus;:‘Thefefore, nuclear
resonance is difficult to bbserve by normal abéofbﬁion teéhniques, |
since the;?robability is small that energy of a gamma ray emitted by
one757fe nﬁcleus corresponds to the energy needed to éxéite the
nucleus of anothef'57Fe atém.‘bThe Mossﬁauer effegt_incréases the
probabilify of resonant_eveﬁts which occur when the teﬁpératures are
lowered in'thé gamma-ray source and the absorber .
v_fhisrinéréaéeViﬁ‘resénancé at low temperatures results from
an inéfeaéé in the probability that a nucleus can emit a gamma ray
without recoiling. In these recoil-less events, the conservation of

momentum principle applies, but the recoil momentum is. carried by the

entire lattice of which the emitting nucleus is a part. Upon emis~

'sion_the‘gamma ray has the full energy of the nuclear transition

since the energy contained in the recoil of the massive lattice is
negligible.
_Cénsider a. source of this gamma radiation which results from

"recoil-less"” emissions. The radiation source must consist of the

25
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Mossbauef tfanSition which will be excited in thé}ébsbrbing material
since other sources of radiatidn caﬁﬁbt‘méet theifeéﬁirements for
monochroﬁaticity and energy. In 37pe Mosébaﬁer-épéctroscopy, the
soﬁrces are 37¢o nuc1e1 imbedded in a tran81t10n metal matrlx, the
purpose of the matrix is to prov1de a uniform environment for the 57Co
nuclei and thus to prevent any o - 57Co 1ntepact10n which could
result in a multiple line source. 37¢o decays Via electron capﬁure
to.the 136 keV isomeric state (I = 5/2) of 57Fe; After 1079 s this
state cascades via a 14.41 keV isémeric state (i = 3/2») to the géound
state of'37Fe (I =1/2). The lifetime of the lé;élAkeV isomeric
rstate is 1077 s. The source gamma radiation caﬂ be‘energy—modulated
by moving the source relative tb an absorber,‘by‘employing the fi:st-
order ;él#tivistic Doppler shift: | ‘   ; |
E-E,(1+%) o @

ﬁhefe E&.'is energy of the gamma ray wheﬁ the nuéléﬁs.ié ét rest, v
is the velocity of source felatiye to the ébsotbefiﬁndbc is the
velocity of light. For the 14.41 keV gamma bray' of 57Fe the linewidth
(FwHM) coffesponds to a velocity of 0.2 mm/S and:thé velocity range
needed in:practice to scan the energy spectrumvéf:any absorber is
12 mm/é. | |

Let us riow consider the means by which a ﬁﬁcléﬁs_can récoil
when this nucleus is part of a frofeiﬁ iﬁ frozen aquéous-solufion. '

Jl) The emitting nucleus cannot recoil'as‘a free particle
since the energy of recoil (Eg= E"/ZMc'-: 1.9- |D eV $or 7Fe) is
much smaller than the energy required to break chemlcal bonds in the

protein molecule.

.
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2)"Rotational and translational motiontof tbe protein molecule
are precluded for such a macromolecule in»frozen'solution.

..3§_ The only remaining means of motion:for.a nucleus is
vibration within the crystal lattice (phonons) . '.Although center-of-
mass momentum may not be transferred to the lattlce via phonon
1nteractions, 1t is possible to destroy the Mossbauer effect by thlS
means. Remembering the Einstein model for a crystal nuclear vibra-
tions in a crystal are described. by wave functlons wh1ch span the w1dth
of the crystal Thus a nucleus is allowed certaln.quantized vibrational
frequenciesﬁ there exists a minimum ground state frequency‘below which
nuclear'yibrations are not allowed. In the Debye solid, there is a

characterlstlc energy, which represents the dlfference between this

ground state and the first excited phonon state. ’Thls energy is

glven in terms of temperature, IG%, the Debye temperature.

vAs the temperature in a Debye SOlld is lowered the ground
phonon state becomes more and more populated.until the energy needed
to exclte'a vibrational transition in the solid-becomes equal to kO,
If the recoil energy from a nuclear gamma ray.is_less than k€9¢, then
it is possible for a nucleus to enit a gamma ray without a phonon
excitation;. In this case, momentum is conserved by recoil of the
crystal as a whole. The ‘velocity of the lattice correspondlng to this
momentumvls so small that any Doppler effect on the emitted gamma ray
is negliglble. Thus the emission is said to be recoil free | The
probability for recoil-free emission is ‘given by f the'recoil-free

fraction.‘ The details of the above argument are glven in the general
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referenteé to‘Mdssbéuérvépectfoscop§.(Bibiiograph§).' The results
define f éé:' , o ‘z_r;. '  ‘ - .
; = exp {-—Ek—%p [% * le—f,_ J} where T Bp - (2)
-Expérimeﬁtélly, this fraction apprdachés 0.7 for sources at 298°K and
for frdzen;protein solutions at temperatures arbﬁﬁd 100°K. Thetefore
it is not advantageous to cool the source. |

.A typical Mossbauer spectrometer consists:of ) a radioactive
source‘6f ﬁossbauef gamma rays plAced in a sourqe ﬁover b) a dewar
system_wﬁiéh controlsrthe absorber temperature and allows the trans-~
missionvof gamma rays, and c¢) a gamma—ray counting sys;eﬁ thch is
Synchrbﬁized with.the motidn of the source mover and which is capable
of filteping out non-resonant radiation. (Therspectrometer used in
this réSearch will be considered in greater deﬁail in Chapfer III.)
A Mossbauer effect spectrdm results from an inérease in ébsorpﬁion as
vthe ﬁelodity of the source produces a gamma raijhich corresponds to
the difference in energy between two nuclear states in the absofberf-
For this feason, Mossbauer daté are usﬁally prééenﬁed as ﬁer cent
absorption vs. velocity. | _

Information about the electronic envirdnﬁent'of an 57Ee

nucleus éan bevgained by obtaining Mossbauer spectra. These spectra
will Vary:depending on the perturbations'produéedtby the electronic
environmént on the °/Fe nuclear isomeric states. It is important to
note thét.gggﬁ lsomeric states wiil undergo eﬁergy perturbations,
althoﬁgh the I = 1/2 ground state may not sense electrostatic inter-
actions other than the electrié monopole interéction as this state has

zero electric moments. Relation of the observed Mossbauer spectra to

Yz
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electronic configurations'can be made by the use of perturbation

theory'apolied to thevnnclear energy'levels as in no case does the
Mossbauer experlment deal with the full energy ofbthe nuclear isomeric
transitlon but rather with extremely small changes in this energy

(1: 1012) as produced by the various electronic environments. Thus, in
constructlng -a perturbatlon Hamiltonian to descrlbe the 1nteract10n |
between the nucleus and its electronic environment, no term need be

included to ‘represent .the energy of the exc1ted‘nuclear state relative

~ to the grdund state. In fact, Mossbauer spectra contain no information

concerning the total energy of nuclear transitlon 1n the absorber since
the energy;nnit in these spectra is relative to the energy of the
nuclear.transition'in the source at rest. There are three types of
perturbatlons to. the energy levels of a bare nucleus' the isomer
shift, the electric quadrupole interaction, and’ the interactions be-
tween the_nuclear magnetic moment and any magnetic fields present at

the nuclear position.

_B. ISOMER SHIFT

;'The isomer shift term results from an electric monopole

1nteract10n between the charged nucleus and the charge of the surround—

' ing electrons.' Therefore, this term is a scalar in the perturbation

Hamiltonian and produces a shift'in velocity of a Mossbauer spectrum as
a wholet‘tThe Yshift" results from a difference invthe interection
between'the;nuclear ground state (I =.1/2) and 14.41 keV first isomeric
state (i‘="3/2) of 57Fe, hence the name isomer shift. Since this shift
is deoendent on the electronic environment; it‘is different in the

source, a .standard reference material, and the abeorber (Fig. 5);
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FIGURE 5. (A) EFFECT OF ELECTRON-CHARGE DENSITY ON BARE NUCLEI.

(B) RESULTING MOSSBAUER SPECTRUM,’

&
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Since the ohly electréns with a non-zero probabilify at thé;nucleué
ére s-eiéétfons,‘tﬁe-iéomer éhift’is détermined{by<$;electron density
at the nuciéué. | |

,if.is conventional to define positive velodities aé ﬁption of
the source toward the absorber. Witﬁ this'con§ention, iﬁéreased
electron density at the absorber'nucléus shifté'é_Moésbauer spectrum
to more negative velocities. ‘S—electron dénsiéiééléan be affected-by
variatiqns.iﬁaelectfoh deﬁsify in other atomic";fbitéls. In the case
of iron‘chemistry, the lafgest variations in s—eléétrdn densityvrésult
from variations in 5d orbitals. Sihce added d—eieétron dénsity in-
creases shielding of s~electrons from the nucleus, addéd d-electrons
in the absdrber shift a Mossbauer spectrum to ﬁigher energies (more
positive velocities). Thus we have, in princiélé; a way to detéfﬁine
the oxida#ion state in the absorber by compariﬁg'éﬁ,ekperimental
spectfum to spectra of known standards. In praétiéé, ﬁowevef, the
situation is not as straightforward. The spiﬁiététe‘of the iron and
the bonding character vathe 3d electrdns are factors whiéh affect the
degree to which 3d eléctrons contribute to eletﬁron'density4af the
nucléus. These effects have beenvdiscuséed'bygSéhﬁlman and Sugano
'(1965):.:‘ |

1) The amount of 4s character in a-valéncé'eiectron con-
tribuégsidirectly to the electron density at the nucleus. The ligand
field will give an indicationvas to the probability Qf this occurring

(Walker et al., 1961).
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2)..The shielding effects of 3d electrons depend on the type

of Bonding;in which these electrons are inVolved;_ P:incipally, there
are-three_bonoing types to be considered: -

"a; The 3d" configurations (ions) assign n electrons to
che 3d sheli;' The contributions. to 28 I*J(d“zhavecbeen escimated for

- integer by Walker et al. (1961). | o |

" b. Covalency between 3d and filled ligand orbitals

increases d-electron density,vthereby increasing the_isomer shift.

:‘c, Covalency between 3d and empty ligand orbitals decreases

"d-electron density via back donation, thus resulting in a more negative

isomer shift.
As a result of the complexity of the isomer shift interaction,

the experimenter is seldom able to make a definltlve assignment of

' oxidation state from isomer shift data alone. ngh—spln ferrous

(3d6 S = 2) compounds are the exceptlon, this case will be discussed
in greater detail during the description of the nuclear quadrupole

interaction.

' C. NUCLEAR QUADRUPOLE INTERACTION

" The quadrupole term in the perturbation.Hamiltonian originates
from an 1nteract10n between the quadrupole moment of the nucleus and
the electric field gradlent (EFG) at the nuclear- positlon resultlng
from the.electrons in the iron atom and surroundlng llgands. Since the
quadrupole:moment of the ground state (I = 1/2) of 37Fe is necessarily
zero (Evans; 1955), the interaction is absent for this state, However,

in the excited state (I = 3/2) the qua&rupole interactidn‘splits the

fourfold degeneracy of this state into mg =%1/2 and-mi =tu3/2 states.

T
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The EFG ie e_second—rank tensor‘which can be diagoﬁaiized by a.suitablev
choice of coordinate system. fhé mathematics of.the quadrupoie inter-
actidn is shown below in three equivalent representations; each has au
speeifielaavantage either in simplifying.caleule;idﬁé or in aiding;

the experimenter to visualize the‘three-dimensional espect of the EFG.
v _‘CQ a .2 a ’
,)'(Q= ‘T,“[Vutt *VYY[Y *Vair-%]._ ' (3)
where eQ = quadrupole moment of the I = 3/2 nuclear state in 27Fe.

Vxxs Vyy,’sz are the diagonal components of thevEFG.

CH, -2 311 (1] w
where 'b'eq-.;rvzz; n= (Vxx - VYY)/sz' . : ‘ .
Since 1t i_s customary to ehobse ‘V%a-l >/,‘VYY\'; qul s the range of
is limited:. C)S‘IS\ . Notice also that there,ere only two variables
v(,%, rl) iﬁ Eq. 4. This reduction in paraﬁeters is possible because
the.components of the EFG must éatisfy Laplecefs'equetion at the 
nuclear position; that is, | |

Vex + VYY PP %'0 ' :, . | ).
The following form of the quadrupole in;efaction is used in
Chaptef_iV. . _ Lo
M. -2DT} + (E-D)I% + (-é?b)l'z |
T~ L % = \ (6)

where D = ezgg and E = | D.
12 _

"~ The EFG at the nucleus is the result of non-spherical charge
densities‘inbthe iron atom and in the surrounding ligands. Although'
the EFG at the nuclear position is the tensor which enters in the

Hamiltonian for the quadrupole interaction, it is not this EFG but an

¥



EFG which'wQuld arise from only the ligands and valence_electrOns‘that

is of principal interest to the chemist. Since theleffect of the

inner electrons‘is to diminish the quadrupole interaction, the Hamil-
tonian is nsually written with the "outer" electron EFG reduced by
"Sternheimer anti-shielding constants" (Danon, 1968). The value of the.

quadrupole moment for 57Fe3/2 is not known precisely (Grant, 1966) .

The uncertainty in this parameter and in the value of the anti-shielding '

- constants. makes the precise calculation of the quadrupole 1nteraction

from basic principles very difficult. An alternate way to treat the
problem is to deal exclusively with the parameters in Eq. 6.
Flrst define a new parameter, Qs, which' lS convenient in

matching computed spectra to Mossbauer data.

N o
OS-‘%%"” (”%32- @

Since D = gg then QS can be written as
QS ~(oD(\* )1 | o | (8)

By taking only the positive square root in Eq. 8, the quadru-
pole Hamiltonian is defined in terms of QS and rl, the EFG asymmetry
parameter. Note that QS has the same signvas both_D, the quadrupole
coupling constant, and V,,, the largest principal comnonent of the
EFG tensor;'”In addition, QS isvthe observed splitting of a single
quadrupole‘pair (Wertheim, p.64) and can thus be easily specified in
units of.mm/S. n can be varied at will without changing the observed
splitting while the parameter QS is held constant. For a simple

quadrupole 1nteraction in a powder sample the resultant Mossbauer
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spectrum'consists of two lines of equal intensitytsplit by . an amount

QS (Fig. 6). HoWeVer, the'Goldanskii—Karyagin'effectv(Goldanskii and
Marakov, 1968) can give'rise to two-line quadrupole spectra for powders
in which the lines are of unequal 1ntens1ty If a powder is env1sioned
as a‘random orientation of microcrystals, then this effect is explained
by assigning different rec01l—free fractions to different directions

in the'crystal coordinate frame. In other words, the microcrystal can
have different Debye temperatures which depend on- the direction of the
phonon mode which can be excited during a gamma—ray absorption.

When the internal magnetic field at the'nucleus is zero, the
application of an external magnetic field is necessary in order to
determine the sign of QS and the magnitude of - (Collins, 1964) . Fig.
7 contains computed spectra which illustrate the effect of an applied
magnetic'field on powder samples with a simple quadrupole interaction.
Note that when f is not equal to one, these spectra are not centro-
symmetric along the velocity-axis.‘ Given a'specific magnitude of QS5
and the magnetic field at thevnucleus, the shape of these spectra is
determined‘by the value of | as shown in Fig. 7. (Changing the sign
of QS results in spectra which are the mirror images of these spectra.)_
Thus, by matching experimental data to calculated spectra, one can |
determine the major components of the quadrupole:tensor for powder
samples.iniapplied magnetic field. |
| A quadrupole spectrum w1ll appear when there is no magnetic

field at the nucleus (H = 0) or when a magnetic field at: the nucleus

nuc

does not_have an axis of quantization for a time cOmparable to the

nuclear Larmor precession time. (If the magnetic field at an
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FIGURE 6.

(A) ELECTRIC QUADRUPOLE SPLITTING OF NUCLEAR LEVELS

(B) RESULTING MDSSBAUER SPECTRUM.
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FIGURE 7. COMPUTER PLOTS FOR PARAMAGNETS IN APPLIED MAGNETIC FIELDS.

These plots arélthe output of program'ANIMO and repreSent»solutions to

the Hamiltonian in Eq. 13 for powder samples‘in applied magnetic fields.

57

These spectra-are suitable for comparison with ~‘Fe Mossbauer spectra

- of diamagnets or of materials with isotropic hyperfine interactions.

The isomer shifts are zero for all spectra. Changing the sign of QS

for any spectrum will reverse the spectrﬁm along the Velpcity axis.

Note that when n approaches one, these spectra become cehtro-symmetric.

‘The effective magnetic field at the nucleus, H, is paréllel to the

gamma ray direction and is given in kilogauss. The 1eft.ahd right

boundaries in'eéch plot are at -6.00 mm/S and +6.00 mm/S; respectively.



"_ETA'= 0

ETA = 0.75
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_57Fé1 =Ei/2hhﬁc1eue:equels 3 kG, then l&ékhis:3f8;iqf7s,) fhe zero
--applied.f%eie Mossbaeer spectra of oxidized.plantftihe ferredoxins are
quadrupoiehepectra (Fig. 16); therefore, one meyceseeme that one of the
ehove 1s-true. There is, however, other'informatren'available from
simple éuedrhpole Mossbauer‘speetra. |

’ High-spin ferric and.low-spin ferrous iene'have spherical
.’electron eherge distributions abqet the nﬁcleus‘(Uhseld's theorem: ‘see
Pitéer 1953). For low—spin‘ferrie'and hiéh—éﬁin:ferrbué ions the
electron charge distributlon is usually non—spherical however, in high~
spln ferrous, the electrostatic 1nteractlon between the 3d electrons is
1ess than that for low~spln compounds, which accounts for their com~
: paratlvely large quadrupole splitting and more effective. shleldlng of
the outer_s—electrons (Sectlon II-C). Thus, a quadrupole splltting of
2-4 mm/Shend an isomer shift hhich is ~ 1 mm/S more positive than most’
ferric cempounds is'characteristic of high-sbin”ferrous. (Most other
iron.compoﬁhds give quadrupole splittihgs of 0-1 h@/s.)‘ An example
of high~epin ferrous Moesbauervspectra will appear'during the dis-
cussioh:qf the high-temperature, reduced proteih spectra,

.FIn eddition, q ahd n have been calculatedifpr the crystal field

basis set of d-orbitals (Ingalls, 1964).
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TABLE 2
ORBITAL CONTRIBUTIONS TO EFG

Orbital " q . '_ n_

d2g2 RE) B
d_, 47 <rf3> S0
dy o fé/7. <r‘3> N 43
. »_-2-/7 5 o __._‘_3
dyy Y R, . 0

' We shall return to the calculation of quadrupole parameters

in Ghapter V.

D. MAGNETIC EFFECTS
Ihe basic magnetic lnteraction is the nuclear Zeeman
interaction: _ | :;'
”_}{m'f ;N'HQFF = T 9n fw T-Hege - " (9)
‘where ggruIis the magnetic moment of the nucleus and Hyogp is the
| effective magnetic field at the nﬁcleus. The magnetlc field splits the
degeneracy of both the ground and excited states of the nucleus.
Figure 8 illustrates this spllttlng and also shows the resultlng
Mbssbauer’spectruh for the powder sample in which the interaction isl
due to an internal field, i.e., iron metal.
If the effective field at the nucleus results solely from the
appllcatlon of an external magnetic field to the sample, the inter-—

action is properly called the "nuclear Zeeman effect", and Heff in
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Eq. ‘9 is.equal to Happ’ tne applled'field. HoweVet,‘onpaired electron
spin’ in the iron atom or its ligands results in an internal magnetic
field, Hi, Wthh 1nteracts with the nuclear moment through the hyper-
flne term; ai g. | | |

"It is well to keep in mind that the gross magnetic properties
of a sampleISuch as magnetic susceptibility do not‘always give rise to

the same'magnetic effects as measured by Mossbauer spectroscopy. For

eXample,Adiamagnetism.implies that electron spin-pairing is complete

within the sample, .thus the materlal has no re31dual ‘magnetic moment

in zero applied field. When a magnetlc field is applied the electrons
respond by c1rculating around the applled field and a small negative
moment isithereby induced in the sample. Thus, for diamagnetlc iron

samples, one does not observe an internal magnetic field except when

 the "psendo-nuclear Zeeman interaction" (Bleaney, 1967) is large

enough to give rise‘to an.internal field, which‘is induced by the
application of an externa1 magnetic.field. In Cnapter vV, we shall
illustrate tne effect of tﬁis "pseudo—field" as:it-is‘present‘in the
spectra.of_the oxidized plant-type ferredoxins..

In paramagnets, tnere is unpaired electron spin in the material.
When a small magnetic field ( )25 gauss, Johnsonfetval., 1968) is

applled to this materlal this unpalred electron spin becomes quan~

' tized along the direction of the applied magnetic fleld. If this

quantlzed sp1n interacts w1th an 7Fe nucleis through a hyperflne
interaction, one could expect to see the effect by Mossbauer. spectros-
copy if,‘in addition, the effect is large endugh; However, in order

for the effect to be measurable by Mossbauer spectroscopy, the magnetic
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field from'the quantized spin.nust'be present at:thelnucleusbfor‘a
long time compared to the Larmor precession time of the nuclear excited
state. If the electron spin states are relaxed faster than this
. Larmor preceSSion time, the magnetic 1nteract10n w1ll not be measurable
by Mossbauer spectroscopy. |
FIn ferromagnets, the internal magnetic field.isvpresent over

long perlods of time and also oriented with respect to the sample
_lattlce.. In this case, the magnetic 1nteract10nlis always measurable
by Mossbauer spectroscopy. When an external field is applied the
effect is to align the internal field w1th the applied field If the
applled field is coaxial with the gamma ray dlrection, its effect is
exhiblted in the Mossbauer spectra by a disappearance of the ZSmI =0
transitions (Flg. 8). Although the applied fleld w1ll be present at
the nucleus in addition to the internal fields, the effect of the
applied-field on the energy of the nuclear states is usually negligible
since applied fields are usually much smaller than internal fields

(150 to 600 kGauss). In anti—ferromaénets, the spectra at zero applied
field are identical to those of ferromagnets since an antlferromagnet
consists of superimposed ferromagnetic 1attices. Thus, if there.is‘

no ouadrupole interaction, the Mossbauer spectrum of these materials
has six lines of intensity 3:2:1:1:2:3. When'avduadrupole interaction
is present, the my nuclear states are mixed such‘that all eight lines
(Fig. 8) are present in the spectrum. Kundig has written a computer'
program for these spectra and his paper (Kundig, 1966) contains

spectra which span the parameter space for the Mossbauer Hamiltonian

of ferromagnetic and antiferromagnetic compounds.
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FIGURE 8. (A) EFFECT OF MAGNETIC FIELD ON NUCLEAR LEVELS.

(B) RESULTING MOSSBAUER SPECTRA FOR FE

. " MATERIAIS.

RROMAGNETIC
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ZA.peramagnet at zero appiied field desetﬁeeeepecial attention
'for:it'ie e!ease apart from the dthet‘magﬁetic metetials."lnvthe_v
-present_diecuséien,'it is assumed that the spin;telaxation times are
infinite‘end that the hfﬁerfiﬁe interactioﬁ is ieetreﬁic.

ufﬁejHamiltoﬁian:for the hyterfinerintetectien is: _

}(m_ gI~S | S (10)
lwhere'flend g erebﬁuelear and eiectroﬁ(spin vecters and a is the hyper-
fine couﬁllng constaﬁt with the dimension of energy; Very often a is
given in gauss through the follow1ng relationshlp' ) o
= qe peH | , @)
where g = 2 0023 /36 is the Bohr megneton, and H is the field in

gauss. The reason for this convention stems ffom EPR measurements

:where the observed splitting in gauss from a hyperfine term is equal to

a (Carrlngton and McLaughlln, p.15).
C—~ ~ o :
; At zero applied magnetic field, I and S are coupled to form a
resultgnt}E. Rewriting the Hamiltonian in terms ef this quantum number

gives:.;: o
: 2 . . s :
}Cm=&§'(‘:1‘11‘5 ) | (12)
Assuming that a is negative andvthat S = 1/2, Fig. 9 shows the
energy ievel scheme and resulting Mossbauer spectrum for this case;
When a Quaarupole interaction is preeent.or when the hyperfine inter-
vactioﬁ is anisotropic, or both, a computet érogtam is needed.to:
vgenerete'the desired Mossﬁauer spectra. We'ﬁaVe!not ﬁtitten this
'prbgramjlthus, in Section V-D the zero applied magnetic field spectra
for the reduced plant~type ferredoxins (paramagnets) are ihterpreted

by comperison with the spectrum in Fig. 9.
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FIGURE 9. = (A) EFFECT OF MAGNETIC HYPERFINE INTERACTION ON NUCLEAR
LEVELS. ' o o

(B)- ‘RESULTING MOSSBAUER SPECTRUM.
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,Wﬁéﬁ.the applied_magnetic field becomesvgfgatervthan tﬁe
hyperfiné'cQupling constanﬁ.in gauss, the.coupiiﬁé.is dgétroyed and
Eoth nuciéér aﬁd electron spins precéss in&ependently aboqt the
applied field. Since this is the case which is most pertinent to the
study of.plant—type-ferredoiins, Section E will be devoted to a

discussion of paramagnets in an applied field.

E. . PARAMAGNETS IN APPLIED FIELD
" Assuming that the A and G tensors'are'isotrOpic and . that the
applied field is along the Z-direction, the totalvHamiltonian for

paramagnets:in applied'field is:

Mo 15 TR gl s (0L

where the first‘two terms are ﬁhg isomer shift andiquédrupole terms,
the thiraﬁﬁérm is'nﬁc}eér Zeeman interaction and thé last term is the
hypeffine interaction. It is helpful to collect the last tﬁé ﬁerms
in ordéf that the effective field at the nucleuéiand tﬁe'internal

magnetic.field can be defined.‘ Thus : _ ,

Ho= v v [ogepba 2 GIIT, (14)
For the-. electronic ground state <Sz> = =1/2, thére_fore:‘

)—( S see +[‘3Nf3uuzf%’]‘rz_' =ee “3»1(3““29-?1& (15)
If we now define the internal field, Hi,'as: : v

H.i' = Q/_ij;‘pn ,' - o 'v ;(16)
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the Hamlltonlan becomes,

)'(= I.S + 1P 1 ’3 PN\H "'\"‘ ‘1 " (iy)

Since a is usually given in gauss, the following exPression is useful:

oHe
H (csgw,s) 32—5——(;" = (o174 10° a J(iauss) (18)

Note that in Eq. 17, 1if a is negative, the 1nternal field -
opposes the applied field for the ground electronic state. Using H ¢¢
as the magnetlc field parameter, ‘one can generate a family of curves
for the different relative values of the quadrupole coupling constant
and the effective fleld at the nucleus. Figure 7 shows this family of
curves forbpowder samples in a magnetic field.;vSince the source of
Heff doesfnot affect the spectra, ‘Fig.nY is alsdathe same curves which
would apply to diamagnetic powders in a magnetlc field. When fitting
these curves to experimental data it is well to keep in mind that the
shapes of the spectra are changed little when the magnitude of the
‘parametefs QSAand Héff are varied while'holding theit ratio constant.’
We have found empirically that the energy interval‘frOm the lowest
energy line to the highest energy line in a Mbssbauer spectrum of this
type can be fit by the following express10n.

15 = 0.0288 Hege + 0.954 QS S a9
where TS is the total splitting in mm/S, H.¢¢ is defined as before
and given in kilogauss and QS is the observed quadrupole splltting
given in_mm/S. | ‘

v'All the computed spectra in this work were made nnder-the

assumptiqn that the spin-relaxation times were infinitely long.
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Wickman (i965) has treated the problem for.tﬁe tagéfWhen the,relaxatibn
times éré:iﬁ the order of the Larmorvprecessioﬁv;imévof the nuclear
paramgﬁef;t” |
The number of wvariable parameters in tﬁe,aﬁove spectra is

essentiail& three: Heff’ QS and q. Ispmer shiff is usually no;
handledvby the computerbsince its determinatioh.byVSliding the computed
spectra over the éxperimeﬁtal data is morébefficienf. If the g and ﬁ

- tensors are allowed to be anisotroéic, the situatioﬁ.becomes a great

deal more complex. The total Hamiltonian in this~c§se is: .
v . ‘ A —~ ~
) ~ ~ - % ) .
K )'( =1.S. +1-p-1 - 3“ A~ Hz 11"' <Seg‘> 'A 1 (20)

- There are three second-rank tensors in this Hamiltonian:
2 ..
P

, A and:g;k Thefﬁrtenspt-is needed to cémpute <§eff>' Thus, there
are nine Eulerian angles needed to specify the_prientations of fhese
tenéors felative‘to:thevlattiée coordinate sysﬁém;A'These Euler
angles ére_reduced to a single parameter in ﬁhé fdllowing Qay: 1) the

G tensors are assumed to be diagonal and coaxial (this assumption

23

ﬁland'
can 1eadb'- to errors only if.mf and g are én»i'.so_tl;ijpi'c_) 2) the
' coordinéte system of these tensors is chosen tb Bélidéntical with that
of thé lattice, and .3) it is found that the qua&rﬁpole tenéor can be
rotat¢§ through all its orientations by keeping QS ;onstant'and
varYiné n froﬁ'—oo to +oo. | | |

Thus; there are nine unknown parameters for a single iron
envifonment material: I.S., QS, Q; the ﬁhree'principal componentsvof
theiz tensor and the tﬁrge principal components of the.f tensor. The

data frém other techniques, such as EPR and ENDOR, can further reduce

the unceftainty in these parameters by giving the magnitudes of the
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: L ~ ~
principle components of the A and G tensors. However, a computer

prdgram is,essential if one expects to derive theae parameters from
experimental data. Appendlx I contains this computer program, and a
more detailed explanation of its calculation and parameters is the
subject of Chapter IV. Since the spectra from' thlS program are.so

varied as to defy organlzatlon, no "family of representatlve spectra”

is here,included. However examples of the output of the program

appear in Sectlon \') during the dlscussion of the low—temperature,

" reduced proteln, Mossbauer data.

F. MAGNETlC HYPERFINE INTERACTIONS IN 27Fe IONS‘“
The magnetic hyperfine interaction is deflned as the
1nteraction between the nuclear magnetic moment and the resultant

magnetic moment of the surrounding electrons: -

X-TA8 - @
vhere & ls.the hyperfine temsor. We shall aasumevthat this tensor
haa'been-diagonalized by a‘suitable choice of,coordinate syStem
relative to coordinate system of the crystal field‘which surrounds the
ion. The ground nuclear state of °/Fe has a magnetic moment of 0.l806
nuclear magnetons (Locher and Geschwind, 1965),‘with I =1/2. The
electroniciapin ie assumed topresult from unpaired d-electron density.
Consider'first the interaction of a single 3d electron with the
nuclear"magnetic moment .

} In the Fermi contact interaction, unpaired d—electron densityv
resultslln a non-zero, s—electron spin den31ty at the nucleus which

gives rise to the hyperfine 1nteraetion. The process by which the
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d—electtqheVCauée abnonezero, spin at the ngcleue;le;called "ccre:
polarlzetlenh‘(wetson and.Freemen, l967)vand ariseelln the fcllcwing
mahner.-vln‘the fetric ion, for exaﬁple,:the 3d.electton dehsity, as
determined ftom Hartree—Fock wavefunctions, is such thatvthe expecta—
tion value76f the position of the 3d electrons, : 3d> is greater than
that of the 23 electrons, ‘but less than that of the 3s electrons, but
less than that of the 3s electrons.i For any palr of s—electrons, the"
overlap of the d and s-orbitals causes an exchange interaction with’the
electron spln which is not equlvalent for the spln up and spln‘down
—electrons; The result of this exchange 1nteract10n is that s—elec—
trons w1th sp1n anti-parallel to that of the d—electrons ere more
strongly repelled by the d—electrons than are s—electrons with spin
parallel.z;Thus in the ferric ion, core polarization results in a
negative épiﬁ density at the nucleus from ls and 25 electrons,'while
the - spln den31ty at the nucleus from 3s electron is- p081t1ve, i. e.,:
'parallel’to d—electron spin. Watson and Freeman (1961) have calcu-
lated the‘ccntaCt term and the internal fields fer'ferric andrferrous
ions usihg a Hartree-Fock_formalism which alloﬁe‘ekchenge polariza—>

tion. .iheit values are shown below in Table 3.
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TABLE 3

CALCULATED CONTACT TERMS
(Watson & Freeman, 1961)

. _Fe'H+ ’. ‘Fé'H“

X@w) 3.0  =3.29

© 1-s contribution to X -0.25 - "’70,.21
2—svcontribﬁtion“to X  -8.51 - f7,80
3-s contributipﬁ to X  +5.77 ,;' 44.72
H, (k0e) | . =630 =550

Note that in both cases shown above, the effective moment at the

" nucleus .opposes the magnetic moment of the d-electron density.

Tﬁé §rbital mbment,“L, of thé d-eléctrons‘éah alsd iﬁteracﬁ
with thé'nﬁclear maghetié moment. In iron cbmpgﬁhdég_however, the
orbital angular momentum of the d—eiectrons is fquenched" by the
crystalzfiéid of the surrdunding>1igahds (Hecht, 1967). Here we shéll
considef“;ﬁé d-electrons as 6céubying'the crystal fiéld set of d-

orbitals, d d d

xys 9xz» yé’-dzz and dg2_,2, for whicH ;he expectation
value offahgular momentum is zero; Within this'épbroximation the'
hyperfine'interaction involving orbital spin is.?erq. Aléo, the

Fermi éontact interaction results solely from the‘interaction with

the inﬁrinsic spin of.the dQelectréns. When spin.orbit coupling

mixes tﬁebd-eléctron wave functions, this orbital term does not vénish,
altthgh;its effect dn.fhe'hypgffine-tensor is usuaily small;k.

‘The final term in the hyperfine interaction is the magnetic

dipole'tefm between the d-electron spin and thé‘nﬁclear spin.



Griffith (1961, p.325) has constructed an-operatdr for this interaction
by the method of dperator equivalehts. The following expression in-
cludes this'operator as well as the contact and orbital terms for a

Siﬁglevdéelectfon.

X zﬂuP~P<e>{£I‘-iAsI - (B3I - <¢1X9sﬂ'w?i} (22)
wheren(ls a scaling constant for the contact 1nteraction and < 3>
refers toﬂthe 3d radial wave functions of the parplcular atom of _
interest; |

| Within a term 25*1ly, the above operatér.iS-writéen as the

following for a'system‘with n d-electromns:.

~

){ P(Li +%Z&K-i) o ' (23)

K=y

where a.,‘ 45‘-(9 SV)X ,Q (R s,) Anp P Z‘S«Fvﬁ <"'-‘>

_ In the following table, the matrix elements for the hyperfine »
interaction in Eq. 22 are tabulated for single &felectron configura-

tions.’

TABLIE 4

MATRIX ELEMENTS FOR THE MAGNETIC HYPERFINE INTERACTION
(In Multiples of P) . . :

orbital A A, oA,

422 2/7- « 2/7-x ~4/7-x
 dz2 —2/7-K‘ -2/7-k N 4/7-«x
;,'dxz 2/7-« =4/7-« - 2/7-x
dys k7% ok 2/7x

dyg - 2/7-x 2/7-% - —h)7-x
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- To?calculafe thé hyperfine interaction foﬁ'é paftichlar‘ion,
then, on§1é§nstruc£s the wavefunction for the eiécfrbn spin from the
sum of d;érbitals and chooses the proper:values from Table 4 to form
the compohéhfs.df-the hyperfinevténsor.’ In ordéﬁ7qu this table fo

be useful, however, it is necessary to choose a value for the param-

» eters;:Pwand x;~'téngvand Oosterhuis (1969) qubtefa value of K, 0.35,

from tﬁéi?;CaicU1ati°hS on the spin=l/2 iron cémpbunds. The parameter,
P;‘cdn<be ééliE£a£ed by assumihg‘the followinglfulé of thumb: the
internal'mégnetié field resulting ffom the contact ihteraction in
iron coﬁﬁounds of approximately 110 kOe per unpaiféd electron in the
iron aﬁ6ﬁ (Wickman, 1965). |

“:ﬁith the above assﬁmptions for the valuéé'df P and « one can
célculaté‘a hyperfine constapt for iron COmpounds:for.which the term,
23+1L;,ié_khown. Convefsely,lbne can ﬁse the ﬁbssbauer data-oﬁ‘é
particﬁlarAcompound tb choose-bétweeﬁ.the terms available to that

compouhd;'_ln this case any knowledge of the iron ligands is valuable.

For’exémplé, if the iron ligands are expected to give rise to a high-

spin situation in iron atom, then inspection of Table 4 reveals that
Co ' L I .
the ferric state will give rise to an isotropic A tensor which is the

sum of contact terms only. Any knowledge of the symmetry and strength

of the ligand field will give information on the probability of spin-

orbit‘édupling, which can be the determining factqr in the calculation

- of hyperfine fields. This is the case in low—épin; ferric compounds

in octéhédfal symmetry (Wiékman, 1965).
When Mossbauer spectra is available on two or more oxidation

stateé[of a compound, the calculation of the hyperfine fields must
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correlate w1th the changes observed in isomer shlft and quadrupole
splittlng.‘ Information on the degree of covalency and s and p orbital
mixing into d—orbltals is available in these correlatlons since 3:>

is a parameter common to all three perturbations.-7

G. EXCHANGE CdUPLING

1As nentioned in Section IIéE, exchange interactions arise from
the combined effects of coulombic interaction and.the Pauli exclusion
principle. For theﬁinteraction of two electronic systems with spin,‘

S and_Sz,_we write the operator for this interaction as:

'>‘('= -23S.S, ' o ' o (24)
where gi and gé are the spin vectors and J is the exchange-coupling
constant. J was originaliy defined as the Heisenberg;exchange-inte—
gral, which is always positive. This type of interaction,is called
"directbexchange" and results in ferromagnetism.“It nas fonnd_ how-
ever, that thlS formulatlon for the exchange—coupllng constant is
seldom appllcable to problems concerning exchange coupllng and that
a more complicated integral was needed to explaln the coupllng of
most spin systems (Anderson, 1963). Here we shall treat the constant,
J, as:an.experimentai parameter and discuss the different types of
mechanisms which give rise to exchange’coupling,

MSuperexchange' is spin coupling of systems throughvhridging
atoms and'most oftenvresults in d bedng.negative;'thus, anti-‘ |
ferromagnetic coupling. When the,spin-coupling mechanism is seen as
a resonance between non-equivalent ionic spin systems the interaction

is termed "double exchange'" (Zener, 1951). This formalism does not
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imply, however, that spin coupling through bridging atoms always

-results in negative values of J and that without the bridging atom,

the coupling alvays gives rise to ferromagnetism:i:Eor example, most
chemicalfﬁouds result iu epin pairing: an indication that the "direct
exchangeﬁ;fotmalism of Heiseuberg does not ekplaiu.uoet'exchange
iuteractionsl ' |

.vIn the following, we shall restrict ourselves to exchange

interactions which give rise to anti ferromagnetic coupling (negative

-values of J). In this case,.the spin systems (Slland Sz)-are coupled

to form a resultant S. We write the Hamlltonian {Anderson, 1963) as:

)‘( -T(s - 3) o @)

where (5 +S ) 51 \5‘ -3 ‘ . Consider specif_ically the cases in

which vl) Sl 5/2 is coupled to S, = 5/2, and 2) Sy = 5/2 is

2

coupled -to 52 2. ,If J is negative, one obtains the following energy

~ level schemes for these interactions.
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FIGURE 10

ENERGY LEVEL SCHEMES FOR EXCHANGE-COUPLED SYSTEMS
L (3 < 0] :
t'System 1 : ' --System 2
S, = 5/2, 8, = 5/2 | S, = 5/2,8, =2
§ =5 —— =12.5J,

. S =9/2 =—— -10J,
S = & -2.55 g = f7/-2'._'-_— -1J,
§ =3 ——  5.5] S § =5/2 —— 63,
§ =2 —— 11.5J, - s =13/2 — 11J,
S =1 —— 15.5J » -

S =0 17.5J; A

Atblow enough temperatures, System 1 iﬁ Fig. 10 is diamagnetic
(spin = O)'and System 2 has spin = 1/2. As theitémperature is in-
creased; population of excited étates in the'abeVe‘systems will
increase the magnetic susceptibilities of these eystems aboﬁe what
would Be.expected for non-coupled»systems; Thps, System 2 is expected
for non—coﬁpled systems; Thus, System 2 is expected to have a higher
susceptibility at high temperatutes than would be predieted by”Curiefv
law behavior of a paramagnetic, spin = 1/2 ﬁaterial. In the ebove
discussion, zero field splittings (Owen,-196l)_have been ignored. We
note thatvthis approximation is valid oﬁly if J is much larger than
the spiﬁ;orbit interaction. This assumption is valid for the plant-

type ferredoxins with the exceptions cited in Section V-E. The



propertiés'qflthe above spin systeﬁsvwillvbe expapdéd in Section

- V-E as they'are important in the explanation of'ﬁhé model for the

active sité*of the plant-tybe.ferredokins.f
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III. EXPERIMENTAL PROCEDURE .

A. THE ﬁOéSﬁAUER SPECTROMETER

VThere are three basic cdmponents tq‘a MoSSbauefvepectrometer:_
1) the sdnree'veloeity—drive system 2) the sanpievand its associated
dewar system for‘temperatnre varietion, and 3)the'gamma ray detec-
tion appafetus (Fig; il). Sinee these speeirometeis}are‘usuaily
conétruéted'by the experiﬁenter, their deeign reflects greafly the
type of expefiment for which tney are planned. For example,‘if 57pe
is theAiso;ope to be sﬁudied, ﬁhe technologybsurfnund the detection
of 14.4i‘keV gamma rays has established that.the'use of proportinnal
gas couneers is recommended because of.their effieiency; adaptability,
cost, and durability. The electronics between:thexgas counter and
the data-display device is also the product of a well—develOped
technology, so that the‘experimenter.need mereiy'choese between the
many commefcially aveilable sources for these cempqnentéL Howeﬁer, the;
dewar-Systen and the source velocity-drive syseen:eie unidue-toh
Mossbauer»epectroscopy; thns the experimenter nnseiiely‘more'onlnis
own experience in designing and building thesevennPOnenfs.

In this design problem, the most significant chqice to be
made is the type ef source velocity-drive SYSteﬁ.“-Mbssbauef'data
consistS'ef‘gamma ray counts versus source velocity.1'Since the
velocity scan is divided into increments, one muse:decide whether to
cnllect the counts at’ the velocity increments simultaneously or
sequentialiy. In other Words, he must choose between 1) a drine

system which scans the velocity scale over a short period of time
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FIGURE 11. ~BLOCK DIAGRAM OF MOSSBAUER SPECTROMETER.
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‘ (constant acceleration) and then rescans until the desired counts per

channel are acquired, or 2) a drive system which maintains a constant

véloéif§ o§ér ailbhg‘péridd of,tiﬁe thus collectiﬁg the data in a
singlef?éiqgity scan. If a'conStant-velocify-dfive,system‘is chosen,
.then.oﬁe‘muéf decide betwéen‘a mechaniéal dfivei(éam) or an electro-
mégnetic drive (1oudspéaker) system. ‘The choice of drive system seemé
to be QQifé subjéc£iVe as it is the subject of-;‘éqntinuing debate

' 'between.e#periméntérs.i The ébnstant-accelerétiohicam drivéﬁ”system
dséd.in tﬁié research is Quite'adequate for 57E¢.qusbauef studies;

however, the reader is referred to the work, Mossbauer Effect

Methodoiogz (Cruverman, 1965-70), for a review’of the different types
.of_spécfrémeter design. | | |
fhe conStaﬁt—accéleraﬁibn, cam dfive.sysﬁem has'been describe&
by Beatdéniggiil.‘(l96§)g The cam consists ofﬁa,CYiinder of radius,
S, whoée_axis of rotation is displace& by an amdunt, a (Fig. 12). The
_ cam‘rideffis.é small ;yliﬁder of radius, b. Iﬁ was found that for 50
:degrees’ih:both directioné from bottom dead center‘on the cam, the
‘motion of:#he éam rider ié very close to lineaf in velocity when the
cam is rotated with a constant angular velocity (Moés, 1965). The
velocity of the source (cam rider) at some timévt,‘where t=0
"correspond to the cam rider's being_at bottom dead :center, is given

by the following expression where & is the angular velocity of the cam:

- ) - W)
V(¥ e st {\ - am».t/[(b-i-i)}— et wt] * } (26)
;  For the cam used in this research: a = 0.1272 in.,
s =_0;4922 in., b = 0.003 in. One of the advantages of the cam is

that there is little uncertainty in: the velocity at a particular
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FIGURE 12. (A) ONE-LOBE CAM DIAGRAM. In this diagram, rotary motion
of the offset cylinder results in vertical motion of.the'eam rider
which, in_tﬁrn, moves the source. (Three times actual size.)

(B) THREE-LOBED CAM WITH TIMING WHEEL. The slots in the

' t1m1ng wheel trlgger a magnetic pick—up which generates the starting

'pulse for the channel advance 1n the analyzer (Fig. ll) The cam

consists of. three identical cylindrlcal surfaces as-shown in (A) with
bottom dead centers (BDC) spaced at 120° intervals. ‘The analyzer
operates dufing the 50° arc on either side of BDC for each lobe.

(Drawing in actual size.)
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channel if thé above parametefs are known to béﬁtéf £haﬁ .00l“. |
Howewver, a:disadvantagé of the cam as shown ié tﬁat only 100° of the
3603 iﬁ a cam rotation can be used.for.collectiﬁgfdéfa; This féulf
has been éorrected By‘grinding three lobes on fbe cam as shown in
Fig. 12.  Thus the duty cycle for fhé cam is’inéreésedrto 83 per cent.
Cam wear is not a problem in this case as it wéé fegently measured to
be less than 0.0002 in. over three years usage. 7Fr§m this and éther
checks méde on the spectrbmeter it is féund thét for any one.channel
in the data here presented: the absolute veloéity”is correct to less.
than haif the width of a'channel. Thﬁs, isomér‘shift and quadfﬁpdle.
splittings here measured are correct to 0.2 per cent.of the total
velocity-scan raﬁge of the spectrum from which they are measufed, és
these spectra are all taken over a 200 channel.scanf |

The dewar systeﬁ on this spectrométer is, thevef, its most
impréssive componént. Figure 13 illﬁstrétes the‘dgwar in cross
section with the caption fo‘this figure explaining the most important
aspects'of its cénétruction. Since the magnetic field withih the
sample chamber is provided via a superconducting solenoid (Westing=-
house,‘Model #3-3225), it is necessary to maintain the liquid helium
level gbove the top of the solenoid.whénever the spectra ére taken
with aﬁplied magnétic field. Thé liéﬁid nitrogeh jacket is neéessary
to thefﬁally insulate the.liquid helium dewar. _The thermal properties
of this dewar are reflected in its liquid helium consumﬁtién rate,
which is at a maximum when the solenoid operateé at its highesf field

and when the sample temperature is lowest. With the solenoid oper-

ating at 46 kilogauss (20A magnet current) and with the‘samplé
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FIGURE 13. DEWAR ASSEMBLY FOR MOSSBAUER SPECTROMETER. The dewar

assembly is éqnstructe& of stainiéss_steel with the fdlléwing

exceptions: 1)jat the bottom of the liquid N, dewar'is.a'copper heat

sﬁield with an aiumingm window 2) the wall of the sample chamber is
éoppér to heigﬁp just ébove the.top of the solenoid 3):the solenoid
leads are thrée'feet of coiled, #18 éopper wire (times.tﬁree) and

4) the windows between the vacuum areas énd the_liqﬁid_helium chaﬁber
are 0.010" Mylar. Samples are removéd through the bbt;om of the
iﬁner dewar‘éséembly with all joinﬁs made with indiumjéompreséion

seals.
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temperature at 4 ,2°K, the 1iqu1d helium consumptlon rate is about one

liter per hour. Raislng the sample temperature or decreasing the field

_lowered the helium consumption rate to around 1/4 liter per hour at a’

minimum.:thenever liquid helium was used in this apparatus, the dewar -

vacuum was maintained at 10f7 torr.by means of a two—inch, oil:
diffu51on pump w1th the dewar 1tse1f acting as. the cold trap.

. The sample temperature was maintalned in two ways: 1) the
preSSure of helium gas in the sample chamber (Fig. 13) was vaired to
control thermal contact between the sample cuvette and the walls of
vthe sample chamber which were held at 4 2°K and’ 2) the current
through a constantan wire heater coil around the sample cuvette was

varied to prov1de a fast response heat input dlrectly to the sample

(Fig. 14) The temperature was monitored and controlled electronical— o

ly via a carbon resistor and a copper—constantan thermocouple, both
mOunted in the sample'cuvette. Thermal equilibrium within the cuvette
-mas insured by‘a helium gas pressure within the sample cuvette‘of
one atmosphere (298°K) . 7

Carbon resistors (unmodified Allen-Bradley Type TR l/lOW
1500 ohm at 25°C) were calibrated at 25°C and 4 2°K; the resistance
| at 4.2°K rising to about 112 kohms with a variation from resistor to
resistor'of # 9 kohms. . Once calibrated, a resistor held its 4.2°K
resistancebvalue within il kohm. The temperature,of the cuvette was
determined by use-of an empirical relation betWeen'T and R (Keesom |

and,Pearlman, 1956); namely,

10 1/2 ' S
(13%—5) =a+b log R - . ' 27)

7
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FIGURE l4. SAMPLE CUVETTE.
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The funetien_was‘tabulated by digital computatldn‘for ng intervals
between'3005K and 10°K and Q}1°Kﬁintervals betueen9l0°K and 4.2°K.
Each_euvette was fitted with a resistor and thetteuperature resistors
were checked before.and after'each.set df runé. ”The effect of applied
magnetlc fleld on these resistors (Neuringer and Shaplra, 1969) is
S0 small that we can neglect the value of the applied field when making
the temperature measurements. | »

| ‘The carbon resistor was used to monitor:temperatures between
4,2°K and_lOO°K (at the low end of this range,_tenperatures.are
easilyvmalntained and monitored to an accuracyhof‘O.l°K); From 30°K
to 3009K»the coppereconstantan thermocouple alloued temperature con-
trol_to‘an aceuraey:of 2°K. The details of theldeeign of the sample
euvette_and'the placement of.the”thermocouple andpresistor are-shown
in Figt 14.. |

There are two possible modes for operatlon of a superconductlng

solenoid a mode in which the superconductlng current travels w1th1n
a loop all below the critical temperature of the supercOnductor, and
a modehln which the current is supplied continuously'from an'external
power eupply‘at room temperature. The first que can be'aetivated by
the proper incorporation of a "heat switch" in.the superconducting
circuit and has the advantage of no wires runnlng-from roum tempera-
ture to liquid helium temperaturelduring the operation of'the solenoid;
A disad?antage is that monitdring of the current_and'the.magnetie |
field produced by the solenoid is more diffieult, In these experimente
in which it is desired to know the magnetic field intensity te.pneé

half per cent; it has become more favorable to design ohmic leads of



low heat'eosauctioﬁ so that ‘the continﬁousiy'hsaitared current systeﬁ
can be‘uSedil This has been done by providing sp1ral leads, first
three AWG #14 Cu conductors, and then in the He chamber fill tubes,
three strand spirals of AWG #18 Cu conductors. The essential feature
of'this'desién is that the He boiloff produced Ef Other heat‘leaks to
the dewar cool the current leads in the fill tubes, thus 1ower1ng

the re31stance and reducing the ohmic heating and leaving a 1arge

' temperatqre differential between the upper partAof,the current leads
and the terminals at the top of the dewar vessel. This system has
worked_ia such_a fashion that there is &ery little increase in the
boiloff‘rate with the magnet at full current.

The most outstanding characteristic of this system is that it

is possible to take Mossbauer spectra with the superconducting solenoid

operating at 46 kG (20A), while maintaining the sample temperature as
high as1300°K. As will be shown in Chapter V, it was the spectra
taken under these extreme conditions which allowed a successful inter-

pretation of the low-temperature spectra for the reduced proteins.

B. PREPARATION OF BIOLOGICAL SAMPLES FOR MOSSBAUER SPECTROSCOPY

In general, Mossbauer samples are best Qhen the ratio of
57Fe atéms.tq all other atoms in the sample istat‘a maximum.. However,
special problems of aqueous protein,solutions'complicate this rule in
protein.studies. Td illustrate this pbint, let us consider the.types
lof radiation present in an 37Fe Mossbauer spectrometer and.their

interactions with the material in the beam path.
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The beam consists of three types of radlation. 1) electrons.
from Compton scattering processes,linternal convetsion of the gamma
tays, and ohotoelectric effects .2) the resonant 14‘keV gamma rays,
and 3) the other gamma rays from the source and'x;tays resulting
from internal conversion anu inelastic scattering processes of'the
gamma'rays,v Any count at the detector which is notufrom a 14 keV gamma
ray is unwanted, background noise. Spectrometer’design can reduce
‘or eliminate,the effect on the counter of all.ofbtheSe types of radia-
tion. Thus, electrons are absorbed in the windows of the dewar and
x—ray radiation is reduced by aluminum shields in the bean path. The
photons counted at the detector are discrimlnated electronically to
choose the 14 keV radiation. These precautions'having been taken,
it is still'neCessary to keep the number of 14 keV 'gamma rays reaching
the detector at a maximum. That is, any materiai.in the beam path
other than ST Fe nuclei decreases the rate at Whlch Mossbauer effect
1nformat10n is collected by attenuating the 14 keV gamma rays via
inelastic scattering processes. Since the inelastic Cross section
for atoms is proportional to 22 heavy atoms are to be espec1ally
avoided. 1In aqueous protein solutlons, the chief offenders in this
regard;are sodium and chloride ions and the water molecules them—
selves.h For this reason, lyophilyzed samples; with organic buffers

such as tris(hydroxymethyl)amino methane, are most desirable.

Cc. IMPURITY SIGNALS
If an absorption occurs in a Mossbauer spectrum, the

experimenter 1is assured that this absorption results from resonance



with an_57Fé nucleus. Thus, with regard to impurities, the experimenter

vneed‘oniy_céhéefn:himseif With‘sté nuclei which éfe not in the spe;
dific‘envifénment.under study. In the sﬁudy of-Fhé piant—typé
ferrgdd;ihs-these‘imﬁurities are of thrég types; 'i) frée;irén com-
plexeé'in.the solutibn 2) iron bohn& by denatuféd proteip, and 3)
ifoﬁ bﬁ#nd}gy active protéin Which‘is not in the;oxida;ion state qnder-
sfudy; iThéfamouﬁt of aﬁy’bf thesévimpurifies isiaufunctidnbof the
Handling?of the prdteiﬁ, Remembering that it waé;ﬁécessafy to re—
cdnstifuté thesé prbteiﬁs with 27Fe, one‘ié'céftéinithat impurities

of type;l)'and 2) Qere at one time present in theiﬁrotein solption.

It is found, hoﬁever, that gel‘filtratiqn can reducé thesé types of
impurity to'a.nondetéctable level. Further denaturation is held to a
minimum by:stofing the éamplés at liquid nitrogeﬁ‘temperatures. The
:reductipn éf impurities of type 3) is also gained through experience

in théAhandling of the proteins. By comparing the integrated intensity
of the.éompﬁted.andveXperiméntalrMoésbéuer speétré,‘thé absorption due
to impﬁrity in thisvstddy was found to be a maximum of 2 ﬁer cent of
the total absorption in the oxidized proteins at:low.temperatures. In
Fig. 16 the spectra for spinach énd parsley ferredaxin contain this
:maximum:impurity signal as a quadruéole pair (IS-=¥0.2 mm/S, Qs =

$0.5 mm/S), ‘A quadrupole pair of this type would be expected‘fdr

ferric;iron in tris buffered'soiutions; therefore, the impurity signal

for the oxidized is of type 1) or 2). For the reduced proteins, this
maximum rose to S'per cent, half of which was due to incomplete re-
duction of the proteins. Since different iron environments have

diffefent Debye temperatures, it was possible in some cases to
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identifyli@purity signals by observing the'températdre depépdence of
. their fecoii—free fractions.  In other cases,viﬁpurity‘signalé were

identifiedtﬁy measuring différences in Mossbauer sbe;tra which were

taken uhdéf:idencical cénditions on different ptepafations of the

same protein.

D. MATERIALS AND METHODS

The 37Fe exchanged Azotobacter ‘vinelandii proteins,

adrenodoxin, and C. pasteurianum paramagnetic protein samples were

provided by Dr. W.H. Orme-Johnson and Prof. H. Beinert (Madison,
Wisconsin)‘éécordihg to.prdcedures set forth»iﬁfprévious pépers
(Orme-Johnson and Beinert, 1969; Shethna gg_gl.,.l966,‘;968). 57Fe
exchanged putidaredoxin was provided by Dr. J.C.M. Tsibrié and Prof.
I.C. Gunsalus (Cushmanvgg_gl,,11967; Tsibris §£_5£., 1968) . ste
exchanged éarsley ferredoxin was provided by Dr. G. Palmer (Ann Arbor,
Michigap);adcording td_ﬁnpublished preparative mgthbds whiéh are
modifigétions of methods in tﬁevliteratﬁre (KeféSZtés—Négy and
Margqliash; 1966; Hong and Rébinowitz,vi967). - A1l the'abo§e1protein
samples were 2 to 6 mMolar aQueous solutibns (ﬁH 7;5—8.3) bufferéd
anaerobically with 0.1M tris(hydroxyamino) methane. Comparison of
spectra‘takeﬁ on different preparations of ;he’saﬁe protein show that
varying‘the concentration, even through>ljophilization,'has.no effect
on the shape of the fesulting Mossbauer épectra. |

57Fe-exchanged spinach ferredoxin samplés were provided by
both the Ann Arbor and Madison éroups. The spinach ferredoxin samples -
from Madison resulted from purification procedures which‘involved

acetone (Tagawa and Arnon, 1962) or acetone-free preparations
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(Keresztes;Nagy'and Margoliash. 1966)”v The splnach ferredox1n samples
from Ann Arbor were all acetone—free, but resulted from exchange pro--
cedures 1nvolv1ng either mercurlal or trlchloroacetic ac1d, protein
denaturatlons (Hong and Rabinow1tz, 1967) Also, splnach ferredoxin
samples of-varying salt (trls-NaCl) concentrationS'were provided by
Dr. G.-Palmer and Dr. I. Salmeen. |

;foriall the spinach ferredoxin sanples; the resulting
Mossbauer spectra were found not to be a functlon of sample prepara—
tion, with the exception of small absorptions at —1 mm/S and +1 mm/S .
These absorptlons were attrlbuted, therefore, to impurlty 31gnals
(Sectlon III—C) Reduced adrenodoxin and reduced'splnach ferredoxin
~bsamples;were run as either frozen aqueous solutions orvas lyophilized
material ‘The resu1t1ng Mossbauer spectra show no change for the
‘lyophllized samples other than a general 1ncrease in per cent absorp-
tion (Sectlon III-B) .

For each protein, reduction was effected by addition of solid
dlthionite to the aqueous solution of the ox1d1zed protein. In the
case of adrenodox1n, methyl viologen was also added to the extent
of one mole per cent in protein. Since durlng the reducing procedures,
it was necessary to thaw the protein solutions, these procedures must
 have been performed with extreme care in order to‘circumvent possible
rdenaturation of the proteins. VAccordingly, the following procedure
was useddfor'protein reduction.

:v‘The’frozen material in a sample cuvette was placed into a
fitted;-gopper cold finger and allowed to thaw,i Before the:Sample‘

became' liquid, however, the top of the cuvette was removed and a



continuéué,heiium flushing pfoéedure was started.;”Upon liﬁuification,v
the‘profeiﬁ material was reduced With'SOlid dithioﬁite and allowed to
equilibrate for five minutes to allow complete reduction. At thé

end of thiéitime; the sample was refrozen By inéerging the iower.
sedtioﬁ of  the cofpér cold finger into liquid nigfdgen. If the re-
duced materiai was to be l&ophilized, the éoppér_ﬁbid finger and

‘ cuVette.wéfe théﬁ placed into the main dewar c#ﬁify af the Moésbaﬁer
Spectrbmetervand a hard vacuum was immédiately}pulléd on the frozen
material by the combined action of the spectrométer roﬁghing and
diffusion pumps..‘Aé‘thé cold finger-aﬁd thevsampié wéfﬁed in the
dewar cavity, the water'in‘the sémple was drawn,qff at it;.lowest
possiblé temperature. It wéé'nécessary to také éxtreme care during
this progedure to cope Qith any splattéring thatAﬁay take placevin the
sampleFCuQette. After the lyophilization was complete, the sample.was
wifhdréWn_from the spectrometer vacUuﬁ system,ianﬂ-the helium flush-
ing procé&ure was immediately resﬁmed. The tdp of-the.cﬁvettebwas
then réinstalled, fhe sample imﬁediately_refro%ep énd placed into the
spectrometer for running.

-ihe advantage of the above procedure is that it is essentially
anaerobic while simultaneously providing the heat-exchange-gas, helium,
to the sample cuvette (Section III-A). One shqpid»also ndtice that
fér the“lyophilized sample, the top to the samplé cuvette .is installed .
before the cuvette is frozen, as this procedure obviates sublimafion
of water vapor on the inside of the sample cuvéﬁté. |

'  As a general note, we add that after the initial 37Fe

reconstitution and purification of the proteins, extreme care was



taken to maintain the temperature of the proteins to below 80°K. Even

with these precautions, reoxidation of one of the.reduced‘adrenodoxin
samples,en&'reduced adrenodoxin selenide (Orme-JOhneon‘gt_gl,, 1968)
was seen to take place at low temperatures durlng Mossbauer spectros—~
copy experiments. However, at the beginning and at the end of any set
of Mbssbauer spectroscopy experiments, the 4,2° K polarlzlng magnetic -
field spectrum was taken as a check for any denaturatlon or reoxida—
tion of the reduced proteins._ We have never observed a change in any
voxidized ferredoxin during Mossbauer spectroscopy‘experiments, even

when_thevsample was repeatedly refrozen.
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| IV. THE CALCULATION OF 57Fe MOSSBAUER SPECTRA
S IN APPLIED MAGNETIC FIELD

Gabtiel and.Ruby (l969,'reyised by‘GabrielAendnolson; 1969)
have written a computer ptogram, PDRHXT, for randomly oriented poWder
Mossbauer samples plaoed in an internél magnetic‘field.- This pro—v
gram, as received in June, 1967, was not capaBletof talcuiating
spectra for samples which contained anisotropies‘ih.either the i:orv
% tensors (p. 52). This'program was wtitteh to apﬁiy to any Mossbauerb
transition'betweeh nuclear levels with spin up to and includingvélé.
This genetelity resulted in a complexity which,vih.turn,‘resulted in
a numbeerf‘errors‘in the ptogram when it was applied by us to 57re
Mossbauer spectroscopy. Slnce, in addltion, the program was qulte
1neff1c1ent when applied to 7Fe materlals,‘lt was decided to retain
the basic method of calculation and those subroutlnes which could be
'eff1c1ently applled to 57Fe, and then to rewrlte the program
spec1f1cally for iron Mossbauer spectroscopy in magnetic field.

The program which resulted from rewritlng PDRHXT was named
MOSSCAL.Y Ba81cally, the computer plots in Fig. 7 are the output of
MOSSCAL. When the output of MQSSCAL failed to provide adequate fits
to the reduced spinach ferredoxin data, MOSSCAL was rewritten to
include the anisotropies in the i and g tensors»Which had been shoﬁn
to exist for the plantetype ferredoxins by EPR.studies‘(Table l);
The resultlng program, ANIMO,. appears in Appendix I, and its method

of calculatlon is described below.
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.ISdpequ the subroutines in ANIMO are takeﬁ'from the systems
librafyjof{;he'Cqmpdter,Center'at the Universify‘o£20alifornia at San
Diego. Alsé, the_eubroutine; ALILMAT, which is capabie'of diagenalyzing
any squerefarrey of complex numbers, was writtehvbijinzel and
.Funderiicﬁ(1968). This subroutine has been slighfly amended to deal
-<withvthe meﬁrices encodntered; specificaliy, in program ANIMO.

The potal Hamiltonian for'Mbssbader samples in an applied field

is written as follows:

}( I S +1DT_; +(.-_ DIy CE- -O) I +$u@u“d’-a + <S.sg) A I (28)

The first term is dropped from the Hamiltonian 81nce it can be easily
handled by moving the computed Mossbauer spectrum along the velocity
axis after:the rest of the calculation has.been completed. The next
three terﬁs represent the quadrupoie interection”as given in Ed. 6.

The definition of D and E are given in the folldwing expressions:

D= QS‘/(,(_\-\- r\_‘/_;)‘/'? ‘ - (29)
E= 2D - @0

where QS is the observed splitting from a»quadrﬁpole pair when the

magnetieffield at the nucleus is zerd.; Before discussing the last two

' terms in‘Ed. 28, we shall present the following preview of the
calculation.

1) We choose the basis set for this celculatiqn_as‘Padli'
epin maerices (Brink and Satchler, 1962).

~2) We choose a basis coordinate system.
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3)‘1The Hamiltonian 6perator metrices_forjﬁeth nuelear energy
levels ere cohstructed'in the aBove basis set ferva §articﬁ1er |
orlentatlon of the lattice coordinate system relatlve to lab frame.

V4) The above matrices are diagonallzed tovgive a set of
eigenvalues and a‘matrix of elgenvectors for each,nuclear energy level.

5) The energy and iﬁtensity of the treﬁsitions are then
calcplatediand‘stored as a line speetrum.

t6)‘”Steps 3~5 are repeated for each orieﬁtatiqn of the lattice
relative to laboratory frame through one octent:of the 47w steradians.
(121 orientations are sufficient to produce highequelity spectra.)

7) The line spectrum which is now the sum of the 121 lattice
orlentatlons is converted to a Mossbauer inten51ty spectrum w1th
Breit-Wigner 11neshapes (Wertheim, 1964 p.108).

~ The basis coordinate system for the calculatlon is in lab -
frame, w1th the z-axis c01nc1deet w1th the gamma—ray dlrectlon which
is also coiﬁcident with the applied magnetic field direction. There
are seﬁeral advantagequs consequences of tﬂis choice,of Basis coordi-.
nate_system:

‘1) A specific orientation of the lattice'csbrdinete system
relatlve to lab frame is now denoted by Euler angles, «, ﬁ and ¥
(Brink and Satchler, 1962), where the angles are all zero when the
lattlce coordinate system is coincident with that in the lab frame,_
Rotatioﬁ'through-Euler angle, &, is then needless since it amounts to
rotation qf the lattice around an axis coincideht Qith the applied

magnetic field.



2)_—Since’the basis coordinate system has itS'z-axis along the
gamma ray direction, the elements of the magnetic dipole operator are
related to the basis eigenvectors through a unit tensor. Thus the

intensity calculation is much simplified.

_3)i'This choice of basis set also allows closed-form integration

of the magnetic dipole Qperator around thevdirectich of ptOpagation'
V(Kundlg, 1966)
- The Hamiltonlan operator for a particular lattice orientation

is now wrltten as:

)( D ((53 Oy (x) SRCAT DxY(ﬂ D (@ LRl L

+LY$H§:I + L %H&‘Iz

(31)
‘The first term is the rotated quadrupole matrix, with the rotating

matrices, Dj; given as defined in Brink and Satchlety(l962), The last

three terms represent the combined magnetic hyperfine and Zeeman inter-

actions. Herevthe effective maghetic field at the'nucleus teaulting
from both‘interactions is given in tetms of a scalar magnitude, Hofg,
and the.direction cosines relative to lab frame, Lys Ly and L,. Iy,
Iy and‘Iz‘are Pauli spin matrices;‘% is a constant to convett’the
interaction to units of mm/S. The hethod for calculating the effec-
tive magnetic field follows:

' _l) From the value of the Euler angles P, ¥, calculate the
direction COsines,-[ for the applied field in lattice frame.

2) Calculate <§> in the lattice frame. The direction cosines.

'
Q, for S can be calculated from the follow1ng express1on for the
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states of S with magnetic moment parallel to the applled field as
opposed to antlparallel to the applied field Where ‘this expression

changes sign.

/ - x VR .

= kg (Xq + g« /Qn'y - G
where 1, j, k are subscrlpts denoting the Cartesian axes in lattice
frame x, y, z.

3) ‘An effective hyperfine field, h, at the nucleus is then

calculated from the following equation:

- /QLAg qn ‘3“/3"?" ' .' | . | | 33)

where Ai_ié'avprinciple component of the magnetic:hyperfine'tensor.

-~

Note that the A tensor has been assumed to be_coexial with the G tensor’
and thae the'i tensor is correctly defined in chie formulation only if
S = l/Z,IIin cases where S 1s not equal to one—helf; one muet generate
the % tensor for this program from the real & tensor by means of the
folloWing expreesion:

A (Program) = 2SA; (Real) | d .. - (34)

4)A The applled field is now added to or. subtracted from the
applied fleld depending on the value of a computational flag, ALIGN.

._5) The direction cosines, L, and effectlve magnetic field,

Hoffs e?e'now generated in lab frame and are then used_directly in the
calculation of the Hamiltonian operator.

The calculation of the effective magnetic field at the nucleus
is done in subroutine ANI. Nofe that this magnetic field is'applied

to Hamiltonian operator, Eq. 31, in terms of a nuclear Zeeman inter-

action. The total Hamiltonian is formed by summing the rotated
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_quadtupele matrix and magnetic metrix. Thus; whepithe eigenvalues
are computed'by diagbnaiyzing the’Hamiltonian, the'metrix of.eigeﬁ-
vectors,iELthe 1ab-frame basis set.

.TheitranSition intensity subreutine,.PDRHiN;.was'desigped from -
the formﬁietion>given by Kundig (1966). Using the notation evaundig,
the probablllty, P, of a transition between states i and j is given by
the follow1ng expression where the C's are the elements of the matrices

of eigenvectors.
2

Nl‘

P(l,j) \ (.k’l) C(% t.) l 'C(% ‘)J) (,/z,t)‘

L :i

lccam % »)I "IC@ i) (% ol ‘[C“*ﬁ ale 's’c(z"‘)

ﬁ .L; -ii“g‘ . .2.
f C‘Kn[&-qt(s\n[q»n * C(x C(iw) th C(a»x)

NONEN e R
(*s’) (l~&) N \)) (; ‘) . - . (35)

Once the line spectra are avallable, it is a simple matter .to
construct Brelt—W&gner lineshapes and then to plqt the output as an
.absorptiopfspectrum. Isomer shift; electron spin stetes; Boltzmann
spin population, limits for the velocity in the spectrum, etc., are
handled through input parameters which are described in Appendix I. .

Complex mode is used extensively in the program,_other than
this, tﬁere are few library subroﬁtines which are not cOmmcnbto most
research computers, except, of course, the plotting routines. The
executlon time for the program on a CDC 6600 Computer is 3. seconds for

121 lntegratlon steps and is not a function of the complex1ty of the
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input pgramefers.- Most of this time iélspent iﬁ.subroutine ALLMAT
and in thevéubroﬁﬁiﬁe GRPLTR, the plétting~routihé;“.

The_?hysics of'57Fe Mossbauer ébectroscépy.with applied
magnetic-fieid is wellbrepresented by program ANiMé,kwith the
following éﬁcgptionéz - |
| ;i) The'formulafioh in ANIMO is ohe df s;ationary stétés.
When the spin—relaxation time or the exdifed nucléér;state's Larmor
precession;time abproacﬁ the lifetime of thevexcitéd'state (Sectionj
1I-D), this.formulationvis not valid. o

v 2). The i.and 8 tensors are assumed'tofbe'c§axial; When‘both
tensors have large ahiéotropies, this éssqmption can produce results
which ate in error. Howévef, even.in this_case; thg program is
correct to first order.

35_YGoldanskii~Karyagin effects (Goldanskii_aﬁd Makarbv; 1968)
and thick absorber effects (Prestén et al., l962){éfe not treated by
the program.

As Qi1l be shown in Chaptenbv, a succeséfﬁi interbret;tion of
the plant;type fgrredoxin'Mossbauer data dées‘nqé depend on thé :
inclusion of the above "perturbations" to the éhysics already.rebré—
sented in program ANIMO. However, the program is;Wfitteﬁ in a form
which allows the inclusion of any of these modifiéétiéns‘with'a'

minimal rewriting of the existing'subroutines.
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V;' DISCUSSION AND RESULTS
“A. PREVIOUSLY—PRQPOSED MODELS FOR THE ACTIVE SITE OF THE PLANT-TYPE
FERREDOXINS

iThe g 1. 94 EPR signal exhlbited in the reduced state of the
ferredox1ns was the basis for flrst models for the actlve site of these
proteins.wﬂThe identification ofrthls EPR 31gnal with an iron complex
has been.described in a review by Beinert and Palher.(l965). The
complexify of the iron llgand field which is necessary to produce a
g =1. 94 51gna1 was demonstrated by Beinert EE_EL (1965), ‘who pro—
‘posed a model compound for this signal. This model compound was penta-
cyanonitquylferrateA(I), and therefore was not-expectedlto be
completéiy\analbgous to'agﬁive site of thé ferredoxin compounds. The
propertiés‘of this compound were later related and expanded by Van
Voorst and Hémmérich (1967) . |

| Meanwhile, Blumberg and Peigach (1965) sho@ed that the

interaétion between a low¥spih ferrous atom andgéﬁ.adjacent:ffee
radicaivﬁaﬁ give_rise toag = 1.94 EPR signal; Brinfzinger, Palmer,
and SéndS (l966a) proposed the first two—iron'ﬁédgl for the active
center:of a plant-type ferfedoxin. Their model, which consisted of
twé sﬁin;éoupled, 10W—spin ferric atoms in the oxidized protein and
one loﬁ—spin ferric and one low-spin ferrous atom in the reducéd
_protein,>¢3plained'much of the éhémical data on the proteins. Later, .
they %ﬁrintzinger, Palmer, and Sands, 1966b) éresented EPR data for a
vcompdund,Vbis-hexamethylbeﬁzeme, Fe(I), wﬁich”demonstratedrall the

properties of the g = 1.94 signal observed in the ferredoxins.
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_FIGURE 15. PREVIOUSLY-PROPOSED MODELS FOR THE ACTIVE CENTER OF THE .

PLANT-TYPE FERREDOXINS.
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The above model was cr1t1c1zed by Gibson et al (1966) and
Thornley et al al (1966) who reported that the tetrahedral symmetry of ‘
the BPS,model»could not create'the crystal-field splitting:required for
spin pairing in the iron atoms. They,.instead, pfopoSed a model with
two high—spln ferric atoms in the oxidized protein which were exchange—
coupled ‘to render this state dlamagnetlc. In the reduced state, their
model consists of a ferric (8 = 5/2) state,exchange—coupled to a

2) state to give a resultant spintto:the complex as a

ferrous (S

whole of”S 1/2. Thus, their reduced state wasiferrimagnetic, and

they attributed the high temperatnre disappearance of the EPR signal

to twoephonon Orbach processes (Orbach, 1961). The g %p1.§4 signal

was explained by assuming a tetrahedral ligand field about the ferrous

atom with a spin-orbit coupling constant of 75»¢m‘1. This model ex-
plained all the properties of the g = l 9% EPR- s1gnal, also, it has

the advantage of being quite plau51ble in view of the known sulfur o .
ligands around the iron atoms. The above models are 1llustrated in

Fig. 15.

'Several Mossbauer spectroscopic papers have dealt with.
members.of the plant~-type ferredoxins. In these papers, the Mossbauer
spectra for a particular protein were 1nterpreted ‘to yield information
such as the oxidation state and spin state of the iron atoms in the
protein; and in some cases this information was extended to validateva
proposed model.for the active site. However, problems with denatured
protein material or incorrect interpretation of the Mossbauer data have

prevented.any of these models from being accepted as valid. 1t is noted



thatftheSe studies show Mossbauer spectre whieh egree with our own if
we exclndefthose studies performed on denatured_material;

B Beerden and Moss (1967) and.Moss et al al. (1968) presented the
Mossbauer spectra of splnach ferredoxin in its ox1d1zed and reduced
states. .- These spectra showed the two 1ron atoms in the oxidized pro-
tein in'1dentiea1 electronic environments. Upon:protein reduction, one
of the,iron atoms:exhibited a spectrum‘charscteristie of a high-spin
ferrous ion., The Mossbauer spectra of the redneed proteins.in the
above s;ﬁay are not consistent with SubseQuent:data for these proteins.
(Dunhanm et al., 1970). It is now helieved (personel communications,
W.H. Orme—Johnson and Graham Palmer) that 1) the semples in these
experiments,were impure, and 2) the buffers use&>in these experiments
were not.strong enough to maintain the pH during'the dithionitebre—
ductions. Therefore, the Mossbauer spectra of reduced spinach
ferredox1n in the above experiment resulted from a mixture of ox1dlzed
proteln iron and iron from denatured protein materlal These problems

were overcOme later by improvements in purificatibn techniques, par-

~ticularly with respect to gel filtration and increased buffer strengths.

Johnson_ggjik (1968a) interpreted the‘spectra on spinach
ferredoxin (similar to those of Moss et al., 1968) as con51stent w1th
the following interpretation: 1) the oxidized protein contains two
low—spin-ferrous ions,'and 2) the reduced protein contains one low—
spin ferrous ion and one high-épin ferrous ionm.. Cooke et al (1968)
interpreted their data (similar to the data contalned in the present
work) on_putldaredoxin in the following manner: 1) the electronic

env1ronments of both iron atoms are identical in the oxidized proteln,
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with the diamagnetism of thistmateriai_resnltiné-from spin pairing
between the 1ron atoms, and 2) in the reduced state, a 31ngle electron
is shared‘equally by both iron atoms and glves rise to the internal
magnetic field observed in the Mossbauerbspectra.:dNov1kov gt_ai (1958)
‘have published theiresults of a Mosshauer spectroSCopicVStudy on an

‘ iron—sulfnr”protein from Azotobacter. Both therdata and.the conclu-
sions are:similar to those made by Moss gt_ald'on spinach ferredoxin.

| Recently;LJohnson gt_gl. (19685) and Johnson e£11£:3(1969) have pub-
lished Msthauer studies on the ferredoxins from Euglena and spinach.
They now report their data as being most favorable to two models for
the active site of these proteins (Fig. 15)

The above diver51ty in the 1nterpretat10n of the Mossbauer s
spectra of the plant-type ferredoxins has stemmed from the complexity
of the low—temperature spectra for the reduced proteins. In the
following sections, we shall develop the computer program approach
which 1ed to our 1nterpretation of the spectra and ‘to the subsequent‘

development of a model for the active site of these proteins.

B. DATA FOR THE OXIDIZED PROTEINS
Flgure 16 shows the Mossbauer spectra of the ox1dized state of
all the plant-type ferredoxins. The isomer shift and quadrupole

splittings for these spectra are listed below:
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FIGURE 16. LOW-TEMPERATURE, ZERO APPLIED.MAGNETIC.FIELD MOSSBAUER

SPECTRA FOR OXIDIZED PLANT-TYPE FERREDOXINS AbbreViationé:

‘AZIf Azotobacter Fe-S protein I, 4. 6°K

AZII - Azotobacter Fe-S protein 11, 4 2°K

Put;n - Putidaredoxin, 4.2°K

‘Ad. - Pig Adrenod¢xin;.4.2°x

fci§§. - Clostridial paramagnetic protein, 4.2°K
?Pﬁﬁ- - Spinaéh ferredoxin, 4.5°K |
Parsley - Parsley ferredoxin, 4.2°K

Veiocity'scale:_ relatlve to platinum source materlal

Run numbers: D0035, D0025, D0063, OJOOZ 0J011, B0193 B0235.
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FIGURE 17. LOW-TEMPERATURE, HIGH APPLIED MAGNETIC'FIELD MOSSBAUER
SPECTRA FOR OXIDIZED PLANT—TYPE FERREDOXINS Abbreviatibns:

Ad;‘ - Pig adrenodoxin, 4. 2°K 46 kG applled magnetic’
; S field

PPNR- ~ Spinach ferredoxin, 4.5°K, 50 kG applied magnetic
o field -

“Clos. - Clostridial paramagnetic protein, 4.2°K, 46 kG
applied magnetic field '

' AZI - Azotobacter Fe-S Protein I, 4.6°K, 46 kG applied
magnetic field : L _

AZIT - Azotobacter Fe-S Protein II, 4.2°K, 46 kG applied
magnetic field '

Applied maghetié field parallel to gamma ray direction.
Velocity scale: relative to platinum source matriﬁ,_

Run numbérs:‘”OJOO3, B0194, 0012, DO034, D0027.
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TABLE 5

" MOSSBAUER PARAMETERS FOR THE OXIDIZED PROTEINS

IS/Pt* _
(mm/$) QS - (mm/S) 1
Spinach 3&4 | o -0.08 £ 0.01 0;65 + 0,01 0.5%0.2
Parsley Fd. | -~ =0.07 £ 0.01 0.66;i 0.01 0.5 # 0.2
 Adrenodoxin | ~ -0.08 % 0.01 0.61 £0.01 0.5 £0.2
| Pucidarédoxin - -0.08 £ 0.01  0.61 % 0.01 0.5 % 0.2
Clos. Paramag. Protein -0.07 £ 0.01 ‘0,62‘i 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-5 Protein II . ~ -0.06 £ 0.01 0.71 % 0.01 0.5 % 0.2

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

consisting of 57co diffused into a platinum matrix,

afhé parametérs, IS and QS, shown in TablélS are measured at

4.2°K with zero applied field. The value of d and the sign of QS are
derived by matching computed spectra to the Mossbauer data for the
oxidized proteins taken at 4.2°K in 46 kllogauss applled magnetic
field (Fig. 17). The above patameters do not exhibit any measurable
temperéture dependence over the temperature range from 4.2°K to 77°K.
Thus;‘the best fit to the oxidized protein dat# ié a single qﬁadru—
pole pair with an isomer shift of -0.08 mm/S éndvan observed split-
ting of”0.65 mm/S. |

| The most probable electron configuratlons.for iron atoms in a
1igand field formed by amino acid side chains and sulfur are 43 a '
ab. The crystal field splitting required to pair spins in iron

compounds is greater than 15,000 gm (Ballhausen, 1962). Ligand
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field théory calculations (Jﬁrgénsén; 1966) indicété that.evoo in
octahedrai coordination, strong fioid ligaodo‘éfe.feouired to’caose
spin pai;ing of iron atoms. The only side chains:oapable of supplying .
this.strohg fiéldrligand are the aromatic fesidues;n histidipe, N
tryptophan and tyrosine. There are plant—typeoférredoxios wﬁich'
contaiﬁ:only one of each of.thése amino acids (NeWﬁan'EE_gl., 1969;
Kimura gs;gl,,'l969). Also, since sulfur is showﬁ to be a ligand in
the irop complex, low-spin iron configurationo are doubtful for these
pfoteins.._

The smallvquadrupole‘splitting in the oxi&ized protein spectra
imply that_the electron density aroundvthé iron atomsvis nearly
sphericalf A éphefical chargevdénsity indica;gs éhat.the iron io'an
S-state ion, although low-spin ferric atoﬁs'cén have small quadrupole
sblittiﬁgs’(Wickman, 1965).‘ In addition, tho.oxidized protéih
spectra show a single quadrupole pair, which indicates that the
enviromments for the two iron atoms are nearlyﬁidentical; The'isomer
shift for‘ﬁhis quadrupole pair is most.consistent with.that of.fefric
ifoo,-although ferrous iron caonot be ruled Oﬁt'as.a possibility by
the isomer shift value alone.

Thus, the most reasonable interpretation of the oxidized
protein'data is that the iron siteé in this protein are either high-
spin ferfic or low;spin ferrous, with the high-épin ferric situation
favored’by the ligand field arguments set forth‘abovo. Combinationso
of elecﬁfon configurations which give an odd total numbor of elec-
trons for the two iron sites are not possible because the'Mossbauerl

spectra do not exhibit the effects of the internal magnetic field
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whichhwould reSult from a paramagnetlc system.d In addltion, the EPR
results and the magnetic susceptibility data (Mbss et al., '1969) are
con31stent w1th the conclusion that these proteins are diamagnetic 1n‘
-the ox1dlzed state. |
‘vaVthe iron sites are high-spin ferric.(S = 5/2), then an.

.exchange—coupllng mechanism is necessary to accOunt for diamagnetism
of the proteins in thlS oxidation state. Ev1dence for this exchange-
coupllng between the iron sites will be given during the dlscu381on
of the’ reduced proteln spectra. Slnce hlgh-spin ferric is an S—stater
ion, the EFG which- gives rise to the quadrupole splitting in the
‘oxidized spectra must result from anisotropies ‘in the ligand field
: surrounding the iron sites. In this case, the value of n for these
spectra indicate that both ax1al and ‘rhombic distortions are present
in the llgand field. It is’important that this be true since the

1 94 EPR signal of the reduced State can only be explained if
v these distortions are present. Some of the verification that these
-iron sites are both spin-coupled, hlgh—spin ferric irons rests with
the 1nterpretat10n of the reduced protein spectra. Accordingly, we
shall return to the discu531on of the oxidized proteins after the

presentation of the reduced protein data.

C. THE hlGH—TEMPERATURE DATA FOR THE REDUCED PROTEINS

.The Mossbauer spectra of spinach ferredoxin‘at 256°K is shown
in Fig. '18; the solid line on these spectra is the result of computer~
simulated Mbssbauer spectra.b A magnetic field_of 46 kilogauss was
applied to this sample (Fig. 18b) in order to establish the sign of

S and the value of Inspection of the four-line,*zero-field
- p
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FIGURE 18, HIGH;TEMPERATURE MOSSBAUER - SPECTRA FOR REDUCED SPINACH

FERREDOXIN WITH COMPUTER FITS.

(A) Lyophilyzed spinach ferredoxln, 256°K, zero applied
magnetic field. :

(B) Lyophilyzed spinach ferredoxin, 256°K, 46 kG applied
magnetic field parallel to gamma ray direction.

Computer input parameters in Table 6.
Velocity scale: relative to platinum source_matrix.f

Run numbers: - D0119, D0120.
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spectrum (Fig. 18a) reveals that this spectrum can be fit byvtwo
quadrupole pairs.  The parameters for the bompuféfééimulated spectra

shown in Fig. 18 are given below in Table 6.
- TABLE 6

MOSSBAUER PARAMETERS FOR THE HIGH-TEMPERATURE
REDUCED PPNR SPECTRA '

1S/Pt (mm/S) Qs (ﬁm/35' _ - T

Iron Site #1  =0.08%0.01 40.64£0.01 0.5 % 0.2

Iron Site #2 +0.2140.01 -2.63+0.,01 .0.25%0.25

Thé assignment‘oquuadrupole pairs shown in Table 6 is the
result of ; triél—énd-érror approach to fit the high-field data in
Fig. 16b with computer'simulated specfra. Thiélapproéch estébliShes,v
unambiguously, the vélues for the isomer shiff;aﬁd:uagnitude of the
'quadrupble splitting shown for iron sites in Tablé 6. In_éddition,
the sign.uf Qs for irou site #2 is determinéd with‘uo assumptions in
interpretation during'curve fitting prbcedureuu..Nutiuing thaﬁ the
values of IS and QS for iron site #1 are the sémé‘as for the sites‘
in thé-oxidized proteins, we then assume that_the ualue'of n for iron
site #1 is the same in oxidized and reduced proteins; With this
assuﬁption,'the value uf 1 for iron si;e,#Z can bé specifiéd“by the
goodness of computer fits to the range, 0 to 0.5. The uncértainty in
the value of n is diminished, however, by fitting the low-temperature
spectra of the reduced proteins. |

These data establish that there are ﬁwdanun-equivalent iron

sites in the reduced proteins: site #1 is quite similar to that of -



both'iron atoms in the oxidized proteins, site #Z_is‘characteristic of
a high-spin ferrous ion;"(The isomer shift and quadrupoie.splitting
of’site #Z_ieave little douht'that this site is hféh—spin ferrous |
(see Sectlon II—C) Since the one—electron-reduction of this'protein
is expected to change only a hlgh—spln ferric 1on to a high-spin
ferrous ion,. these data greatly relnforced the conc1u51on that the
oxidized. protelns contain two high-spin ferric jons. In addition, the
reduclng electron is seen to reside almost exclusively at site #2,
'since the Mossbauer parameters of site #1 are not affected by the
reductlon of the protein..

The magnetlc susceptibility measurements of Moss et al. (1969)
show a>molecular paramagnetism in the reduced proteln characteristic
of a S = 1/2 compound .The absence of internal.magnetic effects in
the hlgh—temperature, reduced- -protein spectra are explained,by the
Mossbauer spectra shown in Fig. 19. These spectra, taken at variable
temperatures and a small polarlzing applied magnetlc field, show a
temperature-dependent transition for spinach ferredoxin. As the
temperature is lowered, the effects of an internal magnetlc field on
the Mossbauer spectra become more distinct untll they result at

around 30°K, in a spectrum whlch is characterlstlc of the low-tempera-

ture data of the plant~type ferredoxins‘(Fig; 20). We attribute this

transitlon in the spectra to spin-lattice relaxation effects. This
conc1u31on is preferred over a spln-spin mechanrsm as the tran51t10n
was 1dent1ca1 for both the lyephilized and 10 mM aqueous solution
samples. Thus, the variable temperature data for-reduced spinach

ferredoxin indicate that the electron-spin relaxation time is around

105
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FIGURE 19. VARIABLE-TEMPERATURE, LOW APPLIED.MAGNETIC fIELDvMOSSBAUER

SPECTRA FOR REDUCED SPINACH FERREDOXIN. Lyopﬁilyzed.spinach ferredoxin
with 580 gauss=applied.magnetic field parallel to éémﬁa'tay directibn.v
Velocity scaié; relative to platinum source matrix...

Run numbers: DO118, PO123, D0O124, D0126, D0122, D0121, DO125.
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10_7 seconds at 50°K. The temperature at which_this transition in the -
_ Mossbauer spectra is half-complete is estimated,td”be the following:
spinach ferredoxin, 50°K;_parsley'ferredoxin, 60°K; adrenodoxin,

putidaredoxih, Clostridium and Azotobacter iron-sulfur proteins, 100°K.

D. THEZ@OW;TEMPERATURE DATA FOR THE REDUCED PROTEINS

 Thé'Mossbauér spectra of the reduced proteins at_4.23K are
shown iﬁ_Fig; 20 for 3.4 kilogauss applied field:aﬂd in Fig. 21 for
46 kiiogauss applied field; Since thé épecfra aré'sé similar, we shall
speak exéiuéively in terms of the spinaéh.ferredoxin.data; rFig. 22 is
1owf£empefaturé'spinachwférredoxin spectra with cqmputedvfits sﬁpér-'
imposed. By assuming that the isomer shift and'quadrupole parameters
for the-lowftemperature spectra are the same as for’the high-tempéfatﬁre
spectra,an&vthen adjusting magnetic parameteré by'trial.énd error, we
wére‘able‘to obtain a set of "Best fitﬁ magnetic:pafaméteré.fof the
low~temperature épectra. The‘hyperfine constaﬁﬁs fér site #1 which
resulted from this approach were very close tovthosé‘measuréd inde-
pendently.By R.H? Sands, J. Fritz and J. Fee by ENbQR experiments
(unpublished data). Siﬁee hyperfine consfénts ﬁeasured by ENDOR a:e 
more précise than those measured by Mossbauer spécfroséopy, the ENDOR
results were adopted for éite #1. Using thése-"impréved'bérameters"
for site #1, the trial—an&-érror approach wasJ;hen resumed in ofder't6
find a-best fit for the site #2 parameters. Sﬁbsequently, the ENDOR
values for the hyperfine interaction at site #2 were aiso obtained by
Sands and his co~workers.. Since these values were aléo in égreement
with our own, the final parameters for spinach.ferredoxin shown in

Table 7 incorporate the combined effort of ENDOR and Mossbauer
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FIGURE 20. LOW—TEMPERATURE LOW APPLIED MAGNETIC FIELD MOSSBAUER

SPECTRA FOR REDUCED PLANT-TYPE FERREDOXINS Abbreviéfions:'

AzI )
AZIT
Put.
é;ésf
s

| 'PPNR."'

Péréley

Azotobacter Fe—S proteln I 4. 2°K 1 15 kG

applied magnetic field

Azotobacter Fe-S protein II, 4 2 K 300 gauss
applied magnetic fleld co

Putidaredoxin, 4. 6°K 580 gauss applied magnetic

field

Clostridial paramagnetlc proteln, 4.7°K, 3 4 kG
applied magnetic field

Lyophilyzed pig adrenodoxin, 5. 3°K, 580 gauss
applied magnetic field .

Lyophilyzed spinach ferredox1n, 4.,.3°K, 580 gauss

~applied magnetic field

Parsley ferredox1n, 5.1°K, 580 gauss applled
magnetic field

Applied magnetic field parallel to gémma ray direction.

Velocity scale relative to platinum source matrix.’;

Run numbers: D0045 D0032 B0244, OJ054 DO117, D0074
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FIGURE 21 LOW—TEMPERATURE HIGH APPLIED MAGNETIC FIELD MDSSBAUER ‘

SPECTRA FOR REDUCED PLANT-TYPE FERREDOXINS : Abbrev1at10ns:_

‘AZID
,:A?in
D61§s.

CAd.

Parsley-

PPNR.

AZotobacter Fe-S protein I, 4. 2°K 46 kG applied

magnetic field

'Azotobacter Fe-S proteln II 4 2 K 46 kG
: applled magnetic field

Putidaredox1n, 4, 6°K 46 kG applied magnetic
field : v

Clostridial paramagnetic protein 4. 2°K 46 kG
applied magnetic field

Adrenodoxin, 4.2°K, 46 kG applied magnetic-field

Parsley ferredoxin, 4.3°K, 46 kG applied
magnetic field

Lyophilyzed spinach ferredox1n, 4 3°K 46 kG
applied magnetic field

Applied magnetic field parallel to gamma ray directiof!;"' :

Velocity scale: relative to platinum source matrix.

Run numbers: D0041, D0031, B0245, 0JO15, 0J007, D0083, DO115.
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FIGURE 22.  LOW—TEMPERATURE,MOSSBAUER SPECTRA FOR REDUCED SPINACH
FERREDOXIN WITH COMPUTER FITS.

(A) .Lyophilyzed splnach ferredoxin, 4. 3°K 580 gauss
- applied magnetic field C

(B) ”Splnach_ferredoxin, 4.3°K, 46 kG applied magnetic
" field parallel to gamma ray direction

Computer input.parameters given in Table 7.
Boltzmann weighting factor for electronic excited statevFIO.26.
Velocity scale: relative to platinum source matrix.

Run numbers: DO017, DO115.
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results, although the ENDOR results give no 1nformation on the sign of

the princ1ple A tensor components. The spectra in Fig. 22 show the

computed*Mcssbauer'spectra which result from the parameters in Table 7.

 TABLE 7

PARAMETERS FOR THE LOW-TEMPERATURE REDUCED
PPNR MOSSBAUER SPECTRA .

18/t Qs " Ay Ay A, Gy Gy G
~(mm/S)  (mm/S) "~ (In electron gauss)

Iron #1: <0.05 +0.64 S - -17.8 -18.6 -15.1 - 1.89 1.96 2:04
' 7%0.01  *0.01 *0.2 0.1 0.1 %0.1

vIron #2' +O;24 -2.63 .15 +S,0 ' +7.1‘ +12;$‘ 1.89 1.96 2.04
' 1'10.01 10.01 0.1 iO.Z 0.7 0.4

'Inlorder to,explain the spectra in Figru22;3it is necessary to
introducevanother parameter into the discussion. ConSider the effect
of applying'an external magnetic field to an S =_l/2 system. The
'effect'of the'field.is to createltWO electron séinlpopulations?. one
with spin parallel to the applied field and one w1th spin anti-
' parallel to the applied field. Further; these,spln states w1ll have
different-populations given by a Boltzmann factor; fNote also that
because'tne.magnetic moment of the spin, with respect to the applied
field, is reversed for the-two spin states, the magnitude of the
effectiye'magnetic field_at the nucleus differsifor'the two spin states
by twice the amount‘of the applied magnetic field ‘An applied mag—
netic f1eld of around 30 kllogauss is necessary in order that the
Mossbauer spectra of the two spin states become‘distinct. When the
-applied.field is around 30 kilcgauss, lom temperatures of approxié'

mately 5°K are needed to cause the differences in population of the
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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; 22, both of these criteria are met. Therefore, Fig. 22
contains Boltzmann parameters, 0.26 and 1.0 forithe populations of

the two- spln ‘states for the resultant spin one-half system of the
reduced protein complex. We find that for samples whlch have dif-
ferent water mole fractions, ,but are measured to‘be at identical
temperatures by the resistor, the spin temperature depends on the
water mole fraction: lyophilized samples have‘lower spin temperatures
than aqueous samples.

Asfadded evidence for our confidence in the parameters'shown
in Table 7, the zero applied field spectravtaken at low temperatures
are shown in Fig.'23. Since the A-values for site #1 are almost -
isotropic? it is expected‘that thevabsorption peaks'from this site
would dominate the Mossbauer spectra in both zero‘and applied magnetic
field. Comparison of Fig. 23 and Fig. 9 reveals that the absorption‘ |
in these spectra at ~6 mm/S results from an 1sotropic hyperfine
interaction of about ~17 gauss at one of the irom sites in the re-
duced proteins. The anisotropic hyperfine interaction at site #2
results in a broad, unresolved absorption which accOunts for the
difference in shape between the spectra. | |

The Mossbauer spectra for these protelns are consistent w1th
the "spin—coupled" model proposed by Gibson et al al. (Section IV—A) for
the active site of these proteins. In the next section we shall

discuss this model in detail.
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~ FIGURE 23. LOW-TEMPERATURE, ZERQ APPLIED MAGNETIC FIELD MOSSBAUER

SPECTRA FOR REDUCED PLANT-TYPE FERREDOXINS. Abbreviations:

AZ?. - Azotobacter Fe-S protein I, 4,2°K

Put. - Putidaredoxin, 4.2°K |

 C16s; - Clostridial paramagnetic.protein; §,2°K N
_Ad{. - Adrenoddxiﬁ,.4.2°K P

iPafSley - Parsley ferredoxin, 4.6°K

Velocity scale: relative to platinum source matrix.

Run numbers: DO048, D0059, 0JO14, 0J0Q6, DOOS4.

R
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E. VALIDITY OF THE "SPIN-COUPLED" MODEL

The iron atoms in the oxidized protein are hlgh—spln ferrlc
(‘S*i) iOns; exchange-coupled to give a resultanc_spln-zero complex.
~Upon redhction, one of the iron aeoms changes te the high—spin ferrous
stete (s %;2). The exchange-coupllng for this protein ox1dation state
givee eifeehltant spin of one—half Lewis et al al (1967), Khedekar |
.et al. (1967) and Gerloch et al (1968) have observed a similar
exchange—coupllng mechanism in a number of Schlff s base iron salts.
In every case in which the exchange-coupling constant was negative

(anti~-ferromagnetic), the structure of the salt:is as shown below:

RL o;\; Ry
\\Fe//, Fe/(

R;// ‘\\\0//’ \\\R4
FIGURE 2. STRUCTURE OF OXY-BRIDGED Fe'™ SCHIFF-BASE COMPLEXES
(LEWIS et al., 1967). . '
where the,R’s refer to the Schiff-base ligands. -If this situation is
analogous to that in the plant-type,ferredoxins;hthen We may assume
that the fole of the labile sulfur in these profeihs_is to bridge the
iron atqms in an analogous fashion and thus promo;e‘the exchange-
coupling ih;eraction.b

fhe‘g = 1.94 EPR signal of the reduced proteins must be

explained”by any model for their acti&e site.'_Using sqbscript-l to

specify the ferric-iron site and subscript 2 the ferrous-iron site,

the "spin-coupled" model explains this EPR signal in the following way.

R RIS W
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The eleétfon magnetic moments (Sl = 5/2-aﬁd SZI='Q)5are coupled to

form a resultant spin, S, as shown below.

g, q -32 (Sz'+l)

] g, VS(S+1) o
g \JS(SH) | - |
FIGURE;ZS;j DIAGRAM FOR "'SPIN~COUPLED" MODEL.

Relating Fig. 25 to the law of the cosines, the g-value for

an S = 1/27system is given by the following expression:

9= (Tq-aqds

Since gi arises from an S-state ioﬁ, spin-orbit intéractions are not
allowed tQ first ordér (Koeﬁig;'1968)vand gl cah ﬁhefefore be assumed
to be iéotropic. It is assumed to be 2.019 in acéérd with the measure-
ments of.Title'(1963),' With this assumption, ;he g~values for the
ferrous ifoﬁ can be derived'using Eq. 36 and the méasufed g-values
for the profeins (Table 1). For spihach férredoxin; these calgulated
values-a_r;(;.gz;X = 2,12, 8oy = 2.07‘and‘g2Z = 2.00§':

In the high-spin ferrous iom, spin—ofbit inferactions mix
the groﬁﬁd state wave functions with the excited states. .If the ground
state is.assumed to havé-dzz symmetry, then fhg;foildwing expressions
apply for an ion in a crystal field with both rhéﬁﬂic and axial

distortions (Edwardé et al., 1967):



=»3¢ * CA/A*% | - (37)
31,( : Qe+ 6>‘/Axa | o . (38)
G = ge A T (39)
where h is the spln—orbit coupllng constant in thevlnteraction Xw:v
D xz and Zkyz are the energy gaps to the excited states having dxz
and d symmetrles, respectively. ‘These express1ons (37 -39) are
derived by assumlng that the electronic ground state is equivalent to
a hole with sp1n =2 ina d 22 orbital. Acan beuestlmated to be 80
em™l by taking into account the effects of covalency on other high-spin
ferrous ions (Edwards gt_gl,, 1967). With ‘the above assumptions, one
can derive ‘the following energy level scheme for the high—spin ferrous

ion by eombining Eq. 36 with Eqs. 37-39.

dyy 6900 gmfl_: |
dyg 4000 em_l
Ix2-y2 |
d,2 —_ 0 cmfl

FIGURE 265, ELECTRONIC ENERGY LEVELS FOR FERROUS . SITE OF "SPINuCOUPLED" ‘

MODELS .

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

Since thisiis the type of ligand field to be expected frem compounds -
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analogoué t§ that in Fig. 24, we are assﬁred that:this type of compound
is consistent with theAthgoretical requifeméntg of:tﬁe "spin-coupled"
model. . | |

V‘Thé énergy‘levels shown in Fig; 26 for:tﬁeerrrous-iron_site
of the redﬁéed proteins'is based on -the assumptioh ;hat tﬁé eleétron
pair in the d-orbital system'bf’this ién oécupieéia d,2 orbital. The
proof df‘this éssumption’lies in the values ofvphé derived péraﬁeters
for the iow—temperaturé spectra of the reduced pfoteins. Consider
first the'paramefer, QS. The.only d-orbitals whiqh_give negative
values for QS are d,2, dy, and dyz (Table 2). A'iarge negative
valhe 42.63 mm/S, fdr site #2 (Table 7) agrees%welllwith that calcu~
lated for a single electron in a d,2 orbital. vThe experimental value
of n is close to zero for the ferrousiiron. This value is incon- '

sistent with the theoretical values of.q for dxz épdAdyz orbital
densitj.» In addition, the maghiéude'df the ﬁeasﬁféd value of QS
(—2.63}mm/Sj is very élose to that predicted'fof}a:dzz electfon:
-3 mm/S>(Lang and Oosterhuis, 1969).

 Q£her Mbssbauer data which indicate that the model is correct
are thg measured a-values for the low—temperaturé; reduced protein.
spectra. The measured a-values for the ferric'ifoh (Table 7)'are
close ;6 isotropic with an average value of —l?ﬁgauss. Remembering
that tﬁis g;value is calculated fof an electroé.séin = 1/2 situation,
we noﬁ:reCalculate the éfvaluévfor the ferric site in terms of the

5/2 spin present at this site. For the ferric site in the spin-

coupled model (Fig. 25),

& (S'=5/2) ! 7/'5' <3‘7measutso

= 8 Qruss (40)
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In high—éﬁih?ferrio iron.this gfvaiﬁevis the_reéuitiof the.FermiJ'
contact ihteractioh alone (Section II-F). [Hence; this afvalue com-
prisee anhe#oerimenta1 determination of the Ferﬁi,contact interaction
of the ferrlc iron in this protein. 'v | v

The value of -21\. @.(\* s) in Eq. 22 1s, by the above
procedure,'equal to -1.6 gauss. We now apply thls constant to the
_ calculatlon of the a-values for the ferrous lron."The‘Fermi contact
_ interaction at the ferrous site is approximated by‘assuming that
'2‘3"PPN< > for this site equals —l 6 gauss times O. 87 (Table 3).
A value of O 35 is assumed for X (Section II-F), thus scallng the
Fermi contact interaction to the dipolar interaction. These values
are thepvehteted_into Eq. 23 ueing the data in Table 4 for the dipolar
part of}the‘hyperfine interaction. Using the orhital'scheme in Fig.
26, the a_-'.values'for the fertous iron are then:: 7

-4.5 gauss

L

-4 .5 gauss

A

A, -8 gauss

Following a procedure analogous to that in Eq.,40; a set ofvgfvalues
are computea which correspond to-those measured by Mossbauer spec-
troscopy for the ferrous iron. Table 8 shows theaevcompleted and

measured a-values for the ferrous site.:
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TABLE 8
'A-VALUES FOR FERROUS IRON

Computed ‘ v : Measured

Ay = +6.6 gauss : A, = +5.0 gauss
Ay'= +6 .6 gauss _ Ay = +7.1 gauss .
A, = +11.8 gauss ' "Az = +12.5 gauss

" The agreement in the values of Tahle 8 notfonly indicatesithe
validity ot our‘assumptions regarding theihypertiné interaction of the
ferrous 1ron, but‘also comprises a rigorous test. for the model as a
whole,181nce the presence of p031tive a—values for 1rnn with magni—.
tudes shown in Table 7 necessitates an exchange—coupling mechanism;

Presently; the_most direct evidence for an‘exchange mechanism
in the piant—type ferredoxins is contained'in the applied magnetic
field spectra of the oxidized proteins. As stated in Section V-B,
these experlmental spectra have been fitted w1th computed spectra
from the time—independent program described in Chapter IV. The best
fits to the experimental spectra give a measured effective magnetic
field at the nucleus. In Fig. 27, this measured;fieidbis plotted
against.the applied field for the oxidized proteins. The straight
line in Flg. 27 represents the expected plot of B vs. H if one
assumes the larmor precession time of the 57Fe nucleus is zero. Since
the Larmor precession time (45Lfor 57Fe3/2) is about 2.1-1077s for

e 57Fé1 = 3/2 nucleus at 10 kG magnetic field at the nucleus, the
expected Zeeman spiitting is not seen by Mossbauer spectrosc0py be-

cause the mean lifetime (I) of 57Fe1=3/2 state is 1.4'10-78. Thus,

at low applied field the Zeeman states in the excited nuclear state
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FIGURE 27. THE MEASURED MAGNETIC FIELD AT THE NUCLEUS VS THE APPLIED

MAGNETIC FIELD FOR THE OXIDIZED PROTEIN MOSSBAUER SPECTRA.
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are not forﬁed because the’lifetime of this‘staféfls too short. At
30 kG ugghetic field at the nucleus,'fdh=5} s0 that”the magnetic
splittingshin the excited\nuclear_state are treatable by tlﬁe-
lndependentiperturbatioh calculations;. Referiné to Fig. 27, we see
| that the”olot of B rs. H is linear in this'reglOn;'however, B/H is
‘less thanrone; We therefore observe a "diamagnetic" f1eld in the
ox1d1zed proteln spectra at high applled magnetlc fleld of approxi-
mately one«tenth the applied field -

| Slnce this "diamagnetlc" fleld is far too large to attribute
to a diamagnetic correction factor to the applled field (Evans, 1955,
P. 188) it must result from magnetic mixing of the S = 1 state into
the S = 0 ground state of the exchange-coupled, spln system for the
ox1dized protelns. This effect is called a: pseudo-nuclear Zeeman
’1nteraction" (Bleaney, 1967) and its matrlx elements give an approxl—
mate value for J of 150 cm l. The Schlff—base compounds (Flg. 24)
have J's.ofIIOO em™L, Furthermore, the substitutlon of sulfur for the
oxygeh.Brldging atoﬁsvin Fig. 24 is expected to increase the magni-
tude of J, especially when the iron configuratloh'is 42 (Anderson,
l963).h The value of J from the.above Mossbauer’spectra has not, as
yet, been established to better than a range of”50 to 250_cm_;; how-
ever, a value of J above 100 cux"1 would 1mply that sulfur is the -
brldglng llgand in the iron—sulfur complex. |

:The existence of exchange—coupling between the iron atoms
should,also'be_detectable by magnetic susceptibllity measurements
(Section Il—G) Ehrenberg (referenced in Thornley et al., 1966)

made the flrst ‘magnetic susceptibility measurements on these proteins
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and'detected a slight‘"exceSS"'susceptibility for them at temperatures
around 300° K Moss gg;gk (1969) state that theionidized protein is
dlamagnetic from 1.7°K to 201°K and that the reduced material is
characteristic of an S = 1/2 material 0ver this range.b‘However, from
the quoted precision of the measurements by Moss et_g;., the maximum
value of J° detectable in their experiments is about 40 cm™l. There-
fore, a-mbre precise measurement of -the value,ony-for;these proteins
must anaitpthenapplication of a,specialized computer program to .the
oxidized‘ptotein Mossbauer spectra or more sensitive magnetic sus-—-
ceptibility measurements. In passing, one could aiso~measure,J by
studying'the reduced ptoteins._ Considering thatvthese proteins are
paramagnetic with the_splitting of 3J between the“§‘= 1/2 and S = 3/2
statesf(fig. 10), the exchange-coupling constantzcan be.more'easily

obtained»by studying the oxidized proteins.

F. .Moi)'EL '(‘)F'THE ACTIVE CENTER OF THE PLANT-TYPE FERREDOXINS

In the preceding section we presented. the experimentai
evidence in support of the "spin-coupled” model proposed by Gibson
EE_EL; (1966) and Thornley et al. (1966) for the plant-type ferre-
doxinsf"However, the "spin-coupled" model doesgnot provide a
spatial or configurational model for the active centet. Therefore we
proceed to‘a more detailed analysis with the goal of asserting a
proper chemical and structural model of the active center. The fol-
lowing ptoperties of the active site of these ptoteins are weli

substantiated experimentally by the present study:
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| 'l;‘ The active center of the oxidized plant—type ferredoxins
contains‘two>iron atoms with 1dent1cal electronic environments at the
nuclei.' These irons are high-spin ferric (S 5/2), spin-coupled to
Vgive a resultant diamagnetism for the complex.

.:2 .In the reduced state, the active center contalns one
high-spin ferric state spin—coupled to one high ferrous state (S = 2)
to give a resultant S =1/2 complex. |

i3 The ligand symmetry around both 1ron atoms is tetrahedral,
but with_both axial and rhombic distortions. This_basic symmetry is
not affeCted by reduction of the proteins. .

54,‘ The active center of the plant type.ferredox1ns is nearly
1dentical in every protein studied. The only differences in this
A aCtive-center are the presence and magnitude.of.thefrhomhic‘distortion
;of.theisymmetry for the ferrous iron in the reducedbproteins;i

'jln»addition, the two~-iron Schiff's—base‘comnounds studied by.
. Lewis EEQEL‘ (Fig. 24) have magnetic properties”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:.v

1. The iron atoms have been shown to be.exchangefcoupled
through-a superexchange mechanism. Thus, they are:connected by a
bridging ligandlwhich, in view of the arguments”in'the'previous section
‘and the elemental composition of the holoprotein,lis most likely a
, sulfur atom. This bridging ligand (sulfur) can, homever,.be either‘

cysteine sulfur or "labile sulfur".
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2. The 335 EPR experiments (Section I-C) 's‘;h.ow_ that the
"labiie.Sﬁifur" atoms are in the active site.“Thé_magnitude of the
sulfur hyperfine constants indicate that the "lébile sulfur" is bonded
to the iron. In view of the amino.acid COmpositidﬁs of these proteins,
the_"lébile sulfur"_is either the>bfidging ligands_for the ifon atoms
or part of a persulfide ligand to the iron atoms; aé suggested by
Beinert (1965). |

»‘.Thué, the_following.persulfide structureéjare consistent with -

the above criteria:

A o o ' B
B Fe/s\ re” - - BN Fe/S(Q,;'i/ |
. L/ \S( SL : o E/ \S(cys)\L
$(cys) ‘ (cys)

L= Ligahd'from amino acid side-chains.

FIGURE 28. PERSULFIDE STRUCTURES FOR ACTIVE SITE OF PLANT-TYPE
- FERREDOXINS. o ,
Althouéh:no direct evidence has allowed a decisidﬁ”between these
structufes; we feel that the stfﬁctures shown in.Fig. 28 afe douﬁtful
becéuse: 1) the persulfide bonds are higher eheigy.than sulfur-iron
bonds .2) these structures do not promote the similarities whiéh_are
observe&Ain the Mossbauer spectra of the seven prétéins in this study,.f
and 3) these structures do not explain'the résistance of these
proteiﬁs té two~electron reduction.

' in contrast, we propose the following structﬁre for the active

gsite of the ferredoxins.
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FIGURE 29. PROPOSED

FERREDOXINS .

" White

‘B;agk

L]

Shadéd

MODEL FOR THE ACTIVE CENTER OF THE PLANT-TYPFE.

Cysteine sulfur
Iron

Labile sulfur .
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Note that-in the structure in Fig. 29, thefe'are:six ligands: two
"labile sulfur"; iron-bridging ligands and four cysteinyl—sulfur
.ligands., The tetrahedral ligand symmetry of this model is dostorted
" by the difference in character between the "labile"band cysteinyl
sulfur:atoms and by the position of the iron atpns‘themselves.

H:In crystal field theory calculations the directien of the
axial distprtion isialong“the'z—axis. Therefore,:the d,2 orbitalslin
iron atoms in Fig. 29 are along the line joining“the two irhn atoms.
Remembeting that the dézberbital lies lowest injthis symmetry, as
shown in Fig. 26, the effect of reducing the complex is to add
electron density to the d 22 orbitals of the iron atoms. Since the
d,2 itonforbitals in Fig. 29 overlap, thiS'structute results in an
electton‘tepulsion tern between the iron atoms which increases as
.the itcn.atoms in these.ptoteins are reduced.‘“Thus, the negative
reducticn:potentials (Table_l) of the plant—type ferredoxinsrare
accounted fcr by this model. : .

:The protein.sequence data-in Table 4 show that the cysteine
residues in all the proteins.occur in identical nesitions
(18, 3§, 44 47, 77) in the sequence. Thus, the ligand field pro-
~duced by the cysteinyl sulfur atoms is not llkely to be different
among these protelns unless there is a difference in protein confor-
mation which causes a displacement in one or more of the cysteinyl
sulfuf atoms. Note that a displacement of any cysteinyl sulfur
atom 1n the model in Fig. 29 results in rhombic distortion at the
iron to;which it is ligated. Since, according to the spinacqupledf

model, this rhombic distortion will manifest itself in theidifference
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betweépbéxand gy (Egs. 37;39) for é pafticulg;vpréféin, thé EPR
daté in’Table 1 pfovide a measure of the rhombic.distorﬁion around
the ferfous iron in tﬁe reduced proteins. In pér#icuiar,.the g-
vvalueé'of adrenodoxin are axially symmetfic wﬁile #he g-values of
.spinach férredoxiﬁ show a rhombic distortion._ifﬁus;'the observation
of Kimura'gg_gl} (1969) that adrenodoxin and spiﬁach férredoxin have
differeﬁt protein conformations is consistent with:the prediction
of the ;bsve model. |

'bihé "spin—coupléd" model also predicts é constant value of
8,» numérically.2.04. Inséection of Table 1 shows some deviation
from g, = 2.04 for the plant-type fetredoxiné;f:Wi£h resbéct td the
médel shown in Fig. 59, we must invéke lérge stréins on the cysteine
sulfuré_éround the reduﬁed protein ferric site iﬁiorder to account
for the_déviétions as the "spin-coupled" ﬁodel attributes the value
of gzrmaiﬁly to the g-value of the ferric sité‘(Eq. 36); |

Assuming that the structure shown in Fié;’29 is valid, one

can dréw some conclusions as to the characteré»bf‘the iron d-orbitals
in the "spin-coupled" model. Since the symmetry gfound the iron is

tetrahedral, the d,2 and d 2 orbital are more ionic than the tg

x2-y |
orbitals-which must be covalent as the ligands ‘are sulfur atoms.
There are several important consequences of this‘éohclusiﬁﬁ: i) The
enérgy level scheme in Fig. 26 is based on crystal—fiéld.approxima—
tions and therefore can be considerably in errdﬁi 2) The reducing
electrons will occupy an ionic orbital (d,2); thﬁs, the reduction

potentiai of the plant-type ferredoxins is justifiably attributed

to electron repulsion between the d,» orbitals of the two iron atoms.



5) Cov;lenéy of the tg"irqﬁ orbitals'with sﬁlf§: implies that the
'Mbssbaqéf épectré of these proﬁeins‘will be séﬁsifive to ligand
changeS’beEweeh the memberé of the plant-type ferrédoxins. That is,
the sqbétitutién of tyrosine or histidine for:éyéﬁeine as a ligand
is ceftaiﬁ to cause a change in isomer shift whiéh is not obserﬁed
for thésé.pfoteins (Fig. 16).

:ﬁ'inffaét, the similarities in the Mossbaqér:éffect p#raﬁeters
impose tigﬁt constraints on the freedom té chdﬁgéviigands for this
compiex; $Thus, the suggéstion by Yang and Hueﬁhékéns (1969) that an
ironrsdlfﬁt'complex involves octahedral'hydroky.1igands,including
tyrosine is not applicable on two counts: .l).the iigéhd symmetry is
tétrahé&ral and 2) the positions of the tyrdéine_residues are not
constéhfvﬁhroughout the éequences df the planﬁQtypé férredoxins.

 The acidity of these proteins implies tﬁgt the amino acids
which.@ééuf in areas of the sequence with a prgponderancé of glutamic
acid,,aspéftic acid and glutamine may not be fréé_to ligate to the
iron—suifur complex, as they will be drawn out to ‘the periphery qf
the prb#ein conformation. Thus, consideration of the similarities
in the Mossbauer speétra and inspection of thé amino acid sequences
(Fig.'4>'énd composition (Newman et al., 1969) imfly that cysteine
is the most probablé ligand to the ironrsulfur complex, and that the:

structure shown in Fig., 29 1is valid. .
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APPENDIX I

PROGRAM ANIMO

A. Purpose

1. Refer to Chapter Iv ka

B. Usage-:
1.1 Cpntrol cards
2. an'of record card
3. -Source deck
4.‘ ﬁnd of record eard
5. Data cards (4 eards/RUN)

6. End of file cards

C. Inpat,aﬁd Output Formats
1. Input formats
| a; READ 200, INCH, IRUN, PUN, RATIO; SHIFT
200 FORMAT (2110, 3E10)
INCH - The height of the plot‘output inrtenths ofrincﬁes

7 IRUN - Identlflcation number for job; appears on plots and
printed output; l< IRUN € 99

 PUN - If PUN # 0, then the ordinates of the plot points will
be punched on cards for special output jobs -

"RATIO - If RATIO # O, then the output of this run will be
placed in a common block which will be the sum of
the intensities of consecutive runs. This sum is ' . ~
defined as follows, where I is the intensity of the '
output Mossbauer spectrum

Sum =Z IEM‘ME“‘ . I—zuu

RuNng
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If RATIO is less than zero, then this sum is terminated at
the end of the run and the absorption spectrum of the SUM is
plotted in addition to the RUN spectrum.  This option allows
one to generate Mossbauer spectra which ‘are the sums of the
_computed spectra for different env1ronment, electronic spin
1states, etc. : o

' SHIFT ~ Shifts the computed spectrum an’ 1nteger number of
) - points along the incremented velocity axis before
this spectrum is entered into the special output
common block. The shift veloc1ty in mm/S corres-
ponding to SHIFT is:

(XF - XI) x SHIFT
398

. READ 101, TITLE

101 FORMAT (1048)

”’h This title will appear on the‘printe& outﬁht.

‘e READ 400, HAPP, QS, ETA, XI, XF, BEI, GMI, PUN, NOGRPH,
. NID - -

-'466=F0RMAT (7E10, E7, il 12)

’ HAPP - Applied magnetic f1e1d in kG (parallel to gamma ray
direction)

QS , Refer to Eq. 7—8'(uni£s: mm/S)

’ 'E'i?A -n

-Xi'- Velocity of left-hand boundary of plot in mm/S
-XF -~ Velocity of right-hand boundary 6f‘plot in mm/S

BEI GMI - Initial Euler angles in powder integration (refer

' to Eq. 31). This option is useful only for single
crystal spectra (NID = 1). If both BEI and GMI = 0,
the program will choose values for these parameters
which optlmlze the powder 1ntegration.

~ PUN - If PUN # 0, then card output will be generated for this
run in units of per cent absorption (399 points).

'NOGRPH - If NOGRPH # 0, then no plot output will be generated
: for this run. This option allows one to dispense
with the 1ntermed1ate plots when special output is
desired.




"NID -~ The number of powder integration steps equals NID .

d.
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2
NID 11 is the optimum value for good plots.

READ 401, AX, AY, AZ, GX, GY, GZ, ALIGN .

401 FORMAT (7E10)

AX, :AY, AZ - Three principle components Qf.the A temsor in

~ electron gauss for S = 1/2 Systems. When S #
v 1/2, refer to Eq. 34.

1CX GY, GZ - Three principle'components.of»the G tensor.

.ALIGN - Is the flag which chooses whether the internal mag-

netic field is added or subtracted from the applied
magnetic field., ALIGN = 1, or 2.. Use of this
parameter requires a detailed understanding of the
calculation in SUBROUTINE ANI; however, if the A

. tensor has positive components and S = 1/2, then
ALIGN = 1. corresponds to electronic ground state and
ALIGN = 2. corresponds to the electronic excited
state., If HAPP is less than 3., then the value of
ALIGN has no measurable effect on ‘the computed spec-
trum. :

2.-'Output formats

a. .

The following material is printed:

‘1. A list of the input parameters'

i,2. The P tensor in mm/S

‘ 3. The RUN number .

4. The sum of the intensities fqrytﬁe'plot pbints
5. The maximum and minimum of the computed spectrum
The following material is_plotted:p:

1. A square with the computed speCttum

2. An identification numbet of the plot.

The mathematical metﬁod is given in Section IV.

EXECUTION TIME = 10 x NID? milliseconds per RUN on a

- Control Data Corporation computer, Model 6600.
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121

200

109

120

201
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PROGRAM ANIMOSS(INPUT 101,0UTPUT=101,PUNCH= 640:PLOT lOOl.TAPES INP

1UT, TAPE6=0UTPUT,TAPE99=PLOT)
THIS ROUTINE ASSEMBLES THE DATA "FOR SPEC[AL PLDT ouTPUT
CCMMON/1/X(402) yHOD(419) , YDMY (401) 4LGND (15, 5

DIMENSICN BOLZ(401),LMNT(15,5) .

DATA (42=0)

LMNT(1,1)=3HSPL

DC 2-1=1,399

BOLZ(1)=0.

J2=J2+1 . S
FCRMAT(IHI.*RUN*:I3; (NOT NECESSARILY EQUAL TO PLOT NUMBER)*)
READ 2004 INCH, IRUN,PUN, RATIO,‘HIFT :
FCRMAT(2110,3E10)

IF(EOF,5) 12,109

LMNT(2,1)=1RUN

LGND(2,1)=1RUN

PRINT 121,42

CALL  PDRANI{INCH)

J1=RATI10*1000.

PRINT 201, INCH, IRUN,PUN,RATIO, SHIFT _ ;

FCRMAT( IX*INCH=%,12/1X,*[RUN=# IZIIX,*PUN #,F2. 011x %RATIO=%,F10.5
171X, *SHIFT=%,F3.0)

IF{J1) 4,110,5 :

‘RATIO=-RATIO

NPTS=399

M=NPTS

MM=SHIFT .

N=14MM

IF(MM)11,10,10

N=1 "

M=NPTS + MM

DO 1 . J=NyM

BOLZ(J)=BOLZ{J) + RATID*YDMY(J—MM)

IF(J1)6,110,110

CALL GRPLTRI(X, BOLZ.NPTS,LMNI.PUN + INCH)

D0 7 J=1,399

BOLZ(J)=0.

GO TG 110

CALL .CCEND

END

SUBROUTINE GRPLTRUX9ZyNPAR,LGND 9 XPUN, INCH)

THIS SUBROUTINE GENERATES THE PLOT OQUTPUT

THE CC--— ROUTINES ARE CALCOMP LIBRARY ROUTINES
DIMENSION X(402)+Y(401)oLGND(15,5),2(401),ILET(12)
COMMON/CCPOOL/XMIN, XMAX, YMIN, YMAX.CCXM[N,CCXHAX.CCVPIN.CCYHAX
CCMMON/CCFACT/FACTOR

DATA ({K=0)

K=K+1
CFACTOR=100.

CCXMIN=1.3

CCXMAX=10.9

CCYMIN=1.

CCYMAX=T.

N=NPAR

XMIN=X(1)

- XMAX=X{N)

FINCH=INCH

FINCH=FINCH/10.

DO11=1,399

Y(I)=100.-Z(1)

IF(INCH.EQ.QO)FINCH=5,

PMIN=XMINI(Y4N)
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c

10

101
102

400

401
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A={Yl1) + PMIN}/2.

B={Y{(1l) - PMIN)#*3,/FINCH

YMAX=A+B

YMIN=A-B

‘CALL CCGRID(I,bHNOLELS,l)

FORMAT(F6e3¢% TO %3F6.39% MM/SEC#/FS.ly%* TC %,F4.1,% PCA%)
ENCODE (40,3 .lLET(l))X(l),X(N).Y(l).PMlN
IENCUD&(ao,lo.ILerlq))LGND(1,1),LGN0(2.1) K
‘FORMAT(A3,12,%-%,12) o : -
CALL CCLTRU14456.9,091,ILET(9),8) :
CALLCCPLOT(XyYsN) Co

CALL CCNEXT . . v o : ¥
PRINT 2,(ILET(I)s1=1,8) S
FCRMAT{1X,4A10)

"IF{XPUN.EQ.0.) GO TO 7

PUNCH G, (ILET(I),1=9,12)

FCRMAT (4A10)

PUNCH 84 (Y(I),1=1,N)

FORMAT (10F8.4)

RETURN

END~

SLBRGUTINE PDRANI([NCH).

THLIS SUBROUYINE PERFORMS THE MAIN CALCULATICN FOR A SINGLE IRON
ENVIRONMENT MOSSBAUER "SPECTRUM IN APPLIED: FIELD.: THE SAMPLE MAY
BE A SINGLE CRYSTAL OR A POWDER.

'DIMENSION LGND(15,5),TITLE(8) :
DIMENSION NXS(2),GB(3),0(2),E(2),B(2),5(854, 6) HY2(84492)4 DJUB(8y4
192)sDJA(B83642):DIT{8,4+2)9H{Bs%42),0J1(8,4),DJ2(894),y VAL{492)
2XINT(4452),003(8+4)9L{3),FLOR{401)4XS(2),E12(4,2)

 EGQUIVALENCE (Nl-NXS(l)),(NZ,NXS(Z))'(L(I)qLX).(L(Z):LY),(L(B).LZ)
CCMMON/L1/X(402)4Y{401),y, NAL,NBE,AL,BE,CBE,

10AL,0CBE, E12,IE12,E1E12,DX
29 YDMY (401),LGND

COMMCN/TEN/GX3GYGZ sAX4AYAZ 4 ALIGN

DATA (GMMA=.15)

"REAL Lot XyLYyatLZ

FORMAT(BAIO)

-~ FCRMAT(1X+8A10)

INITIALISE PARAMETERS.
P1=4.C*ATAN(1.0)

NPTS=399

READ 10Ll,TITLE ' v

READ 400,HAPP,USETA,XI, xF.BEI.GMI. PUN ,NOGRPH,NID
FCRMAT(TELO,ET7,11,12)

READ 401, AXyAYsAZ4CXoGY,GZHALIGN
FCRMAT(TELQ) ' :
XS(1)=1.5

XS(2)=.5

E{2)=C.

D(2)=C.

DEL)=QS/(6.%#SQRTF(1.+(ETA%XETA)/3.))

B(2)=-0.01189

B(1)=0.0068

“E{1)= ETA%D(1)

NINT=0 _ ) .
ENPT=NPTS~1 _ _ : -
DX=(XF~XI1)/ENPT

CLEAR CHANNELS Y FOR ACCUMULATING (NTENSITIES.

‘DC10451PT=1,NPTS :

A+

1045 Y(IPT)=0.
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SET UP INITIAL E2QQ HAMILTONIAN INN CRYSTAL FRAME

" DC10S0IL=1,2

1050

‘4040

s X aXgl [g]

NXS(IL)=2.0%XS({IL)+1.01

CCALL FRMS(S(1lyly3%FL-2),NXSCIL))

CALLCOCLR(HY2(141,IL)sNXSCIL))
CALL Y20P({S({lsly3%IL~ 2)'0(lL)oE(IL)'HYZ(lylvlL).NXS(IL}I
CCNTINUE

CHECK TO SEE IF SINGLE. CRYSTAL SPECTRUM, lF NOT, THEN GENERATE

BEI, GMI WHICH LEAD TO MOST EFFICIENT INTEGRAT[ON STEPS
IF{NIC.EQ.1) GO TO 4040 :

S GMI=PI/14.*NID)

BEI=ACOS(1.-o5/NID)
CCNTINUE
START BETA LOOP .

DCBE=1./NID

CBE=DCBE + COS(BEID)

“BC 1063 1IB=1,NID

CRE=CBE-DCBE

~ BE=ACOS(CBE)

4001

~DC 40C1 IL=1,2

CALL FRMDJB(DJB(lyl:lL)1BE'NXS(IL))
START GAMMA LOOP

DGM=PI/(2.#NID)

GN=GMI[-DGM

DC 1064 IG=1,NID

GM¥=GM+DGM

" CALCULATE THE EFFECTIVE MAGN&TIC FIELD AT THE NUCLEUS FOR THIS

5CRYSTAL ORIENTATION

T CALL ANI(BEyGM,HAPPsLX,LY, LZ:FEFF)

:START LEVEL LOOP

D0 1061 IL=1,2

RCTATE THE QUADRUPCLE HAMILTUN!AN INTC CRYSTAL FRAME
CALL FRMDJZ(DJ24GM,NXS{IL))

CALL COMPY{DJ2,+DJB{1414IL)¢DJLNXSCIL))

© CALL COROT(HYZ2{1,1,IL),0J14BJ2,NXS(IL))

1049

1061

“OF UNIT TENSORS BETWEEN EIGENVECTORS : et

DC 1049 K=1,3

GBi{K)= L(K)*B(IL)*HEFF

ACD: QUADRUPOLE AND MAGNETIC HAMILTONIANS :

CALL ZEEMAN(S(1l4ls3%I1L-2),GB,DJ1,NXSLIL)) -~

CALL COMAD(DJI:DJZ;H(lyl-lL)vNXS(IL)) A

DIAGCNALISE

CALL ALLMAT(H({1, l'IL)pVAL(l IL) o NXSCIL) 4y NXS(IL))

AT THIS STAGE H IS IN A BASIS WHERE THE ANPLITUDES OF

RIGHT AND LEFT POLARISED PHOTONS ARE GIVEN BY MATRIX ELEMENTS

‘jCALL PDRHIN{NLyN2,HyXINT,TOTX)

DG 2014 J1l=1,N1

"DC 2014 J2=1,N2
CEL120J19Jd2)=VAL{J1l,1)-VAL(J2,2)

EIE12=(EL2(J1,J2)-XI)/DX+1.

" 1E12=EiEL2

" IF(IEL2.GT.NPTS)GO YO 2014

2014

1064

1063

IF{IE12.LT.1) GO TO 2014
YUIEL2)=Y(IEL2) + XINT(J1,J2)
CCNYINUE

NINT=NINT+1

END CF GAMMA LOCP FOLLOWS
CCNTINUE

END OF BETA LOOP FOLLOWS
CCONTINUE

AT THIS STAGE THE LINE SPECTRA ARE IN Y
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FCRM BREIT—HIGNER LlNESHAPt MCSSﬁAUER INTENSITY SPECTRUM

X{1)=xI .

DC30COIPT=1,NPTS
3000 X{IPT+1)=X(IPT)+DX

PRINT 102.TITLE

PRINT 402,HAPP,CS,ETA,PUN,NCGRPH, BEL,GMI :
402 FORMAT(1X*HAPP=%,F6.1/1X,%Q5= 2o FB.3/1X o #ETA=%,F8.3/1X,*¥PUN=%,F2.0

171X, *NOGRPH=% IZ/IX,*BEI %,F6.3/1X93GMI=%,F6.3)

PRINT 403,y AXyAY9sAZ 4 GXoGYsGZyALIGN
403 FCRMAT(1X, BAX=%,FT.3/1Xy *AY=%,FT,
23/1X 4 %AZ=%,FT, 3/1X.*GX #,F5.3/1X*¥GY=%,F5.3/1X, *Gl * »F5. 3/1X,*ALIG,
IN=%,F2.0) .

ENINT=NINT$GMALOR=GMMA*8, JCENINTATCTX)
DX2=CX*DX$G2=GMMA*GMMA ‘ L
DC3010K=1,NPTS
ENKL=K~1$FLOR(K )= GMALCRI(GZ+DX2*ENK1*ENK1)

3010 CCNTINUE
DC3012K=1,NPTS
YOMY (K )=0.0

3012 CCNTINUE ,

DE3014 [LIN=1,NPTS

IF(Y(ILIN).EQ.0.) GC TO 3014
DC3013[FOLD=L,NPTS

1CELT=ILIN-IFOLE
IF(ICELT.LT.0)IDELT=-IDELT

KC=IDELT+1

YEMY (1FOLD)=YDMY(IFOLD) +Y(ILIN)*FLOR(KD) .

3013 CCNTINUE

3014 CONTINUE

TCTI1=0.

DC 10 IN=1,NPTS .

10 TCTI=TOTI+YDMY(IN)
PRINT 11,TOTI

11 FCRMAT (1Xs#THE SUM OF THE INTENSITIES 1S#,£12.2/1X,*{NOTE ... ABSO

LRPTICN AT CHANNEL(I) = 100 MINUS INTENSITY AT CHANNEL(D).)¥)
IF(NGGRPH.NE.O) GC TO 35 _
LGND(1,1)=10HC
, CALL GRPLTR(X, YOMY,NPTS,LGNDsPUN ,INCH)

35  RETURN -

END

FUNCTION XMINI(XoN)

FIND THE MINUMUM OF X

DIMENSION X{399)

XMINI=X(1)

BC. 20 J=2,N 4 _

CTE(X(J)LTJXMINI)  XMINT=X(J)
20 . CCNTINUE

RETURN

END

"SUBRCUTINE FRMDJB(A,BETA,N)
FCRMS A ROTATICN MATRIX ARQUNC AXIS Y, FCR FULER ANGLE HETA
SEE. BRINK AND SATCHLER
~ DIMENSICN A(8,44)
CC 3 I=1,4
DC 3 J=14+4
A(2%1-1,J)=A(2%],J)=0.0
3 " CCNTINUE
C=COSF(BETA/2.0)
S=SINF(BETA/2.)
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IF(N.EQ.2) GO TO L
IF(N.EW.4) GO TO 2
IF(N.NEL4) STOP
All,1)=A(3,2)=C

A{3,1)=-S
S AL1,2)=-A(3,1)
GC TO 4

A(1,1)=A(7,4)=(COSF(BETA/2.0))%%3
A(7,3)=A(3,1)==SQRTF(3.)*(C*¥*2)%(S)
A(S44)=A(142)=+SQRTF (3.)%(C¥22)%(S)
A(7,2)=A(3,4)=A(5,1)=A(1,3)=SCRTF(3. )#C# (S*%2)
A(Le4)=+S¥¥38A(7,1)==A(144)
CA(5,3)=A13,2)=C*(3,5C*%2-2.)
A(3,3)==5S%(3.45%%2-2,)8A(5,2)=-A(3,3)
_RETFURN '
(END

f1SLBRCUTINE ALLMAT (A, XLAM,M,TA,NCAL)
- DIAGCNALIZES ANY 5X5 ARRAY OF COMPLEX NUMBERS
" CALCULATES EIGENVECTORS AND EIGENVALUES .

PROG.AUTHORS JOHN RINZEL R.E. FUNDERL[C'UNIQN CARBICE CORP.
NUCLEAR DIVISION,CENTRAL DATA PROCESSING: FAC[L[TY.

'«GAK RIDGE TENNESSEE

DIMENSION A(IAy1)4H(5,5) yHLE5,5), LAMBDA(S)pVECT(S).FULT(S)»
"ASHEIFT(3) INTH(S5) o INTI5) s XLAM(5) yKEY(5) 4 XLAMA(5),B(5,5)
_ CCMPLEX A , H 4, HL o LAMBDA , VECT , MULT , SHIFT 4, TEMP , SIN ,

1:€0S , TEMPL , TEMP2 , B

LCGICAL INTH , TWICE

INTEGER INT , R 4 RP1 , RP2

DC 6C 16=1,M

LAMBDA(16)={0.4C.)

‘N=M

NCAL =N

IF(N.NE.1)GC TO 1

"LAMBCA(1)=A{1,1)

Allyl)=1. .

GC TC 57

© TCOUNT=0

" SFIFT(L) = 0.
" IF(NJNE.2)GO TO 4
2 TEMP=(A(1,1)+A(2,2)+CSQRTL(ALL,1)+A(2, 2))#%2-
T14.%(A02,2)%A(1,1)-A(2, 1) %AL1,2))))/2.

IF(REALITEMP) .NE.0..OR.AIMAG(TEMP).NE.0.)GD TO 3

"LAMBCA(M) = SHIFT.(1)

LAMBDA(M-1) = A(Llyl) + A(2,2) + SHIFT(1)

‘GC TC 37 :
3 LAMBCA(M) = TEMP + SHIFT(1)

LAMBDA(M=1)=(A(2,2)%A(1,1)~ A(Z.l)*A(1,2))/(LAMBDA(P) ~SHIFT(1))+
USEIFTLL)

GC TO 37

REDUCE MATRIX A TO HESSENBERG FORM
4 NMZ2=N-2

DC 15 R=14NM2
RP1=R+1

| RF2=R42

ABIG=0.
CINT(R)=RP1
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12
13

14
15

DC 5.  [=RP14N
ABSSGQ=REAL(A(I4R))*#2+4ATMAG(A(I,R))*%2
IF(ABSSQ.LE.ABIG)GO TO 5

INT(R) =1

ABIG=ABSSQ

CCNTINUE

" INTER=INT{R)

IF(INTER.EQ.RPL)GO TO 8
IF(ABIG.EQ.0.)GC TO 15
DC 6 I=R,N

TEMP= A(Rpl.l)
A{RP1,I)=A(INTER,1)
A(INTER,I1)=TEMP

DC 7 I=1,N
TEMP=A{I4RP1) C
A{I,RP1)=A(1,INTER)
A(I,INTER)=TEMP

DC 9 .I=RP2,N :
MULT(I1)=A(I,R)/ZA(RP1,4R)
A(I,R)=MULT(])

DC 11 I=1,RP1

TEMP=C. .

DC 10 J=RP24N :
TEMP=TEMP+A( I J)*MULT(J)
A{I RP1L)I=A(I RPL)I+TEMP
DC 13 [=RP2,N

TEMP=0.

DC 12 J=RP2,sN

TEMP= ThMP#A(I,J)*MULT(J)

A(I,RPL)= A(I,RP1)+FEMP ~MULT(1)*A(RP1,RPL) |

DC 14 I=RP2,N

DC 14 J=RP2,N

AlLJ)=A(1,d)~ MLLT(I)#A(RPI.J)
CCNTINUE -

CALCULATE EPSILCN

- EPS=C.

16

BC 16 I=1.N

EPS= EPS+CABS(A(1 1)

DC 18 1=2,N
SUM=0. :

CIMl=I-1

17

18

19
20

21

24

DG 17 J=IM1,N
SUM=SUM+CABS(A(14J))

TF{SUM.GT.EPS)EPS=SUM

CCNTINUE
EPS=SQRT(FLOAT(N))*EPS*1.E-12
IF(EPS.EQ.0.)EPS= 1 E-12

DC 19 I=1,4N

DC 19 J=1,N

H{I,J)=A(1,44)

IFIN.NELL)GO TO 21

LAMBCA(M) = A(l,1) + SHIFT(L)
GC TG 37 _ '
1F(N.EQ.2)GD TO 2

MN1=M=N+1

IF(REALIA(N,GN))«NE.C..CR. AINAG(A(N,N)) NE.O.)

1 IF(ABS(REAL(A(N,N-I)/A(N'N)))*ABS(A[MAG(A(N,N—I)/A(N N)))-l E- 9)
2 24424423

23 IF(ABS{REAL(A(N,N-1)))+ABS(AIMAG(A{N,N-1})).GE.EPSIGO TO 25

LAMBOA(MNL) = A(N,N) + SHIFT(1)

152



o0

aNeXglN

ICOUNT=0

N=N-1
6c TC 21

DETERMINE SHIFT

25 SHIFT(2)=(A(N-1,N-1)+A(NsN)+CSQRT (A (N=14N=1)+AIN,N} ) #%2
1 —4o*(A(NJN)*AIN=1,N=1)=A(N,N-1) #*A(N-1,N)))) /2.
IF(REAL(SHIFT(2))NE.O..OR.AINAG(SHIFT(2)).NE.0.)GC TO 26
SFIFT(3)=A(N=1,N=1)+A(N,N)
6o TC 271 -
26 SHIFT(3)=(A(NyNI®A(N=1,N=1)-A(N,N=1)*A(N=1,N))/SHIFT(2)
27 1F(CABSI(SHIFT(2)=A(N,N)).LT.CABSISHIFT{3)-A(N,N)))GO TO 28
INDEX=3
. 6C TO 29
28 INDEX=2

29 IF(CABS(A(N-14N-2)).GE.EPS)GO YO 30

LAMBCA(MNL) = SHIFT(2) + SHIFT(1)
LAMBCA(MNL+1) = SHIFT(3) + SHIFT(1)
" ICOUNT=0
‘N=N=-2
GC. TC 20 :

30 SFIFT(1) = SHIFT(1) + SHIFT(INDEX)
DO 31 I=1,N . -

31 A(I,1)=A(1,1)-SHIFT{INDEX)

 PERFCRM GIVENS ROTATICNS, QR ITERATES
. - IFUICOUNT.LE. IO)GU 10 32

NCAL=M=N
GC TG 37

32 NM1=N-1

CTEMPL=A(1,1)
TEMP2=A{2,1)
" BC 36 R=1,NM1
‘RP1=R+1
REO= SQRT(REAL(TEMPI)**ZfAIMAG(IEMPI)**?+_
1 REAL(TEMPZ)**2+AIMAG(TEMP2)*#2)
I1F(RHO.EQ.0.)GO TQ 36
COS=TEMP1/RHO
SIN=TEMP2/RHQO
INDEX=MAXO(R-1,1)
DC 33 I=INDEX,N
TEMP= CONJG(COS)*A(R,I)+CGNJG(SIN)*A(RP1,I)
A(RPLly1)=-SIN*A(R,I)+COS*A{RP1,1) -
33 A(R,1)=TENP
TEMPL=A(RP1,RP1)
TEMP2=A(R+2,R+1)
DC 34 I=1,R .
TEMP=COS*A(I,R)+SIN*A{I,RP1)
T A(ISRPL)=-CONJG(SIN)*A(I 4R)I+CCNIGICOS)I*A(I,RP])
34 A(l4R)=TEMP : ,
" INDEX=MINO(R+2,N)
DC 35 I[=RPL,INDEX
A(I4sR)=SIN*A{1,RP1)
35 A(I,RP1)=CONJG(COS)*A(I,RP1)
36 CONTINUE
- TCOUNT=ICOUNT+1
. GC TO 22

CALCULATE VECTORS
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!F(NCAL EQ.0)GO TO 57

“N=M
‘NM1=N-1

IF(N.NE.2)GO TO 38 o
EPS= AHAXI(CABS(LAHBDA(I))'CABS(LAMBDA(Z)))‘l E-8

IF(EPS.EQ.0.)EPS=1.E-12

CH(le1)=A(141)

‘ 38

39
40

H{152)=A(1,2) ST _ #:
H(241)=A(2,1) ST ' '
H(2,2)=A(242) :

DO 56 L=1,NCAL . ’ : o
DO 40 I=1,N . : e

- DG 39 J=1¢N°
‘HL(I4J)=H(I4J)

HLII oI )=HLUI,1)-LAMBDA(L)
DC 44 1=1,NM1
MULT(1)=0.

CINTHUE) = O
CIP1=1+1

41
42

43"

45

46

47

48

49

50

IFICABS(HL{I+1,1)).LE, CABS(HL(! l)))GO TO 42

CINTHUL) = )

DC 41 J=IsN

TEMP=HL{I+1,J)

HLUI+1,J)=HL{I,J)

HL{I,J)=TEMP :

IF(REAL(HL(T,1)).EQ.0..AND. AIMAG(HL(I l)l EQ.O )GO. TO 44
MULT(I)==HL(I+1,0)/HLII,I)

DC 43 J=IP1,N

HL(I41,J)= HLUI+1,J)+MULT (1) *HL(T,J)

CCNTINUE

DC 45 I=1.N

VECT(I)=1.

TWICE = 0

IF(REAL(HL(NyN)).EQ.0..AND, AIﬂAG(HL(N N)) EQe O JHL(NyN)=EPS

" VECT{N)=VECT(N)/HL(N,N)

DC 48 [=1,AM1

K=N-1

DC 47 J=KyNM1

VECT(K)=VECT(K)-HL{K, J+1)%VECT(J+1) . ' '
IF(REAL(HLIKsK))oEQeO 4 cAND.AIMAGIHL (K, K)) EQ O+ YHL(K,K)=EPS
VECT(K)=VECT(K) /HL{K,K) :

B16=0. :

DC 49 [=1.N

SiM= ABS(REAL(VECT(I)))+ABS(AINAG(VECT([)))

TF{SUM.GT. BIG)BIG SUM

CCNTINUE

DC 50 I=1sN

VECTLI)=VECT(I}/BIG

IF(TWICEIGO TO 52

DC 51 I=1.NM1

. - IF(.NCT.INTH{I))GO TO 51

51

52

TEMP=VECT(1) | | -,
VECT (1)=VECT{I+1) %

VECT(I+1)=TEMP
VECT(I+1)=VECT(I+1)+MULT{I)*VECT(I)
THWICE =1

GC TC 46

IFIN.EQ.2)GD TO 5%

NM2=N-2

DC 54 I=1,NM2

N1I=N-1-1



- NIl=N-1+1
DC 53 J=NI1,N

53

. 54

55

56

61

VECT(J)*H(J'NII)*VﬁCT(N!I*l)*VECT(J)
INDEX=INT(NLI)

TEMP=VECT(NLI+1)

VECT{(NLI+1)=VECT{INDEX)
VECT(INDEX)=TEMP
DO 56 I=1,N

A{I,L)=VECT(1)
~CONTINVUE -

. DO 61 16=1,N
_XLAHA(IG)*LAHBDA(Ib)

" CALL SORT(XLAMA,KEY,N)

DG 63 [S=1,N-

XUAM(I5)=XLAMA(N=1541)

. DO 63 14=1,N

63

64

1T=KEY (N-I5+%1)

BUI4,IS)=A{14,1IT)
.-D0 64 12=19N
DO 64 13=14N

A(13,12)=B(13,12)

DO 67 [T7=1.N
-SNORM=0.

DO 66 18=1,N

66

c8 -
67

100
105
110
115
120
125
130
135
140
145
155
160

165 .

170
175
180

- 185
190

SNORM=SNORM+C2MAG(A{1I8,17))
" IF(SNORM.6T.9999.AND.SNORM.LT.1. 0001) GO 10 67

SCALE=SQRTF(1./SNORM)

DO 68 19=1,N

A(19'I7)=SCALE*A(I9'I7)

- CONT INUE
RETURN

END

SUBRCUTINEFRMS(SyN)
FRMS GENERATES PAULI SPIN MATRICES
DIMENSION S(8,453) :

. XS=(FLOATF(N-1))/2.0 °

DC125K=1sN
DC125J=1sN
DC125K=14+3
S{2%[-14J9K}=0.0
S(2%14J9K)=0.0
DC1851=1,4N

S XI=1

XM=XS-XI+1.0

S(2%1-1e193)=XM

IF{I-N)160,185,185

XP=0.5%SQRTF (XSH{XS+1s0) =XM*{ XM~ 1.00)
S(2%I~-1s141,1)=XP

S(2%1,1+1,2)= XP

S{2%I+1,I,1)=XP o ‘ .
S{2%[+245142)==XP i
CONT INUE

RETURN
END

f~su3a0u11us FRMDJZ(DJs THETA)NJ)

. FORMS A ROTATION MATRIX FOR ANGLE THETA ABOUT Z AXIS

‘SEE BRINK AND SATCHLER
DIMENSION DJ(844)

- CALL COCLR{DJ,NJ)
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IF(NJ.EQ.4) GO TO 1

C=COS(THETA/2.) " ‘ - .

S=SIN(THETA/2.)
DJ(1,1)=DJ(3,2)=C -
DJ(2,1)=-5
0J(4,2)=S

GC To 2
C1=COS(THETA/2.)
C3=CCS(THETA*3./2.)
S1=SIN(THETA/2.)
S3=SIN(THETA*3,/2.)
DJ{1,1)=DJ(T,4)=C3
DJ(3,2)=DJ{(5,3)=C1

DJ(2,1)=-53
DJl4,2)=-S1
DJ(643)=S1
DJ(8,4)=53
RETURN

END

SUBROUTINE Y20P (SyDyEsH,N)

CALCULATES Y20P MATRIX AND ADDS IT TO H ) . :
ECUIVALENT OPERATOR FOR D(3SZ#%2+S(S+1))+E(SX*&2-SY*%2)
‘DIMENSION 5(894'3)9H(804)1DK(3)10HY(8'4) e
DK(1)=t-D i

DK(2)=-E D

DK(3)=2.0%D

N2=2%*N

DC 1 K=1,3 ’ ‘

- CALL COMPY‘S(111'K"S(1'1'K)!DMY’N)

OC 1 I=1,N2 ’

DC 1. J=1,eN

H{T,J)=H{I, J)*DMY(‘.J)*DK(K)

PRINT 2,DX(1),DK(2),DK{3)

FORMAT{IX 4 %HQ=%,F8.3,5HIX*%2,F8.3,5HIY®%2,F8, 3,5H[Z“2)
RETURN

END

SUBRCUTINEZEEMAN(S,GB,H,N)

CCMPUTES ZEEMAN HAMILYCNIAN '

DIMENSION S(8,4, 3),68(3):H(8'4)

N2=N+N

DClJ=14N

DClI=1,N2

Hi{lsd)= GB(l)*S(I'Jnl)+GB(2)*S(lyJ 2)+GB(3)*S(ngv3)
RETURN.

END

SUBROUTINE ANI(BE,GMyHAPP,DX,0Y,DZHEFF)

"GIVEN THE MAJOR COMPONENTS OF THE G AND A TENSORS AND THE X
‘DIRECTION AND MAGNITUDE OF H(APPLIED, THIS SUBROUTINE RETURNS THE
.DIRECTION AND MAGNITUDE OF HIEFFECTIVE FOR S=1/2 SPIN SYSTEMS WHEN

S(EFF) AT THE NUCLEUS EITHER ACDS OR SUBTRACTS FROM THE APPLIED
FIELD, DEPENDING ON THE VALUE OF ALIGN
CCMMCN/TEN/GXsGYGZ3AX9AY 4 AZ,ALIGN

REAL LXeLYelL2Z

DATA (H=10.174)

ST=SIN(BE)

CT=COS(BE) -

SP=SIN(GM)

cp=CCS(GM)
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DIRECTION CUSINES OF H{APPLIED)

LX= ST*CP

HLX=HAPP*LX

LY=ST%SP

HLY=HAPP*®LY

LZ=CTY

HLZ=HAPPXLZ

SPIN EXPECTATION VALUES S
ZsSQRT((LXRGX ) %424 (LYSGY ) 524 (LZHG2) *%2) /H . '
HSX=LX*GX*AX/Z .
HSY=LY*GVY%AY/Z

HSZ=L21%G1l*AZ2/1

CHOOSE COUPLING OF FIELDS

IF(ALIGN~2,) 192.2

HEX=HL X-HSX

HEY=HL Y~HSY

HEZ=HL Z-HSZ

G0 T0 3

HEX=HSX+HLX

HEY=HSY+HLY

HEZ=HSZ+HLZ

HEFF= SQRT(HEX**Z*HEY‘*Z*HEZ**Z)‘

BX=HEX /HEFF ‘

BY=HEY/HEFF

BZ=HEZ/HEFF

DX=CPACT*BX+SP*CT*BY~- BZ*ST

DY=-SP*BX4+CP*BY

DZ=BX L X+BY*LY+BZ*L2

RETURN

END

SUBROUTINE PDRHIN(NI.NZ.H XINT,VOTX)

CALCULATES THE INTENSITY OF A TRANSITION FOR STATES Nlo N2 WHERE
RADIATION IS PROPAGATED ALONG Z-AXIS OF BASIS SET CGORDINATES
DIMENSION H{4,442) 4 XINT{4,2)

COMPLEX HeClsC3,C4,C6

TCTX=0.

DO 1 Jl=1,N1

DL 1 J2=1,N2

Cl= H(11J191)*C0NJG(H(19J292)l

C3=H{3,J1,1)*CONJGEH  1,02,2))

C4=H(25J191)%CONJGIH{2,32,52))

CE=H{4:J191)BCONJG{H{2,42:2))

XINT{d1,42)= CZ”AG(CI)*CZMAG(CG)*(CZMAG(C3)*C2"AG(C4’*REAL(C4*CONJG
l(Cl)4C6*CUNJG(C3’*C1*CCNJG(C4)*C3*CDNJG(C6)))/3.

TOTX= TQTX*XINT(JIQJZ)

RETURN

END PDRHIN

‘SUBROUTXNE COCLR(ALN)

THIS SUBROUTINE SE'S COMPLEX NATRIX A TU ZERO
JDIMENSION A(844) :

DO 2 I=14N :

DC 2 Jd=1,N

Al2%]-14J)=0.0

Al2*1,0)=0.0.

RETURN

END
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 SUBROUTINECOTRAN{A,B,N) -

THIS SUBROUTINE FORMS THE ADJCINT OF COMPLEX MATRIX *A* AND

STORES IN -B- v L

"DIMENSION Al8,4),B(8,4)

DC115J=1,N

DO115I=1,N .

BU2%I~1,J)=A(2%J-1,1) - . :
BI2%1,J)=-A(2%J,1) ERE |

RETURN . o v ¢
END e

SUBROUTINECOMAD(A,B,CyN)

THIS SUBROUTINE PERFORMS THE COMPLEX MATRIX AODITION (A + B = C)
‘DIMENSION ‘A(834)9B(894),C(844).

M=2%N

DC2I=1,M

D02J=14N

ClI,J)=A(T,J)+B(I,J)

RETURN ’

END

SLBROUT!NECUMPY(A,B.C.N)

~ THI'S SUBROUTINE PERFORMS MATRIX MULTIPL!CATIUN--(A X B = C) FOR

COMPLEX MATRICES

_ DIMENSION A(B44)4BlBy4),C(8y4)
DC2I=1,4N '

002J=1,N
C(2%1-1,J)=0

Cl2%1,J4)=0

DO2K=1,N

Cl29I-1,3)=C(2%]~-1, J)+B(2% 1~ l.K)#A(ZtK—l.J)-
18{2%1,K)*A{2%K,J)

CCU2%14J)=Cl2%T 3 J)+B(2%1-1,K)%A(2%K,J)+B(2*[,K}*
LA(2%K-14J) )

RETURN

END

SUBRCUTINE COROT(A,PyByN)

PERFORMS THE COMPLEX ROTATICN (P%XAXP= 8) 
DIMENSICN A{8,4),8(8, 4).?(8,4)vDMY(8'4)
CALL COTRAN(P,B,N)

CALL COMPY(BjyA,CMY,N)

CALL CO”PY(DMYvP'B.N)

RETURN

‘END COROT

FUNCTION C2MAG(C)

FORMS THE SQUARED ABSOLUTE VALUE OF A COMPLEX NUMBER .
TYPE COMPLEX C .

TYPE REAL IM ‘ S .
RE=C : : -
IM={0.0s-1.0)%C

C2MAG=(RE*RE+IMe M)

RETURN

END
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TfsuencuthE soar(x.xsv,nol"

ORDERS THE ARRAY X .

M1, UCSD . SORT

;“ENQ,

L DIHENSIQN Xt ZJ'KEY( 2)
C.DCY1 I=14ND ;
SLUKEYCDY=T
. -MC=NQ . L
L IF(MC- 15121,21,23
) *lF(MC-l)9p9,22
T ME=2%(MO/4)+1
- 6C TC 24
. IMC= 2*("0/3)41
- KC=NO=-MO ©
-~ 1J0=1
= 1230 :
TUIRIXUI ) =-X{T+MO) )28.28.27
U TEMP=X(I1) .
XCI)=X{I+M0)
CX(I+MO) =TEMP
 KEMP=KEY(I) -
4 KEY(I)=KEY(I+MO)

KEY(1+MQ)=KEMP

CI=l-MO
UIFLI=1)28,26426
L .J0=dC+ 1 A
C1F(J0-K0)25525,2

RETURN
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APPENDIX II .

'ENERGY CONVERSION TABLE

The folldﬁiﬁg formulae and constants were used_td=fofm this table:

* :§; E = kT
E = hc/y
AE =By
E ; hv
E = 8ebe H

E=g (S?Fel = 1/2) BnH
E = Jq

. b. k =1.38053 x 10716 erg/°k

h = 6.6255 x 10727 erg + 8

¢ =2.997925 x 1010

cm/S

£ = 14.4125 keV

ge= 2.00229 .

Bo= 9.27314;x 10~2L erg/gauss

g (57Fer; 1/25 ; 0.18048

B, = 5.05048 x 10724 erg/gauss: ‘
J ='4.1840d-jo;1e/cal '

L = 6.0226 x 1023/mole

leV = 1.60209 x 10712 erg

1l erg = 10-7 joule

c. Read chart: A =XB
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: »

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or ,

B. Assumes any liabilities with respect to the use of, or for damages '
resulting from the use of any information, apparatus, method, or
process disclosed in this réport.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Cb_mfniésion, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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