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ABSTRACT 

The techniques of extended x-ray absorpti on fi ne 

structure (EXAFS), and x-ray absorption edge spectroscopy 

(XAES) are used to obtain specific structural i nformati on 

about the manganese coordi nati on envi ronment in syntheti c 

inorganic complexes, and in biological redox systems. 

Analysis of EXAFS data is first used to obtain a 

structural assi gnment to manganese tetraphenylporphyrin 

complexes c~pable of alkane oxi dati on. The data are 

consistent with a dimeric seven-coordinate lJ-oxo-bri dged 

structure, and implications of this structure on the 

resul ti ng 'reacti vi ti es of the compl exes are di scussed. 

We have applied EXAFS analysis to the manganese 

contai ni ng superoxi de dismutases from various species to 

examine directly the similarities and differences in site 

structure between samples from distantly related organisms. 

EXAFS fittin~ analysis for these samples using two 

scattering shells gave two structurally di sti nct and 

physically acceptable minima. One of these, containing 3-4 

atoms of N or 0 ~t 2.00-2.04 A and 
o 

1-2 S at 2.28-2.33 A, was 

more strongly supported by the data for SOD from T. 

thermophi 1 us. For eukaryotic SOD from S. cerevisiae, the 

other structure, consi sti ng of 2-3 N or 0 atoms at 1.96-1.98 

A and 1-3 N or 0 atoms at 2.41-2.50 A, was somewhat more 

a 



favorable. 

Sub s tit uti 0 n 0 f the T. the r mop hi 1 usa po - en z y me wi t h i ron 

resulted in an inactive protein, while reconstitution with 

manganese yi elded hi ghly acti ve preparati ons. Importantly, 

EXAFS analysi s for the i ron-substi tuted enzyme strongly 

i ndi cates that i ron enters into the same coordi nati on 

env; ronment as observed for native manganese SOD. These 

d a t a are con sis ten t wi t has t r u c t u r a 1 mod e 1 pre sen ted, i n 

which the functional specificity of manganese and iron forms 

of son for thei r nati ve metal can be expl ai ned on the basi s 

of evol uti onary rel at; onshi ps of their 1 oca 1 ligand 

env; ronments. 

A study of the manganese involvement in photosynthetic 

water oxi dati on by higher plants was undertaken. Thi s 

process proceeds as though five intermediates, SO-S4' 

operate in a cyclic fashion. A low temperature EPR signal 

was used as an indicator of 5 state composi ti on i n a 

manganese K-edge study of a spi nach photosystem I I 

preparati on enri ched i n states 51' 52' and 53 by 
. 

illumination at -90°C. A dramatic change i s observed i n the 

edge properti es between samples prepared i n states S1 and 

ei ther 52 or 53' establi shi ng a di rect rel ati onshi p between 

the 1 0 cal en vir 0 n men t 0 f M nan d the 5 s tat e com p 0 sit ion. 

Samples in 52 and S3 exhibit a broadening of the principal 

absorpti on peak and a shi ft to higher energy by as much as 

2.5 eV relative to S1 samples. The magnitude of these 

changes is directly related to the EPR signal intensity 

b 
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induced by i 11 umi nati on. Model s are di scussed in wh; ch 

these data may be interpreted in terms of a conformat; on 

; nduced change in Mn 1; gat; on, and/or oxi dati on dur; ng the 

S1 to S2 transition • 

Fi nally, the release of manganese from photosyntheti c 

membranes by inactivating treatments was studied using low 

temperature EPR. Thi s work demonstrates the existence of 

bound forms of manganese whi ch contri bute si gn; fi cantly to 

the population of manganese centers that have been altered 

by inactivation. These studies are useful in defining roles 

for the vari ous pools of manganese contained in 

photosynthetic membranes. 

c 
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CHAPTER 1 

Introducti on 

I. SCOPE AND PURPOSE 

The reactions that make use of oxygen and its reduced 

counterparts are of fundamental importance in the life 

process. Oxygen is used as the terminal electron acceptor in 

the respi ratory chai n that provides the basic energy 

requi rements of hi gher organi sms. It is also the final 

product in the oxi dati ve . c1 eavage of water in the 

photosyntheti c electron transport apparatus of hi gher plants. 

Oxygen is a potenti ally reacti ve substance. It i sea s i 1 y, 

reduced, and this property is exploited by a widespread class 

of enzymes. Oxidases and oxygenases catalyze the oxidation 

of substrate by using di oxygen as an e1 ectron si nk. The 

reactivity of oxygen and its intermediates 02-' ·OH, and 

H202 al so make 02 a hazardous substance. Aerobi c organi sms 

carefully regulate the levels of these species with catalase, 

peroxidase, and superoxide dismutase. 

As with many other enzymes involved in more general 

redox reactions, the great majority of those involved 

directly in the oxidation-reduction intermediates of dioxygen 

contai n one or more metal atoms at the acti ve si tee It is 
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commonly the case that the metal atom is i nvo1 ved di rect1y as 

an electron carrier. Much can be learned by studyi ng and 

comparing the structures that nature has patiently chosen to 

carry out these basic reactions. 

Despite a wealth of knowledge about the structure and 

functi on of i ron and copper enzymes, very 1i ttl e is known 

about any biological manganese center. There are only two 

known examp1 es in whi ch manganese is used speci fi cally as a 

cofactor in electron transfer reactions of dioxygen. These 

are the oxygen evo1 uti on complex of hi gher plant 

photosynthesi s, and in a special class of superoxide 

dismutases. 
\ 

Almost not hi ng i s known about the structural 

si mi 1 ari ti es or di fferences in these bi 01 ogi cal manganese 

centers, or what structural constraints are necessary to 

define the specific reactivities exhibited by this class of 

enzymes. It is the purpose of thi s thesi s to obtai n 

i nformati on about the structural env; ronment of manganese in 

superoxide dismutase and the oxygen evolution complex of 

photosynthetic membranes. 

In the next secti on a general i nt roducti on to 

photosynthetic water oxidation is presented. An introduction .' 
to the properti es of superoxi de di smutase is deferred to 

chapter 4. 

" 
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II. MANGANESE AND PHOTOSYNTHETIC OXYGEN EVOLUTION 

The light driven reactions of photosynthesis result in 

the generati on of reduced pyri di ne nuc1 eoti des and ATP used 

for energy metabo1i sm in plants and u1ti mate1y the synthesi s 

of all bi ologi cal materi a1 on thi s planet. The generati on 

and stabilization of charge separation in higher plants 

occurs in a series of membrane resident electron transfer 

components. Li ght exc; tati on energy is transferred after 

absorption by pigment complexes to one of two reaction 

centers 

molecule. 

resulting in electron transfer to an acceptor 

In photosystem I I, the oxi di zed donor i s reduced 

by other membrane components, and the ultimate source of 

reducing equivalents is water, which is oxidized to dioxygen: 

h" 
2H

2
0 • 4e- + 4H+ + O

2 

The producti on of an oxygen molecule requi res the removal of 

4 electrons from two water molecules at an average potential 

in excess of 0.81 V at pH 7. 

Kinetic flash yield measurements on spinach chloroplast 

membranes by Jo1i ot [1] and Kok [2] provi ded the fi rst 

mechani sti c detai 1 s of thi s process. The quanti ty of oxygen 

e vol v e d aft era s e ri e s 0 flO 1.1 sec f 1 ash e s 0 f sat u rat i n g 1 i g h t 

is observed to depend on the flash number. Little or no 

oxygen is observed after the fi rst two f1 ashes, a maxi mum on 

the thi rd, and from thi s poi nt the quanti ty osci 11 ates wi th 

a period of four. These observations have led Kok [2] to 
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postul ate the exi stence of an i ntermedi ate whi ch cycl es 

through a series of five states, SO-S4' accumulating the 

necessary potential for water oxi dati on. So and Sl are stable 

i n the dark, and i n fact reach an equi 1 i bri urn of 1 : 3 

respecti vely. As shown i n the following scheme, each photo-

act advances an S state by one unti 1 S4 i s produced, whi ch 

results in the release of dioxygen and the return to SO. 

hv hv hv hv 
So 

) 
Sl( ) S2' • S3( • S4 

t 
a ;::::=== <:::::: 2 H 0 

I 
4H+ + 

2 2 

Although thermodynamic arguments have been used against 

a mechanism involving a series of simple one electron 

oxidations of water [3], proton release experiments indicate 

that neither is the reaction a concerted four electron 

process [4]. Thus, there appears to be a rather unique and 

compli cated i nteracti on between the S i ntermedi ate and the 

water acting as reaction suDstrate. 

The identity of the S intermediate has not been 

est a b 1 ish ed, but e v ide n c e ex i s t s t hat imp 1 i cat e s a form 0 f 

membrane bound manganese. Manganese deficient algae do not 

evolve oxygen, and this inability can be reversed without 

protein synthesis by addition of manganese to deficient cells 

[5]. Broken, washed chloroplast preparations typically 

contai n 4-6 manganese per P680 reaction center, and 

approximately 2/3 of this quantity is released by a number of 

treatments such as alkaline Tris washing, mild thermal shock, 

" 
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and high salt incubation that specifically inactivate oxygen 

evo1 uti on [6]. B1 ankenshi p and Sauer [7] observed that the 

manganese that is released from the membrane duri ng Tri s 

inactivation and observable by room temperature EPR stays 

wi th the membrane phase upon washi ng, but is equally 

di stri buted after soni cati on. It was later observed [8] that 

reacti vati on of 02 evol uti on in the presence of a reduci ng 

agent was accompanied by a disappearance of the Mn+2 EPR 

signal. The accepted interpretation of these data has been 

that the manganese associated with 02 evolution is released 

by alkaline Tris washing into the inner thylakoid envelope 

where it is trapped by a slow trans-membrane diffusion. 

Reacti vati on of acti vi ty, by an unknown mechani sm causes thi s 

manganese to be rei ncorporated into the membrane. 

More recent work in thi s area has gi ven ri se to a 

reevaluation of some of these ideas. Yokum et al. [9] report 

a chloroplast preparation from high salt buffers that 

contai ns only 4 manganese per photosyntheti c uni t. Tri s 

treatment releases only one of these to an EPR detectable 

state and leaves another loosely bound in a form that can be 

removed by washing in 40 mM Ca+ 2• Mansfield and Barber [10] 

have seen no difference in the amount of manganese removed by 

Tris in normal and inside out thylakoid membranes. In 

addi ti on, thi s rel eased manganese was not requi red to achi eve 

a 60% reacti vati on of acti vi ty. Simi lar results have also 

been reported in an inside out photosystem II preparation 

from spinach [11]. 
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Very li ttle structural i nformati on is known about the 

acti ve form of manganese in the oxygen evol vi ng compl ex. 

Progress in this area has been hindered for two principal 

reasons. Firstly, the lability of the oxygen evol vi ng 

complex has prevented its isolation in an active form. Thus, 

previ ous studi es have had to be performed on preparati ons 

whi ch are di 1 ute and somewhat heterogeneous wi th respect to 

manganese centers. Significant advances have recently been 

made in that stable, acti ve sub-chloroplast membrane 

preparations containing only the photosystem II 1 i g ht 

reactions are now available [12-14]. Secondly, the inability 

to di rectl y observe the S i ntermedi ates has prevented thei r 

study or the development of reli abl e protocol s for thei r 

preparati on and stabi 1i zati on. However, a photo-i nduced EPR 

signal rich in manganese hyperfine structure has recently 

been observed at low temperature in chloroplast preparations 

and has been interpreted as ari si ng from reacti ons close to 

the oxygen evo1 uti on comp1 ex [15]. based on EPR si mu1 ati on, 

these authors have proposed that the si gnal ari ses from an 

anti ferromagneti cally coup1 ed manganese mu1 ti mer. Thi sis 

consi stent wi th ear1i er EXAFS work i ndi cati ng the presence of 

a metal-metal interaction at about 2.71 ~ in spinach 

chl oropl asts [16]. The oxi dati on state of a proposed di meri c 

Mn(III,IV) complex [15] giving rise to this EPR signal is 

al so consi stent wi th earli er X-ray absorpti on edge data [17] 

if it is assumed that the EPR si gnal ari ses from the S2 

state. Thi s appears li kely, for recent work [18] has shown 
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that the temperature dependence of the formation and decay of 

the EPR si gnal is si mi 1 ar to that expected for the $2 state. 
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III. PROJECT GOALS AND THESIS FORMAT 

The techniques of x-ray absorption edge and EXAFS 

spectroscopy were chosen as the major tools in a study to 

obtai n speci fi c i nformati on about the structures of the 

manganese si tes in the photosyntheti c apparatus and in 

manganese superoxide dismutase. X-ray absorption edge 

spectra can be used to extract information about the 

oxidation level and ligand symmetry of the metal sites, while 

EXAFS provi des 1i gand i denti ty and radi a1 di stance 

i nformati on. EXAFS ana1ysi s cannot gi ve a comp1 ete 

structural assignment, because it does not include 

i nformati on about the angu1 ar di stri buti on of 1i gands or 

thei r stereochemi stry. If some detai 1 s of a structure are 

known, EXAFS can be used to study speci fi c aspects of the 

metal site, and can even improve upon the accuracy of 

information provided by x-ray crystallography. If nothing 

about the metal site is known, as is the case with the 

enzymes in thi s work, EXAFS wi 11 often i ndi cate a number of 

po s sib 1 e sit est r u c t u res con sis ten t wi t h the d a t a • 

Nevertheless, when no other structural tools are avai lab1e, 

this information can provide a valuable framework for the 

eventual e1 uci dati on of the mechani sti c detai 1 s of these 

important enzymes. 

A descri pti on of x-ray absorpti on spectroscopy, and data 

ana1ysi s methods is presented in chapter 2. The appli cati on 

of these methods is used in chapter 3 where an EXAFS 

" 
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structural study is descri bed on a seri es of novel hi gh 

valent manganese tetrapheny1porphyrin complexes. In chapter 

4, x-ray absorpti on edge and EXAFS results are presented in 

a structural investigation of manganese superoxide. 

dismutases. The metal site structures proposed provide a 

descri pti on of the structural and evo1uti onary re1ati onshi ps 

between these enzymes and a closely related class of iron 

enzymes. In chapter 5, x-ray absorption edge results on 

chloroplast photosystem II preparations are described under 

conditions in which EPR data indicate that various $ state 

popu1 ati ons have been stabi 1i zed. In thi sway, the di rect 

involvement of manganese with the $2 derived EPR signal is 

explored in terms of speci fi c a1terati ons in the structural 

and electroni c properti es of manganese centers. Thi s work 

is complemented in chapter 6 with a study of manganese 

binding to photosynthetic membranes in an attempt to better 

characteri ze the rel ati onshi ps between manganese content, 

oxygen evolution, and the appearance of EPR observable 

speci es in response to i nacti vati ng treatments. 
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CHAPTER 2 

The P ri n c i p 1 e san d P ra c tic a 1 A p p 1 i cat ion 0 f 

X-ray Absorption Spectroscopy 

1. INTRODUCTION 

With the development of synchrotron radiation as an 

extremely intense, wide bandwidth source of x-rays, a great 

deal of interest has been generated in the use of x-ray 

absorption spectroscopy as a structural probe for the study 

of transi ti on metal sin materi al s research, surface sci ence 

and in dilute biological materials. An excellent and 

extensi ve revi ew of these techni ques has been provi ded by 

Lee et al. [1]. Structural information can be obtained from 

the details of the absorption edge itself, as well as from 

the small amplitude modulations (EXAFS) above the edge 

energy. Thi s chapter descri bes the properti es of the edge 

and EXAFS spectra, experimental techniques used for data 

co11 ecti on, and the methods of data ana1ysi s for extracti on 

of structural information from an x-ray absorption 

experiment. 



II. THEORY OF X-RAY ABSORPTION SPECTROSCOPY 

X-ray Absorption Edge Spectroscopy (XAES) 

13 

The absorbance ;n the x-ray region of common materials 

decreases m 0 not 0 n i cally wi t h inc rea sin g p hot 0 n e n erg i e s , 

except for a few abrupt inc rea s esc h a r act e r; s tic 0 f the 

element under study. These absorption edges result from 

transitions of an electron in an inner atomic shell into 

unoccupied levels in or above the valence band of the element 

(f;gure 1) • The edge a r; si ng from 1s electron promoti on i s 

known as the K edge. Those ari si ng from 2s and 2p levels 

are called the Ledges, and occur at longer wavelengths. 

Wi t hi n an edge, a s e r; e s of symmetry allowed transi ti ons 

occurs to empty levels as the energy i s increased, and these 

level s eventually converge; nto a conti nuum ; n whi ch a fi nal 

state photo-el ectron ; semi tted 'from the atom w; th a ki neti c 

ener~y given by the difference ;n the photon and binding 

energies of the atom. 

The K-edge of a particular element occurs at a 

c h a r act e r i s t; c w a vel eng t h w h i chi s we 1 1 i sol at e d f rom tho s e 

of other elements. However, the exact appearance and 

posi ti on of an edge i s determi ned by factors that i ncl ude 

the effects of the core hole on the unoccupied valence 

states, the absorber oxidation state, and the nature and 

symmetry of the metal-ligand interactions. In a revi ew by 

Srivastava and Nigam [2], the K-edge spectra 

number of transition metal complexes were 

characteri zed and classed accordi ng to the 

of a large 

empirically 

nature and 



Fi g u re 1. The 

intensity in the x-ray 

14 

rati a of i nci dent to transmi tted 

K-edge regi on. Features in the edge 

region of an ionic complex are shown as transitions between 

discrete atomic energy levels. 

.< 
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symmetry of the coordinating ligands. 

A somewhat more quantitative treatment was later 

descri bed by Shulman et ale [3] for a seri es of metal 

fluoride complexes. In this case, the extremely ionic 

nature of the compl exes greatly si mpli fi es the treatment, 

because the final state levels are well localized on the t 

metal and can be descri bed by atomi c confi gurati ons. For 

example, when a transition metal undergoes the transition 

the fact that the Is hole is close to the nucleus and well 

removed in energy from the valence levels allows these outer 

valence levels to be described by those of the Z+1 element. 

Thus, the energies of the transitions can be 

spectroscopi c tabl es [4] by usi ng 

obtained from 

Z(ls22s22p63s23p63dn) ~ (Z+I) (ls22s22P63s23p63dnn'l') 

as a model for the absorption process. The transitions 

involved are predomi nantly si ngle electron processes for 

which the dipole selection rule holds. This means that the 

most strongly allowed transitions occur between the Is and 

np levels, however the forbidden Is 4s and Is 3d 

transitions may be weakly allowed due to vibronic mixing 

wi t h P 1 eve 1 s [3 ] • T his b rea k dow n 0 f s e 1 e c t ion r u 1 e sis 

very sensitive to the coordination symmetry of the complex 

and the appearance of these features in the low energy 

regi on of the edge can thus be used as an i ndi cator of 
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coordination symmetry. 

For complexes that contai n si gni fi cant meta1-1i gand 

interactions such as 

mat e ri a 1 s , thi s s imp 1 e 

is commonly found i n bi 01 ogi cal 

approach is not va1i d and 

quanti tati ve treatment requi res a 

unoccupied molecular orbitals of 

knowl edge of the low lyi ng 

the complex. The most 

di ffi cult aspect of such a treatment i s the proper 

consi derati on of the effects of the parti ally rel axed core 

hole on the outer lying states. Calculations of edge 

properti es have been carri ed out wi th fai rly acceptabl e 

results [5,6] but the di ffi culty of performi ng these 

coinputati ons, and thei r i nabi 1 i ty to account for the most 

subtle features of the edge make the interpretation of most 

edge data di ffi cult on a quanti tati ve level. 

Neverthel ess, there are certai n empi ri cal features that 

a 11 ow a qua 1 i tati ve esti mati on of oxi dati on state and 

coordination symmetry from edge spectra. As is the case 

with the ionic complexes, the most strongly allowed 

transitions are those that occur to orbitals that transform 

like x, 

complex. 

y and z under the symmetry properties of the 

For octahedral complexes, these are the or~tals 

wi th t 1u symmetry, whi le for tetrahedral complexes the 

allowed transitions are to orbitals with t2 symmetry. Thus, 

si gni fi cant changes in the i ntensi ty of these transi ti ons 

can be observed and correlated with site coordination 

symmetry. An example of such a case is presented in figure 

2, whi ch shows the drasti c di fference in the near edge 
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Fi gure 2. The rat i 0 0 fin c ide n t tot ran s mi t ted 

intensity for manganese K-edges. 

natural 1 ogari thm of thi s quanti ty. 

the tetrahedral KMn0 4 complex; B, 

MnC1
2

·4H 20. 

The absorbance is the 

A, Absorption edge for 

absorpti on edge for 
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features of the nearly tetragonal MnC1 2 and tetrahedral 

KMn0 4 complexes. 

Many studies have attempted to correlate properties such 

as the posi ti on of the principal edge peak [7], its width 

[8], and the position of the inflection point [9,10] with 

the oxidation state and coordination stoi chiometry of the 

metal. Great care must be taken when using these properties 

as i ndi cators. Changes in the intensity of pre-edge 

transitions for two complexes that differ in coordination 

symmetry may thwart attempts to use the feature as a means 

of obtai ni ng metal oxi dati on states if they do not refl ect 

the same transition in each case. Fai rly reli able results 

have been obtained however, for molybdenum [9] and manganese 

[10] complexes using edge infection points, partly because 

most of these ,edges are quite smrioth and featureless. The 

inflection point was observed to be a poor indicator for 

complexes [10] that exhibit metal-ligand 1r interactions or 

dati ve bondi ng, because the straightforward approximations 

of ligand covalency do not hold. Within these limitations, 

however, these methods have proven qui te useful as 

qualitative indicators of metal charge and symmetry. 

Extended X-ray Absorption Fine Structure (EXAFS) 
r-

EXAFS appears as an extended modulation by 5-10~ of the 

total x-ray cross section above an edge. These modulations 

arise from interference effects experienced by the final 

state photo-electron. The first practically useful 

description of this effect was provided by Sayers et al. 

~. 
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[11] and. Stern [12]. A physi cal i nterpretati on of EXAFS is 

illustrated in figure 3. At a given energy E above an 

edge, the absorption process results in the creation of a 

photo-electron of energy EpE = Ehv EB where EB i s the 

binding energy of the electron in the atom. The photo-

e 1 e c t ron ex pan d s a s asp her i cal wa v e wi t h a we 11 de fin e d 

phase and a wavelength proportional to 1/k, where 

k = (2m e [E hv - EoJ}1/2(h)-1 and Eo is the energy at whi ch 

the e1 ectron becomes free. Thi s wave has a probabi 1i ty 

[ F i (k)] 2 0 f s cat t e r i n g 0 f f the i t h 1 i g and wi t hap has e s hi f t 

of .i (k) and thus may return to the ori gi na1 absorbi ng atom 

wi t had e f; nit e coherence. The total phase difference 

between the outgoi ng and backscattered wave i s 2k R· , + Q; (k) , 

where Ri ; s the d; stance to the 
.th ligand, , 

Q; (k) = 26(k} + .; (k ) - 11', 6 ( k ) i s the phase s h; ft 

experienced by the photo-electron each time it encounters the 

central atom, and 11' ; s subtracted by convention to make 

EXAFS amplitudes positive. Thus the total photo-electron 

fi nal state wave-funct; on, and the absorbance i tsel f, is 

modulated by the wave-vector k at a frequency proportional to 

Ri • The rel at; on deri ved [12] for th; s effect i s shown; n 

equat; on 1, 

x (k ) 

2 
-0· k , 

e sin ( 2 k Ri + Qi (k) } ( 1 ) 

where Ni ; s the number of atoms in the i th shell and 0; is 

the Oebye-Wa11er disorder parameter describing the thermal 
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Fi gure 3. Schematic diagram of EXAFS photo-electron 

interference. In A) the i nci dent photon energy is such that 

the back-scattered fin~l state photo-electron arrives at the 

c e n t r a 1 at 0 min p has e wi t h the 0 u t go i n g wa v e ; i n B) the 

photon energy is such that destructive interference ocurs. 
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and stati c displ acement from the average scatterer di stance. 

It is apparent from equati on 1 that EXAFS contai ns 

i nformati on about the number of scatterers and thei r 

di stance. Thi s i nformati on depends upon the knowledge of 

the scattering amplitude F(k) and phase a(k), which in turn 

depend on the type of absorbing and scattering atoms. Once 

known, this dependence allows the elemental identification 

of scattering atoms. 
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III. The X-ray Absorption Experiment 

Basi c Experi mental Setup 

25 

Co11 ecti on of x-ray absorpti on data is conceptually 

simple. The absorbance l1X, where xis the sample thi ckness, 

is calculated as 1n(I O/I) from a measurement of 10 , the 

incident intensity, and I, the transmitted intensity. The 

total x-ray cross secti on is composed of two parts, 

due to the photo-e1ectri c 

absorption of interest, and liS is a background absorbance 

ari si ng from scatter and the slowly varyi ng absorpti on from 

other distant edges. 

X-radi ati on produced as synchrotron emission from 

electron storage rings and synchrotrons provides an ideal 

source for these measurements because of its broad band 

nature at an i ntensi ty that is 3 to 4 orders of magni tude 

hi gher than conventi ona1 x-ray generators. Thi s i ntensi ty 

reduces the time required to make the very precise 

measurement of absorbance necessary for EXAFS spectra. Thi s 

is particularly true for samples at low concentrations where 

data that may take 10 hours to co11 ect wou1 d requi re 1000 

hours using conventional sources. 

A descri pti on of the equi pment and computer programs 

used for data 

[13,14,15,16]. 

follows. 

collection have been described prev;ous1y 

A brief summary of the major components 

Monochromati c x-rays are produced us; ng a doubl e s; 1i con 

or germani um crystal di ffracti on monochromator. Ref1 ecti ons 
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from the hkl plane of the crystal held at angle e from the 

beam di recti on is sati sfi ed at the wavel engths 

m. = 2d hkl sine, 

dh kl is the 

wavelength is 

where n is 

1 atti ce spaci ng 

changed by 

the order of di ffracti on and 

for the that plane. The 

rotating the double crystal 

assembly under computer control. The presence of higher 

order reflecti on harmoni cs (n>l) are undesi rable and can be 

reduced by slightly detuning one of the crystals with respect 

to the other so that they are no longer exactly parallel. 

The measurement of intensities for absorbance spectra 

are typically done with gas flow ionization chambers built 

at the Stanford Synchrotron Radiation Laboratory (SSRL) and 

described by Kincaid [13]. The lengths and gas composition 

are optimized for 210% absorption for the 10 measurement and 

a large absorbance for I. 

Sample considerations are minimal in that EXAFS can be 

obtained on any phase of matter. However, sample 

homogenei ty i s an important concern. Care must be taken to 

avoid non-uniform samples, or those containing crystal 

fragments such as ice in frozen samples. The latter can 

easi ly be a c c om p 1 ish e d us i n 9 g 1 y c e r 0 1 g 1 ass e s • The x - ray 

beam may have a non-uniform intensity across its dimensions. 

If these 'hot spots' move whi le scanni ng the energy, a 

, s pot t y' sam p 1 e wi 1 1 i n t rod u c e artifacts. If crystals are 

present in the sample, di ffracti on peaks can be introduced in 

fluorescence mode data. 

For most samples and especially enzymes, the possi bi lity 
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of reduction or damage by solvated electrons and radicals 

produ~ed by the beam must be considered. Data collection at 

low temperature ai ds in the i mmobili zati on of these speci es, 

but radiation effects can still be observed [17,18]. It is 

therefore of great importance that means be avai lable to 

assess the integrity of samples after data collection. 

Energy Registration 

A number of factors make reliable energy calibration 

important. The energy resolution of a typical unfocussed 

beam li ne at SSRL is approxi mately 1-2 eV, which is 

comparable to the 1i fetime widths of most x-ray transitions. 

Monochromator cali brati on errors much larger than thi scan 

occur. Sudden shi fts i nenergy can result from beam steeri ng 

or orbit changes each time electrons are injected into the 

ri n g. Effects have also been observed [15] due to 

monochromator sli ppage as well as crystal and mi rror 

heat; ng. The behav; or of the storage ri ng is often 

unpredictable, so it is advantageous to collect short (=20 

min) scans and average them later. For dilute samples, as 

many as 100 of these scans may be requi red. Espec; ally for 

edge studi es, where effects of <1 eV are often si gni fi cant, 

i tis c ri tic a 1 tom a i n t a ina n a c cur ate cal i bra t ion. For 

these studies we have utilized a method for simultaneous 

measurement of reference data [19] illustrated in the 

experimental setup of figure 4. A reference material, 

t y pic all y K M nO 4' wi t h a f eat u res 1 i g h t 1 Y below the e d g e s 0 f 

other manganese compounds is placed in series with a normal 
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Figure 4. Experimental diagram of an x-ray absorption 

and fluorescence experiment. The monochromatic beam 

i ntens; ty ; s measured before and after transm; ss; on through 

the primary sample 1. Simultaneous measurement of 

absorbance for a reference sampl e 2; n ser; es w; th the fi rst 

measurement is pass; bl e if the rel ati ve edge jump of sampl e 

1 is small. 

,It 
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absorpti on arrangement. For di 1 ute pri ma ry sampl es fo r 

which the transmitted flux does not vary drastically, it is 

possible to collect data for the reference f eat u red uri n g 

each scan. 

Measurements at Low Concentrations 

At low absorber concentrations, intrinsic difficulties 

are encountered in the preci si on of the x-ray absorbance 

related to the need for measurement of small differences in 

the very large photon fluxes. The use of K-a fluorescence 

detection [20] has been very successful ; n extendi ng 

measurements to concentrations of l' mM or less. The K-a x-

ray fluorescence intensity is related tOo the photo-electric 

c r 0 s sse c t ion ( II X ) poE by 

( 2 ) 

where 1"1 is the fl uorescence effi ci ency (approxi mately 20% for 

Mn) and (llx)T is the total sample absorbance [20J. 

Detecti on of K-a emi ssi on from a sampl e is contami nated 

by scattered radiation at the incident photon energy and, 

because this contributes to background, it becomes 

i ncreasi ngly important to di scri mi nate agai nst thi s scatter 

for the concentrations typically used for biological samples. 

De t e c tor s wi t h hi g hen erg y res 0 1 uti 0 n s u c has m u 1 t i - e 1 em e n t 

crystal monochromators [21J and solid state detectors [20J 

are capable of such discrimination, but have other 

drawbacks. The barrel monochromators suffer from 1 i mi ted 

", 
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acceptance soli d angles and the soli d state devi ces are 

subject to seri ous count rate 1i mi tati ons. Refi nements in 

the use of f1 uorescence fi 1ters made of the Z-1 element in 

combi nati on wi th colli mati on techni ques [22] have made it 

practical to use high count rate, low resolution 

scintillation detectors into the sub-millimolar regime. 

With the use of multi-element detectors, these techniques 

were found to compare favorably with high resolution devices 

for scatter/fluorescence ratios )100 [23]. 

In thi s work we have used a seven el ement detecti on 

a r ray s i mil art 0 th a t des c rib e d by P ower set a 1. [18]. 

Detector el ements were constructed usi ng di sks of al urn; ni zed 

Nuclear Enterprises NEI04 scintillation plastic. This 

material has a scintillation decay time of 2 nsec, a.1lowing 

extremely high count rates. The di sks were coupled to EM! 

9813 eleven stage photomultiplier tubes. Two channels were 

created to take advantage of the increased signal-to-noi se 

of the tube in the center of the array. The other six tubes 

we r e log i c a 11 y s u mm e d us i n gap r 0 g res s i vel 5 n sec del a y 1 i n e 

and di ode addi ng ci rcui t. The pul ses from each channel, 

ampli fi ed wi th a xl0 gai n pre-ampli fi er (EM! VA.02), were 

used to trigger an Ortec 436 leading-edge discriminator, and 

the output NIM logic pulses were counted by a computer

interfaced hex-scaler. 

Fluorescence fi lters were obtai ned by electrop1ati ng 

0.35 mi 1 chromi urn onto 20 mi 1 berylli urn sheets (4IX4") and 

fit ted wi t han a 1 urn i n urns 0 1 1 e r s 1 ita sse m b 1 y [2 2] tor e d u c e 
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detect; on of Cr K-a fl uorescence from the f; lter. 
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I V. Data Ana 1 ysi s Techni ques 

Methods for Structure Determination 

There are two di sti net methods for 

33 

extracti on of 

structural parameters from an EXAFS experiment. The EXAFS 

effect is described by a sum of amplitude and phase 

modu1 ated si ne terms and can be inverted by fourier 

transformation to give a di stri buti on . of frequency 

components. The phase a(k) is approximately linear so that 

if a(k) = ak + b, then the argument of the sine in equation 

1 becomes 2k(Ri + a/2) + b, and the magnitude of the fourier 

transform wi 11 show peaks at Ri + a/2. The shi fts introduced 

by the phase are si mi 1 ar for common absorber-scatterer pai rs 

(approximately -0.5 ~ for Mn-N or 0), so the transform peaks 

can be used to provide an indication of the number of 

scatteri ng shell sand thei r di stance. 

Clearly the most accurate method for structure 

determi nati on is that of curve fi tti ng ana1ysi s. For thi s 

method to work, it is necessary to have knowledge of the 

phase and amplitude functions for each absorber-scatterer 

pai r. Thi s need has gi ven ri se to two methods of curve 

fitting. Both assume that the phase and amplitude functions 

are transferable from one chemical compound to another. 

There is evidence that this is a good assumption for the 

phases but not always so with the amplitudes [1,24]. 

The fi rst of these methods employs empi ri cal 

determination of the functions by use of model complexes. 

Functional forms for the phases and amplitudes are assumed, 
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and the parameters that determine them obtained by fitting 

to model data with the known structural parameters. The 

parameteri zed phase and ampli tude functi ons are then used to 

fi t unknown data to the structural parameters. Thi s method 

has been successfully appli ed for many systems, yi el di ng 

distances accurate to 0.015 ~ if good models are used [25J. 

A g~od model complex should have a set of equivalent 

scatterers at equal distance from the metal and be well 

resol vabl e from other scatterer di stances. The model shoul d 

also be as chemically similar to the unknown as possi bl e to 

insure good phase and ampli tude transferabi li ty. However, 

for stu die s on com p 1 e tel y unknown systems, no c r i t e r i on i s 

avai lable for determining when the model is sufficiently 

similar. One model becomes as good as another, and may even 

introduce problems, if it and the unknown are qui te 

dis s i mil ar • In addi ti on, if the structure of interest 

contains mixed ligand types at di stances that are 

unresolvable, it becomes impossible to obtain models that 

sati sfy both of the properti es that defi ne a I good I model. 

The second method of fitting analysis employs ab initio 

calculations of the phase and amplitude functions [26J. 

These functions have been tested and successfully used [27-

29J and they constitute the method 

work. Representati ve phase and 

of analysis used in this 

amplitude functions for 

manganese as absorber are shown in figure 5. It i s seen 

that the phase shi fts become progressi vely more posi ti ve as 

the scatterer atomic number increases. The net effect of 

." 
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Fi gure 5. Theoreti cal EXAFS phase shi fts and scatteri ng 

amplitudes predicted for manganese as the absorber. A) The 

total phase (2~(k) + a(k)) and 8) the scattering amplitudes 

are shown fnr Mn-C, Mn-N, Mn-O, Mn-S and Mn-Mn pai rs as a 

function of the photo-electron wave-vector k. 
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the phase and its curvature i s to reduce the frequency i n 

general and to sli ght1y compress the oscillations at large 

values of k. As seen i n fi 9 u r e 5, phases for carbon, 

nitrogen, and oxygen are very similar, whi ch makes 

di scri mi nati on between C, N or 0 scatterers di f fi c u 1 t at 

best. However the phase di fference between Mn-O and Mn-S is 

large, making a C, N or 0 scatterer fai r1y easy to 

di sti ngui sh from a su1 fur.· The same is true for most 

elements that di ffer by at least a few in atomi c number. The 

amplitudes shown in figure 5 also show elemental trends. 

The scatteri ng amp1i tude increases wi th the scatterer atomi c 

number and is observed to peak at hi gher val ues of k. Thi s 

property a1 so ai ds in e1 ementa1 i denti fi cati on. 

A number of problems have been described that make the 

theoretical amplitude information somewhat uncertain. 

Ei senberger has shown [24] that in some cases the ampli tude 

is chemically sensitive, affecting its transferabi 1i ty. 

Observed reductions of experimental amplitudes by about a 

factor of 2 re1 ati ve to theoreti cal val ues have been 

attributed partly to many-body effects [30] and partly to 

experi mental ori gi n [27]. For thi s .reason amplitude 

correcti on factors have been app1i ed in the data analysi s 

usi ng theoreti cal amp1i tude functi ons [28,29], and it is 

understood that the number of scattering atoms predicted by 

thi s method is somewhat uncertai n. 

It is not possible to exactly determine the position of 

Eo from EXAFS spectra, and di screpanci es between the 
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experimental and calculated values make it necessary to use 

Eo as a variable parameter. The value of Eo is 

chosen at or a few eV above the edge maximum, and 

usually 

later 

opti mi zed duri ng the fi tti ng analysi s. Eo and the di stance R 

are slightly correlated [15]; however, an error of 1 eV in 

Eo cor res po n d s to a c hang e 0 f a p pro x i mat ely O. 003 ~ i nth e 

fitted di stance, so the effect is mi nimal for errors in Eo 

of a feweV. Changes in Eo produce changes in x(k) which 

decrease as 11k, whereas changes in the di stance cause 

changes in x (k) that are li near wi th k. For thi s reason; t 

is not possi ble to obtai n a good fi t to a completely wrong 

distance by adjusting Eo. In addi ti on, it has been noted 

that errors in the transferabi li ty of phase i nformati on as a 

result of chemical differences have similar effects on x(k) 

as do errors in Eo [1]. It is therefore possible by 

adjusting Eo to effectively absorb many of the deficiencies 

in the approximations used in the 

i nformati on. 

calculation of phase 

Ide all y, w hen d e ali n g wi t h s Y s t ems i n w hi c h not h; n g ; s 

known about the s; te structure, it; s best to proceed 

; n; t i all y wi t han a 1 y sis u sin g 

information. In this way, 

calculated phase and amplitude 

unbiased formulations of the 

structural environment about the metal can be obtained, and 

man y po s s i bi 1 i tie s t est e d wi tho u t the nee d for s y nth e sis and 

characteri zati on of complex model systems. As these ideas 

are refined, it becomes favorable to obtain and use model 

complexes with chemical and structural properties that 
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sati sfy the cri teri a out1i ne above. The two methods may be 

used in a complementary way, retaining the highest 

probabi 1i ty of mak; ng a correct structural; dent; f; cat; on on 

one hand, and 1 ater obtai ni ng the most sensi ti ve and 

accurate structural parameters possible. 

Methods of Data Analysis 

After data collection at SSRL, all data were processed 

and analyzed on the LCB VAX 11/780. Programs were written 

or adapted for use on the VAX and are briefly described in 

appendi x A. 

Pre-processing 

Program REFORM was used to read S S R L d a t a fi 1 e s, c h e c k 

10/1 or F/IO in a format for errors and output the ratio of 

. compatab1e with the remai ni ng programs. 

was used to plot large quantities of 

survey of useful data scans. 

Adding 

Program HYPERPLOT 

data for the vi sua1 

When large amounts of data needed to be averaged, thi s 

was performed usi ng program EXADD. Each data fi 1e, wei ghted 

by the number of seconds per poi nt used for co11 ecti on, is 

di sp1 ayed over the averaged fi 1 e before bei ng added to it, 

all 0 wi n g c los e vis u ali n s p e c t ion • The most cr; t; cal aspect 

of averagi ng data is to mai nta; n energy cali brati on of the 

individual scans. When simultaneous reference measurement 

techn; ques [19] are used, thi s i nformat; on is present wi th 

each data f; 1e, and program EXADD ; s capable of perform; ng 

thi s task automati cally. If desi red, the program checks the 
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reference data for each scan, finds the position of the 

reference feature usi ng deri vati ve techni ques, and uses 

linear interpolation to shift the data to match the 

reference feature to that in the fi rst data fi le. 

Preparation for Fitting 

Consi derabl e data analysi sis requi red to normali ze and 

remove the background from the EXAFS components. Much of 

the strategy for this analysi s has been descri bed by 

Robertson [15] and Ki rby [14]. The interactive program 

EXAFS was written by adapting and extending previously 

exi sti ng software, and is capable of performi ng all analysi s 

procedures descri bed in thi s secti on. 

Conversion to energy - ,The data are collected as a 

functi on of monochromator angle. Conversi on to photon 

energy is performed first by using the monochromator 

posi ti on at the copper edge as a reference and the 

monochrometor crystal parameters. 

Pre-edge removal 

absorbance (or scatter 

The slowly varying background 

for fl uorescence mode) is subtracted 

from the data. The background function used is usually a 

fi r s t- or second-order polynomial fit of the form 

8(E) = + a1ln(E) + a 2[ln(E)]2 and was chosen for its 

ability to follow the curvature of the pre-edge region of 

most data [14J. Thi s functi on is fi t to the data from about 

300-500 eV below the edge to about .20-50 eV below the edge, 

and the fi tted functi on then extrapol ated over the enti re 

data set. The exact range and order of fit is determined by 

.' 

.. 
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its behavi or above the edge. An appropri ate exampl e is shown 

in fi gure 6A. 

Edge normali zati on - Two types of edge normali zati on are 

requi red. The absorpti on cross secti on per atom is obtai ned 

by a si mple normali zati on of the edge ri se to uni ty. Thi s 

is performed bJ doing a quadratic polynomial fit to the data 

beyond the edge and extrapolating this fit to a point at the 

edge ri see The data are then normali zed by di vi di ng by thi s 

value. The second normalization is to the free-atom 

absorbance. EXAFS spectra are desi red as rel ati ve 

modul ati ons of the absorpti on cross secti on, but thi s cross 

section in the absence of EXAFS is not constant. The 

normali zed free-atom cross sections are constructed from the 

McMaster tablulated fi ts [14] and used for normali zati on. 

Data at thi s poi nt appear as shown in fi gure 6b. 

Background removal - The removal of the slowly varying 

background above the edge was performed in at least two 

stages. In the first, a single low-order (always < 4) 

polynomi al fi t to the enti re EXAFS regi on was subtracted 

from the data. This removed most of the slope and monotonic 

curvature. The second stage involves subtraction of 

smoothed data from the unsmoothed data to remove low 

frequency curvature. In a typi cal case, a tri ple smooth is 

performed in which for each point the data for a fixed region 

around that poi nt is averaged. Thi s smoothed data is then 

smoothed twice more. The amount of curvature removed is 

adjusted by varyi ng the smoot hi ng wi ndow. Each ti me thi sis 
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Figure 6. Creation of normalized EXAFS spectra for a~ 

MnS. In A) pre-edge background removal is performed by 

fitting the pre-edge region to a logarithmic quadratic 

polynomi ale In B) the normali zed spectrum wi th uni t edge 

jump is shown. 
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changed, the background is removed and the data fourier 

t ran s for m i sex ami ned. The s moo t hi n g wi n dow i sad jus ted t 0 

reduce fourier transform peaks below Reff = 1 ~ but none of 

the pri nci pal peaks are allowed to change by more than a few 

percent. Thi s insures that frequency components 

correspondi ng to the EXAFS are unaffected. Thi s procedure 

is sometimes employed before conversion from energy to 

photo-electron wave-vector space and is always employed after 

conversion. An example of a satisfactory smoothed background 

is shown in figure 7 along with the fourier transform of 

data before and after this background removal. 

Care must be taken when usi ng thi s techni que for data in 

energy space. In this case, the EXAFS modulations are non-

linear and decrease in frequency with increasing energy 

values, and smoothed functions may begin to follow these 

components at the high energy end of the data. It is often 

desi rabl e to retai n the background removed so that its 

fourier transform may be examined. 

Fouri er transformati on and fi 1 teri ng - After conversi on 

to k-space and linearization of the point density, fourier 

transforms can be taken. The transform computed is 

• (R) 
k2 i2kR 

= J kn W(k) x(k) e dk ( 3 ) 
kl 

where the data used extend from kl to k2• Mul ti,pli cati on by 

an apodi zati on wi ndow W( k) causes the data do go smoothl y to 

zero at its endpoi nts and is done to reduce truncati on 
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Figure 7. Background removal for a-MnS EXAFS. In A) a 

triply smoothed background (dotted line) was removed from 

the data (solid) after conversion to wave-vector space. The 

background function was created by successively using a 

1 . d' f 2 4 9-1 . h s 1 1ng average 0 • Po W1dt. The fourier transform 

modulus B) is shown before and after background removal and 

demonstrates the removal of only frequency components below 

Reff = 1 ~. 
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si del obes in the transform [15]. The kn wei ghti ng. where n 

is typically 0-3. is used to reduce the damping of EXAFS 

modulations at high k values. This sometimes has desirable 

effects on the four; er transform. The R-space reso1 uti on is 

increased at the expense of si gnal-to-noi se. because of the 

more constant EXAFS si gna1 over the enti re data range. Thi s 

also prevents low k EXAFS components from dominating the 

spectrum. Errors in the phase as a 

the value of Eo are greatest at 

wei ghti ng reduces thei r effects. 

resu1 t of uncertai nty in 

low k values. and thi s 

Iso1 ati on of speci fi c scatteri ng components is often 

necessary to reduce the complexity and inter-parameter 

dependence duri ng fi tti ng. Thi sis accompli shed by four; er 

fi 1 teri ng. Fouri er transform peaks that are well reso1 ved 

from other scatteri ng contri buti ons are i sol ated by app1yi ng 

a modi fi ed Hammi ng wi ndow functi on [14J. The resultant 

isolated fourier peak is transformed back into wave-vector 

space and used for fitting. If possible. the fourier 

transform of the data is taken without application of the 

K a i s era pod i z a t ion wi n dow. 1ft his we r e not don e. the 

convolution of the window function with the data in R space 

would be difficult to remove after filtering and back 

transformati on. Itis usually possible to do this without 

introducing large truncation sidelobes by adjusting the 

limits of the data transformed so that they are near zero. 

Fitting Analysis In this method. non-linear least 

s qua res min i mi z at; 0 n 0 f 
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( 4 ) 

is employed with respect to the structural parameters where 

Yi are the data values at poi nt i and x (k i ) the computed 

EXAFS amplitude from equati on 1. Weighting by kn is done 

for reasons described for fourier transform analysi s. 

Program EXFIT was written for EXAFS single- and multi-shell 

fitting utilizing the minimization package MINUIT described 

earlier [14]. For each scattering shell included in the fit, 

four parameters, R, N, a, and AEo can be allowed to vary, 

·although any combination of them can be fixed at any point 

in the analysis. 

Data 1 f-l be ow 3.5 to 4.0 A should not be used for 

analysi s because approximations used in deriving the EXAFS 

relation are not good below these values [31]. 

The foll owi ng general strategy is useful duri ng fi tti ng 

analysis. Fouri er transform i nformati on is used to generate 

a·chemically plausible structure. Fourier filtering is then 

used if possible to isolate the individual scattering peaks. 

Thi s proposed structure is tested by fi tti ng to these 

isolated peaks. For each peak, fi ts to a si ng1 e shell of 

scatterers is attempted first. Other types of scattering 

atoms are also attempted. If a fi tis found acceptable, it 

is refined, and a search is made for other minima. If no 

single shell fit is acceptable, a second shell of scattering 

atoms is introduced. 
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Each of the I fi ts I menti oned above is' composed of a 

seri es of steps. In a typi cal fi t, the atom types and 

initial values of parameters are selected. For each new 

t ri a 1 , a seri es of mi ni mi zati on stages are initiated by 

releasing a few parameters at a time. R and N are usually 

allowed to vary fi rst i n order to achi eve a rough overall 

phase and amplitude match. The remai ni n g parameters are 

then released and minimization continued. The Debye-Wa11er 

factor, a, is set initially to -0.005 and allowed to vary 

between 0.0 and -0.02. Values of AEo are allowed to vary 

during fitting by 20 eV in either direction. In addition, 

fits to two scattering shells with AEo corrections that 

di ffer by 17 eV or more are consi dered unacceptable. Thi s 

val ue was chosen on the basi s of our experi ence wi th fi tti ng 

model complexes and similar studies by others [17] • 
. 

There are 1i mi tati ons to curve fi tti ng analysi s that 

should always be in mind. Rarely are parameters completely 

independent. However, parameter correlation is not so 

serious for EXAFS as it is for techniques that i nvol ve 

fitting to exponentials. This is because sine functions are 

more orthogonal than most other functions. Nevertheless, 

severe problems are sometimes encountered especially when 

parameters of two scattering shells are simi 1ar. The 

presence of strongly coupled parameters can be evaluated by 

examination of the covariance matrix provided by program 

EXFIT. 

Add i t ion 0 fan 0 the r s cat t e r i n g she 1 1 t 0 a g i v e n fit wi 1 1 
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nearly always improve its quality, and it is sometimes 

difficult to decide if its addition is justified. The best 

cri teri on is to requi re that si gni fi cant improvement; s 

obtai ned and that the parameters are suffi c; ent1y di fferent 

from those of other shells. One should always be concerned 

that the features uniquely described by the additional shell 

are supported by the quality of the data. 

Finally, as is common with most fitting procedures, 

local false minima may exist in addition to the true 

mi ni mum. The best approach to avoi d thi s pro.bl em is to use 

many di fferent 

optional feature 

parameter search 

to realize that 

parameter starting values. 

of program EXADD uti 1; zes 

minima. 

A convenient 

a Monte-Carlo 

It is he1 pfu1 for finding global 

fi t tin 9 to a sin e wave, as to any periodic 

function, will exhibit a regular series of local minima. 

For typi cal EXAFS spectra these local mi ni rna occur at about 

0.4 A to either side of the true minimum [32], and can 

easi ly be checked. 

.. 
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CHAPTER 3 

X-Ray Absorption Studies of High Valent Manganese 

Iodosylbenzene Tetraphenylporphyrin Complexes. 

I. INTRODUCTION 

Synthetit high valent metallo-porphyrins have been 

acti ve1y studi ed because of the abi 1i ty of many to catalyze 

the oxidation of organic substrates [lJ. A novel manganese 

tetrapheny1porphyrin complex wi th the stoi chi ometry 

[XMn(TPP)(OIPh)]20, X = tl (I) or Br (II) has been isolated 

from a system capable of catalyzing the oxidation of alkanes 

[2 J. The spectral properties of these complexes have 

i ndi cated structural similarities with well characterized 

di meri c 1.1 -oxo bri dged comp1 exes isolated from the same 

system when X = Nj or OCN- [3]. Compari son of NMR ri ng 

current chemi cal shi fts for the TPP phenyl protons in I and 

II with those for the dimeric [Mn(IV)TPP(N3)]20 complex 

strongly indicates the presence of a cofacia1 1.I-oxo dimeric 

structure. Thi sis supported by observed similarities of 

optical spectra, and by the magnetic suscepti bi 1i ty of the 

complexes whi ch i ndi cates anti -ferromagneti c coupli ng. 

The nature of the i nteracti on of the i odosy1 phenyl 

moiety with the metal has been i ndi cated only i ndi rectly 
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[2]. Infared band shi fts observed upon 1abe1i ng with 18 0 _ 

i odosy1 benzene have i ndi cated, but do not demonstrate di rect 

1i gati on of thi s group to the metal. Proton NMR shows a 

strong perturbation of the OIPh phenyl proton chemical 

shifts by the porphyrin ring that are consistent with 

placing the OIPh group directly above the porphyrin plane 

wi th a Mn-O-I di stance between 2.5 and 3.5 ~. 

The ambi gui ty remai ni ng in the structural assi gnment of 

complexes I and II is represented in figure 1 by two 

pro p 0 sed s t r u c t u res [ 2 ] t hat are con sis ten t wi tho b s e r v e d 

properti es, in whi ch the rol e of the i odosyl phenyl group i s 

obscure. Thi sis unfortunate, because it is thi s i nteracti on 

which probably plays an important role in determining the 

uni que reacti ve properti es exhi bi ted by these compl exes. 

A mechanism proposed for the activation of alkanes by 

these lA-OXO complexes has implicated an intermediate 

monomeric Mn(IV) oxo complex involved in hydrogen 

abstracti on to produce free al ky1 radi cal s [4]. Thi s i s 

followed by abstraction of axial ligand groups on the 

porphyrin by the radical species to produce the observed 

mixture of oxidation products. However, because of the 

uncertainty of ligation of the X or OIPh moieties, the role 

of these groups in the acti vati on or product formi ng 

reacti ons remains unclear. Substi tuti on on the 

i odosyl benzene group is observed to affect product 

di stri buti ons i n some cases but not i n others [4]. In 

addition, direct attack on the metal by the alkyl radical was 
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Figure 1. Two proposed structures [2] for the complexes 

[C1Mn(TPP)(OIPh)]20 (I) and [BrMn(TPP)(OIPh)]20 (II). 
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cons; dered unl; kely on the bas; s of ster; c access; bi 1; ty of 

the resulti ng seven-coordi nate metal structure. Certai nly, 

the structural assi gnment from among the possi bi li ti es 

presented in figure 1 would have important implications on 

this issue. 

One of the goals of our studies has been to further the 

understandi ng of the role of bi ologi cal metal centers in 

oxidative electron transfer reactions and the obvious 

extensions of this knowledge to systems capable of 

homogeneous catalysi s. Thus we have undertaken a di rect 

structural investigation of complexes I and II by X-ray 

Absorption Edge (XAES) and Extended X-ray Absorption Fine 

Structure (EXAFS) techni ques. These techn; ques are ideal 

for determination of the ligation environment of the metal. 

In part; cular, the ava; labi li ty of two homologous structures 

differing only in the halide constituent provides a 

definitive structural assignment for the complexes. 
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II. Materials and Methods 

Sample Preparation 

Samples of [C1Mn(TPP)(OIPh)]20 (I), [BrMn(TPP)(OIPh)]20 

(II), Mn(III)(TPP)(N 3 )HOCH 3 (III), Mn(IV)(TPP)(OCH 3 )2 (IV) 

and [Mn(IV)(TPP)(N3)]20 (V) were prepared in the laboratory 

of C.L. Hi 11 by pub1i shed methods [2,3] and stored at 77° K 

unti 1 use. X-ray absorption samples were prepared by 

suspension in a powdered teflon matrix at concentrations 

sufficient to produce an absorbance of 2.3 at a photon 

energy above the K absorption edge. Samples were held in a 

* Kynar cell jacketted in a N2 gas stream at -70° to -90°C 

for data collection to prevent decomposition. Sample 

integrity was verified after EXAFS data co11 ecti on by 

optical spectroscopy, and less than 5% decomposition was 

observed for all reported data. 

Data Collection and Analysis 

X-ray absorption spectra were collected at the Stanford 

Synchrotron· Radi ati on Laboratory uti 1i zi ng beam 1i nes IV-3 

and 11-3. Data were obtained in the absorption mode using 

ni trogen gas i oni zati on chambers to measure the i nci dent and 

transmitted intensity. Accurate relative energy 

regi strati on for edge data was mai ntai ned usi ng a doubl e 

absorption method [5]~ 

After energy calibration, individual scans were coadded 

and monochromator-induced glitches removed. A low-order (1 

or 2) polynomial pre-edge background was removed and the 

edge hei ght normali zed to uni ty. Reported edge positions 
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were determined as the major inflection point on the edge. 

Thi s was obtai ned from the zero-crossi ng of the second 

derivative of a sliding quadratic fit to 1.7 eV width across 

the data. Preparati on of EXAFS data for analysi sand 

fitting methods are described in chapter 2. 
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I I loR e s u 1 t san d Di s c u s s ion 

Edge Spectra 

The x-ray absorption spectra in the K-edge region for 

complexes I and II and for three Mn tetraphenyl porphyri n 

complexes of known structure are shown in figure 2. The 

edge for Mn(III)(TPP)(N 3 )HOCH 3 shows a splitting of the 

principal edge peak attributed to Is-np transitions. 

Splittings of this transition have been observed in the 

spectra of complexes having lower than cubic symmetry [6] in 

which the p-derived states are not degenerate. As expected 

for high-spin Mn(lll) complexes, this one exhibits a large 

tetragonal di storti on. A somewhat di fferent edge structure 

is observed for the Mn(IV) complexes, which are all very 

similar. The nearly identical edges of the \.I-OXO dimeri c 

[Mn(IV)(TPP)(N3)]20 and complexes I and II is evidence for 

structural i somorphi sm. All three exhi bi t a peculi ar 

splitting of 2-2.5 eV in the weak Is-3d transition below the 

edge onset. This splitting is either absent or unresolved 

in the monomeric Mn(IV)(TPP)(OCH 3)2 complex of figure 2. 

Two explanations have been provided for simi 1 a r 

structures observed in i ron and cobalt fluoride complexes 

[7]. The spli tti ng may ari se from transi ti ons to di fferent 

d multiplet states. The transitions that are expected for 

Mn+4 (3d 3) between the Is and 3d levels are obtained from the 

atomi c level s of the [Fe+ 4 (core)]3d 4 confi gurati on whi ch 

exhibit a change in total spin multiplicity of ±1/2 from the 

initial state [7]. There are a number of these [8], 
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Figure 2. Absorption K-edge spectra of manganese 

tetraphenylporphyrin complexes. I) [C1Mn(TPP)(OIPh)]20, II) 

[BrMn(TPP)(OIPh)]20, III) Mn(III)(TPP)(N 3 )HOCH 3 , IV) 

Mn(IV)(TPP)(OCH 3)2 and V) [Mn(IV)(TPP)(N3)]20. 
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i ncl udi ng the 5D ground state and a seri es of spi n tri pl et 

term states at 3.0 to 3.5 eV above the 5D level. The 

predi cted spli tti ng is therefore somewhat 1 arger than 

observed in the Is-3d transition. This treatment is valid, 

however, only for very i oni c complexes where the locali zed 

atomic levels provide a good description of the transition 

fi nal state. Thi sis obvi ously not the case for these 

porphyrin complexes which contain significant ligand orbital 

i nteracti on. 

It is also possible that the observed splitting arises 

from crystal fi eld effects. For such a spli tti ng to occur 

in a d 3 complex containing empty d 2 2 and d 2 0 r bi tal s x -y z 

implies a large tetragonal distortion. The absence of such 

structure in the Mn(III)(TPP) complex is expected because 

only one spin-allowed transition to the empty d z
2 based 

orbital exists. 

The i nfl ecti on poi nt posi ti ons for these edges are 

presented in Table 1. Errors stated in the positions are 

standard deviations of independent measurements. Although 

correlations of edge inflection pOints have been used for a 

variety of manganese complexes to obtain oxidation state 

i nformati on, thi s method cannot be reli ably used for cases in 

which significant delocalization of charge onto the ligands 

occurs [9]. However, compari son of edges wi thi n the 

porphyrin series is still informative. Table 1 shows that 

the two well characterized Mn(IV) complexes exhibit edge 

positions that are significantly different. The higher 



Table 1. Edge Inflection Points for Manganese 

Tetraphenylporphyrin Complexes 

Complex 

Mn(III)TPP{N 3 )HOCH 3 

[Mn(IV)TPP(N 3)]20 

Mn(IV)TPP{OCH 3)2 

[C1Mn{IV)TPP(OIPh)]2 0 

[BrMn(IV)TPP(OIPh)]20 

Edge inflection ± sd (eV) 

6551.83 ± 0.10 

6553.35 

6552.81 ± 0.12 

6553.75 ± 0.1 

6553.37 ± 0.1 

Shift 

1.52 

0.98 

1. 92 

1. 54 
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energy inflection for the dimeric species is possibly due to 

the presence of the bri dgi ng oxo 1i gand whi ch is expected to 

be more electropositive than the methoxy ligands i n the 

monomeric species • The i nf1 ecti on posi ti ons of comp1 exes I 

and II are very similar to the p-oxo dimeric structure, 

providing additional support not only for the Mn(IV) 

oxidation state assignment, but also for the presence of a 

dimeric structure. There is, in addi ti on, a di fference i n 

the inflections between the supposedly isomorphous complexes 

I and II that is larger than the estimated uncertainty. 

Thi s observable perturbati on of the metal envi ronment by the 

ha 1 ide ion is in the correct di recti on to be exp1 ai ned as a 

difference in ligand covalency, with Br- forming a more 

'cova1ent ligation than C1-, and provides evidence that the 

halide is involved in direct metal coordination. 

EXAFS Spectra 

EXAFS ana1ysi s was performed to determi ne the di rect 

structural 1i gati on of these complexes. In order to test 

the accuracy of structural information obtained and to 

eva1 uate the transferabi 1i ty of theoreti cal scatteri ng phase 

and amplitude functions [10] in the tetrapheny1porphyrin 

system, EXAFS data for the complexes Mn(III)(TPP)(N 3 )HOCH 3 
(III) and Mn(IV)(TPP)(OCH 3)2 (IV) were analyzed. 

Unfortunately, the i nstabi 1i ty of the p-oxo dimeri c complex 

(V) prevented collection of EXAFS data of ana1yzab1e 

qua1i ty. As wi 11 be seen, the behavi or of these structurally 

characterized [11,12] complexes during analysis can also be 
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used to ai din the ana1ysi sand i nterpretati on of the dat·a 

for complexes I and II. 

Fitting analysis (chapter 2) was used on specific 

scattering components obtai ned by fouri er fi 1 teri ng EXAFS 

data after background removal. The norma1i zed absorpti on 

edge was converted to photo-electron wave-vector (k) space 

by choosing Eo = 6562 eV which is near the edge maximum. 

These data, after background removal and multiplication by 

k 3 , are presented for complexes III and IV in figure 3. 
, . 

A representat1ve fourier transform power spectrum for 

complex (III) is shown in figure 4. Fourier isolation of 

the major scattering component occuring at Reff = 1.6 ~ was 

accompli shed by back transformati on after app1i cati on of-an 

isolation window over the region denoted. Thi s regi on 

contains contributions of all scattering atoms within the 

fi rst shell of manganese. 

No acceptab1 e fi ts to a si ng1 e shell of atomi c 

scatterers were obtained for these data. This reflects the 

presence of two sets of distances in the complexes: the 

porphyri n nitrogens and the axial ligands, which are 

unresolved in the single fourier filtered peak. The best 

two-shell fits to this fourier transform peak for complexes 

III and IV are shown in figure 5 and the fit parameters are 

included in table 2. Although nitrogen scatteri ng 

functi ons were used for the fi rst shell and oxygen functi ons 

for the second, thi s speci fi ci ty is not meani ngfu1, because 

adjacent elements contribute very similar behavior. Thus, 

.. ' 
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Figure 3. EXAFS spectra weighted by k3 after background 

removal. A) Mn(III)(TPP)(N 3)HOCH 3 (complex III) and B) 

Mn(IV)(TPP)(OCH 3 )2 (complex IV). 
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t. 

f" 

Figure 4. Magnitude of the fourier transform of the 

EXAFS for Mn(III)(TPP)(N 3 )HOCH 3 (complex I I I) • 

weighted data between k = 2.5 and 15.0 ~-1 were used for 

transformati on after appli cati on of a Kai ser = 2 apodi zation 

window (appendix A). F 0 uri e r i sol at ion 0 f the major 

scattering component was accomplished by applyi ng a Hamming 

window function to the R-space data between the indicated 

arrows before back-transformation. 
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Figure 5. Two-shell fi ts to the k3_wei ghted fouri er-

fi 1 tered components of the fi rst fouri er transform peak for 

A) Mn(III)(TPP)(N 3 )HOCH 3 and B) Mn(IV)(TPP)(OCH 3)2. Fi ltered 

data (solid line) and fitted EXAFS (dotted line) from k = 3.5 

to 15 •• -1 were used in the fit. 
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Table 2. EXAFS and Crystal Structure Parameters for 

Mn(III)TPP(N 3)HOCH 3"(III) and 

Mn(IV)TPP(OCH 3)2 (IV). 

EXAFS Parameters 

Complex a" 

Complex III N 3.8 2.004 -.003 

o 1.8 2.360 -.018 

Complex IV N 2.8 2.017 -.001 

o 1.8 1. 889 -.001 

i~ a) Corrected amplitudes (see text) • 

Crystal structure 

Atom N R 

N 4 2.031 ± .012 b 

o 1 2.329 

N 1 2.176 

N 4 2.012 ± .022b 

o 2 1.839 

. ,' b) Standard deviation of average distance for porphyrin 
11'4. " 

~~/~ distances. 

73 
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similar quality fits to nearly identical parameters could be 

achieved with any combination of these elements. 

Compari son of the fi tted structural parameters to those 

obtained from crystal structures in table 2 shows that 

agreement is in general quite good. In all cases the fitted 

1 i g and dis tan c e s fa 1 1 wi t hi nO. 0 5 ~ 0 f the cry s tal s t rue t u r e 

values. As di scussed in chapter 2, the number of atoms 

obtai ned from the theoreti cal ampli tude functi ons is subject 

to systematic errors. Of a factor of two di screpancy in the 

observed and theoreti cal amplitude functions, most has been 

attributed to many-body effects [13J and the remai nder to 

experimental origin [14]. We have usually observed a 

reduction in the fitted amplitudes by a factor of about two, 

but this factor is expected to be somewhat dependent on the 

data range and on the scatterer atom type [13J. 

Thus, the number of atoms predicted in table 2 after 

this correction a g r e e fa i r 1 y we 1 1 wi t h the k now n val u e s • 

Nevertheless, the number of scatterers determined by EXAFS 

are subject to experimental errors, and the values observed 

for these complexes suggest about a 20% uncertainty in thei r 

determi nati on. 

Compl ex I I I presents a parti cul ar1y i nteresti ng exampl e 

of the limitations of EXAFS analysi s for compounds 

contai ni ng very heterogeneous 1i gand di stances. In thi s 

case, in addi ti on to 4 porphyri n ni trogen li gands at 2.03 ~, 

the complex contains an axial methoxy oxygen ligand at 

2.33 ~ and an azide nitrogen at 2.18 A. All three of these 

/: , 
~, 

.. 
" 
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ligands contribute to the unresolved major fourier transform 

peak~ However, meaningful three-shell fits to this peak are 

impossi ble due to the large number of degrees of freedom in 

the fit. The fit to two shells shown in table 2 shows that 

compensation for this extra ligand occurs~ Approximately 

two atoms are obtai ned in the second shell, and the Oebye

Wa 1 1 e r term is' abo uta nor d e r 0 f mag nit u del a r g e r t han for 

the fi rst shell. Thus the i nterpretati on for thi sresul tis 

that 2 ligands exist, but wi th a large di sorder in thei r 

di stance. 

The EXAFS spectra for the [C1Mn(IV}(TPP}(OIPh}]20 (I) 

and [BrMn(IV}(TPP}(OIPh}]20 (II) complexes, weighted by k2 , 

are shown in fi gure 6. In thi s case the k2 wei ghti ng was a 

compromi Se to mai ntai n a roughly constant EXAFS modulation 

for both complexes. From these spectra it is clear that a 

'di fference is observed between the two si gni fi cant 

complexes. This immediately indicates that either the two 

are structurally unrelated, or that the halide substitution 

is contri buti ng to the observed scatteri ng. Bromi ne is a 

much stronger scatterer than chlorine and its scatteri ng 

amplitude envelope peaks at a higher photo-electron wave-

vector (k) value. Thi s di fference i s refl ected in the 

'. t~ overall larger EXAFS envelope for the Br complex. 

Shown in figures 7 and 8 are fourier transforms for 

these complexes after weighting the data by kO, kl and k3• 

The purpose of examination of these di fferent wei ghti ngs i s 

inherent in the behavior of the scattering amplitude for 
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Figure 6. EXAFS spectra weighted by k2 after background 

removal for A} [C1Mn(TPP}(OIPh}]20 (complex I) and for B) 

[BrMn(TPP)(OIPh}]20 (complex II). Both spectra are plotted 

usi ng the same scale and k range for co~parison. 
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Figure 7. Fourier transform magnitudes of EXAFS data 

for [C1Mn(TPP)(OIPh)]20. Shown are, transforms for data 

weighted by kO, k1 and k3• Transformed data extend from 

k = 2.5 to 15. ~-1. 
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Figure 8. Fourier transform magnitudes of EXAFS data 

for [BrMn(TPP)(OIPh)]20. Shown are transforms for data 

weighted by kG, k1 and k3• Transformed data extend from 
-1 k = 2.5 to 16. ~ • 
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di fferent elements. As indicated above, the amplitude 

con t rib ute d by 1 i g h t ere 1 em en t s wi 11 pea k at 1 owe r K va 1 u e s 

than for heavier elements. Thus, if the data are weighted 

by a larger power of k, the contribution from heavier 

elements is enhanced. The transforms shown in figures 7 and 

8 both show evidence for three scatteri ng contri buti ons at 

Reff :: 1. 5, 2.6 and 3.1 ~. Of these, both of the peaks at 

hi g her Reff grow dramat; cally as the k weighting i s 

increased. Thi s i ndi cates the presence of two heavi er atoms 

i nth e coo r din a t ion 0 ute r - s p her e, and i s con sis ten t wi t h the 

proposed structures in figure 1 containing manganese and 

i odi ne at these longer di stances. Thi s effect i s greater for 

the C1 containing complex, and from this it may be surmised 

ei ther that the second and thi rd peaks of compl ex I are 

heavier than for complex II, or that the fi rst peak of 

comp1 ex I contai ns an atomi c composi ti on that i s rel ati vel y 

lighter than for the Br containing complex. 

To see th; s effect more clearly, the four; er-fi ltered, 

k3-weighted components of the first peak for these complexes 

is presented in figure 9 and for the two higher R peaks 

wei ghted by k1 in fi gure 10. Although sli ght di fferences 

between the two complexes are observed in the EXAFS 

contributions from the second and' third peaks (figure 10), a 

large difference in the amplitude envelope is seen in the 

filtered first peak components (figure 9). This observation 

fi rmly establi shes the presence of the hali de in the inner 

coordination sphere of the complexes. 

. ~, 
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Figure 9. Fourier-filtered EXAFS components comprising 

the fi rst scatteri ng peak for k3-wei ghted data of A) 

[C1Mn(TPP)(OIPh)]20 and B) [BrMn(TPP)(OIPh)]20. In each 

case, a fouri er transform wi thout appl i ed apodi zati on wi ndow 

was used fori solation before back-transformation. 



A) ~l( I F"OU'ier F"ilered FirsL Peak 
g.88 x(k) • k3 

-g.88 

g .• 

-8 .• 

A 

" P 
L 
I 
T 
U 
D 
E 

s ... 

A 

" P 
L 
I 
T 
U 
D 
E 

s ... 

B) Complel( I F"OU'ier F"lLered FirsL Peak 

x{k) • k3 

WAVE-VECTOR KCI/A) 

84 

16.SS 

us. as 



h 

85 

Figure 10. EXAFS components comprlslng the scattering 

peaks between Reff = 2.2 and 3.7 A for k1-weighted data of 

A) [C1Mn(TPP)(OIPh)J 20 and B) [BrMn(TPP)(OIPh)J 20. 
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The above i ndi cati ons that structure B shown in fi gure 1 

is correct make EXAFS fitting ana1ysi s parti cu1ar1y 

di ffi cult. Thi si s because thi s structure contai ns a fi rst 

coordination sphere that is very heterogeneous in nature. 

It contains 4 unique sets of ligands at similar distances, 

and it is unreasonab1 e to attempt to fi t to thi s number of 

shells. There is little resolution of these components in 

the fi rst fouri er transform peak, because the data do not 

con tin u e t h r 0 ugh en 0 u g 'h os ci 11 at i on s for abe a t t 0 be 

observed. 

The EXAFS ana1ysi s of the Mn(IV)(TPP)(OCH 3 )2 complex 

di scussed earli er can be used to ai din the ana1ysi s of 

complexes I and II. Shown in figure 11 are two fits to the 

filtered first peak for complex I. In these fi ts, the 

first shell parameters, corresponding to the porphyrin 

nitrogens have been fixed to the values obtained in the best 

fi t to the same shell of complex IV. The parameters for a 

second shell of 1 i gands was then mi ni mi zed. Even wi th thi s 

strategy, it was not possible to obtain meaningful minima by 

fitting to more than one of these additional shells. Thus a 

single additional shell i s expected to reflect the 

contribution from the dominant scattering ligands other than 

the porphyrin nitrogens. If proposed structure B of figure 

1 is correct, this will be the halide atom, and if structure 

A is correct, thi s wi 11 be the two oxygen atoms. From 

fi gure 11 it is seen that both of these possi bi 1i ti es gi ve 

acceptable quality fits to the data for complex I. However, 
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Fi gure 11. Fits to two scattering shells of the k3_ 

wei ghted fouri er-fi ltered components of the fi rst transform 

peak of [C1Mn(TPP)(OIPh)]20. The fitting range extends from 

k = 3.5 to 14. ~-1. The solid line is filtered data and the 

dotted line the fitted EXAFS function. 
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the values of the Oebye-Waller parameter and the variable 

Eo parameter obtai ned for the oxygen tri al fi t exceed 

physically acceptable limits and thus make the fit to Cl 

preferred. In this case, approximately 1.6 Cl atoms are 

i ndi cated at a di stance of 2.05 A from manganese. 

In a similar manner, fits to the first peak of the Br

containing complex II are presented in figure 12. In this 

case, the fit quality using bromine as the second 

scattering shell is considerably better than for oxygen. In 

addition, the same unacceptable behavior of the parameters 

for the oxygen shell occurs, maki ng the bromi ne-contai ni ng 

fi t preferred. For thi s case, 1.2 'Br atoms are predi cted at 

1.90 A from manganese. 

Fi ts to the fouri er-fi 1 tered second and thi rd peaks for 

complexes I and II were performed. The quality of fits to 

two atomic shells, using manganese and iodine scattering 

functions were not exceptional. 

porphyrin carbon 

Thi sis 

atoms 

due to the 8 

that are also second-shell 

cont ri buti ng 

possi ble to 

to these components. 

obtain well behaved 

In this case it was 

minima using three 

scattering shells by adding one shell at a time to the fit, 

s tar tin g wi t h the m 0 s t do min ant s cat t ere r • The s e fit s for ... 

complexes I and II are presented in figure 13. It ; s seen 

from data that the 1 arge number of osci 11 ati ons at thi s 

higher frequency and the appearance of multi ple beats 

prov; des the ; nformati on content that all ows three-shell 

fi ttl ng. 
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Figure 12. Fits to two scattering shells of the k3_ 

wei ghted fouri er-fi ltered fi rst peak of [BrMn(Tpp)(OIPh)]20. 

The fitting range was the same as for figure 11. 
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-. 

Fi gure" 13. Three shell fi ts to the k 1-wei ghted fouri er-

fi 1 tered components from Reff = 2.2 to 3.7 " for compl exes 

A} [C1Mn(TPP}(OIPh}]20 and B} [BrMn(TPP}(OIPh}]20. The 

fitting range was from 3.5 to 14. ,,-1 in both spectra. 
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IV. Conclusions 

The predict~d structural parameters for all shells are 

presented in tabl e 3 and the rel evant di stances i nc1 uded in 

the assigned structure of figure 14. Thi s structure 

contai ns a Mn-O-Mn di stance of 3.60-3.64 K whi ch ; s simi 1 a r 

to, but approximately 0.1 t longer than observed i n the 

crystal structure of the simi lar [Mn(IV)(TPP)(N 3 )]2 0 [3]. 

In the latter structure, the manganese atoms were observed 

to 1 i e approximately 0.1 ~ out of the porphyri n plane toward 

the bridging oxygen. In the case of complexes I and II, the 

unusual 1i gati on on the anteri or axi a1 face of the porphyri n 

may force an in-plane metal coordination, with the resulting 

longer Mn-O-Mn di stance. 

The number of atoms predicted for the manganese and 

i odi ne she 11 sis somewhat larger than expected. Although 

thi s may be arti factual, in that it may result from chemi cal 

effects on the amplitude transferab1ity, it could also be 

the result of a well characterized anomalous enhancement due 

to the focusing of photo-electrons by intervening atoms 

[15]. Thi sis expected for manganese in whi ch the 1i near 

bridging oxo ligand is directly in line with the two 

manganese atoms. This cannot be the case for iodine, however. 

The observed Mn-I di stance is 2.83-2.85 ~ whi ch requi res a 

bent Mn-O-I structure. Assuming reasonable Mn-O and 0-1 

di stances of 1111.85-1.95 and 1.9-2.0 ~ respectively, the 

observed Mn-I distance gives an Mn-O-I angle of :95°. 

This 11-0XO bridged, seven-coordinate, bifacial1y ligated 
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Table 3. EXAFS Parameters for [C1Mn(IV)TPP(OIPh)]20 (1) 

and [BrMn(IV)TPP(OIPh)]20 (II). 

Atom Type * atoms a Distance a 

Complex I Nb 

Cl 1.6 2.05 -.009 -4.7 

I 1.8 2.85 -.007 -3.8 

Mn 2.2 3.64 -.006 -6.1. 

C 8.9 3.42 -.002 2.4 

Complex II Nb 

Br 1.2 1.90 -.006 -1.1 

I 2.0 2.83 -:.008 1.8 

Mn 1.6 3.60 -.007 -5.1 

C 8.9 3.34 -.0003 2.1 

a) Amplitudes corrected (see text). 

b) Porphyrin nitrogen shell parameters fixed to 

values determined for complex I V. 
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Figure 14. Assigned structures for [C1Mn(TPP)(OIPh)]20 

(complex I) and [BrMn(TPP)(OIPh)]20 (complex II). 



Ph 0 i;--2.S5A 
/1 0 0, I~ __ 2.05A 

(N~i' :----N) 
____ Mn~ 

N..... . I ".,N 
I I 0 

01 4 -3.64A 

(N~ IGN) _____ M n ---... 
N- -N 

k, It, 

I \CI 0" 
I 
I 

Ph 

(I) 

Ph 0 i;--2.S3A 
/1 0 

0, I~~ __ 1.90 A 

(N~i':----N) ____ Mn~ 
N... I ____ N 
rio 
01....... -3.60A 

(N~ IGN) 
_____ M n ---... 

N- -N 
I \8 o r 

" I I Ph 

(II ) 

U) 
ex> 



• 

~. 

99 

complex is, in the 1 east, a uni que1y i nteresti ng model for 

oxi dati ve cata1ysi s, and its structur.a1 characteri zati on 

wi 11 provi de an important framework for the detai 1 ed 

el uci dati on of the mechani sm of its important properti es • 
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CHAPTER 4 

Studies of the Metal Site Structure of Manganese Superoxide 

Di smutase by X-ray Absorption Spectroscopy 

1. INTRODUCTION 

Superoxide dismutases are metallo-enzymes which catalyze 

the di smutati on of the superoxi de radi cal to H202 and 02 

(equation 1). Superoxide is produced in low levels as a 

si de product of oxi dati ve cataboli sm and aerobi c 

respi rati on, and its cytotoxi ci ty has been proposed as the 

dri vi ng force behi nd the evol uti on of the di smutases [1]. 

This has not been conclusively demonstrate.d, however, and it 

has also been proposed 

pri mary functi on [2]. 

that they have some other unknown 

Red SOD Ox ( 5 ) 

Superoxi de di smutases exi st in nearly all organi sms capabl e 

of aerobic respiration and are even observed in a few 
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photosynthetic obligate anaerobes [3]. 

Three structurally distinct types of superoxide 

di smutase have been found. The more thoroughly stud; ed form 

; s di meri c, contai ns one atom of copper and zi nc per 

subuni t, and is found predomi nantly in the cytoplasm and 

between the outer and inner mitochondrial membranes of 

eukaryoti C cell s. It is beli eved that the enzyme functi ons 

by alternating between two redox states, and x-ray 

absorpti on edge studi es have shown that only copper is 

involved in this redox cycle [4]. This copper is coordinated 

by 4 histidine ligands in a slightly distorted square planar 

geometry [5], and evidence exists for water coordination at 

an axi al posi ti on accessi bl e by an external protei n crevi ce 

[6]. 

The other two forms of the enzyme contain either 

manganese or i ron, and appear to be closely related. The 

i ron form is found in proka ryoti c organi sms as a 

per 

dimer of 

subuni t. 220 Kd subunits containing one atom of iron 

The manganese enzyme is also found in a few prokaryotes where 

it exhibits similar subunit structure, but is most commonly 

found in the mitochondrial matrix and associated with 

chl oropl ast thyl akoi d membranes of eukaryoti c organi sms, 

where it is isolated in tetrameric form [7]. 

Although the Cu/Zn enzymes bear very little resemblance 

to the manganese or i ron forms on the basi s of ami no aci d 

sequence or inhibitor sensitivity, the manganese and iron 

enzymes have very similar properties indicating a close 
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evolutionary relationship to each other. The manganese and 

i ron forms are i nsensi ti ve to cyani de, a potent i nhi bi tor of 

the Cu/Zn SOD [8]. The superoxi de di smutases contai ni ng 

manganese or i ron have si mi 1 ar ami no aci d compositi ons and a 

high degree of sequence homology, but little similarity in 

thi s regard is observed between any of these enzymes and 

those of the Cu/Zn family [9]. Roughly 67% homology in the 

N-terminal sequences of 15 manganese and iron 

di smutases is observed, i ncl udi ng at 1 east 

conservati ons wi thi n the fi rst 50 resi dues. 

superoxide 

5 complete 

It has been 

noted that this sequence similarity is so strong that it is 

not possi bl e to di sti ngui sh between the manganese and iron 

forms on the basis of regional or overall amino acid 

sequence or composition [3]. 

Despite these similarities, the incorporation of metal 

ions into most Mn or Fe enzymes appears to be element 

specific. As mentioned above, there is a definite 

preference for a given organi sm to produce one or the other 

of the enzyme types. E. coli contains both Fe and Mn SOD, 

but the amino acid sequences are slightly different, and 

only the manganese enzyme is i nduci b1e by i ncreasi ng the 

oxygen tension [10]. In addition, many metal replacement 

studi es [11-15] have i ndi cated a requi rement of a gi ven 

enzyme for the metal it originally contained. In each case 

the substitution was accomplished by unfolding the peptide 

fo1l~wed by renaturation in the presence of the appropriate 

metal. Chromatographi c and spectral properti es of the 
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native enzymes were recovered and metal ions were observed to 

bind in roughly stoichiometric amounts [14,15] indicating a 

return to native conformation. However, reconstitution of 

man g a n e s e SOD fro m B. s tea rot her mop hi 1 u s wi t h M n + 2 , Fe + 2 , 

Co+ 2, Ni+ 2 and Cu+ 2 resulted in a manganese enzyme that was 

completely active. No activity was detected for any of the 

other metals [11,13,14]. Exactly the converse was observed 

in studies of the Fe enzyme from P. ova1is reconstituted with 

Fe+ 2 , Mn+2, Cd+ 2 and Cr+ 2 [12,15], indicating a definite 

functi ona 1 preference for iron. Therefore, whatever the 

structural or functi ona1 di fference between the Mn and Fe 

forms of SOD, it is very likely that it is due to a very 

speci fi c and subtle i nteracti on between the metal and its 

ligation site. 

Re1ati ve1y few structural or mechani sti c detai 1s about 

manganese and iron superoxi de di smutases are known. Effects 

on the water proton spin relaxation rates have indicated the 

presence of 2 protons in the inner coordination sphere of 

nati ve Mn SOD and 1 in the i ron protei n [16], consi stent 

wi th a proposed di rect water and hydroxyl coordi nati on 

respecti ve1y. Thi sis supported by the recently observed pH 

dependence of mi dpoi nt potential [17], i nhi bi tor 

association, and kinetics [18] for iron SOD. On the basi s 

of the temperature dependence of the magneti c suscepti bi 1i ty 

[19] the nati ve state of Mn SOD appears to contai n Mn+ 3 , 

which can be reduced by dithionite to Mn+ 2• This evidence is 

supported by the concurrent b1 eachi ng of a weak absorpti on 

), 
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band at 480 nm and the appearance of a complex EPR signal at 

g=6 upon reduction. 

We have undertaken an x-ray absorption edge and EXAFS 

study of manganese SOD isolated from prokaryotic and 

eukaryotic sources. We have examined the oxidation state of 

Mn in resting native and reduced states, in order to 

establi sh the degree of locali zati on of charge on the metal 

and thus the extent to which the center can be considered a 

functional part of the catalytic mechanism. Results of a 

simulation of the low temperature EPR signal in reduced SOD 

are also presented giving support to oxidation state 

assignments and information about the 

field splitting tensor. Analysis 

symmetry of the zero

of EXAFS data was 

performed that suggests a set of ligand groupi ngs and 

distances. These methods are applied to manganese protein 

from E. coli, T. thermophi 1 us, and S. cerevi si a and for T. 

thermophi 1 us SOD i n whi ch manganese i s repl aced wi th i ron at 

the acti ve 

di rect 1 y 

si te. In this way it was possible to examine 

the si mi 1 ari ti es and di fferences in si te structure 

between SOD from di stantly related organi sms. The data are 

consi stent wi th a structural model in whi ch the functi onal 

speci ficity of the manganese enzyme for manganese over other 

metals can be explained on the basis of local ligand 

envi ronment. 
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II. MATERIALS AND METHODS 

Spectroscopic Measurements 

X-ray absorption spectra were collected at the Stanford 

Synchrotron Radiation laboratory, Stanford, CA. Data in the 

edge regi on were obtai ned on wi ggler beam li ne IV-2 duri ng 

parasitic operation (2.1 GeV electron energy, 50 rna stored 

electron current) and beam line VII-3 during dedicated 

operation (3.0 GeV, 80 rna). EXAFS data were obtained on the 

focused beam line 11-3 during dedicated operation (3.0 GeV, 

60-80 rna). Mon oc h romati c x-rays were produced using a 

Si <111> double crystal monochromator. All data were 

collected by measurement of the K-a x-ray fluorescence 

excitation function [20]. Single photon counting was 

employed using a segmented multi-wire proportional chamber 

[21] or an· a rray of pl asti c sci nti 11 ati on detectors [22] 

fi tted wi th an x-ray fi lter/Soller sli t assembly [23]. 

Cri ti cal energy registrati on was mai ntai ned for each scan by 

simultan~ous measurem~nt of the pre-edge transition of KMn0 4 

[24]. Protein samples were frozen into lucite backed sample 

cells held in a jacketted stream of liquid nitrogen boil-off 

maintained at _75° to -110° C during data collection. 

Anal ysi s of edge and EXAFS data was done accordi ng to 

methods described in chapter 2. 

EPR spectra were collected at 10°-15° K on a Varian E-9 

or E-4 s p e c t rom e t ere qui P p e d wi t han Air Pro d u c t s 1 i qui d 

helium flow cryostat. Instrumental conditions are described 

with the figures. Simulation of EPR powder spectra were 
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done usi ng the methods and programs descri bed in chapter 6. 

Protei n metal ana1ysi s was performed by atomic 

absorption on aqueous samples of protein digested in HN0 3 

Protein Samples 

SOD acti vity was obtained by measurement of the cyanide-

insensitive ability of the enzyme to inhibit the auto-

oxi dation of pyrogallol at pH 8.2 [25]. Thi s was moni tored 

by the absorbance at 420 nm for a sol uti on contai ni ng 0.2 mM 

pyrogallol, 50 mM Tri s-HC1 (pH 8.2), 1 mM EDTA and 1 mM KCN 

in the presence and absence of protein. One uni t of 

activity was defined as an amount of enzyme necessary to 

decrease the maxi mal auto-oxi dati on rate of 1 m1 by 50%. 

Samples of manganese SOD from E. co 1 i and T. 

thermophi1us were prepared in the laboratory of J.A. Fee by 

established methods [26]. 

Purification of SOD from S. cerevisiae was accomplished 

by a method similar to that used by Dit10w and Johansen 

[27]. o ri e d b a k e r s yea s t (1 Kg) was sus pe n d e din 4 1 H20 

for 2 hrs at 37°C followed by centri fugati on at 4000xg for 5 

min. The pellet was resuspended in 500 m1 50 mM Tris (pH 

7.4) and the cells ruptured in a Gau1i n type homogeni zer 4 

times at 450 Kg{cm)-l with cooling to <30°C. After 

centrifugation at 8000xg for 20 min the milky supernatant 

was rapidly (22 min) heated to 70°C by i mmersi on ina steam 

jet. Thi s temperature was mai ntai ned for 2 mi n before 

cool i n 9 to 40° C wi t h c r u she d ice. C e n t r i f u gat ion at 4500 x 9 

for 45 min afforded s3 1 of an opalescent yellow-brown 
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supernatant whi ch was di alyzed agai nst 3 changes of 15 1 of 

10 mM Tris (pH 7.9) (hereafter called T10/7.9) for 16 hrs 

until pH equilibrium was attained. This was applied onto a 

6x15cm Cel ex ·0 col umn equi 1i brated wi th T10/7.9, washed 

with 500 m1 buffer and eluted with a 0-200 mM NaCl gradient. 

Acti ve fracti ons were pool ed, di a1yzed agai nst T10/7.9 and 

concentrated to 2150 m1 by ultrafiltration over an Amicon 

PM10 membrane. Oi 1 uti on/reconcentration was conti nued unti 1 

the NaC1 concentrati on was less than 50 mM (measured by 

conductance). Thi s materi a1 was loaded onto a 2x35 cm OEAE 

Sioge1 A 100-200 mesh anion exchange column and washed with 

T10/7.9. Acti ve fracti ons from a 0-200 mM NaCl gradi ent were 

pooled and di alyzed in T10/7.9 for 15 hrs, lyophi 1i zed and 

redissolved in 240 ml T10/7.9. This material was loaded 

onto a 2.5x20 cm cellulose CM cation exchange column 

equilibrated with H20 and eluted with 100 mM Tris (pH 7.4). 

A light pink band containing approximately 250,000 units ( .. 30 

mg protei n) was collected and concentrated to 20.5 ml. Thi s 

material showed a single major band by polyacrylamide gel 

electrophores{s and a characteri sti c weak absorpti on maximum 

at 477 nm. 

Metal Substitution 

Removal and replacement of manganese in SOD from T. 

thermophi 1 us wi th manganese or i ron was accompli shed by a 

modi fi cati on of a proceedure for S. stearothermophi 1 us SOD 

by Srock et a1. [13], and is outlined in figure 1. A 

sol uti on of approximately 10 mg of T. thermophi 1us Mn SOD in 
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G 

Figure 1. A ihematic diagram of the proceedure used for 

metal substitution in manganese SOD from T. thermophi lus. 
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T. 11-£Rt.AOPHlLUS ~T AL SlBSTITUTION 

DlALVZE -

REPLACEtvENT 

8 M lREA pH 3.7 
J, 

8 M &.REA. 50 mM TRIS pH 7.6 
+ Mn+2 or r e+2 (10 mM) 

! 
50 mM TRIS pH 7.6. 204 GLYCEROL 

+ ~+2 or Fe+2 (tmM) 

! 
50 mM TRIS pH 7.6, 20 - 04 GLYCEROL 

! . 
50 mM TRIS pH 7.6, 10 mM EDT A. 48 hrs . 

. ' ~ 

SO mM TRIS pH 7.6. 24 twos. 

RELA TIVE ACTIVITY MET AL CONTENT 

14100 ...,;ts/ Ll'nole (100'%) 0.74 Mn/ subLS1il 

Fe < 360 lrils/Ln1ole «34) 0/53 re/subunil 
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2 ml was denatured by di alysi s agai nst =100 ml of 8 M urea, 

(pH 3.7) (acetic acid) for 8 hrs at 4°C. During this time 

the characteristic purple color was lost. Dialysis buffer 

was changed to 8 M urea, 50 mM Tris/HCl (pH 7.5) (hereafter 

called T50/7.5) for 12 hrs. The protei n sol uti on was spli t 

into 2 bags and di alyzed agai nst 100 ml 8 M urea (pH 3.7, 

acetic a ci d) and 10 mM MnC1 2 (sample 1) .0 r FeC1 2 (sample 2) 

for 4 hrs. No color was evident at t hi s stage. Thi s was 

followed by dialysis for 4 hrs agai nst 100 ml 8 M urea, 

T100/7.6 and 10 mM MnC1 2 or FeC1 2• Di a 1 y si s was conti nued 

in TIOO/7.6 and 20% glycerol (necessary to prevent protei n 

preci pi tati on) and 1 mM MnC1 2 (or FeC1 2) for 12 hrs. Du ri n g 

thi s pe ri od t the Fe+ 2 di a 1 ysi s solution turned g re.en and the 

Mn+2 solution became pi n k. Di a 1 ysi s of the protein was 

continued against 2 changes of TIOO/7.6, 15% glycerol and 10 

mM EDTA for 3.5 hrs. Samples were loaded· into fresh 

dialysis bags at this point and the glycerol concentration 

carefully lowered from 15~ to 0% in T25/7.6 in a series of 

four 2 hr dialysis steps. Fi nal di alysi s was done agai nst 

many changes of T25/7.6, 10 mM EDTA for 48 hrs and then for 

24 hrs in the absence of EDTA. The resulting yellow-brown 

i ron and red-purple manganese reconstituted samples were 

con ten t rat e d 0 v era n Am i con Y M lOu 1 t r a f i 1 t rat ion m em bra n e for 

EXAFS, metal analysi s, and acti vi ty measurements. 
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II 1. RESULTS 

Radiation effects 

The producti on of hydrated e1 ectrons by hi gh i ntensi ty 

x-rays and their effects on biological samples is of valid 

concern [28]. In general, x-ray absorption spectra should 

be collected at low temperature to immobi1i ze solvated 

radi cal s from di ffusi on, and successful data co11 ecti on can 

usually be obtained in this manner. However, careful 

monitoring of samples for radiation damage is important. We 

have observed no effect of i rradi ati on for protei n sol uti ons 

in 10 mM phosphate or Tris buffers at -75°C or 

conditions under which edge data were collected. 

below, 

No change 

in protein activity, color, EPR spectra or edge spectra as a 

function of time were noted. 

For the native form of T. thermophi1us Mn SOD, EXAFS 

spectra were attempted in 50% glycerol solutions at -75°C. 

The glycerol glass was used to avoid background fluctuations 

in the EXAFS region caused by diffractioi from micro-

crystals in the sample. Under these condi ti ons, however, 

bleaching of protein color was observed. EPR spectra after 

i rradi ati on showed evi dence of Mn+2 re1 ease from the protei n 

by the appearance of the characteri sti c Mn+ 2(H 20)6 si gna1. 

These effects were also easi 1y observed as time dependent 

changes in the EXAFS spectra (figure 2). None of these 

changes was observed for the reduced SOD from T. 

thermophilus under these conditions. 

Data could be successfully collected on the nati ve 
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Figure 2. Time dependent changes in the EXAFS spectra 

of nati ve manganese SOD from T. thermophi 1 us ina 50% 

glycerol glass at -75°C. Shown are data averaged over 

di fferent ti mes duri ng data call ecti on ; a) the fi rst thi rd 

of the data set; b) the second thi rd; and c) the last thi rd. 
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enzyme without any observed effects for samples prepared from 

an NH 4S0 4 precipitated protein slurry in the absence of 

glycerol. 

All forms of the yeast Mn SOD were free from observed 

i rradi ati on effects even though call ected in 50% glycerol 

glass solutions. Thi s may in part be due to careful 

maintenence of sample temperatures at -90°C or below. 

Edge Spectra 

Fluorescence detected K-edge spectra for native and 

reduced E. Coli Mn SOD are presented in fi gure 3. The major 

difference between them is the marked shi ft in posi ti on of 

the reduced sample to lower energy. The di fference in 

inflection point energies shown in table 1 is 1.47 eVe From 

previous correlations of Mn edge inflection points with 

coordination charge [29], thi s would be the average shi ft 

expected for a 0.7 electron reduction. The absolute 

positions observed are consistent with Mn+ 3 and Mn+2 for 

native and reduced SOD, respectively. Aside from a slightly 

steeper 

sample, 

similar. 

slope 

the 

observed for the edge 

overall shapes of the 

rise of the reduced 

two edges are very 

This is considered to be evidence for the absence 

of a si gni fi cant change of li gand symmetry upon reducti on. 

A noteworthy feature exhibited by both spectra of figure 3 is 

the small pre-edge transition occuring at about 9 eV below 

the major inflection. Transitions in this region, assigned 

to fi nal states deri ved from metal 3d orbi tal s, are normally 

forbidden, but can become weakly allowed for complexes with 
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Figure 3. X-ray absorption K-edge spectra of manganese 

SOD from E. coli. On the same scale are plotted the nati ve 

enzyme (soli d 1i ne) and a di thi oni te reduced samp1 e (dotted 

line). 
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Table I. 

SOD EDGE INFLECTIONS 

E. Coli 

NATIVE 

REDUCED 

s. Cerevisiae 

NATIVE 

20 mM AZIDE 

3 mM H~2 

6548.35 eV 

6546.88 eV 

6548.92 eV 

6548.04 eV 

6547.65 eV 

6 - 1.47 

6 - O. 

6 - 0.88 

6 - 1.27 

118 
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unfi 11 ed 3d subl eve1 sand 1i gand confi gurati ons whi ch 1 ack 

inversion symmetry [30]. The lowered symmetry causes 

breakdown of the dipole selection rules by allowing 

significant 3d-4p vibronic mixing. 

Edge data for yeast Mn SOD of somewhat higher quality 

are shown in fi'gure 4. A1 so shown are spectra for samp1 es 

in the presence of 3 mM H202 and 20 mM NaN 3• Addition of 

H202 to the protein ~esulted in immediate bleaching of its 

color as is observed upon reducti on. It has been 

demonstrated that H202 at these concentrations inactivates 

.on1y the Fe SOD, leaving the Mn enzyme fully active [31]. 

Azide also induced loss of protein color, and is known to be 

a weak inhibitor of Mn SOD with a 50% loss of activity 

o b s e r v e d at t hi s con c e n t rat ion [31]. As was the cas e for 

native and reduced prokaryotic enzyme, no major change of 

principal edge features is observed for these treatments 

other than a shift of inflection point (table 1). The shift 

of 1.27 eV for the H202 treated sample is comparable with 

that observed for reduction of E. coli enzyme, whi 1e N -
3 

induced a somewhat smaller shift. In addition, the '1s,..3d ' 

transition, which is present in native and peroxide treated 

enzyme, is absent for the azi de samp1 e, suggesti ng a di rect 

interaction of N3- with the metal center that may result in 

a change in coordination symmetry. The i nf1 ecti on posi ti on 

of the nati ve yeast SOD edge i s 0.57 eV hi gher than that for 

the proka ryoti c enzyme whi ch, i f si gni fi cant, may i ndi cate a 

slightly more covalent coordination by the prokaryotic form. 
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Figure 4. Normalized K-edge spectra for manganese SOD 

from S. cerevisiae. Shown are a) the edge for native 

enzyme; b) native enzyme in the presence of 3 mM H202; and 

for c) in the presence of 20 mM NaN 3• Protein 

concentrations were approximately 1.5 mM. 
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Additional resolution of features for the yeast data are 

observed as a resul t of the improved stati sti cs. The 

pri nci pal absorpti on maxi mum is flanked on either side by 

features that appear as shoulders. Similar appearance of 

edge spectra has been attributed to a three-fold split~ing of ~ 

the 4p states [4J. Such a spli tti ng is absent for purely 

octahedral and tetrahedral geometri es and is maxi mal for· 

square planar complexes. If thi sassi gnment is correct for 

the SOD spectra, it would indicate that the absence of 

i nversi on symmetry i mpli ed above is not due to a purely 

tetrahedral si tee 

EPR simulation of Reduced SOD 

The reduced Mn SOD exhibits an EPR spectrum at low 

temperature centered around g=6 [19J. Thi sis consi stent 

with the +2 oxidation stat~ assi gnment for thi s form. A 

more quanti tati ve descri pti on of thi s si gnal is provi ded by 

computer simulation. The method used was that described in 

appendix B. It involves diagonalization of the hamiltonian 

matrix at a numb~r of magnetic field values for each of many 

angles with respect to the applied field. Transition 

probabilities were calculated at each interpolated resonance 

field and used to generate the spectral 

hamiltonian used is 

intensity. The 

H = SeHege-S + SnH-gn-I + S-A-I + D(Sz2_1/3S(S+1)) + (6) 

E(S 2_S 2) 
x y 

which includes electron and nuclear Zeeman terms, the nuclear 

" 



123 

hyperfi ne term and the spi n-orbi t di pol ar i nteracti on whi ch 

describes the anisotropic zero-field splitting. As shown in 

figure 5 the observed spectrum can be adequately described 

using an S = 5/2 (high spin Mn+ 2 ) spin manifold, an 

i sotropi c hyperfi ne i nteracti on of -.0075 cm- 1 , and an axi a1 

z e r 0 - fi e 1 d s p 1 itt i n g ten so r wi thE 10 = O. 027 • The quality 

of the simulation is very sensitive to this ratio, as is 

demonstrated by changi ng E/D from 0.027 to 0.034 in fi gure 

5. 

EXAFS spectra 

More speci fi c· and detai 1 ed i nformati on about metal 

coordination was provided by fitting analysis of the EIAFS 

region of the absorption edge. EXAFS spectra were prepared 

for fitting by fourier isolation of particular scattering 

components. Figure 6 shows a representative example for 

reduced T. thermophi1us SOD of the fourier transform 

magni tude and app1 i ed i sol ati on fi 1 ter. 

Least squares fits to fourier-filtered data were 

performed using methods described in chapter 2. Values for 

Eo were chosen duri ng ana1ysi s at or near the pri nci pal edge 

peak, and were 6560. eV for Mn SOD samples and 7140. eV for 

the Fe data. 

1. Native SOD from T. thermophi lus 

As mentioned earlier, successful data collection was 

possi b1e for the native prokaryotic enzyme only in a 

preci pi tated protei n sl urry. However, data for the reduced 

enzyme, which was stable in both solution and preci pi tated 
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Figure 5. Simulation of EPR spectra observed for the 

reduced Mn SOD from T. thermophi lus. In a) is shown the 

observed EPR signal at lOoK, 10 mW microwave power at 9.18 

GHz and using a 100 KHz field modulation of 4 G. In b) and 

c) are simulations obtained using methods described in the 

text. The parameters employed in the simulation include an 

isotropic g value of 2.0023 and an i sotropi c nuclear 

hyperfi ne i nteracti on of ..,0.0075 cm- 1• For each of 

approximately 2200 angles randomly chosen over 1/8 of the 

sphere, the hamiltonian was diagonalized at 10 field values 

between 400 and 2000 Gauss. The transition probabilities 

obtained for the observed 

gaussians of linewidths rx 

spectral averaging. For b) 

and for c) 0 = 1. cm- 1 and 

resonances were convoluted with 

= 25 G~ and ry = r z = 45 G during 

o = 1.0 cm- 1 and E = 0.027 cm- 1 

3 -1 E = 0.0 4 cm • 
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Fi gure 6. 

by k2 between 

126 

Fourier transform magnitude of data weighted 

k = 2.5 and 11. ~-1 for reduced manganese SOD 

from T. thermophilus. Isolati on of the major scatteri ng 

components was accomplished by application of an isolation 

window before back transformation. The modulus of the 

f; 1 tered components used for the ; sol at; on are a1 so shown 

(dotted line). 
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form, are presented in figure 7. These spectra show evidence 

for change in metal envi ronment upon preci pi tati on. For 

this reason, structural information obtained from data on 

the precipitated enzymes are considered of questionable 

meaning and are not presented. 

2. Reduced sao from T. thermophi 1 us 

The k2 wei ghted EXAFS data and fouri er i sol ate for 

reduced Mn SOD from T. thermophi 1 us i s presented in fi gure 

8. The best single shell fit was obtained with nitrogen 

backscattering functions and is shown in figure 9. It i s 

evident from the poor quality of this fit that more than one 

i ncomp1 ete1y reso1 ved shell of scatterers is contri buti ng to 

the EXAFS components of the major fourier transform peak, 

and that a second set of scattering atoms must be 

introduced. 

Fi tti ng two shell s of atoms to data that exhi bi t 

resolved fouri er transform peaks i s incompletely 

complicated. Parameters describing the two shells become 

correlated. As a result, minima become shallow and ranges of 

parameter values must be considered. In addition, false 

mi ni rna appear as a result of the increased number of 

degrees of freedom. If more than one minimum exists with 

physi ca 11 y acceptable parameter values, unambiguous 

st ructura 1 assi gnment may be di ffi cu1 t or i mpossi b1 e. 

By using a large number of trial two-shell fits and 

initial parameter values, three minima of good quality were 

found for the reduced prokaryotic SOD. These minima, 
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Figure 7. The k2 -weighted EXAFS spectra for reduced Mn 

SOD from T. thermophi lust a) ina 50% glycerol glass and b) 

as an NH 4S0 4 preci pi tated sl urry. 
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Figure 8. EXAFS data weighted by k3 for reduced Mn SOD 

from T. thermophi 1 us (soli d 1i ne) and the fouri er-fi 1tered 

major scattering components (dotted line). 
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Figure 9. One-shell fit to the filtered data of figure 

8 for reduced Mn SOD from T. thermophi 1 us usi ng ni trogen 

scattering functions. Data from 3.5 to 11 A-I were used in 

the fit. FeN i s the sum 0 f the s qua r e.s 0 f the fit tin g 

resi dual, R the fi tted di stance; n ~,N the uncorrected 

amplitude, SIG the Debye-Waller parameter, and OEO is the 

correction in the choice of Eo at 6560.0 eVe 
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Figure 10. Two-shell fits to the fourier filtered EXAFS 

of reduced Mn SOD from T. thermophi 1 us. 
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labeled A, Band C are shown in figure 10. Each represents 

a somewhat different ligand envi ronment around the manganese. 

Although most of the scattering ligands are best fit to 

nitrogen, oxygen cannot be excluded. Fit A contains a shell 

of N or 0 atoms at 2.01 ~ and a contribution from sulfur at 

2.32 t. Fit B indicates a shell of Nor 0 
D 

atoms at 2.03 A 

and another N or 0 shell at 2.46~. The thi rd possi bi li ty, 

C, contains N or 0 atoms at 2.20 ~ and another shell of N or 

o at 1. 72K. 

At t em p t s we rem a d e t 0 ide n t i f Y the fa 1 s em; n i m a wi t hi n 

thi s set, or to at 1 east establi sh a preferred mi ni mum. All 

three of the minima are of comparable quality, so that 

discrimination among them is not possible on that basis. 

For these minima, some parameter values are near or at limits 

considered physically acceptable. However, elimination of a 

fi t on thi s basi s could be in error, because for these 

cases, the fit quality often remains quite acceptable after 

forcing the parameter back inside its limit. This behavior 

is characteri sti c of the observed shallow nature of the 

mi ni rna. 

A conservative evaluation method has been described to 

ai din the analysi s of EXAFS data that exhi bi t probl ems 

associated with unresolved shells [32]. The number of 

scatterers in each of the two shell sis fi xed, and a fi t to 

the data performed by mi ni mi zi ng wi th respect to all of the 

other parameters. An array is then constructed by fixing the 

number of atoms at other values, and contours of the minima 
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are constructed. A locus of points can then be identified 

by designating regions for which all parameter values remain 

within acceptable values. Well behaved data will exhibit 

mi ni rna wi thi n such a locus, and thus fal se mi ni rna can 

sometimes be identified. In addition, the relative depth of 

the minima can be observed and used along with locus 

boundaries to assign ranges to parameter values. 

Plots of loci for the three minima of reduced T. 

thermophilus SOD are shown in figure 11. For minimum A, 

(fi gure Ila) the mi ni mum li es between an overall 

coordi nati on of 4 and 5 atoms, and i s contai ned ina fai rl y 

well-defined locus of acceptable parameter values. A range 

of 3 to 4 atoms of N or 0 are defined by the locus 

boundaries, and 1 to 2 atoms of sulfur are contained by a 

locus boundary and the steeply rising wall of the minimum. 

Minimum 8 (figure lIb) is more shallow and lies at a total 

coordination of 6-7 atoms. It lies on the edge of a 

parameter locus boundary in a way that excludes any fit to 

less than 7 atoms. A range of 3 to 6 atoms of N or 0 in the 

fi rst shell and 3 or more atoms of 0 or N for the second are 

indicated, making this minimum very indeterminate as to its 

c om p 0 sit ion • Mi n i m urn C (f 1 g u r e 11 c) i s well con t a i ned ina 

locus of acceptable parameter values, and is centered 

between a 4 and 5 coordinate structure, although anywhere 

between 3 and 5 atoms 1 n the fi rst shell and 1 to 3 atoms in 

the second give acceptable fits within the locus. 

An esti mate of the preci s1 on in the li gand di stances 

/J 



141 

Figure 11. Fitting contours for the three minima (A-C) 

of figure 10 for reduced Mn SOD from T. thermophi lus. On 

each axi s are the corrected number of atoms in the two 

shells of the fits used to construct the contours. The 

numbers within the graph are the FCN values obtained for each 

fit ~th the cor~esponding number of atoms fixed. Thus, the 

di agonal li nes represent exact coordi nati on by 4, 5, and 6 

total atoms. The areas i nsi de the heavy lines (shaded 

areas) are the loci of fi ts for whi ch all fi tted parameter 

val u e s rem a i ned wi t hi n a c c e pta b 1 eli mit s • The s eli mit s we r e ; 

a b) -0.03<a(0.0, -20.0<AE o<20.0 and -17.0«AE o - AEo <17.0. 
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observed· at a given minimum can be provided by stating the 

range of values observed for all of the fits within the 

locus. The parameter values at the minima and their 

estimated ranges aregiven in table 2. 

3. Iron Substituted SOD from T. thermophi1us 

In view of the similarities in physical properties and 

amino acid sequences between Mn and Fe superoxide 

dismutas~s, it would be of great importance to discover what 

differences, if any, exist in metal coordination between the 

forms. Of re1 ated importance is the requi rement for the 

' na tura1 1 metal observed inmost SODs for whi ch metal 

replacement has been successful. We have obtained EXAFS data 

for T. thermophi1us SOD in which manganese was replaced by 

Fe in order to determine whether it goes into the native 

manganese si tee 

Successful metal replacements in many superoxide 

di smutases have not been possi b1e. We were unable to use 

established methods for metal replacement using the T. 

thermophi 1 us enzyme wi thout preci pi tati on upon reducti on of 

the urea concentration, but were successful in using a 

modification in the refolding procedure employing a slow 

dialysis out of glycerol solution. Reconstitution of the 

apo-enzyme with Mn gave a protein containing 0.74 

Mn/subuni t. Thi s enzyme regai ned the purp1 e color and 

spectral properti es cha.racteri sti c of nati ve SOD and showed 

a hi gh speci fi cacti vi ty. As expected, the Fe-reconsti tuted 

enzyme, contai ni ng 0.53 Fe/subuni t and no detectable Mn, was 



Table 2. EXAFS Structural parameters for manganese SOD and iron sUbstituted manganese SO~. 
Parameters were obtained from two shell fits to the first Fourier-filtered scattering peak. 
Parameter ranges were obtained from the boundarlesof fit loci (see text). 

Shell 1 Shell 2 

Sample Fit Total coord. Atom type , range R1 range type , range R2 range 

T. thermophilus A 4-5 N 3.0 3-4 2.01 2.00-2.04 S 1.2 1-2 2.32 2.28-2.33 
(Reduced) 

8 7-8 N 4.4 3-6 2.03 2.03-2.04 0 2.9 3-1 2.46 2.45-2.47 

C 4-5 N 3.0 3-5 2.20 2.14-2.21 N 1.1 1-3 1.72 1.65-1.76 

T. thermophl1us A 3.5 N 2.1 1.89 S 1.4 2.21 

Fe substituted 
8 7.7 N ,3.8 1.91 0 3.9 2.35 

C 4.0 N 3.3 2.07 N 0.7 1.61 

S. cerevisiae A 2-3 N 1.5 1-2 1.95 1.95-1.97 S 0.7 1-2 2.32 2.29-2.37 

(Native) 
8 4-5 N 2.1 2-3 1.97 1.96-1.98 0 1.8 1-3 2.46 2.41-2.50 

C 3-5 N 2.3 2-4 2.13 2.06-2.13 N 0.6 1 1.67 1.62-1. 71 

'Shell 1 
'Shell 2 

2.5 

1.5 

2.7 

1.5 

1.0 

4.7 

2.1 

1.2 

3.8 

-" 
~ 
0'1 
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pale yellow-brown in color and showed an activity of less 

than 3% of the Mn reconstituted control. The low 

temperature EPR spectrum of the Fe substi tuted protei n is 

shown in figure 12. A large symmetric signal is seen at 

g=4.3in addition to weaker components at g = 5.28, 4.93, 

3.88, and 3.59. The g values of the weaker signals are 

quite simi 1ar to those reported for active Fe SOD [33], 

while the principal g = 4.3 signal is very similar to that 

observed for Fe SOD inactivated wi th H202 [34]. 

The k 3 wei ghted EXAFS data and fourier isolate of the 

major fouri er transform peak for Fe substituted SOD i s 

presented i n fi g u re 13. The best si ng1 e-she11 fi t to these 

data was wi th N or a atoms and, 1i ke the case for the Mn 

enzyme, was inadequate. Two-shell fits were performed, and 

three minima of good quality were found which correspond 

very closely with those obtained for the Mn form. These 

fits are presented in figure 14, and di stances and numbers 

of atoms are included in table 2. Exami nati on of table 2 

shows that the only significant differences between the 

correspondi ng fi ts to the Mn and Fe substututed SOD i s a 

consi stent 0.1 ~ shorter di st.ance for the Fe sample. Thi s 

i sen t ire 1 y con sis ten t wi t h the expected contraction of 

1i gand di stance if the enzymes contai ned Fe+ 3 and Mn+2 

centers respectively. 

4. Manganese SOD from S. cerevi si ae 

In order to examine the coordination site of SOD from 

distantly related organi sms, we have collected EXAFS spectra 



Figure 12. X-band EPR spectrum for 

manganese SOD from T. thermophilus. 

concentration was approximately 0.5 mM. 
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Fe-substituted 

The protei n 
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Figure 13. K3-weighted EXAFS (solid line) and fourier-

isolated major scattering components (dotted line) for Fe 

sUbstituted manganese SOD from T. thermophilus. 
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Fi gure 14. The three best two-shell fi ts to the k3 _ 

wei ghted fouri er-fi 1 tered EXAFS of Fe substi tuted SOD from 

T. thermophilus. Fits were performed on data between k = 
0-1 3.5 and 11.0 A • 

.<. 
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for Mn SOD isolated from S. cerevi si ae. The K2 weighted 

EXAFS data and fouri er i sol ate are presented in fi gure 15 

for nat i ve (0 x i di zed) yea s t SOD e 0 a taw ere a 1 soc 01 1 e c ted 

for yeast enzyme in 

presented in figure 16. 

the presence of 20 mM N3- and are 

Only a 1; mi ted data set for thi s 

form was obtained. Comparison of these two data sets 

i ndi cates that d; fferences in the EXAFS ampli tude envelope 

may exist, but not in the phase. However, the N3- data do 

not extend far enough for meani ngful fi tti ng analysi s. 

The best si ngl e shell-fi t to nati ve yeast SOD data is 

shown in figure 17, demonstrating again the inadequate 

nature of a si ngl e-shell descri pti on. Three two-shell 

minima were found for yeast, roughly corresponding to minima 

A, Band C for the other two forms investigated. These fits 

are presented in figure 18. Examination of the parameters 

g i v e n wi t h the s e fit sin d i cat e that si gni fi cant di fferences 

exist in the number of coordinating atoms 

minima and those given previously. 

between these 

To exami ne the si gni fi cance of these di fferences in the 

yeast EXAFS, fi t loci were constructed .. These are presented 

in figure 19 for the minima labeled A, B and.C. Unli ke the 

case for the prokaryotic enzyme, the locus for minimum A 

(figure 19a) is nearly non-existent. The minimum itself is 

centered at a total coordination number between 2 and 3, and 

only a narrow sliver of this region represents fits to 

acceptable parameter values. A range of only 1 to 2 atoms 

of N or 0 in the 1st shell are i ndi cated and 2 or fewer 
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K2_wei ghted EXAFS (soli d) and fouri er-Fi gure 15. 

fi 1tered major scattering peak (dotted) for manganese sao 

from S. cerevisiae. 
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Fi gure 16. K2_wei ghted EXAFS (soli d) . and fouri er-

fi ltered major scatteri ng peak (dotted) for manganese SOD 

from S. cerevi si ae in the presence of 20 mM NaN 3• 
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Figure 17. One-shell fit to the k2-weighted fourier-

fi ltered data between k = 3.5 and 12.0 a- 1 for nati ve 

manganese SOD from S. cerevi si ae. 
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Fi gure 18. Three two-shell fi ts to the fouri er-fi ltered 

k 2 data for native manganese SOD from S. cerevisiae. 
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Figure 19. Loci 

fitting contours for the 

cerevi si ae Mn SOD. For a 

figure 11. 
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of minima (A-C) constructed from 

three minima of figure 18 for S. 

description of the contours, see 
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atoms of S in the second. No fit to more than 3 total atoms 

i s possible wi t hi n estab1i shed 1 i mi t s of the parameters. In 

particular, the regi on at the global mi ni mum i s 

characteri zed by fi t s i n whi ch values of A Eo for the two 

scatteri ng shells are di fferent by 20 eV or more. Also at 

variance with the prokaryotic enzyme, minimum B (figure 19b) 

contains a broad well-defined minimum centered around a 4 or 

5 coordinate structure within a large region of acceptable 

fits. A range of approximately 2-3 N or 0 atoms in the 1st 

shell and 1-3 atoms of 0 or Ni n the second is i ndi cated. 

Minimum C in figure 19c is centered about a 4-coordinate fit 

and inside a long narrow locus, so that the first shell may 

be composed of 2-4 atoms of N or 0 and 1 atom of N or 0 in 

the second. These results are summarized in table 2. 

5. Veri fi cati on of Su1 fur Transferabi 1i ty for a Model 

Complex 

The questi on of phase and amp1i tude transferabi 1i ty 

di scussed in chapter 2 should be considered whenever 

possi b1e. Thi s issue is most acute when usi ng theoreti cally 

derived functions or for empirically derived values in which 

the model complexes are chemically distinct from the 

structure under study. The exi stence of ni trogen, oxygen 

and/or sulfur ligands has been implicated in superoxide 

di smutase. Adequate fi tti ng resu1 ts have been obtained by 

our methods for Mn+2 and Mn+ 3 comp1exs containing nitrogen 

and oxygen 1i gands in common chemi cal forms [35] (see al so 

chapter 3). A protei n envi ronment can be expected to 
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contri bute either a thi 01 ate· or thi o-ether sulfur 

coordi nati on. Although thioether manganese complexes 

sui table for EXAFS transferabi 1i ty tests are not avai 1ab1e, 

we have examined a Mn+2 thiopheny1ate comp1 ex for thi s 

purpose. The complex Mn+ 2(S-Ph)4- 2 provided by D. 

Coucouvanis contains 4 sulfur atoms in a tetrahedral 

geometry with an average Mn-S distance of 2.442 ~ and an rms 

spread of 0.015 ~ [36], and is therefore an ideal EXAFS model 

complex for sulfur phase and amplitude information. 

The best single shell fit to the k3 weighted EXAFS data 

for this complex is presented in figure 20. It is a fit to 

sulfur and is considerably better than any fit obtained 

with other elements. In addition, the predicted Mn-S 

dis tan ceo f 2 • 4 3 ~ i sin ex c ell e n tag r e em e n t wi t h the 

crysta 1 structure val ue, and requi res a factor of 1. 96 

amplitude correction to give the correct coordination 

number. Most importantly, the phase and amplitude match to 

the data is excepti onal, i ndi cati ng that the theoreti cal 

functions used for sulfur are completely transferable for 

thi s comp1 ex. 
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Figure 20. One-shell fit to the k3-weighted EXAFS data 

for the Mn(S-C 6HS)4(P(C 6HS)4)2 complex. Data from k = 3.S to 

11.0 ~-1 were used in the fit. 
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IV. DISCUSSION 

The x-ray K-edge data have provided valuable information 

concerni ng the metal si tes of Mn superoxi de di smutase. The 

inflection positions and magnitude of ~dge shifts reported 

for enzymes isolated from both prokaryotic and eukaryotic 

organi sms fi rmly establi sh metal oxi dati on states of +2 and 

+3 for the reduced and nati ve forms, respecti vely. Thi s 

assignment is supported by the ability to simulate the low 

temperature EPR signal of the reduced enzyme with an 

electron spin of 5/2 and a nearly axial zero-field splitting 

tensor. 

The absence of a change in the shape of the edge upon 

reduction indicates that very little structural changes 

occur during cycling of the enzyme. It may be that the only 

important structural factors imposed by the enzyme are those 

that define a needed redox potential. Potentials have been 

determined for a number of Mn and Fe di smutases and are all 

found to be very close to +260 mV [17]. Thi s value is 

optimally placed, because it is roughly midway between the 

potentials for superoxide oxidation to O2 and reduction to 

H202 • 

The presence of a weak lIs-3d I transi ti on for nati ve and 

reduced forms strongly implicate a distorted structure that 

lacks inversion symmetry. This feature is not observed for 

completely symmetric Mn+ 2 complexes. Treatment of the yeast 

enzyme wi th H202 does not alter thi s feature and thus 

appears simply to result in metal reduction. Thi sis 
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consi stent with the fact that H202 does not i nacti vate Mn 

SOD [31]. On the other hand, the presence of the weak 

i nhi bi tor N3 - affects the di sappearance of thi s feature, 

; ndi cati ng an a 1 terati on in meta 1 coordi nati on. Thi sis not 

inconsistent with observati onal di fferences in the EXAFS 

data. 

EXAFS analysi s provi des three sol uti ons for the Mn SOD 

site structure. One of these, minimum C, contains 3 to 5 

atoms of nitrogen (or oxygen) at 2.20 X and 1 to 3 nitrogens 

(or oxygens) at 1.72 X for the reduced prokaryotic sample, 

and predicts for the native eukaryotic enzyme 2 to 4 

nitrogen (or O) ligands at 2.13 ~ and 1 atom of nitrogen (or 

oxygen) at 1.67 ~. From a chemical standpoint, this 

structure is hi ghly unusual because of the 1. 7 ~ di stance, 

which is shorter than most Mn-N and Mn-O bond lengths by at 

least 0.2 ~. Proton spin relaxation data [16] have 

implicated a water molecule in the inner sphere coordination 

of Mn SOD from E. coli. It is possible that the ligand 

i ndi cated at 1.7 A represents di rect water coordi nati on at a 

shorter than normal di stance. 

It i s assumed, however, that thi s 1.7 l di stance i s 

unreasonably s h 0 rt , and a sit u a t ion a ri s e s in which 

different structures seem to be indicated for the two Mn 

enzymes studied. For the T. thermophilus enzyme, structure 

A, containing 3 to 4 N or 0 atoms at 2~01 ~ and 1 to 2 sulfur 

ligands at 2.32 X is favored over structure B containing 3-6 

N or 0 ligands at 2.03 ~ and 3 or more 0 or N atoms at 2.46 



.. 

177 

o 
A. Even though minimum 8 exhibits a large spread of 

possi bl e coordi nati on number, it cannot be reduced to 1 ess 

the 7 atoms without exceeding parameter limits. The yeast 

E X A F S d a t aim p 1 i cat e two simi 1 a r s t r u c tu res, 0 n e ( A) wi t h 1 
I) 

to 2 N or 0 scatterers at 1.95 A and 1 to 2 S atoms at 2.32 
o K, and the other (8) with 2 to 3 N or 0 at 1.97 A and 1 to 3 

o or N atoms at 
/I 

2.46 A. Howe v e r, i tis the 1 at t e r t hat i s 

more strongly supported by these data, because there is no 

well-defined locus of acceptable fits for minimum A. In 

fact, no matter which of the minima are taken, the total 

number of coordinating ligands predicted for that solution 

is considerable smaller for the yeast enzyme. 

Al though di fferent structures may be i ndi cated for SOD 

in T. thermophi 1 us and S. cerevi si ae, a number of factors 

lead one to treat this with some reserve. The physical 

properties of the two proteins are somewhat different due to 

the fact that the prokaryoti c di smutases are di meri c whi 1 e 

those from eukaryotes are tetrameri c, but thei r spectroscopi c 

properti es are very similar. Secondly, the observed EXAFS 

minima for the two enzymes are quite similar in nature, 

excl udi ng di fferences in the number of atoms predi cted. The 

only difference in distances predicted for minima A or 8 

between the two enzymes is the 0.05 K shorter di stance in the 

fi rst shell for the yeast form, a di fference that may be 

expected from the change in oxidation state. 

Exami nati on of the ampli tude rati os for scatteri ng 

shells within a given fit (table 2), demonstrates additional 
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similarities between corresponding fits of different 

proteins. For example, minimum A of the prokaryotic enzyme 

has a shellIto shell 2 amp1i tude rati 0 of 2.5, and thi s 

ratio for minimum A of the yeast enzyme is 2.1. Thus, if 

the two enzymes have di fferent sites, their effect on the 

EXAFS must be small, so that similar sets of minima describe 

both sites. It would then be surprising that the false 

minimum for one enzyme so closely resembles the correct 

minimum for the other. 

Fi nally, compari sons of edge spectra should be 

considered, where evidence both for and against a structural 

difference can be found. The general edge features are 

quite similar. The weak '1s-3d ' transition is observed for 

both enzymes and the splitting of the '1s-4p' transition at 

the edge peak which ;s clearly seen in the yeast data, is 

also evident in the reduced T. thermophi1us sample. 

However, it should be noted that the edge positions for the 

prokaryotic samples occur to lower energy than for yeast by 

0.57 an~ 0.77 eV in native and reduced forms respectively. 

Thi s shi ft i s deemed si gni fi cant and is i n fact consi stent 

wi th the di fferi ng structures proposed by EXAFS, should they 

be real. The change in coordination charge between a 

structure contai ni ng 4 ni trogen 1i gands and one contai ni ng 3 

. ni~rogens and 1 sulfur would result in a predicted edge 

shi ft of 0.59 eV [29], very close to that observed. Thus the 

edge data could accommodate such a ligand substitution if 

the site geometry were not greatly altered. 
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The EXAFS data for iron substi tuted T. thermophi 1 us SOD 

strongly i ndi cate that the i ron enters into a coordi nati on 

that is very similar if not identical to that in the natural 

Mn form. The only significant difference observed is a 0.1 

A contraction of di stances expected for the Fe+ 3 versus 

M +2 n • This is most intriguing in view of the fact that the 

Fe-substituted protein i s inactive, unli ke the Mn 

reconstituted form. Thus the EXAFS results, coupled with the 

fact that the i ron-substituted enzyme exhi bi ts an EPR 

spectrum that is distinct from natural Fe di smutases, 

suggests that the metal site for active natural Fe SOD 

di ffers in some way from that in Mn SOD. It is proposed 

ei ther that the Fe SOD requi res a di fferent set of li gands 

contri buted by the protein, or that the geomet ri ca 1 

placement of the ligands is different. This alteration may 

be necessary to finely tune the redox potential of each 

metal for optimum dismutase activity. 

Recently, reports have appeared of two Fe dismutases 

t hat are u n,i que i n that they can be successfully 

reconstituted with Mn [37,38]. Both the Fe- and Mn-

reconsti tuted enzymes exhi bi t the spectroscopi c features and 

i nhi bi tor sensi ti vi ti es characteri sti c of the respecti ve 

natural forms. It will be interesting to learn whether this 

ability exhibited by these enzymes is the result of a 

specific flexibility at the metal-peptide site which allows 

different ligating groups or metal-ligand geometry to occur. 



180 

Biochemical Implications 

Any common peptide is capable of providing nitrogen and , 

oxygen 1i gands to metal s. It is si gni fi cant, however, that 

amino aci d ana1ysi s of manganese SOD from B. 

stearothermophi1us contains no cysteine, but 2 methionine 

resi dues [9]. Thus, if the proposed model for the Mn SOD 

si te contai ni ng sulfur is correct, it must contain a 

methionine ligand. Meta1-methinonine coordi nati on i s known 

to occur in some enzymes, e.g. cytochrome c and the blue 
o 

copper centers, although the 2.32 A distance proposed for SOD 

is somewhat shorter than observed for these examples. 

Parti a1 N-termi na1 amino acid sequences are known for 14 

manganese and iron di smutases, and a portion of these 

sequences is reproduced in table 3. There are a number of 

complete or nearly complete conservations in this region, in 

par tic u 1 a r Hi s 26, Hi s 30 and Hi s 31. In addi ti on, thi s 

region of the sequence is strongly predicted to be a-helical 

[3J. This would bring all three of these histidine residues 

to roughly the same face of the helix and may well provide a 

metal ligation site. Most importantly, a methionine residue 

at position 23 (E. coli numbering) is present in all Mn SOD 

sequences except S. cerevisiae. This methionine would also 

project from the same side of the proposed a-helix, and may 

thus be a candidate for metal coordination. 
Q 

Very recently, the crystal structure at 3.1 A 

reso1 uti on for i ron SOD from E. coli has been reported [39]. 

In thi s structure, resi dues 21-40 are indeed observed ina 



Table 3. 

Organis. t.ype aMino acid sequence 

18 r-- r-- r- r---
II. SFhaer01d.a "ft A H D A L A A LG"" K E T PI E Y H H D I H H D A 
r. aquat.1cua "ft P Y E A L E PHI - DAR T rI E I H H Q Ie H H G A 
E. coU "n A Y D A L E P H F - D Ie Q T " E I H H T K H H Q T 

I. at. •• ro. rift P Y D A L E PHI - D Ie E T " H I H H T Ie H H H T 

~h1ck.n liver .'\0. "n D Y G A L E PHI - 5 A E I " Q L H X X K 
~u.aft liver .1\0. "ft D Y G A L E PHI - " A Q I " Q L H X S Ie 

'--

S. cerev'ai.e "ft D F G A L E P Y I - 5 G Q I H E L H V T 
c. viftoau. Fe E Ie " A L E P V I - 5 A E TIE Y H Y G X X H Q T 

C. \h'oaulpha\o. Fe A B B A L Z PHI - X A Z T I G F H Y G Ie H H A A 
P. ovaU. Fe A H D A L Q PHI - S Ie E T LEY H H B Ie: H H N T 
E. coli Fe A Ie: D A L A PHI - 5 A E X lEY H Y G Ie: 

~ 

P. '.'olnat.hi Fe A " H A L E PHI - 5 Q E T L Z Y G Y G Ie H H 8 T 
D. desulphur1cana . Fe A K D A L X P K I - 5 A K T F D F~X G K 
S. plat.ensis F. D Q D ALE 5 5 K PI 5 ANT L 5 Y H H G Ie H H A A 

'--- -.. 

'rom J. l Harris eL al. Ell. J. 8iochem.(1980)106.297 -303. 

--0 

<Xl 
--' 



182 

a-helical conformation, and the histidine at position 26 is 

a ligand to iron. At least 3 additional ligands are present 

and are contributed by other regions of the peptide. 

Al though the substi tut; on of asparagi ne for methi on; ne 

inS. cerev; si ae Mn SOD woul d appear to argue agai nst the 

involvement of this position;n metal binding, the same 

could be sa; d of the known hi sti di ne li gand at posi ti on 26 

w hi chi s rep 1 ace d wi t h g 1 y c i n e i nth e Fe SOD fro m P • 

1 ei ognathi. In fact thi s methi oni ne substi tuti on woul d be 

in perfect accord with EXAFS indications that a sulfur 

coordination at 2.32 K in the prokaryotic enzyme is replaced 

with nitrogen or oxygen ligand(s) at 2.45 ~ in the dismutase 

from S. cerevisiae. The ligand replacing sulfur may be 

contributed by asparagine or a nearby residue. Closer 

examination of the sequence data shows that in every iron 

SOD, thi s methi oni ne i s repl aced w; th ei ther 1 euci ne or 

isoleucine. Whether a ligand or not, it appears that the 

residue at position 23 plays a significant role in the 

determi nati on of metal speci fi ci ty. The absence of a 

potential ligand at thi s posi ti on may indeed serve thi s 

role, and provide the proposed 

coordination by Mn and Fe dismutases. 

di fference i n meta 1 

It is beli eved that 

iron SOD is the more ancient of the two forms. Thus a single 

point mutation in the leu or isoleu codon to produce 

methionine may have served as the diverging point in the 

evolut; on of these closely related classes of enzymes. 

'> 
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CHAPTER 5 

The Nature and localization of the Multi-line EPR Signal 

in Photosynthetic Membranes 

I. INTRODUCTION 

Oxygen evolution by algae and green plants is one of the 

most intricate yet least understood of the light driven, 

electron transfer reacti ons of photosynthesi s. Ki neti c 

studies have established the existence on at least a 

functional level of five states, SO-5 4 , involved in the 

stabi 1i zati on and storage of oxi di zi ng equi val ents generated 

at the photosystem II reacti on center [1]. It is a1 so wi de1y 

held that membrane-bound manganese plays a role in thi s 

process [2J. Of the 4 - 6 manganese per photosynthetic unit 

contained in isolated chloroplast membranes, approximately 

two-thi rds has been observed to be converted to an EPR 

vi si b1e form d u ri n g i nacti vati on of the oxygen evo1 uti on 

complex (OEC) by a number of methods including a1 kali ne Tri s 

washing [3]. It has been proposed that t hi s manganese i s 

released into the aqueous medium of the inner thy1akoid 

space, and that its disappearance upon reactivation of 

oxygen evolution is due to reincorporation of the manganese 
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into the membrane [4,5J. 

More recent studi es, however t have justi fi ed a 

rexamination of the structure and composition of the oxygen 

evolution complex. Some experiments appear to contradict 

earli er work on manganese content, rel ease and requi rements 

in the water splitttng reactions. A study of right-side out 

and inside out spinach thylakoids indicates that manganese 

release by Tris inactivation is not specifically to the 

inside of the enclosed membrane [6]. Both of these 

preparations contained 6-7 Mn per· reaction center, and 50-

60~ of this was removed from the membrane by washing after 

i nacti vati on. Thi s removed manganese was not requi red for 

reactivation to 60~ of original activity. Similar results 

have also been reported for photosystem II preparations from 

spinach prepared by phase-partition methods [7J. Other work 

has shown the specific release of peptides by high salt 

washing [8] and treatment with alkaline Tris buffer [7,9,10J 

t hat are ass 0 ci ate d wi t h the fun c t ion a 1 s tab; 1 ; t y 0 f the 0 E C • 

Although reconstitution with one of the released peptides 

has been shown to restore oxygen evolution in depleted 

membranes [8], none of these peptides appears to contai n 

manganese as isolated. 

On the other hand, more evi dence for the di rect 

involvement of manganese has been provided with the 

discovery of a light-induced EPR signal observed at low 

temperature in spi nach chl oropl asts [11]. Thi s si gnal , 

containing 19 or more lines, was assigned to a manganese 
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species on the basis of its hyperfine splittings. Simulation 

of the hyperfi ne structure is consi stent wi th a weakly 

exchange-coupled Mn(III,IV) binuclear or' Mn(III,III,III,IV) 

tetra-nuclear manganese center [12]. The simulations of the 

latter more closely resemble the observed spectra. The 

temperature dependence for the light-induced formation and 

subsequent decay of thi s si gnal i ndi cates that the si gnal is 

correlated with the presence of the S2 state of the OEC [13]. 

Studies on whole chloroplasts have shown that treatments that 

effect oxygen evolution, including alkaline Tris washing, 

cause the di sappearance of thi s si gna1 [14]. It wa s 

concluded that the signal arises from the OEC because 

restorati on of PSII electron flow usi ng arti fi ci a1 donors 

could be accomplished without the return of the signal. 

It is not known, however, whether the signal can be 

generated i n inactivated preparations in which water 

oxidation has been restored. Even though the nature of the 

Tri s releasable fracti on of manganese i s agai n 

controversial, it would be of great interest to determine 

w he the r the E P R s i g n a 1 s p e ci e s res ide s wi t h t his f r act ion, 0 r 

that which remains bound to the membrane after extraction. 

We have i nvesti gated the behavi or of thi s si gna1 duri ng Tri s 

inactivation and reactivation procedures to determine whether 

it correlates with oxygen evolution capacity, manganese 

content or both. Such experiments could be important in 

deciding whether the signal species is a direct participant 

in e1 ectron transfer or serves in another anci 11i ary ro1 e. 
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The physical nature of the EPR signal species and the 

structural factors that determine its appearance are also not 

clear. The signal may arise from photo-oxidation of a 

manganese complex. It could also arise by oxidation of a 

nearby species, causing an uncoupling of spin states, changes 

in spin relaxation properties, or simply a geometrical 

perturbati on of the manganese envi ronment. We have addressed 

these questions by examination of the X-ray K-edge 

fluorescence excitation spectra of photosynthetic membranes 

under condi ti ons that exhi bi t thi s EPR si gnal. Thi s 

t e c h n i que can be use d to c h a r act e ri z e c han g e sin man g a n e s e 

ligand geometry and electronic structure [15,16] that 

accompany S state conversion. 
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II. MATERIALS AND METHODS 

Broken chloroplasts were prepared from destemmed market 

spinach by grinding in a Waring blender for 10-15 s at 4°C in 

a buffer contai ni ng 0.4 M NaCl, 20 mM Tri ci ne (pH 8.0), 2 mM 

MgC1 2 and 5 mM EDTA. The homogenate was strained through 8 

layers of cheesecloth and centrifuged at 4°C for 10 min. at 

6000xg. The pellet was resuspended in 0.15 M NaCl, 20 mM 

Tri ci ne (pH 8.0), and 5 mM MgC1 2 and spun at 500xg for 30s. 

The supernatant was decanted through a Kimwipe and 

centrifuged at 6000xg for 10 min. The pellet was washed in 

the resuspension buffer and pelleted as above. Thi s 

chloroplast pellet was suspended in the appropriate measuring 

or treatment buffers for use. 

Preparation of oxygen-evolving PSII sub-chloroplast 

membranes was done by one of two published methods [17,10], 

with the exception that all buffers used were based on 50 mM 

MES (pH 6.0), 15 mM NaCl and 5 mM MgC1 2• 

Tris inactivation of chloroplast or PSII preparations 

was accompli shed by suspendi ng chl oropl asts in 200 mM Tri s 

(pH 8.5) and 1 pM gramicidin D. The mixture was incubated in 

ambient light at 4°C, while O2 evolution activity 

measurements of aliquots were performed. When the activity 

had declined to 20~ of control rates (approximately 40 min.) 

the inactivation was quenched by adding 0.1 M HCl to achieve 

pH = 7.6. Membranes were recovered by centrifugation at 

6000xg for 10 min., and washed in 0.4 M sucrose, 50 mM HEPES 

(pH 7.6), and 10 mM NaCl for chloroplast samples and in 50 mM 
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MES (pH 6.0). 

preparati ons. 

15 mM NaCl 

Reacti vati on 

and 5 

of O2 

mM MgC1 2 for PSII 

evolution activity was 

accompli shed by suspensi on in the above buffers contai ni ng 

0.3 mM DCPIP and 2 mM ascorbate. followed by incubation in 

ambient light. After recovered O2 activity had reached a 

plateau (approximately 40-60 min.). the membranes were 

collected by centrifugation. 

Rates of oxygen evolution were measured using a Clark-

type oxygen electrode biased at -0.6 V vs. Agi AgCl. 

Illumination was with a 200 W quartz lamp filtered with 

Corning 3-68 and 1-56 glass filters. Samples were suspended 

to 20-30 ~g Chl/ml in 50 mM HEPES (pH 7.6). 20 mM NaCl, 5 mM 

MgC1 2 , 1 ~M gramicidin D. and 2 mMK3Fe(CN)6/K4Fe(CN)6 for 

chloroplasts. and in 20 mM MES (pH 6.0), 20 mM NaCl. 5 mM 

MgC1 2• 500 ~M DMBQ and 2 mM K3Fe(CN)6/K4Fe(CN)6 for PSII 

membranes. Chlorophyll concentration was determined by the 

method of Arnon [18]. 

EPR measurements were performed on a Varian E-109 

spectrometer· equi pped wi th a model E102 mi crowave bri dge. 

Sampl es were run at 10 - 12° Kin an Ai r Products li qui d 

helium cryostat at a· microwave frequency of 9.12 GHz and 

usi ng 100 KHz fi el d modul ati on. 

are provided with figure legends. 

temperature EPR was determined 

Other instrument settings 

Manganese analysi s by low 

by measurement of the 

amplitude of the lowest field hyperfine transition of 
+2 M n ( H20 ) 6 ins amp 1 e s d i 1 ute dol : 1 wi thO. 1 M H C 1 and 

calibrated against controls in the same buffer contai ni ng 
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Mn+ 2 as an internal standard. Thi sis important because the 

si gnal ampli tudes are somewhat sensi ti ve to the type and 

concentrati on of buffers used. As wi 11 be di scussed in 

chapter 6, we have observed that not all forms of Mn+2 in 

photosynthetic membranes exhi bi t the g=2 EPR si gnal. 

Another si gnal occurri ng at low magneti c fi elds is observed 

at low temperature ( <77°K) and is attributed to Mn+2 bound 

to membrane protein components. None of the acid digested 

samples reported exhibited this EPR signal. Measurements of 

the multi -li ne EPR si gnal were made by suspendi ng sampl es at 

2-5 mg Chljml in buffer containing 50% glycerol. Samples were 

incubated at 4°C for specified times in complete darkness 

before equi li brati on at -90°C ina Vari an V 6040 NMR 

temperature controller and illuminated with a 400 W tungsten 

lamp through a 5 cm water filter. After illumination, 

samples were immediately frozen and stored at 77°K. All 

signal intensities were corrected for EPR tube volume. 

X-ray absorption edge spectra were collected at the 

Stanford Synchrotron Radiation Laboratory, Stanford, CA. on 

wi ggler beam 1i ne VII-3 duri ng dedi cated operati on (3.0 GeV 

electron beam energy, 60-80 rna current) and usi ng a Si <111> 

double crystal monochromator. The ratio of the fluorescence 

and incident intensities were measured using an NE104 plastic 

scintillation array similar to that described by Powers et 

a 1. [ 1 9] , and e qui P p e d wi t h C r flu 0 res c e n c e f; 1 t e r san d 

soll er sli t assembly [20]. Energy cali brat; on was mai nta; ned 

by simultaneous measurement of the reference pre-edge feature 
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of KMn0 4 at 6543.3 eV [21]. 

X-ray absorption samples were prepared by layering 

pell ets of spi nach PSI I membranes in 50% glycerol, 50 mM MES 

(pH 6.0), 15 mM NaCl and 5 mM MgC1 2 at approximately 8 mg 

chl/ml (100-200 pM Mn) into narrow lucite sample cells with 

an open cavity of dimensions 5x30x2 mm. Dark adaptation, 

ill umi nati on and EPR measurements were carri ed out di rectly 

in these sample cells. The exact 

illumination protocols are described with 

i ncubati on and 

the results. 

During X-ray measurements, samples were suspended in a 

jacketted N2 boi l-off jet mai ntai ned at -80 to -1000 C i n 

semi-darkness. After pre-edge background subtraction, the x

ray edge position was taken as the inflection point of the 

edge. This was calculated by fitting a quadratic polynomial 

to each point in the spectrum over a fixed 8 eV energy region 

evenly spaced about the point. The derivative of the fitted 

polynomi al was taken as an approxi mati on to the true fi rst 

deri vati ve at that poi nt. 
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II 1. RESULTS 

Multi -li ne EPR si gnal in PSII preparati ons 

The assignment of the multi-line EPR signal to a species 

i nvol ved in water oxi dati on effecti vely requi res that it be 

observab1 e in acti ve PSI I preparati o'ns 1 acki ng PS I. Such a 

si g n a 1 has bee nob s e r v e d for PSI I par tic 1 e s 0 f P. 1 ami nos u m , 

a1 though its presence was not enti rely reproduci b1 e [22]. 

Under intense continuous illumination for 30 s at -90°C and 

in the presence of buffer containing 50~ glycerol we easily 

observe thi s si gna1 for the Tri ton X-IOO PSII preparati ons 

from spinach. This is shown as part of figure 1. It is 

interesting that the generation of this signal is completely 

reproducible provided that dark adaptation times in excess of 

30 min. at O°C are given prior to illumination. It has been 

reported that the S3 relaxation time for t hi s PSI I 

preparation is approximately 400 s at 23°C, and that 

deacti vati on of \. is a1 so exceedi ng1y slow [23]. If thi s 

is correct, dark adaptation for 5-10 min at O°C, which is 

the normal protocol for spinach chloroplasts, would be 

i nsuffi ci ent. Thi s may exp1ai n the unusually long dark 

adaptati on ti mes necessary for the consi stent generati on of 

the signal in this material and the difficulties experienced 

in other preparations. 

Effects of Tris Inactivation and Reactivation on the State of 

Manganese 

Chloroplast membranes i sol ated in high salt and 

uncoupled with 1pM gramicidin were Tris washed under mild 
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conditions [7] allowing the process to be monitored. The 

i nacti vati on was quenched by reduci ng the pH to 7.0 when the 

activity had dropped to 20% of that observed initially. The 

course of the reacti vati on of oxygen evol uti on in the 

presence and absence of 10 mM Mn+ 2 was also monitored. 

Quantities of Mn+ 2 observed by EPR after acid digestion and 

oxygen evolution rates for these samples are presented'i n 

table 1. In agreement with recent studies [6,7], we observe 

a loss of 58% of membrane bound manganese to a value of 2.8 

Mn/400 Chl associ ated wi th 75-80% i nacti vati on. React; vat; on 

to 60% of the original activity can be accomplished with 

reduced OCPIP in the absence of added manganese. Ouri ng thi s 

process the observed quantity of Mn+2 falls further to 21% of 

the ori gi nal, 1 eavi ng only 1.4 Mn/400 Chl. Al so noteworthy 

is the observation that the presence of Mn+ 2 in the 

reacti vati ng medi urn causes a variable but si gni fi cant 

stimulation of reactivation. Because of a large amount of 

unspecifically bound Mn that could not be washed free for 

these reacti vated membranes w; thout si gni fi cant loss of 

activity, it was not possible to obtain a meaningful Mn 

content. After 30 s of continuous illumination at -90°C, the 

multi -line EPR spectrum was observed for control samples, but 

no trace of thi s si gnal was seen in the Tri s-treated or 

reacti vated sampl es. 

S i mil a r res u 1 t s we reo b s e r v e d wi t h the PSI I pre par a t ion • 

Even partial inactivation to 35% of control rates completely 

aboli shed the EPR spectrum. For thi s sample vi rtually 100% 



Table 1. Tris inactivation/reactivation of s~inach chloroplasts. 
O2 evolution rates and quantities of Mn+2 observed by EPR after acid 
digestion are shown for active and Tris-\':ashed chloroplast membranes. 
Also shown are Tris-washed membranes reactivated in the presence and 
absence of 10 roM MnC1 2• Conditions for Tris inactivation and 
reactivation are descrived in Materials and Methods. The multi-line 
EPR signal was observed only for the active control samples. 

Mn+2 observed 
by EPR by acid 
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02 rate digestion. Multi-line EPR 
Sample (""moles 02/mg Chl hr) (per 400 Chl) + observed,-not 

Expt 1 Expt 2 Expt 1 Expt 1 Expt 2 

active chloroplasts 240 (100%) 106 (100%) 6.7 (100%) + + 

Tris treated .. 60 ( 25%) 20 ( 19%) 2.8 ( 42%) - -
Reactivated _Mn+2 139 ( 58%) 60 ( 57%) 1.4 ( 21%) - -
Reactivated +Mn+2 211 ( 88%) 67 ( 63%) -

." 
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reacti vati on was achi eved after a 45 mi n. i ncubati on in 

ambient light and in the presence of 0.3 mM DCPIP and 2 mM 

ascorbate, yet the multi-line EPR si gna1 was not observed 

{fi gure 1}. 

X-ray Absorption Experiments 

We have measured the x-ray absorption k-edge for spinach 

PSI I preparati ons for dark adapted and for ill umi nated 

samples exhibiting the multi-line EPR signal. The samples 

used had high rates of oxygen evolution {526 pmo1es of 02 mg -

1ch1-1hr-1 at pH 6.3 with DMBQ as acceptor} and a manganese 

content of 0.0143 Mn/ch1. This corresponds to 3.6 Mn per 

reaction center assuming a photosynthetic unit of 250 Ch1 

[24]. Sample A was prepared in state S1 by illumination for 

60 s at _90°C followed by dark adaptation for 1 hr at O°C. 

This pre-illumination was given in order to reduce the So 

con c e n t rat ion w h i c h w 0 u 1 dot her wi s e be pre sen tin abo u t 25% 

of the OEC centers. Samples Band C were prepared in state 

S2 by fi rst generating S1 according to the above procedure 

followed by 60 s illumination at -90°C. For sample 0, an 

attempt to generate S3 was made in which S2 was prepared as 

above, followed by warming the sample inthe dark for 5-10 s 

to 0° C. This was then illuminated for 60 s at -90°C. All 

samples were immediately frozen and stored at 77°K. 

The S3 protocol was based on the assumption that only 

one equivalent is transferred at -90°C because reoxidation of 

Q- is blocked. Any additional excitation reaching the 

reacti on center would result in rapi d charge recombi nati on 
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Fi gure 1. Multi -li ne EPR spectra observed for spi nach 

Triton-X100 PSII preparati ons. Treated and untreated 

membrane samples were suspended to 4 mg chl/ml in 50 mM MES 

(pH 6.0), 15 mM NaCl, 5 mM MgC1 2 and 50% glycerol. Dark 

adaptati on and ill umi nati on protocol s are descri bed in 

materials and methods. EPR specta were recorded at 9.19 

GHz, 100 mW microwave power, and using a 100 KHz field 

modulation of 32 G. Sample temperature was 12°K, and the 

recei ver gai n (4 x 10 3 ) was the same for all spectra. The 

trace for dark adapted PSII membranes is shown inA, and for 

the same membranes after 30 sc 0 n tin u 0 us i 11 umi nat i on at 

-90°C in B. Tris inactivated PSII membranes (giving 35% of 

control O2 evolution rate) are shown in C, and after 

react; vat; on to 100% of control acti v; ty ; n D. For both C 

and D, the sam p 1 e s we r e' dar k a d apt e dan d the nil 1 urn ina ted 

exactly as described for sample B. 

'. 



dX 

cjH 

Spinach PSI! Mulli-line EPR Signals 

, 

2700 2900 3100 

, 

D 
Reaclivaled. iIIuminaled 

C 
Tris washed. iIIuminaled 

B 
30 sec. ilium. al -90°C 

A 
Dark adapled 

3300 3500 3700 3900 

Magnetic Field (Gauss) 

199 



200 

between P680+ and I-. At O°C the reoxidation of Q~ i s 

faster than S2 re1axati on, so that bri ef warmi ng to thi s 

temperature may prepare the reaction center for another one

equi valent transfer. 

EPR spectra were recorded for samples A-D prior to x-ray 

absorption measurements. Figure 2 shows the absence of the 

mu1 ti -li ne si gna1 in the Sl sample, its presence in the two 

S2 samples and a significant reduction of the amplitude for 

the S3 sample. Th~ amplitudes of the EPR signals measured 

before and after x-ray data collection are presented in table 

2. Only samp1 e B showed a si gni fi cant change in si gnal 

amplitude. No effects on the signal amplitude after repeated 

cycling between the storage temperature of 77°K and the 

measurement temperature of 175°K was observed for control 

samples. 

It is di ffi cult to prepare x-ray absorpti on sampl es of 

photosynthetic membranes that have been uni form1y 

i 11 u min ate d wi t h sat u rat i n g 1 i g h t because of the ~arge 

d iff e re n c e i n t he s am p 1 e a b s 0 r ban c e at vi sib 1 e and x - ray 

wavelengths. The minimum manganese concentration requi red 

for an edge experiment requi res chlorophyl 

concentrations of about 10 mM. At thi s concentrati on, 

approximately 90% of an incident actinic illumination at 500 

nm is absorbed in the first 0.1 mm of the sample. Three 

c~ucial factors were necessary in order to perform these 

experiments sucessfu11y. The use of membrane preparati ons 

1acki ng PSI is of ai din that the photosyntheti c uni t si ze 
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Figure 2. Multi-line EPR spectra observed for x-ray 

absorption edge samples of spinach PSII sub-chloroplast 

membranes. Samples were pellets (approximately 8 mg chl/ml) 

centri fuged out of the buffer of fi gure 1. EPR spectra wer-e 

recorded at 14°K, usi ng 100 mW mi crowave power at 9.22 GHz 

anda 100 KHz field modulation of 32 G. Illumination 

protocol s for the vari ous S states are descri bed in the 

text. The samples are; sample A, Sl; sample B, S2; sample 
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Table 2. Multi-line EPR amplitude for X-ray edge samples of spinach 
PSII membranes. EPR amplitudes before and after XAS were calibrated 
with an S2 sample that was not exposed to the X-ray beam. 

Sample MLS amplitude (arbitrary units) 
Before XAS After XAS 

A (Sl ) 1.5 1.7 

B (S2) 5.5 2.9 

C (second S2) 4.0 0.0 * 

o (S3) 2.0 2.3 

* This is Sample E (Relaxed to Sl). 

203 
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is smaller, and therefore a greater fraction of the incident 

illumination is channeled into PSI!. Secondly, in addi ti on 

to p rovi di ng increased si gna 1-to-noi se, fluorescence 

detection techniques are more surface sensitive because of 

strong self absorption. 90~ of the fluorescence signal 

ari ses in the fi rst 0.5 mm of a water contai ni ng samp1 e at 

6.5 KeV. Fi nally, and most importantly, is the abi 1i ty to 

block e1 ectron transfer by ill umi nati on at low temperature so 

that S2 will not advance after it is formed, al10win·g its 

accumulation by continuous illumination. Using sample 

thicknesses of approximately 0.5 mm and illumination from 

both sides, it was found that no increase in the multi-line 

EPR signal was observed for illumination periods greater that 

60 s. Nevertheless, it must be noted that the intensity of 

acti ni c li ght was far from uni form across the sample depth. 

The x-ray K-edge spectra for these samples are presented 

in fi gure 3. The S2 sample (8) shows a si gni fi cant1y broader 

pri nci pal absorpti on maxi mum and (possi b1y as a resul t) a 

shift to higher energy relative to the Sl sample (A). The 

second S2 sample (C) edge is consi stent wi th the fi rst and a 

1 hr dark adaptation oft hi s sample (labeled E) regenerates 

the edge observed for Sl· The K-edge for S3 (D) i s qui te 

simi 1ar to those observed for S2· The small di fference i n 

shape that i s observed may not be meaningful because 

di fferences of a simi lar magn; tude are al so observed for the 

two S2 sampl es. Thi s probably refl ects small di fferences in 

the S state composition from sample to sample. 

" 
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Figure 3. X-ray absorption edge spectra for spinach 

P5II preparations. Data were collected at _80° to -100°C as 

descri bed in Materi al s and Methods. Each edge is the sum of 

approxi mately 20-30 i ndi vi dual 20 mi n. scans. The sampl es 

are; sample A, 51; sample B, 52; sample C, a second 52; 

sample D, 53; and sample E, 51 prepared from sample C after 

its edge was recorded by dark adapti on for 1 hr at O°C in 

total darkness. A smoothed curve (solid line) is drawn 

t h r 0 ugh the d a tap 0 i n t s t 0 ai, din the vis u a 1; z a t ion 0 f 

stati sti cally si gni fi cant features. 
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The edge inflection pOint positions for these spectra 

are shown in table 3, and show a distribution of values. 

Each of the posi ti ons di ffer by much more than the esti mated 

uncertainty of 0.2 eV indicating again a slightly different 5 

state composition for each sample. Evidence for this is 

shown in figure 4 which shows that the edge inflection points 

for 51 and 52 samples are in fact well correlated with the 

observed multi-line EPR signal intensities. 

The lowest edge inflection is observed for the freshly 

dark-adapted 51 sample, and the highest inflection for one of 

the 52 samples. The di fference between these is 2.51 eVe 

The average edge shi ft observed between the 51 and 52 samples 

i s 1.78 eV. For campa ri son, the edge posi ti ons reported 

previously [15] for selected manganese samples are presented 

in table 4. It is seen that the average 51 inflection point 

is similar to and slightly higher than that reported for dark 

adapted whole chloroplasts, and the 52 samples give an 

average edge shi ft that is very si mi 1 ar to that observed ina 

Mn(IV,IV) lJ-dioxo dimeric complex • 



Table 3. K-edge inflection point energies for spinach PSII samples. 
Derivatives were obtained from a 25 point sliding fit to a 2nd order 
polynomial (3 eV per fit). 

Table 4. K-edge inflections obtained from Kirby et ale [15]. 

Sample K-edge inflection (eV) 

Dark adapted whole chloroplasts 6549.1 

Tris washed chloroplasts 6547.9 

Mn(III) (acac)3 6550.7 

[Mn (IV,IV) (Phen)2]2 O2 6551.0 

208 
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Figure 4. A plot of the amplitudes of the multi-line 

EPR signal for illuminated Spinach PSII membrane samples 

versus the K-edge inflection point energies. 



PSII K -Edge Inrleclion VS. Multi-line EPR Signal 

5 
Q) 

"'0 
4 :J 

:: . a. 
E « 3 

a::: 
-a.. A - 8, 

w 2 B - 8 2 en 
.-J 
~ I 

I 

C - second 8 2 
E - • relaxed lo 8 1 

E 1-

0 -6549. 6550. 6551. 6552. 

K-Edge Inreclion Poinl (eV) 
N 
--' 
o 

~ 



211 

IV. DISCUSSION 

The rates of oxygen evolution and the quantities of 

Mn+ 2 observed by EPR for Tri s-i nacti vated chl oropl asts and 

subsequently reacti vated samples are similar to those 

recently reported [6,7]. In those studies, it was concluded 

that the Tris-releasable fraction of manganese was not 

required for oxygen evolution. However, it is possible that 

the quantities determined by these methods do not represent 

all of the chloroplast manganese and may thus be 

systematically low. In chapter 6 it will be shown that some 

complexed forms of Mn+ 2 give rise to EPR signals at very low 

magneti c fields, and that these signals can be induced 

simply by the presence of high chloride concentration. Acid 

di gesti on of chl oropl ast sampl es reported in thi s work were 

done at low HCl concentrations (=0.05 M) and no resulting 

signals occurring at low fields were observed. However, it 

is possible that other forms of manganese present in the 

sampl es exhi bi t nei ther the g=2 or the low fi el d EPR si gna 1 s 

and may therefore escape detection. 

Considering only the relative amounts of manganese 

determined for these sam p 1 e s , i tis see nth a t T ri s-

inactivated chloroplasts can 

control rates without added 

be reactivated to 60~ of 

Mn+ 2 to give samples which 

contain only =20~ of the original manganese pool. These 

results appear to support the conclusion that at least a 

porti on of the manganese removed by Tri sin these sampl es is 

not requi red for si gni fi cant restoration of oxygen 
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evolution. However, the fact that reactivation is stimulated 

by added manganese indicates that some of the manganese lost 

from the membranes upon i nacti vati on i s servi ng ; n a 

functi ona 1 rol e. Thi s sti mu1 ati on of restored act; v; ty by 

added manganese was variable and always less that 90%, 

possi b1y ref1ecti ng some i rreversi b1e destructi on or removal 

of other components in or near the oxygen evolution com1ex 

upon i nacti vati on. On of the candi dates for thi s component 

is a 32 Kd peptide which has been observed to be released 

from PSII preparations upon Tris-inactivation [7]. 

We have observed that reactivated membranes are somewhat 

1 a b i 1 e wi t h res p e c t too x Y g en e vol uti 0 n • I nit i a 1 rat e s 0 f 

evolution drop to 20% or less within 1 min of saturating 

illumination. Samples that have been reactivated in the 

presence of manganese exhibit both stimulated initial rates 

and prolonged activity. Thus, alternative explanations for 

the effects of added manganese may involve its role in a 

stabi 1; z; ng ; nteracti on to PSII components or as an electron 

donor in a fashion similar to the reduced donors (ie. DCPIP) 

requi red for react; vati on of the OEC [25]. It ; s clear that 

addi ti ona1 stud; es w; 11 be necessary to di scri mi nate between 

these a 1 ternati ves. 

We have made reliable observations of the light-induced 

manganese multi-line EPR signal in PSII preparations from 

spi nach ch1 orop1 asts. Thi s observat; on prov; des support for 

the proposed connecti on of the speci es gi vi ng ri se to thi s 

si gnal wi th the components of photosystem II reacti ons. 
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However, for reasons that are not completely understood, no 

si gnal has been observed for chloroplast or PSII preparati ons 

inactivated by Tris washing or subsequently reactivated. Two 

conclusi ons can be drawn from thi s observati on. The fi rst is 

that Tris treatment has removed from the membrane the signal 

sped es or a component necessary for its generation. 

However, thi s .speci es must not be requi red for restored PSI I 

electron transport from the OEC to Q. Alternati vely, the 

conditions necessary for the generation or observation of 

the signal may have been altered but not destroyed by Tris. 

For example, this could occur if an alteration has taken 

place that effecti vely relaxes the EPR in the treatd samples 

by exposure of coupling to a paramagnetic center. We feel 

t hat t hi sis more 1i ke1y, because the EPR si gna1 is 

completely absent in samples that have been only partially 

i nacti vated. In addition, we have observed that Tris 

interferes with two other lo~ temperature manganese EPR 

si gnals observed at g=2 and at low fields (discussed in 

Chapter 6). These si gnal s a1 so cannot be generated in Tri s 

treated samples, and only reappear after ex~ensive washing of 

the membrane. Un-protonated Tri s may bi nd or interact wi th 

the signal 

evolution. 

species without always i nact; vati ng oxygen 

Support for this notion comes from additional 

observati ons that the multi -li ne si gna1 cannot be generated 

in PSII samples in the presence of 50 mM NH3 at pH 7.8, but 

can be observed at pH 6. O. Un-protonated NH 3 , 1 ike Tri s, is 

known to interact with the OEC in states S2 and S3' 
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A large reproducible change is observed in the manganese 

x-ray K-edge absorption spectra of PSII samples prepared in 

states Changes of the nature observed are 

classic behavior for loss of ligand symmetry caused by metal 

oxi dati on and/or forced 1i gand geometry di storti on. However, 

it is probab1 e that only a subset of the total pool of 

manganese would be expected to contribute to the observed 

change. The effect of a shift of one of the components with 

respect to the other is to broaden the pri nci pal absorpti on 

maximum in a manner similar to that observed. Simulations 

constructed by adding the S1 edge to a second edge that has 

been shi fted shows that'the magni tude of the shi ft necessary 

to induce the observed broadening is approximately 10 eVe 

Thi ~ is 1 arger than can be expected for a change in oxi dati on 

state alone, and demonstrates that a si gni fi cant change in 

the i ntri nsi c 1i ne shape of a porti on of . the manganese edge 

has occurred. 

Thi s fact must be consi dered in the i nterpretati on of 

the change(s) experienced at the manganese site. Changes in 

edge shape 

complexes 

of thi s nature 

of Mn+ 2 and those 

are commonly' observed between 

of hi gher 

often because of distortions arising 

oxidation states, 

from Jahn-Te11er 

effects. Therefore the observed change in edge line shape 

may be the result of metal oxidation, but it may also be 

induced by other factors such as protein conformation 

change. In either case, it may be said that a si gni fi cant 

perturbation of the inner coordination symmetry or ligation 
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has occured upon illumination. 

The magnitude of the changes observed are unexpectedly 

large. From previous correlations of manganese edge 

i nf1ecti on poi nt posi ti ons [15], we expect an edge shi ft of 

approxi mate1y 2.3 eV per uni t coordi nati on charge di fference. 

The si mp1 est i nter~retati on of the mu1 ti -li ne EPR si gna1 

associated wi th S2 i s that only one charge equiva1e"nt per 

P680 has been transferred. Thu s , the observed SI to S2 

average K-edge shi ft of 1. 78 eV ; s larger than one would 

expect i f only one electron equi valent were removed from a 

total pool of 3.6 manganese atoms. 

There are a number of exp1 anati ons for thi s observati on. 

The fi rst is that the photosyntheti c uni t si ze of the 

preparation is much smaller than reported [24], which would 

result in fewer manganese per PSII than i ndi cated. 

Alternati vely, the geometry of more than one manganese center 

could be altered if it were involved in a structural role 

between two components on the donor side of photosystem II. 

Oxidation of one component may cause a change in its 

conformation or association with its neighboring component, 

distorting the envi ronment of the bound manganese in the 

process. It is somewhat unusual, however, that thi s would 

occur at the ill umi nati on temperature of -90°C. Fi nally, it 

i s pos si b 1 e that more than one charge equivalent is 

transferred from the OEC under the ill umi nati on condi ti ons 

used. Thi s cou1 d occur if, for exampl e, one oxi di zi ng 

equivalent is stored on a PSII donor other than manganese in 
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Sl. Transition to state S2 could then cause the accumulation 

of both oxi di zi ng equi valents onto the manganese center. 

In regard to proposed oxidation states of manganese 

sites in these centers, the combination of the x-ray edge 

data with the fact that the S2 state exhibits a paramagnetic 

speci es i s of great utility. The edge posi ti ons of PS II 

samples i n state Sl are similar to and slightly higher in 

energy than observed i n a previ ous study on whole 

chloroplasts [15]. In that st udy, we proposed that the 

average manganese oxidation state in dark adapted membranes 

lies between +2 and +3. Thus for the dark adapted PSII 

preparation, which contains a lower and presumably more 

homogeneous manganese content, the edge position also lies 

between' observed Mn+2 and Mn+ 3 complexes, but is somewhat 

more in the di recti on of Mn+ 3• The average i nfl ecti on 

position observed for samples prepared in S2 by low 

temperature 

level. 

illumination strongly suggests a Mn+4 oxidation 

These values represent the av~rage state of all of the 

manganese present in the samples. The manganese site in the 

OEC may be monomeric, and would therefore be a mi nor 

constituent of the total manganese pool. If this were the 

case, it would be difficult to predict the oxidation level of 

t hi s center without accurate information about the 

environment of the remaining poo 1 • In fact, the large 

magnitude of the change observed ; n the edge upon 

; 11 umi nat; on may be used as an argument that a si gni f; cant 
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3.6 Mn per PSI I are contri buti ng to thi s 

There is evi dence that the OEC consi sts of exchange 

coupled metal centers [12,26], and a number of models for 

the site have included dimeric manganese speci es [2,27]. 

Based on the observati on that state S2 is' paramagneti c, 

Di s m u k e set a 1. [ 1 2 ] h a ve pro p 0 sed t hat i t con t a ins a 

Mn(III,IV) complex, and the edge properties observed in this 

work support thi sassi gnment. The presence of a defi ni te 

e d g e a b s 0 r p t ion m a xi mum for the SIs amp 1 e sis c h a r act e ri s tic 

of many Mn+2 complexes. If it is true that two oxidizing 

equivalents are removed from the manganese center in the Sl 

to S2 transition as discussed above, these observations would 

be con sis ten t wi t h the pre sen ceo f a M n ( I I , I I I) com p 1 ex i n 

However, a Mn(III,III) complex which ungoes a large 

change in ligation in the Sl to S2 transition might also 

give rise to the observed properties. 

An attractive model for the oxygen evolution complex has 

been proposed by Renger [27], which involves the formation 

of the dioxygen bond at the level of peroxi de ina 

binuclearly complexed manganese center. The presence of 

species with high reduction potentials that may be difficult 

to stabilize was avoided by allowing charge transfer to 

occur onto part; ally oxi d; zed oxygen intermediates in a 

series of 1 electron removal steps. One of the features of 

thi s model is an addi ti onal donor other than the manganese 

center that is oxidized in the So to Sl transition. This was 
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proposed in order that both states So and Sl would have the 

properties of being stable in the dark. In addition, this 

oxidation was not coupled to a deprotonation step in order 

to exp1 ai n data [28] i ndi cati ng a proton release pattern of 

0,1,1,2. Thi sis as yet somewhat controversi a1, in that 

other work [29] indicates that this pattern is 1,0,1,2. 

Thi s model was 1 ater modi fi ed and expanded to 

i nco r p 0 rate results of manganese release studies by 

Wydrzynski and Sauer [30]. It employs the 1,0,1,2 proton 

release pattern of Fowler [29] and an oxidation of the 

manganese center in the So to Sl transition\instead of the 

alternate donor of Renger. Most notably, the oxidation 

levels of the manganese in state S3 were proposed to be 

lower than for S2 in accordance with quantities of Mn+2 

released by heat treatment of f1 ash pre-i 11 umi natel 

chloroplast samples. However, the recent assignment of a 

paramagnetic manganese center to 52 [12] is not easi ly 

accounted for by the Mn(III,III) oxidation level 

thi s model. 

of 52 ; n 

It is possible to incorporate the 5 state oxidation 

levels indicated in thi s work into a specul ati ve but 

consi stent model of the OEC that is si mi 1 ar in nature to the 

ones described above. This is shown in figure 5. In t hi s 

scheme, the OEC contains two closely coupled manganese 

centers and two species labeled 0, possibly serving as 

ligands to the metal which are themselves capable of 

electron donation. 
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Figure 5. A proposed scheme for the changes in 

manganese oxidation associated with S state cycling. 
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One of the uni que features of thi s model is that charge 

is transferred onto the metal centers only after the ligated 

donor speci es (0) have been oxi di zed by one equi valent each. 

Thi~ mode of transfer, in which oxidation of a ligand occurs 

prior to the transfer of charge onto the metal species, 

provi des a conveni ent means by whi ch oxi di zi ng equi val ents 

may be moved from the outer to the inner coordi nati on sphere 

of the meta 1 • In contrast to many electron-transfer 

proteins, i n whi ch the . metal i s di rectly oxi di zed or 

red uced , t hi s ki nd of process i s thought to be kinetically 

slower and may result i n longer 1 i ved oxi di zed 

i nt e r me d i ate s • Thi s i s because a change i n oxi dati on 1 eve 1 

necessarily involves a perturbation or rearrangement of the 

ligand species. These arguments have been used in favor of 

this type of mechani sm for electron-storage as opposed to 

electron-transfer enzymes [12]. 

In order to properly account for the 1,0,1,2 proton 

release pattern observed by Fowler [29], it is necessary to 

propose that oxi dati on of thi s donor i s coupl ed to a 

deprotonation step. Thi sis i ndi cated by showi ng the 

reduced and oxi di zed forms as OH and O· respecti vely. 

In state SO' the metal centers are shown in the 

Mn(II,III) oxidation state, and are complexed to the reduced 

forms of the donor ligands. In addition, two complexed 

water mol ecul es are shown, one of whi ch as a deprotonated 

hydroxyl ion bound to the Mn+ 3 atom. Transition from state 

So to S1 occurs simply by the oxidation of one of the donor 
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speci es with the release of a proton. The following 

transition occurs first by oxidation of the second donor 

species to give the hypothetical unstable i ntermedi ate 

* labeled Sl. Thi s state relaxes to S2 after two charge 

equivalents are transferred from the oxidi zed donor species 

to manganese giving a Mn(III,IV) complex. A second water 

deprotonation step is shown, so that after proton uptake by 

the newly reduced donors, no net proton release has occured 

in the Sl to S2 transi ti on. Transi ti on from S2 to S3 

results from oxidation of a donor molecule in a process 

analagous to the So to Sl step. The final light induced 

stage proceeds as before with the formation of an unstable 

* intermediate S3 containing a Mn(III,IV) complex and two 

oxi di zed donors. There are a number of ways in whi ch thi s 

intermediate could proceed to release oxygen. For example, 

the hydroxyl ligands could be oxidized to give a binuclear 

peroxo-bridged species and a Mn(III,IV) complex containing 

the reduced donors shown as S4. A water ligand exchange 

raction very similar to that proposed by Renger [27] may 

then accompany the release of dioxygen, regenerating state 

So after water deprotonati on. In thi s last photochemi cal 

step, two protons are shown to be released, one before and 

one after release of dioxygen. 

The transition from S3 to So may be viewed as involving 

a concerted two electron oxidation of the hydroxyl ligands 

rapidly followed in the dark by a second concerted two 

electron process as the oxygen group leaves the OEC. In 
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thi sway, it is not necessary to propose stab; li zed forms of 

the h; ghl y react; ve hydroxyl radi cal, peroxo- or superoxo-

i ntermed; ates. 

li ke the model proposed by Renger [27], thi s scheme 

involves a si gni fi cant smear; ng out of charge from the 

manganese center onto ligands, avoiding the use of highly 

ox i d i zed man g a n e s e spec i e s • In fact, thi s scheme employs 

only two formal oxidation levels for the manganese center; 

Mn(II,III) and Mn(III,IV). However, unli ke the addi ti onal 

donor proposed by Renger, the oxidized forms of o· are not 

held throughout the 5 state cycle, but are instead proposed 

to play an intricate role in the redox reacti ons. The 

scheme of figure 5 is fairly consistent with that proposed 

by Wydrzynski and 5auer [30] in that 51 contains a Mn(II,III} 

species, and 53 contains manganese with an oxidation level 

that is similar to that in,5 2 • 

Other than accounting for the large change in manganese 

oxi dati on 1 evel between 51 and 52 i ndi cated by thi s work, 

there are a number of attracti ve features of thi s scheme. It 

is i ndi cated from the model that the oxi dati on 1 evel of the 

manganese site may not be significantly altered in the 

transi ti on from 52 to 53' where oxi dati on of 01H is instead 

possible. Behavioral similarity of 52 and 53 is often 

o b s e r v e d .F 0 rex amp 1 e, bot h s tat e sap pea r to bet he sit e s 0 f 

Tri s or NH3 i nacti vat; on. An expl anati on for the dark 

rel axati on of 52 and 53 may also be inherent in such a 

model, if only the states consi st; ng of an ox; di zed 
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manganese center undergo re1axati on. Thi sis a1 so enti rely 

con sis ten t wi t h the 0 b s e r vat ion t hat 0 u rat t em p t tog e n era t e 

53 caused most of the multi -li ne EPR si gnal to di sappear, but 

shows an absorption edge that is not very different from the 

52 samples. It is proposed that charge is not transferred 

di rect1y to Mn duri ng 52 to 53' but that i nteracti on of the 

Mn spin system with O· alters its relaxation properties. 

T his b r i n g sup the q ue s t ion 0 f w h e the r the M n ( I I , I I I) com p 1 ex 

in state 51 might be expected to exhibit EPR signals. The 

additional spin on the O· ligand could be expected to greatly 

alter the relaxation properties of such a signal in a manner 

analogous to that proposed for the state 53. If the spi ns 

were strongly coupled, an integral spin state might result, 

exhi bi ti ng no EPR properti es at all. Recently a report was 

made of an unusual signal attributed to manganese containing 

many 1 i nes over a broad fi e1 d range for photosyntheti c 

membranes in state 51 [31]. This signal could only be 

observed at temperatures below 8°K and at very high power 

levels i ndi cati ng an unusually efficient re1 axati on 

mechani sm. The si gna1 has not been veri fi ed, however, and 

is poorly characteri zed at thi s ti me. 

Of course the i denti ty of the 1i gand speci es 0 is 

unknown, but it would make sense to propose a quinone 

species. 

components 

Extracti on studi es have imp1i cated qui nones as 

on the donor side of photosystem II [32]. 

Mu1timeric manganese semi qui none complexes have been 

reported, and some of these complexes indeed exhibit two-
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electron metal-ligand transfer equi libria simi lar to that 

suggested in the model [33]. If this were the case, 

addi ti onal properti es of the donor si de of PSI I coul d be 

easi ly interpreted. The reduced form of OH may represent the 

fully reduced form of the complexed quinone, and O· would 

represent the semiquinone form. As mentioned above, the EPR 

si gnal s from the speci es instate Sl may be di ffi cul t or 

i mpossi bl e to observe. However, transition of Sl to S2 

would proceed by way of the transient intermediate shown, 

consisting of a Mn{II,III) and two semiquinone radicals in an 

overall half integral spin complex. If the unpai red spi n 

density were localized primarily on the quinone species, this 

transient state may be associated with the signal Ilvf 

transient. The decay of thi s transi ent state would occur as 

the semiquinone ligands are reduced by the metal center and 

should therefore parallel the rise of the multi-line EPR 

signal. A similar, but predictably slower transient would 

accompany transition from as i s observed 

experimentally [34]. It is not easy to predi ct from thi s 

model, however, the fact that the flash yield observed for 

si gnal IIvf on the second flash is large and has decay 

kinetics i ntermedi ate between that on the fi rst and thi rd . 

flash [34]. Instead, thi s model woul d predi ct two ki neti c 

components oscillating ~th a flash pattern characterized 

by: fast, mixture, slow, mixture, etc. It may thus be 

necessary to propose that the state shown for S3 i n the model 

relaxes to give a Mn{IV,IV) complex with the decay of the 
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signal II species. 
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CHAPTER 6 

A Study of Manganese Release from Chloroplast Thylakoid 

Membranes by Low Temperature EPR Spectroscopy 

I. INTRODUCTION 

Th~ effects of agents such as NH 20H, mild heating or 

alkaline Tris washing that simultaneously i nacti vate 

photosynthetic water oxidation and rel ease si gni fi cant 

amounts of chloroplast manganese are well known [1]. 

However, there are a number of aspects concerning the fate-of 

manganese altered by these treatments that remain unclear. 

Earlier studies [2] based on the· observation of Mn+ 2 by EPR 

at roo'm temperature have shown that duri ng Tri s i nact; vati on 

most of the manganese is not lost from 

membranes, but merely al tered in env; ronment. 

chloroplast 

Thi s reflects 

the observation that inactivation accompanies the appearance 

of a g = 2 EPR si gnal from aqueous Mn+ 2 , and that thi s 

signal follows the pellet rather than the supernatant 

fracti on. The loss of manganese from thi spell et into the 

supernatant occurs slowly with a t1/2 = 2.5 hrs. It wa s 

proposed that the manganese altered by Tri s treatment is 

re.l eased to the ; nsi de of the enclosed thyl akoi d ves; cl e 
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where it is trapped by a slow trans-membrane diffusion. 

Recent work [31 has shown, however, little difference in 

the amount of manganese removed by Tri s i nacti vati on from 

normal versus i nsi de out thy1akoid vesi c1es. It wa s 

concl uded from thi s work that manganese is not sped fi cally 

released into the inner thylakoid space. 

the ki neti cs of manganese equi li bri a 

Other results on 

in chloroplast 

thylakoids are somewhat inconlcusi ve [4], but show no 

evi dence for slow equi 1i brati on across the chloroplast 

membrane. Yokum et ala [5] have done a careful study of the 

stoichiometry of manganese release by these treatments which 

provides a number of relevant observations. Chloroplast 

membranes isolated in sucrose buffer contained approximately 

2 manganese in a form that could be displaced by 40 mM Ca+ 2 

without decrease of water-spli tti ng activity. Tri s 

inactivation of these membranes caused 3 manganese/400 ch1 to 

be released into the EPR observable form. However, i f 

isolated in a high salt medium, active membranes contained 

only 4-5 Mn/400 chl, and very little of thi s was di splaced by 

calcium. When these membranes were inacti vated by NH 20H or 

Tris treatment, less than one manganese was observed as the 

aquated ion. In the presence of 40 mM Ca+ 2 , a total of 2 

Mn/400 chl was observed after Tri sand 

NH 20H i nacti vati on. It was proposed 

3 Mn/400 chl 

that the 

after 

Ca+ 2 

releasable manganese represents a loosely bound form, and 

that i nacti vati on resul ts in the popu1 ati on of these bound 

form s • 
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It is therefore apparent that membrane bound si tes pl ay 

a si gni fi cant rol e in the fate of the fracti on of manganese 

that is altered by these inactivating treatments. This 

chapter describes results of experiments using low 

temperature EPR spectroscopy to investigate membrane bound 

forms of manganese present in spinach chloroplast thylakoids 

before and after inactivating treatments. 
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II. MATERIALS AND METHODS 

Procedures used for preparing chloroplast membranes, 

performing O2 evolution measurements and EPR spectroscopy 

are des c rib e din c hap t e r 5 and wi 1 1 not be rep eat e d her e • 

Hydroxylamine-treated chloroplasts were prepared by 

suspending untreated chloroplasts to a concentration of 1 

mg/ml chl in the presence of 1.0 mM NH 20H in a buffer 

contai ni ng 0.2 M suc rose, 10 mM HEPES (pH 7.5), and 5 mM 

MgC1 2• After incubation for 3 min. on ice in the dark, the 

chloroplasts were collected by centrifugation at 6000xg for 

5 mi n. treatments were accompli shed in a 

similar way by suspending chloroplasts in the above buffer 

which was made 10 pM and 30 mM in sodi urn tetrapheny1boron 

and NH 4C1, respecti vely. H202-treated chloroplasts were 

prepared as described by Velthuys et a1. [6], except that 

0.5 mM NaN 3 was present during treatment as a catalase 

inhibitor. Heat treatments were carried out in the dark at 

50-52°C for two minutes and the samples were immediately 

frozen in 1i qui d ni trogen unless otherwi se noted. 

Bovine serum albumin (Sigma No. A-4378) was dialyzed 

against 50 mM HEPES (pH 7.5), and 1 mM EDTA and then against 

buffer without EDTA to remove extraneous metal ions. Mn+ 2 

addi ti ons were from a standardi zed sol uti on of Mn+ 2 obtai ned 

by di ssol v; ng meta1l; c manganese; n ni tr; c p1 us perch1 ori c 

acids (4:1) and determined by atomic absorption. 

Samples of treated chloroplasts were prepared for EPR by 

suspending membrane pellets in the above sucrose-HEPES 



buffer to a concentration of about 4 mg/ml chl and 

slowly to 77°K in 4 mm 0.0. quartz EPR tubes. 
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II 1. RESULTS 

Shown in figure 1 are the EPR spectra observed for 

chloroplasts before and after heat treatment. Upon 

+2( heating, the g = 2 EPR signal from Mn H20)6 is observed, 

but less than one Mn+ 2/400 chl is accounted for by thi s 

si gnal. Also shown in figure 1 is an additional EPR signal 

between 0 and 300 G whi ch i s induced by heat treatment. Thi s 

very low field (VLF) signal is assigned to a form of Mn+2 

bound to the thylakoid membrane, because we have observed an 

identical signal in samples of Mn+ 2 added to bovine serum 

albumin (figure 2). A si gni fi cant amount of manganese in 

the presence of BSA remains as the 9 = 2 hyperfine sextet 

characteri sti c of the hexaquocompl ex, but two additional 

signals are observed at low fields. One of these occurs at 

o to 300 G and appears to be identical to that observed in 

i nacti vated chl oropl asts. A second si gna 1 

Mn+ 2-BSA at 400 to 900 G. 

is observed for 

We have attempted to characterize the orlgln of these 

signals by comparing Mn+ 2-BSA binding studies with those 

that have been reported. Hi 1 d van and Co h n [ 7 ] h a v e 0 b s e r v e d 

two classes of binding sites to BSA at room temperature, a 

sin g 1 e sit e wi t h K 1 = 3. 7 x 1 0 - 5 Man d a p pro xi mat ely f i v e 

weaker binding sites with K2 = 3.0 x 10- 4 M. We have 

measured the binding of Hn+2 to BSA by quantitating the 

depletion of the 9 = 2 manganese EPR signal observed at looK 

by added BSA for samples of constant total manganese 

concentrati on. We observe 0.74 bi ndi ng si tes wi t h 
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Figure 1. EPR spectra of dark adapted spinach 

chloroplasts before (top) and after (bottom) heat treatment. 

The spectra were recorded at 12°K at a microwave frequency 

of 9.13 GHz using 100 KHz field modulation. The microwave 

power was 0.2 mW and 20 mW, and the modulation amplitude was 

4 G and 40 G for the g=2 and low field regions respectively. 
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Figure 2. EPR spectra observed for 0.3 mM Mn+2 in the 

presence of 0.44 mM BSA. Instrumental condi ti ons are 

described with figure 1. 
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K 1 = 1. 7 5 x 1 0 - 6 Man d 2. 4 sit e s wi t h . - 5 K2 = 8.2 x 10 M. 

These correspond roughly .to the tight and weak sites 

previously obtained. The di fferences observed in these 

binding constants and those previously obtained [7] are 

probably due to the fact that this study was performed on 

frozen sol uti ons and thus represents the bi ndi ng equi 1i bri a 

at the freezing point of the solution, not at room 

temperature. 

It i s desi rabl e to rel ate thi s i nformati on to bi ndi ng 

stu die sus i n g the V L F s i g n a 1 sin 0 r de r to c h a r act e ri z e the i r 

origin. Without knowledge of the absolute magnitude of the 

VLF EPR signals, it is not easy to determine the number of 

sites from a binding curve, but it is possible to obtain the 

binding constants. A double reciprocal plot of the induction 

of the two VLF signals is shown in figure 3. A binding 

constant of 1.2 x 10-4 Mis obtai ned for the si gna1 

occurring at 0 to 300 G and provides an assignment as one of 

the 'weak' sites observed for BSA under these conditions. 

Thi s suggests that the presence of the si gna1 in i nacti vated 

chloroplast membranes ari ses from non-speci fi c bi ndi ng of 

manganese to membrane protein components. The other signal 

observed at 400 to 900 G appears to represent an extremely 

weak bi ndi ng si te to BSA. Thi s si gna1 was not observed for 

chloroplast samples under any of the conditions of these 

experi ments. 

We h a v e use d the ass 0 cia t ion 0 f t his E P R s i g n a 1 wi t h the 

weak binding site of BSA to calibrate its amplitude and thus 
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-Figure 3. Bi ndi ng curves for Mn+ 2-BSA di spl ayed as a 

double reciprocal plot of the relative amplitudes of the two 

VLF EPR signals versus the Mn+2 concentration for a constant 

BSA concentration of 0.44 mM. Mn-P 1 represents the VLF 

signal observed at 0-300 G and Mn-P 2 represents the 400-900 

G signal. 



242 

Mn(lI) BINDING TO BSA 

100 

75 

-en -'2 
::J 

>0. ... 
0 ... -.J:l 

50 ... 
0 -

-I 
-I 
« 
Z 
(!) 

(/) 

25 

o 10 20 30 
[Mn]-I (mM- 1) 



243 

obtain an approximate number of manganese contri buti ng to 

the si gnal for i nacti vated chloroplast samples. These 

quantities are presented in table 1. Untreated chloroplast 

preparations containing approximately 6 total Mn per PSII 

reacti on center exhi bi t between 1 and 2 Mn in thi s VLF 

signal. Thi s quanti ty is somewhat vari abl e. Preparati ons 

containing less than 6 total 

smallest VLF amplitude. 

atoms of Mn exhibit the 

Heat inactivation of membranes releases less than one 

manganese to a form observed as the g = 2 EPR si gnal, but a 

si gni fi cant quanti ty i s observed in the VLF si gnal after 

treatment. Thus, a total of 3 EPR-observable manganese per 

400 chl are induced by heat treatment, and most of this 

appears in a form assigned to loosely bound manganese. 

I r rever sib 1 e ina c t i vat ion wi t h 1 mM NH 20H induces 

changes si mi 1 a r to those observed with heat treatment. In 

thi s case, i nacti vati on was accompani ed by the appearance of 

approximately 1 Mn to the g = 2 signal, and 3 Mn to the VLF 

si gnal. On the other hand, treatment wi th 30 mM NH 3, 10)JM 

TPB- or 0.3% H202 whi ch alter, but do not i rreversi bly 

destroy 02 evolution cause very little changes in the 

binding of Mn as observed by low temperature EPR. 

For reasons that are not completely understood, we do 

not always observe the VLF si gnal after i nacti vati on by 

alkaline Tris treatment. The amounts that are observed are 

qui te va ri abl e and thus di ffi cul t to quanti tate. The g = 2 

EPR si gnal from Mn+ 2 (H 20)6 is also not observed at lOoK after 
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Table 1. Quantity of Manganese Observed as g=2 and VLF EPR Transitions 
for Chemically Treated Chloroplast Samples. 

Sample Mn+2 per 400 chl detected by EPR 
Total 

+2 Mn+2 • P Total EPR induced by Mn (H2O)6 
g=2 VlF Mn+2 treatment 

Chloroplasts (6.3 Mn/400 chl) 0.14 0.61 0.75 -
II + heat 0.27 3.40 3.67 2.92 

High Salt Chloroplasts 0.03 0.36 0.39 -
(4.9 Mn/400 chl) . 

II + heat 0.53 2.65 3.18 2.79 

Chloroplasts (6.6 Mn/400 ch1) 0.0 1.5 1.5 -
II + 10}& M TPS- 0.0 1.7 1.7 0.2 

II + 0.3% H202 0.0 1.2 1.2 -0.3 

II + 30 JTtt1 NH3 0.0 1.7 1.7 0.2 

II + I nto1 NH2 OH 0.89 4.5 5.4 3.9 
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T ri s - ina c t i vat ion, so i tis 1 ike 1 y t ha t the pre sen ceo f T ri s 

i n some way alters our ability to observe low temperature 

EPR signals from manganese. Extensive washing of Tris 

inactivated membranes to remove the T~is causes the 

appearance of the VLF EPR signal, but at reduced levels. 

It was previously found that adding 40 mM Ca+ 2 to 

chloroplasts that have been t rea ted wi t h Tri s 0 r 

hydroxylamine increased the amount of aqueous Mn+ 2 observed 

by EPR at room temperature [5], presumably due to the 

displacement of membrane-bound forms of manganese by Ca+ 2• 

We fi nd that 'addi ti on of 40 mM. Ca+ 2 before i nact; vat; on does 

not substant; ally increase the aqueous Mn+2 EPR signal 

induced by the treatment. The VLF signal observed after 

NH 20H or heat i nact; vat; on i s decreased by 15-201- by 

addition of Ca+ 2• The VLF signal present ; n untreated 

membranes i s unaffected by the presence of C +2 a • In 

addi ti on, we have observed that the presence of 1mM EOTA 

does not affect the VLF EPR signal amplitude of heat treated 

chloroplasts (figure 4). Therefore, ; tis appa rent that the 

membrane bound forms of manganese present after heat or 

hydroxylamine inactivation are not efficiently displaced by 

Ca+ 2 or EOTA under the conditions of our experiments. 
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Figure 4. VLF and g=2 EPR signals observed for spinach 

chloroplasts before and after heat 

presence and absence of 1 mM EOTA. 

fi gure 1. 

i nacti vati on and in the 

EP R con d i t ion s are a sin 



247 

SPINACH CHLOROPLASTS 

~NOEDTA 

NO EDTA and HEAT 

~EDTA 

~EDTA and HEAT 

I I I I I I I I 
20 100 200 300 2800 2900 3000 3100 

MAGNETIC FIELD (Gauss) 
XBL 825-10080 



248 

IV. DISCUSSION 

Inacti vati on of oxygen evol uti on in spi nach chl oropl ast 

thyl akoi ds by mi 1 d heati ng or NH 20H treatment gi ves ri se to 

a low temperature EPR signal observed at very low fields and 

assigned to Mn+2 weakly bound to the membrane. The observed 

si gnal is i denti cal to one of two si gnal s observed for Mn+2 

weakly bound to bovine serum albumin, which has been 

assi gned to carboxyl ate li gands of the protei n [8]. Thi s 

suggests that the signal observed in chloroplast membranes 

represents weak binding to surface protein components. In 

an earlier study of manganese binding to chloroplast 

membranes [2], approximately 70 Mn sites per 400 ch1 were 

observed wi th K = 1. 2 x 10- 4 M whi ch is very si mi 1 ar to that 

observed for the weak binding to BSA. We have observed that 

this signal can also be observed in samples containing only 

manganese and high concentrations of C1-. It is thus likely 

that the si gna1 speci es ari ses from manganese ina vari ety 

of environments or from one that is quite common e 

In order to better understand the ori gi n of thi s si gnal 

we have undertaken a series of computer simulations. The 

common techni ques of simulation using perturbation 

treatments are not valid when used at low fi e1 ds, because 

the hyperfine and spin-orbit contributions to the total _ spin 

Hamiltonian are not insignificant and cannot be considered 

perturbati ons of the hi gh fi e1 d basi s states. Thus a 

computer program was written to simulate EPR spectra using 

an accurate but somewhat inefficient matri x di agona1i zati on 
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method. The Hamiltonian matrix was constructed as 

H = aeH-ge-S + anH-gn-I +S-A-I + D(Sz2_ 1/3S (S+1)) + (7) 

E(S 2_S 2) 
x y 

which includes electron and nuclear Zeeman terms, the nuclear 

hyperfine i nteracti on, and the spi n-orbi t zero-field 

spli tti ng terms respecti vely [9]. A description of the EPR 

simulation method is presented in appendix B. 

For reasonably chosen isotropic g-values and hyperfine 

coupli ngs it was found that transitions in the low field 

region could be generated when the zero field splitting 

parameter 0 was approximately 0.17 cm- l which would give a 

splitting between the Ms = ±1/2 and Ms = ±3/2 high field 

states approximately equal to the microwave energy. An 

example is shown in figure 5 which shows similarity with the 

general features of the VLF spectrum. A preci se agreement 

of the hyperfine lines was not obtained, however, and it was 

not possi ble to test the i ncl usi on of E or addi ti onal quarti c 

terms as vari abl es in the si mul ati on due to the excessi ve 

amounts of computation required for these simulations. 

Nevertheless, it is apparent that signals of the nature 

observed can be expected from crystal-field induced zero

field splittings that may arise from distortion caused by 

manganese bi ndi ng. 

The quantities of manganese appearing in the VLF signal 

for the chloroplast samples support a recent proposal [5] 

that most of the manganese altered by inactivation remains 
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Fi gure 5. The VLF EPR s; gnal observed in heat 

i nacti vated chl oropl asts (bottom) and a computer si mul ati on 

( top) • Ex per i m-e n tal con d i t ion s are described in figure 1. 

In the simulated spectrum, for each randomly chosen angle 

with respect to the z axis, the Hamiltonian matrix was 

diagonalized at 50 magnetic field values between 0 and 1000 

G. The transi ti on probabi li ti es obtai ned at each observed 

resonance were convolved with an isotropic Gaussian 

linewidth of 25 G. The parameters used to construct the 

Hamiltonian were: 9x=9y=9 z = 2.0023, ax=ay=a z = 
D = 0.165 cm- 1 and E = 0.0 cm- 1• 

-1 -0.010 cm , 
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weakly bound to the thylakoid membrane. Untreated membranes 

contai n small amounts of manganese in the VLF si gnal, whi ch 

probably ari se from extraneous manganese bi ndi ng. In each 

case, approximately 5 manganese/400 chl remain unobserved by 

EPR. Of thi s pool of 5 manganese, heat i nacti vati on causes 

the appearance of 3 Mn into the g = 2 and VLF si gnal s, whi 1 e 

NH 20H i nacti vati on gi ves ri se to the appearance of 4. Thi s 

i s con sis ten t wi t h the w 0 r k by Yo k u met a 1. [5] w h i c h s howe d 

that if weakly bound Mn is removed by washing in 40 mM Ca+ 2, 

NH 20H i nacti vati on leaves only 1 Mn/400 chl ti ghtly bound to 

the membrane, whi le Tri s i nacti vati on leaves approximately 

2. 

These results are summarized in figure 6 which presents 

a model for manganese binding to chloroplast thylakoids. 

Shown in this figure are three distinct sites of manganese 

bi ndi ng. Mn A s1 tes denote manganese bi ndi ng to unspeci fi ed 

surface protein components, and give rise to the VLF EPR 

signal. Some of these sites may be populated in active 

chloroplast preparations containing more than 5 Mn/400 chl. 

Approximately three MnS sites per PSII are also shown and 

appear distinct in that they are not observed by either of 

the low temperature EPR signals described. Inactivation of 

02 evolving capacity by treatment with mild heating, NH 20H, 

or al kali ne Tri s rel eases these manganese from thei r nati ve 

bi ndi ng sites, where they are weakly rebound to surface 

proteins and become identical to the Mn A species. The 

functi on of thi s fracti on of manganese is unclear. 
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Fi gure 6. A model proposed for manganese bi ndi ng to 

chloroplast thylakoid membranes. 
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Traditionally associated with oxygen evo1 uti on capaci ty 

because of its release upon ina c t i vat i on, recent stu die s 

descri bed in the previ ous chapter i ndi cate that a porti on of 

thi spool is not requi red for reacti vati on of 02 evo1 uti on. 

Thus, thi s fracti on may represent manganese servi ng a 

structural ro1 e, possi b1y by stabi 1i zi ng i nteracti ons of PSII 

protei n components. There have been reports of an 

association of the specific release of a 32 Kd peptide by 

treatments that both inactivate 02 evolution 

chloroplast manganese [10]. 

and remove 

As shown in figure 6 this manganese is released to the 

inside of the chloroplast thylakoid envelope where it may be 

trapped by slow di ffusi on [2]. Thi s may not be necessary, 

however. Results on inside out chloroplast membranes [3] 

indicate that manganese is not trapped within Tris-washed 

v e sic 1 e s, and 0 the r w 0 r k [ 4] i s con sis ten t wi t h rap i d t ran s -

membrane diffusion of free manganese. These studies make it 

di ffi cul t to explain why manganese release into solution 

from inactivated membranes is slow. 

The presence of a bound form of manganese may provide 

such an exp1 anati on. It has been found that Tri s 

destroys most of the inactivation of chloroplast membranes 

manganese binding sites that are ~resent in untreated 

membranes [2]. 

proteins on the 

Thi s may reflect denaturation of damaged 

membrane surface after alkaline Tris 

treatment, and if thi s process occurs slowly, manganese 

would be released from its weakly bound site over a period 
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of ti me. 

Under the conditions of our experi ments, we observe that 

the bound manganese of i nacti vated chloroplasts i s not 

affected by added Ca+ 2 or EOTA. Thi s may i ndi cate that the 

sites are inaccessible to these agents. In a study of bound 

Mn in hydroxylamine treated chloroplasts by its effect on 

proton spin relaxation rates [11], Yocum et al. have observed 

bound manganese that is accessi ble by Chelex or EOTA only in 

the presence of an ionophore A23187. These results indicate 

that even though uncomplexed Mn+ 2 may freely diffuse across 

the membrane [3,4]. most of the manganese present in the 

l~osely bound form exists in binding sites on the inner 

surface of the thylakoids. 

The thi rd type of manganese si te 1 abel ed MnC in fi gure 6 

represents manganese unaccounted for by low temperature EPR 

upon inactivation. The quantities observed are in agreement 

with those observed to remain tightly bound to thylakoids 

after inactivation procedures. Inacti vati on by 

unique in that it leaves only one Mn/400chl unaccounted for 

by EPR, whi 1 e heat i nacti vati on appears to 1 eave 2 manganese 

fi rmly bound. Thus NH 20H inactivation appears partially to 

remove manganese from the MnC sites as well as those from 
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APPENDIX A 

The foll owi ng ; sabri ef descri pti on of the use of the 

major VAX11/780 programs wri tten for EXAFS data analysi s. 

Four programs are di scussed ; n the order in whi ch they are 

normally used. For each program, a short description of its 

purpose is given, followed by an explaination of the 

parameters and/or commands requi red for operati on of the 

program. Queries and commands generated by the computer for 

user response are shown in uppercase and underlined. 

I. Program REFORM 

The purpose of thi s program is to perform the necessary 

pre-processing of data as it arrives from SSRL. Th e fi 1 e 

structures and formatting of the data are changed to make 

the data files compatable with the other programs. In 

addition, data are checked for some common errors, and are 

then normali zed. Upon input to the program, the data are in 

the form of lists of incident, transmitted, and fluorescent 

intensity values asa function of monochromator angle. Upon 

output, one data fi 1 e is generated for each data channel 

collected, and are in the form of normali zed 10/1, 11 /1 2 , and 

F/la ratios as a function of monochromator angle. 

The requi red commands are: 

INPUT FROM TAPE? (Y/N): Are input files arriving 
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di rect1y from tape, or from di sk? Default is no. 

ENTER INITIAL INPUT FILE: The fi rst fi 1e name to be 

input. These fi 1e names should be one or more (less than 6) 

characters followed by three or four numbers, and should not 

include the '.DAT' extension. Acceptable file names: A001, 

STUFF0023. Unacceptable names: A01, A001.DAT. 

ENTER FINAL INPUT FILE: The last file name to be input. 

It should have the same character part as above. Fi 1es wi 11 

then be processed successively in order of the file numbers. 

OUTPUT TO TAPE? (Y/N): Should the output files be 

written to tape? If you aAswer both of the 'tape' questi ons 

yes at the same t i me , you wi 11 be i n for a 1 0 n g wa it. 

ENTER INITIAL OUTPUT FILE: The name of the fi rst fi le to 

be output. The name should consist of 5 (or fewer) 

characters followed by 4 numbers. Do not used the .DAT 

ext ens i on , as i t wi 11 be aut 0 mat i call yin c 1 u d e d • 

POSITIONS OF 10,11,12 = 1, 2, 3 • ENTER IF DIFFERENT: 

These are the numbers of the HEX-SCALER inputs to the SSRL 

computer of the three ion chamber data channels. If, for 

example, the 12 channel was not used, the appropriate 

response is 1,2,0. 

ENTER FILE NAME (1 CHR, 4 IS), AND 12 GAIN FOR EACH TIME 

THE 12 GAIN WAS CHANGED. FILE NAMES MUST BE IN ORDER: If the 

12 channel was used, the data fi 1e does not contai nits ion 

chamber gai n, and thi s must be supp1i ed manually. For 

example, the reply might appear as; A001,9,A032,10,A107,7. 

NORMALIZATION SET - 10/11, 11/12, F/IO 
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TVPE N FOR UNNORMALIZED DATA, RETURN OTHERWISE: Just 

type return, unl ess you want the; nd; v; dual channel s to be 

output; nstead of the; r rat; os. 

II. Program EXADD 

Th; s program ; s used for averag; ng EXAFS and edge data 

f; lese Each scan ; s weighted by the number of seconds spent 

col1 ect; ng the data and by the ; nc; dent i ntensi ty at the 

beginning of the scano For each scan, the data are plotted 

over the summed data for comparison, and an option is given 

to not add the scan or to cut out a portion of the data 

before adding. Scan to scan shifts may be input manually, 

or automatically determined if reference data were collected 

usi ng i on chambers II and 12 - If this is desired, the 

program wi 11 look for a sharp peak in the reference channel 

and w; 1 1 s hi f t the pre sen t s can sot hat i t mat c h est h e pea k 

position of the first scan used in the add. 

The requi red parameters are: 

~H~0_W __ M_A_N~V_D~A_T_A __ C~H~A_N~N~E~L~S~? __ ~( __ ~<~5~0 __ .)_: For example, ; f two 

absorption and three fluorescence data channels were 

co11 ected, the answer isS. 

DO VOU WANT SHIFTING OF DATA FILES? (V/N): Input 'V' if 

you want to shi ft scans before add; ng. 

ARE SHIFTS MANUAL/AUTOMATIC (0/1): If you answer '0', 

you wi 11 be asked for the shi ft for each scan added. If you 

answer '1', the program wi 11 attempt to determi ne the shi ft 

from the reference data. 

-, 
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FOR REFERENCE FEATURE, ENTER XLOW,XHIGH: If automati c 

shifting is used, you must supply 

monochromator step numbers, in which 

is expected to lie • 

the regi on, i n 

the reference feature 

DO YOU WANT IN PROGRESS PLOTS? (YIN): Answer lyl if it 

is desired to plot the scan over the averaged data for each 

added data fi 1 e. 

MONITOR .WHICH CHANNEL NUMBER?: Thi sis the channel that 

wi 11 be plotted. 1 is the pri mary abso~pti on channel, 2 is 

the reference absorpti on channel if it was used, and the 

fi rst fl uorescence channel if not, etc. 

ENTER XMI N, XMAX FOR PLOTS: The pl otti ng regi on desi red 

in monochromator motor step numbers. 

ENTER GRAPHICS TERMINAL (4006,4010,4012,4014,4662): The 

Tektronix model number for the graphics device used. 

FOR DERIV. CALCULATION, ENTER ORDER, AND NPTSIFIT : For 

automati c shi fti ng of data, the reference peak posi ti on is 

determi ned from the zero-crossi ng of the fi rst deri vati vee 

This is calculated using a sliding fi t to a po1ynomi a1 

(usually quadratic) using INPTS/FIT I points. The values of 

the parameters should be determined beforehand so that the 

deri vati ve is smooth, but undi storted. 

The following are the same as for program REFORM. 

INPUT FROM TAPE? (YIN): 

ENTER INITIAL INPUT FILE: 

ENTER FINAL INPUT FILE 

OUTPUT TO TAPE? (YIN): 
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ENTER INITIAL OUTPUT FILE: 

FOR THE REFERENCE FEATURE, ENTER THE CORRECT VALUE OF 

CUEDGE: Th; s ; s asked only for the fi rst fi 1e. For that 

file, enter the number that CUEDGE would have to be so that 

the reference feature would have exactly the correct energy. 

Thi scali brates all of the added spectra. 

III. Program EXAFS 

This program is used for general data analysis, 

i nc1udi ng p10tti ng, stri ppi ng, normali zati on, background 

removal, and fouri er transformati on. The program uses the 

FFTLIB data ana1ysi s rout; nes wr; tten by Al an Robertson, and 

the IGL graphics package PLOT10 by Tektronix. 

Upon enter; ng the program, ; t wi 11 fi rst prompt you for 

a couple of thi ngs: 

1. ENTER DATA DISK DIRECTORY-- It is ask; ng for the d; sk 

di rectory containing your data. Unless you speci fy 

o the r wi s e, w hen you rea d 0 r w r i ted a tat his i s the d; r e c tor y 

the program will go to. Th;s allows many different" users 

access to the program, and allows you the opti on of keep; ng 

all your data on a separate di sk di rectory. If, for exampl e, 

your d; rectory; s ABC, and the data ; s on subdi rectory 

ABC.DEFG, then enter [ABC.DEFG] (The square bracketts are 

necessary. ) 

2. WHAT GRAPHICS TERMINAL ARE YOU USING?-- Enter the 

Tektron; x termi nal number, ; .e. 4014. 
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The program wi 11 now become i nteracti ve, and ask for a 

command. There are 64 commands which do all of the 

mani pu1 ati ons requi red. You may enter commands i ndi vi dually, 

or in a string. To enter a command string, type as many 

commands as you wi sh, separated by commas, as long as they 

fit on a line. 

The program has space to contai n si x data fi 1 es of 2048 

points each at any time. These are labeled A-F and can be 

used for temporary data storage. However, it is not a good 

idea to store fi 1 es in array B si nce thi s array is used by 

the program in some cases. 

GENERAL COMMANDS: 

HELP - Use this command to obtain information about program 

PROMPT 

use. 

Thi s command 

prompt mode. 

such thi ngs as 

displays and allows change of the 

Many variables are needed to control 

fi t regi ons and order, wi ndow types, 

point numbers, etc. Whenever the program needs to 

use a par a met e r, i t wi 1 1 i n m 0 s t cas e s ask you for 

values, or at least tell you what they are. If you 

know that all parameters are set correctly and get 

tired of answering the questions, you may change the 

prompt mode so that all parameters are used as is. 

QUIT - Exits the program. 

CREATE Thi s command allows you to create your own 

commands. If you create a command called STRIP, 
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whi ch contains the commands 'RNEXA, H, N, Z, E, 

PLOTA, WNEXA', then you need only enter 'STRIP' to 

execute those commands. Any of the 64 commands may 

be used wi th the exception of CREATE and REPEAT. 

Thi s wi 11 work at any later time (even i f you have 

logged off and back on). Each created command 

~ontai ns its own copy of all ana1ysi s parameters, 

whi ch have the values held when the command was last 

executed. Created commands may contain names of 

other created commands to 5 levels. Thi s feature 

allows the program to become quite powerful, because 

virtually any analysis sequence can be individually 

t ail 0 red, and rap i d 1 Y r e con s t r u c ted wi t h the use 0 f 

a si ng1 e command. There is no practi calli mi t to 

the number of commands that may be created. A li st 

of created commands often used by the author is 

presented at the end of the EXAFS program section. 

HEADER - Thi s command di sp1 ays and allows change of the fi 1 e 

parameters such as NAME, CUEDGE, NPTS, 

XSTART, XSTOP, etc., for the data contai ned i n 

array A. 

PARAM - This command displays and allows change of all of 

the data ana1ysi s parameters. Note that thi s di splay 

is exactly that obtained in an older program, and 

some of the parameters are no longer used. If you 

are in prompt mode (default) when running this 

program, you may never need to use thi s command. 
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Thi s command allows you to store all control 

parameters in n so that you may later restore them 

wi th the RECln command. N may be from 1 to 5. Thi s 

is useful for savi ng a 

envi ronment which you want to 

also allows user created 

parti cul ar analysi s 

return to later. It 

command files to 

communi cate thei r parameters. Any user-created 

command has the ability to store or recall any of 

the five control blocks, and thus the command may 

change somethi ng wi thout your knowi ng it, i f you 

are not careful. It may be wise to hold N = 1, and 

N = 2 sacred, so that no created command stores into 

them. 

- Thi s commmand allows you to recall all analysi s 

parameters from n. For more information, see STaRn. 

REPEAT - Thi s command wi 11 repeat whatever command stri ng you 

1 as ten t ere d • I t wi 1 1 not w 0 r kin a c rea ted 

command. 

C HAN G E - Rep 1 ace s d a t a wi t hal i n e 0 r del e t e s poi n t s • You 

will be asked for values whether you are in prompt 

mode or not. 

V A l U E - Gi v est hex val u e 0 f the poi n t n u m b e r you s p e ci f Y • 

POINT Gives the point number closest (and not above) the x 

value you input. 

ENERGY - Calculates the energy of the monochromator angle you 

speci fy. 

ANGLE - ~ ves the angle of the energy you speci fy. 
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FILE MANAGEMENT COMMANDS 

Thi s command reads a data fi 1 e from disk into the 

array I * I 1*1 can be A-F. It wi 11 then ask for 

the filename. There are two opti ons. You may use 

any fi 1 e name at all on any di s k di rectory by 

speci fyi ng the complete name. That is, i f you type 

I[ABC.DEFG]HIJK.LMN;3 1 the program wi 11 read the 

thi rd versi on of fi 1 e HIJK.LMN whi ch i s on the 

subdi rectory DEFG of the di rectory ABC. Thi s can be 

cumbersome, so the program can also attempt to 

construct fi 1 e names for you. If you enter a four 

digit number when it asks for the file name, it will 

try this. The disk directory it looks at is what 

you to1 d it as you fi rst entered the program. The 

file name used is EXAFS####.DAT where the #IS are 

those you gave for a fi 1e name. The letters EXAFS 

are default and can be changed by executing the 

command FNAME. It i s thus suggested that you name 

your files this way (5 chrs followed by 4 numbers 

), as it makes it very easy to read and write them. 

For example, you might name angle space files by the 

date co11ected- JAN79,MAR75, etc. and name all other 

files by compound or element. After using command 

FNAME to set this, if you type 0176 in response to a 

file name request, it will get IJAN790176.DAT I from 

~, 



267 

your di rectory. 

WRITE* - This command writes a data file to disk from. the 

array '*'. It wi 11 ask for a fi 1 e name and thi sis 

handled just as for reading fi 1es. 

RNEX* - Provided you have already used the READ* command once 

WNEX* 

and specified the file name by a number, this 

command reads into array' *' the fi 1 e whi ch has a 

number one larger than thi s. For example, if the 

name 'FEB76' was set using command FNAME and then 

READA was executed, with 0056 as the response, the 

program reads into A the file FEB760056.DAT. Now 

when RNEXC is executed, it reads into C the fi 1 e 

FEB760057.DAT without asking. 

Thi s command wri tes data fi 1es in just the way 

RNEX* reads them. Note that the fi 1e numbers 

written by WNEX* and read by RNEX* are completely 

separate. Continuing the above example, suppose 

W R I T E C has bee n ex e cut ed, wi thO 0 8 4 a s the f i 1 e n arne 

response. Thi sis important as it is the only way 

the program knows what the next fi 1e should be. 

The program wrote the data from C to the di sk fi 1 e 

FEB760084. OAT. Now when WNEXA i slater executed, it 

will write from A the disk file FEB760085.DAT. If 

RNEXA i s the next command, data wi 11 be read into A 

from di sk fi le FEB760058.DAT. If WNEXA had been 

next, it would have written A to disk file 

FEB760086.DAT. 



/ 

268 

SWAPXY - Thi s command swaps arrays X and Y. For example, 

S W A P D A wi 11 s w a par rays Dan d A. 

COPYXY - Thi s command copys array X to array Y. For example, 

FNAME 

COP Y D A wi 1 1 copy a r ray D t a a r ray A, a v e r w r i tin g 

whatever was in A. 

- Thi s command di sp1 ays and allows change of FNAME. 

Thi sis the 5 character stri ng whi ch is used to 

canst ruct fi 1 e names by the program. It i s set by 

default at the begi nni ng of the program to 'EXAFS ' , 

and can be changed to any string of 5 characters. 

DISK - Thi s command di splays and allows change of DISK. 

PLOTX 

SETPL 

PLSAV 

This is the name of , the disk directory the program 

uses to read and wri te data. When speci fyi ng ,the 

val ue of DISK it is neccessary to i nc1 ude bracketts: 

[JOEBLOW.DATA] 

PLOTTING COMMANDS 

Thi s command plots array X. That is ,PLOTB wi 11 plot 

array B on the graphi cs termi nal. 

- Thi s command di splays and allows change of the 

p lot tin g par arne t e r s • A menu i s p resented a 11 a wi n g 

changes that affect the, plot type, the x and y range 

and size, labels, etc. 

PLSAV is 

'rep1ayed ' 

To turn on 

used to capure plots so they may be 

later. The command works like a switch. 

the capturing of plots, type PLSAV. It 

wi 1 1 ask for a 6 c h a r act ern arne. An y p lot s t hat are 
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done whi le 
I • 

P L S A Vis act 1 vat e d wi 11 be cap t u red i n 

the f i 1 e wi t h t hat n am e • Tot urn 0 f f the cap t uri n 9 

of plots, enter PLSAV agai n. 

REPLAY - Used to replay earlier captured plot fi lese 

GIN - Thi s command allows use of the cross-hai rs on. the 

4014 and 4012 termi nal s to obtain x and y 

coordinates from the screen. 

DATA ANALYSIS COMMANDS 

FT - Repl aces array A wi th its fouri er transform if the data 

i s i n k - spa c e , a n dwi t h ; t sin v e r s e f 0 uri e r 

transform ; f the fi le is in r-space. 

DE Cor r e c t s for I t wi s tin 9 I 0 f the d a t a caused by 

transforming data that does not start at K=O. 

PH .. Corr~cts for a constant phase shi ft in the compl ex data 

array. The phase shi ft used; n degrees is contai ned 

i n PHAS58. 

Note: DE and PH need only be used; f one wants absolute 

phase information for the real and complex portions 

of the transform. If one ; s usi ng only power 

spectra, these commands are not used. They should 

certai nly not be used for a fi le that is to be 

transformed back into k-space w; thout know; ng the; r 

effect s • A ph a sec 0 r r e c t i on wi 11 cause ad mix t u r e of 

the real and complex fourier transform, and a delay 

co r r e c t i on a p p 1 i e din r - spa c e , w; 11 res u 1 tin a 

shi fted fi le when back-transformed. 



A - Command IAI replaces A(I) with -A(I). 

B - Command IBI replaces A(I) with (AMUL52) * A(I). 

C - Command IC I replaces A(I) with A(I) ** (IAPOW2). 

D - Command 

E - Command 

F Command 

I D Ire p 1 ace s A ( I) wi t h A ( I) * * (A POW 5 3 ) • 

I E Ire p 1 ace s A ( I) wi t h A ( I) - B ( I ) • 

I Fir e p 1 ace s A ( I ) wi t h A ( I) * B ( I) (r e a 1 

complex). 

G - Command IG I replaces A(I} with A(I) / B(I). 

H - Command I H' repl aces A( I) wi th Ln A( I). 
, 
I - Command III replaces A(I} with EXP A(I}. 

J - Command I J I repl aces A( I) wi th SQRT A( I}. 
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and 

K Command IKI replaces A(I} with A(I)' + (AADD54) + 

(ALiN57)* (I-l}/(KRANGE - I) (adds straight line to 

A(I) }. 

L Command I L I replaces A ( I ) wi th A ( I ) 

(sum of A(I}}/NUMPTS (subtracts avg.). 

M - Command IMI replaces A(I) with A(I) * SX(I} where, SX(I) 

= X( I} ** KXPOW3 if KXPOW3 < 100, and SX( I} = 

X (I) ** XPOW63 i f KXPOW3 > or = 100. 

N - Command INI converts A(I} from angle to energy space. 

a - Command 10 1 replaces X(I} (x-axis of A(I) } with X(I}-

ZERK55 (shifts x-axis of A(I)}. 

P - Command Ip i converts A(I) from energy to k space. 

Q - Command IQI converts A(I} from a non-li near x-y array to 

a linear array. The interpolation can be linear or 

a fi t of order 1-9. The number of output po; nts ; s 

contai ned in LINP12 and the fi t regi on in WINL60. 
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R - Command IRI applies a complex high and low cut off on 

A ( 1 ) • 1 t z e r 0 s the com p 1 ex poi n t s A ( 1) to A ( LeU T 16 ) 

and A(ICUT17) to A(NPTS). 

S - Command lSI replaces B(I) with a smoothed A(I). A sliding 

fi t of order 1-9 is done on A( I). The number of 

pOints in the 

Both values 

fit is as critical as the fit order. 

are contai ned in LPOL15. Order = mod 

(LPOL15,10) and # points fit = LPOL15/10. 

T - Command ITI replaces real part of A(I) with the power 

spectrum and replaces complex part of A(I) with the 

phase. 

U - Command lUI replaces A(I) with its complex conjugate. 

V - Command IV I creates a McMasterls background in B(I). You 

are asked what metal you are working with so that 

the program can ~reate the appropriate theoretical 

background function. You are also asked for the 

edge energy (stored in ZERK55 ) so that proper 

normali zati on is done at thi s poi nt 

W - Command IW I replaces A(I) with A(I) * (a gaussian window) 

width of window = SIGM51. T hat is, i f a wi n dow i s 

used ink space, then SIGM51 is the r-space 

broadeni ng. 

X - Com man d I X Ire p 1 ace s A ( 1 ) wi t h A ( I) * (an exponenti al 

window) width of window = EXLWG2. That is, if a 

wi n dow i sus e din k spa c e, the n EX L W G 2 i s the r-

space broadeni ng. 

V - Command IV I does not exist. 
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Z - Command IZI replaces B(I) with a fit to all or some of 

A( I). ABS(NPOLI9) = fi t order. If NPOL19 < 0 then 

the Ln of the x axi sis al so taken. If NFIT13 > 0 

then the fi tis from poi nt 1 to NF ITI3. If NF IT13 < 

o then the fi tis from poi nt ABS(NFITI3) to NPTS. If 

NF IT13 = 0 then the fi tis from poi nt 1 to NPTS. 

AMUL52 is set to I/B(ZERK55) and AADDS4 is set to 

-B(ZERKS5) so that after execution of command Z, 

command E will do a background strip, command K 

will subtract zero point values, and command B will 

do a post edge normalization automatically. 

AA - Command IAAI creates an x-y array from any fi le. 

BB Command IBBI reduces NPTS by truncati on. Thi sis 

specified by the value of LENGH9. 

CC - Command ICC I reduces NPTS in A(I) by throwing out evenly 

spaced poi nts in the fi 1 e (reduces poi nt densi ty). 

Thi sis speci fi ed by the val ue of LENGH9. 

DO - Command 1001 increases NPTS in A(I) to 2048 by addi ng 

zeros to the end of the fi le. 

E E - Com man dIE E Ire p 1 ace s A ( I) wi t h A ( I) * F ( I) w her e F ( I) = 

1. between WINL60 and WINR61, and F(I) = 0 

ot herwi se 

FF - Command IFFI throws away points at beginning of the 

fi 1 e • # pts is contained in LEFT21. 

GG - Command IGG I is not used at thi s time. 

HH - Command IHHI replaces B(I) with the derivitive of A{I). 

This does a sliding fit just as in command lSI, and 

1" 
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then takes the analytical derivitive of the fit for 

each poi nt. 

II Command 1111 is not used at this time. 

JJ - Command IJJ lis not used at thi s ti me. 

KK - Command 'KK' replaces A(I) with A(I) * F(I) where F(I) 

is a window function. KHAM22 controls type of 

wi n dow, and H K A I 56 con t r 0 1 s wi n dow s hap elf K HAM 22 < 

o and the fi 1 e i scompl ex, command R i s done fi rst, 

(complex filter cut) and the window is applied from 

WINL60 to WINR61. If IABS(KHAM22) = 0 or 1 then a 

K a i s e r wi n dow i sap p 1 i ed, H K A I 56 = 1 • to 9 • 

con t r 0 1 1 i n g the am 0 u n t 0 f wi n d 0 wi n g • I f I A B S ( K HAM 22 ) 

> 0 then a general hammi ng wi ndow is done. That is, 

if KHAM22 = 1515, then the window is applied to the 

fi rst 15% of the data, the 1 ast 15% of the data, 

leaving the middle 70% untouched. HKAI56 controls 

the am 0 u n t 0 f wi n d 0 wi n g • H K A I 5 6 = • 0 to. 5 u n d e r 

nearly all cases. Some standard windows are 

Kai ser - KHAM22=0, HKAI56 = 1. to 4. 

Hanning - KHAM22=5050, HKAI56 = .5 

Hamming - KHAM22=5050, HKAI56 = .46 

( ) - Command I I (blank) does nothing. 

(**) When no match to any of the above commands is found, 

the program tries to open and execute the command 

fi 1 e of that name (see command I CREATE I). 

The follow; ng is a li st of the commands created 
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by the author that are considered useful for EXAFS 

analysi s. In parenthesi s are the commands used to 

create these special sequences. 

- Adds array B to A, leaving the result in A. (A, E, 

A, ) 

FULLPL - Plots array A full scale using default parameters ~ 

(PLOTA) 

SAMEPL - Overplots B on the same Y scale as the last plot. 

(PLOTB) 

PMPL 

SAMPLA 

SPLA06 

STRIP 

- Plots array A with the Y scale as + and the 

largest value in the data fi 1 e. (PLOTA) 

- Overplot of A with the same Y scale as the last 

plot. (PLOTA) 

- Overplot of A wi t h the sam e Y scale as the last 

plot, and wi t h and X scale of 0.0 to 6.0. (PLOTA) 

Does a general pre-edge background subtracti on. 

(FULLPL, Z, SAMEPL, E) 

NORM - Does a general post-edge normali zati on. (FULLPL, -Z, 

SAMEPL, PROM, S, PROM) 

BCK - Does a McMasters post-edge normalization and a low 

order background removal. (V, G, FULLPL, GIN, Z, 

SAMEPL, E) 

ESSS - Li near; zes an energy-space data fi le, and performs 

a t ri ply smoothed background removal. (PROM, Q, 

PROM, FF, COPYAF, S, SWAPAS, PROM, S, SWAPAB, S, 

COPYFA, FULLPL, SAMEPL, E, PROM) CAUTION: Uses array 

F • 

'r'. 



.. 

275 

KSSS - Accepts an energy-space file, converts to k space, 

and performs a triply smoothed background removal~ 

(0, P, FULLPL, Q, FF, COPYAF, S, SWAPAB, PROM, S, 

SWAPAB, S, COPYFA, PMPL, SAMEPL, E, PROM) CAufION: 

EBC 

Uses array F. 

- Accepts an energy-space fi 1 e, converts to k space, 

linearizes, applies apodization windows and plots 

the fourier transform. (0, P, PMPL, Q, POINT, FF, 

PMPL, KK, M, PMPL, DO, FT, T, PLaTA, GIN, GIN, GIN) 

KBC - Same as above, but accepts a k-space fi leo (POINT, 

FF, PMPL, KK, M, PMPL, DO, FT, T, PLaTA, GIN, GIN, 

GIN) 

ETEST 

KTEST 

SFT 

ISOLAT 

- Takes an energy-space file,and performs a trial 

background removal, followed by a plot of its 

fourier transform. (ESSS, PLaTA, EBC) CAUTION: Uses 

array F. 

- Same as above, but does the background removal in 

k-space. (KSSS, PLaTA, KBC) CAUTION: Uses array F. 

- Standard fourier transform sequence of a k-space 

file. (PMPL, KK, M, SAMPLA, DO, FT, T, PLaTA, GIN, 

GIN) 

Accepts a li near k-space fi le, performs a fouri er' 

i sol ati on, and transforms back into k-space 1 eavi ng 

the fouri er-fi ltered data in array A. (M, PMPL, 

COPYAF, DO, FT, T, PLaTA, GIN, GIN, COPYFA, DO, FT, 

KK, COPYAE, T, SPLA06, COPYEA, FT, SWAPAF, FULLPL, 

SWAPAF, POINT, BB, SAMPLA) CAUTION: Uses arrays E 
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and F. 

III. PROGRAM EXFIT 

Thi s program accepts a k-space data fi le and performs 

single- and multi-shell fitting using stored values of the 

EXAFS phase and amplitude functions. The data should be 

weighted by the appropriate value of k before execution of 

the program. 

The requi red parameters are: 

WHAT GRAPHICS DEVICE ARE YOU USING? 

device number. 

The Tektroni x 

ENTER DATA FILE NAME :The name of the fi le to be fit. 

The program then displays menus for the additional 

parameters: 

1) TITLE = PLOT TITLE GOES HERE 

2) ABSORBING ATOM = MN 

3) POWER OF K TO WEIGHT FIT = 3.000000 

4) FIT STARTS AT K = 4.000000 

5) FIT STOPS AT K = 13.00000 

6) # OF ATOMIC SHELLS = 1 

ENTER # TO CHANGE, RETURN TO CONTINUE: Select from 

above the number of the parameter to be changed. 

FOR SHELL # 1 BACKSCATTER ATOM = 0 

ENTER IF DIFFERENT: Enter element for t hi s 

backscatter; ng shell. 

• 

'-
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START STEP LOWER UPPER 

1 } R = 2.00000 0.00500 1.50000 4.00000 
2 } N = 2.00000 0.05000 0.00000 5.00000 
3 } SIG =-0.00500 0.00050 -0.05000 0.00000 
4 } OEO = 0.00000 0.20000 -20.00000 20.00000 

ENTER # TO CHANGE, RETURN TO CONTINUE :Select from 

above the parameters to be changed. Shown are: R the 

distance, N the amplitude, SIG the Oebye-Waller parameter, 

and OEO the correction in eV to the value of Eo. Each has 

ass 0 cia ted wi t hit a s tar tin 9 val u e, a n est i mat e d s t e psi z e , 

and the upper and lower bounds. 

You are then asked for the minimization commands. The 

commands commonly used are: 

FIX nn - Fi xes the nnthparameter in the above list. 

REST - Restores all fi xed parameters. 

SIMP - Initiates a simplex minimization algorithm. 

MIGR - Initiates a migrad minimization algorithm. 

MINI Initiates a simplex, followed by a migrad 

mi ni mi zati on. 

SEEK - Initiates a Monte-Carlo parameter search. 

EXIT - Must be the last command in the li st. 

The fit is now performed, the results displayed on the 

screen, and the data and fi tare plotted. If desi red, the 

pro 9 ram wi 1 1 ret urn tot h est art wi tho u t c han gin 9 any 0 f the 

parameters so that additional fitting can be continued. 
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APPENDIX B 

Thi s appendi x descri bes the method used for si mul ati on 

of Mn+ 2 EPR powder spectra usi ng matri z di agonali zati on -i 

techniques. For high spin Mn+2 (S = 5/2), the spin 

Hamiltonian is, 

H = 8 H- g - S + 8 H- g - I + S- A- ( + e e n n ( 1 ) 

hI-Q-I + E B q 6 q 
k k 

in which the terms are, respectively, the electron and 

nuclear Zeeman interaction, the nuclear hyperfine term, the 

n u c 1 ear qua d rap 01 a r i n t era c t ion (f 0 r I> 1/2), and a s e ri e s 0 f 

field-independent fine structure terms shown as a sum of 

Orbach~perators [1]. Depending on the symmetry of the 

ligand field, d 5 ions may require fine structure terms with k 

= 2 and 4, and these are usually wri tten [1] usi ng the 

spectroscopic parameters D, E, a, and f as, 

E Bk
q Bkq = (D/3)a 20 + (E)5 2

2, + 

(a/120)(5 4o + 554
4 ) + (a/180)(6 4o + 20(2)1/2843) + 

(f/180)n 40) 

(2 ) 

qua rti c terms, are described by similar, but more 
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complicated functions of the spin operators. 

In cases in whi ch the e1 ectroni c Zeeman i nteracti on is 

much larger than the zero-field terms, an isotropic signal 

at gl = 2 is observed. Often, 0 and E are comparable to or 

larger than gSeH, and as a result, the spectral features are 

strongly dependent on the ligand symmetry [2J. For axial 

symmetry, in which E = 0, spectra are observed that are 

strongly anisotropic, and resonances may be observed at gl 
X 

. = gly = 6 and glz = 2, 6, and 10. For a completely rhombi c 

ligand field, in whi ch E/O = 1/3 [3], EPR spectra may 

.exhibit a symmetric line at gl = 4.3. 

The interpretation of EPR powder spectra in terms of the 

parameters 0, E, a, and f can be difficult without the use 

of simulations. Methods have been used emp1 oyi ng thi rd-

order perturbation theory, inc1tiding the terms involving 0 

and E, for the si mu1 ati on of S = 5/2 spi n systems [2J, but 

these methods are accurate for only a limited range of 

parameters. We have used a more exact but inefficient 

met hod t hat iss om e w hat s i mil art 0 t hat describec;1 by 

Oosterhui s [41, employing a fi e1 d-swept rna t ri x 

di agonali zati on method. A recent appli cati on of ei gen-fi e1 d 

perturbation theory has been reported [5], and may be of 

greater general use in that it is more effi ci ent and qui te 

accurate. Thi sis especi ally true for ca1cu1ati ons of Mn+2 

whi ch requi re the di agona1i zati on of a 36x36 matri x. 

The si mu1 ati on program EPR proceeds by choosi ng a set of 

E u 1 era n g 1 e sea n d ~ wi t h res p e c t tot he z - a xis 0 f the hi g h 
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field spin axis system. The Hami 1 toni an matrix is 

constructed from equati on 1 using Hx = H sine COS" = 

H si ne si n" and Hz = H cose as the components of the appli ed 

magneti c fi e 1 d along the principal magnetic axes. Terms i n 

the Ham; 1 toni an contai ni ng Sz contri bute real diagonal 

elements to the matrix, and terms i nvol vi ng Sx and Sy 

contri bute real and ima gi na ry off-di agona 1 elements, 

respectively. For each angle, the matrix is set up at a 

number of field values across the spectrum, and each matrix 

is diagonalized. Thi sis performed usi ng the IMSL routi nes 

EHOUSH to first reduce the matrix to tri -di agonal form, and 

EQRT2S to diagonalize the reduced matrix. 

Each pai r of energy 1 evel s ; s exami ned as a functi on of 

magneti c fi el d and resonance condi ti ons are; denti fi ed. If 

the field spacing is chosen finely enough, the energy levels 

vary quite smoothly. Thus the exact resonance fi el dis 

determined using a quadratic approximation to the energy 

levels in the region of resonance. The Hamiltonian matrix is 

di agonali zed again at the exact field of each resonance 

found, and IMSL routi ne EHBCKH is used to back-transform the 

matrix to give the eigen-vectors. The relative transition 

probabilities, 1( 1II i IS x I1jlf>1 2 , arethen calculated from the 

ei gen-vectors after normali zati on. The derivative of a 

Gauss; an 1 i ne wi th 

probability and an 

an ampli tude proporti onal to thi s 

anisotropic line-width, r = r sine cos, x 

+ r y si ne si n, + r z cos e , is then centered on the resonance 

field, and added to a spectral array. 

j 
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At thi s poi nt, the spectral features correspondi ng to 

one angle have been calculated. Thi s process is repeated at 

other angles, either by stepping through them in a regular 

fashi on, or by randomly sel ecti ng them. The 1 atter method 

has the advantage that the spectral features corresponding to 

all angles grow in at the same rate. The simulation may then 

be halted after the spectrum converges, preventing under- or 

over-sampling of angles. 

After entering the program, the parameter values are 

di splayed so that changes can be made before executi on. The 

parameters are: 

I)gx 

2)gy 

3)gz 

(The x, y, and z components of the g tensor) 

4)AX 

SlAY 

6)AZ 

(The x, y, and z components of the ani sotropi c hyperfi ne 

coupling. Values are in units of cm- I .) 

7)0 

8)E 

(The quadrati c fi ne-structure constants descri bi ng the zero

field splitting. Values are in units of cm- I .) 

9)THETA 

lO)PHI 

(The Euler angles used for single angle calculations.) 



11)HMIN 

I2)HMAX 
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(The magnetic field limits of the simulated spectrum in 

Gauss.) 

I3)FIELD INCREMENT 

(The spaci ng i n Gauss 

di agonali zati on.) 

14)MICROWAVE FREQUENCY 

(In units of GHz.) 

I5)APRIME 

between fi e 1 d s used for 

(The val ue of a in the quarti c .terms of equati on 2 in uni ts 

of cm- I .) 

I6)PPAR 

I7)PPERP 

(Parallel and perpendicular components of the axial nuclear 

quadrapolar coupling in cm- I .) 

I8)LINEWIDTH(X) 

I9)LINEWIDTH(Y) 

20)LINEWIDTH(Z) 

( The x, y, and z com p 0 n e n t s 0 f the ani sot r 0 pic 1 i n e - wi d t h i n 

Gauss.) 

2I)NTHETA 

22)NPHI 

( The n urn b e r 0 fan g 1 e sus e d wi t hi nth e s p her i cal reg ion 

specified by #23.) 

23)NSPHERE 

(Selects the spherical region in which angles are selected. 
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For NSPHERE = 1, calculation is done for a single angle, for 

NSPHERE = 2, THETA and PHI . range from a to 90°. Thi sis the 

normally used value, but 

selecti on. If NSPHERE 

randomly.) 

24)NOUT 

other ranges are 

< 0, then angles 

avai lable for 

are selected 

(Controls the output. If NOUT = 0, a list of the resonances 

only are output. If NOUT = 1, the spectral array only is 

output. If NOUT = 2, both are output.) 

25)IRANK 

(The rank of the Hamiltonian matrix used. For S=5/2, 1=5/2, 

IRANK = 36.) 

26)ILEVELI 

27)ILEVEL2 

(The energy levels used for finding resonances. They are 

usually set to 1 and IRANK. If, for example, it is desired 

to use only the lowest 12 energy levels, they may be set to 

1 and 12.) 

28)NANG 

(The number of angles the calculation completes before 

wri ti ng i ntermedi ate resul ts) 

29)J 

(The exchange i nteracti on in cm- 1 if it; s i ncl uded ; n the 

Hami 1 toni an. ) 

30)F 

(The parameter fin the quarti c coupl; ng term of equati on 2.) 
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