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ABSTRACT

The techniques of extended x-ray absorption fine
structure (EXAFS), and x-ray absorption edge spectroscopy
(XAES) are used to obtain specific structural information
about the manganese coordination environment in synthetic
indrganic complexes, and in biological redox systems.

Analysis of EXAFS data 1is first used to obtain a
structural assignment to manganese tetraphenylporphyrin
~complexes capable of alkane oxidation. The data are
consistent with a dimeric seven-coordinate u-oxo-bridged
structure, and implications of this structure on 'the
resulting reactivities of the complexes are discussed.

We have applied EXAFS analysis to the manganese
containing superoxide dismutases from various species to
examine directly the similarities and differences in site
structure between samples from distantly related organisms.

EXAFS fitting analysis for these samples wusing two
scattering shells gave two structurally distinct and
physically acceptable minima. One of these, containing 3-4
atoms of N or 0 at 2.00-2.04 § and 1-2 S at 2.28-2.33 &, was
more strongly supported by the data for SOD from T.
thermophilus. For eukaryotic SOD from S. cerevisiae, the
other structure, consisting of 2-3 N or O atoms at 1.96-1.98

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



favorable.

Substitution of the T. thermophilus apo-enzyme with iron
resulted in an 1inactive protein, while reconstitution with
manganese Yyielded highly active preparations. Importantly,
EXAFS analysis for the iron-substituted enzyme strongly
indicates that iron enters idinto the Same coordination
environment as observed for native manganese S0D. These
data are consistent with a structural model presented, in
which the functional specificity of manganese and iron forms
of SOD for their native metal can be explained on the basis
of evolutionary re]atidnships of their local ligand
environments,

A study of the manganese involvement in photosynthetic
water oxidation by higher plants was undertaken. This

process proceeds as though five intermediates, =S

SO 4’
operate in a cyclic fashion. A 1low temperature EPR signal
was used as an indicator of S state composition in a
manganese K-edge study of a spinach photosystem 11

preparation enriched in states S 52’ and S3 by

1°
illumination at -90°C. A dramatic change {s observed in the
edge properties between samples prepared in states Sl and
either S2 or S3, establishing a direct relationship between
the 1local environment of Mn and the S state composition.
Samples 'in-S2 and S3 exhibit a broadening of the principal
absorption peak and a shift to higher energy by as much as

2.5 eV relative to S1 samples. The magnitude of these

changes 1is directly related to the EPR signal intensity



1nduced by illumination. Models are discussed in which
these data may be interpreted in terms of a conformation
induced change in Mn ligation, and/or oxidation during the
S1 to 52 transition,

Fihal]y, the release of manganese from photosynthetic
membranes by inactivating treatments was studied wusing low
temperature EPR. This work demonstrates the existence of
bound forms of manganese which contribute significantly to
the population of manganese centers that have been altered
by inactivation. These studies are wuseful in defining roles

for the various pools of manganese contained in

photosynthetic membranes.

bl Sonan
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CHAPTER 1

Introduction

I. SCOPE AND PURPOSE

The reactions that make use of oxygen and its reduced
counterparts are of fundamental importance in the 1life
process. Oxygen is used as the terminal electron acceptor in
the respiratory chain that provides the basic energy
requi rements of higher organisms. It is . also the' final
product .in the oxidative ~cleavage of water in the
photosynthetic electron transport apparatus of higher plants.
Oxygen 1is a potentially reactive substance, It is easily
reduced, and this property is exploited by a widespread class
of enzymes. Oxidases and oxygenases catalyze the oxidation
of substrate by wusing dioxygen as an electron sink. The
reactivity of oxygen and its intermediates 02',_‘0H, and
H202 also make 02 a hazardous substance. Aerobic organisms
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

contain one or more metal atoms at the active site. It is



commonly the case that the metal atom is involved directly as
an electron carrier, Much can be learned by studying and
comparing the structures that nature has patiently chosen to
carry out these basic reactions.

‘Despite é wea]th of knowledge about the structure and
function of iron and copper enzymes, vefy little is known
about any biological manganese center. There are only two
known examples 1in which manganese is used specifically as a
cofactor 1in electron transfer reactioﬁs of dioxygen. These
are the oxygen evolution complex of higher plant
photosynthesis, and in a special «class of superoxide
dismutases. |

Almost nothing is known about the structural
similarities or differences in these biological manganese
centers, or what' structural constraints are necessary to
define tHe specificlreactivities exhibited by this class of
enzymes. It is the purpose of this thesis to obtain
information about the structural environment of manganese in
superoxide dismutase and the oxygen -evolution complex of
photosynthetic membranes.

In the next section a general introduction to
photosynthetic water oxidation is presented. An introduction
to the properties of superoxide dismutase is deferred to

chapter 4.



I1. MANGANESE AND PHOTOSYNTHETIC OXYGEN EVOLUTION

The 1light driven reactions of photosynthes{s result in
~the generation of reduced pyridine nucleotides and ATP used
for energy metabo]ism in plants and ultimately the syhthesis
of all biological material on this planet. The generation
and stabilization of charge separation in higher plants
occurs in a series of membrane resident electron transfer
components, Light excitation energy is transferred after
absorption by pigment complexes to one of two reaction
centers resulting in electron transfer to an acceptor
molecule. In photosystem II, the oxidized donor 1is reduced
by other membrane components, and the ultimate source of
reducing eqhivalents is water, which is oxidized to dioxygen:

hv

2H,0 — de” + 4HY + 0,

The production of an oxygen molecule requires 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 Joliot [1] and Kok [2] provided the first
mechanistic details of this process. The quantity of oxygen
evolved after a series of 10 usec flashes of saturating light
is observed to depend on the flash number. Little or no
oxygen is observed after the first two flashes, a maximum on
the third, and from this point the quantity oscillates with

a period of four. These observations have led Kok [2] to



postulate the existence of an intermediate which «cycles
through a series of five states, 50-34, accumu]atfng the
necessary potential for water oxidation. S0 and S1 are stable
in the dark, and in fact reach an equilibrium of 1:3
respectively. As shown in thevfoliowing scheme, each photo-
act advances an S state by one until S4 is produced, which

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

st + 0. ~on

2 20

Although thermodynamic arguments have been used against
a mechanism involving a series of simple one eiectron
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
complicated interaction between the S intermediate and the
water acting as reaction substrate.

The identity of thé S intermediate has not been
established, but evidence exists that implicates a form of
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 cel]ﬁ
[5]. Broken, washed <chloroplast preparations typically
contain 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,



and high salt incubation that specifically inactivate oxygen
evolution [6]. Blankenship and Sauer [7] observed that the
manganese that 1is released from the membrane during Tris
inactivation and observable by room temperature EPR stays
with the membrane phase upon washing, but is equally
distributed after sonication. It was later observed [8] that
reactivation of 02 evolution in the presence of a reducing
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 1is released
by alkaline Tris washing into the inner thylakoid envelope
where it is trapped by a slow trans-membrane diffusion.
Reactivation of activity, by an unknown mechani sm causes this
manganese to be reincorporated into the membrane.

More recent wofk in this area has given rise to a
reevaluation of some of these ideas. Yokum et al. [9] report
a chloroplast preparation from high salt buffers that
contains only 4 manganese per photosynthetic unit. Tris
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 4in normal and inside out thylakoid membranes. In
addition, this released manganese was not required to achieve
a 60% reactivation of activity. Similar results have also
been reported in an 1inside out photosystem II preparation

from spinach [11].



Very little structural information 1is known about the
active form of manganese in the oxygen evolving complex.
Progress in this area has been hindered for two principal
reasons. Firstly, the 1lability of the oxygen evolving
complex has prevented its isolation in an active form. Thus,
previous studies have had to be performéd on preparations
which are dilute and somewhat heterogeneous with respect to
manganese centers. Significant advances have recently been
made in that stable, active sub-chloroplast membrane
preparations containing only the photosystem I light
reactions are now available [12-14]. Secondly, the inability
to directly observe the S intermediates has prevented their
study or the development of reliable protocols for their
preparation and stabilization. However, a photo-induced EPR
signal rich 1in manganese hyperfine structure has recently
been observed at low temperature in chloroplast preparations
and. has been interpreted as arising from reactions close to
the oxygen evolution compliex [15]. based on EPR simulation,
these authors have proposed that the signal arises from an
anti ferromagnetically coupled manganese multimer. This s
consistent with earlier EXAFS work indicating the presence of
a metal-metal interaction at about 2.71 X in spinach
chloroplasts [16]. The oxidation state of a proposed dimeric
Mn(III,IV) complex [15] giving rise to this EPR signal is
also consistent with earlier X-ray absorption edge data [17]
if it is assumed that the EPR signal arises from  the S2

state. This appears 1likely, for recent work [18] has shown



that the temperature dependence of the formation and decay of

the EPR signal is similar to that expected for the 52 state.



ITI. 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

obtain specific information about the structures of the

manganese sites in the photosynthetic apparatus and 1in
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 provides ligand identity and radial distance

information. EXAFS analysis cannot give a complete
structural assignment, because it does not include
information about the angular distribution of ligands or
their stereochemistry. If some details of a structure are

known, EXAFS can be used to study specific aspects of the
metal site, and can even imprer 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 this work, EXAFS will often indicate a number of
possible site structures consistent with the data.
Nevertheless, when no other structural tools are available,
this information can provide a valuable framework for the
eventual elucidation of the mechanistic details of these
important enzymes.

A description of x-ray absorption spectroscopy, and data
analysis methods is presented in chapter 2. The application

of these methods is wused in chapter 3 where an EXAFS

#



structural study is described on a series of novel high
valent manganese tetraphenylporphyrin complexes. In chapter
4,'x-ray absorption edge and EXAFS results are presented in
a structural investigation of manganese superoxide
di smutases. The metal site structures proposed provide a
description of the structural and evolutionary relationships
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 S state
populations haQe been stabilized. In this way, the direct
involvement of manganese with the S2 derived EPR signal is
explored in terms of specific alterations in the structural
and electronic properties of manganese <centers. This work
is complemented 1in chapter 6 with a study of manganese
binding to photosynthetic membranes in an attempt to better
characterize the relationships between manganese content,
oxygen evolution, and the appearance of EPR observable

species in response to inactivating treatments.
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CHAPTER 2

The Principles and Practical Application of

X-ray Absorption Spectroscopy

I. INTRODUCTION

With the development of synchrotron radiation as an
extremely intense, wide bandwidth sbufce of x-rays, a great
deal of interestl has been generated in the use of x-ray
absorption spectroscopy as.a structural probe for the study
of transition metals in materials research, surface science
and in dilute biological materials, An excellent and
extensive review of these techniques has been provided by
Lee et al. [1]. Structural information can be obtained from
the details bf the absorption edge itself, as well as from
the small amplitude modulations -(EXAFS) above the edge
energy. This chapter describes the properties of the edge
and EXAFS spectra, experimental techniques used for data
collection, and the methods of data analysis for extraction
of structural information from an X-ray absorption

experiment.
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IT. THEORY OF X-RAY ABSORPTION SPECTROSCOPY

X-ray Absorption Edge Spectroscopy (XAES)

The absorbance in the x-ray region of common materials
decreases monotonically with increasing photon energies,
except for a few abrupt increases characteristic of 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
(figure 1). The edge arising from 1ls electron promotion is
known as the K edge. Those arising from 2s and 2p levels
are cé1led the L edges, and occur at longer wavelengths.
Within an edge, a series of symmetry allowed transitions
occurs to empty levels as the energy is increased, and these
levels eventually converge into a continuum in which a final
state photo-electron 1is emitted from the atom with a kinetic
energy given by the difference in the photon and binding
energies of the atom. |
| The K-edge of a particular element occurs at a
characteristic wavelength which is well isolated from those
of_ other elements. However, the exact appearance and
position of an edge is determined by factors that include
the effects of the <core hole on the wunoccupied valence
states, the absorber oxidation state, and the nature and
symmetry of the metal-ligand 1interactions. In a review by
Srivastava and Nigam [2], the K-edge spectra of a Tlarge
number of transition metal complexes were empirically

characterized and <classed according to the nature and
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Figure 1. The ratio of incident to transmitted
intensity in the x-ray K-edge region. 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
described by Shulman et al. [3] for a series of metal
fluoride complexes. In this case, the extremely ionic
nature of the complexes greatly simplifies the treatment,
because the final state levels are well 1localized on the
metal and can be described by atomic <configurations. For

example, when a transition metal undergoes the transition

2(1s22522p83523p63d") —3 2(1512522p®3523p03d"n' 1)

the fact that the 1s hole is close to the nucleus and well
removed in energy from the valence levels allows these outer
valence 1levels to be described by those of the Z+1 element.
Thus, the energies bf the transitfons can be obtained from

spectroscopic tables [4] by using
2(1s22s22p53s23p03d™) — (2+1)(1522522p%3523p®3d"n 1)

as a model for the absorption process. The transitions
involved are predominantly single electron processes for
which the dipole selection rule holds. This means that the
most strongly allowed transitions occur between the 1s and
np levels, however the forbidden 1s 4s and ls 3d
transitions may be weakly allowed due to vibronic mixing
with p levels [3]. This breakdown of selection rules is
very sensitive to the <coordination symmetry of the complex
and the appearance of these features in the 1low energy

region of the edge <can thus be used as an indicator of

=
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coordination symmetry.

For complexes that cdntain signi ficant metal-ligand
interactions such as is commonly found 1in biological
materials, this simple approach is not valid and
quantitative treatment requires a knowledge of the 1ow_lying
unoccupied molecular orbitals of the complex. The most
di fficult aspect of such a treatment is the proper
consideration of the effects of the partially rg]axed core
hole on the outer lying states. Calculations of edge
properties have been carried out with fairly acceptable
results [5,6] but the difficulty of performing these
computations, and their inability to account for the most
subtle features of the edge make the interpretation of most
edge data di fficult on a quantitative 1éve1.

Nevertheless, there are certain empirical features that
a]]ow_ a qualitative estimation of oxidation state and
coordination symmetry from edge spectra. As is the case
with the idionic complexes, the most strongly allowed
transitions are those that occur to orbitals that transfdrm
like x, y and z under the symmetry properties of the
complex. For octahedral - comp]exeé, these are the orbitals
with tlu symmetry, while for tetrahedral complexes the
allowed transitions are to orbitals with t2 symmetry. Thus,
signifitant changes in the inten;ity of these transitions
can be observed and correlated with site coordination
symmetry. An example of such a case 1is presented in figure

2, which shows the drastic difference in the near edge
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Figure 2. The ratio of 4dincident to transmitted
intensity for manganese K-edges. The absorbance is the
natural logarithm of this quantity. A, Absorption edge for
the tetrahedral KMnO4 complex; B, absorption edge for
MnC1 |
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features of the neér]y tetragonal MnC]2 and tetrahedral
KMnO4 complexes.

Many studies have attempted to correlate properties such
as the position of the principal edge peak [7], its width
[8], and the position of the inflection point [9,10] with
the oxidation state and coordination stoichiometry of the
metal. Great care must be taken when using these properties
as indicators. Changes in the intensity of pre-edge
transitions - for two complexes that differ 1in coordination
symmetry may thwart attempts to wuse the feature as a means
of obtaining metal oxidation states if they do not reflect
the same transition in each case. Fairly reliable results
have been obtained however, for molybdenum [9] and manganese
[10] complexes wusing edge infection points, partly because
most of these edges are quite smooth and featuréless. The
inflecfion point was observed to be a poor indicator for
complexes [10] that exhibit metal-ligand =« interactions or
dative bonding, because the straightforward épproximations
of ligand covalency do not hold. Within these limitations,
however, these methods have proven quite wuseful as
qualitative indicators of metal charge and symmetry.

Extended X-ray Absorption Fine Structure (EXAFS)

EXAFS appears as an extended modulation by 5-16% 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 physical fnterpretation of EXAFS is
illustrated in figure 3. At a given energy E above an
edge, the absorption process results 1in the <creation of a
photo-electron of energy EPE = Ehv - EB where -EB is the
binding energy of the electron in the atom. | The photo-
electron expands as a spherical wave with a well defined
phase and a wavelength proportional to 1/k, whére
k = (2me[Ehv - E():])l/z(h)'l and E  is the energy qt which
the electron becomes free. This wave has a probability
'[Fi(k)]z of scattering off the jth ligand with a phase shift
of °i(k) and thus may return to the original absorbing atom
with a definite coherence. - The total phase difference

between the outgoing and backscattered wave is 2kR; + &i(k),

.th
i

where R, is the distance to the ligand,

i
a, (k) = 28(k) + ’i(k) -, §(k) is the phase shift
experienced by the photo-e1e;tron each time it encounters the
central atom, and r is subtracted by convention to make
EXAFS amplitudes positive. Thus the total photo-electron
final state wave-function, and the absorbance itself, is
modulated by the wave-vector k at a frequency proportional to
R, . The relation derived [12] for this effect is shown in
equation 1,

2
Ni -O’ik
i kRi
where Ni is the number of atoms in the ith shell and o5 is

the Debye-Waller disorder parameter describing the thermal
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Fiqure 3. Schematic diagram of EXAFS photo-electron
interference. In A) the incident photon energy is such that
the back-scattered final state photo-electron arrives at the
central atom in phase with the outgoing Qave; in B) the

photon energy is such that destructive interference ocurs.
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and static displacement from the average scatterer distance.
It is apparent from equation 1 that EXAFS <contains

information about the number of scatterers and their

distance. This 1information depends wupon 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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IIl. The X-ray Absorption Experiment

Basic Experimental Setup

Collection of x-ray absorption data 1is conceptually
simple. The absorbance ux, where x is the sample thickness,
is calculated as ln(IO/I) from a measurement of Igs the

_ incident intensity, and I, the transmitted intensity. The

total x-ray cross section is composed of two parts,
o= “bE + ug, where “ﬁE is due to the photo-electric
absorption of interest, and ug is a background absorbance

arising from scatter and the slowly varying absorption from
other distant edges.

X-radiation 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 intensity that is 3 to 4 orders of magnitude
hi gher than conventional Xx-ray generators. This intensity
reduces the time required to make the very precise
measurement of absorbance necessary for EXAFS spectra. This
is particularly true for samples at low concentrations where
data that may take 10 hours to <collect would require 1000
hours using conventional sources.

A description of the -equipment and computer programs
used for data collection have been described previously
[13,14,15,16]. A brief summary of the major components
follows.

Monochromatic x-rays are produced using a double silicon

or germanium crystal diffraction monochromator. Reflections



26

from the hkl plane of the «crystal held at angle ¢ from the
beam direction is satisfied at the wavelengths

nx = Zdhk]sine, where n is the order of diffraction and

dhk] is the 1lattice spécing for the that plane. The
wavelength s changed by rotating the double crystal
assembly under computer control. The presence of higher

order reflection harmonics (n>1) are undesirable 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 ionizétion chambers built
at the Stanford Synchrotron Radiation Laboratory (SSRL) and
described by Kincaid [13]. The lengths énd gas compoéitioﬁ
are optimized for =10% absorption for the I0 measdrement and
a large absorbance for I.

Sample <considerations are minimal in that EXAFS can be
obtained on any phase of matter. However, sample
homogeneity is an important concern, Care must be taken to
avoid non-uniform samples, or those containing crystal
fragments such as ice ih frozen samples. The latter can
easily be accomplished wusing glycerol glasses. The «x-ray
beam may have a non-uniform intensity across its dimensions.
If these ‘'hot spots' move while scanning the energy, a
‘spotty' sample will introduce artifacts. If crystals are
present in the sample, diffraction peaks can be introduced in
fluorescence mode data. |

For most samples and especially enzymes, the possibility
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of reduction or damage by solvated electrons and radicals
produced by the beam must be considered. Data collection at
low temperature aids in the immobilization of these spécies,
but radiation effects can still be observed [17,18]. It s
therefore of great <importance that means be available to
assess the integrity of samples after data collection.

Energy Registration

A number of factors make reliable energy calibration
importanf. The energy resolution of a typical unfocussed
beam line at SSRL 1is approximately 1-2 eV, which is
comparable to the lifetime widths of most x-ray transitions.
Monochromator calibration errors much 1larger than this can
occur. Sudden shifts in energy can result from beam steering
or orbit <changes each time electrons are injected into the
ring. Effects have also been observed [15] due to
monochromator slippage as well as crystal and mirror

heating. The behavior of the storage ring is often

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

min) scans and average them 1later. For dilute samples, as
many as 100 of these scans may be required. Especially for
edge studies, where effects of <1 eV are often significant,

it is critical to maintain an accurate calibration. 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,
typically KMn04, with a feature slightly below the edges of

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
intensity is measured before and after transmission through
the primary sample 1. Simultaneous measurement of
absorbance for a reference sample 2 in series with the first
‘measurement s possible if the relative edge jump of sample

1 is small.
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absorption arrangement, For dilute primary samples for
which the transmitted flux does not vary drastically, it is
possible to collect data for the reference feature during
each scan.

Measurements at Low Concentrations

At low absorber <concentrations, intrinsic difficulties
are encountered 1in the precision of the x-ray absorbance
related to the need for measurement of small di fferences in
the very large photon fluxes. The use of K-a fluorescence
detection [20] has been very successful in extending
‘measurements to concentrations of 1 mM or less. The K-a x-
ray fluorescence intensity is related to the photo-electric
cross section (ux)P,E by

- Ion(ux)pg(l-e-(ux)r) | (2)

(“X)T
where n is the fluorescence efficienéy (approximately 20% for
Mn) and (ux)T is the total sample absorbance [20].

Detection of K-a emission from a sample 1is contaminated
by scattered radiation at the incident photon energy and,
because this contributes to background, it becomes
increasingly important to discriminate against this scatter
for the concentrations typically used for biological samples.
Detectors with high energy resolution such as muiti-element
crystal monochromators [21] and solid state detectors [20]
are capable of such  discrimination, but have other

drawbacks. The barrel monochromators suffer from limited
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acceptance solid angles and the solid state devices are
subject to serious count rate limitations. Refinements in
the use of fluorescence filters made of the Z-1 element in
combination with collimation techniques [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 favofab]y with high resolution devices
for scatter/fluorescence ratios >106 [23].

In this work we have wused a seven element detection
array similar to that described by Powers et al., [18].
Detector elements were constructed using disks of aluminized
Nuclear Enterprises NE104 scintillation plastic. This
material has a scintillation decay time of 2 nsec, allowing
extremely high count Eates. The disks were coupled to EMI
9813 eleven stage photomultiplier tubes. Two channels were
created to take advantage of the increased signal-to-noise
of tﬁe tube in the center of the array. The other six tubes
were logically summed using a progressive 15 nsec delay line
and diode adding <circuit. The pulses from each channel,
ampli fied wfth a x10 gain pre-amplifier (EMI VA.02), were
used to trigger an Ortec 436 1eading-edgg discriminator, and
the output NIM 1logic pulses were counted by a computer-
interfaced hex-scaler.

Fluorescence filters were obtained by electroplating
0.35 mil chromium onto 20 mil beryllium sheets (4"x4") and

fitted with an aluminum soller slit assembly [22] to reduce



detection of Cr K-a fluorescence from the filter.
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IV. Data Analysis Techniques

Methods for Structure Determination

There are two distinct methods for extraction of
structural parameters from an EXAFS experiment. The EXAFS
effect is described by a sum of amplitude and phase
modulated Sine terms and can be inverted by féurier
transformation to give a distribution -of frequency
vcomponents. 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 will show peaks at R1 + a/2. The shifts introduced
by the phase are similar for common absorber-scatterer pairs
(approximately -0.5 R for Mn-N or 0), so the transform peaks
can be used to provide an indication of the number of
scattering shells and their distance.

Clearly the most accurate method for structure
determination is that of curve fitting analysis. For this
method to work, it is necessary to have knowledge of the
phase and amplitude functions for each- absorber-scatterer
pair. This need has given rise 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 first of these methods employs empirical
determination of the functions by use of model complexes.

Functional forms for the phases and amplitudes are assumed,



34

and thé parameters that determine them obtained by fitting
to model data with the known strubtural parameters. The
parameteri zed phase and amplitude functions are then used to
fit unknown data to the structural parameters. This method
has been successfully applied for many systems, yielding
distances accur;te to 0.015 R if'good models are used [25].
A good model complex should have a set of -equivalent
scatterers at equal distance from the metal and be well
Vresolvable from other scatterer distances. The model should
also be as chemically similar to the unknown as possible to
insure good phase and amplitude transferability. However,
for studies on completely wunknown systems, no criterion is
available for determining when the model is sufficiently
similar. One model bécomes as good as another, and may even
introduce problems, if- it and the wunknown are quite
dissimilar. In addition, if the structure of interest
cbntains mixed 1igand types at distances that are’
unresolvable, it becomes impossible to obtain models that
satisfy both of the properties that define a 'good' model.
The second method of fitting analysis employs ab initio
calculations of the phase and amplitude functions [26].
The;e functions have been tested and successfully used [27-
29] and they constitute the method of analysis used in this
work. Representative phase and amplitude functions for
manganese as absorber are shown in figure 5. It is seen
that the phase shifts become progressively more positive as

the scatterer atomic number increases. The net effect of
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Figure 5. Thebretical EXAFS phase shifts and scattering
amplitudes predicted for manganese as the absorber. A) The
total phase (28(k) + a(k)) and B) the scattering amplitudes
are shown for Mn-C, Mn-N, Mn-0, Mn-S and Mn-Mn pairs as a

function of the photo-electron wave-vector k.
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the phase and 1its curvature is to reduce the frequency in
general and to slightly compress the oscillations at large
values of k. As seen in figure 5, phases for <carbon,
nitrogen, and oxygen are very similar, which makes
discrimination between C, N or 0 scatterers di fficult at
best. However the phase difference between Mn-0 and Mn-S is
large, making a C, N or O scatferer fairly easy to
distinguish from a sulfur. The same is true for most
elements that di ffer by at least a few in atomic number. The
amplitudes shown in figure 5 also show elemental trends.
The scattering amplitude increases with the scatterer atomic
number and is observed to peak at higher values of k. This
property also aids in elemental identi fication.

A  number of problems have been described that make the
theoretical amplitude information somewhat wuncertain.
Eisenberger has shown [24] that 1in some cases the amplitude
is <chemically sensitive, affecting its transferability.
Observed reductions of experimental amplitudes by about a
factor of 2 relative to theoretical values have been
attributed partly to many-body effects [30] and partly to
experimental origin [27]. For this reason amplitude
correction factors have been applied in the data analysis
using theoreticél amplitude functions [28,29], and it is
understood that the number of scattering atoms predicted by
this method is somewhat uncertain.

It is not possible to exactly determine the position of

Eo from EXAFS spectra, and discrepancies between the
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experimental and calculated values make it necessary to use
E0 as a variable parameter., The value of E0 is usually
chosen at or a few eV above the edge maximum, and later
optimized during the fitting analysis. Eo and the distance R
are slightly correlated [15]; however, an error of 1 eV in
Eobcorresponds to a change of approximately 0.003 £ in the
fitted distance, so the effect is minimal for errors in EO
of a few eV. Changes in Eo produce changes in x (k) which
decrease as 1/k, whereas <changes 1in the distance cause
changes in x(k) that are linear with k. For this reason it
is not possible to obtain a good fit to a completeiy wrong
distance by adjusting EO. In addition, it has been noted
that errors in the transferability of phase information as a
result of chemical differences have similar effects on x(k)
as do errors in Eg [1]. It is therefore possible by
adjusting Eo to effectively absorb many of the deficiencies
in the approximations wused in the ,calculafion of phase
information,

Ideally, when dealing with systems in which nothing is
known about the site structure, it is best to proceed
initially with analysis using <calculated phase and amplitude
information. In this way, unbiased formulations of the
structural environment about the metal can be obtained, and
many possibilities tested without the need for synthesis and
characterization 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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satisfy the «criteria outline above. The two methods may be
used in a complementary way, retaining the highest
probability of making a correct structural identification on
one hand, and later obtaining the most sensitive 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
appendix A.

Pre-processing

Program REFORM was used to read SSRL data files, check
for errors and output the ratio of IO/I or F/Iy in a format
~compatable with the remaining programs. Program HYPERPLOT
was used to plot large quantities of data for the visual
survey of useful data scans.

Adding

When large amounts of data needed to be averaged, this
was performed wusing program EXADD. Each data file, weighted
by the number of seconds per point wused for collection, is
displayed over the averaged file before being added to it,
allowing close visual inspection. The most critical aspect
of averaging data is to maintain energy calibration of the
individual scans. When simultaneous reference measurement
techniques [19] are wused, this information 1is present with
each data file, and program EXADD is capable of performing

this task automatically. If desired, the program checks the

-
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reference data for each scan,>finds the position of the
reference feature using derivative techniques, and uses
linear interpolation to shift the data to match the
reference feature to that in the first data file.

Preparation for Fitting

Considerable data analysis is required to normalize and
remove the background from the EXAFS .components. Much of
the strategy for this analysis has been described by
Robertson [15] and Kirby [14]. The interactive program
EXAFS was written by adapting and extending previously
existing software, and is capable of performing all analysis

procedures described in this section.

Conversion to energy - .The data are collected as a
function of monochromator angle. Convgrsion to photon
energy 1is performed first by using the monochromator

posi tion at the copper edge as a reference and the
monochrometor crystal parameters.

Pre;edge removal - The slowly varying background
absorbance (or scatter for fluorescence mode) is subtracted
from the data. The background function used is usually a
first- or second-order polynomié] fit of the form
B(E) = a5 + a;In(E) + az[ln(E)]2 and was chosen for its
ability to follow the curvature of the pre-edge region of
most data [14]. This function is fit to the data from about
300-500 eV below the edge to about 20-50 eV below the edge,
and the fitted function then extrapolated over the entireA

data set. The exact range and order of fit is determined by
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its behavior above the edge. An appropriate example is shown
in figure 6A.

Edge normalization - Two types of edge normalization are
required. The absorption cross section per atom is obtained
by a simple normalization of the edge rise to wunity. This
is performed by doing a quadratic polynomial fit to the data
beyond the edge and extrapolating this fit to a point at the
edge rise. The data are then normalized by dividing by this
valué. The second normalization is to the free-atom
absorbance. EXAFS spectra are desired as relative
modulations of the absorption cross section, but this cross
section 1in the absence of EXAFS is not constant. The
normalized free-atom cross sections are constructed from the
McMaster tablulated fits [14] and wused for norma]ization.
Data at this point appear as shown in figure 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)
polynomial fit to the entire EXAFS region was subtracted
from the data. This removed most of the slope and monotonic
curvature, The second stager involves subtraction of
smoothed data from the unsmoothed data to remove low
frequency curvature, In a typical case, a triple smooth s
performed in which for each point the data for a fixed region
around that point is averaged. This smoothed data is then
smoothed twice more, The amount of curvature removed is

adjusted by varying the smoothing window. Each time this is
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Fighre 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
polynomial., In B) the normalized spectrum with wunit edge

jump is shown.
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changed, the background 1is removed and the data fourier
transform is examined. The smoothing window is adjusted to
reduce fourier transform peaks beiow Reff =1 R but none of
the principal peaks are allowed to change by more than a few
percent. This 1insures that frequency components
corresponding to the EXAFS are unaffected. This procedure
is sometimes employed before_ conversion from energy to
photo-electron wave-vector space and is always employed after
conversion. An examp}e 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 using this technique for data_in
energy space. In this casé, 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
desirable to retain the background removed so that its
fourier transform may be examined.

Fourier transformation and filtering - After conversion
to k-space and linearization of the point density, fourier
transforms can be taken. The transform computed is

i 2kR

) |
2 kM W(k) x(k) e  dk (3)

e (R) = s

Ky
where the data used extend from k1 to k2. MultipTitation by
an apodization window W(k) causes the data do go smoothly to

Zero at its endpoints and 1is done to reduce truncation
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Figure 7. Background removal for a-MhS 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
sliding average of 2.4 K'l width. The fourier transform
modulus B) is shown before and after béckground removal and
demonstrates the removal of only frequency cohponents below

Reff = 1 K.
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sidelobes in the transform [15]. The k" weighting, where n
is typically 0-3, is used to reduce the damping of EXAFS
modulations at high k values. This sometimes has desirable
éffects on the fourier transform. The R-space resolution is
increased at the expense of signal-to-noise, because of the
more constant EXAFS signal over the entire data range. This
also prevents 1low k EXAFS componeﬁts from dominating the
spectrum. Errors ih the phase as a result of uncertainty in
the value of Eo are greatest vat low k values, and this
weighting reduces their effects.

Isolation of specific scattering components is often
necessary to reduce the complexity ahd inter-parametef
dependence during fitting. This is accomplished by fourier
filtering. Fourier transform peaks that are well resolved
from other scattering contributions are isolated by applying
a modifigd Hamming window function f[14]. The resultant
isolated fourier peak 1is transformed back into wave-vector
space and used for fitting. If possible, the fourier
transform of the data is taken withouf application of the
Kaiser apodization window. If this were not done, the
convolution of the window function with the data in R space
would be difficult to remove after filtering and back
fransformation. It is wusually possible to do this without
introducing 1large truncation side]obes by adjusting the
limits of the data transformed so that they are near zero.

Fitting Analysis - In this method, non-linear least

squares minimi zation of
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F(R.NsouEg) = 1 [ly; - x(k)) ki "1° (4)

is employed with respect to the structural parameters where
y; are the data values at point i and X(ki) the computed
EXAFS amplitude from equation 1. Weighting by k" is done
for reasons . described for fourier transform analysis.
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, o, and AEO can be allowed to vary,
‘although any combination of them can be fixed at any point
in the analysis.

Data below 3.5 to 4.0 £-1 should not be used for
analysis because approximations used in deriving the EXAFS
relation are not good below these values [31].

The following general strategy is useful during fitting
analys{s. Fourier transform information is used to generate
a-cﬁemical1y plausible structure. Fourier filtering is then
used if possible to isolate the individual scattering peaks.
This proposed structure is tested by fitting to these
isolated peaks. For each peak, fits tb a single shell of
scatterers is attempted first. Other types of scattering
atoms are also attempted. If a fit is 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 'fits' mentioned above is' composed of a
series of steps. In a typical fit, the atom types and
initial values of parameters are selected. For each new
trial, a series of minimization stages are initiated by
releasing a few parameters at a time. R and N are usually
allowed to vary first in order to achieve a rough overall
phase and amplitude match. The remaining parameters are
then released and minimization continued. The Debye-Waller
factor, o, is set dinitially 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 scattéring shells with AEO corrections that
di ffer by 17 eV or more are considered unacceptable. This
value was chosen on the basis of our éxperiencerwith fittfng
model complexes and similar studies by others [17]. |

There are 1imitations to curve fitting analysis that
should always be in mind. Rarely are parameters completely
independent. However, parameter correlation is not so
serious for EXAFS as it 1is for techniques that involve

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 similar. The

presence of strongly coupled parameters - can be evaluated by
examination of the covariance matrix provided by program
EXFIT.

Addition of another scattering shell to a given fit will
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nearly always improve its quality, and it 1is sometimes
difficult to decide if its addition is justified. The best
criterion is to require that significant improVement is
obtained and that the parameters are sufficiently different

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 1is common with most fitting procedures,
local false minima may .exist in addition to the true
minimum. The best approach to avoid this problem is to usé
many different parameter starting values. A convenient
optional feature of program EXADD wutilizes a Monte-Carlo
parameter search for finding global minima. It is ﬁelpfu1
to realize that fitting to a sine wave, as to any periodic
function, will exhibit a regular series of 1local minima.}
For typical EXAFS spectra these 1local minima occur at about
0.4 R to either side of the true minimum [32], and can

easily be checked.
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CHAPTER 3

X-Ray Absorption Studies of High Valent Manganese

Iodosylbenzene Tetraphenylporphyrin Complexes.

I. INTRODUCTION

Synthetic high valent metallo-porphyrins have been
actively studied because of the ability of many to catalyze
thé oxidation of organic substrateé [1]. A novel manganese
tetraphenylporphyrin complex with the stoichiometry
[XMn(TPP)(0IPR)]1,0, X = Cl (I) or Br (II) has been isolated
from a system capable of catalyzing the oxidation of alkanes
[21. The spectral properties of these complexes have
indicated structural similarities with well characteri zed
dimeric wu-o0xo0 bridged <complexes isolated from the same
system when X = NS or OCN~ [3]. Comparison of NMR ring
current chemical shifts for the TPP phenyl protons in I and
Il with those for the dimeric [Mn(IV)TPP(N3)],0 complex
strongly indicates the presence of a cofacial p-oxo dimeric
structure, This is supported by observed similarities of
optical spectra, and by the magnetic susceptibility of the
complexes which indicates anti-ferromagnetic coupling.

The nature of the interaction of the iodosylphenyl

moiety with the metal has been indicated only indirectly
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[2]. Infared band shifts observed upon 1labeling with 180-
iodosylbenzene have indicated, but do not demonstrate direct
ligation of this 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
with a Mn-0-1 distance between 2.5 and 3.5 R.

The ambiguity remaining in the structural assignment of
complexes I and Il is represented in figure 1 by two
proposed structures [2] that are consistent with observed
properties, in which the role of the iodosylphenyl group is
Qbscure. This is unfortunate, because it is this interaction
which probably plays an important role in determining the
unique reactive properties exhibited by théSe complexes.

A mechanism proposed for the activation of alkanes by
these u-0x0 complexes has implicated an intermediate
monomeric Mn(IV) oxo complex involQed in hydrogen
abséraction to produce free alkyl radicals [4]. This is
followed by abstractioh of axial 1ligand 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 activation or product forming
reactions remains unclear. Substitution on the
iodosylbenzene group is observed to affect product
distributions 1in some cases but not in 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)(01Ph)],0 (1) and [BrMn(TPP)(0IPh)],0 (I1).

~
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considered unlikely on the basis of steric accessibility of
the resulting seven-coordinate metal structure. Certainly,
the structural assignment from among the possibilities
presented in figure 1 would have important implications on
this issug.

One of the goals of our studies has been to further the
understanding of the role of biological metal centers in
oxidative welectron transfer reactions and the obvious
extensions of this knowledge to systems capable of
homogeneous catalysis. Thus we have undertaken a direct
- structural investigationv of complexes I and Il by X-ray
Absorption Edge (XAES) and Extended X-ray Absorption Fine
Structure (EXAFS) techniques. These techniques are ideal
for determination of the ligation environment -of the metal.
In particular, the availability of two homologous structures
di ffering 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 [CIMa(TPP)(0IPh)],0 (1), [BrMn(TPP)(0IPh)],0
(11), Mn(IT11)(TPP)(N5)HOCH, (IT1), Mn(IV)(TPP)(OCH3), (IV)
and [Mn(IV)(TPP)(N3)]20 (V) were prepared in the laboratory

of C.L. Hill by published methods [2,3] and stored at 77°K
until use. X-ray absorpfion 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 Nzigas stream at -70° to -90°C
for data collection to prevent decomposition. Sample
integrity was verified after EXAFS data collection 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 ~Radiation Laboratory wutilizing beam lines 1IV-3
and II-3, Data were obtained in the absorption mode using
nitrogen gas ionization chambers to measure the incident and
transmitted_ intensity. Accurate relative energy
registration for edge data was maintained using a double
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 height normalized to wunity. Reported edge positions
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were determined as the major inflection point on the edge.

This was obtained from the zero-crossing of the second
derivative of a sliding quadratic fit to 1.7 eV width across
the data. Preparation of EXAFS data for analysis and

fitting methods are described in chapter 2.
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III. Results and Discussion

Edge Spectra

The x-ray absorption spectra in the K-edge region for
complexes I and II and for. three Mn tetraphenylporphyrin
complexes of known structure are shown in figure 2. The
edge for Mn(III)(TPP)(N3)H0CH3 shows a splitting of the
principal edge peak attributed to 1s-np transitions.
Splittings of this transftion 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(III) complexes, this one -exhibits a large
tetragonal distortion. A somewhat different edge structure
is observed for the Mn(1V) complexes, which are all very
similar. The nearly identical edges of the u-oxo dimeric
[Mn(IV)(TPP)(N3)]20 and complexes I and Il 1is evidence for
structural 1isomorphism. A1l three exhibit a peculiar
splitting of 2-2.5 eV in the weak 1s-3d transition below the
edge onset. This splitting is either absent or unresolved
in the monomeric Mn(IV)(TPP)(0CH;), complex of figure 2.

Two explanations have been provided fdr similar
structurgs observed in iron and <cobalt fluoride complexes
[7]. The splitting may arise from transitions to different
d multiplet states. The transitions that are expected for
Mn*4 (3d3) between the 1s and 3d levels are obtained from the
atomic levels of the [Fe+4 (core)]Bd4 configuration which
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. 1) [Can(TPP)(OIPh)]ZO, I1)
[BrMn(TPP)(01PR)1,0, 111)  Mn(ITI)(TPP)(N;)HOCHg,  IV)
Mn(IV)(TPP)(OCH3), and V) [Mn(IV)(TPP)(N;)],0.
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5D ground state and a series of spin triplet

5

including the
term states at 3.0 to 3.5 eV above the D level. The
predicted splitting is therefore somewhat 1larger than
observed in the 1s-3d transition. This treatment 1is valid,
however, only for very 1ionic complexes where the localized
atomic levels provide a good description of the transition
final state. This is obviously not the case for these
porphyrin complexes which contain significant ligand orbital
interaction. |

It is also possible that the observed splitting arises
from crystal field effects. For such a splitting to occur
3

complex containing empty dxz_yz and d_? orbitals

in
i a d 7

imp]ies 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 dzz based
~orbital exists. |
The inflection point positions 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 wused for a
variety of manganese <complexes to obtain oxidation state
information, this method cannot be reliably used for cases in
which significant delocalization of charge onto the 1ligands
occurs [9]. However, comparison of edges within 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 Infiection Points for Manganese

Tetraphenylporphyrin Complexes

Complex Edge inflection % sd (eV) Shift
Mn(IIT)TPP(N3)HOCH, 6551.83 ¢+ 0.10
[Mn(IV)TPP(N3)]20 6553.35 1.52
Mn(IV)TPP(OCH3)2 6552.81 ¢+ 0.12 0.98
[C1Mn(IV)TPP(01Ph)]20 6553.75 ¢+ 0.1 1.92
[BrMn(IV)TPP(OIPh)]20 6553.37 + 0.1 1.54
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energy inflection for the dimeric species is possibly due to
the presence of the bridging oxo 1ligand which is expected to
be more electropositive than the methoxy ligands in the
monomeric species. The inflection positions of complexes I
. and 11 are very similar to the‘ u-0xo0 dimeric structure,
providing additional support not only for the Mn(1V)
oxidation state assignment, but also for the presence of a
dimeric structure. Theré is, 1in addition, a difference in
the inflections between the supposedly isomorphous complexes
I and II that 1is 1larger than the estimated uncertainty.
This observable perturbation of the metal environmentbby the
halide ion is in the correct direction to be explained as a
di fference in 1ligand <covalency, with Br~ forming a more
‘covalent ligation than C17, and}provides évidence that the
halide is involved in direct metal coordination.

EXAFS Spectra

EXAFS analysis was performed to determine the direct
structural ligation of these complexes. In order to test
the accuracy of structural information obtained and to
~evaluate the transferability of theoretical scaftering phase
and amplitude functions [10] in the tetraphenyliporphyrin
system, EXAFS data for the complexes Mn(III)(TPP)(N3)HOCH3
(I11) and Mn(IV)(TPP)(OCH3)2 (1V) were analyzed.
Unfortunately, the instability of the up-oxo0 dimeric‘ complex
(V) prevented collection of EXAFS data of analyzable
quality. As will be seen, the behavior of these structurally

characterized [11,12] complexes during analysis can also be
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used to aid in the analysis and interpretation of the data
for complexes I and II.

Fitting analysis (chapter 2) was wused on specific
scattering components obtained by fourier filtering EXAFS
data after background removal. The normali zed absorption
edge was converted to photo-electron wave-vector (k) space
by choosing E, = 6562 eV which is near the edge maximum.
These daté, aftervbackground removal and multiplication by
k3, are presented for complexes III and IV in figure 3.

A représentative fourier transform power spectrum for
complex (III) is shown in figure 4. Fourier isolation of
the major scattering component occuring at Reff = 1.6 R was
accomplished by back transformatidn after application of an
isolation window over the region denoted. This region
contains contributions of all scattering atoms within the
first shell of manganese.

No acceptable fits to a single shell of atomic
scatterers were obtained for these data. This reflects the
presence of two sets of distances iﬁ the complexes: the
porphyrin nitrogens and the axial 1ligands, which are
unresolved in the single fourier filtered peak. The best
two-shell fits to this fourier transform peak for complexes
IIl and IV are shown in figure 5 and the fit parameters are
included in table 2. Although nitrogen scattering
functions were used for the first shell and oxygen functions
for the second, this specificity is not meaningful, 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)(N3)HOCH3 (complex III) and B)
Mn(IV)(TPP)(0CH;), (complex IV).
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Figure 4, Magnitude of the fourier transform of the
EXAFS for  Mn(III)(TPP)(Ny)HOCH; (complex III).  The K3
weighted data between k = 2.5 and 15.0 K'l were used for
transformation after application of a Kaiser = 2 apodization
window (appendix A). " Fourier isolation of the‘ major
scattering component was accomplished by applying a Hammidg

window function to the R-space data between the indicated

arrows before back-transformation.
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Figure 5. Two-shell fits to the k3-weighted fourier-

filtered components of the first fourier transform peak for
A) Mn(III)(TPP)(N3)H0CH3 and B) Mn(IV)(TPP)(OCH3)2. Filtered
data (solid line) and fitted EXAFS (dotted line) from k = 3.5

to 15. ! were used in the fit.
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) Table 2.
- of Mn(TIT)TPP(N5)HOCH; (III) and
R Mn(IV)TPP(OCH3), (IV).

EXAFS Parameters

EXAFS and Crystal Structure Parameters for

Crystal structure

Complex Atom N@ R o Atom N R
(R) (R)
Complex II1 N 3.8 2.004 -.003 | N 4 2.031 + .012°
0 1.8 2.360 -.018 0 1 2.329
N 1 2.176
Complex 1V N 2.8 2.017 -.001 N 4 2.012 2 .022b
0 1.8 1.889 -.001 0 2 1.839
£Q a) Corrected amplitudes (see text).

b) Standard deviation of average distance for porphyrin -

distances.

73
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similar quality fits to nearly 1identical parameters could be
achieved with any combination of these elements.

Comparison of the fitted structural parameters to those
~obtained from crystal structures in table 2 shows that
agreement is in general quite good. In all cases the fitted
ligand distances fall within 0.05>x of the «crystal structure
values. As discussed 1in chapter 2, the number of atoms
obtained from the theoretical amp]itude functions is subject
to systematic errors. Of a factor of two discrepancy in the
observed and theoretical amplitude functions, most has been
attributed to many-body effects [13] and the remainder to
experimental origin [147. | We have wusually observed a
reduction in the fitted amplitudes by a factor of about'two,
but this factor is expected to be somewhat dependeht on the

data range and on the scatterer atom type}[13].

Thus, the number of atoms predicted in table 2 after
this correction agree fairly well with the known values.
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 their
determination.

Complex III presents a particularly interesting exampie
of the limitations of EXAFS analysis for compounds
containing very heterogeneous 1ligand distances. In this
case, in addition to 4 porphyrin nitrogen 1ligands at 2.03 R,
the complex contains an axial methoxy oxygen 1ligand at

2.33 R and an azide nitrogen at 2.18 K. A1l 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
impossible 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 obtained in the second shell, and the Debye-
Waller term is about an order of magnitude larger than fpr
the first shell. Thus the interpretation for this result is
that 2 1ligands exist, but with a large disorder in their
distance.

The EXAFS spectra for the [Can(IV)(TPP)(OIPh)]ZO (1)
and [BrMn(IV)(TPP)(OIPh)]20 (I1) complexes, weighted by kz,
are shown in figure 6. 1In this case the k2 weighting was a
compromi se tb maintain a roughly constant EXAFS modulation
for both complexes. From these spectra it is <clear that a
significani di fference is observed bétween the two
complexes. This immediately indicates that either the two
are structurally wunrelated, or that the halide substitution
is contributing to the observed scattering. Bromine is a
much stronger scatterer than chlorine and its scattering
amplitude envelope peaks at a higher photo-electron wave-
vector = (k) value. This difference is reflected in the
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, k1 and k3.
The purpose of examinétion of these di fferent weightings is

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) [Can(TPP)(OIPh)]20 (complex I) and for B)
[BrMn(TPP)(OIPh)]ZO (complex I1I). Both spectra are plotted

using the same scale and k range for comparison.
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Figure 7. Fourier transform
for [C]Mn(TPP)(OIPh)]ZO. Shown
weighted by ko, k1 and k3. Tra
k = 2.5 to 15. A" l,

magni tudes of

are  transforms
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Figure 8. Fourier transform magnitudes of EXAFS data

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

weighted by ko, k1 and k3. Transformed data extend from

Kk = 2.5 to 16. A~l.
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di fferent elements. As indicated above, the amplitude
contributed by lighter elements will peak at lower K values
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 scattering contributions at
Rose = 1.5, 2.6 and 3.1 K. 0Of these, both of the peaks at
hi gher Reff grow dramatically as the k weighting 1is
increased. This indicates the presence of two heavier atoms
in the coordination outer-sphere, ahd is consistent with the
proposed structures in figqure 1 containing manganese and
iodine at these longer distances. This effect is greater for
the C1 containing complex, and from this ft may be surmised
either that the seéond and third beaks of complex I are
heavier than for complex II, or that the first péak of
complex I contains an atomic composition that 1is relatively
lighter than for the Br containing complex. |
To see this effect more clearly, the fourier-filtered,
k3-weighted components of the first peak for these compliexes
is presented in figure 9 - and for the two higher R peaks
weighted by k1 in figure 10. Although slight differences
between the two <complexes are observed in the EXAFS
contributions from the second and third peaks (figure 10), a
1arge. di fference in the amplitude envelope is seen in the
filtered first peak components (fiqure 9). This observation
firmly establishes the presence of the ha]ide. in the inner

coordination sphere of the complexes.
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Figure 9. Fourier-filtered EXAFS components comprising

the first scattering peak for k3

-weighted data of A)
[C]Mn(TPP)(OIPh)]zo and B) [BrMn(TPP)(OIPh)}ZO. In each
case, a fourier transform without applied apodization window

was used for -‘isolation before back-transformation,
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Figure 10. EXAFS components comprising the scattering

peaks between Reff = 2.2 and 3.7 R for kl-weighted
A) [C]Mn(TPb)(OIPh)]zo and. B) [BrMn(TPP)(OIPh)]ZO.

data of



A) Complex |  Fourier Filered Higher Peaks

2.782E~-81
: k] = k' n n
b
R
A b
" -
P -
L
I S
T o
u o
D
E
9-7025—01P -1.1.141'.|4|J.| L1 [P
3.800 18.20
B) Compliex |  Fourier Filered Higher Peaks
9.782E-081
s k) o k' ﬂ
A 3 n
M -3
P b
L
1 t
T s
U
O
E o
0.7025-81’ l-lAl.n.nu.n.nAlll.:.lk
3.900 18.09

WAVE-VECTOR K(1/A)

86



87

The above indications that structure B shown in figure 1
is correct make EXAFS fitting analysis particularly
di fficult., This is because this structure contains a first
coordination sphere that is very heterogeneous in nature.
It contains 4 wunique sets of 1ligands at similar distances,
and it is unreasonable to attempt to fit to this number of
shells. There is little resolution of these components in
the first fourier transform peak, because the data do not
continue through enough oﬁciilations for a beat to be
observed. |

The EXAFS analysis of the Mn(IV)(TPP)(OCH3)2 complex
discussed earlier can be used to aid in the analysis 6f
comp]exés I and II. Shown in figure 11 ére two fits to the
filtered first peak for complex I. In these.fits, ‘the
first shell parameters, corresponding to the porphyrin
nitrogens have been fixed to the values obtained in the best
fit to the same shell of complex IV. The parameters for a
second shell of ligands was then minimized. Even with this
strategy, it was not possible to obtain meaningful minima by
fitting to hore than one of these additional shells. Thus a
single. additional shell 1is expected to reflect the
contribution from the dominant scattering ligands other than
the porphyrin nitrogens. 1If proposed structure B of figure
1 is correct, this will be the halide atom, and if structuré
A is correct, this will be the two oxygen atoms. From
figure 11 it is seen that both of these possibilities give

acceptable quality fits to the data for complex I. However,
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Figure 11. Fits to two scattering shells of the k3-
weighted fourier-filtered components of the first transform

peak of [C]Mn(TPP)(OIPh)]ZO. The fitting range extends from
k

3.5 to 14. A'l. The solid line is filtered data and the
dotted line the fitted EXAFS function.
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the values of the Debye-Waller parameter and the variable
Eo parameter obtained for the oxygen trial fit exceed
physically acceptable 1limits énd thus make the fit to Cl
preferred. In this case, approximately 1.6 Cl1 atoms are
indicated at a distance of 2.05 & from manganese.

In a similar manner, fits to» the first peak of the Br-
containing complex 1II are presented in figure 12. In this
case, the fit quality wusing bromine as the second
scéttering shell is considerably better than for oxygen. In
addition, the same unacceptable behavior of the parameters
for the oxygen she]f occurs, making the bromine-containing
fit preferred. For this case, 1.2 Br atoms are predicted at
1.90 X from manganese.

Fits to the fourier-filtered second and third pedks for
complexes I and Il were performed. The quality of fits to
two atomic shells, wusing manganese and iodine scattering
functions were not exceptional. This is due to the 8
second-shell porphyrin carbon atoms that are also
contributing to these components, In this case it was
possible to obtain well behaved minima wusing three
scattering shells by adding one shell at a time to the fit,
starting with the most dominant scatterer. These fits for
complexes I and II are presented in figure 13. It ié seen
from data that the large number of oscillations at this
higher frequency and the appearance of multiple beats
brovides the information content that allows three-shell

fitting.
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Figure 12. Fits to two scattering shells of the k3-
weighted fourier-filtered first peak of [BrMn(TPP)(OIPh)]ZO.

The fitting range was the same as for figure 11.
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Figure 13, Three shell fits'to the kl-weighted fourier-
filtered components from Reff = 2.2 to 3.7 R for complexes
A) [C]Mn(TPP)(OIPh)]20 and B) [BrMn(TPP)(OIPh)]zo. The

fitting range was from 3.5 to 14. 2-1 in both spectra.
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I1V. Conclusions

The predicted structural parameters for all shells are
presented in table 3 and the relevant distances inc]uded in
the assigned structure of figure 14, This structure
contains a Mn-0-Mn distance of 3.60-3.64 R which is similar
to, but approximately 0.1 R longer than observed in the
crystal structure of the similar [Mn(IV)(TPP)(N3)]20 [31].
In the Tlatter structure, the manganese atoms were observed
to lie approximately 0.1 R out of the porphyrin plane toward
the bridging oxygen. In the case of complexes I and 1II, the
unusual ligation on the anterior axial face of the porphyrin
may fqrce an in-plane metal coordination, with the resulting
longer Mn-0-Mn distance.

- The number of atoms predicted for the manganese and
iodine shells s somewhat larger than expected. Although
this may be artifactual, in that it may resuft from chemical
effects on the amplitude transferablity, it could also be
the result of a well characterized anomalous enhancement due
to the focusing of photo-electrons by <intervening atoms
[15]. This is expected for manganese in which the 1linear
bridging oxo 1ligand 1is directly in 1line with the two
manganese atoms. This cannot be the case for iodine, however.
The observed Mn-1 distance is 2.83-2.85 R which requires a
bent Mn-0-1 structure, Assuming reasonable Mn-0 and 0-I
distances of «1.85-1.95 and 1.9-2.0 X respectively, the
observed Mn-1 distance gives én Mn-O-f angle of =95°,

This u-oxo bridged, seven-coordinate, bifacially ligated
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Table 3. EXAFS Parameters for [Can(IV)TPP(OIPh)]ZO (1)

and [BrMn(IV)TPP(0IPh)],0 (I1).

Atom Type # atoms? Distance o AEO
(k) (eV)
Complex 1 Nb - - - -
C1 1.6 2.05 -.009 -4.7
I 1.8 2.85 -.007 -3.8
Mn 2,2 3.64 -.006 -6.1.
o 8.9 3.42 -.002 2.4
Comp]ex.ll 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 IV.
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(complex 1) and
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Assigned structures for [C]Mn(TPP)(OIPh)]20
[BrMn(TPP)(OIPh)]ZO (complex II).
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complex is, in the least, a uniquely interesting model for
oxidative catalysis, and its structural characterization
will provide an important framework for the detailed

elucidation of the mechanism of its important properties.
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CHAPTER 4

Studies of the Metal Site Structure of Manganese Superoxide

Di smutase by X-ray Absorption Spectroscopy

I. INTRODUCTION

Superoxide dismutases are metallo-enzymes which catalyze
the dismutation of the superoxide radical to HZOZ and 02
(equation 1). Superoxide 1is produced in low levels as a
side product of oxidative catabolism and aerobic
respiration, and its cytotoxicity has been proposed as the
driving force behind the evolution of the dismutases [1].
This has not been conclusively demonstrated, however, and it
has also been proposed that they have some other unknown

primary function [2].

Red SOD Ox (5)

O & 0,

Superoxide dismutases exist in nearly all organisms capable

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 studied form
is dimeric, contains one atom of copper and zinc per
subunit, and is found predominantly 1in the cytoplasm and
between the outer and inner mitochondrial membranes of
eukaryotic ce11s.v It is believed that the enzyme functions
by a]ternatihg between two redox states, and x-ray
absorption edge studies 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 axial position accessible by an external protein crevice
[61.

The other two forms of the enzyme contain either
manganese or iron, and appear to be closely related;v The
iron form is found in prokaryotic organisms as a dimer of
220 Kd subunits containing one atom of iron per subunit.
The manganese enzyme is also found in a few prokaryotes where
it exhibits similar subunit structure, but 1is most commonly
found 1in the mitochondrial matrix and associated with
chloroplast thylakoid membranes of eukaryotic organisms,
where it is isolated in tetrameric form [7].

Although the Cu/ZIn enzymes bear very little resemblance
to the manganese or iron forms on the basis of amino acid
sequence or inhibitor sensitivity, the manganese and iron

f

enzymes have very similar properties indicating a close
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evolutionary relationship to each other. The manganese and
iron forms are insensitive to cyanide, a potent inhibitor of
the Cu/Zn SOD [8]. The superoxide dismutases containing
manganese or iron have similar amino acid compositions and a
high degree of sequence homology, but little similarity in
this 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 superoxide
dismutases 1is obsérved, including at 1least 5 complete
conservations within the first 50 residues. It has been

noted that this sequence similarity is so strong that it is
not possible to distinguish 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 1is a definite
preference for a given organism 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 di fferent, and
only the manganese enzyme is inducible by increasing the
oxygen tension [10]. 1In addition, many metal replacement
studies [11-15] have <indicated a requirement of a given
enzyme for the metal it originally contained. In each case
the substitution was accomplished by unfolding the peptide
followed by renaturation in the presence of the appropriate

metal. Chromatographic and spectral properties of the
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native enzymes were recovered and metal ions were observed to
bind 1in roughly stoichiometric amounts [14,15] indicating a
return to native conformation. However, reconstitution of
manganese SOD ffom B. stearothermophi lus with Mn+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. ovalis reconstituted with
Fe*?, Mn*2, cd*? and cr*? [12,15], indicating a definite
functional preference for iron. Therefore, whatever the
structural or functfonal di fference between.the Mn and Fe
forms of SOD,‘ it is very 1likely that it 1is due to a very
specific and subtle interaction between the metal and its
ligation site.

Relatively few structural or mechanistic details about
manganese and iron superoxide dismutasés are known. Effects
on the water proton spin relaxation rates have indicated the
presence of 2 protons in the inner coordination sphere of
native Mn SOD and 1 in the iron protein [16], consistent
with a proposed direct water and hydroxyl coordination
respectively. This is supported by the recently observed pH
dependence of midpoint potential (173, inhibitor
association, and kinetics [18] for iron SOD. On the basis
- of the temperature dependence of the magnetic susceptibility

[19] the native state of Mn SOD appears to contain Mn+3,

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

supported by the concurrent bleaching of a weak absorption
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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
establish the degree of localization 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 symmetry of the zero-
field sp]ittingr tensor. Analysis of EXAFS data was
performed that suggests a set of ligand groupings and
distances. These methods are applied to manganese protein
from E. <coli, T. thermophilus, and S. cerevisia and for T.
thermophilus SOD in which manganese is replaced with iron at
the active site. In this way it was possible to examine
directly the similarities and differences in site structure
between SOD from distantly related organisms. The data are
consistent with a structural model in which the functional
specificity of the manganese enzyme for manganese over other
metals can be explained on the basis of local 1ligand

envi ronment.
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IT. MATERIALS AND METHODS

Spectroscopic Measurements

X-ray absorption spectra were collected at the Stanford
Synchrotron Radiation Laboratory, Stanford, CA. Data in the
edge region were obtained on wiggler beam line IV-2 during
parasitic operation (2.1 GeV electron energy, 50 ma stored
electron current) and beam 1line VII-3 during dedicated
operation (3.0 GeV, 80 ma). EXAFS data were obtained on the
focused beam 1line II-3 during dedicated operation (3.0 GeV,
60-80'ma). Monochromatic x;rays were produced wusing a
Si<111> double <crystal monochromator, Al 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 .afray of plastic scintillation detectors [22]
fitted with an x-ray filter/Soller slit assembly [23].
Critical energy registration was maintained for each scan by
simultaneous measurement of the pre-edge transition of KMnO4
[247]. Protein samples were frozen into lucite backed sample
cells held in a jacketted stream of 1iquid nitrogen boil-off
maintained at -75° to -110° C during data collection.

Analysis of edge and EXAFS data was done according to
methods described 1in chapter 2.

EPR spectra were collected at 10°-15° K on a Varian E-9
or E-4 spectrometer equipped with an Air Products liquid
helium flow cryostat. Instrumental conditions are described

with the figures. Simulation of EPR powder spectra were
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done using the methods and programs described in chapter 6.
Protein metal analysis was performed by atomic
absorption on aqueous samples of protein digested in HNO3

Protein Samples

SOD activity was obtained by measurement of the cyanide-
insensitive ébility of the eﬁzyme. to inhibit the auto-
oxidation of pyrogallol at pH 8.2 [25]. This was monitored
by the absorbance at 420 nm for a solution containing 0.2 mM
pyrogallol, 50 mM Tris-HC1 (pH 8.2), 1 mM EDTA and 1 mM KCN
in the presence and absence of protein. One unit of
activity was defined as an amount of enzyme necessary to
decrease the maximal auto-oxidation rate of 1 ml by 50%.

Samples of mangaﬁese SOD from E. coli and T.
thermophilus were prepared 1in the laboratory of J.A. Fee by
established methods [26].

Purification of SOD from S. cerevisiae was accomplished
by a method similar to that wused by Ditlow and Johansen
[271. Dried bakers yeast (1 Kg) was suspended in 4 1 H,0
for 2 hrs at 37°C followed by centri fugation at 4000xg for 5
min, The pellet was resuspended in 500 ml 50 mM Tris (pH
7.4) and the cells ruptured in a Gaulin type homogenizer 4
times at 450  Kg(cm)~} with cooling to <30°C. After
centrifugation at 8000xg for 20 min the milky supernatant
was rapidly (=2 min) heated to 70°C by immersion in é steam
jet. This temperatdre was maintained for 2 min before
cooling to 40°C with crushed ice. Centrifugation at 4500xg

for 45 min afforded =3 1 of an opalescent yellow-brown
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supernatant which was dialyzed against 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
6x15 cm Celex D column equiiibrated with T10/7.9, washed
with 500 ml buffer and eluted with a 0-200 mM NaCl gradient.
Active fractions were pooled, dialyzed against T10/7.9 and
concentrated to =150 ml1 by ultrafiltration over an Amicon
PM10 membrane. Dilution/reconéentfétionVwas confinued until
the NaCl concentration was less than 50 mM (measured by
conductancé). This material was loaded onto a 2x35 cm DEAE
Biogel A 100-200 mesh anion exchange column and washed with

T10/7.9. Active fractions from a 0-200 mM NaCl gradient were
pooled and dialyzed in T10/7.9 for 15 hrs, lyophilized and
redissolved in =40 ml T10/7.9. This material was 1loaded
'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 dnits (=30
mg protein) was collected and concentrated to =0.5 ml. This_
material showed a single major band by polyacrylamide gel
electrophoresis and a characteristic weak absorption maximum
at 477 nm. |

Metal Substitution

Removal and replacement of manganese in SOD from T.
thermophilus with manganese or iron was accomplished by a
modi fication of a proceedure for B. stearothermophilus SOD
by Brock et al. [13], and is outlined in figure 1. A

solution of approximately 10 mg of T. thermophilus Mn SOD in
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@
Figure 1. A shematic diagram of the proceedure used for

metal substitution in manganese SOD from T. thermophilus.
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T. THERMOPHILUS METAL SUBSTITUTION
DIALYZE - 8 M UREA pH 37

8 MUREA S0 MM TRIS pH 7.6
+ Mn*2 or Fe*2 (10 mM)

50 mM TRIS pH 7.6, 20% GLYCEROL
4+ Mn*2 or Fe*2 (ImM)

50 mM TRIS pH 7.6, 20 - 0% GLYCEROL
50 mM TRIS pH 7.6. 10 mM EDTA, 48 trs

50 mM TRIS pH 7.6, 24 hrs.

REPLACEMENT  RELATIVE ACTVITY METAL CONTENT

Mn 14100 units/umole (100%) 0.74 Mn/subunit

Fe < 360 units/umole (<3%) 0/53 Fe/subunil
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2 ml was denatured by dialysis against =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 1lost. Dialysis buffer
was changed to 8 M urea, 50 mM Tris/HC1! (pH 7.5) (hereafter
called T50/7.5) for 12 hrs. The protein solution was split
into 2 bags and dialyzed against 100 m! 8 M wurea (pH 3.7,
acetic acid) and 10 mM MnCl2 (sample 1) or FeCl, (sample 2)

for 4 hrs. No Co]or was evident at this stage. This was
followed by dialysi§ for 4 hrs against 100 ml1 8 M urea,
T100/7.6 and 10 mM MnC]2 or FeClz. Dialysis was continued
in T100/7.6 and 20% glycerol (necessary to prevent protein
precipitation) and 1 mM MnC]2 (or FeClZ) for 12 hrs. During

2

this period, the Fe* dialysis solution turned green and the

2 solution became pink. Dialysis of the protein was

Mn
contfnued against 2 changes of T100/7.6, 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. Final dialysis was done against
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
iron and red-purple manganese reconstituted samples were

contentrated over an Amicon YM10 ultrafiltration membrane for

EXAFS, metal analysis, and activity measurements.
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ITI. RESULTS

Radiation effects

The production of hydrated electrons by high intensity
x-rays and their effects on biological samples is of valid
concern [28]. In generaT, X=-ray absorption spectra should
be <collected at 1low temperature to immobilize solvated
radicals from diffusion, and successful data collection can
usually be obtained in this manner. However, careful
monitoring of samples for ‘radiation damage is important. We
have observed no effect of irradiation for protein solutions
in 10 mM phosphate or Tris buffers at -75°C or below,
conditions under which edge data were collected. No change
in protein activity, color, EPR spectra or edge spectra as a
function of time were noted.

For the native form of T. thérmophilus Mn SOD, EXAFS
spectra were attempted jn 50% glycerol solutions at -75°C.
The glycerol glass was used to avoid background fluctuations
in the EXAFS regﬁon caused by di ffraction from micro-
crysta]é in the sample. Under these conditions, however,

bleaching of protein color was observed. EPR spectra after

2 release from the protein

irradiation showed evidence of Mn'
by the appearance of the <characteristic Mn+2(H20)6 signal.
These effects were also easily 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 native
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Figure 2. Time dependent changes in the EXAFS spectra
of nafive manganese SOD from T. thermophilus in a 50%
glycerol glass at -75°C. Shown are data averaged over
di fferent times during data co]lection ; a) the first third

of the data set; b) the second third; and c¢) the last third.
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enzyme without any observed effects for samples prepared from
an NH4SO4 precipitated protein slurry in the absence of

glycerol.

A1l forms of the yeast Mn SOD were free froh observed
irradiation effects even though <collected in 50% glycerol
glass solutions. vThis may in part be due to careful
maintenence of samp]e'temperatures at -90°C or below.

Edge Spectra

Fluorescence detected K-edge spectra for native and
reduced E. Coli Mn SOD are presented in figure 3. The major
difference between them is the marked shift in position of
the reduced sample to 1lower energy. The di fference in
inflection point energies shown in table 1 is 1.47 eV. From

prev{ous correlations of Mn edge inflection points with
coordination charge [29], this would be the average shift
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 slope observed for the edge rise of the reduced
sample, the overall shapes of the two edges are very
similar. This is considered to be evidence for the absence
of a significant change of ligand symmetry wupon reduction.
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 final states derived from metal 3d orbitals, 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 native
enzyme (solid line) and a dithionite reduced sample (dotted

line).
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SOD EDGE INFLECTIONS

E. Coli

NATIVE
REDUCED

S. Cerevisiae

NATIVE
20 mM AZIDE
3 mM HzOz

Table |.

6548.35
6546.88

6548.92
6548.04
6547.65

eV
eV

eV
eV
eV

(>

1.47

0.88
1.27

118
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unfilled 3d sublevels and .1igand configurations which lack
invérsidn symmetry [30]. The 1lowered 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. Also shown are spectra for samples
in the presence of'3 mM H202 and 20 mM NaN3. Addition of
HZOZ to the protein resulted in immediate b]eaching of its
color as is observed upon reduction. It has been
demonstrated that H202 at these concentrations inactivates
.only the Fe SOD, 1leaving 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% 1loss of activity
observed at this concentration [31]. As was the case for
native and reduced_prokaryotic enzyme, no major change of
principal edge features is oBﬁerved 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, while N3'
induced a somewhat smaller shift. 1In addition, the 'l1s-3d'
transition, which is present in native and peroxide treated
enzyme, 1is absent fqr the azide sample, suggesting a direct
interaction of N3' with the metal center that may result in
a change 1in coordination symmetry. The inflection position
of the native yeast SOD edge is 0.57 eV higher than that for
the prokaryotic enzyme which, if significant, may 1indicate 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 é) the edge for native
enzyme; b) native enzyme in the presence of 3 mM H202; and
for c) in the presence of 20 mM NaN3. Protein

concentrations were approximately 1.5 mM.
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Addi tional resolution of features for the yeast data are
observed as a result of the improved statistics. The
principal absorption maximum is f]ankéd on either side by
features that appear as shoulders. Similar appearance of
edge spectra has been attributed to a three-fold splitting of
the 4p states [4]. Such a splitting 1is absent for purely
octahedral and tetrahedral geometries and 1is maximal for.
square planar complexes. If this assignment is correct for
the SOD spectra, it would indicate that ‘the absence of
inversion symmetry implied above is not due to a purely
tetrahedral site.

EPR simulation of Reduced SOD

The reduced Mn SOD exhibits an EPR spectrum at Tlow
temberature centered around g=6 [19]. This 1is consistent
with the +2 oxidation state assignment for this form. A
more quantitative description of this signal 1is provided by
computer simulation. The method used was that described in
appendix B. It involves diagonalization of the hamiltonian
matrix at a number 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 intensity. The

hamiltonian used is

Ho= g Heg oS + g Heg o1 + SeA:T + D(5,2-1/35(5+1)) + (6)

which includes electron and nuclear Zeeman terms, the nuclear
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hyperfine term and the spin-orbit dipolar interaction which
describes the anisotropic zero-field sp]itting. As shown in
fighre 5 the observed spectrum can be adequately described
using an S = 5/2 (high spin Mn*2) spin manifold, an
isotropic hyperfine interaction of -.0075 cm'l, and an axial
zero-field splitting tensor with E/D = 0.027. The quality
of the éimulation is very sensitive to this ratio,' as is
demonstrated by changing:E/D from 0.027 to 0.034 in figure
5.

EXAFS spectra

More specific and detailed information about metal
coordination was provided by fitting analysis "of the EXAFS
region of the absorption edge. EXAFS spectra were prepared
fdr'fitting by fourier isolation of particular scattering
components. Figure 6 shows a representative exaﬁp]e for
reduced T. thermophilus SOD of the fourier transform
magnitude and applied 1isolation filter.

Least squares fits to fourier-filtered data were
performed using methods described in chapter 2. Values for
E0 were chosen during analysis at or near the principal edge
peak, and were 6560. eV for Mn SOD samples and 7140. eV for
the Fe data.

1. Native SOD from T. thermophilus

As mentioned earlier, successfu] data collection was
possible for the native prokaryotic eniyme only in a
precipitated protein slurry. However, data for the reduced

enzyme, which was stable in both solution and precipitated
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Figure 5. Simulation of EPR spectra observed for the
reduced Mn SOD from T. thermobhi]us. In a) is shown the
observed EPR signal at 10°K, 10 mW microwave power at 9.18
GHz and using a 100 KHz field modulation of 4 G. 1In 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 isotropic nuclear
hyperfine interaction of -0.0075 cm'l. For each of
approximately 2200 ang]es randomly chosen over 1/8 of the
sbhere, the hamiltonian was diagonalized at 10 field values
between 400 and 2000 Gauss. The transition probabilities
obtained for the observed resonances were convoluted with
gaussians of linewidths ry = 25 G, and r.y =T, = 45 G during

spectral averaging. For b) D = 1.0 crn'1 and £ = 0.027 cm'1

1 1

and for ¢) D = 1. cm " and E = 0.034 cm™ ",
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Figure 6. Fourier transfofm magni tude of data weighted

2 between k = 2.5 and 11. ﬂ'l for reduced manganese SOD

by k
from T. thermophilus. Isolation of the major scattering
components - was éccompliéhed by application of an isolation
window before back transformation. The modulus of the
filtered components used for the <disolation are also shown

(dotted 1line).
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form, are presented in figure 7. These spectra show evidence

for change in metal environment upon precipitation. For
this reason, structural information obtained from data on
the precipitated enzymes are considered of questionable
meaning and are not presented.

2. Reduced SOD from T. thermophilus

The k2 weighted EXAFS dafa and fourier isolate for
reduced Mn SOD from T. thermophilus is presented in figure
8. The best single shell fit was obtained with nitrogen
backscattering functions and is shown in figure 9. It is
evident from the poor quality of this fit that more than one
'incompletely resolved shell of scatterers is contributing to
the EXAFS components of thé major fourier transform peak,
and that a second set of scattering atoms must be
introduced.

Fitting two shells of atoms to data that exhibit
incomp]ete]y' resolved fourier transform peaks is
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
minima appear as a result of the increased number of
degrees of freedom. If more than one minimum exists with
physically acceptable parameter values, unambiguous
structural assignment may be difficult or impossible.

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 S0D. These minima,
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Figure 7. The k2

-weighted EXAFS spectra for reduced Mn
SO0 from T. thermophilus, a) in a 50% glycerol glass and b)

as an NH4SO4 precipitated slurry.
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Figure 8. EXAFS data weighted by k3 for reduced Mn SOD
from T. thermophilus (solid 1ine) and the fourier-filtered

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. thermophilus using nitrogen
'scattering functions. Data from 3.5 to 11 K'l were used in
the fit, FCN is the sum of the squares of the fitting
residual, R the fitted distance in K, N the wuncorrected
amplitude, SIG the Debye-Waller parameter, vand DE0O is the

correction in the choice of E, 2t 6560.0 eV.
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Figure 10. Two-shell fits to the fourier filtered EXAFS

of reduced Mn SOD from T. thermophi lus.
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labeled A, B and C are shown in figure 10. Each represents
a somewhat different ligand environment éround the manganese.
Although most of the scattering 1ligands are best fit to-
nitrogen, oxygen cannot be excluded. Fit A contains a shell
of N or 0 atoms at 2.01 R and a contribution from sulfur at
2.32 K. Fit B indicates a shell of N or 0 atoms at 2.03 A&
and another N or 0 shell at 2.46 . The third possibility,
C, contains N or O atoms at 2.20 K and another shell of N or
0 at 1.72K.

Attempts were made to identify the false minima within
this set, or to at least establish a preferred minimum. 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
fit on this basis could be in error, because for these
cases, the fit quality often remains quite acceptable after
forcing the parameter back inside its 1limit. This behavior
is <characteristic of the observed shallow nature of the
minima.

A conservative evaluation method has been described to
aid in the analysis of EXAFS data that exhibit problems
assocfated with unresolved shells [32]. The number of
scatterers in each of the two she11§ is fixed, and a fit to
the data performed by minimizing with 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
minima within such a 1locus, and thus false minima can
sometimes be identified. In addition, the relative depth of
the minima can be observed and wused 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,
(figure 11a) the minimum lies between an overall
coordination of 4 and 5 atoms, and is contained in a fairly
well-defined 1ocﬁs of acceptable parameter values. A range
of 3 to 4 atoms of N or 0 are defined by the 1locus
boundaries,— and 1 to 2 atoms of sulfur are contained by a
locus bodndary and the steeply rising wall of thé minimum.
Minimum B (figure 11b) is more shallow and lies at a total
coordination of 6-7 atoms. It lies on the wedge 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 O in the
first shell and 3 or more atoms of O or N for the second are
indicated, making this minimum very indeterminate as to its
composition, Minimum C (figure 1ll1lc) is well contained in a
locus of acceptable parameter values, and 1is centered
between a 4 and 5 coordinate structure, although anywhere
between 3 and 5 atoms in the first shell and 1 to 3 atoms in
the second give acceptable fits within the locus.

An estimate of the precision in the ligand distances
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Figure 11, Fitting contours for the three minima (A-C)
of figqure 10 for reduced Mn SOD from T. thermophi]us. On
each axis are the corrected number of atoms in the two
shells of the fits wused to construcf the contours. The
numbers within the graph are the FCN values obtained for each
fit with the corresponding number of atdms fixed. Thus, the
diagonal lines represent exact coordination by 4, 5, and 6
total atoms. The areas inside the heavy lines (shaded
areas) are the 1loci of fits for which all fitted parameter
values remained within acceptable 1imits. These limits were;

-0.03¢0<0.0, -20.0<AE_<20.0 and -17.0<(aE " - AEob)<l7.0.
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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. thermophilus

- In view of the similarities in physical properties and
amino acid sequences between Mn and Fe superoxide
dismutases, it would be of great importance to discover what
di fferences, if any, exisf in'metal coordination between the
forms. 0f related importance 1is the requirement for the
‘natural' metal observed in host S0Ds for which metal
replacement has been successful. We haQe obtained EXAFS data
for T. thermophilus SOD in which manganese was replaced by
Fe 1in order to determine whether it goes into the native
manganese site,.

Successful metal replacements in many supefoxide

di smutases have not been possible. We were unable to wuse
established methods for metal replacement using the T.
thermophilus enzyme without precipitation upon reduction of
the wurea concentration, but were successful in wusing a
modi fication 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/subUnit. This enzyme regained the purple <color and
spectral properties'characteristic of native SOD and showed
a high specific activity. As expected, the Fe-reconstituted

enzyme, containing 0.53 Fe/subunit and no detectable Mn, was



Table 2. EXAFS Structural parameters for manganese SOD‘and iron substituted manganese SOD.
Parameters were obtained from two shell fits to the first Fourier-filtered scattering peak.
Parameter ranges were obtained from the boundariesof fit loci (see text).

Shell 1 jH: Shell 2 #shell 1

Sample Fit Total coord. ] Atom type] # range R] range typel # range R2 range #Shell 2
T. thermophilus A 4-5 N 3.0 3-4 2.01 | 2.00-2.04 || S 1.2 |11-2 2.32 2.28-2.33 2.5
{Reduced)

B 7-8 N 4.4} 3-6 2.03 §2.03-2.04 10 2.9 |3-? 2.46 [ 2.45-2.47 | 1.5

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 | 2.7
T. thermophilus A 3.5 N 2.1 1.89 S 1.4 2.1 1.5
Fe substituted

] 1.7 N .3.8 1.91 0 3.9 2.35 1.0

c 4.0 N 3.3 2.07 N 0.7 1.61 4.7
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] 2.1
(Native)

B 4-5 N 2.1] 2-3 1.97} 1.96-1.98 || O 1.8]1-3 2.46| 2.41-2.50} 1.2

( 3-5 N 2.31 2-4 2.131 2.06-2. 13 N 0.6]1 1.671 1.62-1.71] 3.8

9l
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pale yellow-brown in cqior and showed an acfivity of less
than 3% of the Mn reconstituted conﬁrol. The low
temperature EPR spectrum of the Fe substituted protein is
shown in figure 12. A large symmetric signal is seen at
g = 4.3 in addition to weaker components at g = 5.28, 4.93,
3.88, and 3.59. The g values of the weaker signals are
vquite similar to those reported for active Fe SOD [33],
'while the oprincipal g = 4.3 sfgnal is very similar to that
observed for.Fe S0D inactivatedeith H,0, [34]. ‘

The k3 weighted EXAFS data and fourier isolate of the
major fourier transform peak for Fe substituted SOD is
presented in figqure 13. The best sing]e-sﬁe]] fit to these
data was with N or O atoms and, like 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 distances and numbers
of atoms are included in table 2. Examination of table 2
shows that the only significant differences between the
corresponding fits to the Mn and Fe substututed SOD is a
consistent 0.1 B shorter distance for the Fe sample. This
js entirely consistent with the expected <contraction of
3 nt?2

ligand distance if the enzymes <contained Fet and M

centers respectively.
4. Manganese SOD from S. cerevisiae
In order to examine the <coordination site of SOD from

distantly related organisms, 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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Figure 13. K3-weighted EXAFS (solid 1line) and fourier-
isolated major scattering components (dotted line) for Fe

substituted manganese SOD from T. thermophilus.
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k3.

Figuré 14. The three best two-shell fits to the
weighted fourier-filtered EXAFS of Fe substituted SOD from
T. thermophilus. Fits were performed on data between k =

3.5 and 11.0 R~}
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for Mn SOD isolated from S. cerevisiae. The K2 weighted
EXAFS data and fourier isolate are presented in figure 15
for native (oxidized) yeast SO0D. Data were also collected
for yeast enzyme in the presence of 20 mM N3' and are
presented in figure 16. Only a limited data set for this
form was obtained. Comparison of these two data sets
indicates that differences in the EXAFS amplitude envelope
may exist, but not in the‘phase. However, the N3' data do
not extend far enough for meaningful fitting analysis.

The best single shell-fit to native yeast SOD data is
shown in figure 17, demonstrating again the inadequate
nature of a single-shell description, Three two-shell
minima were found for yeast, roughly corresponding to minima
A, B and C for the other two forms investigated. These fits
are presented in figqure 18. Examination of the parameters
given with these fits indicate that significant differences
exist in the number of coordinating atoms between these
minima and those given previously.

To examine the significance of these di fferences in the
yeast EXAFS, fit 1loci were constructed. These are presented
in figure 19 for the minima labeled A, B and.C. Unlike 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 i to 2 atoms

of N or 0 in the 1st shell are indicated and 2 or fewer
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Figure 15. KZ-weighted EXAFS (solid) and fourier-

filtered major scattering peak (dotted) for manganese SOD

from S. cerevisiae.
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Figure 16. Kz-weighted EXAFS (solid) ~and fourier-
filtered major scattering peak (dotted) for manganese SOD

" from S. cerevisiae in the presence of 20 mM NaN3.
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Figure 17.  One-shell fit to the kz-weighted fourier-
filtered data between k = 3.5 and 12.0 R'l for native

manganese SOD from S. <cerevisiae.
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Figure 18. Three two-shell fits to the fourier-filtered

2

k® data for native manganese SOD from S. cerevisiae.



NATIVE YEAST SOD,E@=6568,K2 FIT

@.467

moC—4¥4"TIX>»

8.467

2.937 " 11.68
WAVE-VECTOR KCi/AD -
FCN = ©.238237

R = 1.9544718 2.3183610
N = 8.7634699 0.3618856
S1G= -8.0002126 -0.0084936
DE@=  -20.0000000 -0.1393585
ATOM = N S

121



NATIVE YEAST SOD,E0=6560,K2 FIT

0.467

mMoC—i-VX>

8.467

2.937 | 11.68

WAVE-VECTOR K{1/7A)
FCN = 0.2682819 '

R = 1.8651309 2.4631605
N = 1.8731816 8.9112579
SIG= -08.0059721 -8.0101144
DE®= -19.9999981 -14.9773073

ATOM = N 0

g9l



8.467

8.467

NATIVE YEAST SOD, E0=6560,K2 FIT

mMoC—i-§ 0>

]
2.937 | 11.68

WAVE-VECTOR KCi1/Ad
FCN = 0.114146

R = 2.1323261 1.6747633
N = 1.1520544 0.3074044
SIG= -0.0191926 0.0000000

DEQ= 14.4347305 19.9950805
ATOM = N . N

991



167

Figure 19, Loci of minima (A-C) constructed from
fitting contours for the three minima of figure 18 for S.
cerevisiae Mn SOD. For a description of the contours, see

figurevll.
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atoms of S in fhe second. No fit to more than 3 total atoms
is possible within established limits of the parameters. 1In
particular, the region at the global minimum is
characterized by fits in which values of AEO for the two
scattering shells are different 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 Coordinéte structure within a large region of acceptab1e
fits. A range of approximately 2-3 N or O atom§ in the 1st
shell and 1-3 atoms of 0 or Nin the second is indicated.
Minimum C in figure 19c is centered about a 4-coordinate fit
and inside a 1ohg narrow locus, so that the first shell may
be composed of 2-4 atoms of N or O and 1 atom of N or O in
the second. These results are summarized in table 2.

5. Verification ofy Sulfur Transferability for a Model
Complex

The question of phase and amplitude transferability
discussed 1in chapter 2 should be <considered whenever
possible. This issue is most acute when wusing theoretically
derived functions or for empirically derived values in which
the model complexes are chemically distinct from the
structure under study. The existence of nitrogen, oxygen
- and/or sulfur ligands has been implicated in superoxide
di smutase. Adequate fitting results have been obtained by
our methods for Mn+2 and Mﬁ+3 complexs containing nitrogen

and oxygen ligands in common chemical forms [35] (see also

chapter 3). A protein environment can be expected to
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contribute either a thiolate or thi o-ether  sulfur
coordination, Although thioether manganese complexes

suitable for EXAFS transferability tests are not available,

we have examined a Mn+2 thiophenylate complex for this
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 R and an rms
spfead of 0.015 R [36], and is therefore an ideal EXAFS mode]
complex for sulfur phase and amplitude information.

The best single shell fit to the k3 weighted EXAFS data
for this complex 1is 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
distance of 2.43 R is inA excellent agreement with the
crystal structure value, and requires a factor of 1.96
amplitude correction to give the <correct coordination
number. Most importantly, the phase and amplitude match to
the data is exceptional, indicating that the theoretical
functions used for sulfur are completely transferable for

this complex.
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Figure 20. One-shell fit to the k3-weighted EXAFS data
for the Mn_(S--C6H5)4(P(C6H5)4)2 complex. Data frdm_k = 3.5 to

11.0 K'l were used in the fit.
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IV. DISCUSSION

The x-ray K-edge data have provided valuable information
concerning the metal sites of Mn superoxide di smutase. The
inflection positions and magnitude of edge shifts reported
for enzymes isolated from both prokaryotic and eukaryotic
organisms firmly establish metal oxidation states of +2 and
+3 for the reducéd and native forms, respectively. This
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 bf a change in the shape of the edge upon
reduction indicates that very 1little 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 dismutases and are all
found to be very close to +260 mv [17]. This value is
optimally placed, because it is roughly midway between the
potentials for superoxide oxidation to 02 and reduction to
Hy0,. |

The presence of a weak 'ls-3d' transition for native and
reduced forms strongly implicate a distorted structure that
lacks inversion symmetry. This feature is not observed for

2 complexes. Treatment of the yeast

completely symmetric Mn*
enzyme with H202 does not alter this feature and thus

appears simply to result in metal reduction. This s
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consistent with the fact that H202 does not inactivate.Mn
SO0D [31]. On the other hand, the presence of the weak
inhibitor N3' affects the disappearance of this feature,
indicating an alteration in metal coordination. This is not
inconsistent with observational differences in the EXAFS
data.

EXAFS analysis provides three solutions for the Mn SOD
site structure,. One of these, minimum C, <contains 3 to 5
atomsvof nitrogen (or oxygen) at 2.20 K and 1 to 3 nitrogens
(or oxygens) at 1.72 K for the reduced prokaryotic sample,
and predicts for the native eukaryotic enzyme 2 to 4
nitrogen (or 0) iigands at 2.13 X and 1 atom of nitrogen (or
oxygen) at 1.67 K. From a chemical standpoint, this
structure is highly unusual because of the 1.7 X distance,
which is shorter than most Mn-N and Mn-0 bond lengths by at
least 0.2 K. Proton spin relaxétion data [16] have
implicated a water molecule 1in the inner sphere coordination
of Mn SOD from E. coli. It is possible that the ligand
indicated at 1.7 A represents direct water <coordination at a
shorter tﬁan normal distance.

It is assumed, however, that this 1.7 K distance 1is
unreasonably short, and a situation arises in which
di fferent structures seem to be indicated for the two Mn
enzymes studied. For the T. thermophilus enzyme, structure
A, containiﬁg 3 to 4 N of 0 atoms at 2.01 K and 1 to 2 sulfur

ligands at 2.32 X is favored over structure B containing 3-6

N or 0O ligands at 2.03 X and 3 or more 0 or N atoms at 2.46
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R. Even though minimum B exhibits a - large spread of
possible coordination number, it cannot be reduced to 1less
the 7 atoms without exceeding parameter limits. The yeast
EXAFS data implicate two similar structures, one (A) with 1
to 2 N or 0 scatterers at 1.95 R and 1 to 2 S atoms at 2.32
K, and the other (B) with 2 to 3 N or 0 at 1.97 A and 1 to 3
0 or N atoms at 2.46 K. However, it is the latter that is
moré strongly supported by the;é data, because there is no
well-defined 1locus of acceptable fits for minimum A, In
fact, no matter which of the minima are taken, the total
number of coordinating 1ligands predicted for that solution
is considerable smaller for the yeast enzyme.

Although different structures may be indicated for SOD
in T. therhophi]us and S. cerevisiae, 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 prokaryotic dismutases are dimeric while
those from eukaryotes are tetrameric, but their spectroscopic
properties are very similar. Secondly, the observed EXAFS
minima for the two enzymes are quite similar in nature,
excluding di fferences in the number of atoms predicted. The
only difference 1in distances predicted for mfnima Aor B
between the two enzymes is the 0.05 R shorter distance in the
first shell for the yeast form, a difference that may be
expected from the change in oxidation state.

Examination of the _émplitude ratios for scattering

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 shell 1 to shell 2 amplitude ratio of 2.5, and this
ratio for minimum A of the yeast enzyme is 2.1. Thus, if
the two enzymes have different 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 c]osé]y resembles the correct
minimum for the other. \

Finally, comparisons of edge spectra shouid be
considered, where evidence both fpr and against a structural
di fference can be found. The general edge features are
quite similar. The weak 'l1s-3d' transition is observed for
both enzymes ahd the splitting of the ‘ls-4p; transition at
the edge peak which 1is clearly seen in the yeast data, 1is
also evident in the reduced T. thermophilus sample.
However, it should be noted that the edge positions for the
prokaryotic samples occur to lower energy than for yeast by
0.57 and 0.77 eV in native and reduced forms respectively.
This shift is deemed significant and is in fact consistent
with the differing structures proposed by EXAFS, should they
be real. The change in coordination charge between a
structure containing 4 nitrogen ligands and one containing 3
nitrogens and 1 sulfur would result in a predicted edge
shift 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 substituted T. thermophilus SOD
strongly indicate that the iron enters into a coordination
that is very similar if not 1denfica1 to that in the natura]_
Mn form. The onlylsignificant di fference observed is a 0.1
A contraction of distances expected for the Fe+3 versus
Mn+2. This is most intriguing in view of the fact that the
Fe-substituted protein is inactive, unlike the Mn
reconstituted form. Thus the 'EXAFS results,}coupled with the
fact that the iron-substituted enzyme exhibits an EPR
spectrum that 1is distinct from natural Fe dismutases,
-suggests that the metal site for active natural Fe SOD
di ffers in some way from that in Mn SOD. It is proposed
either that the Fe S0D requires a different set of 1ligands
~contributed by the protein, or that thé geométrical
p]aéement of the ligands is different. This alteration may
be necessary to finely tune the redox potential of each
metal for optimum di smutase activity.

Recently, reports have appeared of two Fe dismutases
that are unique in that they <can Dbe suc;essful]y
reconstituted with Mn t37,38]. Both the Fe- and Mn-
reconstituted enzymes exhibit the spectroscopic features and
inhibitor sensitivities characteristic of the respective
natural forms. It will be interesting to learn whether this
ability exhibited by these enzymes 1is the result of a
specific flexibility at the metal-peptide site which allows

di fferent 1ligating groups or metal-ligand geometry to occur.
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Biochemical Implications

Any common peptide is capgb]e of providing nitrogen and
oxygen ligands to metals. It is significant, however, that
amino acid analysis of manganese - SO0D from B.
stearothermophilus contains no cysteine, but 2 methionine
residues [9]. Thus, if the proposed model for the Mn SOD
site containing. sulfur is correct, it must contain a
methionine ligand. Metal-methinonine coordination is known
to occur in some enzymes, e.g. cytochrome ¢ and the blue
copper centers, although the 2.32 R distance proposed for SOD
is somewhat shorter than observed for these» examples.
Partial N-terminal amino acid sequences are known for 14
manganese and 1iron dismutases, and a portion of these
sequences 1is reproduced in table 3. There are a number of
complete or nearly complete conservations in this region, in
particular His 26, His 30 and His 31. In addition, this
region of the sequence is strongly predicted to be g-helical
[3]J. This would bring all three of these histidine residues
to roughly the same face of the helix and may well provfde a
metal ligation site. Most importantliy, 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.

Very recently, the crystal structure at 3.1 R
resolution for iron SOD from E. coli has been reported [39].

In this structure, residues 21-40 are indeed observed 1in a



Table 3.

from J. L Harrie el al, Eur. J. Biochem(1980)106,297-303.

- Organism type amino acid sequence

R. Sphaeroides m|anofatlaaLcnnke T[ie v[uln o 1[H o A
T. aquaticus M{PYE[ALIEPHTI-DARTMEIHIH @ K[H H|G A
€. colt mml{avYDALIEPHF-DKOQTMEIHHTK[HHlQT
B. stearo. M{PYDALIEPHI-DKET|MNIHHTKHH|NT
chicken liver mito. /M| D YG[ALIEPHTI -SAEI|MoL|H[xxK
human Uver mito. |Ma|D VY GlALIEPH I -NAaI|naL|H|xsK

$. cerevisjae M]DFGIALIEP YL SGOIT;ELHYT

C. vinosum FEIEKNALIEPVUI -SAETIEVYHIYGX|XHIGT
C. thiosulphato. |Fe]ABB|ALIZPHI-XAZ2TIGF|H|VvGK|HH|AA
P. ovalis FeJAHDARLIGPHI-SKETLEVYHHBKHH[NT
E. coli Fe|AKDALIARPHI-SAEXTIEVYH|VYGK

P. letognathi FolannlatlePHI-s0aETLZYGYGKk|HH[BT
D. desulphuricans [FeflakDlaL(xPKkI-5aKk TFDF[x|xcx

S. platensis Fe|DADALIESSKMSANTLSYH|HGKIHHAA

181
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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.
Although the substitution of asparagine for methionine
in S. cerevisiae Mn SOD would appear to argue against the
involvement of this position in metal binding, the same
could be said of the known hisfidine ligand at position 26
whi ch is replaced with glycine in the Fe SOD from P.
leiognathi. In fact this methionine substitution would 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 K in the dismutase
from S. cerevisiae. The 1ligand replacing sulfur may be
contributed by asparagine or a nearby residue. Closer
examination of the sequence data shows that in every iron
SOD, this methionine 1is replaced with either leucine or
isoleucine., Whether a ligand or not, it appears that the

residue at position 23 plays a significant role in the

determination of metal specificity. The absence of a
potential 1ligand at this position may indeed serve this
role, and provide the proposed di fference in metal

coordination by Mn and Fe dismutases. It is believed that
iron SOD is the more ancient of the two forms. Thus a single
point .mutation in the 1leu or isoleu <codon to produce
methionine may have served as the diverging point in the

evolution 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 wunderstood of the 1light 'driven,
electron transfer reactions pf photosynthesis. Kinetic
studies have -established the existence on at least a
functional level of five states, S§3-S,, involved in the
stabili zation and storage of oxidizing equivé]ents generated
at the photosystem II reaction center [1]. It is also widely
held that membrane-bound manganese b]ays a role in this
process [Zj. 0f ¢the 4 - 6 manganese per photosynthetic unit
contained 1in isolated chloroplast membranes, approximately
two-thirds has been observed to be <converted to an EPR
visible form during inactivation of the oxygen evolution
complex (OEC) by a number of methods including alkaline Tris
washing [3].' It has been proposed that this manganese is
released into the aqueous medium of the inner thylakoid
space, and that its disappearance upon reactivation of

oxygen evolution is due to reincorporation of the manganese
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into the membrane [4,5].

More recent studies, however, have justified a
rexamination of the Sfructure and composition of the oxygen
evolution complex. Some experiments appear to contradict
earlier work on manganese content, release and requirements
in thé water splitting reactions. A study of right-side out
and inside out spiﬁach thylakoids indicates that manganese
release by Tris inactivation ig 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
inactivation. This removed manganese was not required for
reactivation to 60% of original activity. Similar results
have also been reported for photosystem Il preparations from
spinach prepared by phase-partition methods [7]. Other work
has shown the specific release of peptides by high salt
washing [8] and treatment with alkaline Tris buffer [7,9,10]
that are associated with the functional stability of the OEC.
Although reconstitufion with one of the released peptides
has been shown to restore oxygen evolution in depleted
'membraneé [8], none of these peptides appears to contain
manganese as isolated.

On the other hand, more evidence for the direct
involvement of manganese has been provided with the
discovery of a 1light-induced EPR signal observed at low
temperature 1in spinach chloroplasts [11]. This signal,

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 hyperfine structure is consistent with 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 this signal indicates.that the signal is
correlated with the presence of the 52 state of the OEC [13].
Studies on whole chloroplasts have shown that treatments that
effect oxygen evo]ution, including alkaline Tris washing,
cause the disappearance of this signal [14]. It was
concluded that the signal arises from the OEC because
restoration of PSII electron flow using artificial donors
could be accomplished without the return of the signal.

It is not known, however, whether the signal can be
generated in inactivated preparations in which water
oxidation has been restored. Even though the nature of the
Tris releasable fraction of manganese is again
controversial, it would be of great interest to determine
whether the EPR sigﬁal species resides with this fraction, or
that which remains bound to the membrane after extraction.
We have investigated the behavior of this signal during Tris
inactivation and reactivation procedures to determine whether
it correlates with oxygen evolution <capacity, manganese
confent or both. Such experiments could be <important in
deciding whether the signal species is a direct participant

in electron transfer or serves in another ancilliary role.
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The physical nature of the EPR signal species and the
structural factors that determine its appearance are also not
vc]ear. The signal may arise from photo-oxidation of a
manganese qomp]ex. 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
perturbation of_the mangénese environment. We have addressed
these questions by examinétion of the X-ray- K-edgé
fluorescence excitation spectra of photosynthetic membranes
under conditions that exhibit this EPR signal. This
technique <can be used to <characterize changes 1in manganese

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 containing 0.4 M NaCl, 20 mM Tricine (pH 8.0), 2 mM

MgCl, and 5 mM EDTA. The homogenate was strained through 8

2
layers of cheesecloth and centrifuged at 4°C for 10 min. at
6000xg. The pellet was resuspended in 0.15 M NaCl, 20 mM
Tricine (pH 8.0), and 5 mM MgCl2 and spun at 500xg fdr 30s.
The supernatant was decanted through a Kimwipe and
centri fuged at 6000xg for 10 min. The pellet was washed in
the resuspension buffer and pelleted as above. This
chloroplast pellet was suspended in the appropriate measurihg
or treatmenf buffers for use.

Preparation of oxygen-evolving PSII sub-ch]orpp]ast
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 MgC]z.

Tris inactivation of <chloroplast or PSII preparations
was accomplished by suspending chloroplasts in 200 mM Tris
(pH 8.5) and 1 uM gramicidin D. The mixture was incubated in
ambient light at 4°C, while 02 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 HC1 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), 15 mM NaCl and 5 mM MgC1, for  PSII
preparations. Reactivation of 02 evolution activity was
accomplished by suspension in the above buffers confaining
0.3 mM DCPIP and 2 mM ascorbate, followed by incubation in
ambient light. After ;ecovered_ 02 activity had reached a
plateau (approximately 40-60 mih.), the membranes were
collected by <centrifugation.

Rates of oxygen evolution were measured using a Clark-
type oxygen e]eétrode bi ased at -0.6 V vs. AgjAgCl.
ITTumination was with a 200 W quartz lamp filtered with
Corning 3-68 and 1-56 glass filters. Samples were suspended
to 20-30 uyg Chl/ml in 50 mM HEPES (pH 7.6), 20 mM NaCl, 5 mM
-MgC]z, 1 uM gramicidin D, and 2 mM_K3Fe(CN)6/K4Fe(CN)6 for
chloroplasts, and in 20 mM MES (pH 6.0), 20 mM NaCl, 5 mM
MgCl,, 500 uM DMBQ and 2 mM KyFe(CN)g/K,Fe(CN)g for PSII
membranes. Chlorophyll concentration was determined by the
method of Arnon [18]. |

EPR measurements were performed on a Varian E-109
spectrometer - equipped with a model E102 microwave bridge.
Samples were run at 10 - 12°K in an Air Products 1liquid
helium cryostat at a: microwave frequency of 9.12 GHz and
using 100 KHz field modulation. Other instrument settings
are provided with figure legends. Manganese analysis by low
temperature EPR was determined by measurement of the
amplitude of the lowest field hyperfine transition of
Mn+2(H20)6 in samples diluted "1:1 with 0.1 M HC] and

calibrated against <controls in the same buffer containing
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Mn+2 as an internal standard. This is 1mportant because the
signal amplitudes are somewhat sensitive to the type and

concentration of buffers wused. As will be discussed in
+2

chapter 6, we have observed that not all forms of Mn in
photosynthetic membranes exhibit ihe g=2 EPR signal.
Another signal occurring at low magnetic fields is oBserved
at Tow temperature ( <77°K) and is attributed to Mn*Z bound
to membrane protein components. None of the acid digested
samples reported exhibited thfs EPR signal. Measurements of
the multi-line EPR signal were made by suspending samples at
2-5 mg Chl/ml in buffer containing 50% glycerol. Samples were
incubated at 4°C for specified times in complete darkness
before equi]ibration at -90°C in a Varian V 6040 NMR
temperature controller and illuminated with a 400 W tungsten
lamp through a= 5 c¢m Qater filter. After illumination,
'samples were immediately frozen and stored at 77°K. A1l
signal intensities were corrected_for EPR tube volume.

X-ray absorption edge spectra were collected at the
Stanford Synchrotron Radiation Laboratory, Stanford, CA. on
wiggler beam line VII-3 during dedicated operation (3.0 GeV
electron beam energy, 60-80 ma current) and using a Si<1ll1l>
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
al. [19], and equipped with Cr fluorescence filters and

soller slit assembly [20]. Energy calibration was maintained

by simultaneous measurement of the reference pre-edge feature
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of KMn0, at 6543.3 ev [21].

X-ray absorption samples were prepared by layering
pellets of spinach PSII membranes in 50% glycerol, 50 mM MES
(pH 6.0), 15 mM NaCl and 5 mM MgC]2 at apprdximately 8 mg
chl/ml (100-200 uM Mn) into narrow lucite sample cells with.
an open cavity of dimensions 5x30x2 mm. Dark adaptation,
illumipation and EPR measurements were carried out directly
in these sample cells, The exact incubation and
illumination protocols are described with the results.
During X-ray measurements, samples were suspended in a

jacketted N boil-off jet maintained at -80 to -100°C in

2
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 err a fixed 8 evlenergy region
evenly spaced about the point. The derivativé of the fitted

polynomial was taken as an approximation to the true first

derivative at that point.
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ITI. RESULTS

Multi-line EPR signal in PSII preparations

The assignment of the multi-line EPR signal to a species
involved in water oxidation effectively requires that it be
observable in active PSII preparations lacking PSI. Such a
signal has been observed for PSII particles of P. laminosum,
although 1its presence was not entirely reproducible [22].
Under intense continuous i]lumination.for 30 s at -90°C and
in the presence of buffer containing 50% glycerol we easily
observe this signal for the Triton 'X-100 PSII preparations
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 0°C are given prior to illumination. It has been
repofted that the S3 .relaxation time for this PSII
preparation 1is approximately 400 s at 23°C, and that
deactivation of §. is also exceedingly slow [23]. 1If this
is correct, dark adaptation for 5-10 min at 0°C, which is
the normal protocol for spinach <chloroplasts, would be
insufficient. This may explain the wunusually long dark
adaptation times necessary for the consistent generation 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 isolated in high salt and

uncoupled with 1luM gramicidin were Tris washed under mild
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conditions [7] allowing the process to be monitored. The
inactivation was quenched by reducing the pH to 7.0 when the
activity had dropped to 20% of that observed initially. The
course of the reactivation of oxygen evolution 1in 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 vrates for these samples are presented in
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 associated with 75-80% inactivation. Reactivation
to 60% of the originai activity can be accomplished with
reduced DCPIP in the absence of added manganese. During this
process the observed quantity of Mn+2 falls further to 21% of
the original, leaving only 1.4 Mn/400 Chl. Also noteworthy

Mn+2 in the

is the observation that the presence of
reactivating medium causes a variable but significant
stimulation of reactivation. Because of a 1large amount of
unspeci fically bound Mn that could not be washed free for
these reactivated membranes without significant 1loss of
activity, it was not possib]é 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 this signal was seen in the Tris-treated or
reactivated samples.

Similar results were observed with the PSII preparation.

Even partial inactivation to 35% of control rates completely

abolished the EPR spectrum. For this sample virtually 100%
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Table 1. Tris inactivation/reactivation of spinach chloroplasts.

02 evolution rates and quantities of Mn+2 observed by EPR after acid
digestion are shown for active and Tris-washed chloroplast memtranes.
Also shown are Tris-washed membranes reactivated in the presence and
absence of 10 mM MnC1,. 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.

2

Mn+ observed
by EPR by acid .
02 rate digestion. Multi-line EPR
Sample ( umoles 0,/mg Chl hr) | (per 400 Ch1)| + 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 ( 632) | -
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reactivation was achieved after a 45 min. incubation in
ambient 1light and in the presence of 0.3 mM DCPIP and 2 mM
ascorbate, yet the multi-line EPR signal was not observed
(figure 1).

X-ray Absorption Experiments

We have measured the x-ray Absorption k-edge for spinach
PSI1 preparations for dark adapted and for illuminated
samples exhibiting the multi-line EPR signal. The samples
used had hfgh rates of oxygen evolution (526 ymoles of Ozmg'
_ 1<:h]'1hr"'1 at pH 6.3 with DMBQ as acceptor) and a manganese
content of 0.0143 Mn/chl. This corresponds to 3.6 Mn per
reaction center assuming a photosynthetic wunit of 250 Chl
[24]. Sample A was prepared in state S; by illumination for
60 s at -90°C followed by dark adaptation for 1 hr at 0°C.
"This pre-illumination was given in order to reduce the S0
concentration which would otherwise be present in about 25%
of the OEC centers. Samples B and C were prepared in state
52 by first generating Sl according to the above procedure
followed by 60 s illumination at -90°C. For sample D, an
attempt to generate S3 was made in which 52 was prépared qs
above, followed by warming the sample in the dark for 5-10 s
to 0°C. This was then illuminated for 60 s at -90°C. All
samples were immediately frdzen and stored at 77°K.
| The S3 protocol was based on the assumption that oh]y
one equivalent is transferred at -90°C because reoxidation of

Q is blocked. Any additional excitation reaching the

reaction center would result 1in rapid charge recombination
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Figure 1. Multi-line EPR spectra observed for spinach
Triton-X100 PSII preparations. Treated and wuntreated
membrane samples were suspended to 4 mg chl/ml in 50 mM MES
(pH 6.0), 15 mM NaCl, 5 mM MgC12 and 50% glycerol. Dark
adaptation and illumination protocols are described in
materials and ~ methods. EPR specta were recorded at 9.19
GHz, 100 mW microwave power, and wusing a 100 KHz field
modulation of 32 G. Sample temperature was 12°K, and the
receiver gain (4 x 103) was the séme for aT] spectra. The
trace for dark adapted PSII membranes is shown in A, and for
the same membranes after 30 s continuous illumination at
-90°C in B. Tris inactivated PSII membranes (giving 35% of
control 02 evolution rate) are shown in C, and after
reactivation to 100% of control activity in D. For both C
and D, the samples were dark adapted and then illuminated

exactly as described for sample B.
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between P680% and 1-. At 0°C the reoxidation of Q is
faster than S2 relaxation, so that brief wafming to this
temperature may prepare the reaction center for another one-
equivalent transfer.

EPR spectra were recorded for samples A-D prior to x-ray
absorption measurements. Figure 2 shows the absence of the
multi-line signal 1in the S1 sample, its presence in the two

S samples and a significant reduction of the amplitude for

2
the S3 sample. The amplitudes of the EPR signals measured
before and after x-ray data collection aré presented in table
2. Only sample B showed a significant <change in signal
amplitude. No effects on the signal amplitude after repeated
cycling between the storége temperature of 77°K and the
measurement temperature‘ of 175°K was observed for control
samples.

It is difficult to prepare x-ray absorption samples of
photosynthetic membranes that have been uniformly
illuminated with saturating light because of the 1large
di fference in the sample absorbancé at visible and x-ray
wavelengths, The minimum manganese concentration required
for an edge experiment (=200uM) requires' chlorophyl
concentrations of about 10 mM. At this concentration,
approximately 90% of an incident actinic illumination at 500
nm is absorbed tn the first 0.1 mm of the sample. Three
crucial factors were necessary in order to perform these

experiments sucessfully. The use of membrane preparations

lacking PSI is of aid in that the photosynthetic unit size
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Figure é. Multi-line EPR spectra observed for x-ray
absorption edge samples of spinach PSII sub-chloroplast
membranes. Samples were pellets (approximately 8 mg chl/m1)
centrifuged.out of the buffer of figure 1. EPR spectra were
recorded at 14°K, using 100 mW microwave power at 9.22 GHz
anda 100 KHz field modulation of 32 G. ITlumination
protocols for the various S states are described in the
text. The samples are; sample A, Sl; sample B, 52; sample

C, a second 52; sample D, S3._
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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 52 sample that was not exposed to the X-ray beam,

Sample MLS amplitude (arbitrary units)
Before XAS After XAS
A (S]) | ' 1.5 1.7
B (S,) 5.5 | 2.9
C (second SZ) 4.0 0.0 *
D (53) 2.0 2.3

* This is Sample E (Relaxed to S]).
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is smaller, and therefore a greater fraction of the incident
illumination is channeled into PSII. Secondly, in addition
to providing increased signal-to-noise, fluorescence
detection techniques are more surface sensitive because of
strong self absorption. 90% of the fluorescence signal
arises in the first 0.5 mm of a water containing sample at
6.5 KeV. Finally, and most importantly, is the ability to
block electron transfer by illumination at lTow temperature so
that S2 will not advance after it is formed, allowing its
accumulation by continuous illumination. Using sample
thicknesses of approximately 0.5 mm and_ il]uminatfon 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
actinic light was far from uni form across the sample depth.

The x-ray K-edge spectra for these samples are presented
in figure 3. The 52 sample (B) shows a significantly broader
principal absorption maximum and (possibly as a result) a
shift to higher energy relative to the 51 sample (A). The
sécond S, sample (C) edge 1is consistent with the first and a
1 hr dark adaptation of this sample (labeled E) regenerates
the edge observed for Sy- The K-edge for S, (D) is quite
similar to those observed for SZ‘ The small difference in
shape that s observed may not be meaningful because
di fferences of a similar magnitude are.also observed for the
two S2 samples. This probably reflects small differences in

the S state composition from sample to sample.
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Figure 3. X-ray absorption edge spectra for spinach
PSII preparations. Data were collected at -80° to -100°C as
described in Materials and Methqu.- Each edge is the sum of
approximately 20-30 individual 20 min. scans. The samples
are; sample A, Sl; sample B, Sz; sample C, a second Sz;v
sample D, S3; and sample E, S1 prepared from sample C after
its edge was recorded by dark adaption for 1 hr at 0°C in
total darkness. A smoothed curve (solid 1line) is drawn
through the data points to aid in the visualization of

statistically significant 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 positions differ by much more than the estimated
uncertainty of 0.2 eV indicating again a s]ighfly di fferent S
state compositidn for each sample. Evidence for this is
shown in figure 4 which shows that the edge inflection points .
for S1 and 52 samples are in fact well correlated. with the

observed multi-line EPR signal intensities.

The lowest edge inflectionA is observed fbr the freshly
dark-adapted Si sample, and the highest inflection for one of
the S2 samples. The difference between these is 2.51  eV.
The average edge shift observed between the S1 and S2 samples
is 1.78 eV. For comparison, the edge positions reported
previously [15] for selected manganese'samples are presented
in table 4. It is seen that the average Sl‘inflection point
is similar to and slightly higher than that reported for dark
adapted whole <chloroplasts, and the S2 samples give an
average edge shift that is very similar to that observed in a

Mn(IV,IV) u-dioxo dimeric complex.
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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).

Sample K-edge inflection (eV)
A (S]) 6549.88

Avg. S; = 658953
E (S2 relaxed to S]) 6549.17
B (52) 6551.68

Avg. 52 = 6551.31
C (Second 52) 6550.93
D (53) 6550.19

Table 4. K-edge inflections obtained from Kirby et al. [15].

Sample

K-edge infiection (eV)

Dark adapted whole chloroplasts

Tris washed chloroplasts
Mn(II11) (acac),

[Mn (IV,IV) (Phen)2]2 0,

6549.1

6547.9

-6550.7

6551.0
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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.
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IV. DISCUSSION

The rates of oxygen evolution aﬁd the quantities of
Mn*2 observed by EPR for Tris-inactivated chloroplasts and
subsequently reactivated 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

2 give rise to EPR signals at very low

complexed forms of Mn*
magnetic fields, and that these signals can be induced
simply by the presence of high chloride ﬁoncentration. Acid
digestion of chloroplast samples reported in this work were
done at. lTow HC1 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
samples exhibit neither the g=2 or the low field EPR signals
and may therefore escape detection.

Considering only the relative amounts “of manganese
determined for these samples, it 1is seen that Tris-
inactivated <chloroplasts <can be reactivatgd to 60% of
control rates without added Mn+2 to give samples which
contain dn]y =20% of the original manganese pool. These
results appear to support the conclusion that at least a

portion of the manganese removed by Tris in these samples is

not required for signi ficant 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 wupon inactivation is serving in a
functional role. This stimulation of restored activity by
added manganese was variable and always less that 90%,
possibly reflecting some irreversible destruction or removal
of other components 1in or near the oxygen evolution comlex
upon inactivation. On of the candidates for this componént
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
labile with respect to oxygen evolution. Initial rates of
evolution drop to 20% or less within 1 min of saturating
i]]umination._ Samples that have been reactivated in the
presence of manganese exhibit both stimulated initial rates}
and prolonged activity. Thus, alternati?e explanations for
the effects of added manganese méy involve its role in a
-stabi]izing interaction to PSII components or as an_e]ectron
donor in a fashion similar to the reduced donors (ie. DCPIP)
requi red for reactivation of the OEC [25]. It is clear that
additional studies will be necessary to discriminate between
these alternatives.

We have made reliable observations of the light-induced
manganese multi-line EPR signal in PSII .preparations from
spinach chloroplasts. This observation provides support for
the proposed connection of the species giving rise to this

signal with the components of photosystem 1II reactions.
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’However, for reasons that are not completely understood, no
Signa] has been observed for chloroplast or PSII preparations
inactivated by Tris washing or subsequent]y reactivated. Two
conclusions can be drawn from this observation. The first is
that Tris treatment has removed from the membrane the signal
species or a component ﬁecessary for its generation.
However, this species must not be required for re;tored PSII
~electron transport from the OEC to Q. Alternativé]y, the
condi tions necessary for the generation or observation of
the signal may have been altered but not destroyed by Tris.
For examb]e, this could occur if an alteration has taken
place that effectively relaxes the EPR in the treatd samples
by exposure of coupling to a paramagnetic center. We feel
.that this s more likely, because the EPR signal is
vcomplete]y absent in samples that have been only partially
inactivated. In addition, we have observed that Tris
interferes with two other 1low temperaturé manganese EPR
signals observed at g=2 and at Tow fields (discussed in
Chapter 6). These signals also cannot be generated in Tris
treated samples, and only reappear after extensive washing of
the membrane. Un-protonated Tris may bind or interact with
the signal species without always inactivatfng oxygen
evolution. Support for this notion comes from additional
observations that the'mu1ti-1iﬁe sigha] cannot be generated
in PSII samples in the presence of 50 mM NH3 at pH 7.8, but
can be bbserved at pH 6.0. Un-protonated NH3, like Tris, is

known to interact with the 0EC in states 52 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 S1 and 52' Changes of the nature observed are
classic behavior for loss of 1ligand symmetry caused by metal
oxidation and/or forced 1ligand geometry distortion. However,
it is probable that only a subset of the total pool of
manganeée would be expected to contribute to the observed
change. The effect of a shift of one §f the components with
respect to the other is to broaden the principal absorption
maximum in a manner similar to that observed. Simulations
constructed by adding the Slvedge to a second edge that has
been shifted shows that the magnitude of the shift necessary
to induce the observed broadening is apprbximately 10 eV.
This is larger than can be expeéted for a change in Qxidation
state alone, and demonstrates that a significant change in
the intrinsic line shape of a portion of -the manganese edge
has occurred.

This fact must be considered in the interpretation of
the change(s) experienced at the manganese site. Changes in
edge shape of this nature are commonly ~observed between

+2 and those of higher oxidation states,

complexes of Mn
often because of distortions arising from Jahn-Teller
effects. Therefore the observed change in edge 1line 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 significant

perturbation of the inner coordination symmetry or ligation
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hés occured upon illumination.

The magnitude of the changes observed are unexpectedly
large. From previous correlations of manganese edge
inflection point positions [15], we expect an edge shift of
approximately 2.3 eV per unit coordination charge difference.
The simplest interpretation of the multi-line EPR signal
_associated with S2 is that only one <charge equivalent per
P680 has been transferred. Thus, the observed S1 to 52
average K-edge shift of 1.78 eV is 1larger than one would
expect if only one electron equivalent were removed from a
total p001 of 3.6 manganese atoms.

There are a number of explanations for this obserVation.
The first is that the photosynthetic wunit size of the
preparation 1is much smaller than reported [24], which would
result in fewer manganese per PSII than indicated.
Alternatively, 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 environment of the bound manganese 1in the
process. It is somewhat wunusual, however, that this would
occur at the illumination temperature of -90°C. Finally, it
is possible that more than one charge equivalent s
transferred from the OEC under the illumination conditions
used. This <could occur if, for -example, one oxidizing

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 oxidizing equivalents onto the manganese center.

In regard to proposed oxidation states of manganese
sites 1in these centers, the combination of the X-ray edge
data with the fact that the S2 state exhibits a paramagnetic
species is of great utility. The edge positions of PSII
samples in state S1 are similar to and slightly higher in
energy than observed in a previous | study on whole
chloroplasts [15]. In that sfudy, 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 1lower and presumably more
homogeneous manganese content, the edge position also lies

between observed Mn+2 and Mn+3

complexes, but 1is somewhat
more in the direction 6f Mn+3. The average 1inflection
position observed for samples prepared 1in S2 by low
temperature i1lumination strongly suggests a Mn+4 oxidation
level.

These values represent the average state of all of the
manganese present 1in the samples. The manganese site in the
OEC may be monomeric, and would therefore be a minor
constituent of the total manganese pool. If this were the
case, it would be difficult to predict the oxidation level of
this center without accurate information about the
environment of the remaining pool. In fact, the Tlarge

magni tude of the change observed in the edge upon

illumination may be used as an argument that a significant
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fraction of the 3.6 Mn per PSII are‘contributing to this
change.

There 1is evidence that the O0EC consists of exchange
coupled metal centers t12,26], and a number of models for
the site have included dimeric manganese species [2,27].
Based on the observation that state 52 is -+ paramagnetic,
Di smukes et al. [12] have proposed that it contains a
Mh(fII,IV) complex, and the edge properties observed in this
work support this assignment. The presence of a definite
edge absorption maximum for the S1 samples is characteristic
of many Mn+2 complexes. If it is true that two oxidizing
equivalents are removed from the manganese center in the S1
to 52 transition as discussed above, these obserVations}would
be consistent with the presence of a Mn(II,III) complex in
Sl' However, a Mn(III,III) complex which ungoes a large
change 1in ligation in the S1 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 1level of peroxide in a
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 partially oxidized oxygen intermediates in a
series of 1 electron removal steps. One of the features of
‘this model is an additional donor other than the manganese

center that is oxidized in the S0 to S1 transition. This was
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broposed in order that both states S0 and S1 would have the
properties of being stable in the dark. 1In addition, this
oxidation was not coupled to a deprotonation step in order
to explain data [28] indicating a proton release pattern of
0,1,1,2. This is as yet somewhat controversial, in that
other work [29] indicates that this pattern is 1,0,1,2.

This model was later modi fied and expanded .to
incorporate 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 oxidafion of the
manganese center in the S0 to S1 transition\instead of the
alternate donor of Renger. Most notably, the oxidation
levels of the manganese 1in state S3 wefe proposed @o be
lower than for S, in accordance with quantities of Mn*?2
released by heat freatment ~of flash pre-illuminate&
';hloroplast samples. However, the recent asﬁignment of a
paramagnetic manganese center to 52 [12] is not easily
accounted for by the Mn(III,III) oxidation level of S, in
this model. |

It is possible to 1incorporate the S stafe oxidation
levels indicated in this onk into a speculative but
consistent model of the OEC that is similar ih nature to the
ones described above. This is shown in figure 5. In this
scheme, the QEC contains two <closely coupled manganese
centers and two species labeled D, 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 1in

manganese oxidation associated with S state cycling.
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One of the unique features of this model is that charge
is transferred onto the metal centers only after the ligated
donor species (D) have been oxidized by one equivalent each.
Thi's mode of transfer, in which oxidation of a ligand occurs
prior to the transfer of <charge onto the mefa] species,
provides a convenient means by which oxidizing equivalents
may be moved from the outer to the inner coordinafion sphere
of the metal. In contrast to many electron-transfer
proteins, in "which the - metal s directly o;idized or
reduced, this kind of process is thought to be kinetically
slower and may result in longer lived oxidi zed
intermediates. This is because a change in}oxidation level
necessarily involves a perturbation or rearrangement of the
ligand species. These arguments have been wused in favor of
this typé 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 oxidatioﬁ of this donor 1is coupled to a
deprotonation step. This is 1indicated by showing the
reduﬁéd and oxidized forms as DH and D° respectively.

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 1ligands. In addition, two complexed
Water molecules are shown, one of thch as a . deprotonated
hydroxyl ion bound to the Mn+3 atom. Transition frqm state

S0 to S1 occurs simply by the oxidation of one of the donor
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'species with the release of a proton. The following
transition occurs first by oxidation of the second donor
species to give the hypothetical wunstable intermediaté
labeled Sl*. This state relaxes to 52 after two charge
equivalents are transferred from the oxidi zed donor species
to manganese giving a Mn(III,I1V) 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 S1 to S2 transitioh. Transition from 52 to S3
results from oxidation of a donor molecule in a process
analagous to the S, to S, step. The final light induced
stage proceeds as before with the formation of an unstéble
intermediate S,° containing a Mn(III,IV) complex  and two
oxidized donors. There are a number of ways in which this
intermediate could proceed tovrelease oxygen. For example,
the hydroxyl Tligands <could be oxidized to give a binuclear
peroxo-bridged species and a Mn(ITI,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
S0 after water deprotonation. In this last photochemical
step, two protons are shown to be released, one before and
one after release of dioxygen.

The transition from S3 to S0 may be viewed as involving
a concerted two electron oxidation of the hydroxyl ligands
rapidly followed 1in the dark by a second concerted two

electron process as the oxygen group leaves the OEC. In
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this way, it is not necessary to propose stabilized forms of
the highly reactive hydroxyl radical, peroxo- or superoxo-
intermediates.

Like the model proposed by Renger [27], this scheme
involves a signi ficant smearing out of charge from the
manganese center 6nto ligands, avoiding the wuse of highly
oxidi zed manganese species. In fact; this -scheme employs
only two formal bxidation levelé. for the manganese center;
Mn(II,III) and Mn(III,IV). However, unlike the additional
donor proposed by Renger, the oxidized forms of D° are not
‘held throughout the S state <cycle, but are instead proposed
to play an intricate role in the redox reactions. The
scheme of figure 5 is fairly consistent with thqt proposed
by Wydrzynski and Sauer [30] in that S, contains a Mn(II,III)
spécies, and S3 contains manganese with an oxidation level
that is similar to that in/Sz.

Other than accouhting for the large change in manganese
oxidation level betweeh S1 and S2 indicated by this work,
there are a number of attractive.features of this scheme. It
is indicated from the mbdel that the ogidation'leve] of the
manganese site may not be significantly altered in the
transition from S2 to S3, where oxidation of DlH is instead
- possible. Behavioral simi]arity of S2 and S3 is often
observed. For example, both states appear to be the sites of
Tris or NH3 inactivation. An explanation for the dark
relaxation of S2 and S3 may also be inherent in such a

model, if only the states consisting of an oxidized
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manganese center undergo relaxation. This is also entirely
consistent with the observation that our attempt to generate
S3 caused most of the multi-line EPR signal to diéappear, but
shows an absorption edge that is not very different from the
52 samples. It is pfoposed that charge is not transferred
diréct]y to Mn during Szvto S3, but that interaction of the
Mn spin system with D* alters 1its relaxation properties.
. This brings up the question of whether the Mn(II,III) complex
in state S1 might be expected to exhibit EPR signals. The
additional spin on the D°* ligand could be expected to greatly
alter the relaxation properties of such a signal in a manner
analogous to that proposed for the state S3. If the spins
were strongly coupled, an integral spin state might result,
exhibiting no EPR properties at all. Recently a report was
made of an unusual signal\attributed to manganese containing
many lines over a broad field range for photosynthetic
membranes in state S, [311]. This signal «could only be
~observed at temperatures below 8°K and at very high power
levels indicating. an unusually efficient relaxafion
mechani sm. The signal has not been vefified, however, and
is poorly characterized at this time.

0f «course the identity of the 1ligand species D is
unknown, but it would make sense to propose a quinone
species. Extraction studies have implicated quinones as
components on the donor side of photosystem 1II [32].
Multimeric manganese semiquinone complexes have been

reported, and some of these complexes indeed exhibit two-
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electron metal-ligand transfer equilibria similar to that
suggested 1in the model [33]. If this were the case,
additional properties of the donor side of PSII could be
easily interpreted. The reduced form of DH may represent the
fully reduced form of the complexed quinone, and D° would
represent the semiquinone form. As mentioned above, the EPR
signals from the species in state S1 may be difficu}t or
impossible to .observe. However, transition of S1 to 52
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 unpaired spin
density were localized primarily on the quinone species, thiS
transient state may be associated with the signal IIvf
_ transfent. The decay of this transient 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 53 to S0 as is observed
experimentally [34]. It is not easy to predict from this
model, however, the fact that the flash yie1d observed for
signa] IIvf on the second flash is Tlarge and has decay
kinetics intermediate between that on the first and third-
flash [34]. Instead, this. model would predict two kinetic
components oscillating with a flash pattern <characterized
by: fast, mixture, slow, mixture, etc. It may thus be
necessary to propose that the state shown for S3 in the model

relaxes to give a Mn(IV,IV) complex with the decay of the
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signal Il species.
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CHAPTER 6

A Study of Manganese Release from Chloroplast Thylakoid

Membranes by Low Temperature EPR Spectroscopy

I. INTRODUCTION

The effects of agents such as NHZOH, mild heating or
alkaline Tris Qashing that simultaneously inactivate
photosynthetic water oxidation and release significant
amounts of chloroplast manganese are well known [1];
However, there are a number of aspects concerning the faté-of
manganese altered by these treatments that remain unclear.
Earlier studies [2] based on the observation of Mn+2 by EPR
at room temperature have shown that during Tris inactivation
most of the manganese is not 1lost from chloroplast
membranes, but merely altered in environment. This reflects
the observation that inactivation accompanies the appearance
of a g =2 EPR signal from aqueous Mn+2, and that this
signal follows the pellet rather than the supernatant
fraction. The loss of manganese from this pellet into the
supernatant occurs slowly with a t1/2 = 2.5 hrs. It was
proposed that the manganese altered by Tris treatment 1is

released to the inside of the enclosed thylakoid vesicle
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where it is trapped by a slow trans-membrane diffusion.
Recent work [3] has shown, however, little difference in
the amount of manganese removed by Tris inactivation from
normal versus inside out thylakoid vesicles. It was
concluded from this work that manganese is not specifically

released into the inner thylakoid space. Other results on

the kinetics of manganese equilibria in chloroplast
thylakofds are somewhat inconlcusive  [4], but show no
evidence for slow equilibration across the chloroplast

membrane. Yokum et al. [5] have done a careful study of the
stoichiometry of manganese release by these treatments which
provide5 a number of relevant observations. Chloroplast
membranes isolated fn sucrose buffer contained approximately
2 manganese in a form that could be displaced by 40 mM Ca+2
without decrease of water-splitting activity. Tris
inactivation of these membranes caused 3 manganese/400 chl to
be released into the EPR observable form. However, if
isolated in a high salt medium, active membranes contained
only 4-5 Hn/400 chl, and very little of this was displaced by
calcium. When these membranes were inactivated by NH,0H or
Tris treatment, 1less 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 Tris and 3 Mn/400 chl after
NHZOH inactivation, It was proposed that the Ca+2
releasable manganese represents a loosely bound form, and

that inactivation results in the population of these bound

forms.
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It is therefore apparent that membrane bound sites play
a significant role in the fate of the fraction of manganese
that is a]tered by these inactivating freatments. This
chapter describes results of éxperiments 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 02 evolution measurements and EPR "spectroscopy
are described in chapter 5 and will not be repeated here.

Hydroxylamine-treated chloroplasts were prepared by
suspending untreated chloroplasts to a concentration of 1
mg/ml chl in the presence of 1.0 mM NHZOH in a buffer
containing 0.2 M sucrose, 10 mM HEPES (pH 7.5), and 5 mM
MgC]z. After incubation for 3 min. on fce in the dark, the
chloroplasts were collected by centrifugation at 6000xg for
5 min. TPB™ and NH, treatments were accomplished in a
similar way by suspending chloroplasts in the above buffer
which was made 10 uM and 30 mM in sodium tetraphenylboron
and NH4C1, respectively. Hzoz-treated ch]oropTasts were
‘prepared as described by Velthuys et al. [6], except that
0.5 mM NaN3 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 liquid nitrogen unless otherwise 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

2

addi tions were from a standardized solution of Mn*¢ obtained

by dissolving metallic manganese in nitric plus perchloric
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
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buffer to a concentration of about 4 mg/ml chl and frozen

slowly to 77°K in 4 mm 0.D. quartz EPR tubes.
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ITI. RESULTS

Shown in figure 1 are the EPR spectra‘ observed for
chloroplasts before and after heat treatment. Upon
heating, the g = 2 EPR signal from Mn+2(H20)6 is observed,
but }ess than one Mn+2/400 chl is accounted for by this
signal. Also shown in figure 1 is an additional EPR signal
between 0 and 300 G which is induced by heat treatment. This
very low field (VLF) signal 1is 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 significant amount of> manganese in
the presence of BSA remains as the g = 2 hyperfine sextet
charactefistic of the hexaquo complex, but two additional
signals are pbserved at low fields. One of these occurs at
0 to 300 G and appears tp be identical to that observed 1in
inactivated chloroplasts. A second signal is observed for
Mn*2_BSA at 400 to 900 G.

We have attempted to characterize the origin of these

*2_BSA binding studies with those

signals by comparing Mn
that have been reported. Mi 1dvan and Cohn [7] have observed
two <classes of binding sites to BSA at room temperéture, a
single site with K1 = 3.7 x 10'5 M and approximately five
-4

weaker binding sites with Kz = 3.0 x 10 M. We have

measdred the binding of Mn+2 to BSA by quantitating the
depletion of the g = 2 manganese EPR signal observed at 10°K
by added BSA for samples of constant total manganese

concentration. We observe 0.74 binding sites with
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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 freduency
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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+2 in the

Figure 2. EPR spectra observed for 0.3 mM Mn
presence of 0.44 mM BSA. Instrumental conditions are

described with figure 1.
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K, = 1.75 x 10 M and 2.4 sites with K, = 8.2 x 10 M.

1 2
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 solutions and thus represents the binding equilibria
at the freezing point of the solution, hqt at room
temperature.

It is desirable to relate this information to binding
studies using the VLF signals in order to characterize their
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
bi nding éonstants. 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 M is obtained for the signal
occurring at 0 to 300 G and provides an assignment as one of
the 'weak' sites observed for BSA under these condition;.
This suggests that the presence of the signal in inactivated
chloroplast membranes arises from non-specific binding of
manganese to membrane protein components. The other signal
observed at 400 to 900 G appears to represent an extremely
weak binding site to BSA. This signal was not observed for
chloroplast samples under any of the conditions of these
experimenfs.

We have used the association of this EPR signal with the

weak binding site of BSA to calibrate its amplitude and thus
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-Figure 3. Binding curves for Mn+2-BSA displayed 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-P1 represents the VLF
signal observed at 0-300 G and Mn-P2 represents the 400-900

G signal.
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obtain an approximate number of manganese contributing to
the signal for: inactivated chloroplast samples. These
quantities are presented in table 1. Untreated ch]broplast
preparations containing approximately 6 total Mn per PSII
reaction center exhibit between 1 and 2 Mn in this VLF
signal. This quantity is somewhat variable. Préparations
containing less than 6 total atoms of Mn exhibit'thé
smallest VLF amplitude. |

Heat inactivétion of membranes releases less than one
manganese to a form observed as the g = 2 EPR signal, but a
significant quantity 1is observed 1in the VLF signal after
‘treatment. Thus, a total of 3 EPR-observable manganese per
400 chl are induced byhheat treatment, and most of this
appears<in a form assigned to lobsely bound manganese.

Irreversible inactivation with 1 mM NHZOH ihduces
changes similar to those observed with heat tfeatment; In
this case, inactivation was accompanied by the appearance of
approximately 1 Mn to the g = 2 signal, and 3 Mn to the VLF
signal. On the other hand, treatment with 30 mM NH3, 10 uM
TPB™ or 0.3% H,0, which alter, but do not irreversibly
destroy 02 evolution cause very 1little changes in the
binding of Mn as observed by 1low temperature EPR.

For reasons that are not <completely wunderstood, we do
-not always observe the VLF signal after inactivation by
alkaline Tris treatment. The amounts that are observed are
quite variable and thus difficult to quantitate. The g = 2

EPR signal from Mn+2(H20)6 is also not observed at 10°K 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
Mn*2(H,0)5 | Mn*2 * P | Total EPR| induced by
g=2 VLF Mn+2 treatment
Chloroplasts (6.3 Mn/400 chl)[  0.14 0.61 0.75 -
. + heat B 0.27 3.40 3.67 2.92
High Salt Chloroplasts 0.03 0.36 0.39 -
(4.9 Mn/400 chl) - |
" : "+ heat 0.53 2.65" 3.18 2.79
Chloroplasts (6.6 Mn/400 chl) 0.0 1.5 1.5 -
" + 10uM TPB” 0.0 1.7 1.7 0.2
" + 0.3% H202 | 0.0 1.2 1.2 -0.3
" + 30 mM NH3 0.0 1.7 1.7 0.2
" + 1 mM NH2 OH 0.89 4,5 5.4 3.9
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Tris-inactivation, so it is likely that the presence of Tris
in some way alters our ability to observe low temperature
EPR signals from manganese. Extensive washing of Tris
inactivated membranes to remove the Tris causes the
appearance of the VLF EPR signal, but at reduced levels.

It was previously found that adding 40 mM cat? to
chloroplasts that héve been treated with Tris or

2

hydroxylamine increased the amount of aqueousAMn+ observed

by EPR at‘ room temperature [5], presumably due to the
displacement of membrane-bound forms of manganese by Ca+2.

+ . . . '
2 before inactivation does

We find that ‘addition of 40 mM. Ca
not substantially increase the aqueous Mn+2 EPR signal
induced by the treatment. The VLF signal observed after

-NHZOH or heat inactivation is decreased by 15-20% by

addi tion of Ca+2. - The VLF signal present in untreated
membranes is unaffected by the presence of Ca+2. In
addition, we have observed that the presence of 1mM EDTA

does not affect the VLF EPR signal amplitude of heat treated
chloroplasts (figure 4). Therefore, it is apparent that the
membrane bound forms of manganese present after heat or
‘hydroxylamine inactivation are not efficiently displaced by

-Ca+2 or EDTA under the conditions of our experiments.
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Figure 4, VLF and g=2 EPR signals observed for spinach
chloroptasts before and after heat dinactivation and in the
presence and absence of 1 mM EDTA. EPR conditions are as in

figure 1.
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IV. DISCUSSION

Inactivation of oxygen evolution in spinach chloroplast
thylakoids by mild heating or NH20H treatment gives rise to
a low temperature EPR signal observed at very low fields and

2

assigned to Mn* weakly bound to the membrane. The observed

signal is identical to one of two signals observed for Mn+2
weakly bound to bovine serum albumin, which has been
assigned to carboxylate 1ligands of the protein [8]. Thi s
suggests that the signal observed 1in 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 chl were
observed with K = 1.2 x 10~% M which is very similar to that
observed for the weak binding to BSA. We have obsefved that
this signal can also be observed in samples containing only
manganese and high concentrations of C1-. It is thus ]ike]y
that the signal species arises from manganese in a variety
of environments or from one that is quite common.

In order to better understand the origin of this signal
we have undertaken a series of computer simulations. ‘The
common techniques of simulation using perturbation
treatments are not valid when used at low fields, because
‘the hyperfine and sp{n-orbit contributions to the total spin
Hamiltonian are nqt insignificant and cannot be considered
perturbations of the high field baéis states. Thus a.
computer program was written to simulate EPR spectra using

an accurate but somewhat inefficient matrix diagonali zation
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method. The Hamiltonian matrix was constructed as

Ho= BH S + BoHeg 1 + SeAT + D(5,%-1/35(5+1)) + (7)
2

which includes electron and nuclear Zeeman terms, the nuclear
hyperfine interaction, and the spin-orbit zero-field
splitting terhs respectively [9]. A description of the EPR
simulation method is presented in éppendix B.

For reasonably chosen isotropic g-values and hyperfine
couplings it was found that transitions in the low field
region could be generated when the zero field splitting

1

parameter D was approximately 0.17 c¢m™" 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 precise agreément
of the hyperfine lines was not obtained, however, and it was
not possible to test the inclusion of E or additional quartic
terms as variables 1in the simulation due td the excessive
amounts of computétion required for these simulations.
Nevertheless, it is apparent that signals of the natufe
observed can be expected from Crysta]-field induced zero-
field splittings that may arise from distortion caused by
manganese binding.

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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Figure 5. The VLF EPR signal observed in heat
inactivated chloroplasts (bottom) and a computer simulation
(top). Experimental conditions are described in figure 1.
In the simulated spectrum, for each randomly chosen angle
with respect to the 2z axis, the Hamiltonian matrix was
diagonalized at 50 magnetic field values between 0 and 1000
G. The transition probabi]ities obtained at each observed
resonance were convolved with an isotropic Gaussian
linewidth of 25 G. The parameters used to construct the

Hamiltonian were: 95=9y=9; = 2.0023, ax=ay=a = -0.010 cm'l,

z
1 -1

D = 0.165 cm™ " and E = 0.0 cm™ ",
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weakly bound to the thylakoid membrane. Untreated membranes
contain small amounts of manganese in the VLF signal, which
probably arise from extraneous manganese binding. In each
case, approximately 5 manganese/400 chl remain unobserved by
EPR. Of this pool of 5 manganese, heat inactivation causes
the appearance of 3 Mn into the g = 2 and VLF signals, while
NHZOH inactivation gives rise to the appearance of 4, This
is consistent with the work by Yokum et al. [5] which showed
that if weakly bound Mn is removed by washing in 40 mM Ca+2,
NHZOH inactivation 1leaves only 1 Mn/400 chl tightly bound to
the membrane, while Tris inactivation 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 nding. MnA sites denote manganese binding to unspecified
surface protein components, and give rise to the VLF EPR
signal. Some of these sites may be populated 1in active
chloroplast preparations containiné more than 5 Mn/400 chl.
Approximately three MnB sites per PSII are also shown and
appear distinct in that they are not observed by either of
the 1low temperature EPR signals described. Inactivation of
02 evolving capacity by treatment with mild heating, NHZOH,
or alkaline Tris releases these manganese from their native
bi nding sites, where they are weakly- rebound to surface
proteins and become identical to the MnA species. The

function of this fraction of manganese is unclear.
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Figure 6. A model proposed for manganese binding to

chloroplast thylakoid membranes.
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Traditionai]y associated with oxygen evolution - capacity
because of 1its release upon inactivation, recent studies
described in the previous chapter indicate that a portion of
this pool is not required for reactivation of 02 evolution.
Thus, this fraction may represent manganese serving a
structural role, possibly by stabilizing interactions of PSII
protein components., There have been reports of an
association of the specific re1éase of a 32 Kd peptide by
treatments that both inactivate 02«evolutipn and remove
chloroplast manganese [10].

As shown 1in figure 6 this manganese is released to the
inside of the chloroplast thylakoid envelope where it may be
trapped by slow diffusion [2]. This may not be necessary,
however. Results on inside out chioroplast membranes [3]
indicate thét manganese iSs not trapped within Tris-washed
vesicles, and other work [4] is consistent with rapid trans-
membrane diffusion of free manganese. These studies make it
di fficult to explain why manganese release into solution
from inactivated membranes is slow.

The presence of a bound form of manganese may provide
such an explanation. It has been found that Tris
inactivation of chloroplast membranes destroys most of the
manganese binding sites that are present in untreated
membranes [2]. This may reflect denaturation of damaged
proteins on the membrane surface after alkaline Tris
treatment, and if this process occurs slowly, manganese

would be released from its weakly bound site over a period
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of time.

Under the conditions of our experiments, we observe that
the bound manganese of inactivated chloroplasts is not
affected by added Ca+2 or EDTA. This may indicate 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 accessible by Chelex or EDTA only in

the presence of an ionophore A23187. These results indicate

2

that even though uncomplexed Mn*¢ may freely diffuse across

the membrane [3,4], most of the manganese present in the
loosely bound form exists in binding sites on the inner
surface of the thylakoids.

The third type of manganese site labeled Mnc in figure 6
represents manganese unaccounted for by low temperature EPR
upon inactivation. The quantities observed are in agreemeht
with those observed to remain tightly bound to thylakoids
after inactivation procedures. Inactivation by NHZOH is
unique 1in that it leaves only one Mn/400chl unaccounted for
by EPR, while heat inactivation appears to leave 2 manganese
firmly bound. Thus NH20H inactivation appears partially to
remove manganese from the MnC sites as well as those from

MnB.
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APPENDIX A

The following dis a brief description of the use of the
major VAX11/780 programs written for EXAFS data analysis.
Four programs are discussed in the order in which they are
normally used. For each program, a short description of its
purpose 1is given, followed by an explaination of the
parameters and/or commands required for operation of the
program. Queries and comménds generated by the computer for

user response are shown in wuppercase and underlined.

1. Program REFORM

The purpose of this program is to perform the necessary
pre-processing of data as it arrives from SSRL. The file
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 normalized. Upon input to the program, the data are in
the form of lists of incident, transmitted, and fluorescent
intensity values as a function of monochromator angle. Upon
output, one data file is generated for each data channel
collected, and are in the form of normalized IO/I, 11/12, and
F/Ib ratios as a function of monochromator angle.

The required commands are:

INPUT FROM TAPE? (Y/N): Are input files arriving
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directly from tape, or from disk? Default is no.

ENTER INITIAL INPUT FILE: The first file name to be

input. These file 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} AOl, AOO1.DAT.

'ENTER FINAL INPUT FILE : The‘last file name to be input..

It should have the same character part as above. Fiies will

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 answer both of the 'tape' questions
yes at the same time, you will be in for a long wait. |

ENTER INITIAL OUTPUT FILE: The name of the first file to

be output. The name should consist of 5 (or fewer)
characters followed by 4 numbers. Do not used the .DAT
extension, as it will be automatically included.

POSITIONS OF 10,I1,12 = 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 #S), AND I2 GAIN FOR EACH TIME

THE 12 GAIN WAS CHANGED. FILE NAMES MUST BE IN ORDER: If the

IZ channel was used, the data file does not contain its ion

chamber gain, and this must be supplied manually. For

example, the reply might appear as; A001,9,A032,10,A107,7.
NORMALIZATION SET - I0/I1, I11/12, F/I10
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TYPE N FOR UNNORMALIZED DATA, RETURN OTHERWISE: Just

type return, wunless you want the individual channels to be

output instead of their ratios.

II. Program EXADD

This program 1is used for averaging EXAFS and edge data
files. Each scan 1is weighted by the number of seconds spent
collecting the data and by the incident intensity at the
beginning of the scan. For each scan, the data are plotted
over the summed data for comparison, and an option isbgiven
to not add the scan or to cut out a portion of the data
before adding. Scan to sc;n shifts may be input manually,
or automatically determined if reference data were collected
using 1ion chambers I1 and 12. If this is desired, the
program will look for a sharp peak in the reference channel
and will shift the present scan so that it matches the peak
position of the first scan wused in the add.

The required parameters are:

HOW MANY DATA CHANNELS? ( <50 ): For example, if two

absorption and three fluorescence data channels were
collected, the answer is 5.

DO _YOU WANT SHIFTING OF DATA FILES? (Y/N): Input 'Y' if

you want to shift scans before adding.

ARE SHIFTS MANUAL/AUTOMATIC (0/1): If you answer '0',

you will be asked for the shift for each séan added. If you
answer 'l', the program will attempt to determine the shift

from the reference data.
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FOR REFERENCE FEATURE,. ENTER XLOW,XHIGH: If automatic

shifting 1is used, you must supply the region, in
monochromator step numbers, in which the reference feature

is expected to lie.

DO YOU WANT IN PROGRESS PLOTS? (Y/N): Answer 'Y' if it
is desired to plot the scan over the averaged data for each

added data file.

_MONiTOR WHICH CHANNEL NUMBER?: This is the channel that
will be plotted. 1 is the primary absorpfion channel, 2 is
the reference absorption channel if it was used, and the
first fluorescence channel if not, etc.

ENTER XMIN,XMAX FOR PLOTS: The plotting region desired

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 NPTS/FIT : For

automatic shifting of data, the reference peak position is
determined from.the zero-crossing of the first derivative.
This is calculated using a sliding fit to a polynomial
(usually quadratic) wusing 'NPTS/FIT' points. The values of
the parameters should be determined beforehand so that the
derivétive is smooth, but undistorted.

The following are the same as for progrém REFORM.

INPUT FROM TAPE? (Y/N):

ENTER INITIAL INPUT FILE:

ENTER FINAL INPUT FILE

QUTPUT TO TAPE? (Y/N):
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ENTER INITIAL OUTPUT FILE:

FOR THE REFERENCE FEATURE, ENTER THE CORRECT VALUE OF

CUEDGE: This is asked only for the first file. For that
file, enter the number that CUEDGE would have to be so that
the reference feature would have exactly the correct energy.

This calibrates all of the added spectra.

I11. Program EXAFS

This program is wused for general data analysis,
including plotting, stripping, normali zation, background
removal, and fourier transformatibn, The program wuses the
FFTLIB data analysis routines written by Alan Robertson, and
the IGL graphics package PLOT10 by Tektronix.

Upon entering the program, it will first prompt you for
a couple of things:

1. ENTER DATA DISK DIRECTORY-- It is asking for the disk

directory containing your data. Unless you speci fy
otherwise, when you read or write data this is the directory
the program will go to. This allows many different users
access to the program, and allows you the option of keeping
all your data on a separate disk directory. If, for example,
your directory is ABC, and the data 1is on subdirectory
ABC.DEFG, then enter [ABC.DEFG] (The square bracketts are
necessary.)

2. WHAT GRAPHICS TERMINAL ARE YOU USING?-- Enter the

Tektronix terminal number, i.e. 4014.
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The program will now become interactive, and ask for a
command. There are 64 commands which do all of the
manipulations required. You may enter commands individually,
or in a string., To enter a command string, type as many
commands as you wish, separated by commas , as long as they
fit on a line.

The program has space to contain six data files 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 files in array B since this array 1is used by

the program in some cases.

GENERAL COMMANDS:

HELP - Use this command to obtain information about program
use.
PROMPT - This «command displays and allows change of the

prompt mode. Many variables are needed to control
such things as fit regions and order, window types,
point nhmbers, etc. Whenever the‘ program needs to
use a parameter, it will in most cases ask you for
va]ues, 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 - This <command allows Yyou to create your own

commands. If you create a command called STRIP,



which 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 wused with the exception of CREATE and REPEAT.
This will work at any later time (even if you have
logged off and back on). Each created command
contains its own copy of all analysis parameters,
which have the values held when the command was last:
executed. Created commands may contain names of
other created commands to 5 levels. This feature
allows the program to become quite powerful, because
virtually any analysis sequence can be individually
tailored, and rapidly reconstructed with the use of
a single command; There is no practical limit to
the ndmbér of commands that may be created. A list
of created commands often used by the author is
presented at the end of the EXAFS program section.

HEADER - This command displays and allows change of the file
header parameters such as NAME, CUEDGE, NPTS,
XSTART, XSTOP, etc., for the data contained in
array A.

PARAM - This command displays and allows change of all of
the data analysis parameters. Note that this display
is exactly that obtained in an o]dgr program, and
some of the parameters are no 1longer used. If you
are in prompt mode (default) when running this

program, you may never need to use this command.
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STORn

RECLn

REPEAT

CHANGE

VALUE _

POINT

ENERGY

ANGLE

- This command
parameters in n
with the RECLn
is useful for
environment whic
also allows
communicate‘ the
command has the
the.five control
change something
are not careful
N = 2 sacred, so
them.

- This commmand
parameters from
This command Wil
last entered.
command.‘
Replaces data wi
will be asked
mode or not.
Gives the x valu
Gives the point
value you input.
Calculates the e
specify.

Gives the angle
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allows you to store all control
so that you may 1later resfore them
command. N may be from 1 to 5. This
saving a particular analysis

h you want to return to later. It
user created command files to
ir parameters. Any  user-created
ability to store or recall any of
blocks, and thus the command may
without your knowing it, if you

. It may be wise to hold N = 1, and

that no created command stores into
allows you to recall all analysis
n. For more information, see STORn.
1 repeat whatever command string you

It will not work 1in a created

th a line or deletes points. You

for values whether you are in prompt

e of the point number you specify.

number closest (and not above) the x
nergy of the monochromator angle you

of the energy you specify.
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FILE MANAGEMENT COMMANDS

This command reads a data file from disk 1into the
array ‘'*', '*' can be A-F. It will then ask for
the file name. There are two options. You may use
any file name at all on any disk directory by
specifying the complete name. That is, if you type
‘{ABC.DEFGJHIJK.LMN;3' the program will read the
third version of file HIJK.LMN which 1is on the
subdirectory DEFG of the directory ABC. This can be
cumbersome, so the program can also attempt to
construct file 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 1is what
you told it as you first entered. the program. The
file name used is EXAFS####.DAT where the #'s are

those you gave for a file name. The letters EXAFS

_are default and can be changed by executing the

command FNAME., It is 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 collected- 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 'JAN790176.DAT' from
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your directory.
This command writes a data file to disk from. the
array '*', It will ask for a file name and this is

handled just as for reading files.

RNEX* - Provided you have already used the READ* command once

- WNEX™*

and specified the file name by a number, this
command reads info’ array '*' the file which has a
number one larger than this. For 'examp1e, if the
name ‘FEB76' was set using- command FNAME and then
READA was executed, with 0056 as the response, the
program reads 1into A the file FEB760056.DAT . Now
when RNEXC is executed, .it reads into C the file
FEB760057.DAT without asking.

- This command writés data files in just the way
RNEX* reads them. Note that the file numbers
written by WNEX* and read by RNEX* are completely
separate. Continuing the above example, Suppose
WRITEC has been executed, with 0084 as the file name
response., This is important as it is the only way
the program knows whaf the next file should be.
The program wrote the data .from C to the disk file
FEB760084.DAT. Now when WNEXA is later exeéuted, it
will write from A the disk file FEB760085.DAT. If
RNEXA is the next command, data will be read into A
from disk file FEB760058.DAT. If WNEXA had been
next, it would have written A to disk file

FEB760086.DAT.
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SWAPXY - This command swaps arrays X and Y. For example,
SWAPDA will swap arrays D and A.

COPYXY - This command copys array X to array Y. For example,
COPYDA will copy array D to array A, overwriting
whatever was in A,

FNAME - This command displays and allows change of FNAME,

| This s the 5 character string which is used to

construct file names by the program. It is set by
-default ét the beginning of the program to 'EXAFS',
and can be changed to any string of 5 characters.

DISK - This command displays and allows change of DISK;
This is the naﬁe of the disk difectory the program
uses to read and write data. When specifying the
~value of DISK it is neccessary to include bracketts:

[JOEBLOW.DATA]

PLOTTING COMMANDS

PLOTX - This command plots array X. That i; ,PLOTB‘will plot
array B on thé'graphics terminal.

SETPL - This «command displays and allows <change of the
plotting parameters. A menu is presented allowing
changes that affect the plot type, the x and y range

and size, labels, etc.

PLSAV PLSAV is wused to capure plots so they may be
‘replayed’ later. The command works like a switch.
To turn on the capturing of plots, type PLSAV. It

will ask for a 6 character name. Any plots that are

b
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done while PLSAV is activated will be captured in
the file with that name. To turn off the capturing
of plots, enter PLSAV agafn.

REPLAY - Used to replay earlier captured plot files.

GIN - This command allows use of the cross-hairs on. the
4014 and 4012 terminals to obtain x and y

coordinates from the screen.

DATA ANALYSIS COMMANDS

FT - Replaces array A with its fourier transform if the data
is in k-space, and with 1its inverse fourier
transform if the file is in r-space.

DE - Corrects for 'twisting' of the data caused by
transforming data that does not staft at K=0.

PH - Corrects for a conﬁtant phase shift in the complex data
array. The.phase shi ft used in degrees is contained
in PHAS58.

Note: DE and PH need only be used if one wants absolute
phase informaﬁion for the real ‘and complex portions
of the transform. If one 1is wusing only power
spectra, these commands are not used. They should
certainly not be used for a file that 1is to be
transformed back into k-space without knowing their
effects. A phase correction will cause admixture of
the real and complex fourier transform, and a delay
correction applied in r-space, will resuit in a

shifted file when back-transformed.



Command 'A' replaces A
Command 'B' replaces A
Command 'C' replaces A
Command 'D' replaces A
Command 'E' replaces A
Command 'F' replaces
complex).
Command 'G' rep]aces‘A
Command 'H' replaces A
Command 'I' replaces A
Command 'J' replaces A
Command 'K' replac
(ALINS7)* (I1-1)/(
A1) ).
- Command ‘L' r
(sum of A(1))/NUM
Command 'M' replaces
= X(I) ** KXPOW3
X(I) ** XPOW63 if
Command ‘N' converts A
Command '0' replaces
ZERKS5 (shifts x-
Command 'P' converts A
Command 'Q' converts
a linear array.
a fit of order 1

contained in LINP
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(I) with -A(I).

(I) with (AMUL52) * A(I).

(1) with A(I) ** (IAPOW2).

(I) with A(I) ** (APOW53).

(1) with A(I) - B(I).

A(I) with A(1) * B(I) (real and

(I) with A(I) / B(I).

(1) with Ln A(1).

(1) with EXP A(I).
(1) with SQRT A(I).
es A(I) with A(I)' + (AADD54) +
KRANGE - 1) (adds straight line to

eplaces A(1) with A(1) -
PTS (subtracts avg.).

A(1) with A(1) * SX(I) where, SX(I)

if KXPOW3 < 100, and SX(1I)
KXPOW3 > or = 100.
(I) from angle to energy space.

X(I) (x-axis of A(I) ) with X(I)

axis of A(I)).

(1) from energy to k space.

A(I) from a non-linear x-y array to
The interpolation can be linear or
-9. The number of output points is

12 and the fit region in WINL6O.
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R - Command 'R' applies a complex high and low <cut off on
A(I). It zeros the complex points A(1) to A(LCUT16)
and A(ICUT17) to A(NPTS).

S - Command 'S' replaces B(I) with a smoothed A(I). A sliding
fit of order 1-9 is done on A(l). The number of
points in the fit is. as critical as the fit order.
Both values are contained in LPOL1S. Order = mod
(LPOL15,10) and # points fit = LPOL15/10.

Command 'T' vreplaces real part of A(I) with the power

—
]

spectruh and replaces complex part of A(1) with the
phase.
U - Command 'U' replaces A(I) with its complex conjugate.

Command 'V' creates a McMaster's backgrodnd in B(I). You

-l
]

are asked what metal you are working with so that
the program can create the appropriate theoretical
background function, You are also asked for the
edge energy (stored in ZERK55 ) so that oproper
normalizétion is done at this point

W - Command 'W' replaces A(I) with A(I) * (a gaussian window)
width of window = SIGM51. That is , if a window is
used in k space, then SIGM51 is the r-space
broadening.

X - Command ‘X' replaces A(I) with A(I) * (an exponential
window) width of window = EXLWG2. That is, if a
window is used 1in k space, then EXLWG2 is _the r-
space broadening.

Y - Command 'Y' does not exist.
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Z - Command 'Z' replaces B(I) with a fit to all or some of

AA
BB

cC

DD

EE

FF

GG

HH

|

A(T). ABS(NPOL19) = fit order. If NPOL19 < O then
the Ln of the x axis is also taken. If NFIT13 > O
then the fit is from point 1 to NFIT13. If NFIT13 <
0 then the fit is from point ABS(NFIT13) to NPTS. If
NFIT13 = 0 then the fit 1is from point 1 to NPTS.
AMUL52 is set to 1/B(ZERK55) ahd AADD54 1is set to
-B(ZERK55) 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 normali zation automatically.

Command 'AA' creates an x-y array from any file.

Command 'BB' reduces NPTS by truncation. This is

specified by the value of LENGH9.

Command 'CC' reduces NPTS in_A(I) by throwing out evenly

spaced points in the file (reduces point density).

This is specified by the value of LENGH9.

Command 'DD' increases NPTS in A(I) to 2048 by adding

zeros to the end of the file.

Command 'EE' replaces A(I) with A(I) * F(I) where F(I) =

1. between WINL60 and WINR61, and F(I) = ©

otherwi se

Command 'FF' throws away points at beginning of the

file. # pts is contained in LEFT21.

Command 'GG' is not used at this time.

Command 'HH' replaces B(I) with the derivitive of A(I).

This does a sliding fit just as in command 'S', and
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then takes the analytical derivitive of the fit for

each point.

II - Command 'Il' is not used at this time.

JJ - Command 'JJd' is not used at this time.

KK - Command 'KK' replaces A(I) with A(I) * F(I) where F(I)
is a window function. KHAM22 controls type 'of
window, and HKAIS56 controls wfndow,shape If KHAM22 <
0 and the file is'comblex, cohmand R is done fifst,
(complex fiitervcut) and the window is applied from
WINL6O to WINR61. If TIABS(KHAM22) = 0 o} 1 then a
Kaiser window is applied, HKAiSG = 1. to 9.
controlling the‘amouht of windowing. If IABS(KHAM22)
'5 0 then a general hamming windoW is done. 'That is,
if KHAM22 = 1515, then the window is applied to ‘the
first 15% of the data, the last 15% of the data,
leaving the middle 70% wuntouched. HKAI56 controls
the amount of windowing. HKAIS56 = .0 to .5 under
nearly all cases. Some standard windows are

Kaiser - KHAM22=0 , HKAI56 = 1. to 4.
Hanning - KHAM22=5050, HKAIS6 = .5
Hamming - KHAM22=5050, HKAI56 = .46
( ) - Command ' ' (blank) does nothing. |
(**) - When no ﬁatch to any of the above commands is found,

the program tries to open and execute the command

file of that name (see command 'CREATE').

The following is a list of the commands created
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by the author that are considered useful for EXAFS
analysis. In parenthesis are the commands used to

create these special sequences.

ADDAB - Adds array B to A, leaving the result in A. (A, E,
A,)

FULLPL - Plots array A full scale usiné default parameters
(PLOTA) |

SAMEPL - Overplots B on theasame Y scale as the last plot.
(PLOTB)

PMPL - Plots array A with the Y scale as + and - the
largest value in the data file. (PLOTA)

~ SAMPLA - Overplot of A with the‘same Y scale as the last
plot. (PLOTA)

SPLAO6 - Overplot of A with the same Y scale as the last
plot, and with} and X scale of 0.0 to 6.0. (PLOTA)

STRIP - Does a general pre-edge background subtraction.-
(FULLPL, Z, SAMEPL, E)

NORM . Doés a general post-edge normalization. (FULLPL, Z,
SAMEPL, PROM, B, PROM)

BCK - Does a McMasters post-edge normalization and a low
order background removail. (V, G, FULLPL, GIN, Z,
SAMEPL, E)

ESSS - Linearizes an energy-space data file, and perforﬁs
a triply smoothed background removal. (PROM, Q,
PROM, FF, COPYAF, S, SWAPAB, PROM, S, SWAPAB, S,
COPYFA, FULLPL, SAMEPL, E, PROM) CAUTION: Uses array

F.
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KSSS - Accepts an ehergy—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) CAUTION:
Uses array F.

EBC - Accepts an energy-space file, converts to k space,
linearizes, app1ies apodi zation windows and plots
the fourier transform. (0, P, PMPL, Q, POINT, FF,
PMPL, KK, M, PMPL, DD, FT, T, PLOTA, GIN, GIN, GIN)

KBC - Samevas above, but accepts a k-space file. (POINT,
FF, PMPL, KK, M, PMPL, DD, FT, T, PLOTA, GIN, GIN,

GIN)
ETEST - Takes an energy-space file, and performs a trial
background removal, followed by a plot of its

fourier transform. (ESSS, PLOTA, EBC) CAUTION: Uses
array F.

KTEST - Same as above, but does the background removal in
k-space. (KSSS, PLOTA, KBC) CAUTION: Uses array F.

SFT - Standard fourier transform sequence of a k-space
file. (PMPL, KK, M, SAMPLA, DD, FT, T, PLOTA, GIN,
GIN)

ISOLAT - Accepts a linear k-space file, performs a fourier
isolation, and transforms back into k-space leaving
the fourier-filtered data in array A. (M, PMPL,
COPYAF, DD, FT, T, PLOTA, GIN, GIN, COPYFA, DD, FT,
KK, COPYAE,‘ T, SPLAO6, COPYEA, FT, SWAPAF, FULLPL,
SWAPAF, POINT, BB, SAMPLA) CAUTION: Uses arrays E
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and F.

ITI. PROGRAM EXFIT
This program accepts a k-space data file 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 required parameters are:

WHAT GRAPHICS DEVICE ARE YOU USING? : The Tektronix

device number.

ENTER DATA FILE NAME :The name of the file to be fit.

The prograﬁ then displays menus for the additional
parameters: \ |

1) TfTLE = 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 = O
ENTER IF DIFFERENT: Enter element for this

backscattering 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) DEO = 0.00000 0.20000 -20.00000 20.00000

ENTER #  TO CHANGE, RETURN TO CONTINUE :Select ffom

above the parameters to be changed. Shown are: R the
distance, N the amplitude, SIG the Debye-Walier pahameter,

and DEO the correction in eV to the value of E Each has

ol
associated with it a starting value, an estimated step size,
and the upper and lower bounds.

You are then asked for the minimization commands. The

commands commonly wused are:

FiX nn - Fixes the nnth,parameter in the above list.
REST - Restores all fixed parameters.

SIMP - Initiates a simplex minimization algorithm.
MIGR - Initiates a migrad minimization algorithm.
MINI - Initiates a simplex, followed by a migrad

minimi zation.

SEEK - Initiates a Monte-Carlo parameter search.

EXIT - Must be the last command in the list.

The fif is now performed, the results displayed on the
screen, and the data and fii are plotted. If desired, the
program will return to the start without changing any of the

parameters so that additional fitting can be continued.



278

APPENDIX B

This appendix describes the method used for simulation
of Mn+2 EPR powder spectra wusing matriz diagonalization
techniques. For high spin Mn*2 (S = .5/2), the spin

Hamiltonian is,

H = seH-ge'S + BnH'gn°I + S*A°l + (1)

(e 93 4
hl Q‘I + I Bk _Ok

in which the terms are, respeétive]y, the electron and
nuclear Zeeman 1interaction, the nuclear hyperfine term, the
nuclear quadrapolar interaction (for I>1/2), and a series of
field-independent fine structure terms shown as a sum of
Orbach operators [17. Depending on the symmetry of 'the
ligand field, R ions may require fine structure terms with k
= 2 and 4, and these are usually written [1] using the

spectroscopic parameters D, E, a, and f as,

" A ~
r 8,909 - (0/3)020 . (5)022'+ (2)

(a/120)(0,° + 58,%) + (as180)(5,% + 20(2)1/%5,°) +
(£/180)3,°)

o . a0 _ 2
in which 02 = 3SZ
quartic terms, 64", are described by similar, but more

- s(s+1), 0,% = (1/2)(5,% + 5_%), and the
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complicated functions of the spiﬁ operators.

In cases in which tﬁe electronic Zeeman interaction is
much larger than the zero-field terms, an isotropic signal
at g' = 2 1is obServed. Often, D and E are comparable to or
larger than gBeH, and as a result, the spectral features are
strongly dependent on the ligand symmetry [2]. For axial
symmetry, in which E = o, Spéctra‘ are observed that are
strongly anisotropié, and resonances may be observed at g'x

'=g'y=6andg', = 2,6, and 10. For a completely rhombic

~ligand field, in which E/D 1/3 [3], EPR spectra may

4.3.

.exhibit a symmetric line at g¢g'

The interpretation of EPR powder spectra in terms of the
parameters D, E, a, and f can be difficult without the use
of simulations. Methods have beeh used employing third-
order perturbation theory, including the terms involving D
and E, for the simulation of S = 5/2 spin systems [2], but
these methods are accurate for only a 1limited range of
parameters. We have used a more exact but inefficient
method that is somewhat similar to that described by
Oosterhuis (a7, employing a field-swept matrix
diagonalization method. A recent application of eigen-field
perturbation theory hqs been reported [5], and may be of
greater general use in that it is more efficient and quite
accurate. This is especially true for calculations of MnJ'2
which require the diagonalization of a 36x36 matrix.

The simulation program EPR proceeds by choosing a set of

Euler angles 6 and ¢ with respect to the z-axis of the high
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field spin axis system. The Hamiltonian matrix s
constructed from equation 1 using Hx = H siné cos¢, Hy =
H sin® siné, and HZ = H cos® as the components of the applied
magnetic field along the principal magnetic axes. Terms in
the Hamiltonian containing SZ contribute real diagonal

elements to the matrix, and terms involving Sy and Sy
contribute real  and imaginary off-diagonal elements,
respectively. For each angle, the matrix is set up at a
number of field values across the spectrum, and each matrix
is diagonalized. This is performed using the IMSL routines
EHOUSH to first reduce the matrix to tri-diagonal form, and
EQRT2S to diagonalize the reduced matrix.

Each pair of energy levels is examined as a fdnction of
magnetic field and resonance conditions are identified. If
the field spacing is chosen fiﬁely enough, the energy levels
vary quite smoothly. Thus the exact resonance field is
determined using a quadratic approximation to the energy
levels in the region of resonance. The Hamiltonian matrix is
diégona]ized again at the exact field of each resonance
found, and IMSL routine EHBCKH 1is used to back-transform the
matrix to give the eigen-vectors. The relative transition
probabilities, |<¢i|Sx|¢f>|2, are then calculated from the
eigen-vectors after normalization. The’derivative of a
Gaussian 1line with an amplitude proportional to this
probability and an anisotropic line-width, T = T sind cos¢
+ P. sine siné¢ + T_ cos®, is then centered on the resonance

Y z
field, and added to a spectral array.
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At this point, the spectral features corresponding to
one angle have been calculated. Thi§ processris repeated at
other angles, either by stepping through them in a regular
fashion, or by randomly selecting them. The 1latter method
has the advantage that the spectral features corresponding to
all angles groﬁ in a; the same fate. 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
disp]éyed so that changes caﬁ be made before execution. The
parameters are:

1)gx

2)gy

3)gz
(The x, y, and z components of the g tensor)

4)AX

5)AY

6)AZ
(The x, y, and z components of the anisotropic hyperfine
coupling. Values are in units of cm'l.)

7)D

8)E
(The quadratic fine-structure constants describing the zero-
field splitting. Values are in units of cm'l.)
9)THETA
10)PHI

(The Euler angles used for single angle calculations.)
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11 )HMIN

12 JHMAX
(The magnetic field 1limits of the simulated spectrum in
Gauss.)

13)FIELD INCREMENT
(The spacing in Gauss between fields used for
diagonali zation.)

" 14)MICROWAVE FREQUENCY

(In units of GHz.)

15)APRIME
(The value of a in the quartic terms of equation 2 in wunits
of cm'l.) |

16 )PPAR

17 )PPERP
(Parallel and perpendicular components of the axial nuclear
quadrapolar coupling in cm'l,) |

18)LINEWIDTH(X)

19)LINEWIDTH(Y)

20)LINEWIDTH(Z)
(The x, y, and z components of the anisotropic 1line-width in
Gauss.)

21)NTHETA

22 )NPHI
(The number of aﬁg]es used within the spherical region
speci fied by #23.)

23 )NSPHERE

(Selects the spherical region in which angles are selected.

0
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For NSPHERE = 1, calculation is done for a single angle, for
NSPHERE = 2, THETA and PHI 'raﬁge from 0 to 90°. This is the
normally used value, but other ranges are available for
selection, If NSPHERE < 0, then angles are selected
randomly.)

24)NOUT
(Controls the output. If NOUT = 0, a 1list of the resonances
only are output. If NOUT =1, the Spectra] array only 1is
output. If NOUT.= 2, both are output.)

25)IRANK
(The rank of the Hamiltonian matrix used. For S=5/2, I=5/2,
IRANK = 36.)

26 )ILEVEL]

27 )ILEVEL?2
(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
writing intermediate results) »

29)J

1 ¢4t is included in the

(The exchange interaction in cm”
Hamiltonian.)
30)F

(The parameter f in the quartic coupling term of equation 2.)
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