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ABSTRACT

Cytochrome c oxidase is a membrane-bound enzyme of the mitochondri-
al respiratory chain which is ultimately responsible for almost all of
the oxygen consumption in aerobic organisms. In a rapid four-electron
process, it reduces molecular oxygen to water and, at the same time,
couples the energy derived from this exothermic reaction with energy con-
servation by driving ATP synthesis. The proper functioning of cyto-
chrome oxidase in oxygen reduction and energy coupling requires not only
phospholipids but also an intact, vectorially-oriented membrane. In the
study described briefly below, two different aspects of the cytochrome
oxidase problem have been examined: 1) the nature of the metal sites in
the isolated molecule with regard to their participation in the
oxidation/reduction process, and 2) the functional role of lipids in the
activation of the protein.

Part I deals with an investigation into the nature of the metal
sites in cytochrome c oxidase. For this purpose, X-ray absorption edge
spectroscopy was employed to examine the oxidation states of the copper
and iron centers in the protein under oxidized, fully-reduced, and
partially-reduced conditions. In addition, the edge spectra of oxidized
and reduced plastocyanin (a "blue copper" protein containing a single Cu
ion) as well as of a number of model Cu compounds in various oxidation
states were obtained to establish energy ranges for the several bound to
bound transitions of Cu in the different oxidation states. A comparison
of the fine structure detail in the absorption edge spectra of cyto-

chrome oxidase with those of the models indicates that one of the two



copper ions in the oxidized protein is in the +1 oxidation state. Upon
reduction of the protein with dithionite, the second copper becomes
Cu(I). The Fe K-edge spectra of cytochrome c oxidase reveals a small
shift (v 2 eV) towards lower energies upon reduction. This is compar-
able with the shift observed for the reduction of the heme iron in
cytochrome ¢ [1]. Studies on the cyanide complexes of cytochrome oxi-
dase indicate that 1) cyanide has no effect on the Cu K-edge spectrum
of oxidized cytochrome oxidase, 2) the 1s » 3d transition of the Fe edge
of oxidized oxidase is enhanced by the presence of cyanide, and 3) both

of the Cu ions are reduced in the partially-reduced cyanide complex.

Part II of this thesis is concerned with an investigation into the
lipid factors affecting protein activity and respiratory control in re-
constituted cytochrome oxidase membranes. Delipidated cytochrome c oxi-
dase was reconstituted with various natural and synthetic phospholipids
and several aspects of protein-lipid interactions were studied. In a
well-defined series of model membranes, it was shown that cytochrome
oxidase activity, monitored at a ﬁonstant temperature, was sensitive to
the physical state of the lipids, being higher when the lipids were in
the liquid-crystalline phase. In addition, the temperature at which the
reconstitution was allowed to take place was found to affect the manifes-
tation of phase-dependent oxidase activity. A passive charge diffusion
model has been proposed to explain the observed phenomena.

The effect of protein on the 1ipid phase transition has also been
investigated using light scattering techniques. A heating/cooling

hysteresis in the absorbance versus temperature curves has been attributed



-vi-

to a reversible aggregation and dispersal of the proteins in the bilayer
which is dependent on the physical state of the lipids.

Several lipid factors have been investigated with regard to their
influence on the reconstitution of cytochrome oxidase membranes exhibit-
ing respiratory control. It was found that high lipid/protein ratios
and the presence of acidic polar head groups are conducive to the estab-
lishment of respiratory control as evidenced by increased rates of oxygen
consumption in the presence of chemical uncouplers. In addition, the
mode of vesicle preparation affected the responsiveness of the samples

towards uncoupling agents.

]Shulman, R. G., Yafet, Y., Eisenberger, P., and Blumberg, W. E. (1976),

Proc. Nat. Acad. Sci. USA 73, 1384-1388.
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"Many of us have been led astray by experiments that
were 'so easily done'... . If we could only look
ahead and see how long the easy road is and where

it will lead us!"

Efraim Racker
in
A New Look at Mechanisms
in Bioenergetics
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I. GENERAL INTRODUCTION

Situated at the terminal end of the mitochondrial respiratory
chain, cytochrome c oxidase (ferrocytochrome c: oxygen oxidoreductase;
EC 1.9.3.1) catalyzes the electron transfer between cytochrome c and

.molecular oxygen. The importance of this membrane-bound reaction lies
in the fact that the ultimate oxidation of fuel molecules by molecular
oxygen to CO2 and H20 increases the energy conserving efficiency of
aerobic organisms over that of anaerobic organisms (lacking the respira-
tory enzymes) by a factor greater than 5. This is accomplished by the
.coupling of the ATP synthesis reaction to the highly exothermic redox
reactions of the respiratory chain, the last of which is the reduction
of oxygen by cytochrome ¢ oxidase. Since cytochrome oxidase is uniquely
suited for the direct reduction of oxygen, considerable effort has been
directed aE unraveling the molecular details of its structure and func-
tion. |

Cytochrome c oxidase is a highly complex molecule of molecular
weight ~200,000 consisting of two heme A's, two copper ions, and seven
distinct polypeptides per heme A [1,2]. The molecular weights of the
individual polypeptide subunits of cytochrome oxidase from yeast and
beef heart mitochondria are presented in Table I. The similarity between
the subunit molecular weights of the enzymes derived from these two
Phylogenetically distant species attests to the highly conservative
nature of this protein. With the yeast enzyme, it has been shown that
the three largest subunits are synthesized in the mitochondrion, whereas

the remaining four subunits are cytoplasmically synthesized [3]. In



TABLE I. A Comparison of the Subunit Molecular Weights of Beef

Heart and Yeast Cytochrome ¢ Oxidase

Subunit Beef Heart? Yeastb
I 35,400 40,000
II 24,100 33,000
III 21,000 22,000
IV 16,800 14,500
v 12,400 12,700
VI 8,200 12,700
VII 4,400 4,600
aFrom Ref. 2

bFrom Ref. 4
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addition, the mitochondrially synthesized subunits are larger, less
acidic, and more hydrophobic than the cytoplasmic subunits [4].
Recently, Phan and Mahler reported the preparation of a catalytically
active, water-soluble enzyme by removal of the three largest subunits
of yeast cytochrome c oxidase [5]. The resulting four-subunit enzyme
not only catalyzes the oxidation of ferrocytochrome c by molecular
oxygen with kinetics similar to that of the seven-subunit enzyme, but
also exhibits the same spectral properties as the whole protein. It was
thus concluded that the catalytic sites are contained within this water-
soluble fraction of the enzyme. However, since the three larger sub-
units appear to be essential for the biogenesis of the enzyme, it was
suggested that the three larger subunits may be involved.in the proper
binding of the four-subunit enzyme to the membrane or, perhaps, in the
energy coupling process.

In any case, it is clear that the membrane-associated cytochrome
oxidase is a multimeric complex comprised of at least 14 polypeptide
chains. The dimensions of this complex are roughly 504x60><808 [6].
However, very little is known about the organization of the subunits in
the complex. In addition, the positions of the hemes and coppers in
the protein are as yet unidentified.

The structure of heme A is unusual in that it contains
a long olefinic side chain attached to the C-2 carbon of the porphy-
rin ring (see Fig. 1)[7]. It has been suggested that this long side
chain may play a direct role in the intramolecular shuttling of elec-

trons between the metal centers of cytochrome oxidase [8]. Furthermore,



Fig. 1. The structure of heme A
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unlike the heme in cytochrome c, it is noncovalently bound to the pro-
tein [9]. Other than the porphyrin nitrogens, the fifth and sixth
.]igands to the iron atoms in the oxidized (resting) protein are unknown,
as are the ligands to the two copper atoms. It is known, however, that
one of the heme irons is able to complex a variety of ligands, such as
carbon monoxide and cyanide [9]. This ligand-binding heme is generally
referred to as heme as. On the other hand, the two copper atoms are
not known to bind to any ligands and are not easily removed from the
intact protein by the usual complexing agents [8,10]. Thus, the enzyme
has been fairly resistant to chemical dissection techniques.

In this respect, spectroscopic dissection has been a lot more
successful. The optical absorption spectra of the protein in various
oxidation states have been well characterized and confirm the existence
of two distinct hemes in the presence of heme 1igands_[1,8]. However,
the relative contributions of the heme components to the absorption
bands as well as the copper contribution to the optical spectrum (in
particular the 830 nm absorption band) are still matters of debate [11-
13]. Electron paramagnetic resonance studies also provide evidence of
the non-equivalence between the hemes of cytochrome oxidase, in that
only half of the total heme iron in the protein is EPR-visible in the
oxidized protein [14,15]. Similarly, a signal accounting for no more
than half of the copper in the protein is also detected [14,16,17].
Since potentiometric titration of the oxidized protein indicates that
it can accept four reducing equivalents [18], the EPR results are some-

what confusing if one assumes that all four metal centers must be
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oxidized in the resting enzyme. One possible explanation for the ap-
parent discrepancy between the EPR and the potentiometric titration
data is that two of the metal centers (heme iron and copper) are anti-
ferromagnetically coupled in the oxidized protein and are thus EPR-
invisible.

Recent magnetic circular dichroism (MCD) and magnetic suscepti-
bility data indicate that one of the hemes (heme a3) is in the high-spin
state in both the oxidized and reduced forms of the protein [19,20]. In
addition, the magnetic susceptibility evidence strongly suggests that
the high-spin heme is antiferromagnetically coupled to another paramag-
netic species of spin 1/2 (a Cu(II) ion)in the oxidized state [20].

Taken together, these results would indicate that the two hemes
in cytochrome c oxidase are indeed chemically, spectroscopically, and
magnetically inequivalent, and that there appears to be a strong inter-
action between at least two of the metal centers in cytochrome oxidase.
The distinction between the copper ions is less well defined. In point
of fact, at least one of the copper atoms is spectroscopically invisible
and no direct evidence has been obtained as to the oxidation states of
the two copper atoms in the oxidized enzyme. In addition, the structure
of both the copper and heme sites in the protein are unknown. It is
clear, then, that these points must be resolved before the reaction mech-
anism for the catalytic electron transfer between the physiological
reductant, ferrocytochrome c, and molecular oxygen can be fully de-
veloped.

Towards the resolution of these problems, x-ray absorption spec-

troscopy is proving to be a useful tool in structural studies of
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metalloproteins [21]. In general, x-ray absorption spectroscopy in-
volves excitation of the core electrons of an atom into the higher un-
filled orbitals and, with increasing photon energy, into the continuum.
As the electrons are excited to the higher bound states, the absorption
coefficient rises steeply until the critical cutoff (Fermi edge) is
reached, where the excited electron becomes unbound. At this point, the
absorbtion coefficient drops suddenly and monotonically (see Fig. 2).
This sawtooth function is called the absorption edge, and its energy is
characteristic of the principal shell from which the electrons were
excited, as well as the nature of the absorbing atom [22,23].

Upon expansion of the sawtooth spectrum, a set of closely spaced
peaks, called the absorption edge fine structure (AEFS), can often be
detected within an energy range of 30-40 eV just below the Fermi edge
(see Fig. 3). These peaks correspond to the electronic transitions
between the filled core levels and the unfilled outer orbitals. In turn
this information may be related to the oxidation states and point sym-
metry of the absorbing atom by comparison with model compounds of known
valence and structure [22,24].

In cases where the excited atoms are closely bound to other
atoms, there is yet another feature to the absorption spectrum. This
consists of the Kronig fine structure, or extended x-ray absorption fine
structure (EXAFS) region extending several hundred eV above the Fermi
edge where the slowly decreasing absorption coefficient exhibits an
oscillatory behavior (see Fig. 4)[22]. This oscillation in the ab;orp—

tion coefficient is a result of the interference of the backscattered
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Fig. 2. Variation of absorption coefficient as a function of

photon energy in the vicinity of an absorption edge
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Fig. 3. An x-ray absorption spectrum showing absorption edge fine

structure (AEFS)



1%

0%06

A3xouy

0668

0%Hz . 1onD jo wmapoads
93pH uonpdaosqy Ara-X

98po 1wasyg

2Jan3jonJg autq

\ 23pH uondiosqy

“quato1yye0) uondiosqy

ul




-14-

Fig. 4. An x-ray absorption spectrum showing the extended x-ray

absorption fine structure (EXAFS) reaion
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photbe]ectfon wave with the outgoing photoelectron wave as the emitted
photoelectrons are reflected off the neighboring atoms (see Fig. 5).
The absorption coefficient reaches a maximum in this region when the
outgoing and backscattered waves add constructively, and a minimum when
they are 180° out of phase [257. In principle, the frequency of the
-oscillations contains information about the interatomic distances be-
tween the absorber and the nearest neighbor atoms, while the amplitude
of the oscillations is related to the nature of the surrounding atoms
[26,27]. Thus, several types of information may be obtained from an
x-ray absorption spectrum.

When applied to metalloproteins, x-ray absorption spectroscopy is
potentially capable of providing information about the oxidation states
and structure of the metal sites. In the past, such studies of biolog-
.ica] macromolecules were Timited by the low fluxes of conventional x-ray
sources. However, with the introduction of high-flux synchrotron radia-
tion sources, the feasibility of studying dilute biological samples has
greatly increased. A dramatic example of the high sensitivity of cur-
rently available spectrometers has been the detection of Mn in the
chloroplasts of a leaf, although the Mn conéentration was on the order
of 10-50 ppm. Other successful applications of x-ray absorption spec-
troscopy to biomolecules are illustrated by the following examples.

With regard to the AEFS region of the absorption spectrum, informa-
tion can be obtained from both the position of the absorption edge and
the fine structure details of the edge. For example, the edge shift
between the oxidized and reduced forms of cytochrome ¢ was found to be

only 1 eV, a shift comparable to the shift observed between the covalent



Fig. 5.
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The mechanism of extended x-ray absorption fine structure

The circles represent the crests of the photoelectron
wave that is ejected from the excited atom and backscat-
tered from the neighboring atom. In (a), the amplitudes
of the emitted and reflected waves add constructively at
the site of the absorbing atom giving rise to a maximum in
the absorption probability. In (b), thevemitted and back-
scattered waves add destructively at the absorbing atom,

resulting in an absorption minimum.



-18-

(@)

woly JutroquddeN = N

woyy 3uIqrIosqy = y




~10=

ferro- and ferrihexacyanides [28]. In contrast, the ionic divalent and
trivalent iron fluorides show an edge shift of 5 eV. On the basis of
these results, Shulman et al. discuss the covalency of the heme iron in
cytochrome c. Another demonstration of the usefulness of edge positions
involves the‘determination of the "coordination charge" of molybdenum

(Mo) in the nitrogen-fixing enzyme, nitrogenase [29]. In a study of the
absorption edge spectra of a number of model Mo compounds, Cramer et al.
found a linearrelationship between "coordination charge" and edge energy,
the Tatter increasing by 10 eV for a charge increase of 5. By comparing
the Mo-edge energy of nitrogenase to those of the model compounds, they
estimated that the "coordination charge" of Mo in nitrogenase is 2.3+0.3.
Thus, edge positions can provide information about the overall

charge density about the absorbing atom.

On the other hand, structural information may be derived from a
thorough analysis of the absorption edge fine structure. For example,
analysis of the AEFS of rubredoxin showed that the intensity of the
Is - 3d transition of the iron-sulfur protein is 7 times greater than
the corresponding transition in an octahedrally-coordinated iron-sulfur
complex [28]. Since the iron in rubredoxin is known to be tetrahedrally
coordinated to four sulfur 1igands; the intensity increase of the
1s > 3d transition is attributed to the 1ncreased p-character of the
Fe-S bonds due to hybridization of the metal-(d) and 1igand-(p) orbitals.
Although the results obtained here are merely supportive of the already
known structure, it is clear that similar analyses of the edge detail in
the absorption spectra of metalloproteins of unknown metal coordination

geometry can be informative.
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In terms of structure determinations, the EXAFS region of the
absorption spectra of metalloproteins is most applicable to problems
involving metal-ligand distances. Using this technique, a number of
investigators have determined the iron-sulfur distances in rubredoxin
[30,31]. The bond lengths obtained were in agreement with the average
distances obtained by crystal structure determinations. In addition,

a change of m0.0SR in the bond lengths could be detected upon reduction
of the protein. Similarly, the Fe-N bond distances in oxy- and carbon-
monoxyhemoglobin were obtained and found to be constant within 0.022
[32]. Furthermore, the EXAFS spectra of high and low affinity deoxy-
hemoglobin showed that the heme iron environments were the same to
within 0.028. On this basis, the strain energy associated with the

high and low affinity forms of hemoglobin has been estimated to be

<4 x 10'3 eV, a negligible fraction of the difference in the oxygen
binding energy of the high and low affinity forms (0.15 eV). The impli-
cation of this finding is that the energies responsible for the increase
in oxygen affinity are not localized on the heme. Thus, the EXAFS
spectrum of a metalloprotein can yield important information about the
structure of the metal site in the protein.

From the above examples, it is clear that the structural informa-
tion obtained from x-ray absorption spectra is restricted to a very small
portion of a biological macromolecule. Nevertheless, x-ray absorption
spectroscopy employing synchrotron radiation has a number of special ad-
vantages. Since the broadband source is easily made tunable, a number

of different metal centers may be conveniently studied. Also, samples
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may be examined in the solid, liquid, or gaseous states. In this re-
spect, x-ray absorption is complementary to x-ray diffraction techniques.

In the work presented below,we have applied the techniques of
x-ray absorption spectroscopy to the study of the oxidation states of
the metal atoms in cytochrome ¢ oxidase. In Chapter II we analyze the
absorption edge fine structure of the copper K-edge spectra of oxidized
and reduced cytochrome c oxidase in relation to the AEFS of a large
number of model copper compounds and determine the oxidation states of
the_copper atoms in the oxidized protein. The results obtained suggest
the presence of Cu(I) in the oxidized protein and have certain implica-
tions regarding the mechanism of electron transfer to oxygen.

Chapter III deals with the oxidation states of the Cu atoms in
a partially reduced cyanide complex of cytochrome c oxidase. In addi-
tion, the effect of cyanide on the iron K-edge spectrum of the oxidized

protein isrdiscussed.
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II. X-RAY ABSORPTION EDGE STUDIES ON
OXIDIZED AND REDUCED CYTOCHROME c OXIDASE

1. Intrqduction

Cytochrome ¢ oxidase is the membrane-bound enzyme involved in the
terminal step of respiration, that is, the reduction of molecular oxygen
to water. It is of central importance to all aerobic organisms, since
the exothermic reaction of the enzyme with oxygen is coupled with energy
conservation in the form of ATP, which is the "biological currency" for
almost all energy-requiring biological reactions. In its functional
form, the oxidase contains two heme irons and two copper ions, each of
which appears to be distinct from the other, yet interacting. Electron
paramagnetic resonance (EPR) studies on the oxidized protein suggest the
presence of a very unusual Cu(II) and a low-spin FE(III) (1-4). The
other Cu and heme iron atoms appear to be EPR-silent. One possible ex-
planation for this is that the silent Cu and heme iron are antiferromag-
netically coupled to each other. An alternate explanation would be the
presence of Cu(l) or Tow-spin Cu(III) and Fe(II). The strongest
argument against Cu(l) and Fe(II) in the fully oxidized state of the
protein is provided by the results of coulometric titrations which show
that the oxidase can be titrated reversibly with four equivalents of
electrons generated under anaerobic conditions (5). This argument in-
volves the assumption that the only redox-active centers in the protein
are the metal ions. Upon reduction, the protein exhibits no EPR
Spectrum, implying full reduction of the coppers and heme irons to

diamagnetic Cu(I) and Fe(II) (4,6).
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Thus, the current picture of cytochrome oxidase is one in which
the oxidized protein contains two ferric irons and two cupric coppers,
and the reduced protein two ferrous irons and two cuprous coppers.
Unfortunately, this picture is based mainly on indirect evidence and
the question of the oxidation states of some ofrthe metal centers (par-
ticularly of the coppers) in the oxidized protein must still be
considered as unsettled at this time.

In an effort to resolve this question, we have applied the tech-
nique of X-ray absorption edge spectroscopy to examine the charge states
of the Cu and Fe centers in cytochrome c oxidase. X-ray absorption
spectroscopy in the neighborhood of the K-shell absorption edge of the
metal can provide information about the charge density, degree of
covalency, and the point symmetry of the metallic site. In the present
work, we have used the intense broadband synchrotron radiation from the
SPEAR storage ring at the Stanford Linear Accelerator Center. The
advantage of this source is that the X-ray flux is high over a continuum
of energies (down to the critical cutoff), thus permitting X-ray absorp-
tion spectroscopy to be done on relatively dilute samples (e.g., <1 mM).
Thus, this method provides a means of studying the previously elusive
Cu atoms in cytochrome oxidase and a new probe into the electronic
environments about the Fe atoms. In addition to the cytochrome oxidase
spectra, we have also obtained edge spectra of another copper protein

(plastocyanin) and of a number of model copper compounds. These spectra
have been analyzed in terms of peak positions in the different oxidation

states, and are used as a starting point in the analysis of the oxidase

spectra.



.

2. Materials and Methods

Cytochrome c Oxidase. Bovine heart cytochrome c oxidase was the gener-

ous gift of Dr. Tsoo E. King and coworkers at the State University of
New York at Albany. It was suspended in a 0.5% sodium cholate—50 mM
sodium phosphate buffer, pH 7.4, at concentrations of either 0.5 mM or
1.25 mM in total heme A. The reduced protein was prepared by dissolv-
ing a 50-fold excess of solid sodium dithionite in a solution of the
oxidized oxidase under nitrogen. About 200 ul of sample were required
for each measurement. The samples were kept frozen in liquid nitrogen
until spectroscopic measurements were made. The X-ray absorption meas-

urements were performed at room temperature.

Plastocyanin. Bean plastocyanin (M. W. 10,800) at a concentration of

1 mMin 0.05 M ammonium acetate, pH 6.0, was the gift of Mr. David
Dooley andvDr. Harry Gray. A participant in photosynthetic electron
transport,uplastocyanin contains one copper per functional unit and no
other metal atoms. The reduced protein was prepared by adding 0.01 ml
of 0.2 M nitrogen-flushed sodium dithionite solution to 0.2 ml of the
oxidized protein under nitrogen. The blue color of the oxidized form
immediately disappeared upon addition of the dithionite, 1ndfcating re-
duction of the copper center. The samples were kept frozen in liquid

nitrogen until the measurements were made.

Model Compounds. CuCl, Cul, CuCN, Cu(Me,PIMI)CO, [Cu(HB(pz)3)]2, and

2
CUCO(HB(pz)3) were used as representatives of the +1 oxidation state of

copper. Reagent grade CuCl, Cul and CuCN were used. The latter three
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compounds were kindly donated by Dr. Robert Gagné and are shown in

Figure 1.
0f the Cu(II) compounds, Cuz(PAA)Zen'and the binuclear Cu(II)

complex were gifts from Dr. Gagné. Cu(dien)(NO CuC1(HB(pz)

3)2’ 3),
Cu(tren)Im(PF6)2, and CsZCuC14 were generously contributed by Dr. Harry
Gray and coworkers. CuC]Z- 2H20 was commercially obtained. Data for

: 2 '
K2Cu(b1)2, Cu0, Cu(II)(H_3G4)

available to us by Dr. William E. Blumberg, personal communication. The

~, and Cu(II)-periodate were kindly made

structures of some of the compounds are given in Figure 2.
Dr. Blumberg also contributed data on the Cu(III) compounds:

Cu,0 KCu(bi)Z, Cu(III)(H_3G4)', and Cu(III)-periodate. Figure 3 shows

i
the structure of KCu(bi)2 and Cu(III)(H_3G4)'.

X-Ray Absorption Measurements. The X-ray absorption measurements were

‘performed at the Stanford Synchrotron Radiation Project. The experimen-
tal apparaghs is depicted in Figure 4. The collimated, broadband synchro-
tron radiation from the SPEAR storage ring passed through a channel-cut
silicon crystal monochromator. The transmitted beam then passed through

a 15 cm nitrogen-filled ion chamber and onto the sample (7). The Cu or

Fe fluorescence Ko radiation from the target was detected by a nine-
element array of Nal scintillation counters. Data were co1]ected by
accumulating counts from the Nal detectors into individual channels for

a period of one second. A weighted sum of the counters, as well as the
output of the voltage controlled oscillator, IO, were stored in the com-

puter. The monochromator was advanced by approximately 0.2 eV, and the

cycle was repeated. For the model compounds, a single scan on the neat
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Figure 1. Structures of several Cu(I) model compounds
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Figure 2. Structures of a number of Cu(II) model compounds
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Figure 3. Structures of Cu(III) biuret and Cu(III) tetraglycine
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Figure 4. Schematic diagram of the experimental set-up
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solid afforded sufficiently precise data. For the protein data, four

or more individual spectra were recorded and then later summed.

Data Analysis. The transition metal X-ray fluorescence radiation emerg-
iﬁg from the sample is proportional to the photoabsorption cross
section (8). For dilute samples, there is also present an unavoidable
background due to compton and elastic scattering, which.has a very
nearly linear dependence upon the energy over the 100 eV range studied.
This linear background was removed by fitting a straight Tine to the
data below the absorption edge and subtracting the fit from the data set.
Since the 1s +3d and 1s~+4s transitions fall dn the rapidly
rising slope of the dominant 1s »~4p transition, their positions and
intensities are difficult to determine visuélly. Therefore, their
positions and intensities were determined by subtracting from the data
~a smooth background curve representing the 1s- 4p contribution to the
absorptionrspectrum. The background function was taken to be a poly-
nomial over a *#4.0 eV range centered about the apparent peak position,
and the fitting criterion forced the polynomial to fit the data rela-
- tively well at the extremes of the 4 eV range. Thus the polynomial sub-
traction tends to effectively remove the 1s - 4p spectral contribution
with a minimum distortion of the signal. This assumption was tested by
successively subtracting polynomials of order 1, 2, 3, and 4, and by
varying the region of the polynomial subtraction. The transition ener-
gies were determined by fitting a parabola to the remaining data, and
téking the energy (in eV) to be the center of the parabola. Finally,

the transition strengths were calculated by integrating the data over a
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+1.0 eV range about the calculated fransition energy. The integral was
normalized to the photoabsorption coefficient at 9020 eV, where the
absorption coefficient is insensitive to the details of the bound-to-
bound transitions but is somewhat modulated by the so-called extended
fine structure (EXAFS). This modulation is typically 10% or less and
is the chief uncertainty in this normalization procedure. The integra-
tion procedure was found to be sensitive to the limits of integration,
but the relative strengths of corresponding transitions among different
compounds were found to be independent of the integration limits to a

precision of +20%.

Optical Spectra. The optical spectra of the irradiated and unirradiated

cytochrome oxidase samples were obtained on a Beckman Acta CIII UV-
visible spectrophotometer using a specially constructed air-tight
optical cell. The reduced oxidase was diluted appropriately with
nitrogen-fﬁushed buffer for the visible absorption measurements and was
handled exclusively under nitrogen. The spectra obtained verified the
state of reduction of the samples as compared with previously published
spectra (9) and indicated that no changes occur in the heme chromophores

upon prolonged exposure to X-rays.

Electron Paramagnetic Resonance Spectra. The EPR spectra of the ir-

radiated and unirradiated oxidized samples of cytochrome oxidase were
obtained on a Varian E-Tine EPR spectrometer operating at 6°K. The
spectra demonstrated the EPR features usually indicative of oxidized
cytochrome oxidase (1) and furthermore verified that no changes asso-

ciated with the EPR-visible parametric species had occurred upon
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jrradiation.

szgghrome Oxidase Activity Assays. The activity of the irradiated pro-
tein was compared to that of the unirradiated protein by measuring the
rate of oxygen consumption in a reaction mixture containing the reconsti-
tuted oxidase and reducing substrates (cytochrome c and ascorbate).
Cytochrome oxidase was reconstituted with asolectin (mixed soybean
lipids) using the procedure described by Eytan et al. (10). The polaro-
graphic activity assay has been described elsewhere (11,12). The acti-
vities of both the unirradiated and irradiated protein were roughly

6 nmol 02/nmol heme A/sec. Thus, x-irradiation was shown to have no

deleterious effect on the activity of the protein.

3. Results

Model Compounds. The K-absorption edge spectral data of the Cu(I) com-
pounds are pré%ented in Table 1. The lowest energy absorption in all of
the compounds except [Cu(HB(pz)3)]2 and CuCO(HB(pz)3) has been assigned
to the forbidden 1s+4s transition. The next absorption is much stronger
than the first and occurs between 2.7 and 6.2 volts to higher energy. It
is attributed to the fully allowed 1s - 4p transition. In Table 2, the
“energy separation between these assigned transitions for each compound
is compared with the energy separation obtained from spectroscopic
tables (13) for the corresponding excited states of the Z + 1 or, in
this case, the Zn(II) ion. The validity of this comparison is discussed
in detail by Shulman et al. (14). We see that as the ligand geometry

Proceeds from square planar to tetrahedral the 4s-4p separation
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TABLE 1. X-Ray Absorption Edge Data for Cu(I) Compounds*

Compound ~ _Transition Energies (eV)

1s » "4s" 1s » 4p 18 = Bp

' Cu(Me,PIMI)CO 8982.2 8988. 4 8996.0

CuCN 8982.9 8988.3 8997.0
CuCl 8984.0 8987.8
Cul 8984.0 8986.6

[Cu(HB(pz)3) ], 8984.8 8996.7

CuCO(HB(pz)3) 8985.2 8997.0

*The absorption edge spectra of these compounds are presented in
Appendix I.
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TABLE 2. A Comparison of the (4s -4p) Energy Level Separations for
the Zn(II) Ion and the Cu(I) Compounds Studied

Energy Level

Compound Description Separation (eV)
- (4s -4p)

Zn(11) free ion 6.1
Cu(MezPIMI)CO square planar 6.2

CuCN 5.4

CuCl tetrahedral-ionic 3.9

Cul tetrahedral-ionic Zed
[Cu(HB(pz)3)]2 tetrahedral-covalent N0
CuCO(HB(pz)3) tetrahedral-covalent 0
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decreases, which is what one would expect for increased s-p mixing.
In the tetrahedrally coordinated covalent pyrazolyl borate complexes,
the 4s-4p splitting seems to have disappeared altogether, indicating
complete s-p mixing resulting in a single hybrid state. Note that the
energy of the transition in this case is between that of the 1s-4s
and 1s >~ 4p transitions of the other Cu(I) complexes. Thus, for these
two compounds, it is not valid to speak of the 1s~4s or the Is~4p
transition separately. However, for the sake of tabulation, the energy
of this 1s— (4s-4p) transition is listed together with the 1s >4s tran-
sitions of the other Cu(I) compounds. For this reason, we denote this
set of transitions as 1s~»>"4s". The spectral features above the 4p
transition are presumably due to transitions from the 1s to 5p and
higher p orbitals.

Table 3 shows the edge data of a number of Cu(II) compounds. The
Towest energy absorption is very weak and has been assigned to the sym-
metry-forbidden 1s - 3d transition. The second peak or shoulder at
higher energies corresponds to the 1s +4s transition, and the maximum
corresponds to the 1s -4p transition. The energy differences among
these transitions are compared with the energy level separation among
the 3d, 4s, and 4p levels of the Zn(III) ion in Table 4. We see that
the most ionic of the Cu(II) compounds, CuClz- 2H20, bears the closest
fit to the jonic Zn(III) levels, as expected, since atomic level com-
parisons are only relevant to very ionic compounds.

The Cu(III) spectral data are shown in Table 5. In the biuret,

oxide, and periodate complexes, the 1s—+3d transitions are extremely
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TABLE 3. X-Ray Absorption Edge Data for Cu(II) Compounds*

_EQEEQEEQ— Transition Energies (eV)
1s » 3d 1s - 4s 1s » 4p

;;;;Z;;52 8979.8 8986.2 ?
Cu0 8979.4 8986.2 9000.0
CUZ(PAA)Zen 8979.9 8986.5 9000.0
Cu(II)(H_3G4)2_ 8978.1 8986. 8 8997.9
Cu(tren)Im(PF6)2 8979.2 8987.0 8997.8
CSZCuC14 8978.5 8987.1 8993.7,8997.0
Cu(dien)(NOB)2 8979.4 8987.6 8995.0
CuC](HB(pZ)B) 8979.1 8988.1 8996.5
CuC12~2H20 8978.8 8988.2 8995.9
Cu(II)-periodate weak weak 8998.0
binuclear Cu(II) 8979.3 weak 9000.0

complex

5 .
The ‘absorption edge spectra of these compounds are presented in

Appendix II.
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TABLE 5. X-Ray Absorption Edge Data for Cu(III) Compounds*
Compound Transition Energies (eV)

—‘_'M——_-— B

1s » 3d 1s » 4s 1s > 4p

Cu203 8978.6 8985.7 8998.5

KCu(bi)2 8978.4 8986.4 8998. 6

Cu(III)-periodate 8978.0 8987.0 9000.0

Cu(I11)(H_46,)" 8980.6 . 8987.8 9001.0

*The absorption e
- Appendix III.

dge spectra of these compounds are presented in
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weak and occur roughly 7-9 volts below the 1s~4s transition. In the
tetraglycine the 1s~3d peak is stronger but shifted about 2 volts to
higher energy with a similar shift in the 1s+4s peak. The 1s-4p
peaks occur 20-22 volts above the 3d peak and the spectra are fairly
featureless above this peak. Zn(IV) spectroscopic data are not avail-

able for comparison.

Cytochrome ¢ Oxidase. The Cu K-edges of both the oxidized and the re-

duced cytochrome c oxidase are shown in Figure 5. Upon comparison of
the spectra of the oxidized and the reduced protein, one immediately
notices a net shift in intensity towards lower energies upon reduction,
as well as a definite change in the shape of the edge. Five peaks or
shoulders are observed in the oxidized spectrum, and at least four are
observed in the reduced spectrum. The assignment of the peaks will be
discussed below.

Figure 6 compares the results obtained with the model compounds
and cytochrome oxidase. The data from the model compounds establish an
energy range for each of the transitions in the various oxidation states
of copper. The peaks occurring in the cytochrome oxidase spectra are
represented as discrete lines. A fair amount of overlap is seen among
the transitions of the different oxidation states which gives rise to
some émbiguity in the assignment of peaks in the oxidase spectra. In
particular, all the transitions for Cu(II) are indistinguishable from
those of Cu(III). However, the 1s-"4s" transitions of the Cu(I) com-
pounds, at about 8983 eV, do not overlap any transitions of the Cu(II)

or Cu(IIT) compounds. Thus, the existence of a transition in this range
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Figure 5. The copper K-edge spectra of oxidized—and reduced-- -

cytochrome c oxidase.
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Figure 6 . A graphical comparison of the transition energy data for
the Cu(I), Cu(II), and Cu(III) model compounds with the

transitions observed in oxidized and reduced cytochrome

c oxidase.
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is strong evidence for the presence of Cu(l).

In the spectrum of reduced cytochrome oxidase, we see that the
lowest energy peak falls at 8983.1 eV which is well within the range for
the 1s >~ "4s" transition of Cu(I). The next few peaks fall in the range
for 1s +4p and 1s>higher p transitions of Cu(I) compounds. No attempt
is made to make separate peak assignments for the two individual coppers
in cytochrome oxidase.

The oxidized oxidase spectrum exhibits a very weak, barely visible
1s +3d transition at 8979 eV. According to the model compound data, this
may be attributed to either a Cu(II) or a Cu(III). The next transition
at 8983.7 eV, however, clearly corresponds to a 1s~>"4s" transition of a
Cu(I). Intensity measurements on properly normalized spectra show that

it is half the intensity of the corresponding 1s~"4s" peak in the reduced

oxidase spectrum (see Table 6). The remaining peaks fall in the region
of overlap hetween the 1s-4p transition of Cu(I) and the 1s+4s and
Is+4p transitions of Cu(II) and Cu(IIl). Thus, it is not possible to

make unambiguous assignments for these peaks.

Plastocyanin. The K-edge absorption spectra of oxidized and reduced bean

plastocyanin are shown in Figure 7. In both oxidized and reduced states,
the plastocyanin spectra are quite similar to the Cu K-edges of the oxi-
dase in the oxidized and in the reduced state respectively, especially

in the high energy regions. The prominent exception is that the low
energy peak assigned to the 1s~ "4s" transition of Cu(I) in oxidized

cytochrome oxidase is not present in the spectrum of oxidized plasto-
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TABLE 6. Relative Intensity Data for the Cu(I) 1s - 4s Transition
of the Cu(I) Model Compounds, Reduced Plastocyanin, and
Cytochrome ¢ Oxidase

Compound Relative Intensity

Cu(MeZPIMI)CO 0.128
CuCN 0.136
CuCl 0.075
Cul 0.112
[Cu(HB(pz)5) ], 0.069
CucO(HB(pz)4) 0.074
Reduced plastocyanin 0,122

Cytochrome c oxidase
- reduced 0.102
- voxidized 0.057




e

Figure 7. The copper K-edge spectra of oxidized—and reduced---

bean plastocyanin
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cyanin.* This peak, however, is present in the spectrum of the reduced
prbtein and is assigned to the 1s~+"4s" transition of Cu(l). Note that
the lowest energy transition in the oxidized spectrum which is assigned
to the 1s~3d transition of Cu(II) apparently disappears upon reduction.

This is consistent with Cu going from Cu(II) to Cu(I).

Fe K-Edge of Cytochrome Oxidase. The iron absorption edge spectra of

cytochrome oxidase were also obtained for the oxidized and the reduced
protein. As shown in Figure 8, there is a small shift of about 2 eV to
Tower energy in going from the oxidized to the reduced state. This is
considerably less than the shift observed by others for ionic Fe com-
plexes, but of comparable magnitude for shifts obtained with covalent Fe
complexes and the heme Fe of cytochrome c (11). However, the edge
spectra due to the two individual heme irons are not resolved here. In

fact, the edge is fairly narrow.

4. Discussion

The data on the model compounds show that the energies of the
1s-+ 3d and/or 1s+4s transitions for each oxidation state of copper fall
within a very narrow range. Considering the diversity of the ligands
involved, this is remarkable. In comparing'the data from the Cu(I)-d]0

and Cu(II)-dg compounds, we immediately note the appearance of the

% ;
Intensity measurements of the very slight inflection in the edge spec-
trum of oxidized plastocyanin in the region of the 1s-"4s" transitions
show that the strength of this transition is less than 10% of the
1s>"4s" transition in the corresponding region of the spectrum of re-
duced plastocyanin. This small component of Cu(I) intensity in the
oxidized spectrum is attrib<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>