THE STRUCTURE OF THE METAL CENTERS
IN CYTOCHROME C OXIDASE

Thesis by

Tom Hall Stevens

In Partial Fulfillment of the Requirements
for the Degree of

Doctor of Philosophy

California Institute of Technology

Pasadena, California 91125

1981

(Submitted October 20, 1980)



ii
ACKNOWLEDGEMENTS

I would like to express appreciation to Gary Brudvig,
Dave Bocian, Sunney Chan and Randy Morse for the extensive
discussions regarding cytochrome c oxidase which gave rise
to many of the ideas and experiments described in this thesis.
In particular, I would like to acknowledge Gary Brudvig for
his excellent overall insight into Biophysics, Dave Bocian
for his insight and skepticism and Sunney Chan for his
excellent advice and friendship throughout my four year stay
at Caltech. Also at this time, I would like to thank all
the rest of the Chan Group members not named above for
discussions and help throughout this work.

Acknowledgement is also extended to Dr. Hal Beilan
for his invaluable advice on the synthesis of the isotopically
labeled cysteine. I am indebted to the excellent staff of
the shops at Caltech; Eric, Sig and Gabor in the glass shop,
Janan Mitchell of the Analytical Lab and the members of the
electronics and machine shops.

Finally, I would like to thank the Caltech and Woodbury
Soccer Clubs for preserving my sanity. Last but not least,
I would like to acknowlege my parents without whom all of

this would have been unnecessary.



iii

ABSTRACT

Mitochondrial cytochrome c oxidase catalyzes the four-
electron reduction of oxygen to water. The functional form
of the protein contains two copper ions and two heme irons.
Two of these metal centers, cytochrome a- and Cuas, constitute
the oxygen reduction site. The other two metal centers,
cytochrome a and Cua, are involved in electron transfer from

cytochrome c¢ to the oxygen reduction site. It is the struc-
ture and function of these four metal centers in cytochrome
c oxidase which is the subject of this thesis.

The metal centers constituting the oxygen reduction site
of cytochrome c oxidase have traditionally been difficult to
study because their coupled nature renders them EPR silent.

It is shown that nitric oxide can uncouple these metal centers,

and under appropriate conditions renders both metal centers

observable by EPR. One of the nitric oxide complexes is
an NO-bridge complex, demonstrating that the oxygen reduction
site is between the two metal centers. Furthermore, this
NO-bound complex allows us to calculate a distance between the
metal centers of about 5 R. Finally, with 15N-his isotopically
labeled yeast oxidase it is shown that the fifth endogenous
ligand to cytochrome a; is a histidine.

The copper metal center involved in electron transfer,

Cu is shown to have a cysteine and a histidine as ligands.

12

a,

The substitution of ""CD,-cysteine into yeast oxidase does
not perturb the eight line hyperfine pattern first seen on

the Cua EPR signal at 3 GHz. This demonstrates that the
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S=1/2 center interacting with Cua is probably cytochrome a
at a distance of 10-13 R. These studies represent the first

time that ligands to any of the metal centers in cytochrome

c oxidase have been unequivocally elucidated.
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CHAPTER I: INTRODUCTION

Cytochrome c oxidase is a membrane-bound protein which
catalyzes the last step of cellular respiration, that of
transferring electrons from cytochrome c to molecular oxygen

(1)

in mitochondria The overall reaction associated with

this process is given by

4 Ferrocytochrome ¢ + 0, + 4H" —— 4 Ferricytochrome

|0

+ ZHZO.

This reaction is now believed to be coupled to the pumping
of protons acréss the mitochondrial membrane by cytochrome
c oxidase in the generation of a pH and potential gradient.
This potential energy is then somehow coupled to the produc-
tion of ATP*, the cellular energy source. It is the mechanism
of oxygen reduction together with the protein's ability to
conserve energy as a pH and potential gradient that have
served as the focus for research conducted on cytochrome c
oxidase.

Largely because of the multi-subunit and transmembrane
(highly hydrophobic) nature of cytochrome c oxidase, it has
been difficult to characterize its subunit composition.
Recently, Capaldi(z) has carefully characterized the beef

heart protein and found that it contains ten subunits, one

*Abbreviations used in this work: ATP, adenosine triphosphate;
EPR, electron paramagnetic resonance; ENDOR, electron nuclear
double resonance; EXAFS, extended x-ray absorption fine
structure; PPD, paraphenylenediamine.



copy each of subunits I-VIII and two copies of subunit IX.
The molecular weights of the subunits of the beef heart and
yeast proteins are given in Table 1. The discrepancy between
the composition of the yeast(s) and beef heart protein
subunits probably arises from the lack of a parallel careful
study of the subunit structure for the yeast protein. The
ten subunits of the beef heart protein sum to a molecular
weight of about 130,000. In addition, cytochrome oxidase

(1)

has also been shown to contain four metal ions per
functional unit, two irons in the form of heme a and two
copper ions.

Cytochrome c oxidase is one of the most complex and
yet thoroughly studied membrane proteins. Its assembly into
the inner mitochondrial membrane has served as a model for
how other multi-subunit transmembrane proteins become inserted
into the membrane. It has been found that the three largest
yeast cytochrome c oxidase subunits are synthesized in the

(4)

mitochondria , while the remaining subunits are synthesized
in the cytoplasm. This result has also been found to be

true of the human protein by Hare et al.(s). In addition,
Poyton and McKemmie found evidence that the cytoplasmic
subunits are synthesized as a single large precursor poly-
peptide(6’7) from which the subunits are cleaved in an

assembly process that is starting to be unraveled. However,

these investigations on the large polypeptide precursor
(8-10)

(8)

have been called into question Evidence for a precur-

sor to only subunit IV in rat liver and for individual



Table 1: Subunit Composition of Yeast and Beef Heart
Cytochrome c Oxidase

Molecular Weight

Subunit Beef Heart? Yeastb

I 35,400 40,000

II 24,100 33,000

111 21,000 22,000

IV 16,800 14,000

\' 12,400 12,700

VI 8,200 12,700

VII 4,400 4,600
VIII 4,400
IX 4,400

a) Reference 2

b) Reference 3



(9)

precursors to subunits V and VI in yeast provide reason

to question the results of Poyton and McKemmie. In addition,

Onashi and Schatz(lo)

were unable to repeat the work of
Poyton and McKemmie. In any case, the elucidation of the
complex processing and membrane assembly of cytochrome c
oxidase is sure to have implications in the growing field
of membrane protein assembly.

The macroscopic structure of cytochrome c oxidase has
been studied on two-dimensional arrays of the oxidized
membrane-bound protein using electron microscopy(ll) and

variable angle electron microscopy(lz).

Electron microscopy
revealed very ordered arrays of cytochrome c oxidase units

in the membrane. On the other hand, the recent variable
angle study revealed a '"tooth'"-like three dimensional
structure for the protein, with dimensions of 80x40x110 R.
The "roots" of the tooth protrude on the matrix side of the
inner mitochondrial membrane. The prospect of a high-reso-
lution x-ray crystal structure determination is quite remote,
however, due to the large size of the protein and its hydro-
phobic character. Thus far, there is only one report of

(13)

obtaining very small microcrystalline arrays and one

report claiming the growth of cytochrome c-cytochrome c
oxidase complex needle crystals(14), both of which are unsat-
isfactory for high-resolution x-ray diffraction studies. The
lack of high-resolution x-ray structural information for

cytochrome c oxidase necessitates the utilization of other

techniques to obtain detailed information on the metal



centers, which are believed to be intimately involved in

the electron transfer and oxygen reduction processes.
Spectroscopic studies have played an important role in

the understanding of the role of the metal centers in the

functioning of the protein. These studies began with

the original optical characterization of cytochrome a and

az by Keilin and Hartree(14).

Subsequent investigations
have included the use of optical, EPR, x-ray absorption,
EXAFS, cryogenic enzymology, ENDOR and several other
spectroscopies. From these studies has emerged a nomencla-
ture for the metal centers in cytochrome c oxidase. Two of
the metal ions have been referred to as cytochrome a, and
Cuas, due to their close proximity and combined involvement
in the oxygen reduction reaction. The remaining two metal
centers have been referred to as cytochrome a and Cua due
to their exclusive involvement in electron transfer from
cytochrome c to the cytochrome gstua3 oxygen reduction site.
These designations are consistent with extensive optical
and EPR studies indicating the lack of involvement of either
cytochrome a or Cua in the binding of any exogenous ligands.
The relative proximity of the four metal centers within
the protein matrix is of considerable interest because of the
implications on the functioning and mechanism of the protein.
However, this has proved to be a difficult problem to address.
The proximity of cytochrome a and Cua with respect to each
other and the cytochrome gs-Cua site has been investigated

(16) 5

by Brudvig and Chan using EPR saturation and relaxation



techniques, It was found that cytochrome a and Cua are
between 10 and 13 R separated and that both of these metal
centers are at least 10 R (and possible much farther) from
the cytochrome gstuas site. The assignment of a distance
for the separation between cytochrome a and Cua remains
tentative, however, until the EPR signal from the Cua
center is better characterized.

A complete understanding of the mechanism of electron
transfer and oxygen reduction in cytochrome c oxidase
necessitates a knowledge of not only the relative proximity
of the metal centers, but also their ligand environments.
The endogenous protein ligands will determine a metal center's
redox properties, in addition to its ability to be substi-
tutionally labile, and thus influence the metal center's
functional role in the protein. For cytochrome c oxidase
none of the endogenous ligands to the four metal centers
is known. Therefore, the determination of the ligand environ-
ment of the metal centers in cytochrome c oxidase should
greatly assist in the elucidation of their individual roles
in the mechanism of action of this enzyme.

This thesis will concentrate on spectroscopic studies
carried out on cytochrome c oxidase. In Chapter II, NO is
used as an EPR probe of the structure of the cytochrome a;-
Cua3 oxygen reduction site. Chapter III involves studies
on cytochrome ¢ oxidase isolated from auxotrophic yeast with
the substitution of the isotopically labeled amino acids,

15 i #

N-histidine and “"CD,-cysteine. These investigations have



utilized EPR spectroscopy to study the isotopically substituted
proteins in order to elucidate the ligands to and the nature

of the Cua center.
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CHAPTER II: STRUCTURE OF THE OXYGEN BINDING SITE

1. INTRODUCTION

The oxygen reduction site of cytochrome c oxidase is
believed(l) to consist of cytochrome as and Cua . Investigations
of these metal centers have been hindered by thg fact that
neither ion gives rise to an EPR signal in the oxidized protein.
It has been shown by magnetic susceptibility measurements(z’s)
that these two metal centers are antiferromagnetically coupled
(Feas(III), S =5/2, CuaS(II), S = 1/2) producing a S = 2 ground
state. Optical spectroscopic studies of these two metal centers
are complicated by the fact that Cua probably does not contri-
bute significantly to the optical spectrum(4) and that it is
difficult to deconvolute the heme-dominated optical spectrum to
yield the contribution due to cytochrome a,. However, since

cytochrome a; is known 1) to bind N CN™, CO, NO and SH ,

Nz,
studies utilizing these ligands in conjunction with optical and
EPR spectroscopies have allowed certain features of cytochrome as
to be elucidated. |

Cytochrome a, has been found to be high-spin in both the
oxidized (FeaS(III), S = 5/2) and the reduced (FeaS(II), S = 2)
proteins. Cytochrome as becomes EPR visible as a high-spin
heme in the partially reduced enzyme(s), and as a low-spin heme
in the N%- or CN -bound partially reduced enzymes. Partial
anaerobic reduction results in the reduction of cupric Cua
to cuprous (S = 0) in some of the protein molecules allowing
the uncoupling of cytochrome as from Cu_, . A disadvantage of

a
3
this approach is that only a subpopulation of enzyme molecules
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is being observed, usually 5-20%, since most molecules have

either zero or two electrons in the cytochrome gS-Cua3 site

rendering both ions EPR silent to conventional instrumentation.
On the other hand, very little is known about Cu, . It

3
was suggested on the basis of X-ray absorption spectroscopy

(6)
that this copper ion is similar to a type 1 copper, implying
that the endogenous ligands are two histidines, a cysteine

and a methionine. 1In addition, this suggestion implies the
presence of an intense charge transfer band in the visible
spectral region. The interpretation of these x-ray absorption
results have, however, been the source of considerable contro-
versy. In this regard, resonance Raman studies(7) indicate
that neither copper in cytochrome c oxidase is a type 1 copper
site. In addition, Brudvig and Chan(s) using Ag+ as a sulfhydryl
modifying reagent have demonstrated that Cu83 does not have a

cysteinyl ligand or contribute significantly to the protein's

visible spectrum, and thus Cu is not a type 1 copper ion.

dg

Further, since Cu, has not previously been shown to bind
3
ligands, its structure remains poorly defined.

In an effort to further delineate the structure of the
cytochrome gs—Cua site, the binding of NO to the reduced

2 (9-13)
and oxidized protein has been investigated .

NO is a
paramagnetic molecule with an unpaired electron in an antibonding
"g molecular orbital. This paramagnetism may be taken advan-
tage of in order to break the antiferromagnetic coupling

between the cytochrome a -Cua centers and to probe the

3
electronic structures of the metal centers. The binding of
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(11). In the case of

NO to ferrous hemeproteins is well known
fully reduced cytochrome c oxidase, NO binds to cytochrome a (9).
The EPR spectrum of this complex is very isotropic, with 8¢ =
2.09, By ™ 2.006, and gy = 1.97. The observed hyperfine pattern
consists of nine equally spaced lines, and has been interpreted(s)
in terms of the superposition of three sets of three lines

arising from two non-equivalent nitrogens (I = 1) interacting
with the unpaired electron. The larger of the two superhyper-

(9)

fine coupling constants (21.1 G) was assigned to the nitrogen
of bound nitric oxide and the smaller coupling constant (6.8 G)
was assigned to a nitrogen on the endogenous axial ligand
of cytochrome a,. These assignments, while reasonable, need
to be confirmed. The presence of an endogenous axial nitrogen
ligand on cytochrome a;, as well as the assignment of the
coupling constants to two nitrogens, can be verified by inves-
tigating the EPR spectrum of 15Nvaerrocytochrome c oxidase.
The fifth nitrogen ligand on cytochrome az could be
contributed by any of a number of amino acids, for example
histidine, arginine, peptide nitrogen, and lysine. These
potential fifth ligands vary greatly in their w-bonding capa-
bilities, with histidine being a strong m-bonding ligand, and
the remaining three ligands being predominantly o-bonding. In
this regard, Kon and Kataoka (14) have shown that the g values
and nitrogen superhyperfine splittings of the EPR signals of
NO-bound hemin are dependent on the m-bonding capability of
the axially-bound nitrogen ligand opposite NO. With non-m-

bonding ligands, such as amines, the EPR spectra exhibit axial
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symmetry, with By * gy = 2.07 and B, ™ 2.008. Also, the
observed superhyperfine splitting attributed to the bound 14NO
nitrogen is typically 16 G, and no superhyperfine splitting is
resolved from the nitrogen ligand opposite NO. In contrast,
with strong m-bonding ligands, such as pyridine, the EPR spectra
exhibit rhombic symmetry, with g values ahd superhyperfine
splittings similar to those of 14NOebound ferrocytochrome c
oxidase. This result suggests that the endogenous axial ligand
of cytochrome ag is a strong m-bonding ligand, with histidine
being the most likely candidate(g).

Nitric oxide is also known to bind to certain ferric hemo-
proteins. The ferricytochrome c peroxidase-NO complex has been
shown(ll) to be EPR silent from 4-296 K, while the ferricyto-
chrome c-NO complex has been shown by magnetic susceptibility
measurements to be diamagnetic(ls). In addition, NO can react

(16,17).

with both oxidized and reduced copper proteins In

particular, the reaction of NO with oxidized ceruloplasmin

(16) suggesting

is reversible after a short incubation time
the formation of a reversible copper-NO complex which is
apparently EPR silent.

These studies raise the possibility that NO might interact
with at least one of the metal centers in the cytochrome a;-
Cu, couple in fully oxidized cytochrome c oxidase. If indeed

NO does interact with one of the metal centers of the site to

form a diamagnetic NO complex, the antiferromagnetic coupling

between cytochrome a3-Cua will be broken and the '"unaffected"
e 3

metal center should reveal itself in the EPR spectrum.
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We have undertaken EPR studies of the interaction of NO
with cytochrome c oxidase as a spin probe of cytochrome a;-

Cu, site of both the oxidized and reduced states of the pro-

3
cein(10,12,13)

15

In section 3.1, we report studies of the
NO-bound reduced beef heart protein and of the reduced 15N-
histidine substituted yeast protein to elucidate the presence
of histidine as the endogenous axial ligand to cytochrome az.
In section 3.2, studies are reported on the interaction of NO
with the oxidized protein, in which the antiferromagnetic
coupling between cytochrome as and‘CuaS is broken. Finally,
in section 3.3, we investigate the complex formed upon the
addition of NO to the oxidized protein in the presence of
azide, wherein new EPR signals are observed for cytochrome

c oxidase which shed some light on the structure of the

cytochrome a wCua site.
- 3

2. MATERIALS AND METHODS

Beef heart cytochrome c oxidase was isolated by the
procedures of Hartzell and Beinert (18) and yu et a1.(19),
All experiments described were carried out with the enzyme
isolated by the procedure of Hartzell and Beinert unless
otherwise stated. The purified enzyme was stored at 188K
until use. The preparations contained 9-11 nmoles heme
a/mg protein as measured by the pyridine hemochromagen assay(zo).
The purified protein was dissolved in 0.5% Tween 20/50 mM Tris-
HNOS, pH 7.4 to a protein concentration of approximately

50 mg/ml with the exception of the Yu et al. preparation which

was dissolved in 0.5% Na-cholate/50 mM phosphate-HC1l, pH 7.4.
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The protein concentrations were then determined by the method
of Lowry et al.(ZI).

The growth of labeled yeast and the subsequent isolation
of their mitochondria will be described in detail in Chapter
III. Mitochondrial samples studied in section 2 were prepared
by placing them in EPR tubes at a protein concentration
of from 60-80 mg/ml. These samples were reduced with PPD and
ascorbate at concentrations of .2mM and 20mM, respectively,
followed by the addition of either 14NOE or 15NOi to a concen-
tration of 40mM and then freezing, evacuating, and placing
the samples under an argon atmosphere. These anaerobic
samples were allowed to incubate for 30 min. at 277K followed by
freezing at 77K.

The protein-NO samples were prepared by the addition of NO
(Matheson) to the anaerobic protein (with or without added
ligands) to a pressure of one atmosphere, unless otherwise
stated. The samples were made anaerobic by three cycles of
evacuation and flushing with argon. These samples were allowed
to equilibrate with NO for 10 minutes at 277K before being
frozen at 77K. KF or NaN3 were added to the oxidized protein-
NO complex from a sidearm on the EPR tube or optical cuvette
to yield a final concentration of 100 mM, unless otherwise
stated. The oxidized enzyme plus cyanide and NO complex was
prepared by the addition of a 1:2 mole ratio mixture of solid
KCN and KH2P04 to the enzyme while the sample was under vacuum.

Then NO was admitted to the anaerobic sample after the desired

period of incubation to give a final pressure of one atmosphere
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without further evacuation of the enzyme solution. This
KCN/KH2P04 mixture resulted in a solution with pH 7.4 when
added to the enzyme. The amount of KCN added would have given
a final concentration of 100 mM. However, the major portion
of the cyanide bubbled off as HCN, The actual concentration
of dissolved cyanide, estimated from the partial pressure of
HCN over the sample and the solubility of HCN in water, was
about 2 mM.

The EPR spectra were recorded on a Varian E-line Century
Series X-band spectrometer equipped with an Air-Products
Heli-Trans low temperature system. Optical measurements were
carrier out at room temperature on a Beckman Acta CIII
spectrometer.

The intensity of the high-spin cytochrome as EPR signals
were determined relative to an external myoglobin standard
and also relative to the low-spin cytochfbme a EPR signal. The
high-spin EPR signals were integrated by the method of Aasa
et al.(zz). The low-spin cytochrome a EPR signal was inte-
grated by the method of Aasa and Vﬁnnggrd(zs) using the g = 3.0
component to determine the total area. The low-spin
cytochrome a EPR signal has been shown to correspond to 100%

(22), and on this basis the low-spin heme EPR

of one heme
signal was used as an internal standard. After correcting
for the distribution of population among the spin sublevels
of the high-spin ferric heme, the cytochrome a; EPR intensities

determined using the internal cytochrome a standard were found

to agree with those determined using the myoglobin standard
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to within 10%.

The intensity of the low-spin cyanoferricytochrome a;
EPR signal was determined relative to the low-spin cytochrome
a EPR signal. All three g-values of the cyanocytochrome a;
EPR signal are not known since the signal is very anisotropic
and the two high-field turning points have not been observed.
Therefore, the cyanocytochrome a; EPR signal was integrated

by the method of DeVries and Albracht(24), using the g = 3.5

component to determine the total area.

3. RESULTS

3.1 Interaction of NO with Reduced Cytochrome c¢ Oxidase. The
15

EPR spectra of 14NO- and NO-bound beef heart ferrocytochrome
c oxidase are shown in Figure 1. Both NO-bound complexes
exhibit EPR signals with B ™ 2.09, g, = 2.006, and gy = 1.97.
In contrast, the fully reduced enzyme alone does not exhibit

an EPR spectrum. When 4

NO is bound to reduced cytochrome c
oxidase, the EPR signal of the complex exhibits a nine-line
superhyperfine pattern, which can be interpreted in terms of

the superposition of three sets of three lines arising from two

non-equivalent nitrogens (I = 1) interacting with the unpaired

electron (Fig. 1A). The larger of the two superhyperfine

15

coupling constants is 20.3 G and the smaller 6.8 G. When NO

15

is used in this experiment, the NO-bound protein exhibits

an EPR spectrum with a superhyperfine pattern of two sets of

three lines (Fig. 1B). This pattern is consistent with the

4 15y nitrogen bound axially to

15

presence of one N and one

cytochrome a;, with a 28.2 G splitting for the "°N and a 6.7
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FIGURE 1

EPR spectra of NO-bound reduced beef heart

1450 and (B)

14

cytochrome c oxidase with (A)

15NO, prepared by the addition of either

or 15NO% to .16 mM cytochrome c oxidase.

Conditions: temperature, 50 K; microwave

NO2

power, 5 mW; modulation amplitude, 2G; micro-

wave frequency, 9.23 GHz.
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14

G splitting for the N ligand. The observed increase of the

larger superhyperfine splitting from 20.3 G to 28.2 G upon

15 14

substitution of NO for NO is expected on the basis of the

relative magnetogyric ratios of the two nitrogen isotopes.

These observations allow one to assign the larger of the super-
hyperfine coupling constants to the nitrogen of the bound NO

and the smaller coupling constant to a nitrogen on an endogenous

axial ligand of cytochrome as.

14 15

The EPR spectra of NO- and NO-bound yeast ferrocytochrome

c oxidase are shown in Figure 2. The NO-bound complex results

(25)

from the addition of nitrite to the reduced protein according

to reaction 1.

NO, + e + IHT | NO # H,0 (1)

It has been found that the addition of NOZ- to PPD plus ascorbate

reduced mitochondria results in the production of the NO-ferro-

(26)

hemoprotein from cytochrome c oxidase only This allows

one to add NOi to reduced whole mitochondria and observe essen-
tially only cytochrome c oxidase EPR signals. The g values and
hyperfine parameters for the yeast protein spectra in Figure

2 are identical to those of the beef heart protein.

14 15 15

The EPR spectra of NO- and NO-bound N-histidine (95%

15N in both ring positions) substituted yeast cytochrome c

14

oxidase are shown in Figure 3. In contrast to the N-his NO-

15

bound protein spectra, the N-his hyperfine patterns have been

15 15

N-his, NO-bound protein the hyperfine

15

altered. For the

NO nitrogen

splitting of 27.5 G and a splitting of about 12 G for the 15N-

pattern consists of two sets of doublets, with a
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FIGURE 2

EPR spectra of NO-bound reduced yeast cytochrome

14N0 and (B) 1°NO. The

c oxidase with (A)
samples were prepared by the addition of either
14NO% or 15NO; to PPD and ascorbate reduced
yeast mitochondria. Conditions: temperature,
30K; microwave power, 2 mW; modulation amplitude,

2 G; microwave frequency, 9.21 GHz.
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YEAST CYTOCHROME £ OXIDASE -'*NO

g,=2.09
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!
gx=2.09
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FIGURE 3

EPR spectra of NO-bound 15N—histidine substi-
tuted reduced yeast cytochrome c oxidase with

(A) 14NO and (B) 15NO, prepared by the addition
of either 14NOé or 15NO% to reduced 1°
labeled yeast mitochondria, Conditions: tem-

N-his

perature, 30K; microwave power, 2 mW; modulation

amplitude, 4G; microwave frequency, 9.21 GHz.



24
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15 14

his nitrogen. The N=-his, NO-bound protein hyperfine pattern

consists of three sets of doublets, with splittings of 21 G

14

and 10.2 G for the NO and‘lsthis nitrogens, respectively.

Thus, the substitution of 15N-his for 14this results in the

5

involvement of an I = 1/2 1 N nucleus rather than an I =1

14

N nucleus in the NO-bound ferrocytochrome a, EPR signal.

3
In addition, the increase of the smaller hyperfine splitting

from about '7 G to about 10 G is expected on the basis of the
relative magnetogyric ratios of the two nitrogen isotopes. These
results demonstrate the presence of histidine as the endogenous

axial ligand to cytochrome az.

3.2 Interaction of NO with Oxidized Cytochrome ¢ Oxidase.

(1) Oxidized Cytochrome ¢ Oxidase-NO. The EPR spectrum of

the oxidized cytochrome c oxidase-NO complex is shown in Figure
4. There are no changes in the intensity or position of the low-
spin cytochrome a or the Cua center EPR signals upon the addi-
tion of NO. However, a new rhombic high-spin heme EPR signal

is observed which corresponds to as much as 58% of one heme,
although the intensity of this high-spin heme EPR signal does
depend on the method of preparation of the enzyme (Table 1).
Since the cytochrome a EPR signal remains unchanged, the new
high-spin heme EPR signal can only be attributable to cytochrome
as. This rhombic high-spin heme signal has g values of e ™

6.16 and 8y = 5.82. The position of . is obscured by the Cu,
signal. The high-spin signal intensities determined using

a myoglobin standard were found to be independent of temperature,
thus indicating that the zero-field splitting parameters (D)

are nearly equal for the two high-spin ferric hemes. Since D
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Table 1. The fraction of the high-spin cytochrome a; EPR

signal observed for various preparations of oxidized cyto-

chrome c oxidase in the presence of one atmosphere NO.

Preparation Fraction observed
Hartzell and Beinert 0.58
Hartzell and Beinert + 100 mM F~ 0.61
Hartzell and Beinert - '"oxygenated" <0,05
Yu et al. <0.05

Yu et al. + 10 mM F_ 0.26
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is known to be 9.1 cm.1 for myoglobin(27), then D for high-
spin cytochrome a, must also be about 9 cm 1. The broad signal
centered at about g = 1.97 in the oxidized cytochrome c oxidase-
NO EPR spectrum is also seen in the spectrum of the buffer plus
NO sample (Fig. 4) and is presumed to be matrix-bound paramag-
netic NO.

The binding curve of NO to oxidized cytochrome c oxidase
(Fig. 5) demonstrates that the intensity of the high-spin cyto-
chrome as signal is dependent on the NO pressure. The pressure
of NO corresponding to the appearance of 50% of the observed
high-spin cytochrome az EPR signal is about 65 mm Hg. This
process of NO binding to oxidized cytochrome c oxidase is
reversible, since the high-spin cytochrome a; EPR signal
disappears with removal of NO from the sample. (Fig. 4).

We have found that the optical spectrum of oxidized
cytochrome c oxidase remains unchanged upon the addition of
NO (Fig. 6). The lack of any effect by NO on the optical
spectrum of oxidized cytochrome c oxidase indicates that no
NO-heme interaction occurs. These optical results in conjunc-
tion with the EPR data strongly suggest the formation of a cyto-

3, Cu;Z-NO complex.

5
The addition of NO to oxidized cytochrome c oxidase prepared

+
chrome az

by the method of Yu et al. does not produce a large high-spin
cytochrome as EPR signal. In this regard, we have found that
the Hartzell and Beinert preparation of the enzyme, which
exhibits a large high-spin heme EPR signal upon the addition of

NO to the resting oxidized protein, does not exhibit a high-spin
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FIGURE 4

The EPR spectra of (A) native oxidized cytochrome
c oxidase; (B) NO added to (A) to a pressure of

723 mm Hg; (C) NO removed from (B); (D) NO added

to the buffer only. The signals at g = 3.03, 2.21,
and 1.5 are due to cytochrome a and the signals

at g = 2.18, 2.03, and 1.99 are due to Cua. The
temperature was 7K, microwave power was 0.2 mW,
modulation amplitude was 10G, and microwave

frequency was 9.16 GHz for all spectra.
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FIGURE 5

The binding curve of NO to oxidized cytochrome c
oxidase. The fraction of cytochrome a, observed
is scaled such that 100% refers to the maximum
high-spin heme EPR signal intensity observed.
The maximum signal intensity was found to depend
on the method of preparation of the enzyme (Table
1). The pressure of NO represents the total

pressure above the sample.
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FIGURE 6

The optical spectra of oxidized and reduced
cytochrome c oxidase in the presence and

absence of NO and Ng.
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EPR signal when NO is added to this enzyme in the '"oxygenated"
(28)

State

(2) Oxidized Cytochrome ¢ Oxidase-NO plus Fluoride. In

order to determine whether exogenous ligands compete with NO for
the same binding site(s) in the protein, we have examined the
addition of fluoride to the oxidized cytochrome c oxidase-NO
complex. The addition of 100 mM fluoride to the oxidized
cytochrome ¢ oxidase-NO complex produces a change in the shape
of the high-spin cytochrome a; EPR signal (Fig. 7) with no
change in the total intensity., The signal observed in the
presence of fluoride appears to be due to a superposition of
a nearly axial high-spin heme EPR signal and the more rhombic
high-spin heme EPR signal observed in the cytochrome 223, Cu;2-
NO complex. Therefore, it appears that fluoride and NO can ’
bind simultaneously to the oxidized protein and the resulting
complex exhibits a nearly axial high-spin heme EPR signal,
Since the fluoride-bound Hartzell and Beinert preparation
of the enzyme exhibits a new high-spin heme EPR signal upon the
addition of NO, we have also examined the addition of NO to
the fluoride-bound Yu et al. preparation of the protein. In
the presence of 10 mM fluoride and NO, the protein isolated by
the method of Yu et al. exhibits a nearly axial high-spin heme
EPR signal which accounts for 26% of one heme (Fig. 7).
As was observed for the Hartzell and Beinert preparation of the
protein, the NO complex in the presence of fluoride is reversi-
ble upon removal of NO from the sample.

(3) Oxidized Cytochrome c Oxidase-NO plus Cyanide. Upon
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FIGURE 7

The EPR spectra of (A) oxidized cytochrome c
oxidize prepared by the method of Hartzell and
Beinert with NO added; (B) KF added to (A) to
give a concentration of 100 mM; (C) oxidized
cytochrome c oxidase prepared by the method of
Yu et al. with 10 mM KF and NO. The tempera-
ture was 9 K, microwave power was 0.05 mW,
modulation amplitude was 12.5 G, and microwave

frequency was 9.24 GHz for all spectra.
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addition of cyanide to the oxidized protein-NO complex, the
high-spin heme EPR signal observed in the cytochrome 3+3,
Cuzz-NO complex disappears. The oxidized cytochrome c oxidase-
NO plus cyanide EPR spectrum exhibits normal cytochrome a and
Cu, EPR signals. In addition, a signal is observed at g = 3.5
which is characteristic of a cytochrome ggsaCN- species. The
intensity of this new EPR signal at g = 3.5 is equal to that of
the high-spin cytochrome as EPR signal induced by NO. For the
Hartzell and Beinert preparation of the enzyme, this low-spin
cytochrome ggs*CN' EPR signal accounts for about 58% of one
heme. Thus, cyanide binds quantitatively to cytochrome a,; in
the enzyme molecules in which NO induces the high-spin cyto-
chrome az EPR signal. Further, it was found that preincubation
of cyanide with the oxidized enzyme for several hours before
addition of NO resulted in the appearance of the cytochrome ggs-
CN™ EPR signal which now accounted for 100% of one heme.

This represents the first time that 100% of both hemes in
cytochrome c oxidase have been simultaneously observed by EPR.
Finally, the low-spin cytochrome g+3-CN' EPR signal induced by
the addition of NO completely disappeared upon the removal of
the NO. This result indicates that both NO and cyanide bind
simultaneously at the oxygen binding site, with NO forming a

reversible complex with Cu;Z.

3
The interesting result obtained with cyanide and NO addition
to the Hartzell and Beinert preparation of the enzyme led us to
investigate this combined ligand effect on the Yu et al. prepa-

ration of the enzyme, in which NO does not induce a large high-
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spin cytochrome a; EPR signal. The addition of cyanide
followed by NO to the oxidized Yu et al. preparation of the
enzyme resulted in the appearance of a small low-spin cyto-
chrome ggs-CN' EPR signal. Interestingly, preincubation of
cyanide with the oxidized enzyme for five hours or longer
followed by NO addition resulted in the observation of the
cytochrome 3§3~CN_ EPR signal corresponding to 100% of one
heme (Figure 8). Varying the preincubation time of cyanide
with the oxidized enzyme between five minutes and seven hours
resulted in the observation of increasingly larger amounts

of the cytochrome g;3-CN' EPR signal (Figure 9). Subsequently,
Brudvig et al.(zg) found that the increase in the cytochrome
ggs-CN EPR signal intensity upon cyanide preincubation
directly paralleled the decrease in the intensity of a g' = 12
EPR signal*, as shown in Figures 8 and 9. This result taken
together with the "oxygenated" oxidase result (see Chapter

II, section 3.1(1)) demonstrate that at least three conforma-
tions of the oxidized protein exist.

3.3 Interaction of NO with Oxidized Cytochrome c Oxidase

in the Presence of Azide. The addition of azide to the oxidized

protein-NO complex results in a dramatic change in the optical
spectrum (Fig. 6). The Soret band shifts 8nm to lower energy
and narrows substantially, while the a-band increases two-fold

in intensity. The positions of the Soret bands for various

*The g' = 12 EPR signal arises from a "forbidden" Amg = 2 tran-
sition from oxidized cytochrome c oxidase molecules in a confor-
mation in which cytochrome az and Cugy together form an S = 2
state and cytochrome az has nearly axial symmetry<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>