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Foreword

This first volume in a projected series contains the proceedings of the first of the
Keio University International Symposia for Life Sciences and Medicine under the
sponsorship of the Keio University Medical Science Fund. As stated in the address by
the President of Keio University at the opening of the 1996 symposium, the fund
was established by the generous donation of Dr. Mitsunada Sakaguchi. The Keio
University International Symposia for Life Sciences and Medicine constitute one of
the core activities of the fund. The objective is to contribute to the international
community by developing human resources, promoting scientific knowledge, and
encouraging mutual exchange. Every year, the Executive Committee of the Interna-
tional Symposia for Life Sciences and Medicine selects the most interesting topics for
the symposium from applications received in response to a call for papers to the Keio
medical community. The publication of these proceedings is intended to publicize
and distribute information arising from the lively discussions of the most exciting and
current issues during the symposium.

We are grateful to Dr. Mitsunada Sakaguchi, who made the symposium possible,
the members of the program committee, and the office staff whose support guaran-
teed the success of the symposium. Finally, we thank Springer-Verlag, Tokyo, for their
assistance in publishing this work.

Akimichi Kaneko, M.D., Ph.D.

Chairman

Executive Committee

on the Keio University International Symposia
for Life Sciences and Medicine






Preface

This volume contains the collected papers presented at the Keio University Interna-
tional Symposium for Life Sciences and Medicine: 1996 Conference on Oxygen
Homeostasis and Its Dynamics held at the New North Building (Kita-shinkan),
Mita campus of Keio University, and the Miyako Hotel Tokyo, Minato-ku, Tokyo,
December 8-13, 1996.

The symposium, which was the first of the Keio University International Symposia
for Life Sciences and Medicine, was organized to open the latest frontiers of ideas and
experience in the field of oxygen metabolism and to develop an overall picture
through discussion. It is also the aim of the Keio University Medical Science Fund, the
sponsor of the meeting, to contribute to global societies by promoting life sciences
and medicine through discussions and mutual exchange of opinions. With these
aims in mind, the organizers invited a group of 42 specialists and more than 70
young scientists who were interested in the stated objectives of the symposium. All
the participants lived together during the symposium: we ate in the same room in
the morning and evening, participated in the lecture sessions at Kita-shinkan, and
enjoyed the poster sessions at night. Indeed, the discussions often continued until
midnight following the poster sessions.

A total of 79 papers have been organized in this volume according to the reactions
through which molecular oxygen and its derivatives exhibit biological actions. These
have been subdivided into (1) Cytochrome oxidases, (2) Cytochrome P-450 monoox-
ygenases, (3) Various types of oxidases and oxygenases, (4) Oxygen sensing and
regulation of blood flow, and (5) Pathophysiology and physiology of gaseous monox-
ides. In this manner, we intend to demonstrate the concept of oxygen homeostasis
and its dynamics, and its importance in biology and medicine.

The editors wish to thank all participants for their contributions. We offer our
thanks and gratitude to the members of the Organizing Committee, to the Scientific
Program Committee, and especially to Hiroshi Ohin, Junko Miyai, and Hajime Ebiha-
ra, the Conference Secretariats. Without their excellent work and diligence, the con-
ference could not have been held. Finally, it is a pleasure to express our indebtedness
to the staff of Springer-Verlag, Tokyo, for their support for this book and their
forbearance and unfailing courtesy.

The Editors:
Yuzuru Ishimura
Hideo Shimada
Makoto Suematsu
August 1997
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Opening Remarks*

PROFESSOR YASUHIKO TORII
PRESIDENT, KE1I0 UNIVERSITY
CHAIRMAN, KE10 UNIVERSITY MEDICAL SCIENCE FUND

Ladies and Gentlemen, Distinguished Guests:

I have great pleasure in extending to you a cordial welcome on behalf of Keio
University and the Keio University Medical Science Fund. I am particularly grateful to
those scientists who traveled such far distances from every part of the world in order
to participate in this symposium, the first Keio University International Symposium
for Life Sciences and Medicine. The special topic chosen for this occasion is “Oxygen
Homeostasis and Its Dynamics,” which, I believe, is essential to understand the prin-
ciple of all forms of life.

There are several reasons for us at Keio University to host such an International
Symposium for Life Sciences and Medicine, an occasion for international scientific
exchange. To explain the reasons, I would like to give you a short history of Keio
University and of the Keio University Medical Science Fund, though I will be brief.

Keio Gijuku, now Keio University, was founded in 1858 by Yukichi Fukuzawa, a
pioneer of modern civilization in Japan. I assume some of you are already familiar
with his personal appearance, because his portrait is on the 10 thousand-yen note of
Japanese currency. In the more than 138 years since its establishment, we are proud
that Keio, as Japan’s oldest among 587 universities, has played a major role in devel-
oping human resources including academic, business, and political leaders. The
present prime minister, Ryutaro Hashimoto, is one of our alumni. At Keio University
we now have eight faculties and nine graduate schools, and among the faculties, the
school of medicine is one of the most highly regarded medical schools in Japan.

We have also been carrying out, for many years, a wide range of international
exchanges with people from various countries. In this connection, I would like to tell
you that Yukichi Fukuzawa, the founder, was a member of the very first mission of the
Tokugawa Shogunate government to the United States in 1860. Before that year, Japan
had closed its door to the world for almost 300 years until Admiral Perry (Matthew
Calbraith Perry) knocked on our door in 1853.

* This opening address was given by Professor Yasuhiko Torii, President of Keio University, at
the opening session of the Keio University International Symposium for Life Sciences and
Medicine: 1996 Conference on Oxygen Homeostasis and Its Dynamics on the morning of
Monday, December 9, 1996, in the conference room on the 4th floor of the New North Building
of the Mita campus, Keio University (Y.1.)
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During his visits to the United States and Europe as a member of the Japanese
Official Mission, Mr. Fukuzawa realized that education was most important to the
future of Japan, and therefore, after coming back to Japan, he established Keio
Gijuku—now we call it Keio University—in Tokyo. Thus Keio has its origin in inter-
national exchanges and has long aimed for international exchanges of culture and
science with many countries. Please understand that international exchanges such as
this occasion have been one of the most important academic and social missions of
Keio University from its birth.

In the fall of 1994, Dr. Mitsunada Sakaguchi, a 1940 alumnus of the medical school,
donated 5 billion yen to the university expressing his wish that it be used to encourage
research in life sciences and medicine at Keio University and to promote world-wide
advances in biomedical sciences. Being a political economist especially interested in
the nation’s health-care policy, I totally sympathized and agreed with his wishes, and
thus launched the Keio University Medical Science Fund on April 1995 in order
to fully reflect Dr. Sakaguchi’s unwavering commitment to the cause of medical
progress. The International Symposium for Life Sciences and Medicine has thus been
organized as one of the several projects of the Keio University Medical Science Fund
whose objective is, let me stress again, to contribute to the international community
by developing human resources, promoting scientific knowledge, and encouraging
mutual exchange.

Time flies. The year 1996 is passing by, and as we witness the dawn of the 21st
century, we realize that our society faces many problems from this century which will
be carried over into the next. In the field of life sciences and medicine alone, we are
still unable to completely cure cancer or AIDS. In addition, many new and unknown
problems await us in the new century. We will have to overcome numerous obstacles,
including diseases and problems that arise with over-sophisticated civilization and
the aging of our population.

I believe that exploring new horizons in life sciences is one of the most vital tasks
that we face at the dawn of the 21st century. It is equally important to ensure that the
knowledge obtained through these horizons is used in ways which bring genuine
happiness to humankind. Conceived in the belief and philosophy I have described,
Keio University has organized this first Keio University International Symposium for
Life Sciences and Medicine. It is therefore more than a pleasure, and indeed an honor,
for me to meet you distinguished medical researchers from world-renowned institu-
tions, and to share and exchange views and opinions in the field of medicine and the
life sciences. I also am grateful for the efforts of the organizing committee, chaired by
Professor Yuzuru Ishimura, who devoted themselves to making the symposium a
high-quality and enjoyable one.

Finally I do hope that this symposium will be both fruitful and productive for all of
you. Let me close this address now by wishing you the best of health and further
success in your research. Thank you very much for your attention.
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Structure and Possible Mechanism
of Action of Cytochrome ¢ Oxidase
from the Soil Bacterium
Paracoccus denitrificans

HARTMUT MICHEL', SO IwaTA®, and CHRISTIAN OSTERMEIER®

Summary. The four protein subunits containing cytochrome ¢ oxidase from the soil
bacterium Paracoccus denitrificans were crystallized with the help of antibody F,
fragments. The structure, determined at 2.8-A resolution by X-ray crystallography, is
reported. This structure forms the basis for understanding the mechanism of this
redox-coupled transmembrane proton pump, which is the key component of the
respiratory chain of most aerobic organisms.

Key words. Membrane protein crystallization—Cytochrome ¢ oxidase—X-ray
crystallography—Structure determination—Paracoccus denitrificans

Introduction

Cellular respiration is one of the most fundamental processes of life. Most of the
energy available to animals is generated by respiration and its coupling to the synthe-
sis of adenosine 5’-triphosphate (ATP). In the so-called respiratory chain, four large
membrane protein complexes act together to oxidize substrates and finally to reduce
oxygen. In the respiratory chains of mitochondria and in many bacteria, either NADH
or succinate, both formed preferentially in the citric acid cycle, are oxidized by
complex I or complex II, respectively, and ubiquinol is generated. Ubiquinol is oxi-
dized by complex II1, also known as the cytochrome bc, complex, and the electrons are
transferred to cytochrome c. Cytochrome cis oxidized by complex IV, the cytochrome
¢ oxidase.

The electrons of cytochrome ¢ are used to reduce molecular oxygen, and water is
formed. Complexes I, III, and IV are able to transport (or “pump”) protons across the
membrane, in addition to those protons that are released from ubiquinol on the

'Max-Planck-Institut fiir Biophysik, Heinrich-Hoffmann-Str. 7, D-60528 Frankfurt am Main,
Germany

zDepartment of Biochemistry, Uppsala University, Biomedical Centre, P.O. Box 576, $-75123
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*Department of Molecular Biophysics and Biochemistry, Yale University, 266 Whitney Avenue,
New Haven, CT 06520-8114, USA
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periplasmic side of the bacterial membrane (or in the intermembrane space of mito-
chondria) by complex III or consumed on the cytoplasmic (or matrix) side in complex
IV on water formation. The electrochemical potential difference of protons is used to
drive ATP synthesis by the H'-translocating ATPases. In some sense the respiratory
chain catalyzes the detonating gas reaction, but it must ensure that energy is stored in
the electrochemical proton gradient and that no dangerous side products are formed,
especially in the reaction catalyzed by cytochrome ¢ oxidase. Generation and release
of superoxides, peroxides, or singlet oxygen would be dangerous.

The cytochrome ¢ oxidases are members of a large superfamily of heme-copper-
containing terminal oxidases (see [1,2] for review; for general reviews see [3,4]), which
also includes the cytochrome bo ubiquinol oxidase from Escherichia coli. The se-
quences of subunits I and II especially are well conserved. Subunit IT of cytochrome ¢
oxidases contains the binuclear Cu, center, which receives the electrons from cyto-
chrome ¢ and transfers them to heme a and finally to the binuclear heme a,~Cu,
center. The Cu, center is absent in the ubiquinol oxidases, but could be restored by
genetic engineering [5]. The heme groups whose chemical identity can be different
(hemes A, B, or O have been found) and Cu, are bound to subunit I. The total number
of subunits varies from 2 or 3 in some bacteria to 13 in mammalian mitochondria.
During the past 10 years site-directed mutagenesis studies combined with spectrosco-
py have provided much structural information [2], most of which was correct.

In this chapter, we describe the structure of cytochrome ¢ oxidase from the soil
bacterium Paracoccus denitrificans as determined by X-ray crystallography [6]. This
cytochrome ¢ oxidase has the advantage of being well suited for site-directed mu-
tagenesis. Quite surprisingly, at the same time the structure of the metal sites of
cytochrome c oxidase from bovine heart mitochondria [7] and, 1 year later, its com-
plete protein structure, were also published [8].

Crystallization

Membrane protein structure determination is limited by the lack of well-ordered
crystals. Up to now atomic models based on X-ray or electron crystallographic struc-
ture determinations have been available for members of only seven membrane pro-
tein families, namely bacterial photosynthetic reaction centers, bacteriorhodopsin,
bacterial porins, prostaglandin H, synthase-1, plant light harvesting complex II, bac-
terial light harvesting complexes, and now cytochrome ¢ oxidases. It is remarkable
that it took about 20 years to obtain suited crystals of the bovine cytochrome ¢ oxidase
using a conventional crystallization strategy. As had been the case for photosynthetic
reaction centers, the choice of the detergent was critical.

Crystallization trials with the bacterial enzyme proceeded for about 6 years, but
succeeded within 2 years when a novel strategy, namely cocrystallization with an F,
fragment of a conformation-specific monoclonal antibody, was used [9]. The anti-
body fragment binds to a discontinuous epitope at the periplasmic side of subunit II,
affecting neither cytochrome ¢ oxidation nor proton pumping (Kannt and Michel,
unpublished data). The F, fragment is the only part of the cytochrome ¢ oxidase-F,
fragment complex involved in protein-protein contacts in the a,b-plane of the crystal
lattice. It acts by enhancing the polar surfaces of cytochrome ¢ oxidase, but it does not
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cover any hydrophobic surfaces. The antibody fragment could also be used to isolate
the cytochrome ¢ oxidase in a rapid and mild way [10].

The Structure of the Paracoccus Cytochrome ¢ Oxidase

A view parallel to the membrane of the entire cytochrome ¢ oxidase is shown in Fig.
1. The part integrated into the membrane has a trapezoid-like appearance from the
direction shown. The width at the cytoplasmic surface is about 90 A and at the peri-
plasmic surface approximately 75 A; the height of the trapezoid, which is formed by 22
transmembrane helices, is 75 A. The globular domain of subunit II is attached to the
trapezoid from the periplasmic side. The central part of the complex is made up of
subunit I, which binds both hemes and Cug. Subunit I is associated with subunit II on
one side and subunit III on the other. The amino and carboxy termini of subunit II
protrude into the periplasmic space and form a globular domain that contains Cu,;
the antibody F, fragment binds to this globular domain. In a view perpendicular to the
membrane (Fig. 2), cytochrome ¢ oxidase has an oval shape with its largest dimen-
sions being 90 and 60 A.

FiG. 1. Ribbon representation of the cytochrome ¢ oxidase from Paracoccus denitrificans in a
view parallel to the membrane. Subunit I, white; subunit II, light gray; subunit III, dark gray;
subunit IV, black. Heme a (black), heme a; (gray) and Cu, bound to subunit I, as well as Cu,
bound to subunit II, are barely visible
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F1G. 2. Major secondary structure elements of cytochrome c oxidase in a view from the periplas-
mic space, color coded as in Fig. 1. The lipid (black) bound into the V-shaped cleft of subunit I11
is clearly visible.

Subunit |

Subunit I consists mainly of 12 transmembrane helices. In general, the loops on the
periplasmic side are longer than those on the cytoplasmic side. The helices show a
fascinating and unexpected arrangement: the 12 closely packed helices, which are in
a simple anticlockwise sequential arrangement when viewed from the periplasmic
side (see Fig. 2), can be described as forming three symmetry-related semicircular
arcs. As a result of this remarkable architecture, three pores are formed. Two of these
are blocked by heme a, including its hydroxyethylfarnesyl side chain, or heme a,, and
the third by mostly conserved aromatic residues. Subunit I forms the core of the entire
oxidase complex and is responsible for the oxidation of molecular oxygen to water as
well as for the redox-coupled pumping of protons.

Subunit Il

Subunit IT has only two transmembrane helices, which are firmly bound to subunit I
[11]. It is the only subunit possessing a polar domain. This domain consists of a ten-
stranded B-barrel with similarities to the class I copper proteins like plastocyanin. It
is bound to the periplasmic side of subunit I and contains the binuclear Cu, center.
The Cu, center of the corresponding domain in the quinol oxidases is thought to have
been lost during evolution.

Subunits lll and IV

Subunit III possesses seven transmembrane helices, arranged in an irregular manner.
They form two bundles, one consisting of the first two helices and the other of helices
III-VII. Both bundles are in a V-shaped arrangement. The association of subunit III
with subunit I is weak [11], and subunits III and IV are removed from the core
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complex by many detergents. In some members of the oxidase family the first two
helices seem to be fused to subunit I, and subunit III possesses only five helices [12].
Subunits II and I can be fused at the DNA level. The resulting construct of the
Escherichia coli ubiquinol oxidase was found to be active [13]. The idea that subunit
III is involved directly in proton pumping has been ruled out; it may play a more
indirect role during assembly or as a linker to other proteins.

Furthermore, the structure of the bacterial oxidase indicated a possible channel for
diffusion of oxygen leading from the cleft between the two helix bundles of subunit III
directly to the binuclear center [14]. In the cleft, subunit III contains at least one firmly
bound lipid molecule [6]. The role of subunit III therefore might be to prevent
blockage of the channel entrance by other proteins. Because of the high solubility of
oxygen in the hydrophobic interior of the membrane generated by the alkyl chains of
the lipids, it is likely that the lipids bound to subunit III might aid in the rapid
diffusion of oxygen to the heme a,~Cuy center.

The crystal structure of the Paracoccus cytochrome ¢ oxidase provided the final
proof for the existence of a fourth subunit, which consists of only one transmembrane
helix with a small N-terminal extension at the cytoplasmic side. Its function is un-
known; deletion of its gene does not cause any phenotype [15]. A number of addition-
al lipid and detergent molecules could be localized around subunit IV.

The Cu, Center

As an important difference from the type I copper proteins, Cu, has been suggested to
be a mixed-valence [Cu(1.5)-Cu(1.5)] complex [16-19]. This suggestion agrees with
the crystal structure. The ligands of the two copper atoms are the Ny-atoms of two
histidine residues, one methionine sulfur, one backbone carbonyl oxygen from a
glutamate residue (which could not be predicted to be a ligand of Cu,), and two
cysteine thiolates: the latter bridge the two copper atoms (Fig. 3). Distances between
the two copper atoms of 2.6 A in the bacterial [6], 2.7 A in the beef heart [7], and 2.5 &
in the reengineered bo oxidase [5] have been published.

In the interface region between subunits I and II, a non-redox-active metal can be
assigned. A Mg site was modeled in the bovine oxidase structure [7,8], and a Mg/Mn
site is found in a similar location in the bacterial oxidase. The function of this metal
center is still unclear.

Heme a and Heme a,-Cu, Center

Heme a is a low-spin heme with two axial histidine ligands, whereas heme a, is a high-
spin heme with one histidine ligand. The shortest distance between the two hemes is
only 4.7 A. Both are located 15 A from the periplasmic surface in the hydrophobic core
of subunit I. The heme planes are perpendicular to the membrane, and the interplanar
angle between the two heme groups is 108° in the bacterial cytochrome c oxidase [6].
The electronic coupling between heme a and the binuclear heme a,-Cuj center is very
strong, and fast electron transfer between these two redox centers was recently used to
explain the high operational oxygen affinity of the oxidase by “kinetic trapping” of
bound oxygen [20].
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F1G. 3. The Cu, center. The two Cu, atoms are shown as white spheres bridged by two
thiolate sulfurs from cysteine residues. All four atoms lie in one plane. The further Cu,
ligands, all from subunit II, are shown. Tryptophan-121 may form an entry pathway for elec-
trons. Histidine-224 forms a hydrogen bond to the backbone carbonyl oxygen atom of
arginine-473 from subunit I and may form the exit pathway for electrons. (From [37], with
permission)

The heme a,~Cuy center is the catalytic core for O, reduction. The high-spin iron of
heme 4, is coordinated by histidine-411 as an axial ligand. The free coordination site
of the iron points toward the free coordination site of Cuy, which is ligated by the three
histidines: 276, 325, and 326. In the bacterial oxidase, one of the three histidines, His-
325, seems to be disordered when the oxidized enzyme has been crystallized in the
presence of azide [6]. There is spectroscopic evidence that a bridging ligand may exist
between the two metals [21], but there was no evidence for a ligand in the bovine
cytochrome ¢ oxidase structure [7]. In contrast, electron density between iron and
copper was observed in the bacterial enzyme. The identity of this electron density is
unclear. It might be caused by the presence of one or two water molecules, or one
water plus one hydroxyl ion, which would be bound to Cu,. The distance between iron
and copper is about 5.2 in bacterial cytochrome ¢ oxidase. However, the central
heme a, iron atom was found to be 0.7 A out of plane. The question as to whether there
exists a hydroxyl group as a ligand to Cu, had to remain unanswered at the present
resolution of the structure determination.
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Possible Mechanisms

Protein structures are not determined to provide beautiful textbook figures but to
understand the function and mechanism of action of the protein under investigation.
In the case of cytochrome ¢ oxidase, three important mechanistic questions have to be
answered: (i) the precise pathway for electron transfer, (ii) the proton transfer path-
ways, and (iii} the mechanism of coupling proton transfer and proton pumping to
oxygen reduction. Cu, is the first acceptor for electrons delivered from cytochrome c.
The electrons are then transferred to heme a, and heme a passes them further to the
binuclear center [22]. It is very likely that the endergonic proton pumping reaction is
directly coupled to the exergonic redox reactions at the binuclear heme a,-Cu, center
[23].

Many models and hypotheses have been put forward to explain this coupling [23-
32]. Inspection of the structure of the bacterial cytochrome ¢ oxidase shows two
possible proton transfer pathways, which are in agreement with the results of site-
directed mutagenesis experiments. Pathway (i) leads along the conserved polar face of
transmembrane helix VIII [33]. A prominent residue at this face is lysine-354; this
pathway is therefore called the K-pathway. In addition, it includes the hydroxyl group
of the hydroxyethylfarnesyl side chain of heme a; and tyrosine-280. Replacement of

F1G. 4. The binuclear center in subunit I. Heme a, and some important neighboring residues are
shown as black ball-and-stick models. The transmembrane helices of subunit I involved are
indicated. The heme a, iron atom and the Cujy atom are shown as black spheres. Histidine-276
and histidine-326 are clear ligands of Cu,. There is no electron density for the side chain of
histidine-326, which can be modeled in two different conformations: in one, it is a Cuy ligand;
in the other (shown in white) it is not. Switching of the side chain between these two positions
might be an essential part of the proton pump mechanism. (From [37], with permission)
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the residues of the polar face of transmembrane helix VIII leads to a loss of the
enzymatic activity.

Pathway (ii) starts at a conserved aspartate (124) (it is therefore called the D-
pathway) at the entrance of the pore formed by helices II-VI (see Fig. 2) and leads into
a partly polar cavity containing several solvent molecules. The conserved glutamate
residue 278 is found at the end of the cavity. Beyond this glutamate the proton
pathway becomes rather speculative. It may lead to histidine-325, which is not visible
in the electron density map. Replacing the conserved Asp-124 by Asn, or two Asn
residues nearby (113,131) by hydrophobic residues, abolishes proton pumping, but
oxygen reduction and water formation still occur albeit at a reduced rate [34-36].
These findings suggest at a first glance that the D-pathway is the one used for protons
to be pumped and the K-pathway is that for protons consumed in water formation.
However, such an assignment depends on the precise mechanism of coupling proton
pumping and redox reactions.

Two papers [28,30] seem to be of special importance for formulating a mechanism
of redox-linked proton pumping. Rich [30] postulated the electroneutrality of redox
changes around the heme-copper center. It is an attractive hypothesis considering
the low polarity of the surrounding hydrophobic membrane environment; this
means that on a single reduction of one of the metals a proton has to be taken up for
charge compensation and two protons for reduction of both crystals. When in the
catalytic cycle protons are taken up from the cytoplasmic side later and consumed in
water formation, those protons taken up first are expelled to the periplasmic side by
electrostatic interactions and thus pumped. This paper does not present chemical
details.

Morgan et al. [28] postulated that a histidine ligand of Cuy “cycles” between the
imidazolate, imidazole, and imidazolium states twice on reduction of one molecule of
dioxygen. The protons of the imidazolium are those being pumped. Also in this model
the uptake of the protons to be consumed on water formation leads to the expulsion
of the protons to be pumped. The histidine shuttle mechanism presented by Iwata
et al. [6] is compatible with the structure and strictly obeys the electroneutrality
principle. The key residue is histidine-325, which would be a Cu, ligand in the imida-
zolate and imidazole states but not in the imidazolium state. In the latter it might
assume a position suited for proton transfer to the periplasmic side, which is realized
upon arrival of protons at the binuclear site needed for water formation. However, if
a hydroxy group were a Cuj; ligand (a special case of the finding of one oxygen with an
exchangeable proton(s) as a Cuy ligand) [21], the first proton taken up on reduction
of the binuclear center would unavoidably lead to the formation of water, and the
histidine cycle/shuttle mechanism would have to be reformulated.

The idea of having at least one hydroxyl ion between the heme a; iron and Cuy in the
oxidized form of the enzyme is attractive, because otherwise a strong electrostatic
repulsion between the iron atom with one positive charge and Cu; with two positive
charges would exist. Knowledge of the protonation states of the histidine ligands to
Cuy, especially of histidine-325, and the pK values for protonation and deprotonation
is required to support or to exclude a histidine cycle mechanism. If the histidine
ligands stay neutral during the catalytic cycle, alternative mechanisms have to be
sought. Of particular interest is the answer to the question of what are the proton
acceptors for those protons that are taken up on reduction of cytochrome ¢ oxidase
[27].
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What is also clearly needed is the determination of the precise structure of the

intermediates [23] of the redox reactions of the heme-copper oxidases. There is good
reason to believe that the structures of some of these intermediates can be determined
by X-ray crystallography using the available cytochrome c¢ oxidase crystals.

Acknowledgments. We thank Dr. C.R.D. Lancaster and A. Harrenga for preparing
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Crystal Structure and
Reaction Mechanism of Bovine Heart
Cytochrome ¢ Oxidase

SHINYA YOsHIKAWA', Kyoko SHINZAWA-ITOH',
and TOMITAKE TSUKIHARA®

Summary. Crystal structure of bovine heart cytochrome ¢ oxidase at fully oxidized
state at 2.8 A resolution shows that this protein consists of 13 different subunits, each
in one copy, and 8 phospholipids in addition to 7 metal ions, 2 irons, 3 coppers, 1
magnesium, and 1 zinc. Three redox active sites, Cu,, heme g, and the O, reduction
site containing heme a; and Cu,, are connected by three possible pathways for facile
electron transfers. The pathways between Cu, and heme a and between heme a and
heme a, are consistent with the rapid electron transfers determined kinetically. How-
ever, the role of the direct pathway between Cu, and heme a, is unknown. The
coordination geometry of Cuy together with the proximity between the two hemes
suggest that heme a, not Cuy, donates electrons to initiate the reduction of O, in the
two electron process. Tyr** is identified as the proton donor for producing water from
the intermediates during O, reduction. Possible proton-pumping sites are mapped
well separated from the O, reduction site. No possible proton-pumping site involving
the O, reduction site has been identified, suggesting an indirect coupling between O,
reduction and proton pumping.

Key words. Cytochrome ¢ oxidase—Proton pump—O, reduction—Membrane
protein—X-ray crystal structure

Introduction

Cytochrome ¢ oxidase is the terminal oxidase that reduces molecular oxygen (O,) to
water coupled with proton pumping across the mitochondrial inner membrane. Since
the discovery of this enzyme, many structural and functional studies have been done
to understand the reaction mechanism of this intriguing enzyme [1]. The amino acid
sequences of this enzyme from more than 80 species have been determined following
the pioneering work of Buse et al. for the sequence determination of the bovine heart
enzyme [2,3]. The ingenious determination of the subunit composition by Kadenbach
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et al. also should not be ignored [4]. (We followed the terminology of Kadenbach for
the subunits of cytochrome ¢ oxidase.)

On the other hand, the function of this enzyme was initiated by the landmark
investigation of the internal electron transfer with the flow flash method by Gibson
and Greenwood [5]. A powerful technique was later introduced for identifying the
intermediate species during the course of O, reduction by the enzyme, such as Fe’'-
0,, Fe*'=0, and Fe’*-OH [6,7]. Furthermore, the reaction between the enzyme and
cytochrome c has been studied steadily for more than 30 years with the initial steady-
state analysis [8-10]. A cytochrome c-binding site with an extremely high affinity to
cytochrome c has been proposed in addition to the site with a physiologically relevant
affinity [9]. However, the complete analysis including four cytochromes ¢ and an O,
molecule as the substrates has not been completed because of the difficulty in the
accurate analysis of the initial steady-state measurement and also of the extremely
high apparent affinity of the enzyme for O, [11].

In spite of these strucutural and functional investigations, the reaction mechanism
of this enzyme is still essentially unknown. For example, the roles of metal sites,
especially Cus, in the dioxygen reduction by the enzyme and the mechanism of proton
pumping are the two greatest problems. The most important information for solving
these problems is the three-dimensional structure of this enzyme at atomic resolu-
tion. However, purification and crystallization of such a large multicomponent mem-
brane protein as this enzyme are extremely difficult. Thus, as recently as 1995, crystal
structures of the enzyme isolated from beef heart and a soil bacteria, Paraccocus
denitrificans were reported at atomic resolution, suggesting a new era of this enzyme
research [12,13]. This review presents a summary of the crystal structure of beef heart
cytochrome ¢ oxidase and the possible contribution of the crystal strucuture for
understanding the reaction mechanism of this enzyme.

Structures of the Protein and Phospholipids

Cytochrome ¢ oxidase isolated from beef heart and stabilized with a nonionic deter-
gent, decyl maltoside, provides tetragonal crystals that diffract X-rays up to 2.8 &
resolution at 8°C [12]. The crystal structure in the fully oxidized state indicates that
this enzyme is in a dimer state. Each monomer has 13 different subunits and 6 metal
centers (hemes a and a,, Cu,, Cuy, Mg, and Zn) with a total molecular weight of
210kDa (Fig. 1) [12,14]. The middle part of each monomer consists of 28 a-helices
assignable to the transmembrane region in the mitochondrial membrane. A view
perpendicular to the membrane surface shows the assembly of the two monomers,
with a fairly large “intermonomer space.”

Each monomer does not look like the tooth model given by the electron diffraction
analysis [15]. The biggest three subunits, which are encoded by mitochondrial genes,
aggregate tightly to form a core part of the monomer. The other 10 nuclear-coded
subunits surround the core. The biggest subunit, subunit I [16], has the two hemes
and Cu, and Mg sites in the peptide with 12 transmembrane helices. The third biggest
subunit with 2 transmembrane helices, subunit II, contains the Cu, site, which is a
dinuclear copper center. Subunit III, the second largest one, has 7 helices. Three
nuclear-coded subunits, one on the cytosolic side and the other two on the matrix
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F16. 1a,b. Crystal structure of dimer of beef heart cytochrome ¢ oxidase is shown in the Ca
backbone trace. Each monomer consists of 13 different subunits, each shown in a different color
with the subunit name in the color of the subunit. a Side view against the transmembrane
helices. b Top view from the cytosolic side
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side, have no transmembrane helix. Each of the other seven nuclear-coded subunits
contains a single transmembrane helix. Subunit Vb, one of the extramembrane sub-
units, holds a zinc atom [12,14].

In addition to these peptides and metal sites, five phosphotidyl ethanolamines,
three phosphatidyl glycerols, and two cholates are observed in the crystal structure.
However, no cardiolipin is detectable, which has long been thought to be indispens-
able for the enzymic activity. Amino acid residues forming hydrogen bonds or salt
bridges with the head groups of the phospholipids are identified in the electron
density distribution. Some terminal ends of the fatty acyl groups near the surface of
the monomer show the electron density distributions too flat to evaluate the number
of carbon atoms [14]. Identification of the unsaturated sites in the fatty acyl tails is
impossible at this resolution of the electron density distribution.

The two cholate molecules in the crystal structure are likely to be contaminated
during isolation from the mitochondrial membrane using cholate as a detergent. In
our isolation procedure, cholate is used as the solubilizing agent, and the solibilized
preparation is fractionated with ammonium sulfate in the presence of cholate. Then,
the cholate is replaced with a nonionic detergent, decylmaltoside, with repeated am-
monium sulfate fractionations in the presence of decyl maltoside. The critical micellar
concentration of decyl maltoside is about one order lower than that of cholate. Thus,
the cholate molecules involved in formation of the protein-detergent mixed micell
must be completely replaced with decyl maltoside.

The two cholate molecules detected in the crystal structure indicate very specific
and strong binding to the site. The cholate molecule is closely similar to the ADP
molecule in size and shape. The atomic model of ADP fits well to either of the two
cholate-binding sites, which suggests that ADP regulates enzymic function by binding
to the cholate-binding sites. Actually, Kadenbach et al. demonstrated that the ATP/
ADP ratio influences the efficiency of proton pumping [17]. Furthermore, they deter-
mined immunochemically one of the ADP-binding sites at the amino terminal moiety
of a nuclear coded subunit (VIa), which is one of the cholate-binding sites in the
crystal structure. The amino terminal moiety of subunit VIa is in contact with helices
VII and VIII of subunit I of the other monomer. The O, reduction site is placed on the
other side of the array of the helices VII and VIII. Thus, ADP binding to the amino
terminal moiety could influence the conformation of the O, reduction site to affect the
reactivity.

The dimer state is stabilized mainly by the two nuclear-coded subunits, VIa and
VIb. The extramembrane domain of subunit VIa is in contact with the cytosolic side
of subunit III, and it serves as a lid of the large crevice of subunit III that holds three
phospholipids. The amino-terminal moiety of subunit VIa in essentially fully extend-
ed configuration is in close contact with subunit I of the other monomer. Thus, the
two subunits VIa bridge the two monomers in two points (Fig. 1). An extramembrane
subunit, VIb, is placed near the quasi twofold symmetric axis on the cytosolic surface
to form a close contact between the two corresponding segments of the subunits
containing 14 amino acids. The intermonomer space could receive two molecules of
cardiolipin.

A preliminary analysis of phospholipid contents in this crystalline preparation
showed one molecule of cardiolipin per monomer of the enzyme. Thus, two cardio-
lipin molecules are likely to be placed somewhat loosely to make the electron density
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distribution in the intermonomer space too flat for detection of the phospholipid
molecules. The two cardiolipins in the space would contribute the stability of the
dimer. Even bacterial cytochrome ¢ oxidase without the nuclear-coded subunits could
be in the dimer state stabilized by the phospholipid.

The other possible role of the nuclear-coded subunits, each with a transmembrane
helix, is to stabilize the core subunits by giving the stable helix-helix contacts. The
helix-helix contact is most stable at the angles of 0°, 20°, and 50° [18]. All the helices
of this enzyme are in contact with each other at one of these angles. One of the most
mysterious subunits may be subunit Vb, which holds the zinc site. Conformation of
the peptide is quite peculiar and is stable only in the enzyme complex, suggesting a
potential reactivity.

Metal Site Structures

Cu, is a dinuclear copper center with six ligands. The center is similar to the iron-
sulfur center of the 2Fe/2S type in which the iron atoms are replaced with copper
atoms and the inorganic sulfurs with the SH of cysteine residues. The similarity in the
electron spin resonance spectrum between the Cu, site in cytochrome ¢ oxidase and
the copper site of nitrous oxide reductase strongly suggests that Cu, in the fully
oxidized state has two cupric copper ions with one electron equivalent delocalized
between the two copper atoms, that is, [Cu"**...Cu"**] [19]. Heme a is in a six-
coordinated low-spin state with two histidines. The fifth ligands of hemes a and 4, are
separated by only one amino acid residue. The shortest distance between the two
heme porphyrins is only 4 A. These structures promote rapid electron transfer be-
tween the two hemes.

The second copper site, Cuy, which is a mononuclear center, is placed on the
opposite site of the heme plane where histidine ligates. Three histidines coordinate to
the Cu,, forming an equilateral triangle with the Cuy at the center. The triangle plane
is in parallel with the heme a, plane. The Cu, is placed 1A off the heme normal at the
heme a,. The distance between the two metals is 4.7 A. The magnesium is bound to
Glu' of subunit II. The peptide carbonyl of Glu'*® coordinates to one of the copper
atoms of Cu,. The amino acids of subunit I and a water are the other three ligands of
the magnesium, placed about midway between Cu, and heme a, on the interface
between subunits I and II. Zinc is coordinated by four cystein sulfurs to form essen-
tially a regular tetrahedron about 40 A from heme a, [12,14]. Thus, this metal is
unlikely to participate in the basic function of this enzyme, which occurs at the redox
active metal sites.

Electron Transfer Reactions Within the Monomer

As shown of Fig. 2, a very effective electron-transfer path between Cu, and heme a is
obvious, including His™ of subunit II, one of the ligands of Cu,, a peptide bond
between Arg*® and Arg"’ of subunit I, and a propionate group of heme a, which
are connected with hydrogen bonds. The double bond character of the peptide
promotes the through-bond electron transfer. A network including Glu'”, the
magnesium, His*®, and a propionate group of heme a,, which are connected by
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FIG. 2. Hydrogen bond network between the redox active metal sites in beef heart cytochrome
c oxidase. Dotted lines, possible hydrogen bonds; broken lines, coordination bonds; blue, red,
and purple balls, copper, magnesium, and iron atoms, respectively; purple structures with or
without a blue ball are heme a, or a, respectively. Three amino acid residues—His™", Arg"*, and
Arg™—belong to subunit I; the others belong to subunit II

coordination and hydrogen bonds, can be an effective electron-transfer path
between Cu, and heme a,. The internal electron transfer of this enzyme has been
extensively studied since the work of Gibson and Greenwood with the flow flash
technique [15].

The electron transfer path has been established as cytochrome ¢-Cu,-heme a-
heme a, [20]; that is, no direct elctron transfer between Cu, and heme a, has been
detected kinetically, indicating that the direct electron transfer between Cu, and heme
a,, if any, is about two orders of magnitude lower than the rate between Cu, and heme
a. The distance between Cu, and heme a,, 3 A longer than that between Cu, and heme
a, may provide such a difference in the electron-transfer rate. Then, what is the role of
the network including the Mg site? Furthermore, if the purpose of these redox metal
site systems of this enzyme is to convey electrons from cytochrome ¢ to the O,
reduction site, why is such a large prosthetic group as heme a required? Perhaps the
electron-transfer path including Mg may be the most economical for synthesis in the
cell. Thus, heme a could have an important unknown role, such as that related to
proton pumping.

The internal electron transfers within cytochrome ¢ oxidase are usually much
slower than the elementary process of electron transfer. Thus, the kinetic behaviors of
these redox metal sites are not directly related to the electron-transfer paths them-
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selves but to the affinities of these melt sites to electrons. That is, heme a could be
reduced with the electrons transferred via Mg and heme a,, but heme a is reduced
earlier than heme a,. In other words, both networks given in Fig. 2 could be active
under turnover conditions of this enzyme. The redox equilibrium behavior of this
enzyme so far examined, although not so extensively as in the case of the kinetic
investigation, shows a closely related repulsive interaction between the metal sites, so
that at any overall oxidation state all the redox site are in an identical fractional
reduction (i.e., the concentration ratio of the reduced form to the oxidized form)
[21,22]. The foregoing two networks and the dinuclear center of Cu, may contribute
to the promotion of these metal site interactions.

Machanism of O, Reduction by Cytochrome ¢ Oxidase

It has long been well accepted that Cuy, placed very near the O, reduction site, initiates
the two-electron reduction of the bound O, to the peroxide level [23]. Then, the O,
reduction rate, limited by the electron transfer from Cu; to one of the two oxygen
atoms placed within 3 A, must be extremely rapid, perhaps on the order of a picosec-
ond. However, recent resonance Raman investigations show that the lifetime of the
oxygenated form is unexpectedly long, about 0.1 ms at 4°C. Thus, a special conforma-
tion or structure that lowers the electron transfer from Cu, must be placed on the O,
reduction site. Only the crystal structure at the atomic resolution could solve the
control mechanism.

A preliminary analysis of the electron density between the two metals in the O,
reduction site indicates a bridging ligand between Feu;* and Cuy’'. The electron
density distribution between the two metals is larger than a single oxygen or nitron-
gen atom. Also, the distance of 4.7 A between the two metals is too long for a p-oxo
bridge (Fe-O-Cu). On the other hand, the triangle planar coordination of Cu® is
extremely unstable [24]. Thus, Cu,’" is likely to have the fourth ligand. The crystal
structure of beef heart cytochrome ¢ oxidase at the atomic resolution so far reported
is the one in the fully oxidized state. However, crystal structures of many metallopro-
teins so far reported indicate that the conformational changes induced by the change
in the redox state of the metal site are too small to detect in most cases even at atomic
resolution. Thus, the conformation of the O, reduction site in the fully reduced form
to which O, binds is essentially identical to the one in the fully oxidized state. Howev-
er, no ligand is likely to be on either the two metals in the fully reduced state. That is,
heme a, is in a ferrous high-spin state (five coordinated), and Cu, is in a triangle
planar coordination with the cuprous ion at the center of the triangle. The configura-
tion of Cu,'" is quite stable [24]; in other words, the Cu,'" site is not a good electron
donor.

As shown in Fig. 3, the O, reduction site has Tyr**, which could form a hydrogen
bond with the bound dioxygen although a small conformational change is required.
This tyrosine, which is connected to the matrix side with a hydrogen bond network, is
the sole possible proton donor to the bound dioxygen to form water. Furthermore,
heme a could be a very effective electron donor to the O, at heme a;, as was suggested.
Thus, O, reduction is initiated possibly by the formation of the hydrogen bond

244

between the bound O, and Tyr™.
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heme a;

His 240

FiG. 3. The O, reduction site viewed along the heme a, plane. Dotted lines, hydrogen bond;
broken lines, coordination bonds; blue structure, heme a;; green structures, amino acids

Formation of a hydrogen bond to the bound O, may stimulate the electron entry to
the O, by increasing the positive charge on the O,. The hydrogen bond formation
cannot be very rapid because it is accompanied by a conformational change. The
resulting hydroperoxo intermediate is likely to be very unstable, as in the case of
peroxidase, to form the intermediate species at an unusually high oxidation state,
corresponding to compounds I and II [25]. The role of Cu,'"*, with high redox poten-
tial, may be to reduce these species.

Mechanism of Proton Pumping

The crystal structures of cytochrome ¢ oxidase from beef heart and the soil bacteria
Paraccoccus denitrificans reveal a striking similarity in the redox active metal site
system in the largest two subunits except for the O, reduction site. As stated earlier,
beef heart enzyme at the fully oxidized state free from any respiratory inhibitor has
three histidines at the Cuj site, placed 4.7 A apart from Fe,, ** [12]. On the other hand,
one of the three histidines at the Cuy site is missing in the crystal structure of the
bacterial enzyme in the fully oxidized azide bound state. The CuB“—Fe ** distance is
5.2 A in the presence of azide. Iwata et al. proposed the missing histidine as the
proton-pumping site [13], as has been suggested by Wikstrom et al. [26].

One of the critical requirements of this cycle, however, is the complete insulation of
the protons on the imidazole of the pumping site from the dioxygen reduction site.
Most of the O, reduction intermediates formed on Fe, have extremely strong affinity
to protons. The trapping of the protons to be pumped by the O, reduction intermedi-
ate to form water results in the short circuiting of the proton pump. The electron
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b

FI1G. 4a,b. Possible channels for proton pumping, shown schematizally, between helices III and
IV (a) and between helices XI and XII (b). Dark ovals, dotted lines, and dotted lines with arrows
denote cavities, hydrogen bonds, and possible hydrogen bond configurations, respectively. The
cavities are spaces that contain no electron density but are large enough to retain randomly
oriented or mobile water molecules. A pair of amino acid side chains in a possible hydrogen
bond configuration are placed too far apart to form a hydrogen bond. However, a small confor-
mational change in the pair without movement of peptide bonds could provide a new hydrogen
bond. The matrix side of each network is placed on the bottom and the cytosolic side on the top.
Each figure shows only the structure connecting from the matrix port to the cytosolic port; no
dead-end branch is shown except for a branch leading to heme a in the channel b. Both channels
are in subunit I, and all the amino acid residues belong to subunit I

density of the imidozole is missing in the crystal structure of bacteria, which indicates
that the imidazole is not fixed tightly and so is freely mobile. It is not at all easy for the
histidine at such a state to keep the protons on the imidazole completely away from
the O, reduction site.

On the other hand, the O, reduction site in the crystal structure of beef heart
enzyme in the fully oxidized state does not have any possible proton-transfer path for
pumping protons [14]. The hydrogen bond network from the matrix surface to Tyr™
in the dioxygen reduction site cannot be the proton-pumping site because the Try** is
placed so close to the bound O, and the reduction intermediate. The crystal structure
of the enzyme in the fully oxidized state has two possible networks for proton pump-
ing (Fig. 4) [14].

Thus, the crystal structure of beef heart cytochrome ¢ oxidase suggests proton
pumping occurs far from the O, reduction site [14]. To identify the proton-pumping
site, comparison of the crystal structures at different oxidation and ligand-binding
states is indispensable. The crystallographic analysis of beef heart enzyme in the fully
reduced and the fully reduced CO-bound states is under way in our group.
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Cooperation of Two Quinone-Binding
Sites in the Oxidation of Substrates by
Cytochrome bo

MARIKO SATO-WATANABE', TATSUSHI MoGI', HIDETO MIYosHI’, and
YASUHIRO ANRAKU'

Summary. Cytochrome bo is a terminal quinol oxidase of the aerobic respiratory
chain of Escherichia coli and catalyzes not only the scalar protolytic reactions but also
redox-coupled proton pumping. Structure-function studies of the quinol oxidation
site (Q) using systematically selected quinone analogues, 1,4-benzoquinones, substi-
tuted phenols, and ubiquinone-2 derivatives revealed the structural features of the
quinol oxidation site. We found further that bacterial quinol oxidases share common
features of the quinol oxidation site irrespective of their structural similarities. In
addition, we identified the presence of a tightly bound ubiquinone-8 (Q,;) and exam-
ined the possible roles of the Qj; site in the two-electron oxidation of substrates at the
Q, site and in mediating sequential one-electron transfer from Q, to the low-spin
heme b. Based on these observations, we discuss molecular mechanism of the sub-
strate oxidation by cytochrome bo.

Key words. Cytochrome bo—Intramolecular electron transfer—Semiquinone
radical—Quinol oxidation site—Quinone analogues

Introduction

In the aerobic respiratory chain of Escherichia coli, a four-subunit cytochrome bo is a
predominant terminal oxidase under high oxygen tension while a two-subunit cyto-
chrome bd is expressed predominantly under oxygen-limiting growth conditions [1].
They are not structurally related; however, both catalyze the two-electron oxidation of
ubiquinol-8 (QgH,) at the periplasmic side and the four-electron reduction of molec-
ular oxygen at the cytoplasmic side. Thus, they establish a proton electrochemical
gradient across the cytoplasmic membrane via the scalar protolytic reactions. In
addition, cytochrome bo can vectorially translocate protons via redox-coupled proton
pumping [2-4].
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Recent molecular biological and physicochemical studies indicate that cyto-
chrome ¢ oxidases and bacterial quinol oxidases, except cytochrome bd, are classified
into the heme-copper respiratory oxidase superfamily [2-4]. Subunits I, II, and III
are conserved in bacterial and mitochondrial enzymes. Subunit I binds a low-spin
heme and a high-spin heme-Cu; binuclear center and serves as a reaction center
for dioxygen reduction and proton pumping. X-ray crystallographic studies have
recently determined atomic structures of bacterial and mammalian aa;-type cyto-
chrome c oxidases [5,6] and a water-soluble C-terminal domain of subunit II from
cytochrome bo [7]. Axial ligands for the redox metal centers were found to be identi-
cal to those determined by molecular biological studies [3,4]. Structural biology
now provides new insights into the molecular mechanism of redox-coupled proton
pumping.

Subunit II of aa,-type cytochrome ¢ oxidases contains the Cu, binuclear copper
center in the C-terminal hydrophilic domain and oxidizes ferrous cytochrome ¢, a
water-soluble one-electron carrier. Then electrons are transferred to the heme a,-Cu,
binuclear center through heme a, present in transmembrane regions of subunit 1.
Similarly, the counterpart of cytochrome bo seems to catalyze the oxidation of quinols
[8], lipid-soluble two-electron, two-proton redox components (Fig. 1), although it
lacks Cu, [1-4,7]. Subsequently, it transfers electrons to the heme o0-Cu; center
through heme b. Cytochrome bo is closely related to bacterial cytochrome ¢ oxidases
[9]; however, the location and structural features of the substrate oxidation site
remain obscure.

In this chapter, we discuss the structural features of a low-affinity quinol oxidation
site (Q,) of cytochrome bo and the functional role of a high-affinity quinone binding
site (Qy) that connects electron flow from the two-electron redox component
(quinols) to a one-electron transfer system (heme irons). We suggest that cooperation
of two quinone/quinol-binding sites is essential for the oxidation of substrates by the
heme-copper quinol oxidases.

Structural Features of the Q, Site

Enzymatic studies have demonstrated that the Q, site has an apparent K| value for
ubiquinol-1 (Q,H,) of 10-50 1M, and the oxidase activity was inhibited by the quinone
analogues, piericidin A [10], HHQNO (2-heptyl-4-hydroxyquinoline N-oxide) [10,11],
UHDBT (5-n-undecyl-6-hydroxy-4,7-dioxobenzothiazole) [11], aurachin C, and
tridecylstigmatellin [12] (Fig. 1). Antimycin A, rotenone, myxothiazol, mucidin, fu-
niculosin [12], 2,4-dinitro-6-alkylphenols, DCMU (3-(3,4-dichlorophenyl)-1,1-dime-
thylurea), and simazin (2-chloro-4,6-bis(ethylamine)-s-triazine) [13] had little effect
on cytochrome bo. These results suggest that the Q, site differs considerably from the
quinone redox sites of NADH dehydrogenase, the cytochrome bc, complex (i.e.,, Q
and Q,), and the photosythetic reaction center (RC) (i.e., Q).

To further characterize structural features of the Q, site, we carried out structure-
inhibitory potency analyses with systematically selected compounds, namely 33 sub-
stituted phenols and seven 1,4-benzoquinones (BQ) [13] (see Fig. 1). In substituted
phenols, chlorine was the most effective substituent at both ortho-positions irrespec-
tive of substituent pattern at the para-position. Replacing one or both chlorine
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atom(s) by another halogen or a methyl group results in a decrease of the inhibitory
potency by a considerable extent. Physicochemical characteristics of chlorine and
bromine substituents are similar; for instance, the electronic effects in terms of the
Hammett-type substituent constant are almost identical [14], and the difference in
van der Waals radius is just 0. 12 A [15]. Therefore, a steric structure or bulkiness of the
ortho-substituents seems to be strictly recognized by the Q; site.

In addition, we noticed that the electron-withdrawing propensity (¢™,,,,) of the
para-substituents determined an inhibitory potency of the substituted phenols [13].
The inhibitory activity of 2,6-dichlorophenols increases as the 6, index of the para-
substituents increases. 2,6-Dichloro-4-dicyanovinylphenol (see Fig. 1), which fulfills
these requirements, was the most potent inhibitor among the substituted phenols
tested. It suggests that the stability of an anionic form of inhibitor in a lower dielectric
binding pocket is an important factor determining the inhibitory activity. Consider-
ing the fact that the dicyanovinyl group is bulky and conformationally rigid, the
para-substituent of the molecule may be out of a binding pocket for the benzoquinone
ring.

Among the BQ derivatives examined, 2,6-dimethyl-BQ (see Fig. 1) was found to be
the most potent competitive inhibitor, and 2-methyl-BQ and 2,6-dichloro-BQ
were comparable to HHQNO and piericidin A [13]. Replacing a methyl group of 2-
methyl-BQ and 2,6-dimethyl-BQ by an ethyl group causes a marked decrease in the
inhibitory activity. In addition, comparing the inhibition between two isomers, 2,6-
substituted BQs have significantly higher inhibitory activity than 2,5-substituted BQs.
These results, along with the poor activity of tetramethyl-BQ, suggest that the Q, site
is capable of binding quinone-related compounds in an asymmetric manner, but also
recognizes a portion of the ligand molecule corresponding to the 2,6-substituting
groups of BQs, as well as the whole molecule in a strict sense.

Subsequently, we synthesized a series of the ubiquinol-2 (Q,H,) derivatives to
identify structural requirements for binding of ubiquinones to the Q, site [16]. The
Vmax Values of 2-methoxy-3-ethoxy analogues were greater than those of 2-ethoxy-3-
methoxy analogues irrespective of the side-chain structure. This indicates not only
that a methoxy group in the 2-position is recognized more strictly than the 3-position
by the Q, site but also that the side-chain structure does not affect binding of the
quinone ring moiety. Similarly, a methyl group was found to be crucial for the 5-
position. The apparent K, values of the Q,H, derivatives were much lower than those
of corresponding 6-n-decyl and 6-(3',7’-dimethyloctyl) derivatives [16]. The iso-
prenoid structure is less hydrophobic than the saturated n-alkyl group with the same
carbon number. Therefore, the m-electron system of the isoprenoid side chain appears
to increase binding affinity to the Q; site (Fig. 2). In contrast, Yu and his colleagues
reported that ubiquinone analogues with n-alkyl side chain longer than that of Q,H,
exhibit oxidase activity comparable to Q,H, [8].

These observations indicate that the Q, site of cytochrome bo more strictly
recognizes the 1-OH, 2-methoxy, 4-OH, and 5-methyl groups on the quinone ring
than the 3- and 6-substituents (Fig. 2). Such an asymmetric nature in molecular
recognition of the Q, site may account for the sequential electron tansfer to low-spin
heme b, which accepts electrons one at a time. Finally, we would like to point out
that bacterial quinol oxidases share common structural properties for the quinol
oxidation site irrespective of their structural similarities. We carried out structure-
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F1G. 2. Binding model for ubiquinol-2 to the quinol oxidation (Q,) site. 2-Methoxy and 5-
methyl groups of ubiquinols are strictly recognized by the Q; site, and the isoprenoid side chain
increases the binding affinity [16]

inhibitory potency studies using the BQ derivatives and the substituted phenols, and
found that the variations in the residual Q,H, oxidase activities were almost linearly
correlated between cytochromes bo and bd from E. coli and between cytochrome
bo from E. coli and cytochrome o (bo-type heme-copper quinol oxidase) from
Acetobacter aceti [13]. Furthermore, we found that the effects of substituents at
all positions of the ubiquinol ring on the electron-donating activity are similar be-
tween cytochromes bo and bd [16]. Recognition of the quinone ring by the two
enzymes is not affected by the 6-substituent structure, indicating that the quinol ring
and the side-chain moieties independently contribute to the binding of substrates to
the quinol oxidation site. Recently, Meunier et al. reported that tridecylstigmatellin
and UHDBT more specifically inhibit oxidase activity of cytochrome bo whereas
aurachin D and antimycin A are relatively specific for cytochrome bd [12]. However,
structural features that determine the specificity of quinone analogues remain to be
identified.

Role of the Q,, Site in Intramolecular Electron Transfer

In general, many redox proteins that use quinones as mobile electron carriers have
two quinone/quinol-binding sites, even though their quinone redox mechanisms are
different. Photosynthetic RC and cytochrome bc, complex are the representatives that
have been so far studied in detail. In the RC, Q, acts as a tightly bound one-electron
carrier between pheophytin and Q; and does not undergo protonation changes [17].
Q; is a mobile two-electron, two-proton redox component and can leave the Q site
when the second electron produces Q; and two protons immediately bind to form
the final product, QzH,. In the cytochrome bc, complex, the Q, and Q; sites are both in
dynamic equilibrium with the quinone pool in the membrane and the coordinated
redox reactions are tightly coupled to vectorial proton translocation via the proton-
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motive Q cycle originally postulated by Mitchell [18]. The Q, site may bind two
ubiquinone molecules in a stacked configuration to facilitate bifurcated electron
transfer [19].

Unlike cytochrome ¢ oxidases, cytochrome bo contains only three redox metal
centers. Therefore, completion of the reaction of the fully reduced enzyme with
dioxygen requires an extra electron donor, either a bound quinone molecule [20] or
tryptophan or tyrosine residues near the binuclear center [21]. We examined the
presence of a tightly bound Q, molecule(s) in cytochromes bo and bd purified in a
mild nonionic detergent, sucrose monolaurate, and discovered a high-affinity quino-
ne-binding site (Q) in cytochrome bo distinct from the Q, site [22]. Later, the pres-
ence of the bound quinone in quinol oxidases was confirmed in the E. coli cytochrome
bo [23,24] and cytochrome ba, from Paracoccus denitrificans [25]. We found that Q,
is hardly exchanged with exogenous substrates and the Q, site competitive inhibitors
and cannot be removed by gel filtration chromatography or precipitation of the
enzyme [22].

Subsequently, we examined the role of Q using a bound Q,-free oxidase isolated
from a ubiquinone biosynthesis mutant [22]. The absence of Q, lowers the affinities
for both substrates and the inhibitors at the Q, site. Reconstitution of the Q,, site with
substituted phenols resulted in a marked decrease of the V,, value of the QH,
oxidase activity. The dissociation constant for Q, was determined to be about 2uM
much smaller than the K,, value for the Q,H, oxidation (10-50 uM). UV-visible and
resonance Raman spectroscopies demonstrated that the environment of low-spin
heme b was perturbed in the air-oxidized Q-free oxidase. Accordingly, the Q,, site is
required for catalytic activity and seems to be close to the Q; site and low-spin heme
b. Thus, we postulated that Q, mediates electron transfer from Q; to low-spin heme b
[22] (Fig. 3).

F16. 3. Model for cooperation of two quinone/quinol-binding sites in electron transfer from the
quinol oxidation site to the metal centers. A bound ubiquinone-8 at the high-affinity quinone-
binding site (Q) can mediate the two-electron transfer from the Q, site, like Q; of the photosyn-
thetic reaction center, and then the sequential one-electron transfer to low-spin heme b similar
to Cu, of cytochrome ¢ oxidase
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Redox titration studies using electron paramagnetic resonance (EPR) revealed that
cytochrome bo can stabilize a ubisemiquinone radical and its g = 2.0 signal titrates as
a bell shaped curve [26,27]. The E,/ value of a QH,/Q couple was lower than that of
low-spin heme b and decreased sharply with increased medium pH with a slope of
about -60 mV/pH unit, indicative of a 2H"/2e” stoichiometry. We demonstrated that
this signal was originated from a bound Q, molecule at the Q,, site and that a E,. value
of the heme b was lowered 23-30mV by Qy [26]. The absence of Q, would cause
conformational change around the Q, site and consequently affect the electronic state
of the metal center itself and/or heme-heme interaction at the air-oxidized state.

These observations are consistent with our proposal [22,26] that Q,; mediates elec-
tron transfer from the Q, site to heme b (see Fig. 3). Cooperation of two quinone/
quinol-binding sites (Q; and Q) seems crucial for the oxidation of substrates by
quinol oxidases. Flow-flash studies on the reaction of the fully reduced wild-type and
Qu-free enzymes with dioxygen indicated that Q,, is involved in intramolecular elec-
tron transfer [Orii et al, unpublished results; 24]. Recently, on oxidation of Q,H,, the
rapid formation of the ubisemiquinone, which is accompanied by reduction of the
heme b, was demonstrated by stopped-flow UV/vis and rapid freeze/quench EPR
spectroscopies [28].

Both Q, and Qg can undergo protonation changes coupled to two-electron oxi-
doreduction; therefore, they are similar to Qj of the photosynthetic RC and Q, and Q,
of the cytochrome bc¢, complex [26]. However, Qy; can stabilize the ubisemiquinone
and does not leave the binding site when protonated to Q;H, [22]. Thus, we conclude
that a molecular mechanism for the oxidation of substrates by bacterial quinol oxidas-
es is different from those of the photosynthetic RC and cytochrome bc, complex. Qj
could not only act as a transient electron reservoir for Q;, a mobile two-electron, two-
proton redox component, but also a gate for the low-spin heme through sequential
one-electron transfer similar to Cu, of cytochrome ¢ oxidase.

Concluding Remarks

We have characterized the structural features of the quinol oxidation site (Q,) of
cytochrome bo (Fig. 2) using systematically synthesized benzoquinones, ubiquinones,
and substituted phenols, and revealed the possible roles of a tightly bound Q at the Qy
site in the oxidation of substrates at the Q, site and in sequential one-electron transfer
from Q, to the low-spin heme (Fig. 3). However, the locations and structures of these
two quinol/quinone-binding sites remain to be determined. Besides crystallographic
efforts, identification of the quinone analogue-resistant mutations using the Q, site
inhibitors such as 2,6-dimethyl-BQ, 2,6-dichloro-4-nitrophenol, and 2,6-dichloro-4-
dicyanovinylphenol [29] or the cross-linking site(s) of azido-ubiquinone derivatives
[8,30] will facilitate elucidation of the structure and function of the Q, site. In addi-
tion, determination of the structural features and location of the Q site is also re-
quired for understanding of the cooperation of two quinone/quinol-binding sites in
bacterial quinol oxidases.
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Rapid Formation of a Semiquinone
Species on Oxidation of Quinol

by the Cytochrome bo, Oxidase
from Escherichia coli

JEFFREY P. OSBORNE', SIGFRIED M. MUSSER?, BR1aN E. ScHULTZ?,
DaLE E. EDMONDSON’, SUNNEY I. CHAN?, and ROBERT B. GENNIs'

Summary. Many bacterial oxidases utilize dihydroquinols, such as ubiquinol or
menaquinol, rather than cytochrome ¢ as a substrate. The best-characterized
ubiquinol oxidase is cytochrome bo, from Escherichia coli. In this work, the initial
oxidation of ubiquinol by this ubiquinol oxidase is examined. Stopped-flow UV-
visible spectroscopy and rapid freeze-quench electron paramagnetic resonance (EPR)
spectroscopies were used to examine the oxidation of ubiquinol-2 (UQ,H,) by cyto-
chrome bo; under multiple turnover conditions. The results show the rapid appear-
ance of the semiquinone radical, coincident with the reduction of the low-spin heme
b component of the enzyme. The rate of formation of the semiquinone radical is
consistent with the proposition that this is a kinetically relevant intermediate in the
reaction sequence. As UQ,H, is depleted, the radical decays and the enzyme forms a
“peroxy,” or P, complex with dioxygen. No detectable protein radical is associated
with the P complex.

Key words. Semiquinone—Quinol oxidase—Heme—E. coli—Peroxy state

Introduction

The cytochrome bo; ubiquinol oxidase, from Escherichia coli, is an integral membrane
protein. It is a member of the superfamily of heme-copper terminal oxidases, as is
cytochrome ¢ oxidase [1], for which two crystal structures have recently been solved
[2-4]. Cytochrome bo, catalyzes the two-electron oxidation of ubiquinol-8 in the
bacterial membrane and reduces dioxygen to water. For each dioxygen, four protons
are pumped electrogenically across the membrane bilayer, contributing to the gener-
ation of a protonmotive force. In addition, four protons are released into the bacterial
periplasm and another four protons (per O,) are taken up from the bacterial cyto-
plasm to form water (2H,0).
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*Noyes Laboratory, 127-72, Department of Chemistry, California Institute of Technology, Pas-
adena, CA 91125, USA

’Department of Biochemistry, Emory University School of Medicine, Atlanta, GA 30322, USA
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Cytochrome bo, contains one low-spin heme b and a heme-copper bimetallic cen-
ter, consisting of a high-spin heme o and copper (Cuj;), where oxygen is activated and
reduced. Instead of receiving its electrons from the one-electron carrier cytochrome ¢,
as in the cytochrome ¢ oxidases, cytochrome bo, is reduced by lipid-soluble, two-
electron dihydroquinols such as ubiquinol-8 or menaquinol. Additionally, the Cu,
redox component located within subunit II of the cytochrome ¢ oxidases, which
functions to transfer electrons from cytochrome c to the low-spin heme, is missing in
cytochrome bo, [5] and the other quinol oxidases within the superfamily. A photore-
active ubiquinol analogue has been covalently cross-linked to the cytochrome bo,,
indicating that at least one quinol-binding site is located in subunit II [6}. Previous
work has demonstrated that the enzyme probably contains two binding sites for
ubiquinol [7]. One, Q,;, has a high affinity for ubiquinone, and it has been postulated
that this bound quinone species acts as a cofactor during turnover of the enzyme. The
other, Q;, has a lower affinity for ubiquinol and is presumably the site where ubiquinol
is oxidized to ubiquinone during turnover of the enzyme and which is in rapid
exchange with the quinol pool in the membrane. A schematic of these sites in cyto-
chrome bo, is shown in Fig. 1.

One can consider two types of binding sites where the two-electron oxidation
of quinol occurs: pair-splitting, where there are two separate electron acceptors,
and sequential, where there is a single electron acceptor and the oxidation occurs in
two one-electron steps. A pair-splitting site is illustrated by the quinol oxidation site
(Q,) of the bc, complex. In this case, the quinol donates electrons to two different
acceptor groups (low-potential cytochrome b and Rieske Fe-S center) with broadly
disparate redox potentials [8]. The initial one-electron oxidation of quinol (by the
Fe-S center) generates a very unstable semiquinone with a sufficiently low redox
potential to reduce the second electron acceptor (cytochrome b,) at virtually the same
time. In contrast, a “simple” oxidation site donates electrons sequentially to the
same electron acceptor, requiring at least transient stabilization of the semiquinone

2H*
A
] Periplasm
Ta Cug
— *) Cytoplasm
0, +2H | H,0

FiG. 1. Cytochrome bo, contains two ubiquinone-binding sites, designated as Q, and Q. Possi-
ble electron-transfer pathways are shown between Q,, Q,;, and heme b. UQ, is ubiquinone
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F1G. 2. A simplified version of the catalytic cycle showing the reduction of dioxygen by the
heme-copper oxidases. Intermediates are designated O (oxidized), P (peroxy), and F (oxoferryl).
X is iron, porphyrin, copper, or protein

while the electron acceptor is reoxidized following its initial reduction by the first
electron [9].

The chemistry of dioxygen reduction by cytochrome bo, (Fig. 2) is the same as that
in cytochrome ¢ oxidase [10,11], implying that electrons first arrive at the low-spin
heme b, and then are transferred to the heme 0/Cugbimetallic center where oxygen
reduction occurs. The sequence of electron transfer from Q; to the low-spin heme b is
not known. A thermodynamically stabilized ubisemiquinone radical has been identi-
fied in cytochrome bo, poised at appropriate redox potentials [9,12]. In principle, a
stabilized semiquinone, competent to transfer an electron to the low-spin heme b,
means that the ubiquinol can donate its electrons sequentially from the Q; site to
heme b. The question addressed in this work is whether this ubisemiquinone species
is kinetically significant. This is part of a larger study to determine how cytochrome
bo, initially oxidizes ubiquinol by deciphering the order of redox events. It is impor-
tant to decipher this to understand how the oxygen chemistry is coupled to proton
pumping.

It is shown that the previously reported, thermodynamically stabilized ubisemi-
quinone radical signal is observed under multiple turnover conditions, indicating that
this ubisemiquinone is also a kinetic intermediate in the enzyme reaction.

Materials and Methods

Purification

Cytochrome bo, was purified from an overproducing E. coli strain grown aerobically
in a 200-1 fermentor. The enzyme was solubilized in dodecyl maltoside, the detergent
used for the entire preparation. A genetically engineered, six-histidine tag on the
protein enabled affinity chromatography with a nickel column to effect a one-step
purification (manuscript in preparation).
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UV-Visible Stopped Flow

UV-visible (UV-vis) kinetic experiments were performed using an Applied Photo-
physics (Leatherhead, UK) SX-18MV stopped-flow spectrophotometer equipped with
a photodiode array for recording whole spectra. Results were analyzed using Pro-K
global analysis software from Applied Photophysics.

Rapid Freeze-Quench Electron Paramagnetic Resonance (EPR)
Spectroscopy

An illustration of the rapid freeze-quench setup is shown in Fig. 3 and has been
described previously [13].

Results

Stopped-Flow Reaction of UQ,H, with Cytochrome bo,

A ubiquinol-8 analogue, ubiquinol-2 (UQ,H,), was reacted with cytochrome bo, using
stopped flow, and the reaction was followed in the UV-vis region with a diode array.
The low-spin heme b component of the enzyme was reduced rapidly, and on reoxida-
tion a species was formed that absorbed at 580nm. This species was stable over the
course of several seconds.

The spectrum obtained for the reduced low-spin heme b after global kinetic fitting
matches the spectrum of the heme b component of the oxidase obtained in the
presence of dithionite. Quantitation indicates that the majority of heme b is reduced

F16. 3. The rapid freeze-quench setup for making electron paramagnetic resonance (EPR)
samples. Numbered items are as follows: (1) constant velocity drive ram for syringes; (2) aging
loop controlling the reaction time; (3) sample aerosol; (4) Isopentane at —140°C for freezing the
sample; (5) EPR tube; (6) liquid nitrogen in a double dewar; (7) handle for holding the EPR tube;
(8) packing plunger
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during the reaction with UQ,H,. Decay of the reduced heme b species occurred before
UQ,H, was consumed completely, indicating that the enzyme turned over multiple
times and that the amount of the reduced heme b intermediate is maximal when the
ratio of UQ,H, to cytochrome bo, is high.

Dithiothreitol (DTT), a slow reductant of UQ, (28 M™'s™), always was present in the
reaction mixture to maintain UQ,H, in the reduced state before the reaction was
initiated. Reduced heme b formed at a rate much faster than the rereduction of UQ,H,
by DTT. However, the appearance of the 580-nm species occurred at longer times,
such that the reaction with DTT could be contributing. Essentially, during slow turn-
over of the oxidase, which is limited by DTT rereducing UQ,H,, the 580-nm species
predominates. A species with a similar absorbance has been reported as the “peroxy”
form of oxygenated cytochrome bo, [10].

Rapid Freeze-Quench Analysis

The one-electron reduction of heme b in the initially observed species suggested that
the second electron from UQ,H, might be present within an enzyme-bound ubisemi-
quinone. To test this hypothesis, rapid freeze-quench EPR spectroscopy was per-
formed on samples at different times after mixing cytochrome bo, with UQ,H,. A
ubisemiquinone signal was observed near g = 2. The line shape and splittings of the
signal are the same as that reported for the thermodynamically stabilized ubisemi-
quinone radical [9,12]. The time course of the appearance of the ubisemiquinone EPR
signal is the same as that of reduced heme b determined by UV-vis stopped-flow
spectroscopy under the same reaction conditions. Quantitation of the amount of the
ubisemiquinone radical indicated that it was present within a significant fraction of
the enzyme population.

Discussion

Sequence homologies make it appear certain that the structure of the cytochrome bo,
quinol oxidase must be very similar to those of the cytochrome ¢ oxidases from bovine
heart [3,4] and from Paracoccus denitrificans [2]. One exception, of course, is the
quinol binding sites, which are unique to the quinol oxidases and are not present in
the related cytochrome ¢ oxidases. Much work has demonstrated that the oxygen
chemistry and proton pumping mechanisms in the cytochrome ¢ and quinol oxidases
are probably the same [10,11]. A question that remains is how the electrons are
transferred from substrate quinol to the hemes. In this chapter, it has been established
that electrons are transferred from quinol in a sequence that involves the rapid
formation of a ubisemiquinone radical which is thermodynamically stabilized within
the enzyme.

A high-affinity quinone-binding site, Q;, has recently been described in cyto-
chrome bo,. Structural and functional roles were both postulated for this tightly
bound quinone [14], and it was proposed that this thermodynamically stabilized
semiquinone was bound at the Qj site [12]. The unique splittings of the EPR spectrum
of the thermodynamically stabilized, enzyme-bound ubisemiquinone that have been
observed using equilibrium conditions [9,12] are also observed in the current work in
the EPR spectrum of the ubisemiquinone produced during the rapid freeze-quench
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F1G. 4. UV-vis absorption spectra of the P and F intermediate forms of cytochrome bo,
produced by reacting oxidized cytochrome bo, with H,0,. The P form has a peak at 580 nm,
as previously reported [10]; the spectrum of the F form has also been previously reported
(18]

experiments (not shown), indicating that the species observed under the different
experimental conditions are identical. Hence, it is likely that the kinetically trapped
ubisemiquinone is bound at the Q, site. Although electron transfer from Q, directly to
the low-spin heme b cannot be ruled out, the data suggest that electron transfer from
the quinol bound at Q; proceeds through Q. Q; may function analogously to Cu, in
the cytochrome ¢ oxidases.

The 580-nm species that is observed on decay of the reduced heme b and ubisemi-
quinone appears similar to the P complex which has been produced by reacting
oxidized enzyme with H,0,, binding dioxygen to the two-electron reduced enzyme
[10] or during turnover in steady state with ascorbate and mediators [15]. UV-vis
absorption spectra of the two intermediates formed during the reaction of oxidized
cytochrome bo, with H,0, are shown in Fig. 4. Structures for the P intermediate have
been postulated that include a protein radical [16,17]. However, in the EPR freeze-
quench experiments, at time points when the 580-nm species is formed maximally,
there is no observed protein-associated free radical other than some remaining
ubisemiquinone.
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Coupling of lon and Charge
Movements: From Peroxidases to
Protonmotive Oxidases

PeTER R. RicH, BRIGITTE MEUNIER, and SUSANNE JUNEMANN

Summary. The energy cost of introduction of charges into regions of low dielectric
strength in proteins can be reduced by associated binding of a proton to appropriately
placed residues. Such protonations can be important in peroxidases and other soluble
proteins, and are likely to be central to the protonmotive mechanism of oxidases.
Three residues in subunit I of cytochrome oxidase that are likely to interfere with such
protonations have been examined by mutagenesis, and the data are discussed in the
light of the known crystal structures.

Key words. Cytochrome oxidase—Peroxidase—Proton translocation—Protonation

Introduction

To understand the protonmotive chemistry of terminal oxidases, we are examining
the link between charge changes of their reaction cycle intermediates and the associ-
ated movement and binding of protons within the protein structure. Protonations can
provide a means for charge compensation of the otherwise net negative charge chang-
es as the enzyme proceeds through some of its reaction cycle steps, thus decreasing
the high energy cost of introduction of charges into a region of low dielectric strength
[1].

In many proteins, the energetic cost is decreased by solvent and ion rearrange-
ments, by movement of local charges and hydrogen bonds in the protein, by charge
delocalization, or by covalent bond changes. In these cases, no cation uptake is
observed. However, if these factors are inadequate, and if there are appropriate sites
in the protein structure, specific counterions may instead bind in response to the
introduction of the charges; that is, the affinities of the sites for the counterions are
increased in response to the charges. In the special case of protonation, the result is
redox-linked pK shifts. The strength of the effect is given by the pK differences in the
oxidized and reduced conditions [2].

Such charge-associated protonations can be important factors that are additional
to the microscopic electron transfer rate constants in controlling equilibrium
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constants and observed rates of reaction. For example, we have shown the importance
of the cobinding of a proton in controlling the binding and rate constants of anionic
ligands in the distal heme pocket of horseradish peroxidase under some conditions
[3,4]. Control of reaction rates through limitations of proton movement rates might
be particularly important if the proton has to move through the protein structure to
arrive at its binding site, as is likely to be the case for compensation of charge changes
in the deeply buried binuclear center of the protonmotive oxidases [5,6].

Charge-Linked Protonations in Protonmotive Oxidases

Currently, we are considering two general types of mechanism, based on ideas in [7-
9], by which proton translocation is coupled to the catalytic reaction cycle of the
oxidases. Two protons are known to be bound when the peroxy state is formed from
the oxidized enzyme, and we assume that these protons are destined to be translocat-
ed, in response to uptake of substrate protons for water generation, rather than acting
as the “substrate” protons themselves. One variant assumes that the translocated
protons are bound to the conserved glutamate and other moieties in its surroundings
(for example, the heme propionates), and are taken up into this region through a
channel [9,10] that is physically separated from the binuclear center and its “sub-
strate” proton channel. We propose to call this model the glutamate trap. A second
model, introduced by Wikstrom and termed the histidine cycle, assumes that the two
protons are bound to one of the histidine ligands of Cu; [8]. Hence, they are
quite close to the oxygen intermediates and could reach their binding sites either
through the same channel used by substrate protons or, perhaps, through a separate
route.

We have tested empirically the degree to which the binuclear center balances
charge changes by protonation changes . To date, we have found no exception to the
general rule that all stable redox or ligand-binding changes in the binuclear center are
counterbalanced by protonation changes {11]. The pH dependency of midpoint po-
tentials of the metals during classical redox potentiometry is also consistent with this
view (reviewed in [12]). A model for proton translocation has been presented
that takes into account this need for net charge balance of the stable intermediates
[1,7].

The structures of the four subunit cytochrome oxidase from Paracoccus denitrifi-
cans [9] and the 13 subunit enzyme from beef heart mitochondria [10,13] have been
solved by X-ray crystallography to 2.8 A resolution, and coordinates for the latter are
available. Possible protonation sites and routes in subunit I of the protein can be
identified [14,15]. The most obvious candidates for stable sites of charge-linked pro-
tonation in subunit I include the histidine ligands to the metal centers, the heme
propionates, and conserved protonatable residues lysine-319, glutamate-242, and
tyrosine-245 (unless otherwise stated, all numbering refers to the bovine sequence).
We have begun to analyze mutant enzymes with a view to assessing their importance
in this respect. Figure 1 illustrates the positions of three residues that might influence
protonation properties, and our initial analyses of the primary effects of these muta-
tions are described here and also in the chapter by B. Meunier and P.R. Rich, this
volume.
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F1G. 1. Positions of residues affecting protonation processes. The structures have been drawn
from the coordinates of the bovine enzyme published by Tsukihara et al. [10], and numbering
of residues is also according to the bovine subunit I sequence. Top view, from the cytochrome
c side of the membrane; side view, a perspective from the membrane

Mutations in the Region of the Conserved Glutamate, E-242

We have studied a mutant form of cytochrome ¢ oxidase that we have isolated from
Saccharomyces cerevisiae [16] which has a single mutation of I67N in subunit I (equiv-
alent to 166 in the bovine structure in Fig. 1), a position that from the crystallographic
data is close to heme a and to a conserved glutamate on helix VI (see Fig. 1). The
enzyme has a very low catalytic turnover number compared to the wild-type form.
This mutation lowers the midpoint potential of heme a by 60mV, but is without
significant effect on the midpoint potentials or ligand reactivity of the binuclear
center metals. Steady-state spectra indicate that at least some of the oxygen interme-
diates are readily formed. Analysis of the pH dependencies of midpoint potentials
indicates a weakening of the redox-linked protonations associated with heme a reduc-
tion [17], and this may be the primary cause of its lowered midpoint potential.
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FiG. 2a-c. Reaction of hydrogen peroxide with wild-type (WT) and mutant forms of cyto-
chrome ¢ oxidase from Rhodobacter sphaeroides. Purified enzymes were dissolved to about
0.5uM in 50 mM potassium phosphate at pH 8.0 and containing 0.1% lauryl maltoside. Samples
were incubated with 100 UM potassium ferricyanide until no further oxidation could be dis-
cerned; 2mM hydrogen peroxide was then added and spectra were recorded at the times
indicated after this addition. Formation of the peroxy state at 607 nm, followed by formation of
the ferryl state at 585nm, can clearly be observed in both wild-type (a) and K319 (b) forms,
whereas only a small heme degradation was observed in the E286Q form (c). (Experiments were
performed in collaboration with the laboratory of Prof. R.B. Gennis)

It has already been shown that mutation of the glutamate residue itself leads
to a complete loss of catalytic activity and to a reaction of the reduced enzyme with
oxygen that proceeds only partially, perhaps to the peroxy form, and without
uptake of protons from the medium [18]. Our preliminary analysis of the mutant
E284Q isolated from Rhodobacter sphaeroides has indicated that the enzyme as pre-
pared may be already primarily in the peroxy state and is unable to proceed past
this step even in the presence of a respiratory substrate. This conjecture is based on
the absence of a charge transfer band around 655nm, a significant visible band
absorbance in the 600- to 610-nm region, lack of ligand reactivity of the as prepared
form (data not shown), and a lack of reaction with hydrogen peroxide to form the
characteristic 607-nm peak [15] indicative of transformation into the peroxy form
(Fig. 2).
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Mutation of a Conserved Lysine on Helix VIII

In contrast to the effects of the mutations in the conserved glutamate region
just described, mutation of the conserved lysine, K-319, is without significant effect
on the redox properties of heme a. Instead, reduction of the binuclear center to
a form that can react with oxygen is no longer possible. Reduction of a major part
of the heme a3 in the presence of reduced cytochrome c or dithionite is extremely
slow ([19]; also see the chapter by B. Meunier and P.R. Rich, this volume). Analysis of
the ligand-binding properties of the binuclear center in the presence of reduced
cytochrome ¢ suggests, however, that it does not quantitatively remain in the
fully oxidized state when reduced substrate is present. On the basis of our preliminary
data, we suggest that up to one charge may be able to enter the binuclear center
readily.

Discussion

We have interpreted our data primarily in terms of possible disruption of charge-
compensating protonation sites or routes. In the case of the I67N mutant in yeast, we
propose that this substitution perturbs the protonation properties of the conserved
glutamate, which in turn is redox-linked to heme a. Specifically, the introduction
of the asparagine group alters the pKs of the glutamate residue, perhaps by
hydrogen bonding to it, and this lowers the redox potential of heme 4. Inhibition of
catalytic turnover is then caused at least partially by a difficulty of reduction of heme
a. Atleast part of the catalytic cycle of the binuclear center appears to be possible. We
have not yet ascertained whether removal of the glutamate residue in the E286Q
mutant of R. sphaeroides also impairs redox-linked protonation of heme a and there-
by lowers its midpoint potential. However, the available data indicate that the binu-
clear center may be able to reach the peroxy state but no further in the catalytic cycle.
Thus, disruption of charge-linked protonation in this region may influence the ener-
getics both of reduction of heme a and of conversion between some of the oxygen
intermediates.

Lack of catalytic turnover in the K362M mutant of R. sphaeroides may arise for a
quite different reason, although again associated with electrostatic factors. In this
case, the midpoint potential and reduction of heme a by substrate appear to be
normal. Instead, difficulty is encountered in formation of one or more of the catalytic
intermediates of the binuclear center. Preliminary experiments indicate that up to one
electron transfer into the binuclear center may be facile but transfer of two electrons
is not. Because both metal centers of the binuclear center must be reduced (the “R”
state) for reaction with oxygen to form the peroxy state, it is the inability to form this
R state that prevents catalytic activity. The defect is presumably electrostatic in origin,
with loss of the lysine residue preventing appropriate charge-compensating protona-
tion reaction(s). This may arise because the lysine itself is a static redox-linked
protonation site (so that the equilibrium constant is affected) or because the lysine
provides kinetic access to such a site (so that the rate of formation is affected).
Interestingly, direct formation of the two-electron-reduced peroxy state by addition
of hydrogen peroxide [20] can occur in the mutant (see Fig. 2). In this reaction,
formation of the doubly reduced R state of the binuclear center is not an intermediate,
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and the hydrogen peroxide effectively carries protons with it, so that formation of the
P state now becomes possible.
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Summary. The dioxygen-reduction mechanism in cytochrome oxidase relies on pro-
ton control of the electron-transfer events that drive the process. Recent work on
proton delivery and efflux channels in the protein that are relevant to substrate
reduction and proton pumping is considered, and the current status of this area is
summarized. Carbon monoxide photodissociation and the ligand dynamics that oc-
cur subsequent to photolysis have been valuable tools in probing possible coupling
schemes for linking exergonic electron-transfer chemistry to endergonic proton
translocation. Our picosecond-time-resolved Raman results show that the heme a,-
proximal histidine bond remains intact following CO photodissociation but that the
local environment around the heme a, center in the photoproduct is in a nonequilib-
rium state. This photoproduct relaxes to its equilibrium configuration on the same
time scale as ligand release occurs from Cuy, which suggests a coupling between the
two events and a potential signaling pathway between the site of O, binding and
reduction and the putative element, Cu,, that links the redox chemistry to the proton
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Introduction

Cytochrome oxidase catalyzes the final step in the respiratory process whereby elec-
trons exit the electron-transport chain during the reduction of dioxygen to water (for
a review, see [1]). This process is critical to the ATP-forming energy transduction
reactions that occur in respiration, as it allows a continuous electron current through
the redox cofactors and a sustained buildup of the chemiosmotic gradient that is the
immediate precursor to ADP phosphorylation. The oxidation of the functional elec-
tron donor to cytochrome oxidase, cytochrome ¢, during the O, reduction is thermo-
dynamically driven by more than 0.5eV per electron under “no load” conditions
across the respiratory membrane. Rather than dissipate this free energy as heat, a
mechanism has evolved that allows oxidases to use the free energy made available
during the redox chemistry to pump protons against their chemiosmotic gradient,
thereby contributing directly to the Ap+ [2].

A considerable amount of effort has been devoted to understanding the coupling of
dioxygen reduction to proton translocation. Figure 1 summarizes a number of in-
sights that have resulted from this work [1,3]. Beginning with the oxidized form of the
enzyme, indicated as the hydroxy species in Fig. 1, two electrons are delivered from
cytochrome ¢ through the Cu, and heme a cofactors of the enzyme to the binuclear
center that comprises heme a, and Cug. These electron transfers produce the ferrous/
cuprous reduced form of the active site, which then binds O, to yield the initial oxy-
intermediate. Subsequent intra- and intermolecular electron and proton transfers
generate “peroxy” and “ferryl” intermediates that are ultimately converted back to the
hydroxy form to initiate additional cycles of the dioxygen-reducing/proton-pumping
process.

A critical feature of the mechanism in Fig. 1 is that only the late intermediates, those
that are formally at the peroxy and ferryl levels of O, reduction, are coupled to proton

FiG. 1. Simplified scheme for the reduction of O, by cytochrome oxidase and the coupling of
energy released in this process to proton translocation
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translocation. That is, even though the overall stoichiometry of the reaction is one
proton pumped per electron delivered to O,, only the last two one-electron steps in
this process—the reduction of peroxy to ferryl and the reduction of ferryl to hy-
droxy—are coupled to the proton-pumping machinery in the enzyme. As we have
argued in detail elsewhere [1,3], efficient coupling of the pump with the driving redox
chemistry is achieved in oxidase by allowing the proton-transfer reactions that imme-
diately precede the pumping steps to become overall rate determining in the process.
Operatively, this mechanism requires that the individual steps in the O,-reduction
cycle become slower as the reaction proceeds and that the later steps in the cycle,
those that involve reduction of the peroxy and ferryl species, become pH dependent.
These expectations have been confirmed in a variety of time-resolved optical and
resonance Raman experiments [1,3,4-6].

The proton-controlled reduction of O, by oxidase has a number of important
consequences, particularly that the process slows down as the reaction proceeds and
that intermediate species build up to substantial concentrations during the catalytic
cycle. As we have discussed elsewhere [1], such a mechanism is unusual in the enzy-
matic activation and reduction of dioxygen. It affords a unique opportunity to under-
stand, in detail, the molecular steps involved in the binding of O, at a metalloenzyme
site and the subsequent electron- and proton-transfer reactions that lead to cleavage
of the 0=0 bond and release of product water or hydroxide. Considerable insight into
this chemistry has developed, as reviewed elsewhere [1,5].

Proton Pumping: General Considerations

A second important consequence of the proton-controlled chemistry in oxidase is
that it provides an opportunity to study the pumping mechanism by a variety of
spectroscopic, biochemical, molecular biological, and X-ray crystallographic tech-
niques. The crystal structures of the enzyme, obtained independently by Yoshikawa
and coworkers [7,8] and Michel and coworkers [9], have been especially useful in this
effort, particularly in conjunction with molecular biological methods that can now be
guided by the structure [2]. A considerable amount of progress has been made recent-
ly on various aspects of the pump mechanism, and we review that progress here
before proceeding to some recent experiments that we have carried out to understand
ligand dynamics in the binuclear center, which are likely to be of relevance to the
molecular basis of the proton translocation process.

For a proton pump to operate effectively, two components are necessary: (a) an
element that couples the redox chemistry at the metal centers in the enzyme to the
proton translocation process and (b) proton pathways through the protein that are
switchable, in terms of proton conductivity, as dictated by the status of the coupling
element. At present, good progress has been made on the proton pathway part of this
problem. Because protons are both a substrate in reducing O, to water and the
translocated species, we expect that there may be separate pathways for transporting
substrate and pumped protons. This somewhat naive expectation is reinforced by
current models that have been proposed for this operation of the pump [9-11] and by
directed mutagenesis work that has shown that the pumping process can be frustrated
by point mutations without abolishing O, reduction (reviewed in [1}).
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Proton Pump - Coupling Mechanism Fig. 2. Proton channels in cytochrome
oxidase
1. Proton conduction pathways

2. e/H" coupling element and mechanism

These results are summarized pictorially in Fig. 2, which shows that separate path-
ways converge on the binuclear center, where the Cu site is currently the leading
candidate for the coupling element. For proton efflux from this site, of course, only a
single pathway is necessary, as shown in Fig. 2, to complete the route for pumped
protons through the enzyme. For at least two of the channels in Fig. 2, that is, those
that lead to the binuclear center, there is now a reasonably good database to suggest
specific residues that participate. Thus, one of the two is likely to originate near D132
in subunit I; the second appears to involve at least K362, T359, and T352, also in
subunit I, as critical elements [1]. At present, the pathway involving D132 has been
implicated in steps that involve the pumping process, whereas the K362 channel
has been implicated in some steps that deliver substrate protons to the binuclear
center.

The proton efflux pathway shown in Fig. 2 is somewhat more problematic. Al-
though recent work has shown the occurrence of a Mg“/Mn“-binding site [12] that
has a suggestive position in the vicinity of the binuclear center [7], the role of this
metal center in promoting proton translocation remains unclear. Moreover, D407,
which looks to be ideal for proton efflux [9], can be mutated to a nonprotonatable
residue without interrupting proton translocation [13]. Efforts to identify the route of
pumped protons to the C-side of the membrane will undoubtedly continue.

For the second component of the pump, the coupling element, current models [9-
11,14,15] favor a direct coupling scheme that involves a ligand shuttle mechanism at
the Cu; site in the binuclear center. Chan and coworkers [16] have laid out the
principles of ligand shuttle operation, which are summarized in the generic shuttle
mechanism shown in Fig. 3. In the input state of the pump, the metal (M) is ligated by
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Generic Ligand Shuttle Mechanism for
Redox-Linked Proton Pump

F1G. 3. A generic model for ligand-shuttle-driven proton pumping (see text for details)

ligand L; reduction of M is accompanied by protonation of L through the proton input
channel of the pump and its replacement in the M coordination sphere by L. Subse-
quent delivery of substrate protons to active oxygen species at the dioxygen-reduction
site forces M oxidation and deprotonation of LH" through the efflux channel. The
requirement for charge neutrality at the M site is critical to coupled proton/electron
uptake at the M site [10]. Moreover, such a site can be fairly easily modified to
incorporate the 2H"/e” stoichiometry that occurs during the reduction of the
late intermediates in the cytochrome oxidase/dioxygen reaction cycle (see Fig. 1)
[9,11].

Proton—Pumlping Models and Ligand Dynamics
in the Binuciear Center

At present, there are specific proposals for a distal Cug-based histidine shuttle in
cytochrome oxidase [9,11], for a distal ligand exchange process that has been postu-
lated to function in the proton-pumping cycle [15], and for a proximal ligand ex-
change process that involves a tyrosine/histidine shuttle as the proximal ligand to
heme a, [14]. Experimental methods are available to test the latter two of these three
proposals, and recent work we have carried out to this end is described next.

Carbon monoxide photodissociation from heme a; and the events that follow
photolysis figure prominently in this work, and we review this briefly. Findsen et al.
[17] originally studied CO photolysis from heme a; and concluded that a simple
relaxation process occurred in the binuclear center on photodissociation:
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His — Fe’ — CO — [His — Fe™|*+ CO—"% His — Fe™*

where His is the proximal H419 and the state denoted by an asterisk represents a
nonequilibrium state of the heme a4, state characterized by an upshifted Fe-His
stretching vibration. This species relaxes to the equilibrium reduced species on the
microsecond time scale following photodissociation. Woodruff and coworkers [18]
subsequently characterized the photolysis in more detail and showed that the photo-
detached CO migrates to Cuy on the picosecond time scale following photolysis. They
also suggested that the movement of CO to Cuy triggered a ligand exchange such that
a distal pocket residue ligated the heme a, iron and displaced the proximal histidine
to produce a new deoxy species, as follows:

His — Fe** — CO —™His Fe—-X CO—=¥ 3His — Fe

Cuj Cu, Cu,

The species X, which they assigned as a residue other than histidine, was subsequently
invoked in a ligand shuttle mechanism for proton pumping.

Following the Woodruff work, Rousseau and coworkers [14] suggested that the CO
photolysis data could best be interpreted as reflecting ligand shuttle activity in the
proximal heme a, pocket:

His — Fe— CO —*— Tyr — Fe —% > His — Fe

where Tyr in the intermediate species was suggested to be Y422 of subunit 1. With this
proposal, they then went on to postulate that the His-Tyr shuttle formed the basis for
the pumping activity in the enzyme.

We have recently explored these proposals in some detail. For the Rousseau model,
we mutagenized Y422 to phenylalamine and showed that this substitution did not
perturb structure in the binuclear center; moreover, proton pumping in the Y422 F
mutant was not disrupted. Accordingly, we can eliminate this proposed mechanism
for the proton pump [19].

For the distal ligand shuttle advanced by Woodruff et al., a key prediction is that the
Fe-His vibration should be absent immediately following CO photodissociation and
that this coordination should only reform on the us time scale. We have tested this
proposal recently by carrying out picosecond-time-resolved resonance Raman during
the CO photodissociation and subsequent relaxation processes [20]. Figure 4 shows
typical data obtained during these experiments with the beef heart enzyme (left panel)
and with the Rhodobacter sphaeroides protein (right panel). The lower spectra in each
panel show static Raman spectra of the resting reduced enzyme and of the carbon-
monoxy-ligated form of the enzyme. In the deoxy species, the 214cm™ mode, which
arises from the Fef}*-His vibration is prominent; ligation by CO forms the six-
coordinate carbon-monoxy species, and intensity from the Fe-His mode is absent in
the spectrum. In the time-resolved spectra in the upper part of both panels, we
photodissociated the CO, with the goal of determining the temporal behavior of the
Fe-His vibration, that is, to identify the time scale upon which the Fe-His vibration
reappears. The data show that the Fe-His vibration is observed at 220cm™ in all
spectra in which the probe pulse follows the pump or is overlapped with it. These
results demonstrate histidine ligation to the a3' Fe at the earliest times following CO
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Raman Shift (cm™)

F1G. 4. Static and picosecond (ps) time-resolved resonance Raman spectra for reduced, carbon-
monoxy, and transient photoproduct species. Data for this beef heart enzyme are shown in the
left panel; for Rhodobacter sphaeroides, in right panel

photodissociation. The ~6cm™ upshift in v(Fe-His) in the photoproduct species is
consistent with that reported earlier by Findsen et al. [17]; that is, the initial state
created following photolysis is not the equilibrium deoxy species but rather one in
which the Fe-His mode is perturbed. The earlier work by Findsen et al. showed that
the 221 cm™ species relaxes to the equilibrium 215cm™ form with a time constant on
the microsecond time scale, which dovetails well with Woodruff’s result that CO
dissociates from Cuy in the same time range [18].

An important issue in interpreting the data in Fig. 4 is to show that the probe pulses
that have been used to record the Raman spectra are not sufficiently intense to cause
appreciable photodissociation of endogenous ligands. The failure to do this in earlier
work [e.g., 19] opens the possibility that the ligand X, postulated by Woodruff et al.,
is photodissociable in the putative Fe-X photoproduct. Several controls have been
carried out for the picosecond experiments in Fig. 4 that show that this pitfall has been
avoided [20].

Taken together, the results from the initial work by Findsen et al. [17], the subse-
quent studies by Woodruff and his co-workers, and those in Fig. 4 and [20], indicate
that the scheme in Fig. 5 provides an accurate description of the ligand dynamics that
occur on CO photodissociation from carbon-monoxy cytochrome oxidase. Photolysis
of the Fe-CO bond leads to rapid (~1ps) migration of the CO to its Cu,-binding site,
where it remains bound into the microsecond time regime. The Fe-His bond stays
intact in the photoproduct but occurs initially in a thermally unrelaxed configuration.
It only achieves its equilibrium geometry and stretching frequency on the mic-
rosecond time scale. Varotsis and Babcock [21] showed that photolysis of the heme
a;"-0, bond in the initial complex formed during the dioxygen/cytochrome oxidase
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in cytochrome oxidase

reduction process could also be photolyzed. The vibrational properties of the imme-
diate photoproduct they observed had properties identical to those of the carbon-
monoxy photoproduct, which suggests that, in general, ligand photolysis in
cytochrome oxidase produces a common transient photolysis product that is charac-
terized by an upshifted Fe-His vibration.

Conclusions

Spectroscopic studies and biochemical assays on site-directed mutants whose con-
struction has been guided by the crystal structures of cytochrome oxidase have yield-
ed considerable insight into the proton channels that operate during the delivery of
protons to the dioxygen-reduction site and to the proton-pumping process. The
pumping element that couples the redox chemistry in the enzyme to the pump has
been more elusive. Two recent proposals have been tested, as described, and neither
appears to be a viable mechanism for the coupling process. The ligand dynamics
work, however, has provided considerable insight into events in the binuclear center
on exogenous ligand association/dissociation in the enzyme. On ligand dissociation,
the proximal Fe-His bond remains intact but is found in a nonequilibrium conforma-
tion that persists into the microsecond range. This suggests that there is significant
inertia exerted by the protein matrix on the proximal histidine, much like that that
occurs in hemoglobin [20]. The latter behavior has been correlated with the R <> T
state interconversion in the oxygen transport protein and suggests that similar con-
formational restraints are operational in cytochrome oxidase.

The role that these may play, and their relevance to the proton-pump mechanism,
remain to be elucidated. However, the fact that the relaxation of the Fe-His bond
following ligand dissociation occurs on the same time scale as CO dissociates from the
Cu, site suggests that a functional link may exist between the two processes. This
opens the possibility that ligand dynamics at the two metal centers, heme g, and Cu,,
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are coupled and that this coupling signals the onset of events associated with the
initiation of the proton-pumping process in the enzyme.
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Summary. Six oxygen-associated vibrations were observed for reaction intermediates
of bovine cytochrome ¢ oxidase with O, using time-resolved resonance Raman spec-
troscopy. The isotope shift of the Fe-0O, stretching frequency for an asymmetrically
labeled dioxygen, °0'°0, has established that the primary intermediate of cytochrome
a4, is an end-on type dioxygen adduct of Fe,;. The subsequent intermediates at about
0.1-1ms following the initiation of reaction yielded Raman band pairs at 804/764, 785/
751, and 356/342cm™ for '°0,/*°0, derivatives in H,0 and, while these frequencies
were the same between the H,0 and D,0 solutions, the final intermediate appearing at
about 3 ms gave the Raman bands at 450/425cm™ in H,0 and 443/417 cm™ in D,0. The
last bands are reasonably assigned to the Fe-OH(D) stretching mode. The extended
measurements at lower temperatures and longer delay times have revealed that the
804/764cm™ pair appears before the 785/751cm™ pair and that the conversion from
the former to the latter species is significantly delayed in D,0 than in H,0, suggesting
that this step of electron transfer is tightly coupled with proton pumping. The exper-
iments using °0'*0 have established that all the 804/764, 785/751, and 356/342cm™
bands arise from the Fe=O heme but definitely not from the Fe-O -0 heme, whose
presence has been long postulated. It is noted that the reaction intermediates of
oxidized cytochrome ¢ oxidase with hydrogen peroxide yield the same three sets
of oxygen isotope-sensitive bands as those that have been seen for intermediates of
dioxygen reduction, indicating the identity of intermediates.
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Introduction

The terminal oxidase of the mitochondrial respiratory chain contains two copper
redox centers (Cu, and Cuy) and two heme A groups (Cyt 4 and Cyt @) [1] and has
been historically called cytochrome a4, (E.C. 1.9.3.1). A conceptual structure of this
enzyme is illustrated in Fig. 1. Heme a; is of the five-coordinate high-spin type and
provides the catalytic site for O, reduction, while heme # is of the six-coordinate low-
spin type and works simply for electron transfer from Cu, to Cyt @,. The Cu, center,
which is a binuclear copper complex and changes between Cu'Cu" and Cu'Cu, re-
ceives electrons from cytochrome ¢ and transfers them to Cyt 4. The role of Cuj; has
not been clarified yet but it has been known that Cuy is antiferromagnetically coupled
with heme 4, in the resting state. Accordingly, Cu; of the oxidized form is electron
paramagnetic resonance (EPR) silent while Cu, is EPR active.

Full reduction of O, to H,0 requires four electrons and four protons. In a respira-
tion system the reaction is catalyzed by the heme iron of Cyt 4, (Fe,;) in stepwise
fashion, that is, repetitions of one electron transfer to oxygen followed by uptake of
one proton [2]. In addition to consumption of four protons to yield two water mole-
cules, another four protons are transported across the mitochondrial inner mem-
brane to generate the electrochemical potential to be used for producing ATP from
ADP [3,4]. The stepwise reduction of an isolated O, molecule may imply generation of
intermediately reduced oxygen species such as -0, -O0OH, 0,”, -OOH", HOOH, -0,

[Cytochrome ¢ Oxidase]

F1G. 1. Conceptual illustration of cytochrome ¢ oxidase. The enzyme is located in the inner
membrane of mitochondria and is functionally categorized into two parts, that is, cytochrome
a (Cyt a) and cytochrome a4, (Cyt a;). Cytochrome ¢ gives electrons to Cu,, which actually
consists of a dinuclear copper center. Electrons are transferred from Cu, to the six-coordinate
heme (Cyt 4) and then to the five-coordinate heme (Cyt &;). Cu; is antiferromagnetically
coupled with the iron of Cyt , in the resting state. O, binds to the Fe" ion of Cyt a,, to which CO
and CN™ also can be bound. On reduction of one O, molecule, four protons are translocated
across the membrane from the matrix to cytosol side; in addition, four protons are consumed in
the matrix side to generate two water molecules
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and -OH, which are called active oxygen and are very toxic to organisms, but no such
dangerous intermediates are normally released in the respiration process. Then, how
is the molecular oxygen reduced in the mitochondria and how is the electron transfer
coupled with the proton transport? The purpose of our study is to answer these
questions.

The three-dimensional structure of bovine cytochrome c oxidase (CcO) with A7, =2
X 10° and 13 subunits has been revealed recently with X-ray crystallography [5]. The
reaction mechanism of this enzyme has been investigated with various spectroscopic
techniques including time-resolved [6-8], cryo-trapped absorption [9], and EPR
[10,11] spectroscopy, but more recently a breakthrough was made with time-resolved
resonance Raman (TR’) spectroscopy by Babcock’s group [12,13], Rousseau’s group
[14,15], and our group [16-19]. The course of progress has been summarized in a
comprehensive review article [20]; here, some exciting results from recent TR’ exper-
iments [19] are explained.

Reaction of Reduced CcO with O,

Time-Resolved Resonance Raman Spectra

Resonance Raman (RR) spectroscopy allows us to observe selectively the vibrational
spectra of a chromophore by tuning the excitation wavelength into an absorption
band of a molecule. Application of this technique to heme proteins has brought about
unique and important information on dynamical as well as static structures [21]. In
the time-resolved measurements, the reaction was initiated by photolysis of CO-
inhibited CcO in the presence of O,, and after a certain delay time (AZ;) RR spectra
were determined. In these TR’ experiments, a device for simultaneous measurements
of Raman and absorption spectra [22] and a sample circulation system for regenerat-
ing the reacted enzyme during one cycle [18] were constructed. Because the Raman
intensities of the oxygen-associated vibrations are extremely weak, we measured the
RR spectra of intermediates for '°0, and "0, at the same time and calculated their
differences.

Figure 2 shows the TR’ spectra observed with the delay times of 0.1 (A), 0.27 (B),
0.54(C), 2.7 (D), and 5.4 (E) ms for the H,0 solution at 3°C [19]. The visible absorption
spectrum simultaneously observed with spectrum (A) is close to that of compound A
obtained in cryogenic measurements [9]. Spectrum (A) shows the Fe-O, stretching
(Vesoz) RR bands at 571/544cm™ for the °0,/**0, derivatives. The frequencies and
isotope shift are very close to those seen for HbO, and MbO, [23].In the next stage
(Az; = 0.27ms), new Raman bands appear at 804/764, 785/750, and 356/342cm™".
Initially a single band was reported around 800cm ™' [17], but the presence of two
bands there was pointed out from higher resolution experiments [18] and is con-
firmed in Fig. 2, although they were not resolved in studies by the other two groups
[13,15]. Spectrum (D), which exhibits only the 785/750 cm™' pair near 800 cm™’, strong-
ly suggests that the 804/764cm™ pair precedes the 785/750cm™ pair. The 450/425
cm™ pair, which arises from the Fe-OH stretch (Vg oy) of the Fe,"-OH heme
[13,15,17], appears at Az; = 2.7ms (spectrum D), but disappears at A% = 5.4ms
(spectrum E) because of the exchange of the bound "0H" anion with bulk water. This
Vre.ou frequency is significantly lower than those of aquametHb and aquametMb at
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F1G. 2. Time-resolved resonance Raman (TR’) difference spectra of reaction intermediates of
cytochrome ¢ oxidase (CcO) in H,0. The Raman difference spectra obtained by subtracting the
spectrum of the corresponding *0, derivative from the spectrum of the '°0, derivative at each
delay time are depicted. Therefore, positive and negative peaks denote the contributions of *0,
and '®0, derivatives, respectively. Delay time after initiation of the reaction is 0.1 (4), 0.27 (8),
0.54 (0), 2.7 (D), and 5.4 (£) ms. Excitation wavelength, 423 nm; temperature, 3°C. (From [19],
with permission)

495 and 490 cm™', respectively [24], presumably as a result of the strong interaction
between the bound OH™ group and Cu,. The relative intensities of the 804/764cm™
bands to the 356/342 cm™ bands had varied with Az, in repeated experiments, suggest-
ing that these pairs arise from separate molecular species.

Figure 3 shows similar difference RR spectra observed with Az; = 0.1 (A), 0.54 (B),
2.7 (C), 6.5 (D) and 11 (E) ms for the D,O solution at 3°C. The Vreo, frequencies in
spectrum (A) are the same as those in Fig. 2(A). With the delay times of Az, =0.54 (B)
and 2.7ms (C), however, a single band was observed around 800cm™ (at 804/
764 cm™), contrary to the case for the H,0 solution. Therefore, it was once misunder-
stood [18] that the 785/750 cm™ bands in the H,O solution were shifted to 796/766 cm™
in D,0, giving rise to an overlapping band centered around 800 cm™. However, it was
determined from Fig. 3 that the lifetime of the 804/764cm™ species is so different
between the H,0 and D,0 solutions that the 785/750 cm™ species was not generated in
D,0 at Az, = 2.7ms when it was generated in H,0. It is noted that the 356/342cm™
bands are clearly seen in spectra (B) and (C) at the same frequencies as those in the
H,O0 solution.
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F1G. 3. TR’ difference spectra of reaction intermediates of CcO in D,0. Delay time is 0.1 (4), 0.54
(8),2.7(0), 6.5 (D), and 11 (£) ms. Other conditions are the same as those for Fig. 2. (From [19],
with permission)

Spectra (D) and (E) for the D,0 solution demonstrated that the 785/750 cm™ bands
did appear at the same frequencies but much later than those in the H,0 solution. It
is estimated that the conversion rate from the 804/764cm™ species to the 785/
750cm” species in D,0 is approximately one-fifth of that in H,0. The subsequent
appearance of the 443/417 cm™ bands, which arise from the Fe-OD stretch, is consis-
tent with the results shown in Fig. 2. The experiments with Az, = 0.3-0.5ms for D,0
solutions (data not shown) yielded the 804/764 and 356/342cm™ bands in a manner
similar to spectrum (B).

When the mixed-valence CO-bound enzyme, which had only two electrons in a
molecule, was used as a starting compound instead of the fully reduced CO-bound
enzyme, which had four electrons, the primary intermediate gave the O, isotope-
sensitive bands at 571/544 cm ™' [25,26]. The subsequent intermediate, which is charac-
terized by the difference absorption peak at 607nm (intermediates-fully oxidized),
was found to give RR bands at 804/764 and 356/342cm™* for °0,/"®0, [19]. These bands
lasted as long as Az = 4.2 ms but the bands at 785/750 and 450/425 cm™' did not appear
in this case. These results have proved that the species giving rise to the 804/
764cm™ pair has an oxidation state higher than that of the 785/750cm™ species.
Hirota et al. [27] carried out similar TR’ experiments for the reaction intermediates of
fully reduced £. co/7 cytochrome o with O,, and found the O, isotope-sensitive bands
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at 568/535, 788/751, and 361/347 cm ™. They failed to identify the bands corresponding
to the bands of cytochrome aa, at 804/764cm .

Binding Geometry of O,

To determine whether the dioxygen adduct of CcO adopts the side-on or end-on
geometry, Ogura et al. [18] examined RR spectra of *0®*0-bound CcO. The results are
shown in Fig. 4, where the observed and simulated isotope-difference spectra are
depicted on the left and right sides, respectively, and the combination of the isotope
species in the difference calculations is specified in the middle. If *0'*0 binds to Fe,,"
in the end-on geometry, the v, ,, frequencies for Fe-'*0-""0 and Fe-'"*0-"°0 should be
different. As these two species are generated by equal amounts, two V., RR bands
should appear. On the other hand, if the binding is of the side-on type, the vi.,,
frequencies for Fe(**0'*0) and Fe(**0'°0) are identical and are located in the middle of
the V¢, frequencies of the °O,- and *0,-adducts.

The difference-peak intensities in spectra (B) and (C) are weaker than those in
spectrum (A) and peak frequencies are slightly different. If it is assumed that the 0,
and "0, species give a single Vg, o, RR band at 571 and 544 cm ™, respectively, but the
%00 species gives two V,, bands at 567 and 548 cm™ with Gaussian band shapes
(Av,, = 12.9cm™) and intensities as drawn by spectrum (E), the difference calcul-
ations for the combinations specified for (A) through (D) yielded the patterns as
depicted on the right side. The residuals in the subtraction of the observed minus the
simulated spectra are depicted below each simulated spectrum. The calculated differ-
ence spectrum, °0"0 - (*°0, + *0,)/2 (spectrum D), gives positive peaks at 563 and
552cm™ and troughs at 574 and 541cm™, which are in good agreement with the
observed spectra. This means that the Fe-0, stretching frequencies for the Fe-'°0-"*0
and Fe-'"*0-'"°0 species are 567 and 548cm™’, respectively. The magnitude of the
isotopic frequency shifts and the simple normal coordinate calculations allowed us to
estimate the Fe-O-O bond angle to be close to 120°. Thus, this experiment established
that the binding of O, to Fe,, is of the end-on type in CcO-O,.

Assignments of Transient RR Bands Around 800cm™

Spectra (B) and (C) in Fig. 2 at Az;=0.27 and 0.54 ms give two oxygen isotope-sensitive
bands around 800cm™, and the higher frequency component arises from the species
with the Fe" oxidation level (compound I of peroxidase). In this frequency region, two
kinds of oxygen-associated bands are expected; one is the peroxy O-O" stretch (v,,)
and the other is an ironoxo Fe=0 stretch (V.._,). These two modes cannot be distin-
guished by the °0, and "0, isotopic frequency shifts. However, if *0"0 is used to
produce such intermediates, the distinction would be possible. The peroxy intermedi-
ate for *0"°0 is expected to give an additional v,, band in a middle of those for the '°0,
and '*0, derivatives. In contrast, the oxo intermediate for *0™0 is expected to yield
two bands at the same frequencies as those seen for the °0, and "0, derivatives but
with half their intensity.

Such a distinction was satisfactorily carried out with '*0'*0 on the 804/764 and 785/
750cm™ bands. The results are shown in Fig. 5, where the TR’ difference spectra
observed with Az, = 1.1 ms at 5°C for the H,O and D,0 solutions are presented on the
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F16. 4. TR’ difference spectra in the Fe'"-0, stretching region of CcO at Az, = 0.1 ms: /ef? side,

observed spectra; right side, calculated spectra. (4) "°0,—"°0,; (8) '*0™0-"0,; (C) *0,-"°0"0;
(D) *0"0 - (0, + 0,)/2; (£) Fe-"0, (1), Fe-"0"0 (2), Fe-"*0"0 (3), and Fe-"0, (4)
stretching Raman bands assumed in the simulation. The peak intensity ratios are 6:6:5:5, and
all have the Gaussian band shape with a FWHM of 12.9cm™. In the calculation for the '*0™0
spectrum, (spectrum 2 + spectrum 3)/2 was used. The differences between the observed and
calculated spectra are depicted with the same ordinate scale as that of the observed spectra
under the individual calculated spectra. Experimental conditions: probe beam, 423 nm, 4mWw;
pump beam, 590 nm, 210 mW; accumulation time, 4800s. (From [18], with permission)

left and right sides, respectively. The various isotope combinations are defined in the
center of the figure. In trace (A) for the H,O solution, there are two bands at 804 and
785cm™" for °O,, and they downshift to 764 and 751 cm™ for *0,, in agreement with
Fig. 2(B), obtained in independent experiments with different batches of enzyme
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FiG. 5. Higher resolution TR’ difference spectra of CcO reaction intermediates in the ~800-
cm™' region for Az = 1.1 ms at 5°C for H,0 (/ef#) and D,0 solutions (7zg/7). The ordinate scales
are common to all spectra. The spectra combined in the difference calculations are specified in
the middle of the figure. Resolution, 0.43 cm™'/channel. (From [18], with permission)

preparations. It is evident that the peak positions and spectral patterns of the differ-
ence spectra (B) and (C) in Fig. 5 for the H,0 solution are alike and similar to those of
spectrum (A) but their intensities are approximately half of those in spectrum (A).
The same features are also seen for the D,0 solution (right side). The point to be
emphasized is that there is no difference peak in the bottom traces for either the H,0
or D,0 solution. This feature definitely differs from that seen in Fig. 4(D).

These results indicate that only one atom of O, is primarily responsible for the
two RR bands. In other words, neither the bands at 804/764 nor 785/750cm™" are
assignable to the 0-O stretching mode. Although the two sets of RR bands arise
from an Fe=0 stretch, the electronic properties of their hemes seem to be distinct.
The 804/764cm™ bands were clearly identified on Raman excitation at 441.6nm,
but the 785/750 cm ' bands could not be recognized on Raman excitation at 441.6 nm.
The experiments with mixed-valence enzyme demonstrated that the 804/764cm™
species has a higher oxidation state than the 785/750cm ™’ species. Consequently, the
latter is firmly assigned to the Vi, band of non-ionized porphyrin with an oxo-ferryl
iron.

Assignment of the Transient Band Around 350cm™

Relative intensities of the 804/764 and 356/342cm™ bands change with the delay time
and, on excitation at 441.6 nm, the 356/342 cm™' bands are not enhanced while the 804/
764cm” bands are clearly observed. Therefore, the two sets of bands are considered to
arise from separate molecular species. To clarify the assignment of this band, Ogura et
al. [18] examined the °0™0 effect on the 356/342 cm ™" bands. The results are shown in
Fig. 6, where spectra (A-D) were obtained for the indicated combinations of O,
isotopes in the H,0 solution and spectrum (E) was obtained for combination (A) in
the D,O solution. Spectra in Figs. 5 and 6 are drawn on the same wavenumber scale.
It is noticed that the 356-cm™ band is very narrow. The inset of Fig. 6 (spectra A” and
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Fig. 6. TR’ difference spectra of CcO reaction intermediates in the ~350-cm™' region for Az, =
0.5ms at 5°C for H,0 (/eff) and D,0 solutions (77g/1). The ordinate scales are common to all
spectra. The spectra combined in the difference calculations are specified in the middle of the
figure. The inset depicts the plots of spectra 4 and £ expanded by a factor of 2.5 in the
wavenumber axis. (From [18], with permission)

E’) shows plots of spectra (A) and (E) with the wavenumber axis expanded by 2.5 fold.
The 356-cm™ band appears to be somewhat broader in D,0 than in H,0, but both
spectra exhibit a flat region between the positive and negative peaks. This means that
the separation between the '°0, and *0, peaks is larger than their bandwidths, and
thus the narrowness of the band is not the consequence of the close proximity of the
%0, and "0, bands. This also means that the peak positions of the difference spectrum
correctly represent those of each individual spectrum.

It is evident from spectrum (E) that there are no deuteration effects on the absolute
frequencies of the 356/342cm™ bands. Therefore, this band cannot be an M-OH
stretching mode. As was seen for the bands around 800 cm’’, spectra (B) and (C) do
not differ from each other in shape or position of the peaks, which are also close to
those of spectrum (A). If the 356/342cm™ bands arose from the Fe-OOH stretch, the
frequency difference between the Fe-'°0'*OH and Fe-'°0'*OH stretches and that be-
tween the Fe-"*0'°OH and Fe-"*0"°OH stretches should be as large as 2.5cm™ unless
the Fe-0-0 bond-angle is close to 90° and there should be some difference peaks in
Fig. 6(D) as observed for the Fe-0, adduct in Fig. 4(D). Actually, however, there is no
difference peak in spectrum (D) in Fig. 6. Accordingly, it became clear again that only
one oxygen atom from the O, molecule is primarily responsible for the 356 cm™ band.

Reaction of Oxidized CcO with H,0,

The reaction of ferric heme proteins with H,0, usually yields the Fe'-level intermedi-
ate first, which is then successively reduced to the Fe'"" and Fe"" oxidation levels. The
reaction of oxidized CcO with H,0, has been extensively studied with visible absorp-
tion [28], EPR [29], and RR [30-32]. The visible absorption spectra of reaction inter-
mediates are displayed in Fig. 7, where the differences between the intermediates and
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FiG. 7. Transient absorption spectra for reaction intermediates of oxidized CcO with H,0,.
The spectra are represented as difference spectra with regard to the spectrum of fully
oxidized enzyme, and delay times after initiation of the reaction are specified at the rig7t side
of each spectrum. The zero line for each spectrum is shifted for clear presentation. The
inset depicts the behavior of absorbances at 607 and 578 nm against delay times. (Full scale
of AA is 0.04 in terms of the difference, intermediate minus fully oxidized.) (From [31], with
permission)

fully oxidized enzyme for several delay times are depicted. The so-called “607-nm”
form is generated first and then it is replaced by the “580-nm” form. The rate of
formation of the 607-nm form was found to be proportional to the concentration of
H,0, and was considered to be the primary intermediate in this reaction. This fact
means that the 607-nm form has the Fe' oxidation level of the heme #,. When the
concentration of H,0, is increased, the 580-nm form is developed rapidly. This is
interpreted in the following way. Under high concentrations of H,0,, the 607-nm form
developes much faster and the extra H,0, acts as a reductant to the 607-nm form to
yield the 580-nm form, which has the Fe"" oxidation level of the heme #,. Accordingly,
relative populations of the 607-nm and 580-nm forms can be regulated by the concen-
tration of H,0, and pH [32].

Figure 8 shows the absorption (right) and Soret-excited RR (left) spectra of inter-
mediates that were measured simultaneously with an improved Raman/absorption
simultaneous measurement device [30]. In this experiment the reaction intermediates
in question are retained in a steady state for a certain period of time by adding H,0,
at a constant rate to the circulating solution. The upper spectra were obtained under
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FiG. 8. The steady-state Raman/absorption simultaneously observed spectra of the “607-nm”
and “580-nm” forms of cytochrome ¢ oxidase at pH 8.5. Raman spectra 4 and B are shown as a
difference of H,'"0, compound minus H,"*0, compound. Spectra 4/4" laser, 427 nm, 2.5mW;
accumulation time, 3 X 2400 for each isotope; cytochrome ¢ oxidase, 50 LM; initial concentra-
tion of H,0,, 1 mM. Spectra B/B" laser power, 7.5mW; accumulation time, 3 X 800s for each
isotope; cytochrome ¢ oxidase, 10 uM; initial concentration of H,0,, 5mM. Absorption spectra
are represented as a difference with regard to the spectrum of the resting enzyme; ordinate full
scale Ae = 11.7mM ' cm™'; pathlength, 0.6 mm. (From [30], with permission)

the conditions where the 607-nm form is dominant, while the lower spectra were
obtained under the conditions where the 580-nm form is dominant. Both RR
spectra are represented as the difference between the derivatives from H,°0, and
H,"®0,, and accordingly positive and negative peaks correspond to the vibrations
associated with O and "0, respectively. It is noted that when the 607-nm form is
dominant, the 804/769 cm™ bands are clearly observed and when the 580-nm form is
dominant, broad bands centered around 785/750cm' and sharp bands at 355/
340cm™ are intensified. Examination of the intensity of the 355/340cm™' bands rela-
tive to those of the 804/769 and 785/750 cm™ bands indicated that the species giving
rise to the 355/340 cm ™ bands is different from the two species giving rise to the 804/
769 and 785/750cm™" bands. However, the 355/340cm™ species seems to have an
absorption spectrum similar to that of the 580-nm form. This implies that the 580-nm
form consists of multiple intermediate species [32]. It is stressed that all these
oxygen isotope-sensitive bands are identical with those observed in the dioxygen
reaction.

Hitherto the “607-nm” form has been believed to be a peroxo species, namely Fe-
0-0-X (X=H or Cu,). Because both the O-0" and Fe=0 stretching frequencies are
located around 800cm™, it is impossible to determine which type of vibrations was
observed for the 607-nm form in Fig. 8. To sort out the two possible modes, experi-
ments using H,°0'*0 have been performed. The results are shown in Fig. 9, where RR
spectra of the 607-nm form excited at 607 nm are displayed for intermediates derived
with H,'*0, (A), H,"0, (B), and H,'°0"®0 (C) [31]. The band of the H,°0, derivative at
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F1G. 9. The 607-nm excited steady-state resonance Raman (RR) spectra in the 800-cm™
region of the “607-nm” form of CcO formed in the reaction of the oxidized enzyme with
hydrogen peroxide. Hydrogen peroxide forms used are H,"0, (4), H,"*0, (8), and H,"°0"0 ().
Spectra D and £ show difference spectra: spectrum D = spectrum A — spectrum B; spectrum E
= spectrum C — (spectrum A + spectrum B)/2. The inset (spectrum D) is the same as
spectrum D in the main frame but shows the full frequency range measured. Experimental
conditions: cross section of flow cell, 0.6 X 0.6 mm?; slit width, 4.2 cm™'; laser, 607 nm, 100 mW at
the sample; total accumulation time, 78, 78, and 156 min for spectra A, B, and C, respectively,
and 160 min for the resting enzyme; cytochrome ¢ oxidase, 50uM, pH 7.45. (From [31], with
permission)

803cm™ (A) is shifted to 769cm™ for the H,"®0, derivative (B), while other bands
arising from the porphyrin macrocycle remain unshifted. This is most clearly seen in
the difference spectrum (D) [= spectrum (A) — spectrum (B)]. The inset shows the
same difference spectrum in a wider spectral range (930-550cm™). It is evident that
there is no other oxygen-associated band in this frequency region.

In spectrum (C) for the H,"0"0 derivative, there are two bands at 803 and
769cm™, and their intensities relative to the porphyrin bands are reduced to half of
those in spectra (A) and (B). This is most clearly seen by the difference spectrum
(E) [= spectrum (C) — (spectrum (A) + spectrum (B))/2], which exhibits no band in
the 700-900 cm ' region. This means that the 803/769 cm™ bands arise from a species
that has a single oxygen atom on the heme iron. Consequently, the peroxide structure
(Fe-0-0-X), postulated for the 607-nm form, is no longer valid.
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Conclusion

The reaction intermediates of CcO characterized by RR spectroscopy and other spec-
troscopic techniques are interrelated in Fig. 10. Two kinds of reactions, that is, diox-
ygen cycle (right) and peroxide cycle (left), were treated in this chapter. The first
intermediate in the reaction of reduced CcO with O,, which has been called Com-
pound A, has now been demonstrated to be a dioxygen adduct of cytochrome 4, with
Vieo, at 571 cm™. The binding of O, is of the end-on type. The subsequent intermedi-
ates, called Compound B, might be mixtures of intermediates and it is difficult to
correlate them with a species with specific oxygen isotope-sensitive bands. The inter-
mediate that is generated in the reaction of mixed-valence enzyme with O, gives the
oxygen isotope-sensitive bands at 804 and 356cm ™. The last intermediate in the
dioxygen cycle has an Fe,,"-OH heme with vy RR band at 450cm™. This OH"
group is exchangeable with bulk water.

In the reaction of oxidized enzyme with H,0,, the first intermediate, the 607-nm
form, has long been thought to have the Fe ,-O-0-X structure, but RR experiments
demonstrated that it contains an oxo-iron heme. The subsequent intermediates give
a broad difference peak at 580nm and seem to have multiple components. RR spec-
troscopy can sort out two species within the 580-nm form. One gives the oxygen

peroxide reactioné dioxygen reaction

H,O -
202

( 0, O
571/544 571/544

(Comp A, Intermediate I)

.
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' 356/342 |
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FeY level] 804/764
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F1G. 10. Reaction mechanism of cytochrome coxidase, interrelations of intermediates obtained
with different techniques, and the specific oxygen-associated vibrational frequencies (*°O,
derivatives/"®0, derivatives in cm™ units) of individual intermediates. In the dioxygen reaction
the fully reduced (4e -reduced) and the mixed-valence (2e -reduced) species are contained.
The peroxide reaction gives rise to two absorption forms, but the “580-nm” form is of mul-
tiple species and is further sorted out by vibrational frequencies. The “peroxy” and “ferryl”
forms in the reversed reaction are presumably the same as the “607-nm” and “580-nm” forms
of the peroxide reaction, respectively
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isotope-sensitive bands at 356 and approximately 800cm™ and the other gives the
band at 785cm™". The latter is unquestionably assigned to the Fe''=O stretching
mode.
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Human Cytochrome ¢ Oxidase
Analyzed with Cytoplasts

Yasvuo Kagawa

Summary. The reaction of cytochrome ¢ oxidase (COX) is the final step in human
respiration. Although COX has been studied extensively in microorganisms, no
tissue-specific functions or bioenergetic disease, such as mitochondrial encephalomy-
opathy and aging, occur in these organisms. The physiological roles of human COX
were analyzed by using cytoplasts (cells without nucleus), p° cells (cells without
mtDNA), COX mutants, and their cybrids. Recent developments of the Human Ge-
nome Project will become an important factor in the study of human bioenergetics.
The roles of the COX are not only the generation and regulation of the electrochemical
potential (ApH") across the inner mitochondrial membrane, but also the regeneration
of NAD in mammalian cells. The major subunits I-11I (H* pump) of COX are encoded
by mtDNA and the remaining ten minor subunits by nDNA. The cause of the age-
dependent decline of COX has been attributed to the accumulation of mutations in
mtDNA. However, the involvement of nDNA in the decline is also important because
of telomere shortening in somatic cells, and, thus, age-dependent mtDNA expression
was analyzed with the cytoplasts. The roles of the control regions of the COX genes are
to coordinate both mtDNA and nDNA, depending on the energy demand of the cells.

Key words. Human mitochondria—Cytochrome ¢ oxidase—Heteroplasmy—
Cytoplast—Cybrid

Introduction

The major pathway by which human cells produce ATP is oxidative phosphorylation
(OXPHOS). The reaction of cytochrome ¢ oxidase (COX) is the final step in the
electron transport of OXPHOS [1] as well as the regulating step of energy metabolism
[2]. Although COX has been studied extensively in bacteria and yeast [2], the study of
human COX is needed to understand tissue specificity (isoforms L and H in the
subunits Vla and VlIla), development, aging, and diseases such as mitochondrial
encephalomyopathy that are not found in microorganisms. In contrast to microor-
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ganisms capable of alcoholic fermentation, COX-deficient human cells cannot survive
in glucose media unless pyruvate is added: this is also important in the therapy of
mitochondrial diseases [3]. OXPHOS varies greatly depending on the activity of the
tissues, especially in the muscle and the brain, and hence there are many encepha-
lomyopathies caused by defective mitochondria. COX of beef heart has also been used
extensively because it is available in large quantity and is crystallizable [4].

However, recent success in the genetic mapping of human DNA [5] will facilitate
the future study of human COX. The detailed data on human mtDNA [6], mutations,
diseases, and so on are available via internet (http://www.gen.emory.edu/mitomap.
html). Human COX can easily be studied biologically because of the abundant human
cell lines established and the many mutations available from patients [1,7]. Human
COX contain four redox active (heme a, a,, Cu,, and Cu;) and inactive (Zn, etc.) metal
centers [4]. The three largest subunits (I =57kDa, I = 26kDa, and III = 30kDa), which
are encoded by mtDNA [6], constitute a catalytic center [4]. The subunit III is larger,
but its electrophoretic velocity is faster than the subunit II. In yeast COX, there are
only six minor subunits, while in mammalian COX there is a minimum of ten minor
subunits (IV, 17kDa; Va, 12kDa; Vb, 11kDa; VIa, 9.4kDa; VIb, 10kDa; VIc, 8.5kDa;
VlIla, 6.2kDa; VIIb, 5.9kDa; VIIc, 5.5kDa; VIII, 4.9kDa) [8,9]. These are encoded by
nDNA.

There are tissue-specific isoforms among two minor subunits (VIa and VIIa) in
human cells and an additional one (VIII) in other mammals [9,10]. An L (liver)
isoform is ubiquitously expressed, and an H (heart) isoform is expressed primarily in
adult heart and skeletal muscles [10]; for example, they are written as VIa-H and Vla-
L. These isoforms are not found in the largest subunits. The minor subunits may be
needed for the subunit assembly, stabilization, and regulation [2,11]. For example, the
mammalian subunit Vb contains a stabilizing Zn center [4], VIb is a modulator, and
VIa-H is the ATP sensor [11].

The expression of the subunits of COX in human cells was analyzed by transcrip-
tion factors and their cis-elements of COX genes [8,12-14] and mtDNA [15,16]. The
cell-level studies became possible by isolating mtDNA in the cytoplasts and nDNA in
the p° cells [17], as described in the following sections.

Mitochondrial Disease Mutations Affecting
Cytochrome ¢ Oxidase

The COX activity in each mitochondrion can be shown by staining with 3,3-
diaminobenzidine tetrachloride and copper sulfate under electron microscopy (Fig.
1A). The cells with a mutation affecting mtDNA, such as maternally inherited cardi-
omyopathy (CM), contain unstained mitochondria (Fig. 1B). This clearly shows that
the major subunits are essential for COX activity. Because mtDNA has much higher
information density (no exon) than nDNA, and is exposed to reactive oxygen species
produced in mitochondria, it would seem to be an excellent target for mutations
giving rise to human diseases. Mutations causing mtDNA diseases fall into four
groups: (1) protein synthesis mutations, (2) insertion-deletion mutations, (3) mis-
sense mutations, and (4) copy number mutations [1]. COX activity is affected in all
cases of group 1, in most cases of group 2, and in some cases of groups 3 and 4.
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F1G6. 1A,B. Idenficication of cytochrome ¢ oxidase (COX) activities in individual mitochondria
by electron microscopy. A Human cells with predominantly normal mtDNA. B Human cells
from a cardiomyopathy patient with mostly mutant CM4269 mtDNA. Arrows indicate mito-
chondria with stained COX activity. Bar: 1um

1. All protein synthetic mutations (syn") known to date have been tRNA mutations
associated with mitochondrial myopathy and other systemic phenotypes. They are
mitochondrial encephalomyopathy, lactic acidosis, and strokelike symptoms
(MELAS) [7], myoclonic epilepsy and ragged-red fiber disease (MERRF) [18], and CM
[17]. The major mutations found in MERRF, MELAS, and CM are localized at np 8344
(A to G; tRNA™) [18], np 3243 (A to G; tRNA™" ™) [7], and np 4269 (A to G; tNRA™)
[17], respectively. Owing to the global mitochondrial translation failure caused by loss
of the tRNA, COX activity is lost.

2. Deletions in mtDNA have been found to cause the majority of cases of chronic
progressive external ophthalmoplegia (CPEO) and Kearn-Sayre syndrome (KSS) [1].
Most of the deletions occur between O, and O,. The COX subunit IV is still detectable,
but the subunits I, II, Va, Vb, and VIc are greatly reduced in the muscle fiber of
patients with CPEO [19]. Some cases of ocular myopathies are associated with autoso-
mal dominant mutations. A microdeletion (15bp, Phe-Ala-Gly-Phe-Phe) in a hightly
conserved region of the gene for the subunit III of COX causes recurrent myoglobin-
uria because of the destruction of the muscle [20]. Affected individuals in these
pedigrees harbor multiple mtDNA deletions, and all the deletions are flanked by
direct repeats, suggesting an increased frequency of slip-replication. There are many
other mutations including deletions of mtDNA [21], diabetes mellitus [22] and other
degenerative diseases [1].
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3. Examples of missense mutation are those in Leber’s hereditary optic neuropathy
(LHON) [1]. A number of mutations are associated with LHON, but about 50% of
LHON cases are caused by mutation in ND4 of NADH dehydrogenase (np 11778
R to H). However, COX subunit III mutations are also pathogenic: missense muta-
tions at np9438A to G (78 Gly to Ser) and 9804G to A (200 Ala to Thr) that cause LHON
[23].

4. A marked decrease in the number of mtDNA is associated with a familial mito-
chondrial myopathy [24].

Heteroplasmy and Homoplasmy

Each human cell has hundreds of mitochondria and thousands of mtDNAs. In most
diseases, the cells of patients carry a mixture of both mutant and wild-type (normal)
mtDNA and thus the COX-positive and -negative mitochondria are found in one cell
[25]. This heterogeneous state of the cells is called heteroplasmy (Fig. 2). On the other
hand, the homogeneous state of cells containing pure mutant or normal mtDNA is
called homoplasmy. During mitotic or meiotic cytokinesis of a heteroplasmic cell,
both mutated and normal mtDNA are divided unevenly into daughter cells. Conse-
quently, during repeated cell divisions, a heteroplasmic cell line is separated into two
kinds of homoplasmic cell lines containing either normal or mutated mtDNA. This
phenomenon of replicative segregation of a cell line is called stochastic segregation
(Fig. 2, right bottom). The same MELAS mutation in mtDNA may cause encepha-
lomyopathy [7], diabetes mellitus [22], or other diseases [1]. This is attributed to the
stochastic segregation of the mutant mtDNA, which is unevenly distributed among
different tissues of the patient during development [1].

Cells Without nDNA (Cytoplasts) and Those Without
mtDNA (p° Cells)

Cells without mtDNA, which are called p° cells, are very useful to study in mitochon-
drial genetics (Fig. 2, left) as they are pure models of COX-less cells with mutant
mtDNA [17,26]. Although p° yeast cells have been used for a long time, human p° cells
have been obtained only recently [17,26]. Because it lacks histone, mtDNA is easily
removed without damaging nDNA by adding ethidium bromide in a culture medium.
Theoretically, p° cells lack OXPHOS and can survive in a glucose medium. However,
in contrast to yeast cells, adding pyruvate to a glucose medium is essential to support
human p° cells because most NAD is reduced in the absence of COX. Human p° cells
or cells with mutant mtDNA lacking OXPHOS cannot survive in the galactose pyru-
vate medium called DM170 [17]. Thus, we used glucose-rich media with pyruvate
(0.1mg/ml) to prevent an extreme reductive state, and we selected both cells with
mutant mtDNA and human p° cells from wild-type cells using the glucose pyruvate
medium [17]. The p° cells synthesize minor subunits that are detected by the mono-
clonal antibodies [19].

Cells without a nucleus that contain mitochondria are called cytoplasts. Cells are
enucleated by centrifugation in the presence of cytochalasin B (10ug/ml). By fusing
cytoplasts with the p° cells, the properties of mutant mtDNA and nDNA can be
analyzed (Fig. 2, left).
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of COX and many proteins for translation and transcription of mtDNA; and ovals indicate the
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Cytochrome ¢ Oxidase Tested in Cybrids

To analyze COX, we fused the cytoplasts with the p° cells to form cybrids [3,17,26]. We
restored COX of the p° cells by introducing normal mtDNA in the cybrids (Fig. 3, left,
HeEB). Human skin fibroblasts isolated from a MELAS patient were grown in glucose-
and pyruvate-rich media [25,26]. During the growth of these heteroplasmic fibro-
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CONTROL MELAS3243 CM4269

HeEB pOHelLa ML3-6 ML3-7-2 CM1-9 CM1-1-4

-

F1G. 3. Cytochrome oxidase activity of Mitochondria of cybrids obtained by fusing p° HeLa cells
and cytoplasts containing normal and defective mtDNA. Cytochrome c oxidase activity was
stained cytochemically [26]. HeEB, cybrids of p° cells and cytoplasts from normal HeLa cells; p°
HeLa, Hela cells without mtDNA; ML3-6 and ML3-7-2 are cybrids rich, respectively, in normal
mtDNA and mutant MELAS mtDNA derived from mutant at np 3243; and CMI-9 and CMI-1-
4 are cybrids rich in normal mtDNA and mutant CM mtDNA derived from mutant at np. Bar:
50um

blasts, stochastic segregation occurred (Fig. 2, right). On fusion with p° cells, the
heteroplasmic cytoplasts from the mutant cell gave cybrid lines both with and without
COX as a result of the stochastic segregation as shown by staining COX activity (Fig.
3, middle and right). The cell line with 95% wild-type mtDNA was called ML3-6 and
that with concentrated MELAS mtDNA was called ML3-7-2.

Similarly, we could obtain cell lines from the patient with cardiomyopathy that
segregated into the line rich in the wild-type mtDNA (CM1-9) and that rich in mutant-
type mtDNA (CMI1-1-4). These cells were enucleated, and the resulting cytoplasts
were fused with HeLa p° cells. Thus, COX activity in the HeLa p° cells was restored in
the cybrids from cytoplasts of original HeLa cells, the ML3-6 line and CM1-9 line (Fig.
3, HeEB, ML-3-6, and CM1-9, respectively). All the mtDNA-dependent subunits in the
cybrid of the HeLa p° cells were now synthesized by introducing either wild-type
mtDNA (Fig. 4). However, when the mutant mtDNAs from ML3-7-2 or CM1-1-4 lines
were introduced into the HeLa p° cells, the activity was not restored (Figs. 3 and 4).
Other activities dependent on mtDNA, such as NADH dehydrogenase, were also
restored only when the wild-type mtDNA introduced [17].

In the cells with deleted mtDNA, fusion protein of a deleted fusion mtRNA is
translated in the heteroplasmic cells. This indicated an intermitochondrial communi-
cation, because the deletion resulted in the lack of several tRNAs. This should cause
global translation failure in homoplasmic cells. However, in heteroplasmic cells con-
taining some amounts of normal mtDNA, there should be a sufficient supply of tRNAs
from the coexisting normal mtDNA.

Under fluorescence microscopy using rhodamine 123, mitochondria lacking
COX are swollen (Fig. 5). The morphology of defective mitochondria is normalized
by the introduction of normal mtDNA and the resulting restoration of AuH" (Fig. 5).
The fluorescence of the COX-less mitochondria indicates that there still remains
enough ApH" to import matrix proteins or accumulate rhodamine 123, even in p° cells
[17].
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FI1G. 4. Autoradiogram of polyacrylamide gel electrophoresis of translation products of mtDNA
in cybrids obtained by fusing p° HeLa cells and cytoplasts containing normal and defective
mtDNA. The 13 bands in the lanes are the translation products of mtDNA and are labeled with
[**S]methionine in the presence of emetine (0.2mg/ml) to inhibit formation of nuclear gene
products in the cybrids. The names of the bands (subunits) are indicated on the right-hand side,
from top (ND5) to bottom (ND4L); subunits I, II, and III of COX are indicated as COI, COIl, and
COII], respectively. The names of the cells or cybrids produced the [**S]proteins are indicated on
the lanes from left to right. CONTROL: HeEB, original HeLa cells; p°, p° HeLa cells; MELAS 3243:
ML3-6, cybrids of HeLa p° cells and ML3-6 cells or ML3-7-2 cells; CM 4269: cybrids of HeLa p°
cells and cardiomyopathy cells CM 1-9 or CM 1-1-4, as detailed in Fig. 3; and AD 10410: cybrids
of HeLa p° cells and cytoplasts obtained from a cell line of Alpers disease in which mtDNA is not
affected

Decrease of Cytochrome ¢ Oxidase in Aged Tissues

The decrease in COX is one of the greatest changes during human aging. Numerous
studies have shown a continuous decline in the bioenergetic capacity of both physical
and mental activity [1,27,28]. This is caused by the decrease in both the number of
cells and their activities. The decrease in the numbers of the cells in aged tissue (or
weight loss of the organs) is attributed mainly to telomere shortening in the somatic
cells. The decrease in cell activities is characterized by lowered tissue respiration of
aged subjects [27,28]. We found in vivo age-related reductions in the activities of COX
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FiG. 5. Morphology of mitochondria observed under fluorescence photomicrography. The ab-
nomrality was exclusively observed in p° HeLa cells and cybrids without COX. Cells grown in a
living cell observation chamber were treated with Rhodamin R123 (10ug/ml) for 2min and
washed several times with culture medium. The cybrids were observed with a fluorescence
microscope (TMD-EF, Nikon, Tokyo Japan) with excitation light at 495nm. Left to right: HeEB,
cybrids of p° cells and cytoplasts from normal HeLa cells; p° HeLa, HeLa cells devoid of mtDNA;
ML3-6 and ML3-7-2 are, respectively, cybrids with normal mtDNA and mutant MELAs mtDNA;
and CMI-9 and CM1-1-4 are as described under Fig. 3. Bar: 10um

in human fibroblasts from donors of various ages (0-97 years) [26]. The protein
synthetic activity of mtDNA and COX in fibroblasts from an aged donor of 97 years
was only about 15% of that in fetal fibroblasts.

During aging in Drosophila, decreases in COX activity and its major subunit, I, are
correlated with the life-span curve without affecting the glucose phosphate isomerase
[29]. There are also reports on the decrease of COX activity with age in human liver
obtained directly by biopsy [30]. Although the loss of COX is attributed to the accu-
mulation of the mutated mtDNA during aging [27,28,30], the roles of nDNA in aging
should also be considered [29].

To test both possibilities, cytoplasts were prepared from the fibroblasts obtained
from the aged donors and were fused with the p° HeLa cells described in the previous
section [26]. The decreased COX activity (15% of the fetus) and the amounts of the
subunits I, II, and III in aged cells (more than 80 years old) were restored by fusing
with the p° cells [26]. The COX activity of the resulting cybrids was nearly the same as
that in the cybrids from fetal cells and the p° HeLa cells, the cybrids of the original
HelLa cells and the p° HeLa cells, and the hybrids of both the aged fibroblasts and the
p° HeLa cells [26]. The restoration of the COX of these cybrids and hybrids was also
confirmed in the restored translation of all 13 subunits encoded by mtDNA by the
same method as described in Fig. 4. Thus, the aged nDNA is the major factor in the
age-dependent decrease in human COX activity.

The telomere shortening theory of cellular senescence is not applicable to the
postmitotic cells of the brain and skeletal muscles. Because fresh human cells from
these tissues are difficult to obtain, we used C57BL/6 mouse brains and muscles to test
for mitochondrial aging [31]. The mitochondrial translational activity in both the
brain and skeletal muscle increased progressively up to 21 weeks after birth, then
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decreased gradually with aging. At age 100 weeks, the amounts of COX synthesized
decreased to about 20% of that in the maximum value at 25 weeks of age [31]. The
total amounts of mtDNA per mitochondrion and the deletions of mtDNA did not
change during aging [31]. Thus, even in postmitotic cells, the accumulation of dele-
tion mutations in mtDNA is not responsible for the observed age-associated decrease
in mitochondrial translational activity. The transcription of mtDNA in the rat brain
mitochondria also dramatically decreased during aging [32]. The poly A+ mRNAs,
including all subunits I, II, and III of COX, encoded by mtDNA in the senescent rat
brain are only about 20% of that in the young rats [32].

Regulation of COX Subunits

Human COX activity is changed by many factors including activity and aging. The
regulation of human COX is also very different from that of microorganisms. In yeast,
carbon source and oxygen are the major regulators of COX [2], while in human cells
these are constantly supplied from the circulating blood and thus the major regulators
for human COX are tissue activity and hormone levels. Of all the enzymes in mam-
mals, only four enzyme complexes of OXPHOS (FoF1, complexes I and I1I, and COX)
are encoded by both mtDNA [6] and nDNA [1,2,8-10]. Among these, COX is the key
enzyme in the overall regulation of energy metabolism [2]; because it is the only
irreversible step, it is limiting in amount with respect to other complexes in human
tissues, and the ATP: ADP ratio inhibits the activity of COX [11].

In principle, two general types of regulation are possible: short term and long term.
Short-term regulation is immediate, could be affected by an allosteric effector, and
does not require protein synthesis. The tissue activity decreases the ATP: ADP ratio,
and the ratio changes H'/e stoichiometry of COX by a muscle-specific subunit VIa-H
[11], on which ATP is specifically bound at the cholate-binding site (Arg 14 and Arg
17 of VIa-H) [4]. The roles for other minor subunits in the regulation are not clear yet
[1,2,8-11,33]. From the biological standpoint, the H'/e” stoichiometry of the H" pump
is flexible depending on the ATP: ADP ratio [11], and the elastic energy transfer in the
H'-translocation has been discussed in detail previously [34].

Long-term regulation involves protein synthesis of COX. Because the V,,, for
respiration is limited by the amounts of COX, their synthesis increases in response
to continuous energy demand, a response that must be achieved by coordinating
the expressions of subunits encoded by both nDNA and mtDNA. There is a
detailed analysis of the synthesis of COX during brain activity [35]. This response
must be dominated by nDNA because the expression of mtDNA is dependent on the
DNA and RNA polymerases and the transcription factors encoded by nDNA
[15,16,36].

There are several important upstream cis-elements that control the expression of
COX [12-14]. The major subunits of COX are expressed by the mitochondrial tran-
scription factor TFA (or TF1) [15,16,36]. There are common transcription factors for
the COX subunits: nuclear respiratory factor 1 (NRF-1) [12] for positive activation of
genes of COX Vb [37] and VIc-2 [12], cytochrome ¢ and MRP RNA (for COX I, 11, and
111 via mtDNA activation), and nuclear respiratory factor 2 (NRF-2) [8,13] for activa-
tion of genes of COX IV and Vb.
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Conclusion

Our cell-level research on human COX using cytoplasts, cybrids, and mutants
revealed the functions of mtDNA and roles played by nDNA in diseases,
development, and aging. However, more detailed analyses are needed to elucidate the
development of COX [9-11] and the tissue-specific phenotypes of diseases related to
COX [38,39].
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Redox Behavior of Copper A
in Cytochrome Oxidase in the Brain
In Vivo: Its Clinical Significance

Yoko Hosu1'?, Hipeo Epa’, Osamu Hazekr', YasuTomo NOMURA',
Yasuvyuki Kakinana'?, SatosH1 Kuropa®, and MAMORU TAMURA'

Summary. The accuracy of near-infared measurement of the redox state of cyto-
chrome oxidase in situ remains controversial. Our new approach to the measurement
of the redox state of cytochrome oxidase resolves the most difficult problem, that the
in vivo absorption coefficient of cytochrome oxidase is unknown, in addition to other
problems such as the light-scattering effects and marked overlap of absorbance
changes attributed to hemoglobin. We applied this method to both animal and clinical
investigations. Based on the results obtained from these investigations, we discuss the
redox behavior of cerebral cytochrome oxidase in vivo and the significance of the
measurement of cytochrome oxidase in clinical medicine. Our conclusion is that
cerebral cytochrome oxidase in vivo is fully oxidized under normal physiological
conditions and that its oxygen-dependent redox change, which precedes a decline of
brain function, occurs only when the oxygen supply is extremely impaired. Thus, the
start of the reduction of cytochrome oxidase can be used as an alarm indicating that
the brain condition is critical metabolically and functionally.

Key words. Cytochrome oxidase—Near-infrared photometry—Hypoxia—Cerebral
oxygenation—Mitochondrial energy state

Introduction

Near-infrared spectroscopy (NIRS), a relatively new technique, enables us to monitor
changes in hemoglobin (Hb) and myoglobin (Mb) oxygenation states, blood volume,
and the redox state of cytochrome oxidase noninvasively [1]. This technique now
finds wide clinical application [2-4] and its usefulness to the measurement of Hb has
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been confirmed. However, the specificity and accuracy of the measurement of the
redox state of cytochrome oxidase are still controversial. This is mainly attributed to
the lack of valid absorption spectra for cytochrome oxidase in the near-infrared
region in vivo, although many investigators have reported different spectra [5-8].
Therefore, the reported absorption coefficient of copper A, which accounts for more
than 85% of cytochrome oxidase absorption in the near-infrared spectrum [9], is
ambiguous.

Furthermore, using isolated mitochondria, we found that the apparent absorption
coefficient of copper A varied with the mitochondrial energy state [10]. In other
words, the apparent absorption coefficient of copper A, which has been believed to be
a constant, is actually not a constant. These in vitro mitochondrial data have been
confirmed by experiments with the isolated perfused rat head [11]. This questions the
validity of any algorithms that contain a constant value for the absorption coefficient
of cytochrome oxidase in simultaneous equations.

In this chapter, we describe the following: (1) the problem of near-infrared mea-
surement of the redox state of cytochrome oxidase in situ; (2) the redox behavior of
cerebral cytochrome oxidase in vivo; and (3) the significance of the measurement of
cytochrome oxidase in clinical medicine.

Problem of Measurement of the Redox State of
Copper A in Cytochrome Oxidase

Figure 1 shows absorbance changes in copper A in isolated mitochondria caused by
the aerobic-anaerobic transition measured at 830-760nm in different energy states.
The magnitude of absorbance change varied with the mitochondrial energy state: in
state 4 it was about 1.3 and 2.6 times larger than in state 3 and the uncoupled state,
respectively. This means that the apparent absorption coefficient of copper A is not a
constant. Thus, we have developed a simple and novel algorithm that does not contain
the absorption coefficient of copper A for cytochrome oxidase measurement (Hoshi
et al,, in manuscript).

In the near-infrared region (700-900nm), the absorbance changes in the range
shorter than 780 nm are mainly attributed to Hb, whereas those at wavelengths longer
than 780nm are attributed to both Hb and oxidized cytochrome oxidase (Fig. 2) [12].
Using two pairs of dual wavelengths shorter than 780nm, we first calculated relative
changes in concentrations of oxygenated ([oxy-Hb]) and deoxygenated hemoglobin
([deoxy-Hb]). Based on these values, we can estimate the absorbance change attribut-
ed to Hb at wavelengths longer than 780 nm. Because in this range absorbance changes
are attributed to both Hb and cytochrome oxidase, subtraction of the estimated value
from the measured one provides relative changes in concentration of oxidized cyto-
chrome oxidase ([cyt. ox.]).

The NIRS instrument that was used (Unisoku, Hirakata, Japan) measures Hb oxy-
genation state and the redox state of cytochrome oxidase according to the following
algorithm:

Aloxy-Hb| = —0.912A4,, 5, +2.128AA ., o,
Aldeoxy-Hb|=0.744AA 5, 5, ~1.613AA,, o0
a” Alcyt. 0x.] = 1.53AA 4, 150 —0.768AA 30 s, + AAyys o (1
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F1G. la—c. Absorbance change of copper A in cytochrome oxidase caused by aerobic-anaerobic
transition [10]. Rabbit heart mitochondria, 0.8 mg protein/ml, was suspended in a reaction
medium containg 0.25M sucrose, 10mM Tris-HCI, pH 7.2,0.2mM EDTA, and 10 mM glutamate.
a State 3 (energy level low, respiratory rate high). b State 4 (energy level high, respiratory rate
low). ¢ Uncoupled state. The wavelength pair was 830-760 nm

where a”; is the proportionality factor (normalized absorption coefficient) for copper
A. Because scattering effects prevent determination of the optical pathlength, the
results are expressed in relative absorbance units rather than absolute concentration.
In contrast to other published algorithms, classical dual wavelength analysis is used in
our algorithm. Dual wavelength analysis provides adequate compensation for the
light-scattering change of the tissue itself and for the instability of the photomultiplier
of the light source.

It must be noted here that the coefficients of Eq. 1 contain instrumentation factors
such as the half-width of the optical filters used in addition to the optical pathlength.
When a new instrument is assembled, we therefore have to reestimate these factors.
Matcher et al. have reported that they found differences when applying four published
NIRS algorithms (by University College London, Duke University, Keel University,
and our group {12]) to the same in vivo data set [13]. However, the results from our
algorithm in their report were different from those that we obtained by the use of our
NIRS instrument. This discrepancy might have resulted because they did not take
instrumentation factors into account when applying our algorithm.
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F1G. 2. Anoxic minus aerobic spectrum of fluorocarbon-perfused rat head. Spectrum at 100%
0, was recorded as a flat baseline and the difference spectrum was obtained by changing the
perfusate of fluorocarbon solution at 100% N,

Redox Behavior of Copper A in Cytochrome Oxidase
In Vivo in the Rat Brain

Since the pioneering works of J6bsis et al. [1,14], redox behavior of cerebral cyto-
chrome oxidase has been a big issue. Observations that alterations in arterial oxygen
saturation (Sa0,) or PaCO, were positively related to changes both in [cyt. ox.] and in
[oxy-Hb] in humans and animals led to the conclusion that cytochrome oxidase was
partially reduced under normoxic conditions [1,2,14,15]. By contrast, in blood-free
animals, which eliminates the problem of cytochrome oxidase signals being contam-
inated by the more abundant Hb signals, reduction of cytochrome oxidase was not
seen until oxygen delivery was severely impaired [16,17].

Using our new method, we examined the redox behavior of cytochrome oxidase in
the rat brain under various conditions. Male Wistar rats (180-250g) were anesthe-
tized by intraperitoneal injection of urethane (ethyl carbamate, 180mg/100g body
wt.). They were tracheotomized and mechanically ventilated after an intravenous
injection of panchronium bromide (0.02mg/100g body wt.). The tidal volume and
respiratory rate were adjusted to given arterial PCO, values of 37-42mmHg when
animals were ventilated with air. For the electroencephalogram (EEG), skin and mus-
cle overlying the calvaria were reflected, two bis electrodes were placed symmetrically
on the occipital bone, and a reflectance electrode was placed on the nasal bone. For
spectrophotometric measurement, the rat’s head was illuminated 5mm in front of an
ear through a light guide, and transmitted light through the cranial bone and cerebral
tissue was guided again with another light guide.

Figure 3 shows the relationship between cerebral oxygenation and the EEG in
graded hypoxia. Changes in [oxy-Hb] and [cyt. ox.] are expressed as a percentage of
the full-scale value. Maximum changes caused by the transition from aerobic (under
respiration with 21% oxygen gas) to anaerobic (under respiration with 100% nitrogen
gas) are designated 100% (full scale). Each EEG was measured at the points marked on
the trace of cytochrome oxidase. When FiO, was reduced from 21% to 16%, [oxy-HDb]
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F1G. 3. Relationship between cerebral oxygenation and function under hypoxic conditions in
a rat [18]. EEG samples were recorded at the points marked on the trace of cytochrome

oxidase

decreased slightly and desynchronization occurred on the EEG (no. 2), while cyto-
chrome oxidase was still in the fully oxidized state. When FiO, was decreased to 10%,
[oxy-Hb] decreased to about 40% and cytochrome oxidase began to be reduced.
Decreasing FiO, further, when [cyt. ox.] decreased to about 35%, resulted in high-
voltage slow waves appearing on the EEG (no. 3). Flattening of the EEG (no. 5)
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Fic. 4. Changes in concentrations of oxygenated hemoglobin ([oxy-Hb]) and oxidized cyto-
chrome oxidase ([cyt. ox.]) caused by hypercapnea (Hoshi et al, in manuscript). FiCO, was
increased stepwise from 0% to 16% under hyperoxic conditions

occurred with a few seconds delay after cytochrome oxidase was fully reduced under
anoxic conditions.

Figure 4 shows changes in cerebral oxygenation caused by hypercapnea under
hyperoxic conditions. In this case, the values of [oxy-Hb] and [cyt. ox.] under respi-
ration with 100% oxygen were taken as 100%. Stepwise increases in FiCO, were
accompanied by decreases in FiO, to 88% at most, at which point Pa0O, and PaCO,
were 353 and 117mmHg, respectively. Increases in FiCO, caused increases in total
hemoglobin ([t-Hb]) (data not shown). As a result, [oxy-Hb] increased, while further
oxidation of cytochrome oxidase was not observed.

Figure 5a shows changes in cerebral oxygenation, cerebral blood volume (CBV),
and blood pressure (BP) in epileptic seizures induced by pentylentetrazol (PTZ)
administration. Figure 5b shows the EEG monitored simultaneously. Each EEG was
monitored at the points marked on the trace of cytochrome oxidase. In this case,
changes in CBV were monitored by measuring the absorbance change at 805nm, the
isosbestic point between oxy- and deoxyhemoglobin [12]. Intravenous administration
of PTZ (5mg/100g body wt.) first caused the transient reduction of cytochrome
oxidase. Desynchronization almost simultaneously occurred on the EEG (nos. 2 and
3). Slightly later, BP began to elevate concomitantly with an increase in CBV. When BP
reached a maximum, bursts of spikes appeared on the EEG (no. 4). In this period,
[oxy-Hb] was increasing and reoxidation of cytochrome oxidase was beginning.
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While [oxy-Hb] increased above the preseizure level, further oxidation of cytochrome
oxidase was not observed. In the late postictal phase, although BP remained higher
and [oxy-Hb] started gradually to decrease (although it was still higher than the
preseizure level), cytochrome oxidase was partially reduced. This reduction might
have been caused by a lasting arteriovenous shunt that opened during seizures, while
the transient reduction of cytochrome oxidase in the preictal period might have been
a trigger for an increase in CBF. It should be noted that such cerebral hypoxia could
be first detected by measurement of cytochrome oxidase.

From these results, it is concluded that the reduction of cytochrome oxidase
occurs only when oxygen supply is extremely compromised. To obtain quantitative
information from near-infared signals, we previously determined oxygen dependence
of the redox states of copper A and heme aa, in the cytochrome oxidase of
isolated mitochondria (Fig. 6). The apparent oxygen affinity of copper A is much
higher than that of Hb, by approximately three orders of magnitude: the oxygen

805nm Mx

F1G. 5. a Changes in cerebral oxygenation, blood volume (CBV), and blood pressure (BP)
caused by pentylentetrazol (PTZ); 5mg/100g body wt. of PTZ was injected during the time
indicated by the shaded square. b Changes in the EEG caused by PTZ administration. EEG
samples were recorded at the points marked on the trace of cyt. ox. [18]
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Fi1G. 5. Continued

% O, saturation of hemoglobin and myoglobin

% oxidation of copper and heme a+a;

(0,1 M

F16. 6. Effects of oxygen concentration on oxygenation states of hemoglobin (Hb) and myoglo-
bin (Mb) and the redox states of heme aa, and copper A in cytochrome oxidase [10]. Oxygen-
ation states of Hb and Mb were measured at 37°C. Redox states of heme aa, and copper A were
measured in state 3
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concentration required for the half-maximal reduction (P,) of copper A is
7.5 10 M. The Py, of Hb is 4.2 x 10~ M. Judging from this calibration, our conclusion
is acceptable.

Redox State of Copper A in Cytochrome Oxidase Under
Normal Physiological Conditions

A general conclusion that has emerged from recent studies [16,17,19,20] seems to be
consistent with ours; that is, the oxygen-dependent redox change of cytochrome
oxidase occurs only when oxygen delivery is extremely impaired. However, the issue
of whether or not cytochrome oxidase is partially reduced in normoxia remains to be
solved. Edwards et al. [21], who reported that there was no relation between changes
in cerebral [cyt. ox.] and SaO, within the range of 85%-99% while increases in PaCO,
from 4.3 to 9.6kPa were accompanied by increases in both [cyt. ox.] and [t-Hb] in
human newborn preterm infants, have argued that cytochrome oxidase might be
partially reduced, because the copper A center may be close to equilibrium with
cytochrome ¢, which is significantly reduced in the aerobic steady state. In their paper,
the oxidation of cytochrome oxidase after increasing PaCO, was explained by the
assumption that the redox potential of cytochrome ¢ and the copper A varied with
the mitochondrial energy level in addition to the hemodynamic characteristics of the
human neonatal brain. Their data are inconsistent with ours as shown in Fig. 4. This
discrepancy of the effect of hemodynamic changes on the redox state of cytochrome
oxidase might be caused by the difference in species or the difference between the
adult and the newborn brain. It is now thought that in human neonates cytochrome
oxidase is particularly responsive to changes in CBF [20]. However, several in vitro
mitochondrial data do not support their explanation.

Figure 7 shows effects of oxygen concentration on the redox state of heme aa, and
copper A of isolated mitochondria. Oxygen dependence of the redox state of heme aa,
depends on the mitochondrial energy state as well as the respiratory rate. In contrast,
copper A is independent of both the energy state and respiratory rate. According to
the data of Sugano et al. [22], oxygen dependence of the redox state of cytochrome ¢
depends on the mitochondrial respiratory rate (Fig. 8). This means that copper A is
not in equilibrium with cytochrome ¢, while heme a is in equilibrium with cytochrome
¢ [22]. Sugano et al. also reported that the apparent oxygen affinity of cytochrome c is
independent of the mitochondrial energy state. Thus, at least for in vitro mitochon-
dria, it is unlikely that the partial reduction of copper A in cytochrome oxidase occurs
in normoxia by the mechanism they proposed.

Correlation Between the Redox State of Copper A in
Cytochrome Oxidase and Brain Function

Studies on the correlation of the cytochrome oxidase signal with the brain energy state
of piglets [20] and dogs [23] have shown that the reduction of cytochrome oxidase is
highly correlated with a decreased brain energy state. Thus, the reduction of cyto-
chrome oxidase indicates a decrease not only in tissue oxygenation but also in the
energy level. As is shown in Fig. 2, however, the reduction of cytochrome oxidase
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F16.7a,b. Effects of oxygen concentration on the redox states of heme aa,and copper A in state
3 and state 4. Experimental conditions were as described in Fig. 1, except that the medium
contained leg hemoglobin as an oxygen indicator
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F1. 8. Effects of substrates on the relation between redox state of cytochrome ¢ and oxygen
concentration [21]. Pig heart mitochondria (15mg protein) and 50mg wet wt. of Photo-
bacterium phosphoreum were suspended in 30ml of a reaction medium containing 0.5M man-
nitol, 0.02M KCl, 0.1M K,PO, (pH 7.2), and 0.2mM EDTA
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F16. 9. a Changes from an arbitrary baseline in cerebral oxygenated ([oxy-Hb]), deoxygenated
([deoxy-Hb]), total hemoglobin ([t-Hb]), and oxidized cytochrome oxidase ([cyt. 0x.]) concen-
trations during hyperventilation (HV) activation test in a patient with moyamoya disease.
Changes from baselines, of which values were taken as zero for each signal, are presented as
relative amounts, with 0.001 taken as order of magnitude of changes for each signal. Upward
(plus) and downward (minus) trends show increase and decrease in values, respectively. The
patient overbreathed voluntarily (between lines 1 and 3). Buildup was observed during the
period between lines 2 and 3. Rebuild-up was observed during the period between lines 4 and 5.
b Changes in EEG caused by HV. 1, EEG measured 2.5min after the start of HV (build-up); 2,
EEG measured 1.5min after the cessation of HV (rebuild-up); 3, EEG measured 7 min after the
cessation of HV (normal electrocortical activity)
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preceded the appearance of high-voltage slow waves, which indicates a decline of
brain function under hypoxic hypoxia [24].

Figure 9a shows NIRS traces from a 9-year-old boy with moyamoya disease during
the hyperventilation (HV) activation test. HV first caused decreases in [t-Hb] and
[oxy-Hb] and then mild build-up on the EEG at line 2 (EEG-1 in Fig. 9b), while [cyt.
ox.] was not changed. He complained of headache at line 3 and ceased HV. After the
cessation of HV, build-up disappeared immediately, [t-Hb] and [oxy-Hb] once in-
creased but did not return to the original levels, and cytochrome oxidase started to be
reduced. About 1min after the cessation of HV, diffuse high-voltage slow waves
suddenly appeared on the EEG at line 4 (rebuild-up; EEG-2), in which [t-Hb] and
[oxy-Hb] decreased further and [deoxy-Hb] increased.

Throughout rebuild-up appearing on the EEG, the patient complained of severe
headache and a numb sensation. Reduction of cytochrome oxidase began about 3 min
after the cessation of HV, and the high-voltage slow waves also started to disappear.
When all the NIRS parameters had returned almost to each baseline level, normal
electrocortical activities were observed on the EEG at line 5 (EEG-3). After a while the
patient no longer complained of either a headache or a numb sensation. Rebuild-up,
which is thought to be caused by both ischemia from hypocapnea and hypoxia from
suppression of breathing after HV, reflects the deterioration of brain function. These
clinical data also showed that the reduction of cytochrome oxidase preceded a decline
of brain function. In addition, complete recovery of both NIRS parameters and the
EEG means that irreversible brain damage did not occur during cytochrome oxidase
reduction lasting about 6 min.

Significance of Measurement of the Redox State of
Copper A in Cytochrome Oxidase in Clinical Medicine

Several investigators have proposed that [oxy-Hb] may be the best indicator of im-
pending brain hypoxia, while the reduction of cytochrome oxidase may be a prognos-
ticator of irreversible brain damage because it occurs only under extreme hypoxia
[16,19]. At the moment, however, NIRS does not provide quantitative information.
Thus, it is impossible to judge the degree of cerebral hypoxia by near-infrared mea-
surement of the Hb oxygenation state alone. When Hb oxygenation decreases in sick
patients requiring intensive care, for example, we cannot decide whether we should
treat them immediately without other monitoring systems.

By contrast, the reduction of cytochrome oxidase is correlated with decreases in
cerebral energy level and precedes a decline in brain function. This suggests that the
brain funtions so long as cytochrome oxidase is maintained in the fully oxidized state.
It therefore appears that the start of cytochrome oxidase reduction can be used as an
alarm that the brain condition is critical metabolically and functionally, even though
absolute values are lacking.

As to quantitation, it is thought that a differential pathlength factor (DPF) [25]
enables quantitation. In fact, mean values and standard deviations are often evaluated
for the NIRS data assuming that the DPF is constant. However, DPF varies with several
factors such as the kind and age of tissue. Values for DPF are in a relatively wide range;
for instance, the values in the infant head are approximately 3-5 [25]. This means that
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NIRS data cannot be compared across subjects unless the DPF is quantified for each
of the subjects.

Before the advent of NIRS, we evaluated tissue oxygenation from several indirect
variables such as PaO,. These methods, however, sometimes do not reflect tissue
oxygenation correctly. As is shown in Fig. 5a, even though oxygen supply was appar-
ently sufficient, cerebral hypoxia actually occurred in the preictal period and the late
postictal phase. Thus, direct measurement of tissue oxygen concentration is essential
for evaluating tissue oxygen sufficiency. Among the various clinical monitoring sys-
tems, only near-infrared measurement of cytochrome oxidase can meet this demand.

In conclusion, we believe that near-infrared measurement of cytochrome oxidase is
very useful in clinical medicine. As there are still several methodological problems in
NIRS, however, when inexplicable data are obtained, reevaluation of the algorithm
must be considered. Observations such as motor task-induced oxidation of cyto-
chrome oxidase in the adult human brain [26] and the oxidation of cerebral cyto-
chrome oxidase with FiO, of 12% and 8% in hypoxic piglets [20] seem to be a case in
point.
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Crystallization of Bovine Heart
Mitochondrial Cytochrome ¢ Oxidase
for X-Ray Diffraction

at Atomic Resolution (2.8 A)

Kyoko SHINZAWA-ITOH', RIEKO YAONO', RYOUSUKE NAKASHIMA,
HirosHI AOYAMA®, EIKI YAMASHITA% TAKASHI TOMIZAKT,
TOMITAKE TSUKIHARA?, and SHINYA YOSHIKAWA'

Summary. Four types of crystals were obtained from bovine heart cytochrome ¢
oxidase (ferrocytochrome c: oxygen oxidoreductase, EC 1.9.3.1.), a large multicompo-
nent membrane protein. Three of these crystals (hexagonal bipyramidal, tetragonal
plate, and tetragonal column) were obtained from an enzyme preparation stabilized
with alkyl polyethelene glycol monoether-type detergents. The tetragonal column
crystals diffracted X-rays up to 5A resolution, but this is far lower than the atomic
resolution. The orthorhombic crystals have been obtained from an enzyme prepara-
tion stabilized with decyl B-p-maltoside, which diffracted X-rays up to 2.6 A resolu-
tion. Crystals sufficient for X-ray diffraction experiments had not been obtained from
enzyme preparations using any other alkyl-sugar-type detergent commercially
available. These results suggest that crystallization of many membrane proteins to
achieve the atomic resolution level is possible if a detergent of appropriate structure
is available.

Key words. Cytochrome ¢ oxidase—Crystallization—Membrane protein—Nonionic
detergent

Introduction

Cytochrome ¢ oxidase is the terminal enzyme of mitochondrial respiration that re-
duces molecular oxygen to water, coupled with proton pumping across the mitochon-
drial inner membrane. The physiological importance of this oxidase has stimulated
many investigations on its structure and function [1,2]. For elucidation of the reaction
mechanism, the three-dimensional structure at atomic resolution is indispensable.
However, a method for crystallization of large membrane proteins has not yet been
generally established [3].

We have crystallized this enzyme, purified from beef heart muscle, as the first
example of membrane protein crystals of higher animals that diffract X-rays [4].

' Department of Life Science, Faculty of Science, Himeji Institute of Technology, 1479-1, Kanaji,
Kamigori-cho, Akoh-gun, Hyogo 678-12, Japan
?Institute for Protein Research, Osaka University, 3-2 Yamada-oka, Suita, Osaka 565, Japan
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However, resolution of the X-ray diffraction (8A) was far lower than the atomic
resolution. Thus, we have been trying to optimize the crystallization conditions [5-7].
Through this research, the structure of detergents to stabilize the membrane protein
molecules homogeneously in aqueous solution has turned out to be one of the most
critical factors for crystallization of the membrane protein. The highest resolution
obtained from the tetragonal crystals containing an alkyl polyethyleneglycol mon-
oether was 5.0 A [8]. From the enzyme stabilized with decyl B-p-maltoside, however,
orthorhombic crystals that gave a resolution adequate for structural analysis were
obtained [9].

Materials and Methods

Alkyl oxyethelene-type detergents were obtained from Nikko Chemicals (Tokyo,
Japan), and decyl B-p-maltoside was supplied by Sigma (St Louis, MO, USA) or
Anatrace (Maumee, OH, USA). Cytochrome ¢ oxidase was prepared with the method
previously described [10] with slight modifications. Various nonionic detergents were
used instead of Brij-35 as in the previous method [4]. Ammonium sulfate concentra-
tions for the fractionations in the presence of each replaced detergent were adjusted
by detergent replacement. All the reagents used were of the highest grade commercial-
ly available.

Results and Discussion

Tetragonal plate crystals appeared readily from the enzyme using alkyloxyethelene-
type detergents when the ionic strength of the medium was lower (30 mM sodium
phosphate buffer pH 7.4 or less) and the concentration of detergent or protein was
higher. These crystals appeared without any amorphous protein precipitate in the
salting-in region. This crystallization significantly improved the purity of the enzyme
preparation. Thus, the crystalline sample was used for surveying the crystallization
conditions. Tetragonal plate crystals diffracted X-rays at rather low resolution
(>15-204).

Hexagonal bipyramidal crystals were obtained only from enzyme preparations
using Brij-35 (polydispersed) as the detergent at low ionic strength (1-3 mM sodium
phosphate buffer, pH 7.4). Hexagonal crystals diffracted X-rays up to 6.0 A resolution.
The space groups and cell dimensions are P6, or P6,and a = b = 208.7 A, ¢ = 282.3A.

On the other hand, in the presence of sodium phosphate buffer pH 7.4 at 50 mM or
higher, tetragonal column crystals were obtained using ammonium sulfate as the
precipitant and hexamethylene glycol as an additive. Tetragonal column crystals
diffracted X-rays up to 5.0 A resolution. The space group and the cell dimension of the
crystal are 14, or 14, and a = b = 2534, ¢ = 507 A.

The effects of the length of alkyl chain and ethyleneglycol unit on the crystal
conditions are summarized in Table 1. The tetragonal plate crystals were obtained
from the preparations stabilized with decyl and dodecyl polyethylene glycol mon-
oether; the ethylene glycol unit was 6-23. The requirement of detergent structure for
these crystals were quite low, and the resolution of X-ray diffraction was also quite low
(>15A). The hexagonal bipyramidal crystals were obtained only using Brij-35, which
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TasBLE 1. Crystallization of bovine heart cytochrome ¢ oxidase preparations each stabilized
with a different nonionic detergent

Crystal system (crystal habit)

Detergent Hexagonal (bipyramid) Tetragonal (column) Tetragonal (plate) ((I:nMN([:)

C12E23 + - + 9.0 x 107
C12E8 - + + 7.0x 107
C12E7 - + + 6.9x 107
C12E6 - ~ + 6.9 x 107
C12E5 - - - 6.8x107°
C10E8 - + + 9.0x 107
C10E7 - + + 9.0 x 107

CMG, critical micellar concentration.
The symbols + and — denote crystallizable and noncrystallizable, respectively.

is polydispersed, as the detergent. The resolution of the hexagonal bipiramidal crystal
was 6.0 A. The tetragonal column crystals were obtained from the preparation stabi-
lized with decyl and dodecyl polyethelene glycol monoether; the ethylene glycol units
were 7-8. The critical micell concentration of alkyl polyethylene glycol monoether
depends on the length of the saturated hydrocarbon tail. A change in alkyl chain
length, C-10 to C-12, involving a large difference in critical micellar concentration
(CMC), hardly affects the crystallization condition. On the other hand, neither C12E23
nor C12E6 has provided the tetragonal column crystal.

Michel proposed that the compactness of the detergent is the most important factor
for crystallization of membrane proteins [11]. However, the hexagonal crystal ob-
tained from the enzyme preparation stabilized with C12E23 was not obtained when
any other dodecyl polyethylene glycol monoethers (see Table 1), which have a much
shorter ethylene glycol chain than C12E23, were used. The result is consistent with the
finding that larger detergents were more effective for crystallization of large mem-
brane protein complexes. On the other hand, neither C12E23 nor C12E6 has provided
the tetragonal column crystal that was obtained when C12E7 or C12E8 was used. Thus,
all these results indicate that an optimum size of detergent is critical for crystallization
of large membrane proteins in addition to the compactness.

The orthorhombic crystals (the space group and cell dimensions are P2,2,2,
and a=189.14, b=210.54, c = 178.6 A) were obtained from the preparation stabilized
with decyl B-p-maltoside and diffracted X-rays up to 2.6A resolution. The crys-
tallization condition for this orthorhombic crystal is extremely sensitive to the struc-
ture of the detergent molecules attached to the protein. When dodecyl B-p-maltoside
or sucrose monocaprate were used instead of decyl maltoside, the crystal
exhibited the resolution of the X-ray diffraction, far lower (~10 A) than the atomic
resolution.

The flexible polyethylene glycol chain gives significantly low specificity in the size of
the alkyl polyethylene glycol monoether for crystallization. The flexibility of the
polyethylene glycol chain of alkylpolyethylene glycol monoether attached to the en-
zyme in the crystals has been shown with solid nuclear magnetic resonance (NMR)
technique [12]. On the other hand, the rigid maltoside portion of the decyl maltoside
seems responsible for the strict specificity of the detergent structure for the crystalli-
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zation conditions and thus also for the high resolution of the crystals, giving the
atomic resolution of the X-ray diffraction.

Our current results show how critical is the selection of detergent for crystallization

of membrane proteins, and that crystallization of many membrane proteins to
achieve the atomic resolution level is possible if a detergent of appropriate structure
is available.
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Mechanism of Dioxygen Reduction
by Cytochrome ¢ Oxidase as Studied
by Time-Resolved Resonance Raman
Spectroscopy
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EvAN H. ApPELMAN?, KYOKO SHINZAWA-ITOH’,
SHINYA YosHIKAWA®, and TE1zo KITAGAWA'

Summary. Time-resolved resonance Raman (TR’) spectroscopy has been applied to
cytochrome ¢ oxidase (CcO) to elucidate the mechanism of dioxygen reduction. Six
oxygen isotope-sensitive Raman bands have been identified in the TR’ spectra. The
“607-nm species” defined by difference absorption spectrum, which is referenced
against the oxidized enzyme, is demonstrated to have an Fe=O heme, although it has
long been believed to have an Fe-O-0-X (X=H or Cu;) heme. The one-electron
reduction of this Fe=0 intermediate, which yields the oxoferryl intermediate, is dem-
onstrated to be coupled with proton transfer in the protein. The mechanism of diox-
ygen reduction by CcO is discussed on the basis of the structures of the reaction
intermediates.

Key words. Cytochrome ¢ oxidase—Dioxygen reduction—Resonance Raman—Per-
oxy intermediate—Bioenergetics

Introduction

Bovine heart cytochrome ¢ oxidase (CcO) is the terminal enzyme in the mitochondrial
respiratory chain and is a 13-subunit membrane protein with a molecular weight of
200kDa. CcO catalyzes dioxygen reduction to water, and this electron-transfer reac-
tion is coupled with vectorial proton translocation across the membrane. The electro-
chemical gradient thus produced is ultimately utilized to synthesize adenosine
triphosphate (ATP) from adenosine diphosphate (ADP) and inorganic phosphate (Pi)
[1]. In the human body, more than 90% of dioxygen taken up by the lungs is reduced
by CcO. During four-electron reduction of dioxygen, one-, two-, and three-electron-
reduced oxygen species are involved. These intermediately reduced species of dioxy-
gen are highly reactive and thus toxic to living cells, and must be trapped at the
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catalytic site (heme a,-Cu,) during turnover. Actually, those activated oxygen species
have rarely been detected in the cells during active respiration.

Our purpose is to elucidate how activated oxygen species are trapped at the heme
a,-Cu, site. To determine the structure of activated oxygen species at the catalytic site,
we have adopted time-resolved resonance Raman (TR’) spectroscopy because this
technique gives us both structural and kinetic information with regard to the heme
and its vicinity. In this study, we have identified six oxygen isotope-sensitive bands for
reaction intermediates in a time-resolved fashion with which we could determine the
structure of the intermediates.

Materials and Methods

CcO is isolated from bovine heart according to the method described elsewhere [2].
TR’ spectra are obtained by using a special device developed in this laboratory [3,4].
Simultaneous measurements of Raman and absorption spectra of the same sample
volume are performed with a device also developed in this laboratory [5,6].
The reaction of CcO with dioxygen is initiated by photolyzing CO from carbonmon-
oxy CcO in the presence of dioxygen by a 590-nm illumination that falls on the
absorption maximum of the a,-CO heme. Excitation wavelengths employed to excite
resonance Raman scattering are 406.7, 416.0, 420.0, 423.0, 425.0, 430.0, 441.6, 580.0,
and 607.0nm.

Results

At a delay time (At) of 0.1 ms after initiation of the reaction of CcO with dioxygen,
Raman band pairs at 571/544cm™ and 435/415cm ' for the '0,/"*0, pair are observed.
The '*0'*0 experiments give two bands at 567 and 548 cm ™', which establish that the
band at 571/544cm™ for the '°0,/°0, pair results from the Fe-O, stretching vibration
of an end-on dioxygen complex, and the Fe-O-0 bond angle is estimated to be about
120°. The 435/415cm™ pair is assigned to the Fe-O-0 bending vibration of the same
molecular species.

At At = 0.1-3ms, four oxygen isotope-sensitive Raman bands are observed at 804/
764, 356/342, 785/750, and 450/425cm™ for the '°0,/'°0, pair in this order at 3°C. The
frequency of the band at 450/425cm ™' shows a downshift to 443/417 cm™ in D,0, while
those of the other three bands do not. The band at 450/425cm™ is accordingly as-
signed to the Fe’'-OH stretching vibration. This band loses its intensity at At = 5.4 ms,
which is interpreted as a result of the exchange of the OH™ group with bulk water.
The "*0™0 experiments reveal that all the frequencies of bands at 804/764, 356/342,
and 785/750cm™ are sensitive to the mass of only one oxygen atom of dioxygen.
These results establish that the species giving the bands at 804/764, 356/342, and
785/750 cm™ have iron-oxo heme. The band at 785/750cm™ is reasonably assigned to
the Fe=0 stretching vibration of an oxo-ferryl intermediate (Fe*=0).

The band at 804/764cm™ is observed before the band at 785/750 cm ™. The band at
804/764cm™" is resonance enhanced on excitations at 441.6 and 607.0nm in addition
to at 423.0 and 430.0 nm, while the band at 785/750cm™" is enhanced at 580.0nm as
well as at 423.0 and 430.0nm. This difference in excitation profile implies that the
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electronic structures and thus the oxidation states of these two species are different. If
the reaction is initiated with the mixed-valence (two-electron reduced) and CO-
bound form as the starting material, we see the band at 804/764 cm™' but not at 785/
750cm™". These observations lead us to conclude that, although both species have the
Fe=0 heme, the species that gives the 804/764 cm™' band has one oxidative equivalent
higher than the species that gives the 785/750cm™ band. In other words, the 804/
764cm™ and 785/750cm™ species belong to the peroxy and ferryl oxidation levels,
respectively. The time profile of the band at 356/342cm™' seems to coincide with that
at 804/764cm™". The conversion rate of the 804/764cm™ to the 785/750cm™ species
becomes approximately one-fifth in D,0 compared to that in H,O. This fact suggests
that the electron-transfer step to the 804/764cm™ species that yields the 785/750
cm™' species is coupled to proton transfer in the protein.

In the reaction of oxidized CcO with H,0,, two spectrally distinct forms are ob-
served, which exhibit 607- and 580-nm absorption peaks in the difference spectra
obtained by subtracting the spectrum of oxidized CcO (compound minus oxidized
CcO). These “607-nm” and “580-nm” species give the Raman bands at 804/769 and
785/750cm™ for the H,"°0,/H,"*0, pair on excitation at 607 and 580 nm, respectively.
These results suggest that the three intermediate species seen in the dioxygen and
hydrogen peroxide reactions are common.

Discussion

In the four-electron reduction reaction of dioxygen by CcO, existence of the following
four reaction intermediates is established by TR’ spectroscopy. The first one is an end-
on type oxygenated intermediate with an Fe-O-0 bond angle of approximately 120°,
which is characterized by the Fe-O stretching and Fe-O-0 bending Raman bands at
571 and 435cm™, respectively. The Fe-0-0 geometry of this intermediate is virtually
identical with those of oxyhemoglobin and oxymyoglobin. The second intermediate
has an Fe=0 heme, which is characterized by the Fe=0 stretching Raman band at
804 cm™ and has one oxidative equivalent higher than the Fe*=0 intermediate does,
although the second intermediate belongs to the peroxy oxidation level. Accordingly,
we propose to call this intermediate the “perferryl” intermediate instead of the “per-
oxy” intermediate. The most likely location of the oxidative equivalent is iron; that is,
this intermediate has an Fe’’=0 heme [7]. The so-called 607-nm absorption interme-
diate observed in the hydrogen peroxide reaction is demonstrated to be identical with
the perferryl intermediate. The third intermediate, characterized by the Fe=0 stretch-
ing Raman band at 785cm™, has an Fe*=0 heme. Judging from the vibrational fre-
quency and the amplitude of the shift on *0, substitution, this intermediate resembles
compound II of peroxidases [8]. The fourth intermediate, characterized by the Fe-O
stretching Raman band at 450cm™, has an Fe'~OH heme. The OH™ group is ex-
changeable with bulk water. The Fe-O stretching frequency is notably lower than
those of aquamethemoglobin and aquametmyoglobin, and this difference must be
caused by a significant interaction of the OH group with some distal residue in the
case of CcO. The species that gives the 356-cm™ band seems to appear coincidently
with the perferryl intermediate in the dioxygen reaction but with ferryl intermediate
in the hydrogen peroxide reaction. Thus, it is considered to be located between the
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perferryl and ferryl intermediates. This fact is tentatively interpreted to indicate that
the 356-cm™ band results from the His-Fe=0O bending vibration of a deformed
Fe=0 heme {7].

The reaction of the one-electron reduction of the perferryl intermediate to the
ferryl intermediate becomes significantly slower in D,O than in H,0. This fact strongly
suggests that this electron-transfer step is coupled with proton transfer in the protein.
In conclusion, this study establishes that the “607-nm” species has an Fe=0 heme and
demonstrates an electron-transfer step which is coupled with proton transfer in the
protein.
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Coupling of Proton Transfer to Oxygen
Chemistry in Cytochrome Oxidase:
The Roles of Residues 167 and E243

BRIGITTE MEUNIER and PETER R. RicH

Summary. We are studying mutant forms of cytochrome oxidase to investigate resi-
dues of importance for proton movement and for sites of redox-linked protonation.
In this chapter, we describe the effects of a mutation in the residue I67. The mutation
alters the redox properties of heme a, probably by perturbing the pK of E243, a
conserved residue that we propose to be a protonation site that is redox-linked to
heme a. This mutation has little effect on the other redox centers or on the ligand
reactions of the binuclear center. The effects are compared with those of the mutation
K362M, a change that has no effect on the redox properties of heme a but instead
alters the reducibility of the binuclear center, probably by preventing protonations
that are required for more than one charge to be accumulated on the heme a,/Cu,
system.

Key words. Cytochrome oxidase—Protonation sites—Coupling

Introduction

We have proposed a model for proton transfer in cytochrome oxidase, based on
charge-balancing requirements (see the chapter by P.R. Rich et al, this volume), and
have highlighted a conserved glutamate residue (E243 in yeast or E242 in the bovine
enzyme) and its surroundings as the most likely region for the charge-balancing
protonation changes that are central to the coupling process. The model is being
investigated by examination of mutant enzymes from various sources. We present
here the preliminary characterisation of a mutation 167N in subunit I of the yeast
enzyme. The residue 167 (166 in the bovine enzyme) is close both to heme a and to the
conserved glutamate E243 (see Fig. 1 in the chapter by P.R. Rich et al, this volume).
The effects of the I67N mutation are compared with those of the mutation K362M in
the Rhodobacter sphaeroides enzyme (equivalent to K319 in the yeast and bovine
enzymes), a residue located in a possible channel that has been proposed to provide
a route for the “substrate” protons required for oxygen reduction to water.
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Materials and Methods

Mutant Forms of the Enzymes

The mutant 167N has been produced in yeast [1]. The yeast cytochrome ¢ oxidase has
been prepared by Dr. C. Ortwein, Frankfurt, as described in [2]. His-tagged forms of
the wild-type and K362M mutant forms of cytochrome oxidase from R. sphaeroides
were generously provided by Prof. R.B. Gennis.

Spectrophotometric and Kinetic Measurements

Spectra and transient kinetics at individual wavelengths were monitored with a
single-beam scanning/kinetic instrument built in house.

Kinetics of Reaction of Ferrocytochrome c with Fully
Oxidized Cytochrome ¢ Oxidase Monitored by the
Flash-Induced Chemical Photoreduction (FIRE) Method

Purified enzyme was dissolved aerobically to about 0.5uM in 0.5ml of 50mM
2(n-morpholino)ethane sulfonic acid (MES), 0.05% lauryl maltoside, 200U/ml
catalase, 50U/ml superoxide dismutase, 8uM oxidized cytochrome ¢, and 150uM
5-methyl phenazinium methosulphate (PMS), at pH 6. Photoreduction of cytochrome
¢ was initiated with a xenon flash filtered with short-pass filters to produce a blue
flash, which is actinic for the PMS photoreduction system. In these conditions, the
ferrocytochrome ¢ generated per flash was about 0.28uM. The rapid reduction of
ferricytochrome ¢ by reduced PMS was followed by a reaction between ferrocyto-
chrome ¢ and oxidase. The same sample could be used repeatedly at many individual
wavelengths by allowing a dark adaptation of at least 20s between flashes, during
which time the system reverted to the fully oxidized state by reaction with oxygen. The
redox kinetics of cytochrome ¢ and cytochrome ¢ oxidase were monitored at 550 —
(544 + 556)/2nm (¢ = 14.7mM ' cm ') and 603 - (593 + 613)/2nm (e = 14mM ' cm ™),
respectively.

Steady-State Turnover Behavior of Hemes on Slow Time Scales

Enzymes were dissolved to about 0.7uM in 0.5ml 50 mM potassium phosphate, 0.1%
lauryl maltoside, and 0.1 M cytochrome c at pH 7, with a positive pressure of argon
above the liquid surface. The reaction was initiated by addition of 10mM ascorbate
and 0.4uM PMS. Steady-state redox changes of the hemes were monitored at 445-
435nm, a wavelength pair that is isosbestic for oxygen intermediates.

Results

Effect of the Mutations on the Catalytic Activity

Oxygen consumption activities of the wild-type and mutant enzymes were monitored
with 80uM cytochrome c. At pH 7, the turnover numbers of both the yeast and R.
sphaeroides wild-type enzymes were approximately 700 electrons s . At this pH, the
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activities of both the 167N and K362M mutants were only a few percent of the activity
of the wild-type enzymes.

Major Effects of the 167N Mutation

The kinetics of reaction of ferrocytochrome ¢ with the oxidized forms of the wild-type
and I67N mutant forms of yeast oxidase were monitored by the FIRE method [3]. Less
than one electron per flash per oxidase was generated, so that mainly the one-
electron-reduced E state was generated.

As shown in Table 1, the number of electrons donated to both enzymes was roughly
equivalent. In the wild-type enzyme, the electron distribution between heme a and the
binuclear center was consistent with their relative midpoint potentials. However, the
level of reduction of heme a was significantly lower in the 167N mutant, indicating a
lower midpoint potential relative to the binuclear center. A lower midpoint potential
of heme a was demonstrated by direct redox titration of heme a in the cyanide-ligated
form of the enzyme [4].

The FIRE data also showed that electron donation to the binuclear center could still
occur (Fig. 1). Furthermore, the reactions of the binuclear center with ligands and
oxygen was unchanged, and the steady-state spectrum in the presence of reduced
cytochrome c indicated a relatively normal mixture of oxygen intermediates (data not
shown).

Major Effects of the K362M Mutation

Figure 2 shows the optical changes in the Soret region during a series of substrate
pulses given to the wild-type and K362M forms of the R. sphaeroides enzyme. The
reaction was initiated by addition of PMS, ascorbate, and cytochrome ¢ (1). In the wild
type, a steady state composed of a mixture of oxygen intermediates was rapidly
attained (panel b). After 3005, the mixture became anaerobic and both hemes became
reduced. Oxygen was rapidly mixed into the sample (2). This caused a reoxidation
back to the steady-state level, which was followed by heme rereduction. In (3),
dithionite was added to the sample. The behavior of the K362M was dramatically
different. Addition of PMS, ascorbate, and cytochrome ¢ caused a rapid reduction of
heme a. The signal observed was about half the signal of the fully reduced wild-type
enzyme, but no further reduction occurred even after 2000s or after addition of
dithionite (3).

TABLE 1. Electron distribution in one-electron reduction of cytochrome c oxidase using the
flash-induced chemical photo reduction (FIRE) method

Electron (uM):

total of electrons produced per flash Wild type: 0.28 (100%) I67N: 0.275 (100%)
Electrons remaining on cytochrome ¢ 0.05 (18%) 0.067 (24%)
Electrons remaining on heme a 0.071 (25%) 0.027 (10%)
Electrons transferred to the binuclear center 0.159 (57%) 0.181 (66%)

The estimation of electrons on the redox centers has been done, as described in Fig. 1, 0.14s after the
flash, which corresponded to the peak of heme a reduction.
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FIG. 1a,b. One-electron reduction of cytochrome c oxidase by ferrocytochrome ¢, using the
flash-induced chemical photo reduction (FIRE) method: comparison between 167N and the
wild-type yeast enzymes. a Kinetics traces obtained with the wild-type enzyme (see Materials
and Methods). The yield of ferrocytochrome c¢ per flash was first estimated by monitoring the
reduction of cytochrome c (trace a). After this measurement, cytochrome ¢ oxidase was added
to the same sample. The photoreduction was repeated, and the reductions of cytochrome ¢
(trace b} and of cytochrome oxidase (trace ¢} were monitored. Ferrocytochrome ¢ rapidly
reduces oxidase, and initially a mixture of ferro/ferricytochrome c and singly reduced oxidase is
formed. This is followed by a redistribution of electrons between oxidases, ultimately to be
reoxidized by oxygen. Thus, cytochrome c and the oxidaze return to the fully oxidized state in
the dark and can be photoactivated again. From the difference between the cytochrome ¢
reduction level in the absence of oxidase (trace a) and its reduction level in presence of oxidase
(trace b), we can determine how many electrons have entered the oxidase at any given time and,
from trace c, estimate how many of them have appeared on heme a. The difference between the
total number of electrons donated by cytochrome ¢ and the number of electrons appearing on
heme a gives the number that have been transferred to the binuclear center. The data obtained
for wild-type and I67N enzymes are presented in Table 1. b shows the level of reduction of heme
a of the wild type and I67N; the wild-type trace was an expansion of trace ¢ in a

Discussion

Our data show that the major effect of the mutation I67N in yeast is the lowering of the
midpoint potential of heme a. Heme a therefore becomes more difficult to reduce,
leading to a decrease in the catalytic activity of the enzyme. In the published structure
of the beef heart enzyme, 167 (166 in beef heart) is located between heme a and the
conserved glutamate residue E243 (E242 in beef heart) [5]. E243 is likely to be one of
the groups in which the charge-balancing protonation changes occur, associated with
redox changes. From our preliminary results, we propose that substitution of an
asparagine for 167 modulates the E243, interfering with its redox-linked protonation
and in turn lowering the midpoint potential of heme a.
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FiG. 2a,b. Steady-state turnover behavior of K362M and wild-type Rhodobacter sphaeroides
enzymes. The measurements were performed as described in Materials and Methods. a Steady-
state redox changes of the hemes monitored at 445-435nm, a wavelength pair isosbestic for
oxygen intermediates. (1) The reaction was initiated by 10mM ascorbate, 0.2 UM cytochrome c,
and 0.4 M PMS. (2) Oxygen was mixed into the sample. (3) Dithionite was added to the sample.
b Aerobic steady-state difference spectra taken after the addition of ascorbate, cytochrome ¢,
and 5-methyl phenazinium methosulphate (PMS)

In contrast, the redox properties and reducibility of heme a were not affected in the
K362M mutant. Instead, further electron transfer to the binuclear center was per-
turbed so that generation of the oxygen intermediates was no longer possible. Initial
experiments (not shown) suggest that one reducing equivalent may be transferred,
but the transfer of two is not possible. Thus, the enzyme is unable to function catalyt-
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ically because it is unable to produce the intermediate that can react with oxygen to
produce the peroxy form.
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Respiration of Helicobacter pylori,
cb-Type Cytochrome ¢ Oxidase, and
Inhibition of NADH Oxidation by O,

NoBUHITO SONE', SAKURA TsukiTa', Kumiko NAGATA?, and
TosHIHIDE TAMURA®

Summary. Helicobacter pylori is a microaerophilic gram-negative spiral bacterium
residing in human stomachs. A cb-type cytochrome c oxidase terminating the respira-
tory chain was purified almost to homogeneity after solubilizing the membranes with
Triton X-100 and succeeding anion exchange, Cu-chelating, and gel-filtrating chro-
matography. The enzyme was composed of two or three subunits (58, 30, and 23kDa),
probably bearing three C hemes and two protohemes. One protoheme reacted with
CO, and seemed to be high spin and to form a binuclear center with Cuy. The enzyme
actively oxidized soluble cytochrome ¢ from this bacterium with a K, of 0.9uM (TN,
of about 250). Yeast cytochrome ¢ and N,N,N’,N'-tetramethyl p-phenylene diamine
(TMPD) also were oxidized at similar maximal velocities with larger K _s. The effect of
0, on inactivation of NADH oxidase activity of membranes during incubation was
also examined.

Key words. Cytochrome ¢ oxidase—Cytochrome bc—Helicobacter pylori—c-type
cytochrome—Heme-copper oxidase

Introduction

Helicobacter pylori is a gram-negative spiral bacterium residing in human stomachs.
This bacterium is known to be a microaerophilic (5%-7% O, preferable) but obligate
aerobe [1,2]. Oxidase activity measurement of the membrane fraction showed the
presence of strong (about 0.3pmolmin ' mg ' protein) cytochrome ¢ and N,N,N',N'-
tetramethyl p-phenylene diamine (TMPD) oxidase activities [3]. Redox and CO-
difference spectra indicated that the responsible terminal oxidase is not an aa,-type
but a cb-type cytochrome c oxidase, which showed high O, affinity (about 0.4uM) and
was very susceptible to cyanide (Ki = 2.5uM). A cb-type cytochrome ¢ oxidase was
found in bacteroids fixing nitrogen in root nodula as the terminal oxidase with a very
low K,, for O, [4,5]. This type of oxidase has also been found in purple bacteria such
as Rhodobacter capsulata (6], Rhodobacter sphaeroides [7], and Paracoccus denitrifi-
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cans [8)]. These enzymes have a high-spin heme-Cu, binuclear center for dioxygen
reduction to water in the largest subunit (subunit I), and thus belong to the heme-
copper oxidase superfamily with well-known cytochrome aa,-type cytochrome ¢ ox-
idases [9,10]. Multiple alignment of amino acid sequences also indicate that those of
cb-type enzymes so far as is known are closely homologous with subunit I of cyto-
chrome aa, [4,10,11]. We report here trials to purify the terminal oxidase from H.
pylori and to clone the genes for this enzyme. In addition, we also found it interesting
to analyze why parts of the respiratory system of this bacterium are susceptible to
oxygen.

Materials and Methods
Materials

Helicobacker pylori NCTC11637 was cultured and its membrane fraction was pre-
pared as described previously [3]. TMPD and o-tolidine were purchased from Wako
Pure Chemical (Osaka, Japan), and equine cytochrome ¢ (type VI) and yeast cyto-
chrome ¢ (type VIII) were provided by Sigma (St. Louis, MO, USA). Diethylammo-
ethanyl cellulose (DEAE-cellulose) (DE52) was a product of Whatman (Maidstone,
Kent), and Q-sepharose FF, chelating sepharose FF, and a Superdex gel filtration
column for high prossure liquid chromatography (HPLC) (2000 HR10/30) were pur-
chased from Pharmacia (Uppsala, Sweden). Other chemicals, inhibitors, and deter-
gents were obtained as described previously [12].

Purification Procedure

The membrane fraction from H. pylori was washed once with 50mM HEPES hydro-
xylethylpiperazine ethanesulfonic buffer (pH 7.0) containing 0.5% sodium cholate,
0.5M NaCl, and 15% (w/v) glycerol by centrifugation. The resulting residues were
extracted with 5ml of a mixture of 3% Triton X-100, 50 mM HEPES buffer, 0.1 M NacCl,
and 1mM phenylmethylsulfonyl fluoride (PMSF) for 1h with stirring. The soluble
fraction was diluted with an equal volume of H,0, and applied on a DEAE-cellulose
column (1 x 3cm), and the pass-through fraction was applied on a Q-sepharose
column (0.8 X 4cm) equilibrated with water. The column was washed with 20mM
NaCl containing 1% Triton X-100, HEPES buffer, and glycerol, then with 40 mM, and
then with 50mM, so that the red band moved slowly. The red band was eluted by
raising the NaCl concentration to 80 mM, and the eluate was fractionated and mea-
sured for TMPD oxidase activity. The active fractions were pooled and applied on a
chelating Sepharose column (0.4 x 2cm) loaded with Cu(II) and the buffer with 0.5 M
NaCl. The column was first washed by the buffer containing 1% sucrose monolaurate,
5mM imidazol, and 0.5M NaCl, and the oxidase was eluted by raising the concentra-
tion of imidazol to 10mM. The red-colored eluate (0.4 ml) was fractionated through a
sepharose column (1 x 30cm) equilibrated with 20 mM HEPES buffer (pH 7.0) con-
taining 0.1 M NaCl, 0.2% sucrose monolaurate, and 10% glycerol.

Analytical Procedures

Oxygen uptake of the membrane fraction was followed with a No. 4005 oxygen elec-
trode (Yellow Springs Instrument, Yellow Springs, OH, USA) in a semiclosed vessel
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(2.3ml) containing the reaction medium of 50 mM sodium phosphate buffer, pH 7.1.
The contents of these vessels were all thermostatically controlled (35°C) and mixed
with a magnetic stirrer.

Cytochrome ¢ oxidase and TMPD oxidase activities of the purified enzyme were
measured by following the pH change with ascorbate as a final electron donor accord-
ing to the following equation [13]: ascorbate H-Na + H' + 1/2 O, dehydroascorbate
+ H,0 + Na'. The net alkali formation was back titrated with aliquots of 5mM HCL.
Absorption spectra were measured on a DU-70 spectrophotometer (Beckmen Instru-
ments, Fullerton, CA, USA). Heme contents were determined according to the method
of Berry and Trumpower [14]. Polyacrylamide gel electrophoresis with sodium dode-
cyl sulfate (SDS-PAGE), protein determination, and heme staining were carried out as
previously [12].

Cloning and Sequencing of the Gene

For cloning of the largest subunit of the H. pylori cb-type oxidase gene, two sets of
primers were designed for polymerase chain reaction (PCR) targeting the very con-
served region in the heme-copper oxidase superfamily including cb-type: 5-CA(A/
G)TGGTGGTA(T/G)GGNGAT/CAA for QWWYGHN in helix VI as a sense primer,
and 5-ATNGTCCA(A/G)TCNGT(A/C)TA(G/T)AG for HYTDWTI in helix X as an
antisense primer. The PCR product with H. pylori genomic DNA as a template, almost
400bp, was cloned into pT7Blue T-vector and sequenced. The adjacent sequences
were also obtained by the cassette PCR method. The plasmid vector and enzymes for
this work were the products of Takara Shuzo (Kyoto). General gene manipulations
followed those of Sambrook et al. [15].

Results and Discussion

Purification

The membrane fraction was first washed with cholate to remove peripheral mem-
brane protein and then solubilized with Triton X-100. The media for chromatography
contained glycerol (10%-15%) for stabilization of the enzyme. A typical result of

TABLE 1. Summary of the purification of cytochrome ¢ oxidase

Total protein Total activity Yield Specific activity
Step (mg) (1mol/min) (%) (umolmin~ mg™)
1. Washed membrane 49.8 17.8 (100) 0.38
2. Triton X-100-solubilized 17.0 9.87 (56) 0.58
3. Q-sepharose 1.12 4.75 (27) 4.2
4. Chelating sepharose 0.56 1.10 (6.2) 2.0
5. Gel filtration 0.10 0.67 (3.4) 6.7

N,N,N',N'-tetramethyl p-phenylene diamine (TMPD) oxidase activity was measured spectrophoto-
metrically at 562nm with a single-beam spectrophotometer using 0.1mM TMPD as described
previously [12].
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F1G. 1. Spectra of Helicobacter pylori cytochrome ¢ oxidase. a, Na,$,0,-reduced spectrum; b,
CO-reduced minus reduced difference spectrum. Reduction was carried out in sodium ascor-
bate with a very tiny amount of Na,$,0,. A, absorbance

purification is summarized in Table 1. The last step (gel filtration) showed that the
enzyme was about 210kDa with the detergent.

Chromophores and Subunit Structure

A reduced form spectrum of the purified cytochrome oxidase (Fig. 1a) shows that only
c-type cytochromes are dominant, and a shoulder around 560 nm indicates the pres-
ence of b-type cytochromes in the enzyme. A CO difference spectrum (Fig. 1b) sug-
gests that b-type cytochrome is reacting with CO as in the case of cytochrome a,.
Analysis of heme content by pyridine hemechrome showed that content of C-heme
and protoheme were about 18 and 10 nmol/mg protein, respectively. Subunit struc-
ture was examined by SDS-PAGE. Two main (58- and 23-kDa) and one faint (30-kDa)
bands were stained for protein, and at least 58- and 23-kDa bands showed peroxidase
activity from covalently bound heme (not shown). No hitherto known largest subunit
with the heme-copper binuclear center was reported to bear heme C as well [4-7].

Catalytic Properties

Kinetic constants of the purified enzyme with cytochromes ¢ from different sources
and TMPD are summarized in Table 2. The H. pylori enzyme showed high molecular
activity with these electron donors except equine cytochrome c as in the membrane
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TaBLE 2. Oxidase activities and inhibition by KCN

Substrate
Helicobacter pylori cyt. c-553 Yeast cyt. ¢ Equine cyt. ¢ TMPD

Viax (87 252 250 72.6 247
K, (uUM) 0.9 15.2 1.1 108
150 (uM) for KCN — — — 26
Vi . Vil
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F1G. 2. Multiple alignment of segment VI-X region of subunit I of cb-type oxidases. The
hydrophobic segments are indicated by overlines and underlines and are numbered. The con-
served His residues liganding metal centers are indicated by asterisks. 1, Bradyrhizobium
japonicum [4]; 2, Azorhizobium caulinodans [16]; 3, Paracoccus denitrificans [8); 4, H. pylori
(current study)

[3]. The very low K, of H. pylori cytochrome c-552 suggests that this is the physiolog-
ical substrate. This cytochrome has been partially purified from the soluble fraction of
H. pylori on disruption by sonic oscillation, and is probably present in the periplasma.

Gene for Subunit | of the H. pylori Enzyme

Cloning of a main portion of subunit I of H. pylori oxidase has been attained as to
PCR-amplified DNA. The deduced amino acid sequences are compared with those of
cb-type terminal oxidases such as that of Paracoccus denitrificans [8], Azorhizobium
caulinodans [16], and Bradyrhizobium japonicum [4] (Fig. 2). These three bacteria
belong to the alpha-division group of proteobacteria, and the sequences are very
similar to each other. On the other hand, H. pylori is classified in the gamma division,
and its sequence is somewhat different from the others. Membrane-spanning alpha
helices VI-X surround the heme-copper binuclear center where dioxygen is to be
reduced [17,18]. Five His (*) residues, which are liganding two metal atoms, are all
conserved, and residues in their vicinities in helices VI, VII, and X are also well
conserved in four cb-type oxidases.
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The Glu and Tyr in helix VI, which is supposed to be very important for electron
and proton transport, are not found in the alignment of cb-type oxidase. Also Lys in
helix VIII, which is supposed to confer a proton pathway, is not found in the present
alignment although two or three hydroxyl residues are conserved. Two His residues in
helix X are separated by Val instead of Phe, which is conserved in the heme-copper
oxidase superfamily except the cb-type, indicating the aromatic side chain is not
necessary for electron transfer from low-spin heme to the high-spin heme of the
binuclear center. Among the heme-copper oxidase superfamily, the cb-type cyto-
chrome c oxidases seem to be a primitive group, because (1) they are expressed under
microaerophilic conditions or found in microaerophilic bacteria, (2) their smaller
subunit is c-type cytochrome(s), totally different from the subunits II and III of the
rest of the superfamily, and (3) their (subunit I) sequences seem closely related to that
of NO reductase, which may be the origin of the oxidase superfamily when dioxygen
was available [10,11].

As reported previously, the rate of oxygen uptake of the membrane fraction of H.
pylori with NADH was very low in comparison with that of cytochrome ¢ oxidation

02 Uptake (nmol/min./mg-protein) NADH, Pyruvate
02 Uptake (nmol/min./mg-protein) TMPD

F16. 3. Inactivation by oxygen of NADH oxidase and pyruvate oxidase activity during incuba-
tion. The H. pylori membrane fractions prepared by sonication under an atmosphere of N, were
incubated for 2h in air (+0,) or in N, (-0,)
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[3], although they are comparable in most bacterial preparations. We suggested that
this may be the result of detachment of the type II NADH dehydrogenase from the
membrane during the preparation. In additon, instability of the dehydrogenase under
oxygen may be partly responsible, because oxygen uptakes with NADH and pyruvate
severely decreased after 2-h exposure under air even when kept on ice (Fig. 3).

Conclusion

We have succeeded in purifying the terminal oxidase from a very small amount of
membrane fraction of H. pylori. Our data showed that the terminal oxidase in H.
pylori is a cb-type cytochrome ¢ oxidase. H. pylori is a strict microaerobe; the most
suitable gaseous conditions for its growth are 5%-7% oxygen and 7%-10% carbon
dioxide in nitrogen. H. pylori lives in the mucous layer of the human stomach, most
frequently sited in the “grooves” at the junction of the cells as the microaerophilic
niche. This type of the enzyme is known to be essential for nitrogen-fixing bacteroids
[4,5]. We would like to suggest that this type of oxidase may serve as the terminal
oxidase in many microaerophilic bacteria.
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The Regulation by ATP of the Catalytic
Activity and Molecular State of
Thiobacillus novellus

Cytochrome ¢ Oxidase

Kazuo SHoj1, Kivoaki Horl, MINORU TANIGAWA, and
TATEO YAMANAKA

Summary. Thiobacillus novellus cytochrome ¢ oxidase has one heme a molecule and
one copper atom in the minimal structural unit consisting of one molecule each of two
subunits (32 and 23 kDa). The oxidase occurs as a monomer of the unit in the presence
of 0.5% n-octyl-B-p-thioglucoside and as a dimer of the unit in the presence of 0.5%
Tween 20. The heme molecule in the monomer is completely reactive with CO, that is,
the monomeric oxidase appears to be cytochrome a,, while one of the two heme
molecules in the dimer reacts with CO, that is, the dimeric oxidase appears to be
cytochrome aa,. The [s]-v curve in the oxidation of ferrocytochrome ¢ catalyzed by
the dimeric oxidase is sigmoidal. On addition of ATP, the molecular mass of the
dimeric oxidase becomes half and the [s]-v curve changes to a hyperbola from a
sigmoid. Thus, ATP regulates the molecular states and catalytic properties of the
oxidase.

Key words. Cytochrome ¢ oxidase—ATP—Cytochrome a,—Cytochrome aa,— Thio-
bacillus novellus

Introduction

Cytochrome c oxidase [1] isolated from the sulfur-oxidizing bacterium Thiobacillus
novellus has a unique property [2]: it contains one heme a molecule and one copper
atom in the minimal structural unit consisting of two subunits. The oxidase occurs as
a monomer of the unit in the presence of 0.5% n-octyl-B-p-thioglucoside (OTG),
while it occurs as a dimer of the unit in the presence of 0.5% Tween 20. The heme a
molecule in the monomeric oxidase is completely reactive with CO, while the two
heme molecules in the dimeric oxidase combine with CO by 50%. Thus, the mono-
meric oxidase appears to be cytochrome 4, while the dimeric oxidase appears to be
cytochrome aa,. Further, the E,,, (midpoint redox potential at pH 7.0) value of the
heme a molecule in the monomeric oxidase is +0.26 V, whereas the values of two heme

Department of Industrial Chemistry, College of Science and Technology, Nihon University,
Kanda-Surugadai 1-5, Chiyoda-ku, Tokyo 101, Japan
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F1G. 1. The [s]-v curve in the oxidation of ferrocytochrome c catalyzed by Thiobacillus novellus

cytochrome ¢ oxidase. The reactions were performed in 10mM HEPES-KOH buffer (pH 7.3)

containing 0.5% Tween 20. The reactions of the enzymatic oxidation of ferrocytochrome ¢ were
started by addition of the oxidase
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F1G. 2. The [s]-v curve in the oxidation of ferrocytochrome ¢ catalyzed by T. novellus cyto-
chrome ¢ oxidase. The reactions were performed in 10mM HEPES-KOH buffer (pH 7.3) con-
taining 0.5% Tween 20. +ATP, 700 uM ATP was added to the oxidase solution; +ATP +apyrase,
2 unit/ml apyrase was added 5 min after 700 UM ATP had been added to the oxidase solution.
The reactions of the enzymatic oxidation of ferrocytochrome ¢ were started by addition of the
oxidase

a molecules in the dimeric oxidase are +0.18 and +0.36 V, respectively. The monomer-
ic oxidase as well as the dimeric oxidase catalyzes the oxidation of ferrocytochrome ¢
with concomitant reduction of molecular oxygen to water. The [s]-v curve in the
oxidation of ferrocytochrome ¢ catalyzed by the monomeric oxidase is hyperbolic,
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TaBLE 1. Molecular mass of T. novellus cytochrome c oxidase
in the presence and absence of ATP

Molecular mass (kDa)

Summation of molecular masses of 55 (35 +23)
subunits

In the presence of Tween 20 (—ATP) 160

In the presence of Tween 20 (+ATP) 70

while that in the oxidation of ferrocytochrome c catalyzed by the dimeric oxidase is
sigmoidal.

Effects of ATP on the Catalytic Properties

As described in the Introduction, the [s]-v curve in the oxidation of ferrocytochrome
¢ catalyzed by T. novellus cytochrome c oxidase is sigmoidal in the presence of 0.5%
Tween 20 (Fig. 1). The addition of 700uM ATP to the reaction mixture makes the
curve hyperbolic. When added ATP is decomposed by apyrase, the curve is restored
to the original sigmoidal curve (Fig. 2). As the dimeric oxidase shows a sigmoidal [s]-
v curve in the oxidation of ferrocytochrome c, it appears that the oxidase has two
cytochrome c-reacting sites and that the two sites interact intimately with each other.
Thus, the n value in Hill plots is 1.8-2.0. However, as the Eadie-Hofstee plots for the
reaction do not show two linear lines (results not shown), the K,, values for cyto-
chrome c of the two sites cannot be determined.

Effects of ATP on the Molecular Aspects

The dimeric oxidase dissolved in the solution containing 0.5% Tween 20 dissociates
to the monomeric enzyme on addition of 600 uM ATP (Table 1); the molecular mass
of the oxidase in the presence of Tween 20 without ATP is estimated to be 160kDa in
high performance liquid chromatography (HPLC), while it is estimated to be
70kDa in the presence of ATP. As the molecular mass of the monomeric enzyme is
estimated to be 55kDa as the summation of the masses of two subunits, 32 and 23kDa,
the masses of 160 and 70kDa seem to be those of the dimeric and monomeric en-
zymes, respectively, considering the mass of the detergent bound to the enzyme
molecules.

Cytochrome aa, shows an absorption trough around 451nm in the second-
derivative absorption spectrum of its CO-bound form. The trough is characteristic of
the cytochrome a component [3]. The dimeric oxidase of T. novellus shows the trough
at 452nm, while the trough disappears on addition of ATP (Fig. 3). This seems to
mean that cytochrome aa, dissociates to cytochrome a, on addition of ATP, resulting
in disappearance of the cytochrome a component. Further, the difference absorption
spectrum, reduced minus reduced + ATP in the solution containing Tween 20, shows
two peaks at 444 and 600nm, respectively (Fig. 4). This seems also to show that
cytochrome a component in the dimeric oxidase disappears on addition of ATP.
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F1G. 3. Second-derivative absorption spectra of CO-bound form of T. novellus cytochrome ¢
oxidase. Concentrations of Tween 20 and ATP were 0.5% and 700 uM, respectively
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FiG. 4. Difference absorption spectrum, [reduced] — [reduced + ATP] of T. novellus cytochrome
¢ oxidase. The enzyme was dissolved in 10 mM phosphate buffer in the presence of 0.5% Tween
20. Concentration of ATP was 700 uM

Conclusion

Thiobacillus novellus cytochrome ¢ oxidase appears to be an allosteric enzyme; the
[s]-v curve in the oxidation of ferrocytochrome c catalyzed by the dimeric enzyme is
sigmoidal with the n value in Hill plots of about 2 in the solution containing Tween 20,
and the curve becomes hyperbolic by the addition of ATP. The effector, ATP, makes
the dimeric oxidase, cytochrome aa,, dissociate to the monomeric enzyme, cyto-



124 K. Shoji et al.

chrome a,. Thus, the changes in the absorption spectra of the dimeric oxidase caused
by ATP show the disappearance of the cytochrome a component from cytochrome
aa,. A preliminary experiment has shown that the dimeric oxidase shows proton
pumping activity while the monomeric enzyme does not (unpublished results). As
proton pumping by cytochrome c oxidase is related to the biosynthesis of ATP [4], the
dissociation of the dimeric enzyme to the monomeric enzyme by ATP seems to be of
physiological significance; the presence of a sufficient amount of ATP makes the
enzyme change to the state that does not have the proton pumping activity.

It seems very interesting that the interconversion of cytochrome aa, and cyto-
chrome a, occurs easily with T. novellus cytochrome c oxidase. In cytochromes aa, of
bovine heart [5] and Paracoccus denitrificans [6], the heme of cytochrome a has six
ligands and that of cytochrome g, has five ligands. When one cytochrome a, molecule
is changed to a cytochrome aa, molecule by dimerization, a ligand from the other
cytochrome a, molecule will ligate to the heme of the cytochrome a, molecule, result-
ing in the formation of the cytochrome a component. The determination of the sixth
ligand to the heme of the cytochrome a component is now being undertaken by
resonance Raman spectroscopy. Further, the base sequence of DNA encoding the
enzyme is under study in our laboratory.

The copper atom in the monomeric oxidase shows a signal at g=2.0 in the electron
spin resonance (ESR) spectrum, and the atoms in the dimeric enzyme do not show the
signal [2]. Therefore, in the T. novellus enzyme, only cytochrome a, and Cu, appear
sufficient for the oxidation of ferrocytochrome ¢ and reduction of oxygen to water.
This may give us a clue to elucidating the mechanism in the oxidation of ferrocyto-
chrome ¢ and the reduction of molecular oxygen by cytochrome c oxidase.
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Cytochrome P-450 Monooxygenases



Structure-Function Studies of
P-450BM-3

SANDRA E. GRAHAM-LORENCE and JULIAN A. PETERSON

Summary. P-450BM-3 is essentially a three-domain enzyme that contains a substrate-
binding heme domain termed P-450BMP and an NADPH-P-450 reductase domain
termed BMR, which itself is comprised of a flavin adenine dinucleolide (FAD)-
binding and a flavin mononucleolide (FMN) -binding domain, all of which we have
expressed, purified, and characterized. We have crystallized and determined the
structure of P-450BMP which has a structure similar to the other three P-450 struc-
tures, P-450,,,, P-450,,,,, and P-450,,;, thus implying a common P-450 structural fold.
However, there are differences in the substrate- and redox-partner-binding regions.
P-450BM-3 oxidizes long-chain saturated and unsaturated fatty acids. Generally, the
more rigid the fatty acid, the more regio- and stereoselective the monooxygenation.
We have been able to change the regioselectivity of monooxygenation by mutating
phe-87, which lays over pyrrole ring C, to val. Additionally, we have mutated arg-47,
which is at the mouth of the access channel, and found that although it does not affect
the selectivity of monooxygenation, it does affect substrate binding. Finally, we have
reconstituted P-450BM-3 using various domain combinations to characterize electron
transfer in P-450BM-3. Subtle changes in the product profile of palmitic acid metab-
olites indicate that domain-domain interactions may alter the dynamics of substrate
binding to the enzyme resulting in a different product profile.

Key words. P-450—Monooxygenation—Reductase—Protein-protein interaction—
Mutagenesis

Introduction

Cytochromes P-450 (P-450) are members of a gene superfamily of hemoproteins in
which the fifth coordinating ligand of the heme iron is a thiolate side chain of a
cysteinyl residue. More than 70 different families of P-450s [1] are found both in
prokaryotes and in eukaryotes where they detoxify exogenous organic compounds
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such as insecticides, herbicides, and drugs, or synthesize required regulatory com-
pounds such as growth hormones in plants, and steroids, eicosanoids, and prostag-
landins in mammals. There are more than 500 sequenced P-450s at the present time;
however, current information can be found at David Nelson’s Webpage http://
drnelson.utmem.edu/nelsonhomepage.html. The substrates for P-450s are organic,
hydrophobic compounds. Thus, it was not surprising to find that the heme pocket, the
site of catalysis in P-450s, is buried within the protein in a hydrophobic environment.
In this microenvironment, P-450s usually catalyze a monooxygenation reaction form-
ing an alcohol or an epoxide. With few exceptions, P-450s require molecular oxygen
and an exogenous source of electrons (which are obtained from NAD(P)H via their
redox partners) and catalyze the reaction:

R-CH,+0,+NAD(P)H + H' ->R-CH,0H + NAD(P)" + H,0

The P-450 family of proteins can be classified on the basis of their redox partner
requirement. Class I P-450s require a flavin-containing NAD(P)H-iron sulfur protein
reductase and an iron sulfur protein that shuttles electrons one at a time from the
reductase to the P-450. This class of proteins is generally found in prokaryotes, where
they oxidize hydrophobic natural products and enable them to be used as sources of
carbon and energy for growth. Other members of this class are found in the mitochon-
dria of eukaryotes, where they monooxygenate certain steroids or cleave the C-17-C-
20 bond in cholesterol to form pregnenolone. Class II P-450s utilize a flavin adenine
dinucleolide/flavin mononucleolide (FAD/FMN) -containing NADPH-P-450 reduc-
tase to transfer electrons from NADPH to the P-450. These P-450s are, with only one
exception to date, eukaryotic, endoplasmic reticulum-bound (microsomal) proteins
found most abundantly in the liver and in steroidogenic organs (e.g., adrenals and
gonads). The only exception is the soluble prokaryotic protein P-450BM-3 from Bacil-
lus megaterium in which the reductase is fused to the P-450 domain via a peptide
linker, thus forming a self-sufficient holoenzyme. Finally, class III P-450s do not
require an external source of electrons because they do not catalyze a monooxygen-
ation reaction, but rather they rearrange endoperoxides and hydroperoxides. Only a
few of these proteins are known, for example, prostacyclin synthase [2], thromboxane
synthase [3], and allene oxide synthase [4].

Of the crystallized P-450s whose structures have been released for general distribu-
tion [5-8], only one is a class II P-450, P-450BMP [6], the P-450 domain of P-450BM-
3, while the other three are class I P-450s: P-450,,,, (5], P-450,,, [7], and P-450,,,; [8].
As shown in the ribbon diagram of the four structures (Fig. 1), they appear remark-
ably alike. On close inspection of the structures of these proteins on a graphics
workstation, one can discern the differences, which are located largely in the regions
associated with substrate binding (i.e., helices A, B’, F, G), and those regions associat-
ed with redox-partner binding (i.e., a new helix, ], and a difference in charge on
helices C and L). The similarity between P-450BM-3 and eukaryotic fatty acid mo-
nooxygenases has been noted [9]. Thus, P-450BM-3 appears to be a good model for
eukaryotic microsomal P-450s. Additionally, P-450BM-3 regioselectrively and stereo-
selectively monooxygenates long-chain fatty acids, especially arachidonic acid [10], as
do several eukaryotic P-450s involved in fatty acid metabolism. Thus, we have chosen
to study P-450BM-3 as a model for eukaryotic P-450 monooxygenation, electron
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F1G. 1. Ribbon diagrams of the secondary structural elements of P-450s. The atomic coordinates
of P-450BMP (BMP) [6], P-450,,,, (cam) [5], P-450,,, (terp) [7], and P-450,, . (eryF) [8] were used
to construct this figure. The pyrrole carbon atoms of the heme rings were overlaid in three-
dimensional space for each of these molecules using the program InsightII from Biosym Corpo-
ration (Molecular Simulations, San Diego, CA, USA). The program MolMol [8a] was then used
to create the ribbon diagrams. o-Helices are shown by the helical coil, strands of B-sheets are
shown by flat arrows, and random coils and loops are shown by the lines between the other
secondary structural elements. The heme <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>