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ABSTRACT

RAPID-SCANNING STOPPED-FLOW STUDIES OF THE
REDUCTION OF CYTOCHROME c OXIDASE

By
Folim G. Halaka

Rapid scanning and fixed-wavelength stopped-flow spectropho-
tometry were used to study the anaerobic reduction of cytochrome c
oxidase by 5, 10-dihydro 5-methylphenazine (MPH) and by sodium dithio-
nite. In both cases the decay of the oxidized Soret band of the protein
was not uniform. With MPH, a neutral molecule, the reduction of the
cytochrome a component of the oxidase preceded that of cytochrome as.
The kinetics of the reduction were found to be triphasic. The fast
phase is a second order reaction between the oxidase and MPH. This is
followed by two first order processes, which were interpreted as
intramolecular electron redistribution between the oxidase four metal
centers. Analysis of kinetic data showed that during the fast phase,
the decay at 830 nm, due to the reduction of the copper ion asso-
ciated with cytochrome a, lags the growth of absorbance at 605 nm
(due to cytochrome a).

The method of weighted principal component analysis (PCA) was
used to resolve the three dimensional data surface obtained by the
scanning stopped-flow method. By.using PCA, the wavelength-

absorbance-time data surface was resolved to its independent



Folim G. Halaka

components, and the spectral shapes and time courses of those com-
ponents. Time courses obtained by PCA confirmed the assignments of
cytochrome a as the site of reduction by MPH.

The properties of MPH and its oxidized form (MPMS) were also
studied. The kinetics of the reduction of MPMS to MPH by NADH and
the oxidation of MPH by oxygen were investigated. The anaerobic
photoreaction of MPMS at pH = 7.4 was found to produce pyocyanine and
MPH at nearly equal concentrations.

The reduction of cytochrome oxidase by sodium dithionite was
found to involve the SOZ anion radical as the reducing agent. 1In
contrast to MPH, SOZ was shown to reduce preferentially the cyto-
chrome a3 site of the oxidase. This was interpreted on the basis
that the cytochrome a surface must be negatively charged.

The reduction of cyanide-bound cytochrome c oxidase by MPH
was found to be monophasic, and involving only the cytochrome a site

and its associated copper. The reduction of the CN-complex by sodium

dithionite was biphasic.
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CHAPTER I

INTRODUCTION

A. Cytochrome c Oxidase

Cytochrome c oxidase (ferrocytochrome c: oxygen oxido-
reductase, EC 1.9.3.1) is the terminal oxidase in the respiratory
chain of all aerobic organisms. The enzyme, referred to as cyto-
chrome aa, or cytochrome oxidase, is a membrane-bound heme protein
which catalyzes the reduction of molecular oxygen to water by ferro-
cytochrome c, according to Equation I.1

C3+

4 Cytochrome c2* + 0, + 4 H* » 4 Cytochrome ¢>* + H,0 1.1

The energy released is used for the synthesis of adenosine triphos-
phate (ATP), which, in turn, is used as the source of energy in other
cell activities (see, for example, Lemberg, 1969). It is estimated
that about 90% of the oxygen consumption in biological systems is
achieved through cytochrome oxidase (Malmstrom, 1973). The protein
is, therefore, prominent in tissues where energy requirements are high
(Challoner, 1968; Tucker, 1966). Although this study will focus on
the electron transport properties of the protein, the proton trans-
location across the mitochondrial membrane as a result of Equation I.1
has been observed and suggests that cytochrome oxidase can act as a

proton pump (Wikstrom and Krab, 1979).

1



The work of Keilin (see, for historical background, Keilin,
1966) conclusively demonstrated the heme nature of the prosthetic
group of the protein and its link to the cell respiratory chain. Due
to the obvious importance of the protein, it was, and currently is,
the subject of active investigation by every conceivable physico-
chemical technique. Various comprehensive reviews have appeared in
the literature which survey the state of understanding of the protein
at the time of their publication. Examples are the articles by
Lemberg (1969), Malstrom (1973), Wharton (1974), Nicholls and Chance
(1974), Erecinska and Wilson (1978), and Malmstrom (1979).

A.1 Structure and Subunits

A.1.1 Metal components.--It is now agreed that all functional

preparations of cytochrome oxidase contain iron and copper as essen-
tial components (Volpe and Caughey, 1974). It is also well established
that the iron to copper ratio is 1 (Griffith and Wharton, 1961a,b).
Caughey et al. (1976), reported that most preparations contain about

11 nanomoles of iron per mg protein. More recent procedures (Komai

and Capaldi, 1973; Hartzell and Beinert, 1974) contain iron ratio as
high as 14 nanomole/mg protein.

Keilin and Hartree (1938a,b; 1956) demonstrated that the iron
of the oxidase is present as heme a (Figure I.1). They also showed,
from reactions with CO and other inhibitors that cytochrome oxidase
is actually composed of two heme a components: Cytochromes a and a,
(hence the name cytochrome aay for the oxidase). Only cytochrome as

is found to react with exogenous ligands such as cyanide, azide, CO



HO —CH

CHs3
HaC CH=CH;
O0=C CHs
H

?Hz ?Hz

e e

COOH COOH

heme a

Figure I.1.--Structure of heme a.



and oxygen. However, only one heme compound with a particular struc-
ture, heme a, (Fig. I.1), is isolated from cytochrome oxidase
(Caughey et al., 1975). This classical cytochrome aa, picture was
confirmed by recent investigations of the stoichiometry of the CO
binding, showing that only one-half of the oxidase heme binds CO
(Wharton and Gibson, 1976; Toshikawa et al., 1977). Thus, the cyto-
chrome oxidase molecule must contain two iron and two copper ions.
Although the immediate environments of the iron of the oxidase
are now accepted to be heme a, the environments of the two copper
atoms are less well understood. The copper is apparently well shielded
by the protein, which is evident from the fact that it is not readily
extractable by common Cu2+ ligands. Griffith and Wharton (1961)

showed that there is no exchange between added Cu2+

and the copper ions
of the oxidase. When Cu was removed from cytochrome oxidase, the
activity was irreversibly lost (Wharton and Tzagoloff, 1964). From
electron paramagnetic resonance (EPR) studies, it was concluded that
there exist two different functional copper ions in the oxidase (see
Section A.3), only one of which is EPR detectable. The EPR detect-
able Cu, normally associated with cytochrome a is designated Cua
(sometimes Cuyq). The EPR undetectable Cu is designated Cua3 (or Cuu).
Based on spectroscopic properties, the copper sites in copper
proteins are put into one of three major classifications (Malkin and
Malmstrom, 1970). Type I or "blue" copper sites exhibit absorption

1

bands near 450 nm (e = 0.3-1.0 M) cm']), 600 nm (e = 3-10 mM~ cm']),

1

and a near infrared band at around 800 nm (¢ = 0.3-3.0 mM~ cm']).



Type I copper exhibits narrow EPR hyperfine structure (Peisach and
Blumberg, 1974) and an oxidation-reduction potential of about 0.3 -
0.4 V. Type II copper sites (non-blue copper) have less well-defined
optical properties, they have a weak absorption band at 600 - 700 nm

L cm']) and their EPR spectra are characterized by

(¢ =0.3-0.4mM
a broad hyperfine structure (Peisach and Blumberg, 1974). In pro-
teins having both type I and type Il copper sites, the blue copper
is more quickly reduced, while the non-blue copper has more affinity
toward anions. Type III copper sites are EPR non-detectable. They
are thought to be diamagnetic and consist of either Cut or a spin-

paired, Cu2+ - Cu2+. Their oxidation-reduction potentials are greater

than 0.5 V (Malkin and Malmstrtm, 1970).

A.1.2 Peptide subunits.--Isolated cytochrome oxidase con-

tains several subunits. The number and composition of these subunits,
as well as their positions relative to one another and in the membrane,
are still uncertain. The hypothesis that the enzyme complex consists
of seven different subunits was developed on the basis of studies on
microbial enzymes (Sebald et al., 1973; Poyton and Schatz, 1975) and
was subsequently extended to include mammalian enzyme (Downer et al.,
1976; Tracy and Chan, 1979; Hochli and Hackenbrock, 1978). These
subunits are given the Roman numerals I - VII. However, several other
groups have prepared bovine enzymes with only six subunits (Rubin and
Tzagoloff, 1973; Briggs et al., 1975; Penttila et al., 1979). The
subunits are reported to be present in 1:1 ratio (Downer et al., 1976;

Yu and Yu, 1977). There is, however, substantial disagreement about



the molecular weights of the individual subunits. The hydrophobic
nature of many of these peptide subunits adds another complication,
since most conventional methods of determining molecular weights
cannot be applied to them. Instead, gel electrophoresis was used.
Recent preparations (Hartzell and Beinert, 1975) give good agreement
between the molecular weight calculated on the basis of heme: protein
ratio (14 nanomole/mg) and the sum of the individual molecular weights
of the subunits, 140,000 Daltons.

Since the number of subunits is greater than the number of
metal ions in the enzyme complex, some of the polypeptides may have
a role in arranging the complex in the membrane (Steffens and Buse,
1979) and/or a proton pump function (Wikstrom and Krab, 1979). Phan
and Mahler (1976a,b) reported experiments in which they prepared
a four-subunit enzyme that retained electron transfer activity
(toward cytochrome g?+ oxidation). These results have been extended
by Fry et al. (1978) who claim to have separated the protein into an
electron transfer complex and an ion (H+) transfer portion, which
contains no metal ions. The metal binding polypeptide subunits are
subject to a great uncertainty. Almost all subunits have been
reported to bind either copper or iron, or both (Tanaka et al.,
1977; Gutteridge et al., 1977). Also, the results of experiments
that have been designed to identify which subunit interacts with
cytochrome c are quite variable (Briggs and Capaldi, 1978; Bisson,
et al., 1978; Birchmeier et al., 1976; Seiter et al., 1979). Recently
Winter et al. (1980) réported that subunit II bound most of the Cu



and that heme a was found in equal amounts in subunits I and II.
They suggested that subunit II is the site for cytochrome c binding,
while subunit I is the binding site for oxygen.

Isolated cytochrome oxidase has not been crystallized in a
form suitable for X-ray diffraction studies, although one account of
a crystalline lyophilized preparation (Yonetani, 1961) and a crystal-
line cytochrome c-cytochrome oxidase complex (Ozawa et al., 1980) have
appeared. Two dimensional "crystals" of membranes containing cyto-
chrome oxidase have, however, been obtained. Henderson et al. (1977)
have shown that the oxidase molecule is asymmetrically placed in the
membrane. The picture that emerges from these studies, though far from
perfect, is that of a multi-subunit enzyme spanning the membrane with
two "heads," one in the cystolic side and the other in the matrix

side.

A.1.3 Lipids.--Depending on the method of preparation, iso-

lated cytochrome oxidase contains variable amounts of lipids. Certain
amounts of lipids are essential in order to maintain electron trans-
port activity. To solubilize the protein, the use of several non-
denaturing detergents has been implemented. The importance of differ-
ent phospholipid head-groups to cytochrome oxidase activity has been
examined by several research groups (Awasthi et al., 1971; Yu et al.,
1975). A study on the decrease in activity of the oxidase upon lipid
depletion has been reported by Vanneste et al. (1974). However, the

activity was restored by the addition of phospholipids or detergents.



Robinson and Capaldi (1977) found important differences in the
mode of action of non-denaturing detergents. Their study on the
displacement of the protein phospholipids by several ionic and non-
ionic detergents showed that some phospholipids do not exchange with
detergents. Their studies also suggest that the oxidase is in a dimer
form (4 heme a/oxidase complex) and that the oxidase activity is
greatly affected by the nature of the hydrocarbon portion of the
detergent.

Rosevear et al. (1980) have examined the interaction of the
detergent lauryl maltoside with cytochrome oxidase. Their results
indicate that this detergent, in addition to maintaining high electron
transport activity (oxidation of cytochrome c), also has the advantage

that the protein solution is monodisperse (probably as the dimer).

A.2 Physico-Chemical Properties

It is almost impossible, due to their diversity, to cover in
this introduction all the physico-chemical studies which have been
done on cytochrome oxidase. Hence, this section will cover only
recent studies relevant to the electron transfer properties on the

protein.

A.2.1 Optical absorption of cytochrome oxidase and its

derivatives.--Simple and more convenient than many other physical
methods, optical absorption spectroscopy provides a way to monitor
changes in the oxidase induced by various chemical reactions.
Indeed, spectral observations were instrumental in the pioneering

experiments that characterized this important protein.



Cytochrome oxidase has several absorption peaks that character-
ize its redox and/or ligation state. Figure I.2 shows the spectral
characteristics of the oxidized (festing) and the fully reduced protein.
The electromagnetic absorption in the near UV (the “"Soret" or o-band)
and that in the visible (the a-band) is due to the porphyrin ring of
the heme a moieties. The structure of heme a is shown in Figure I.1.
A theoretical discussion of the origin of prophyrin spectra, based
on group theoretical calculations of the D4h symmetry of the polyene
and allowing for configuration interaction is given by Gouterman
(1959).

Assignments of wavelengths and extinction coefficients
for hemes a and ag and copper (Vanneste, 1966) have been rather
widely accepted (Lemberg, 1969). These assignments are summarized
in Figure I.3. It is, however, risky to synthesize spectra for
cytochromes a and ag on the assumption that the properties of one
heme are independent of the oxidation or ligation state of the other
metal component(s) (Caughey et al., 1976). This comment takes into
account the fact that there is ample evidence of facile electron
and magnetic exchange between the metal centers in the oxidase
(Hartzell et al., 1974; Babcock, et al., 1978).

It is obvious that any absorption, or in the same sense,
change in absorption, due to copper in the Soret or the a-regions
will be obscured by the much larger absorptions of the heme chromo-
phores (see Section A.1.1 for the magnitudes of protein copper

extinctions).
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Griffiths and Wharton (1961a) drew attention to a weak absorption
band (e ~ 4nM™' cm™') in the near I.R. region (800 - 900 nm). This
band was attributed mainly to copper, Cua,absorption (Wharton and
Tzagoloff, 1963). However, it was argued that the oxidase hemes
may contribute in this region (Greenwood et al., 1974). Based on
extended X-ray absorption fine structure (EXAFS), Powers et al.
(1979) proposed that the absorption in the near IR region is due to

both Cua and Cu However, this proposal was countered by Beinert

a.
3
et al. (1980) who presented a survey of data over many years (mainly
EPR and optical reflectance spectra), and concluded that Cua does
3
not have significant absorption in the 800 - 900 nm region, in agree-

ment with the conclusions of Babcock et al. (1978).

A.2.2 EPR and magnetic susceptibility.--Several EPR signals

have been detected for cytochrome oxidase (Hartzell and Beinert,
1974). The spectrum of the oxidized oxidase has contribution from

low-spin heme (cytochrome g?+) at g values = 3.0, 2.2, 1.5. A

2+

Ya

ever, Hu et al., 1977, and Peisach and Blumberg, 1974, for another

narrow signal at g = 2 is generally attributed to C = (see, how-
interpretation of the "copper" signal). Assa et al. (1976) inte-
grated the intensities of the various signals and showed that the
low-spin heme signal corresponds to only one heme. These authors
also showed, by simulation, that the signals from the low-spin heme
and copper correspond to two magnetically isolated centers (>10A°
apart). The copper g = 2 signal corresponds to only about one-half

of the total copper.
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On partial reduction, a high spin heme signal at g = 6
appears. Babcock et al. (1978) studied reductive titrations of the
oxidase by sodium dithionite followed by optical absorption and EPR
measurements under argon. They suggested that the high spin signal
is due, at least partially, to cytochrome a. Their EPR data are
summarized in Figure 1.4 for the g = 2,3 and 6 signals.

Magnetic susceptibility measurements provide information
about the spin state of metal centers which is complementary to the
EPR data. The susceptibility of the fully oxidized oxidase was
measured at room temperature (Falk et al., 1977) and at 7-200°K
(Tweedle et al., 1978). The data from the two groups indicate that
the oxidized enzyme has two S = 1/2 centers; cytochrome g?+ and Cu2+
and one S = 2 center, an antiferromagnetically coupled cytochrome
§g+ - Cua§+ pair. The reduced oxidase has an S = 2 center, which is

attributed to high spin cytochrome g§+;with all other centers being

diamagnetic.

A.2.3 Other spectroscopic studies.--Babcock et al. (1976,

1978) studied the magnetic circular dichroism (MCD) of cytochrome
oxidase during the course of reductive titration. They also studied
the MCD characteristics of several inhibitor complexes of the
oxidase. Comparison with the MCD spectra of model compounds led
these authors to confirm that cytochrome a is low-spin, while cyto-
chromeg3 is high-spin. The authors also suggested, from MCD
properties at various redox levels, that there is no interaction

between cytochromes a and a3 apparent in the MCD spectra.
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Figure 1.4.--EPR reductive titration data for g = 2,3, and 6 signals
(from Babcock et al., 1978).
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Resonance Raman (RR) spectroscopy is currently an active
tool for the study of the environments of the hemes in cytochrome
oxidase. In principle, RR measurements should be capable of dis-
tinguishing the two heme environments. The problem of photoreduction
of the oxidized protein in the laser beam (Adar and Yonetani, 1978)
has been minimized by using a flowing sample (Babcock and Salmeen,
1979). By careful choice of the excitation frequencies, Babcock
et al. (1981) were able to enhance selectively and assign vibrations
to a particular heme in the oxidized, reduced or inhibitor-complexed
cytochrome oxidase. On the basis of comparison to RR spectra of
heme a model compounds, these authors concluded that cytochrome a
is six coordinate low spin in both oxidized and reduced states.
Cytochrome 23, however, was shown to be six coordinate and high-spin
in the oxidized,but five coordinate and high-spin in the reduced
enzyme. A correlation of these results to the porphyrin core size
was attempted (Babcock et al.,1981; Callahan and Babcock, 1981). The
conclusions drawn from these studies agree closely with earlier deduc-
tions of the spectra of the separate components of the oxidase by
Vanneste (1966). Another recent RR study on mixed valence cyto-
chrome oxidase, compound C (Chance et al., 1975) was done at low
temperatures (-70° C) (Yang et al., 1981). This study suggests that
compound C has reduced cytochrome a and Cua3whi1e cytochrome a, - cua3
are oxidized, as suggested in the original assignments of this com-
pound.

The EXAFS method is emerging as a useful tool for the study

of the environments of metal centers in metalloproteins. Recent
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EXAFS studies on cytochrome oxidase (Powers et al., 1981) gave inter-
esting insights into the structure of the oxygen reducing site, the
ag - Cua3 pair. The results indicate the presence of a sulfur bridge
in the resting enzyme, with a Cua3 - Fe (33) distance of 3.75A°.
Chance and Powers (1981) suggested that as this site becomes reduced
(a§+ - Cu; ), an oxygen molecule can replace the sulfur bridge to
form theigzroxide. To account for the high turnover number of the
protein, the authors suggest that the sulfur bridge does not reform
during turnover. This picture requires the bridging sulfur to be

a weak ligand, since cytochrome 25 is high-spin. The model derived

from these measurements is shown in Figure I.5.

A.3 Redox Properties

Electrochemical titrations of cytochrome oxidase monitored
by optical measurements were reported by Shroedl and Hartzell (1977a,
b,c). Their interpretation of the results was that there are two
different potentials for the two cytochromes, referred to as high and
low-potential hemes without assignment of potentials to specific
hemes. They also concluded that two different copper redox poten-
tials, similar to those of the hemes, must be present. Nicholls
and Hildebrandt (1978) concluded that binding of a single HCN molecule
to the oxidase prevents the reduction of both cytochrome a, and the
copper associated with it.

It should be emphasized, however, that these measurements

suffer from two major difficulties:
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Figure 1.5.--The Cu (a,) - Fe (a,) and Cu (a) - Fe (a) centers
in cytoch;ome oxidage (from Powers et al., 1981).
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1. Electrochemical titrations usually contain high con-
centrations of organic and inorganic redox couples and
electron mediators that may interfere with the redox
properties of cytochrome oxidase (Lanne et al., 1977).

2. Optical spectra cannot clearly discriminate between
the isolated vs. interacting models of the metal redox
centers at equilibrium.

Magnetic techniques were also applied to the study of the
oxidase redok properties. In particular, EPR measurements during
redox titrations were very useful in monitoring redox centers of the
protein (Hartzell and Beinert, 1975). Babcock et al. (1978) studied
the optical, MCD and EPR properties during redox titration of the
oxijdase with sodium dithionite. Their EPR data (presented in
Figure I.4) and optical data indicate that the two cytochromes titrate
together at all points, as seen, for example, from the g = 3 signal.
Their data also indicate that the EPR detectable copper, Cua, lags
the reduction of the two cytochromes. These results are different
from earlier results (van Gelder et al., 1973; Tiesjama et al., 1973)
in which cytochromes a and a3 and the detectable copper were assigned
equal redox potentials of 280 mV. The data of Babcock et al. (1978)
provide evidence for heme-heme interaction via redox potentials, and
indicate that the reduction of one cytochrome makes reduction of the
other more difficult (negative cooperativity). It should be men-
tioned, however, that EPR measurements are usually done at low tempera-

tures and at higher protein concentrations than are optical
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measurements. The redox potentials are, of course, temperature
dependent and electron redistribution may occur during freezing.

It is becoming more widely accepted, as shown by Lanne and
Vanngard (1978), that a non-interacting four-redox center cannot
describe the available EPR and optical data. Their analysis, on the
other hand, showed that if interaction is introduced, the available
data cannot discriminate between various models. In other words,
assignments of equilibrium redox potentials to the four metal centers

is still far from established.

A.4 Kinetic Studies

As is the case with other enzymatic systems, the study of the
kinetics of cytochrome oxidase reactions plays an important role in
understanding and characterizing its action. Studies of enzymatic
reactions usually start by determining the steady state parameters in
turnover experiments involving the enzyme and its natural substrate(s).
Since turnover experiments are usually complex and involve the adjust-
ment of many parameters, the study of transient state kinetics of pre-
or post-steady state steps usually follows. These studies become
important in determining accurate rate constants and in discriminating
between mechanisms. The present study is devoted primarily to the
investigation of the kinetics pathways which lead to reduction of
the four redox centers of the oxidase. Hence, a summary of the litera-
ture data on the reaction of cytochrome oxidase with different sub-

strates is presented below.
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A.4.1 The reaction with cytochrome c.--The reaction of

cytochrome ¢ oxidase with its natural substrate, cytochrome c, has
obviously received a great deal of attention. The kinetics of this
reaction have been studied both anaerobically and in aerobic steady-
state. The steady-state reaction mixtures usually contained ascorbate,
cytochrome c, cytochrome oxidase and oxygen, with ascorbate serving as
the electron source and oxygen as the sink.

The kinetics of the steady-state reaction have been extensively
studied (Slater, 1949; Yonetani, 1962; van Buuren et al., 1971;
Petersen et al., 1976; Errede and Kaman, 1979; and Petersen and Cox,
1980). Most of these studies have found that Minnaert mechanism 1V,

(Minnaert, 1961), equation II1.2 fit the data.

k] k
E+Se=——ES

k-1

1
-1

~E+P 1.2

More recent experiments, in which wider ranges of cytochrome c con-
centrations were used, have shown non-linear Lineweaver-Burk and Eadie-
Hofstee plots (Ferguson-Miller et al., 1976; Errede et al., 1976). In
other words, the simple hyperbolic behavior of k(obs) expected from
equation I.2 is not found. A rate equation of the form given by
equation I.3 has been shown to describe the rate dependence on the
cytochrome ¢ concentration (Errede et al., 1976; Errede and Kamen,

1978).

a]+a2[c]

Velocity = [Oxidase] [Ferrocytochrome c] 1I.3

148, [c]+8,[c]
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Where ays 0ps Bys By are constants and [c] is the total cyto-
chrome ¢ concentration. The quadratic term in total cytochrome c
concentration indicates that under certain conditions two molecules of
cytochrome ¢ may be bound to the oxidase at the moment of electron
transfer. The stoichiometry of cytochrome ¢ binding (Ferguson-Miller
et al., 1976; Erecinska, 1975) supported this mechanistic model.
Errede and Kamen (1979) discussed several models that can lead to the
observed rate law behavior.

Transient state kinetic studies of the reaction between
cytochrome oxidase and cytochrome c have been of great importance in
understanding the nature of the interaction between the two enzymes.
Under anaerobic conditions, the reaction is multiphasic (Gibson.
et al., 1965; Antonini et al., 1973; Andreasson et al., 1972;
Andreasson, 1975). Most authors report a second order rate constant
for the initial phase of about 8 x 10’ M']s'], depending on the ionic
strength (Gibson et al., 1965; Andreasson, 1975; Wilms et al., 1981).
It was also found that added 1igands such as CN™ or Ng do not affect
this fast phase (Gibson et al., 1965; Andreasson, 1975), which sug-
gests that this phase involves the reaction of cytochrome ¢ with the
cytochrome a site of the oxidase. The slower phases are not as well
defined as the initial phase. These phases, particularly the last
phase, are too slow to be of significance in catalytic cycles. The
presence of oxygen is thought to shift the redox potentials,such that
these slow phases are much faster (Andreasson et al., 1972) to account

for turnover numbers of the protein as high as 400 s'] (Petersen

et al., 1976). Andreasson et al. (1972), who monitored the reaction
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kinetics at 830 nm and at 605 nm,observed similar kinetics at
these two wavelengths. They interpreted their data by assigning

about 40% of the absorbance at 830 nm to cytochrome a.

A.4.2 Reaction with oxygen.--The reaction of the reduced

cytochrome oxidase with oxygen is also multiphasic (Greenwood and
Gibson, 1967). The first phase is diffusion controlled (k =

1x 108 M']s']) and the flash-flow technique, where the reduced form
of the oxidase was generated photochemically from the reduced oxidase--
CO complex, was used to measure the reaction rate (Gibson and Green-
wood, 1963).

To slow the reaction with oxygen and to identify the possible
intermediates leading to the reduction of molecular oxygen to water,
Chance et al. (1975) used low temperature flash photolysis technique.
Chance and co-workers (Chance et al., 1975; 1978; Chance and Leigh,
1977) have identified several intermediates in this reaction pathway.
Their results have been confirmed by Clore and E. M. Chance (Clore
and Chance, 1978a,b,c; 1979).

It appears that the proximity of Cua3 and Fe(gs) plays an
important role in the reduction of molecular oxygen. The high redox
potential of the oxidase (Malmstrom, 1973) in addition to the unfavor-
ably high energy for the formation of superoxide radical lend support
to the idea that both Cua3 and Fe(gs) must be reduced before forming
the peroxide. The bound peroxide intermediate could then be reduced
via two one-electron steps. The intermediates formed are thought to
be stabilized by electron delocalization within the Cu, - Cyt a3 -0,

3
unit.
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A.4.3 The "oxygenated" and the "oxygen-pulsed" forms.--When

reduced cytochrome oxidase is reoxidized by oxygen, a new form of the
protein,which is spectrally and functionally different from the
resting enzyme, is produced (Okunuki et al., 1958). This form is
called the "oxygenated" cytochrome oxidase, to distinguish it from
the resting protein (the enzyme as prepared). The terminology origi-
nated from the belief that this form contains an enzyme-oxygen complex
(Sekuzu et al., 1959).

Subsequent studies have shown, however, that this form does
not contain oxygen bound to its metal centers, but instead, it repre-
sents a conformational variant of the enzyme (Tiesjema et al., 1972;
Nicholls and Petersen, 1974; Brittain and Greenwood, 1976). The
"oxygenated" oxidase is characterized by an absorption maximum at
425 nm compared to 418 nm in the Soret region of the resting protein.

Antonini et al. (1977) introduced the term oxygen-pulsed oxi-
dase, which is formed by exposing the reduced pretein to a "pulse" of
oxygen. This form was shown to be more active in reaction with
cytochrome c and during turnover experiments (Antonini et al., 1977;
Petersen and Cox, 1980), which led these authors to suggest that this
conformation is the catalytically significant form of the oxidized
protein. However, the claim that this catalytically active species
can form only after fully reducing the protein (Antonini, 1977) should
be taken with caution, since the natural reducing agent, cytochrome c,
cannot fully reduce the oxidase (4 electron) anaerobically (unpub-

lished results; see also Andreasson, 1975). This is also disproved
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by the fact that turnover is achieved after the addition of about

two electrons to the oxidase.

B. Scanning Stopped-Flow Technique for the Study
of Multicentered Enzyme Reactions

Stopped-flow spectrophotometry has been extensively used in the
study of the kinetics of enzymatic reactions. The method most commonly
used is to monitor changes in the absorbance at a certain wavelength
as a function of time (for historical background, see Sturtevant,
1964).

Advances in computer-controlled data acquisition made scanning
wavelength experiments practical for many enzymatic reactions (Papadakis
et al., 1975; Coolen et al., 1975; Suelter et al., 1975; June et al.,
1979; Cox and Holloway, 1977; Halaka et al., 198la). In a scanning
wavelength experiment, a spectral region is repeatedly scanned and
the absorbance (or other spectrophotometric response) is measured for
every scan. The data are stored as a function of time for every wave-
length "channel." If the time of scan is short compared to the half-
time of the reaction(s) studied, these data can be considered as a
matrix A composed of N consecutive spectra (each essentially instan-
taneous at time t), measured at p wavelength channels. The element

Ai' of this matrix is the absorbance measured at wavelength channel i

J
at the time of scan j.

The advantages obtained by collecting this time-wavelength-
absorbance surface for a spectral region are important when studying

enzymes with two or more interacting chromophores. The power of this
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method becomes apparent from the consideration that one can have
information about the kinetics of each chromophore at many wave-
length channels in the same experiment. This, of course, eliminates
long time base-line drift problems and minimizes problems which
result from lack of reproducibility from one experiment to another.
As can be seen from the discussion on cytochrome oxidase,
rapid-scanning stopped-flow methods seem ideal for the study of the
kinetics of this enzyme. The results promise to provide information
about possible pathways of electron transfer and sites of interaction

with substrates.

C. Treatment of Scanning Stopped-Flow Data

Scanning stopped-flow experiments produce massive amounts of
data for every reaction studied. A general procedure for treating
these data is discussed below.

C.1 Rate Equations--Program
KINFIT4

The first step in studying the kinetics of a certain reaction
is to find the equation(s) that fit the time course at the wavelength
channels of interest. This, in itself, can lead to important infor-
mation about the interactions between chromophores in multicentered
reactions and the mechanism of their reactions with certain reagents
(e.g., sequence of steps and cooperativity).

The computer program that is used to extract the rate and
equilibrium constants is the program KINFIT4, which is a modified

version of program KINFIT (Dye and Nicely, 1971). This program
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utilizes a simultaneous fit of the equations to a number of data sets
and computes estimates of the marginal standard deviations. These
uncertainties include the effect of coupling among rate constants and
other adjustable parameters. If the model proposed for the reaction
is correct, these statistics can give reasonable confidence in the

rate and equilibrium constants which result.

C.2 Weighted Principal Component
Analysis

One of the ultimate goals of studying chemical kinetics is

to propose and understand a mechanism that accounts for the known
facts about a certain reaction. An essential step toward this goal

is to know the number of interacting species in the reaction mixture.
Enzyme reactions usually involve transient intermediates whose spectra
are unknown. In fact, binding to proteins modifies the spectra of
many substrates.

To determine the number of light-absorbing species in a chemi-
cal reaction, the method of weighted principal component analysis,
PCA, was developed (Cochran and Horne, 1977, 1980; Cochran et al.,
1980). The method and its history are discussed in detail in the
Ph.D. dissertation of R. Cochran (1977). The PCA starting point is
the matrix model mentioned in the previous section. No mechanistic
assumptions are needed to apply PCA; the only assumption required is
that the absorbances of species in the reaction mixture are linear
functions of their concentrations (Beer's law).

Two kinds of PCA, the second moment matrix principal com-

ponent analysis (called M analysis) and the sample covariance matrix
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principal component analysis (S analysis) are useful for kinetics
experiments. Each requires only the matrix A (with the proper
weights; see Chapter V) and each gives an estimate of the minimum
value of q, the number of independent chromophores in the reaction.

M analysis gives for q a lower bounds estimate that is sensitive to
any linear dependences of the concentrations of the various detectable
species. S analysis gives an estimate that is sensitive to the
linear dependence of the time rates of change of the concentrations.
The two estimates of g are not necessarily the same, and the applica-
tion of both analyses enables one to discriminate between alternate
stoichiometries during reaction (Cochran and Horne, 1977).

D. Reducing Agents for the Study of Electron
Transfer Reactions of Cytochrome Oxidase

Scanning stopped-flow experiments provide information not
only about the kinetics of a chemical reaction, but also about the
spectral properties of the intermediates. Therefore, a reducing agent
with characteristic spectral shape that does not interfere strongly
with those of the oxidase,is preferred for these studies. Such a
reducing agent will also have the advantage of providing estimates of
the number of reducing equivalents which have been added to the
oxidase at any extent of reaction.

Cytochrome c2+, the natural reductant, was discussed in
Section C.3.1. There are two difficulties involved in reduction by
cytochrome c:

1. The large Soret absorption of cytochrome c obscures

changes in the cytochrome oxidase spectrum in this region.
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2. As shown by anaerobic equilibrium titrations (this
study), only two electrons can be transferred from
cytochrome c to cytochrome oxidase, in agreement with
previous observations by stopped-flow (Andreasson,

1975; this study).

Sodium dithionite is widely used as a reductant in biological
systems (Lambeth and Palmer, 1973; Mayhew, 1978). This reductant has
also been used to study reduction of the oxidase (Lemberg and Mansley,
1965; Orii, 1979). Sodium dithionite was used in the present study
in scanning experiments and was valuable in providing information
and in discriminating between the two hemes of the oxidase, since it
is the only negatively charged reductant known to reduce the oxidase
which does not require another electron mediator. The implication of
this property will be discussed throughout this study. However,
because of the complex redox chemistry of dithionite and the appar-

-1 at 320 nm

ently variable (and smal1)molar absorptivity (6.2 mM'] cm
[Mayhew, 1978]), it is difficult to use the dithionite absorption
band to quantify the electron transfer.

Metal ion redox couples have also been used for the study of
the oxidase reduction. Greenwood et al. (1977) have used hexaaquo-
chromium (II) as the reductant. Scott and Gray (1980) used ruthenium
(I1) hexaamine. Both of these studies showed that these positively
charged reductants preferentially reduce cytochrome a of the oxidase
in the first phase followed by slow electron redistribution.

Reduced nucleotide adenine dinucleotide (NADH) coupled to

N-methyl phenazinium methyl sulfate (MPMS) is also widely used. When
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mixed anaerobically, these compounds form 5, 10-dihydro 5-methyl
phenazine (MPH), which is the reducing species. (See Chapter III).
The difficulty with using this couple with excess NADH to cycle MPMS
between the oxidized and reduced forms is that the reaction between
NADH and MPMS is,itself, rather slow (Halaka, Babcock and Dye, 1981b)
so that fast reduction processes involving MPH and the oxidized oxidase
are obscured.

MPH is the reductant used most extensively in this study.
It was pre-formed by the anaerobic titration of MPMS by NADH. A sharp
absorption band of MPMS at 388 nm (not present in MPH) (Halaka et al.,
1981b) can be used to monitor the number of electrons transferred

(see Chapter III).



CHAPTER II

EXPERIMENTAL METHODS

A. Materials

Beef hearts were obtained fresh from Michigan State University
Meat Lab. Sodium dithionite was a Virginia Smelting Co. product.
Cytochrome c (Type III or Type VI), NADH, MPMS, EPES (see Chapter III),
N-2-hydroxy ethyl piperazine N-2-ethanesulfonic acid (HEPES), and the
detergents: octyl phenoxy polyethoxy ethanol (Triton X-100), poly-
ethoxy ethylene sorbitan monolaureate (Tween 20), and cholic acid
were purchased from Sigma Chemical Co. The detergents Triton X-114
and Tween 20 were kept refrigerated as 20% (v/v) solutions in water.
Cholic acid was purified by recrystallizing from 95% ethanol. The
crystals were mixed with equivalent amounts of potassium hydroxide to
give 20% (w/v) solution in cholate ion. The pH was then adjusted by
the addition of 6N hydrochloric acid to give pH=8. Purification of
cholic acid was required for successful preparations of cytochrome
oxidase. Argon gas was purified by passing through a one-meter BASF
catalyst column (at 100° C). Water was double distilled in glass.
A1l other reagents were of analytical grade and, unless otherwise

mentioned, were used without further purification.

30



31

B. Methods

B.1 Preparation of Cytochrome
Oxidase

Cytochrome oxidase was prepared by the method of Hartzell and
Beinert (1975). During the preparation, all steps were carried out
at 0-5° C. Centrifugations were done in a Sorvall RC or RCB cen-
trifuge with a rotor SS-34 or GSA. Whenever ammonium sulfate was
added during the preparation, the drop in the pH from 7.4 was com-
pensated for by the addition of small increments of 6N KOH. The pro-
tein concentration before the TX-114 or the cholate extractions was
determined by the biuret method after solubilizing with deoxy cholate
(Jacob et al., 1956). Small volumes (1-1.5 ml) of concentrated
oxidase solutions (0.5 - 1.0 mM in heme a) in 50 mM HEPES buffer
(pH = 7.4) containing 0.5% Tween 20 (v/v) were kept frozen in liquid
nitrogen and were thawed prior to use. Freezing of the protein for
long periods (more than one year in some cases) did not seem to
affect its properties. The spectral properties of the solubilized
protein were in agreement with those reported in the literature
(Lemberg, 1969). In all the experiments reported in this text, the
ratio of the absorbance of the reduced oxidase at 444 nm to that at
420 nm was at least equal to 2.4. This ratio has been noted to be a
sensitive measure of the protein integrity (Gibson et al., 1965).
Also, the spectra of the reduced oxidase did not show any peaks at
520 or 550 nm indicating the absence of ggq contamination.

Although keeping the oxidase solutions at room temperature for

as long as one day did not seem to affect its properties, the protein
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solutions prepared for stopped-flow experiments were kept in ice-cold
water and were mounted onto the stopped-flow apparatus not more than

one hour before being pushed against reactants. This was a necessary
precaution since it usually took several hours to degas and calibrate
the stopped-flow system (see Section C).

B.2 Activity Assays of
Cytochrome ¢ Oxidase

The activity of the oxidase was measured spectrophotometri-
cally (Smith et al., 1955). The assays were carried out in 50 nM
HEPES buffer containing 0.5% Tween 80, pH = 6.5. The assay mixture
typically contained about 15 uM ferrous cytochrome ¢ and 15 nM oxidase
in a 3 ml cuvette. The molecular activity (see, for example, van
Buuren et al., 1972; Vanneste et al., 1974), which is the number of
moles of ferrocytochrome c oxidized per mole of cytochrome c oxidase

per second, is given by Equation II.1.
MA=k x [ferrocytochrome c]/[cytochrome aa,] II.

where k is the observed pseudo first-order rate constant of the
oxidation of ferrocytochrome c, monitored at 550 nm. MA for the
oxidase had values between 130 and 170. The activity is, however,
highly dependent on the detergent present. In the presence of 0.5%

cholate as the detergent the acticity was almost lost.

B.3 Preparation of Anaerobic Solutions

Solutions were made anaerobic by a series of successive evacua-

tions followed by filling with purified argon (at least six times with
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intervals of about 4 min.). The solutions were kept under about 3

psig argon pressure. The glass solution bottles were connected to

the vacuum line or mounted onto the stopped-flow system via Fischer-
Porter 5 mm Solv-Seal joints (Figure II.la). Check of the anaerobic-
ity of these solutions, which were prepared by the use of the anaerobic
train in Dr. Babcock's laboratory, was done periodically by either
titrating lumoflavin-3-acetate with sodium dithionite or MPMS with
NADH. Anaerobicity was achieved when the first increment of the
titrant produced as much change in the absorbance (460 nm in the case
of lumoflavine-3-acetate or 388 nm in the case of MPMS) as later

additions.

B.4 Anaerobic Titrations

Anaerobic titrations and the preparation of MPH and other
reductants were carried out by using the cell shown in Figure II.1b.
The reductant was delivered anaerobically by using a calibrated
syringe. The advantage of using the cell shown in Figure II.1b is
that one can monitor the spectra as reductant is added, hence, one can
know, with confidence, the concentration of the reducing agent. MPH
was thus prepared by anaerobically titrating MPMS with NADH and
monitoring the decay of the MPMS peak at 388 nm. This was an impor-
tant factor in the study of the reduction of cytochrome oxidase by
MPH, since excess NADH causes complications of the kinetics by reacting
with the resulting MPMS.

Equilibrium spectra were taken with a Cary 17 spectrophotometer.

A rectangular aluminum box was mounted on the cell compartment of the
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Figure II.1.--Cells used for preparing anaerobic solution (A) and for
anaerobic titrations and preparation of air-sensitive
reductants, (B). (a) Kontes high-vacuum valves, (b)
Fischer-Porter joint, used to connect cell to vacuum
line, argon gas, or to mount cell onto the stopped-
flow apparatus, (c) quartz 1-cm path-length optical cell.
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spectrophotometer to cover the cell shown in Figure II.1b during
titrations. Spectra of MPH prepared by the above method were
checked before mounting onto the stopped-flow system. No changes in
these spectra were detected for periods as long as 24 hours. When-
ever MPMS or MPH were used, the container was wrapped in aluminum
foil, as was the stopped-flow buret which conveyed the MPMS or MPH

solutions to the pushing syringes (see Chapter III).

C. The Stopped-Flow System

A double-bema, vacuum-tight, rapid-scanning stopped-flow
apparatus was used throughout this study (Papadakis et al., 1975;
Coolen et al., 1975; Suelter et al., 1975). Detailed descriptions
of this system are given in the Ph.D. dissertations of N. Papadakis
(description of the flow system, glassware, and mechanics of the
system) and R. B. Coolen (computer interfacing, synchronization of
scans, and signal averaging schemes in both scanning and fixed-wave-
length modes).

The system was operated under positive pressure (~1 psig) of
purified argon gas instead of under vacuum (vapor pressure of solu-
tions). This was a necessary modification for two reasons:

1. Protein solutions are not stable under reduced pres-
sures, and in the presence of detergents, as most of
the solutions in this study contained detergents, solu-
tions foam and create bubbles

2. Operating under positive pressure has the advantage

that, if there is a slow leak, air will not enter the
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apparatus. This is particularly important for experi-

ments requiring long times.

C.1 Handling and Performance of
the Stopped-Flow System

Since the system is all-glass, it always required special
care in handling and operation. Solution handling and mounting of
reagents were carried out under argon. After all solutions (except
protein) had been mounted, the system was evacuated to < 0.001 mm
Hg and flushed with argon. This cycle was repeated at least four
times. After the last cycle, while the apparatus was still under
vacuum, water was delivered to the observation cell (to avoid bubbles).
Argon was then introduced to 1 psig positive pressure throughout the
entire run. When the protein was ready to be pushed, the protein
solution was mounted onto the system. The buret delivering the
protein solution, which can be isolated from the rest of apparatus by
Kontes valves, was evacuated and flushed with argon separately several
time to insure anaerobicity.

The performance of the stopped-flow system was checked peri-

odically by various tests, some of which will be discussed below.

C.1.1 Flow velocity and flow profile.--In stopped-flow experi-

ments, the flow of solutions should be fast enough to cause turbulence
for effi<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>