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Pulsed cytochrome ¢ oxidase

1. INTRODUCTION

We have proposed [1] a two-state model to ac-
count for the functional properties of cytochrome
¢ oxidase. The basis of the model was the
demonstration that the enzyme may exist either in
a ‘resting’ (R) or in a ‘pulsed’ (P) state, the two
states being interconvertible and characterized by
different kinetic and spectral properties. Pulsed
oxidase as an activated state of the enzyme was
originally discovered in [2] on the basis of rapid
mixing experiments in which the kinetic properties
of the enzyme were tested immediately
(milliseconds) after exposure of reduced oxidase to
oxygen. Its properties have since been investigated
[3—6], and a pulsed state has been identified for
oxidases from different organisms. Pulsed oxidase
may also be obtained by oxidation of the reduced
enzyme by ferricyanide [7] and thus its formation
is not absolutely dependent on the presence of
dioxygen.

Our proposed two-state model (a simplified ver-
sion of which is given in fig.1A) implies that the
transition in the fully reduced derivative, R, — P,
(the equilibrium position of which favours the P,
state) is in kinetic competition with the reaction of
R: with O;. This latter is a very fast process [8] with
an apparent second order rate constant
k2 = 10® M~'s™!, which leads to the formation of
R, (the fully oxidized resting state) (fig.1A). This
kinetic competition can account for the rather slow
(seconds) self-activation of the enzyme, which dur-
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ing turnover shifts from resting to pulsed form [4].

Simulation of the time course of activation using
a complete reaction scheme [1], has led to an
estimate of the rate constant for the transition
R;— P, (k; = 10> — 10® s~ 1). Here, we report the
interpretation of flow-flash experiments carried
out some years ago [9] starting from the mixed-
valence CO derivative of cytochrome ¢ oxidase
isolated from beef heart, and showing that the
observations are quantitatively consistent with the
predictions of the two-state model. Moreover, it
appears that interconversions between oxidised
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Fig.1. Two-state model for the reactions of cytochrome
¢ oxidase in the native (A) or in the mixed valence (B)
forms. In each scheme two states of the enzyme (called
R for resting and P for pulsed) are shown. For the sake
of simplicity only the overall reaction with molecular O,
(k2 = k¥ = 10 M~!s7!) and the interconversion rate
constants (k; and k3) are indicated. For complete kinetic
scheme of the native enzyme see [1].
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species derived from mixed-valence oxidase may be
more rapid than those in the fully oxidised enzyme,
and that there exist ligand-linked transitions bet-
ween states of the enzyme.

RESULTS AND DISCUSSION

In the mixed-valence CO derivative of oxidase,
cytochrome a and Cua are both oxidized [10],
while cytochrome a; and Cug are both kept reduc-
ed by carbon monoxide, the system being,
therefore, schematically indicated by [¢** Cui* a3+
Cug CO]. When this derivative of the enzyme is
rapidly mixed with a solution of buffer containing
O, and an intense flash of light is fired immediately
after the flow stops, photochemical removal of CO
yields a species which is reactive towards O,. The
time course of this reaction was expected to be a
relatively simple process in the case of the mixed-
valence CO derivative of oxidase since cytochrome
a and Cua (the other two chromophores) are
already oxidised. The main phase of the process,
occurring in the #second range and relating to the
reaction of cytochrome a3 with O3, was indeed very
similar to that in [8] starting from the fully reduced
CO derivative of oxidase. However, starting with
the mixed-valence CO derivative, an additional
kinetic component has been observed {9], in the se-
cond time range, characterized by the following
properties:

(1) Its amplitude was O, concentration depen-
dent, being smallest at high oxygen
concentrations;

(i) Its spectral distribution in the Soret region
showed a peak at ~414 nm, a trough at
~433 nm, and an isosbestic at 422 nm (see in-
sert in fig.2).

These observations may be interpreted quan-
titatively in the framework of the two-state model
and may represent additional support for the
validity of the model and allow some general con-
clusions to be drawn regarding the interpretation
of recent spectroscopic data on cytochrome ox-
idase [6,12].

The scheme given in fig.1B was used to describe
the system. The spectral distribution of the slow
process (f,, ~1 s at 20°C) observed in the flow-
flash experiments starting with the mixed-valence
CO derivative corresponds quite closely (insert to
fig.2) with the difference spectrum described in go-
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Fig.2. Fit of the amplitude of the slow phase observed in
the reaction of the mixed-valence oxidase after
photolytic removal of CO. The experimental points (*)
are the results obtained in [9] and the solid lines have
been calculated on the basis of the scheme in fig.1B,
taking: k» = k¥ = 108 M~! s™'; k; = 300 (a), 400 (b) and
500 (¢) s™', and k3 = 0.5 s™'. The arrow indicates the
difference in extinction (AFs3 mM ' cem™!) between
pulsed oxidized and resting oxidized oxidase computed
from independent data (see text). The inset shows the
difference spectra relative to: (i) the slow phase observed
in the O, reaction of the mixed-valence oxidase as
obtained at 2 M heme a and 6.5 4M O, in a 5-cm light
path cell used for the flow-flash experiments (dashed
line, data from [9]; (ii) the spectroscopic decay P, — R,
observed, starting from the completely reduced enzyme
after anaerobic oxidation by ferricyanide (solid line,
data from [7]). These experiments were performed at
3.6 uM oxidase in a {-cm cell.

ing from pulsed oxidized (P,) to resting oxidized
(Ro) oxidase, the former having a spectrum similar
to the so called ‘oxygenated’ oxidase [13,14]. Thus
the slow process is assigned on spectral grounds to
the transition PMY — RMY, with k3 ~0.5 s™!. The
amount of PYY formed at the end of the reaction
between O, and the photochemically stripped
mixed-valence oxidase (RMY) depends on the frac-
tion of oxidase molecules converted to the pulsed
state during the time of the O, reaction (and
therefore on the competition between the two
possible pathways for RMY, as indicated by k, and
k2). Thus, at very high O concentrations (e.g.,
2 100 uM) the amplitude of the slow phase
becomes vanishingly small, and increases as the O,
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concentration is decreased (see fig.2), in agreement
with the experimental observations.

Quantitative analysis according to the scheme of
fig.1B allows one to estimate the value of &
(300-500s™") from the O, concentration
dependence of the amplitude data. The value of
the difference extinction coefficient at 430 nm
found by extrapolation to zero oxygen concentra-
tionis 11.0 mM~! cm™! [9], consistent with the in-
dependent estimate of the difference between P,
and R, under the same experimental conditions
(unpublished).

The above analysis allows the following general

comments to be made:
(1) The results are quantitatively consistent with
the predictions of the two-state model in [1] and
may thus be taken as supporting evidence for the
validity of this model and for the presence of two
states of the macromolecular complex in the par-
tially and totally reduced enzyme. The rate cons-
tant for the RMY— PMV interconversion deter-
mined from the computations in fig.l
(k1 = 300—500 s™') is consistent with the value
estimated for the same interconversion in the fully
reduced derivative R, — P; (i.e., 100—1000 s, as
obtained from the rate of shift of the steady-state
level during turnover [1].

(2) The results demand that the mixed-valence CO
oxidase is in the resting conformation, and only
after photodissociation of CO (RMV in fig.1) does
the pulsed state begin to be populated. Thus, while
the fully reduced enzyme is largely in the pulsed
conformation state, the fully reduced CO
derivative may be in the resting state (RS°). This
interpretation seems consistent with the conclusion
of the flow-flash experiments in [8] that, starting
from the CO derivative of fully reduced oxidase,
the product of the reaction with O, was the resting
oxidised form of the enzyme. Moreover, this im-
plies that upon binding carbon monoxide, a
ligand-linked conformational transition may occur
(in this case from P to R forms), reminiscent of the
well known allosteric transition in hemoglobin
[15].

(3) Given the consideration reported above, the
postulated stabilization of the resting state by CO
binding may clarify the interpretation of a number
of low-temperature freeze trapping experiments
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carried out in the last few years on cytochrome ¢
oxidase [11,16]. In particular, recent EXAFS
measurements [6,12] have indicated that the
resting state is the only one significantly populated
at low temperatures when the O, reactions are in-
itiated by starting from the CO derivative of fully
reduced oxidase. This finding is in accord with our
interpretation.

(4) The decay P,— R, in the fully oxidized ox-
idase is a slow process, with half times in the range
of 5-60 min at room temperature [7,17]. This may
represent an obstacle in assigning a physiological
role to pulsed oxidase, since the active state of the
enzyme, once achieved during turnover, decays
back to resting very slowly. However, according to
present interpretation of the results in [9], it ap-
pears that state-reequilibration may occur much
more rapidly at intermediate levels of oxidation,
since the back decay PY"Y — RM" is now occurring
with #,, ~ 1 s and thus in a time scale compatible
with a physiologically meaningful scheme.
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