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ABSTRACT: The reaction of cytochromec oxidase with dioxygen has been studied by means of time-
resolved measurements of electrical membrane potential (∆Ψ). Microsecond time resolution was achieved
by starting with the CO-inhibited enzyme, which was photolyzed after addition of oxygen. The time
course of the reaction could be fitted by using a five-step sequential reaction as a model. The first two
phases of the reaction, which correspond in time to binding of oxygen followed by formation of the P
(peroxy) intermediate, as observed spectroscopically, are not associated with net charge displacement
across the membrane. After this lag,∆Ψ develops in three phases, which correspond in time to the
conversion of P to the F (ferryl) intermediate, in a single phase, and conversion of F to O (the fully
oxidized enzyme), in two phases. The amplitude of∆Ψ was approximately equal for the Pf F and Ff
O portions of the reaction. When the oxygen reaction is started with incompletely reduced enzyme, it will
halt at the P or F state. When the reaction was allowed to proceed to the F state, but no further, only the
fast phase of∆Ψ formation was observed, whereas no∆Ψ was generated if the reaction was halted at P.
This finding places the assignments of phases in the electrometric data on a firmer basissthey are no
longer based solely on temporal correspondence with phases in the spectroscopic data. To define the
number of charges transferred across the membrane during the reaction, some kind of calibration is needed.
For this purpose, another type of reactionselectron transfer following CO photolysis in the absence of
oxygen (“backflow”)swas studied. Parallel spectroscopic and electrometric measurements showed that
the fast electron transfer from the low-spin heme to CuA in the backflow process results in approximately
11 times smaller amplitude of∆Ψ as compared with∆Ψ generated in the reaction of the reduced enzyme
with oxygen (the polarity is also reversed). If it is assumed that transfer of an electron from the low-spin
heme to CuA amounts to movement of a unit charge across half of the membrane dielectric, charge
translocation in the reaction of the reduced enzyme with oxygen amounts to approximately 5.5 unit
chargessthe value predicted if all four protons pumped during the catalytic cycle are translocated during
the oxidative part of the reaction.

Cytochromec oxidase is a biological energy transducer.
The enzyme catalyzes the reduction of molecular oxygen to
produce water, consuming four electrons and four protons
in the process. However, the most important product is the
free energy released in the reaction, which is used to create
and maintain an electrochemical proton gradient (∆µH+)1

across the inner mitochondrial membrane. This membrane
gradient drives the formation of ATP, which ultimately
supplies most of the energy needs of the cell.

There are two aspects to the process by which cytochrome
c oxidase generates this electrochemical proton gradient. Half
of the energy conservation is a direct consequence of the
way that the chemistry of oxygen reduction is arranged in
the membrane. The four electrons required for the reaction
are donated by cytochromec, and enter the enzyme from

the outer side of the membrane, while the four protons are
taken from the inner side. In this way, reduction of one
molecule of oxygen to two water molecules has an effect
equivalent to moving four electrical charges all the way
across the membrane dielectric. In addition, the enzyme is
an electrogenic proton pump; for every molecule of oxygen
reduced to water, an additional four protons are translocated
from the inner side of the membrane to the outer side (2).

The general structure of the enzymeshelix topology and
the assignment of metal ligandsswas determined by bio-
chemical and site-directed mutagenesis studies (3, 4). This
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was later confirmed and extended to atomic detail when the
enzyme was crystallized (5, 6). However, a great deal of
our knowledge of the enzyme, including the flow path for
electrons, comes from kinetic studies. The point of entry for
electrons is CuA, a binuclear copper center2 and a one-
electron carrier, which is situated near the membrane surface
(7, 8). As shown in Figure 1, electrons flow from CuA to
Fea, a low-spin heme, and then to a binuclear iron-copper
site (Fea3CuB) where the chemistry of oxygen reduction takes
place. Fea, Fea3, and CuB are all buried in the membrane.

The fully reduced enzyme contains four reducing equiv-
alentssthe number required for the reduction of one oxygen
molecule to two waters. This reaction reaches completion
in a few milliseconds, but within this time at least four
different kinetic phases can be resolved. Typically, to obtain
the necessary time resolution, the reaction is initiated by first
mixing the CO-inhibited enzyme with oxygen in the dark
and then photolyzing the CO with a flash of light (9).

In broad outline, the reaction takes place as follows:
Immediately after CO photolysis the reduced enzyme (R)
binds oxygen rapidly (τ ) 8 µs,k ) 1.25× 105 s-1, [O2] )
1 mM, RT; 10, 11) to form a ferrous-oxy intermediate (A).
Redox chemistry begins in the next step (τ ) 32 µs,k ) 3.1
× 104 s-1, [O2] ) 1 mM, RT; 11) with oxidation of the Fea
(8, 12-14) and formation of what is believed to be a formal
“peroxy” intermediate (P, or PR to distinguish this from a
similar oxygen intermediate formed by the reaction of oxygen

with the half-reduced enzyme; see ref15). At this point three
of the four redox equivalents that will be needed for the
reduction of oxygen to water are resident in the binuclear
site, while the fourth electron is still on CuA; Fea is oxidized.
In the next phase (τ ) 140µs,k ) 7 × 103 s-1; RT, 12), PR

becomes reduced to an oxy-ferryl species (F;16-18). At
the same time CuA becomes partially oxidized as the fourth
electron equilibrates between CuA and Fea (8). Finally, in a
much slower process (τ ∼ 1 ms), the remaining electron,
shared between CuA and Fea, migrates to the binuclear center,
resulting in the conversion of F into the fully oxidized
enzyme (O) (8).

Thus, the reaction proceeds from the reduced enzyme (R)
through “peroxy” (P) and ferryl (F) intermediates to the fully
oxidized enzyme (O). The P and F intermediates have also
been identified in experiments in which this reaction was
reversed. Wikstro¨m showed that by placing a backward
driving force on the enzyme in mitochondria (∆Ψ and high
Eh), the oxygen reaction could be partially reversed from
the O state, leading first to F and then to P (19, 20).
Thermodynamic analysis of this reaction led to the conclu-
sion that all the work required for proton pumping is done
in the two electron-transfer steps: Pf F and F f O,
consistent with translocation of two protons at each step (21).

In the present study we have repeated and extended our
earlier electrometric measurements on the reaction of reduced
cytochromec oxidase with oxygen (22). We confirm that
∆Ψ develops in two roughly equal parts, in phases that
correspond in time to the P to F and F to O transitions,
observed spectroscopicallysthe transitions between R and
P are essentially electrically silent. We show that when the
reaction is prematurely curtailed at P or F, the growth of
∆Ψ is correspondingly curtailed, confirming that the as-
sociation between transitions in the oxygen chemistry and
phases in the growth of∆Ψ is not an accident of timing.
Finally, as a calibration, we establish the relationship between
the amount of net charge translocation in this reaction and
the amount of charge that moves during a well-defined
internal electron-transfer reaction of the enzyme.

MATERIALS AND METHODS

Reagents.Lipids for preparation of liposomes and for the
electrometric measuring membranes were eitherL-lecithin
20% [plant] (Avanti Polar Lipids, Alabaster, AL) orL-lecithin
type IV-S [soybean] (Sigma). Catalase (from bovine liver),
cytochromec (from horse heart), and glucose oxidase (type
VII, from Aspergillus Niger) were from Sigma.

Enzyme Preparation.Bovine heart cytochromec oxidase
was prepared by a modification of the method of Hartzell
and Beinert (23). During enzyme preparation, the pH was
kept above 7.8 and Triton X-114 and cholate were added
on the basis of cytochromeaa3 concentration rather than total
protein (24). No ethanol was used to remove the Triton
X-114 after the red/green cut; instead, the green pellet was
repeatedly resuspended in the preparation buffer and cen-
trifuged, until the amount of detergent was significantly
reduced, as judged by the extent of bubbling when the
supernatant was shaken (usually three or four exchanges).

Reconstitution of the Enzyme into Phospholipid Vesicles.
To remove cytochromec oxidase dimers and other possible

2 Nomenclature: In cytochromec oxidase (cytochromeaa3; EC
1.9.3.1) the low-spin heme is known as hemea or Fea and the oxygen-
binding heme is known as hemea3 or Fea3 (in both, the chemical entity
is heme A). The copper ion of the oxygen-reduction site is known as
CuB. An additional bimetallic copper site known as CuA serves as the
initial electron acceptor from cytochromec. The related quinol oxidases
do not contain CuA (1).

FIGURE 1: Schematic representation of cytochromec oxidase
illustrating the relative positions of redox centers in the membrane
and showing charge movement under two different types of
experimental conditions: left panel, reaction of fully reduced
enzyme with oxygen; right panel, redistribution of electrons after
photolysis of CO in the CO mixed-valence enzyme. The scheme
incorporates the assumptions that the hemes are located halfway
through the dielectric (dHM ) 0.5; see Discussion) and that four
protons are pumped during the oxidative part of the enzyme cycle.
On the basis of these assumptions, the reaction of fully reduced
enzyme with oxygen would translocate 5.5 charges across the
membrane: four protons pumped across the entire dielectric (4.0),
two protons taken up through half of the membrane (2×0.5 )
1.0), and one electron from CuA moving across half of the dielectric
(0.5). In the backflow reaction, as drawn, electrons would have to
cross half the dielectric to reach CuA. ∆CuA represents the fraction
of CuA that becomes reduceds12% maximally.
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contaminants from the preparation, the enzyme was purified
on a sucrose gradient as described by Finel and Wikstro¨m
(25). Reconstitution of enzyme into proteoliposomes was
carried out as follows: 150µL of cytochromec oxidase from
the gradient (concentration approximately 4-8 µM) was
diluted to a volume of 1 mL with a suspension of sonicated,
preformed liposomes containing 80 mg/mL lipid, 2% (w/v)
cholic acid, and 100 mM potassium-HEPES (pH 7.4) and
was mixed for 20 min at room temperature. Removal of
detergent was performed according to Rigaud et al. (26) using
Bio-Beads SM-2 absorbent (Bio-Rad). The scheme for
detergent removal is shown in Table 1. It should be noted
that, to slow the removal of detergent, the first few additions
of Bio-Beads were performed at 4°C. This increased the
yield of reconstituted enzyme. At the end of the procedure,
vesicles with a respiratory control ratio of 15-20 were
typically obtained. Proteoliposomes were frozen and stored
in liquid nitrogen. The final concentration of enzyme in the
vesicles, determined spectrophotometrically usingε604-620-
(reduced-oxidized)) 0.024 cm-1 µM-1, was typically 0.3-
0.5 µM.

Measurement Procedure.The direct, time-resolved electri-
cal measurement is based on a method originally developed
by Drachev et al. (27, 28). In the present system Ag/AgCl2

electrodes record the voltage between the two compartments
of a cell, separated by a measuring membrane, consisting of
a lipid-impregnated Teflon mesh. Vesicles, into which the
enzyme has been reconstituted, are forced to associate with
this measuring membrane (see Figure 2 in ref22). The
voltage across the measuring membrane follows the∆Ψ
across the vesicle membranes proportionally, allowing the
kinetics of charge translocation to be recorded. Typically the
measuring membrane has a resistance of about 5 GΩ and
the measured∆Ψ decays with a time constant of about 5 s.

Preparation of Samples.Proteoliposomes were added to
the one of two compartments of the cell and were forced to
associate with the measuring membrane by addition of 10-
15 mM CaCl2 (the same amount of CaCl2 was added to both
compartments) followed by an incubation of between 2 and
3 h. Incubation was carried out at pH 7 (usually in 100 mM
BTP). The cell was enclosed in a gas tight box which had
been purged with argon and anaerobicity was reached by
addition of 50 mM glucose, 50µg/mL catalase, and 130µg/
mL glucose oxidase. After incubation, the cell was removed
from the box and the liquid in both compartments was
exchanged for argon-bubbled buffer (usually 100 mM

HEPES, pH 8). Immediately thereafter, 50 mM glucose, 50
µg/mL catalase, and 130µg/mL glucose oxidase were added
to keep the sample anaerobic. Then 100µM TMPD, 100
µM DCPIP, 10 µM hexaammineruthenium, and 0.5µM
cytochromec were added as redox mediators, and 60 mM
of ferrocyanide was used as a redox buffer. After all
additions, Ag/AgCl2 electrodes (World Precision Instruments,
Stevenage, Hertfordshire, U.K.) that had been kept in an
anaerobic environment were inserted, and the cell was
returned to the gas tight box, which was then purged with
argon followed by CO (100%). A computer-driven syringe
pump (SP200i, World Precision Instruments) was used to
inject 50µL of oxygen-saturated buffer (rate 5 mL/min) via
a 2.5 mL gas tight syringe and a long 22S RN needle
(Hamilton, Reno, NV). The jet from the needle was directed
at the measuring membrane (a 4 mm circle), producing a
local high concentration of oxygen for the time of the
reaction. The reaction was started by a laser flash (Quantel
Brilliant frequency-doubled YAG, pulse energy 180 mJ) 200
ms after the end of the injection. The oxygen concentration
at the membrane after injection is almost certainly close to
the saturation value of 1.2 mM, because increasing the
injected volume does not decrease the lag or increase the
rate of the “fast” phase (see below) and the rates obtained
by fitting are consistent with those from optical data obtained
at close to saturating oxygen concentrations. For experiments
in which the redox potential (Eh) of the medium was titrated,
theEh was initially raised by the addition of a small volume
of concentrated anaerobic ferricyanide. After that, the
glucose-glucose oxidase system itself slowly lowered the
Eh, and kinetic measurements could be initiated when the
appropriateEh values were reached. TheEh of the system
was determined from the voltage between a platinum wire
(measuring electrode) and the ground Ag/AgCl2 electrode
(reference electrode,+200 mV vs NHE).

Measurement Electronics.The measurement system con-
sisted of a homemade operational preamplifier whose output
could be recorded by using two different types of IBM PC-
based digitizers: an 8-bit PCIP-SCOPE (Metrabyte) running
DA90 acquisition software (Alexander Drachev, Tempe, AZ)
and a 12-bit CompuScope 512 (Gage Applied Sciences,
Montreal, Canada) running GageScope data acquisition
software. Timing was controlled by a CTM-05 counter-timer
board (Metrabyte).

Sequential Reaction Model.To fit the electrometric oxygen
reaction data, a model of a sequential first-order chemical
reaction with five steps was used. Each step in such a reaction
is characterized by a first-order rate constantki (i ) 1, ...,
5). The overall reaction can be characterized mathematically
by a set of six differential equations where the six solutions
represent the concentration of the six intermediates at any
time. However, unlike a spectroscopic measurement, which
tracks the formation and decay of the various reaction
intermediates, the electrometric measurement tracks transport
of charge across the membrane. The solutions of the
differential equations each reflect the lifetimesformation and
decaysof a given intermediate (the first solution shows only
decay of the starting material and the last shows only the
formation of the final product). These solutions cannot be
used directly as a basis set to fit electrometric data because
here, the quantity measured is net movement of charge,
which does not necessarily move back in the next step; that

Table 1: Protocol for Detergent Removal

time, min
amount of Bio-Beads

added (mg/mL) temperature

0 33.2 4°C
30 33.2 4°C
60 33.2 4°C
90 33.2 4°C

120 66.5 4°C
180 66.5 4°C
240 133 RTb

270 133 RT
300 266a RT
360 266 RT
420 ready RT

a In this case, 0.5 mL of 100 mM potassium-HEPES, pH 7.4, was
also added.b RT, room temperature.
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is, there is no process corresponding to obligatory decay of
one intermediate as the next intermediate is formed. Thus,
instead of using the solutions of the differential equations
directly as the basis set for the fit, we constructed a
cumulative sum of these solutions (1, 1+ 2, 1 + 2 + 3, ...)
so that each vector in the basis set corresponds to the
transition that takes place in one kinetic phasesin this case,
the movement of one charge (q) through an arbitrary unit
distance in the direction of the membrane normal. The rate
constants and amplitudes were then varied to obtain the best
fit to the experimental data with theconstrconstrained fitting
function of MATLAB (Mathworks, South Natick, MA).

Redox Titration of Backflow Measured Optically.Optical
measurements were carried out separately from the electro-
metric measurements by methods described earlier (29).
Optical cuvettes with internal dimensions 10 mm× 10 mm
(four windows polished), and constructed with joints for
attachment to the vacuum line, were used. The two-electron
reduced CO mixed-valence compound was made, in an
optical cuvette, by incubating the oxidized enzyme under
an anaerobic CO atmosphere (9 h, RT). The formation of
pure mixed-valence (two-electron reduced) enzyme was
judged by the optical absorption spectrum. The redox
potential of the medium was titrated downward by illumina-
tion of the sample with a slide projector lamp. To follow
the redox potential of the medium, 8µM of cytochromec
was included in the sample. In calculations of redox potential
of the medium a value of 260 mV (vs NHE) was used as
the midpoint potential for cytochromec (30).

The amount of CuA that becomes reduced in the backflow
experiments can be calculated from the data for 445 and 605
nm:

where theA values are the measured absorbance changes
for the slow phase of the reaction at 445 and 605 nm,εa and
εa3 are extinction coefficients for Fea and Fea3 at 445 and
605 nm (31) andx andy are the molar concentrations of Fea

and Fea3 that become oxidized. The sumx + y gives the
molar concentration of CuA that becomes reduced.

“Dark Titration” Model. To describe the redox potential
dependence of electron distribution among the redox centers
of the enzyme with CO bound (before the laser flash),
Scheme 1 was used. In this scheme there are four redox
centers [CuBFea3FeaCuA], each of which can be reduced
(denoted 1) or oxidized (denoted 0). For example, in state I,
CO is bound, maintaining the two metals of the binuclear
center in the reduced state, while Fea and CuA remain
oxidized. Hence, state I is denoted [CO1100]. Each transition

in the scheme is associated with addition or removal of one
electron. The redox potential of each transition is indicated
next to the arrow;Em

Fea, and Em
CuA denote the upper

asymptotic potentials of Fea and CuA, respectively.δ1 denotes
the anticooperative redox interaction between the two hemes;
δ2 denotes the anticooperative redox interactions between
Fea and CuA (32-35). The redox behavior of this system
can be described by the following set of equations:

whereR is the gas constant,T is absolute temperature,F is
the Faraday number, andn ) 1.

Solving this set of equations gives the concentrations of
the four states as a function ofEh:

where

anda ) nF/RT.
By use of these solutions, the redox potential dependence

of the populations of three- and four-electron reduced enzyme
can be expressed as

“Light Titration” (Backflow) Model.A flash of light will
photolyze the Fea3-CO bond, causing theEm of Fea3 to drop
and freeing electrons to redistribute in the enzyme (29, 36,
37) as shown in Scheme 2. The left side of the scheme shows
the situation in the dark, before the flash. The CO-bound
states (I-IV) are the same as those described in Scheme 1

Scheme 1

445 nm: xεa
445nm+ yεa3

445nm) A445nm (1)

605 nm: xεa
605nm+ yεa3

605nm) A605nm (2)

{Eh ) Em
CuA + RT

nF
ln

[I]

[II]

Eh ) Em
Fea + δ1 + RT

nF
ln

[I]

[III]

Eh ) Em
CuA + δ2 + RT

nF
ln

[III]

[IV]

[I] + [II] + [III] + [IV] ) 1

(3)

I )
exp[a(2Eh - Em

CuA - Em
Fea - δ1 - δ2)]

Y
(4)

II )
exp[a(Eh - Em

Fea - δ1 - δ2)]

Y
(5)

III )
exp[a(Eh - Em

CuA - δ2)]

Y
(6)

IV ) 1
Y

(7)

Y ) 1 + exp[a(Eh - Em
Fea - δ1 - δ2)] +

exp[a(Eh - Em
CuA - δ2)] + exp[a(2Eh - Em

CuA -

Em
Fea - δ1 - δ2)] (8)

3e- enzyme) II + III )
exp[a(Eh - Em

Fea - δ1 - δ2)] + exp[a(Eh - Em
CuA - δ2)]

Y
(9)

4e- enzyme) IV ) 1
Y

(10)
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(the same representation is used). The flash converts the CO-
bound states to the corresponding unliganded states (second
column from left). The partially reduced states (I-III) are
now free to evolve byintramolecular electron-transfer
governed by the following equilibrium constants:

In the two-electron reduced enzyme, the amount of CuA that
becomes reduced after the flash is given by

In the three-electron reduced enzyme, CuA is already partially
reduced before the flashsit is fully reduced in state II but
oxidized in state III. The extent of additional reduction of
CuA in these two populations of enzyme after the flash is
given by

Thus, the total increase in the amount of reduced CuA caused
by electron backflow can be evaluated for any redox potential
from

RESULTS

The time-resolved electrometric method allows the mea-
surement of electrical potential (∆Ψ) across the phospholipid
bilayer with microsecond time resolution, making it possible
to observe the development of∆Ψ within a single turnover
of cytochromec oxidase. We have used this methodology
to study the reaction of the reduced enzyme with oxygen,
using a modification of the “flow-flash” experiment, where,
to obtain the requisite time resolution, oxygen is added to
the CO-inhibited enzyme in the dark, and the reaction is
initiated rapidly by photolyzing the CO (9).

An electrometric recording of the reaction of the fully
reduced enzyme with oxygen is shown in the main panel of
Figure 2. The bottom panel shows the difference between
the experimental data and a theoretical fit based on the
sequential reaction model described in Materials and Meth-
ods. The early part of the reaction is taken up by an initial
lag (Figure 2, inset), after which∆Ψ develops in three
phases. The lag is too long to be caused by a single reaction
step. In the fit shown, the lag has been modeled as two
sequential steps, the first with a time constant of 6-10 µs
and the second 25-40 µs. Spectroscopic measurements on
the same reaction have found two processes with very similar
rate constants, which were assigned as the initial binding of
oxygen to Fea3 to form the ferrous-oxy intermediate (A)
followed by the transition from A to a formal peroxy
intermediate (P). In our fit, the amplitude of the first reaction
in the lag was defined as zero. The amplitude of the second
reaction was allowed to float, but even so, the fit found it to
have a very small, positive, value [3.1%( 1.5% (n ) 14)
of the total amplitude],3 whereas all other phases are negative
in sign. This confirms that very little, if any, net charge
movement occurs during this part of the reaction.

After the lag∆Ψ begins to grow. The fastest component
of this increase has a time constant of about 60-100µs and
contributes 52.6%( 5.3% of the total amplitude of the
response. This corresponds to the third phase of the sequential
fit, but since it is the first large increase in∆Ψ, we will
refer to it as the “fast” phase. The rate of this phase is similar
to the rate of the process spectroscopically assigned to the
transition of P to the ferryl intermediate (F).

This is followed by two “slow” phases with time constants
of 0.5-1 ms and 1-5 ms, respectively, which together make
up the remaining amplitude (50.5%( 4.1% of the total; the
sum of fast and slow phase amplitudes is slightly larger than

3 Values are given as percent of total amplitude (start to maximum
amplitude)( standard deviation in the same units.

Scheme 2

K1 ) exp[a(Em
Fea - Em

Fea3)] (11)

K2 ) exp[a(Em
CuA - Em

Fea)] (12)

K3 ) exp[a[Em
CuA - (Em

Fea + δ1)]] (13)

K4 ) exp[a[(Em
Fea + δ2) - Em

Fea3]] (14)

CuII ) [I]
K1K2

1 + K1 + K1K2
(15)

CuIII ) ([II] + [III])
K3K4

1 + K3 + K3K4
- [II]

K3

1 + K3 + K3K4
(16)

Cu ) CuII + CuIII (17)

FIGURE 2: Membrane potential development during the reaction
of fully reduced cytochromec oxidase with oxygen. Main panel, a
typical data recording; bottom panel, difference between experi-
mental and theoretical curves; inset, early part of reaction expanded
so that lag can be clearly seen. Conditions: 100 mM HEPES, pH
8, 0.5 µM cytochromec, 10 µM hexaamineruthenium, 100µM
TMPD, 100µM DCPIP, 60 mM ferrocyanide, 50 mM glucose, 50
µg/mL catalase, and 130µg/mL glucose oxidase. Reaction started
200 ms after injection of 50µL of oxygen-saturated buffer ([O2]
) 1.2 mM). The fit gave the following parameters for the theoretical
curve: Rf A, 1.03× 105 s-1 with zero amplitude; Af P - 3.86
× 104 s-1 and+0.42 mV; Pf F, 1.27× 104 s-1 and-12.62 mV;
first F f O, 1.41× 103 s-1 and-4.51 mV; second Ff O, 2.4×
102 s-1 and-7.03 mV.
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100 percent because of the small positive contribution of
the second lag phase). Two phases with approximately the
same rates as these are seen in optical studies of the reaction
of fully reduced cytochromec oxidase with oxygen. On the
basis of their visible spectra, both phases reflect conversion
of F to the oxidized form of the enzyme (O) (M. I.
Verkhovsky and J. E. Morgan, unpublished results; see also
refs 38 and39).

When the four-electron reduced enzyme reacts with
oxygen, the reaction passes through intermediates P and F
to ultimately produce the oxidized enzyme (O). It is possible,
however, to control how far along this sequence of inter-
mediates the reaction proceeds by choosing the number of
reducing equivalents initially in the enzyme (40-42). If the
enzyme initially contains three electrons, the reaction only
goes as far as F, whereas if the enzyme contains two
electrons, the reaction is trapped at P (Figure 3).

We used this behavior to help assign the electrometrically
observed phases, making measurements with the enzyme at
various levels of reduction. In practice, this was done by
varying the redox potential (Eh) of the medium with which
the enzyme is in equilibrium prior to the start of the reaction.
In the presence of CO, the two-electron reduced state is stable
at relatively high redox potentials. Lowering the potential
leads to populations of three- and then four-electron reduced
enzyme (left-hand side of Figure 3). Thus, by making
measurements beginning with the enzyme poised at different
redox potentials, we were able to separate the electrometri-
cally observed phases.

Figure 3 (right-hand side) shows examples of the time
course of∆Ψ development when cytochromec oxidase,
poised at three different initial redox potentials, reacts with
oxygen. At high redox potential (about 350 mV vs NHE and
higher), CO-bound enzyme contains only two redox elec-
trons, both of which are held in the binuclear center by CO,
while the other two centers (CuA and Fea) remain oxidized
(state I in Figure 3 and Scheme 1). When this two-electron
reduced enzyme reacts with oxygen, the reaction proceeds
only as far as the P intermediate. Figure 3 (2e- enzyme trace)
shows that, to a first approximation, no net charge movement
takes place in this part of the reaction.

At slightly lower redox potential, some of the enzyme will
contain a third electron on either CuA or Fea (Figure 3, states
II and III). Electrometric recordings of the oxygen reaction

starting at redox potentials close to 320 mV (Figure 3, 3e-

enzyme trace) show the appearance of the “fast” phase
(defined above), which was not present in the reaction of
the two-electron reduced enzyme, clearly demonstrating that
this fast phase is associated with the P to F transition. As
the redox potential is lowered further, a population of four-
electron reduced enzyme appears. The amplitude of the fast
phase increases and the “slow” phase appears, reflecting the
fact that in the four-electron reduced population of enzyme,
the reduction of oxygen to two waters can proceed to
completion, with formation of the fully oxidized enzyme (O).
Further lowering of the redox potential increases this four-
electron population, further increasing the amplitudes of both
fast and slow phases (Figure 3, 4e- enzyme trace).

In this system the two- and four-electron reduced states
of the enzyme can be obtained in essentially 100% yield as
a starting point for the reaction, but the three-electron reduced
enzyme is always an equilibrium mixture of two-, three-,
and four-electron reduced species (scheme in Figure 3). Thus,
to further confirm the three-electron result, a control experi-
ment was done with cytochromebo3 oxidase fromEscheri-
chia coli, which had been prepared in such a way that bound
quinol was removed (43). Since this preparation contains
neither CuA nor bound quinol, the fully reduced enzyme
contains only three reducing equivalents. When this enzyme
reacts with oxygen, the development of∆Ψ (data not shown)
takes place with essentially the same time course as in the
bovine cytochromec oxidase poised at the three-electron
level (Figure 3, 3e- enzyme trace), confirming the assign-
ment of the fast electrometric phase to the P to F transition.

A complete titration of the initial redox state of the enzyme
is shown in Figure 4. Circles show the amplitude of the fast
phase, and triangles show the combined amplitude of the
two slow phases. Amplitudes of the phases were normalized
to the amplitude of the corresponding phase for the reaction
of the fully reduced enzyme (i.e., the lowest redox potential
experimentally achieved). The curves show the amplitudes
of the fast and slow phases as predicted by a model in which
the three-electron reduced enzyme reacts to give only the
fast phase while the four-electron reduced enzyme gives both

FIGURE 3: Relationship between qualitative electrometric response
(right-hand side of the figure) and redox state of the enzyme (left-
hand side of the figure). Redox state of the enzyme was manipulated
by changing the redox potential of the medium. The experimental
curves in the frames were obtained atEh ) 350 mV (2e- enzyme),
320 mV (3e- enzyme) and 100 mV (4e- enzyme). Experimental
conditions are the same as in Figure 2.

FIGURE 4: Redox titration of fast (b) and slow (2) phases of the
electrometric response. The amplitudes of the phases have been
normalized to the corresponding amplitudes in the data at redox
potential +100 mV. The solid line shows the theoretical redox
dependence of the enzyme population with at least three electrons
(sum of eqs 9 and 10); the dashed line shows the four-electron-
reduced enzyme population (eq 10), calculated using the “dark
titration” model (Materials and Methods) with the following
parameters:Em

Fea3 ) 330 mV,Em
Fea ) 342 mV,Em

CuA ) 270 mV,
δ1 ) -90 mV, andδ2 ) -20 mV.
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fast and slow phases. In this model, the occupancies of
various initial redox states in the enzyme sample, as a
function of Eh, were calculated on the basis of redox
potentials and redox interactions as described in the “dark
titration” (Materials and Methods).

These electrometric data show that essentially all of the
∆Ψ generated in the reaction of oxygen with the reduced
enzyme is associated with the transitions from P to F and F
to O intermediates. However, the data do not give, directly,
the number of charges that move across the vesicle mem-
brane in these steps. An independent calibration is needed
to define how many millivolts in the electrometric measure-
ment correspond to one charge (q) transferred across the
membrane. There is another well-characterized electron
transfer reaction in the enzyme, which may be able to provide
this calibration. When the partially reduced CO-bound
enzyme is photolyzed in the absence of oxygen, electrons
redistribute in the enzyme (36). In an initial fast process (τ
∼ 3 µs) electrons move from Fea3 to Fea. Then, in a slower
process (τ ∼ 35µs) electrons are further redistributed to CuA

(29, 37). The extent to which CuA becomes reduced varies,
depending on the initial redox state of the enzyme, reaching
a maximum at the three-electron reduction level. As il-
lustrated in the “electron backflow” panel of Figure 1, only
this latter process is expected to involve charge movement
in the membrane normal and thus be observable by elec-
trometry.

Figure 5 confirms that the electron backflow process can
indeed be observed electrometrically. Trace 1 shows the
results of an optically monitored experiment at 445 nm, while
trace 2 shows the results of a corresponding electrometric
experiment. In both cases, the data for the fully reduced
enzyme have been subtracted from data for the partially
reduced enzyme (Eh ) 270 mV, approximately the point at
which the population of the three-electron reduced enzyme
is maximum). The optical and electrometric traces follow
almost exactly the same time course, indicating similarity
of the observed processes. By use of optical data it is possible

to calculate the number of electrons transferred to CuA, and
thus, by comparing the optical and electrometric data it
should be possible to use the electrometric backflow
measurements as a “ruler” to calibrate the amplitudes from
the electrometric oxygen reaction data, provided that we
know what fraction of the membrane dielectric electrons
traverse when CuA becomes reduced in the backflow reaction.

The extent of reduction of CuA in the backflow reaction
depends on the initial redox state of the enzyme. As described
above, this amplitude reaches a maximum approximately at
the point that the three-electron reduced enzyme population
is largest. To use the amplitudes of the optical and electro-
metric data for calibration, it was necessary to ensure that
the enzyme was in the same redox state for both types of
measurements. To accomplish this, titrations of both systems
were performed in separate, parallel experiments (see
Materials and Methods). The results are compared in Figure
6; the triangles represent the fraction of CuA that becomes
reduced, determined from optical measurements, while the
circles represent the amplitudes from separate electrometric
measurements. The curve was calculated on the basis of the
“light titration” model of the backflow process using the same
midpoint potentials and redox interactions used in the “dark
titration” model (Materials and Methods). At highEh values,
the electrometric points are much closer to the theoretical
curve than the optical points. This is probably because the
backflow process includes additional slow heme-to-heme
electron redistribution phases (44). At 605 nm, this slower
phase is opposite in sign to the 35µs phase and may thus
partially mask this phase in the two-exponential fit, at high
Eh, when it has a small amplitude.

To use these data to calibrate the electrometric measure-
ments of the oxygen reaction, the same sample that was used
for the electrometric backflow measurements was subse-
quently allowed to reach full reduction and the oxygen

FIGURE 5: Comparison of electron backflow reactions measured
by optical spectroscopy at 445 nm (curve 1, right axis) and by the
electrometric method (curve 2, left axis). Both curves were
measured at the three-electron reduction level of the enzyme (Eh
) +270 mV); in both cases corresponding traces for the fully
reduced enzyme were subtracted. Optical measurements were
carried out on the detergent-solubilized enzyme; conditions 8µM
cytochromec oxidase, 0.1% dodecyl maltoside, 100 mM BTP, pH
7, 8 µM cytochromec, 1 mM CO, light path 1 cm (see Materials
and Methods). Electrometric conditions were as in Figure 2.

FIGURE 6: Extent of additional reduction of CuA after photolysis
of CO under anaerobic conditions: optical and electrometric
measurements. Reduction of CuA as a function of redox potential,
determined optically (2, left axis) aligned with the corresponding
electrometric response (b, right axis). Conditions were as in Figure
5; solid line shows predictions of a theoretical calculation based
on the “light titration” model (Materials and Methods) using the
same parameters as in Figure 4.
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reaction was then carried out. This removes any uncertainty
about sample-to-sample variation in the membrane prepara-
tion.

The results of the three types of measurementssoptical,
electrometric backflow and electrometric oxygen reactions
allow us to make the following calculation: At the maximum
point, 12% of CuA becomes reduced in the backflow reaction.
The corresponding electrometric signal was measured as 0.27
mV. Before this can be compared to the electrometric
response from the oxygen reaction, it must be normalized
to 100% yield. If an electron were transferred to CuA in every
enzyme molecule, instead of only 12% of the sample, the
electrometric signal would be 2.25 mV. The total electro-
metric amplitude for the oxygen reaction in the same sample
was 24 mV or 10.9 times the normalized backflow amplitude.
In duplicate samples, ratios of 11.3 and 10.6 were obtained,
giving a mean of 10.9 for three trials. Thus, the flow-flash
reaction of the fully reduced enzyme with oxygen leads to
approximately 10.9 times as much charge being translocated
across the membrane as does electron transfer from the
hemes of the enzyme to CuA in the backflow reaction.

DISCUSSION

The present work confirms the results of our earlier
electrometric study (22), which showed that when fully
reduced cytochrome oxidase reacts with oxygen, essentially
all ∆Ψ generated in this oxidative portion of the catalytic
cycle (Rf O) comes from the steps Pf F and Ff O, and
that these two steps make approximately equal contributions
to ∆Ψ. The studies on reactions of partially reduced enzyme
confirm the correspondence between the fast and slow
electrometric phases and the spectroscopically assigned P
f F and Ff O transitions. The reaction of the three-electron
reduced enzyme with oxygen halts at F (41, 42). In
electrometric measurements of this reaction, the growth of
∆Ψ stops after the fast phase; the slow phase is not observed.
The reaction of the two-electron reduced enzyme with
oxygen halts at P (40). This reaction produces no∆Ψs
neither the fast phase nor the slow phases are observed. This
demonstrates that the fast electrometric phase arises from
the Pf F transition and that the slow phases arise from the
F f O transitions and rules out the possibility that these
assignments are artifacts of timing. The equality of the Pf
F and F f O amplitudes also rules out a mechanism
proposed by Michel (45), according to which a different
number of protons is translocated in each these two steps.

Oliveberg et al. (46) used pH indicator dyes to study proton
uptake during the reaction of the fully reduced, solubilized
enzyme with oxygen and found that the consumption of
protons takes place with a similar time course to the one
found here for the growth of∆Ψ. Essentially all net proton
uptake in this reaction takes place in two phases of
approximately equal amplitude, which correspond kinetically
to the spectroscopically observed Pf F and F f O
transitions. This parallel between the time course of proton
uptake and that of∆Ψ formation suggests close mechanistic
linkage between the process of protons translocation and the
consumption of protons to make water in the oxygen reaction.
This is consistent with the idea that the protons taken up to
make water in some sense displace the pumped protons from
their sites in the proton translocation machinery (47-49).

The relative amount of charge translocated during the
reaction of fully reduced enzyme with oxygen can also be
determined from these electrometric results. For a calibration,
we used the well-characterized “backflow” of electrons from
Fea to CuA that takes place upon photolysis of the CO from
the enzyme. As described above, measurements on these two
types of reaction allow us to establish the relationship
between the net amount of charge that moves in the
membrane during the oxygen reaction and the amount of
charge that moves in the backflow reaction. Approximately
11 times as much charge translocation takes place in the
reaction of the fully reduced enzyme with oxygen as in
reduction of CuA in the backflow reaction (when normalized
to 100% yield). In the reaction of the fully reduced enzyme
with oxygen, the Pf F and Ff O steps are each associated
with transfer of approximately 0.5 electron from CuA to Fea

(8; see introduction). When the contribution of this electron
transfer is subtracted, we find that the amount of electrical
charge translocated across the membrane in each of these
reaction steps amounts to 5 times the charge translocated
by electron transfer between CuA and Fea.

Zaslavsky et al. (39) used an electrometric measurement
system similar to ours, together with quite different chem-
istry, to study the Ff O transition specifically. The F form
of the enzyme was prepared by addition of hydrogen
peroxide, and tris(bipyridyl)ruthenium [Ru(bipy)3] was used
to photoinject an electron into the enzyme. The electron
travels via CuA to Fea and hence to the oxygen-reduction
site, where it reduces F to O. Two electrogenic phases were
observed, corresponding to fast electron transfer from CuA

to Fea followed by slower reduction of F to O. The amplitude
of ∆Ψ generated in the Ff O transition was found to be 4
times the amplitude of the fast phase, which is less than the
factor of 5 observed in the present experiments (see above).
The photoinjection method has the advantage that the
calibration is obtained from the same recording as the
measured event, but to be effective this calibration depends
on complete formation of intermediate F in the entire enzyme
population. If some fraction of the enzyme is not in the F
state, electrons from Ru(bipy)3 will still reduce Fea, but no
reduction of F to O will take place. This would lead to an
underestimation of the amount of translocated charge.
Furthermore, the chemistry by which F is formed with
peroxide is still not completely understood, but when
peroxide reacts it apparently carries its protons with it into
the binuclear site of the enzyme (50). It is therefore possible
that, even though the F species produced in this way is
spectroscopically similar to the true reaction intermediate,
the details of protonation within the enzyme are different.
This could lead to a lower charge translocation stoichiometry.

To proceed beyond this point, to calculate the actual
amount of electrical charge translocation that occurs during
the oxygen reaction, it is clearly necessary to know what
fraction of the membrane dielectric electrons cross when they
move between CuA and Fea, or in other words, how far the
different centers are buried in the membrane dielectric. X-ray
crystal structure models of the enzyme (5, 6) place CuA close
to the membrane surface. Fea and Fea3 are both buried at a
similar depth but appear to be geometrically closer to the
outer surface than to the inner surface. Michel (45) has
estimated the distance from Fea to the outer and inner
membrane surfaces as approximately 20 and 35 Å, respec-

2704 Biochemistry, Vol. 38, No. 9, 1999 Jasaitis et al.



tively, and further pointed out that the nature of the enzyme
structure between Fea and the outer side of the membrane
appears to be more polar than between Fea and the inner
side.

Electrical measurements confirm that CuA resides outside
of the membrane (51, 52). However, in a study on the effect
of ∆Ψ on the apparent midpoint redox potential of Fea in
CO-inhibited mitochondria, Hinkle and Mitchell (53) found
that this center behaves as if it were buried approximately
halfway through the membrane dielectric. We now define
dHM, the Hinkle-Mitchell parameter, as the fraction of the
total membrane dielectric between the outside medium and
Fea. Originally, dHM was determined to be 0.43 or 0.50 in
titrations of the midpoint redox potential of Fea with K+ and
H+ diffusion potentials, respectively (53). Michel (45)
recently adjusted these values on the basis that the midpoint
potential of Fea is slightly pH-dependent in CO-inhibited
cytochromec oxidase and thus arrived atdHM values of 0.33
and 0.41. However, this correction implicitly assumes that,
in the CO-inhibited state, the redox potential of Fea depends
on the pH of the solution on the negatively charged,inner,
side of the membrane. This disagrees with the finding by
Mitchell (54) that, in CO-inhibited mitochondria, the redox
potential of Fea depends on the pH of theoutsidemedium.
With this taken into account, the correction would take the
opposite sign, increasing rather than decreasing the value of
dHM.

In conclusion, the present results show unequivocally that,
during the reaction of cytochromec oxidase with oxygen,
an equal number of charges are translocated across the
membrane in the P to F and F to O phases, while the
transitions Rf A f P make almost no net contribution to
the membrane potential. The total number of electrical
charges translocated in each of the Pf F and F f O
transitions is 5.5dHM. The amount of this translocated charge
that can be attributed to electron transfer from CuA to Fea,
in each step, is 0.5dHM, which leaves 5.0dHM equivalents of
translocated charge due to proton pumping and to electro-
genic proton uptake to form water. If we assume that the
protons taken up to form water have to cross 1-dHM of the
dielectric and that one proton is taken up in each reaction
step (52), then the number of charges translocated due to
proton pumping alone is 6dHM - 1 in each step. The original
dHM value of 0.50 (53) then leads to the conclusion that all
four protons are translocated in the Pf F and F f O
transitions, in agreement with predictions from equilibrium
experiments (21). However, if, for example, only one proton
is translocated in each of these steps (see refs46 and55),
and the two other protons are translocated during the
reduction of the enzyme,dHM would have to have a value of
0.33. Clearly, new independent measurements of the value
of the Hinkle-Mitchell parameter would be of utmost
importance for a reliable assessment of the mechanism of
proton translocation by the enzyme.
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