
New Concepts in Biochemistry

Internal Electron-Transfer Reactions in Cytochromec Oxidase†

Peter Brzezinski*

Department of Biochemistry and Biophysics, Go¨ teborg UniVersity and Chalmers UniVersity of Technology,
Medicinaregatan 9C, S-413 90 Go¨ teborg, Sweden

ReceiVed February 2, 1996; ReVised Manuscript ReceiVed March 11, 1996

In the catalytic cycle of cytochromec oxidase (EC 1.9.3.1),
electrons are transferred sequentially from water-soluble
cytochromec to CuA and hemea and to the binuclear center
hemea3/CuB, where dioxygen is reduced to water. The
electron current through the enzyme, across the membrane
dielectrics, drives a transmembrane proton current in the
opposite direction. This coupling requires careful control
of the pathways and rates of the internal electron- and proton-
transfer reactions in order to prevent dissipation of the
electronic energy into heat. The basic principles of this
coupling have been summarized in the so-called cubic
scheme by Wikstro¨m et al. (1981) as well as by Malmstro¨m
(1985) in the transition-state model.
When an electron is injected into CuA of the fully oxidized

enzyme, it equilibrates first with hemeawith a rate constant
of about 104 s-1 [see the review by Winkler et al. (1995)].
The reduction rate of hemea3 is much slower, and rate
constants in the range 1-100 s-1 have been observed,
depending on the experimental conditions [Verkhovsky et
al., 1995; Sarti et al., 1990; Antalis & Palmer, 1982; reviewed
by Winkler et al. (1995)]. Thus, the electron-transfer rates
from CuA to hemesa (kAa)1 anda3 (kAb), respectively, differ
by 2-4 orders of magnitude.
Recently, two high-resolution three-dimensional structures

of cytochromec oxidases fromParacoccus denitrificans

(Iwata et al., 1995) and bovine heart (Tsukihara et al., 1995)
were determined. An analysis of these structures shows that
the distances from CuA to hemesa anda3 are 19.5 and 22.1
Å, respectively2 [given in Iwata et al. (1995)]. The relatively
small difference in distances cannot alone account for the
large difference in the electron-transfer rates between CuA

and the two hemes. In this work, two models (not mutually
exclusive) are proposed which explain this apparent incon-
sistency.
Rapid internal electron-transfer reactions in cytochrome

c oxidase have been studied following flash photolysis of
the mixed-valence CO complex [e.g. A¨ delroth et al. (1995a),
Verkhovsky et al. (1992), and Boelens et al. (1982)]. In
this complex, reduced hemea3/CuB is stabilized by the
binding of CO, whereas hemea and CuA are oxidized. Upon
pulsed illumination, CO dissociates, which results in a
decrease of the apparent reduction potential of hemea3 and
electron transfer from this site to hemea (Figure 1A). In
bovine cytochromec oxidase, the observed rate constant of
this reaction is 3× 105 s-1 and the driving force (from heme
a to a3) is about-40 meV (Verkhovsky et al., 1992; A¨ delroth
et al., 1995a). This equilibration is followed by equilibration
with CuA with an observed rate constant of about 2× 104

s-1, about the same as that observed in the three-electron
reduced enzyme (Morgan et al., 1989).
These reactions are followed by additional electron transfer

from hemea3 to a on a millisecond time scale (Figure 1B).
Both the rate constant and the extent of this reaction display
complex pH dependencies (A¨ delroth et al., 1995b; Halle´n
et al., 1994; Brzezinski & Malmstro¨m, 1987). Recently, our
research group showed that this electron transfer is kinetically
coupled to proton release (Figure 1C) from a protonatable
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group in the vicinity of hemea3. This group interacts more
strongly with hemea3 than with hemea, and is buried inside
the protein, in contact with the bulk protons through a proton-
conducting pathway (A¨ delroth et al., 1995b). The pKs of
this group with hemea3 oxidized and reduced are 8.5 and
9.7, respectively. The interaction energy was determined
to be about 70 meV, and the maximum proton release/uptake
was found to be∼0.7 H+/e-. Thus, the mixed-valence
experimental system provides a unique opportunity to study
the intrinsic3 internal electron transfers and, in the same
experiment, the proton-transfer coupled electron transfers.
The above-discussed results are consistent with the three-

dimensionalP. denitrificansstructure which shows that a
larger number of protonatable groups are found around heme
a3 than near hemea. This situation is similar to that on the
acceptor side of the photosynthetic reaction center (e.g. from
Rhodobacter sphaeroides) in which reduction of the primary
acceptor quinone, QA (compare to hemea), results in a
smaller fractional proton uptake (e0.4 H+/QA

-, in the pH
range 6-10) than reduction of QB (compare to hemea3)
(0.4-1.0 H+/QB

-) (McPherson et al., 1988; Maro´ti &
Wraight, 1988).
Recently, Verkhovsky et al. (1995) presented a model

which suggests that, during reduction of the fully oxidized
enzyme, the observed reduction rate of hemea3 is not
determined by the intrinsic hemea-to-a3 electron-transfer

rate, which is always rapid, but rather by proton uptake
associated with the electron transfer to hemea3. These
electron-proton coupled reactions are also likely to deter-
mine the route of intramolecular electron transfer.
As discussed above, electron transfer from CuA to heme

a is accompanied by a smaller proton-charge compensation
than that associated with electron transfer to hemea3
(Mitchell & Rich, 1994). This may explain why electron
transfer from CuA to hemea is always rapid (∼104 s-1),
whereas the intrinsic direct electron-transfer rate from CuA

to hemea3 may be rapid, but since it is limited by a larger
extent of proton uptake, the apparent rate is slow (Figure
2A). This is the same model as that proposed by Verkhovsky
et al. (1995) for the electron transfer from hemea to a3, but
here applied to the CuA-to-hemea3 electron transfer. In the
mixed-valence system, the intrinsic electron-transfer rates are
observed (see Comment) because the measurement time scale
is shorter than that of proton transfer. From these experi-
ments, it is not possible to conclude whether electrons
equilibrate directly between hemea3 and CuA or through
hemea, and it is only possible to give a limit for the direct
hemea3-to-CuA rate constant ofe104 s-1 , i.e. the observed
reduction rate of CuA (see Figure 2B). Thus, the intrinsic
electron-transfer rate between CuA andbothhemesa anda3

3 The “intrinsic rate” is defined as the rate of the electron transfer
alone, not limited by other events such as protonation reactions or
structural changes.

FIGURE 1: (A) Transient absorbance changes at 445 nm following
dissociation of CO from mixed-valence bovine cytochromec
oxidase, normalized to the CO-dissociation change. (B) Absorbance
changes at 598 nm on a longer time scale than in panel A measured
simultaneously with proton-conductance changes (C) associated
with proton release (pH 10). A change in conductivity associated
with heating of the sample by the laser flash (by<10-3 °C) has
been truncated. The slow signal decrease in panels B and C is
associated with CO recombination and proton uptake, respectively,
with a rate constant of∼50 s-1. Data from Ädelroth et al. (1995a,b).

FIGURE 2: (A) Model for internal electron-transfer reactions
following electron injection into the fully oxidized enzyme. The
intrinsic electron-transfer rates between CuA, hemea, and hemea3
are all rapid, but the apparent rate to hemea3 is slow because the
electron must be stabilized by a proton [proposed by Verkhovsky
et al. (1995)]. A limit is given for the CuA-to-hemea3 transfer (see
panel B). (B) Electron-transfer reactions in mixed-valence cyto-
chromec oxidase following flash photolysis of CO. On the time
scale of these measurements, groups interacting with hemea3 are
protonated. Experimentally, it isobserVed that hemea3 and heme
a equilibrate first, followed by equilibration with CuA. It is not
possible to determine if hemea3 equilibrates directly with CuA or
through hemea. Only a limit of e104 s-1 can be given for the
CuA-heme a3 equilibrium. Bold arrows indicate larger rate
constants.
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maybe rapid, but since the rate of electron transfer to heme
a3 is limited by proton uptake (Verkhovsky et al., 1995;
Ädelroth et al., 1995b),kinetically, reduction of CuA is
always followed by rapid reduction of hemea before heme
a3 is reduced.
The electron-transfer rate,kET, from a donor (D) to a

weakly coupled acceptor (A) is [first investigated by Marcus
(1956); for reviews see e.g. Marcus and Sutin (1985) and
Moser et al. (1992)]

where (FC) is the Franck-Condon factor and|TDA(r)|2 is
the electronic-tunneling matrix element, coupling the donor
and acceptor localized states. The latter factor generally
decreases exponentially with increasing D-to-A distance,r:

whereT02 is the maximum electronic coupling at van der
Waals contact (r ) r0 ) 3 Å) andâ ) 1 Å-1 has earlier
been found to be applicable for the hemea-to-a3 transfer
(Ädelroth et al., 1995a) and is used for the other electron-
transfer reactions (see below). Assuming the classical limit
where the vibrational energy is much smaller than the thermal
energy (kBT), (FC) is

where-∆G° is the free energy difference between D and A
andλ is the reorganization energy. It is the magnitude of
the electronuclear coupling, i.e. the energy required to change
the nuclear configuration around the redox site in response
to the change in charge. It generally increases with increased
polarity of the protein environment around the site.
The parameters of eqs 2 and 3 for the electron transfer

from hemea to a3 in the mixed-valence enzyme are as
follows: (Ädelroth et al., 1995a) (see Comment):λab= 0.76
eV, |Tab(rab)| = 9.9× 10-5 eV, ∆G°ab = -40 meV, andkab
= 2 × 105 s-1 (at pH 7 and 22°C). In Figure 3 is shown
the driving-force dependence of the electron-transfer rate
from hemea to hemea3. Note that under these conditions
groups interacting with hemea3 are protonated; i.e. the heme
a3/CuB “charge environment” is different than in the oxidized
enzyme. Upon electron injection into the fully oxidized
enzyme, the intrinsic rate may therefore be slower due to a
smaller driving force. It should also be noted that, under
the conditions when the highestkab = 2 × 105 s-1 is
measured(in the mixed-valence enzyme),|∆G°ab| , λab.
Consequently, this measured rate constant is 3 orders of
magnitude smaller than the maximum value of∼2 × 108

s-1, which would be obtained at-∆G°ab ) λab.
The observed electron-transfer rate between CuA and heme

a (i.e. kAa + kaA) in the mixed-valence enzyme is about 2
× 104 s-1 [e.g. Ädelroth et al. (1995a) and Morgan et al.
(1989)]. In this enzyme form, the equilibrium constant
between CuA and hemea is ∼1.5 (Morgan et al., 1989),
which giveskAa = 1.2× 104 s-1. The reorganization energy
associated with the CuA-to-hemea transfer can be calculated
from the ratio ofkAa andkab using eqs 1-3:

Using the distances determined from the three-dimensional
cytochromecoxidase structures (Iwata et al., 1995; Tsukihara
et al., 1995),∆G°Aa ) -12 meV, and the same parameters
as for the hemea-to-hemea3 transfer (see above and Table
1), aλAa value of∼0.4 eV is obtained.
The temperature dependence of the observed electron-

transfer rate between CuA and hemea in the mixed-valence
enzyme is small; the “activation enthalpy” is 20-60 meV
(Ädelroth et al., 1995a; Brzezinski & Malmstro¨m, 1987). A
value in that range was also obtained by Morgan et al. (1989)
in studies of the perturbation of the CuA-hemea equilibrium
in the three-electron reduced enzyme. Assuming the extreme
case where the temperature dependence of the observed rate
constant originates only from that of the forward rate
constant, i.e.kAa, a limiting value forλAa of e0.2 eV was
estimated. Ramirez et al. (1995) have estimated this value
to fall in the range 0.15-0.5 eV. Theoretical calculations
of the reorganization energy of the binuclear CuA site alone
have given a value of∼0.2 eV (Larsson et al., 1995). In
the calculations below, an average valueλAa ) 0.3 eV will
be used.
To estimate aλ-value for the direct CuA-to-hemea3

transfer, it is assumed that it is possible to ascribe a
reorganization energy to each of the redox sites, that these
values are linearly additive, and that all individualλ-values
areg0.1 eV (values are in electronvolts):

Using eqs 1-3 with an average valueλAb ) 0.8 eV and
keeping other parameters the same as those determined

kET ) 2π
p

|TDA(r)|2(FC) (1)

|TDA(r)|2 ) T0
2 exp[-â(r - r0)] (2)

(FC)) 1

x4πλkBT
exp[-(-∆G°-λ)2/4λkBT] (3)

FIGURE 3: Electron-transfer rates as a function of driving force for
three different internal electron-transfer reactions. Also see Com-
ment.

kAa
kab

) exp[-â(rAa-rab)]
xλab

xλAa
exp[-[(-∆GAa

° - λAa)
2

4kBTλAa
-

(-∆Gab
° - λab)

2

4kBTλab ]] (4)

λa + λb ) 0.8, λA + λa ) 0.3

w λA andλa e 0.2, 0.6e λb e 0.7,
0.7e λA + λb e 0.9 (5)
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experimentally from measurements onkab (Table 1), it is also
possible to estimate the driving-force dependence ofkAa and
kAb, respectively (Figure 3).
Because of the larger reorganization energy associated with

hemea3 than with hemea, for driving forces in the range
-200< -∆G° < +500 meV, the direct electron transfer
from CuA to hemea3 is much slower than that to hemea
(Figure 3). The larger reorganization energy associated with
hemea3 rather than with hemea is consistent with the fact
that reactions involving protons and water take place at heme
a3/CuB, and therefore this center is likely to be in a more
polar environment than hemea. This situation is similar to
that found in bacterial photosynthetic reaction centers (Figure
4) where thedirect charge-recombination rate from QB

- to
the oxidized donor (P+) is much slower than that from
QA

- to P+, respectively, even though both distances and
driving forces are similar (Takahashi & Wraight, 1992;
Labahn et al., 1995). This difference in rates was found to
be due to a difference in the reorganization energies
associated with these two reactions (Labahn et al., 1995),
the QA-reorganization energy being smaller than that associ-
ated with QB because the latter is in a more polar environ-
ment.

In the above discussion, the details of the medium between
CuA and the two hemes have not been considered; i.e. it is
assumed thatTDA2(r) only depends on the site-to-site distance,
and possible pathways for electron transfer have not been
considered [see e.g. Wuttke et al. (1992) and Beratan et al.
(1991)]. However, this type of model is not expected to
change the conclusions of the above discussion [see coupling
distances in Fig 1 in Ramirez et al. (1995)].
Figure 3 also shows that, for large driving forces (>500

meV), e.g. when partly reduced oxygen intermediates are
bound to hemea3 or in mutant bacterial cytochromecoxidase
[e.g. Calhoun et al. (1994)] in which reduction potentials
and/or reorganization energies are altered,kAb may become
comparable to or larger thankAa and a direct transfer from
CuA to hemea3 may be observed. However, this refers only
to the intrinsic electron-transfer rates. If slow protonation
reactions limit the reduction rate of hemea3 [c.f. Verkhovsky
et al. (1995)], hemea would still become reduced before
hemea3 during electron input into the enzyme. In the mixed-
valence enzyme, on the other hand, where the rapid electron-
transfer reactions on time scales of<100µs are not coupled
to protonation events, a direct electron transfer from heme
a3 to CuA may be possible.

COMMENT

The Marcus parameters for the hemea-to-hemea3 (3 µs)
electron transfer were determined from the temperature
dependence of the electron-transfer rate. These parameters
may beincorrect if the electron transfer is rate-limited by
other events such as e.g. structural changes [cf. photosyn-
thetic reaction centers (Brzezinski & Andre´asson, 1995)].
An indication against such rate-limiting structural changes
around hemea3 is that in the closely related cytochromebo3
the inter-heme rate slows upon replacement of hemeb by
hemeo (Morgan et al., 1993). A more complete study
should include systematic variation of-∆G°, as has been
done in bacterial photosynthetic reaction centers (Gunner &
Dutton, 1989; Feher et al., 1988; Lin et al., 1994). Future
mutant studies may provide more accurate values [cf. Lin et
al. (1994)].
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