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An increasing number of cancer types have been found to be linked
to specific mutations in the mitochondrial DNA, which result in
specific structural changes of the respiratory enzyme complexes. In
this study, we have investigated the effect of 2 such mutations
identified in colon cancer patients, leading to the amino acid
substitutions Ser458Pro and Gly125Asp in subunit I of cytochrome
c oxidase (complex IV) [Greaves et al. (2006) Proc Natl Acad Sci USA
103:714–719]. We introduced these mutations in Rhodobacter
sphaeroides, which carries an oxidase that serves as a model of the
mitochondrial counterpart. The lack of expression of the former
variant indicates that the amino acid substitution results in se-
verely altered overall structure of the enzyme. The latter mutation
(Gly171Asp in the bacterial oxidase) resulted in a structurally intact
enzyme, but with reduced activity (approximately 30%), mainly
due to slowed reduction of the redox site heme a. Furthermore,
even though the Gly171Asp CytcO pumps protons, an intrinsic
proton leak was identified, which would lead to a decreased
overall energy-conversion efficiency of the respiratory chain, and
would also perturb transport processes such as protein, ion, and
metabolite trafficking. Furthermore, the specific leak may act to
alter the balance between the electrical and chemical components
of the proton electrochemical gradient.

cytochrome aa3 � electrochemical � electron transfer � pump �
respiratory oxidase

The mammalian mitochondrial DNA (mtDNA) is a double-
stranded circular molecule of 16.6 kb, which encodes 13 of

the polypeptides of the respiratory chain complexes. In recent
years, an increasing number of diseases have been found to be
associated with mutations in the mtDNA (1–7). Furthermore, a
number of different cancer types have been found to be linked
to such mutations, and in many cases, these mutations result in
structural modifications of enzymes of the electron-transport
chain (8–11). A possible factor contributing to the development
of the disease is an increased production of reactive oxygen
species (ROS) as a result of a specific mutation (1, 9, 10, 12).

Several of the cancer-associated mutations found in mtDNA
result in structural modifications of cytochrome c oxidase
(CytcO) (9, 13–15) (Fig. 1A). This enzyme is the final electron
acceptor in the electron-transport chain and catalyses the re-
duction of oxygen to water. In this reaction, 4 electrons per O2
molecule are transferred from the more positively charged (P-)
side of the membrane, and 4 protons are transferred from the
more negatively charged (N-) side of the membrane. In addition,
CytcO pumps on average approximately 1 proton per electron
over the membrane, thereby increasing the energy-conservation
efficiency, such that a net of 8 charges are transferred across the
membrane per reduced O2 [for recent reviews on the structure
and function of CytcO, see (16–18)]. CytcO receives electrons
from cytochrome c, which binds on the P-side and initially
reduces the di-nuclear copper site, CuA. The electrons are
transferred consecutively to heme a and then to the catalytic
site, which consists of heme a3 and copper B (CuB). When
heme a3 and CuB become reduced, O2 binds to heme a3, after
which the molecule is reduced in a stepwise process thereby
cycling between a number of partly reduced intermediate

states. Even though CytcO has not itself been implicated in
ROS formation, changes in its structure and function may
indirectly affect the remaining part of the respiratory chain
[for a recent review, see (19)].

In a recent study, Greaves et al. (15) describe 2 mutations,
which result in amino acid substitutions in subunit I of CytcO,
found in CytcO-deficient colonic crypts from colon cancer
patients. One of the mutations, 6277A�G, results in substitution
of a well-conserved residue, Gly-125 by an Asp. The other
mutation, 7275T�C, was found in another colon cancer patient,
and it is equivalent to the Ser458Pro amino acid substitution
where Ser-458 is also a conserved amino acid residue. Studies on
mtDNA mutations often involve the use of isolated mitochon-
dria or transmitochondrial cybrids. One disadvantage when
using these systems is that it is difficult to discriminate between
situations where for example, CytcO is less active (inactive),
displays a lower pumping stoichiometry, or is expressed at lower
amounts. These problems are mainly due to technical difficulties
associated with biochemical and functional characterization of
the dysfunctions. In the present study, we introduced the mu-
tations discussed above, using site-directed mutagenesis, altering
the above-mentioned residues in subunit I of the CytcO (cyto-
chrome aa3) from the bacterium Rhodobacter sphaeroides. This
bacterial oxidase is a good model of the mitochondrial counter-
part (20) where Gly-125 corresponds to Gly-171 and Ser-458 to
Ala-501 (Fig. 1B). The structure of the R. sphaeroides enzyme
(subunits I–III) (21, 22) (Fig. 1 A) is nearly identical to the
corresponding subunits of the mammalian CytcO (23), which
form the catalytic core. CytcOs from R. sphaeroides, Pseudomo-
nas denitrificans, and yeast have previously been used to inves-
tigate the effect of other disease-related mutations on the
function of the enzyme (24–28).

Here, we show that the Gly171Asp CytcO displayed approx-
imately 34% steady-state catalytic activity linked to proton
pumping; however, an intrinsic proton leak was found in the
enzyme, which implies that the corresponding mtDNA mutation
is likely to diminish the energy conservation efficiency of the
mitochondrion.

Results
Introduction of the mutation corresponding to the Ala501Pro
substitution in R. sphaeroides (cytochrome aa3) resulted in a
significantly decreased growth rate, and the cells grew to a low
density compared with that of the wild-type. Analysis of the
reduced-oxidized difference absorption spectra of the solubi-
lized membrane fractions (Fig. 2) showed that the cells carrying
the Ala501Pro substitution did not display any peaks character-
istic to CytcO (e.g., at 445 and 605 nm), which indicates that the
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enzyme was not expressed (or its structure was perturbed such
that it could not be reduced). The Gly171Asp mutation, on the
other hand, did not have any effect on the growth rate of the R.
sphaeroides cells, and the spectral characteristics were similar to
those of the wild-type membrane fraction (Fig. 2); there were
peaks at 445 and 605 nm. The other components of the spectra
originate from contributions of hemes b and c (because the
difference spectra are not normalized, they only show the
proportions of the different components; e.g., the heme b/heme
a ratio is larger in the Gly171Asp than in the wild-type CytcO).

The purified Gly171Asp CytcO displayed the same CO-
binding kinetics as the wild-type CytcO, which indicates an
unperturbed catalytic site. Furthermore, internal electron trans-
fer between the hemes and proton transfer, linked to redox
changes at heme a3 (29), were unaffected by the structural

substitution (SI Text). The multiple turnover activity of the
Gly171Asp CytcO was measured at pH 6.5 and found to be 34 �
11% of that of the wild-type CytcO.

Proton Pumping Activity. Proton pumping by CytcO was investi-
gated by mixing liposome-reconstituted CytcO with reduced
cytochrome c in the presence of O2 and the pH dye phenol red
(Fig. 3). The cytochrome c:CytcO ratio used allowed a total of
8 CytcO turnovers. First, the potassium ionophore valinomycin
was added to equilibrate the electrical component of the elec-
trochemical proton gradient established by CytcO, and absor-
bance changes of phenol red were detected at 560 nm to follow
changes in pH outside the vesicles. With the wild-type CytcO, a
decrease in absorbance is typically observed, with the same rate

Fig. 1. The structure of CytcO from R. sphaeroides. (A) Subunits I–IV are
shown in different colors as indicated. The heme groups are shown in green
and the cooper ions in orange (B). Gly 171 is situated above heme a and Ala 501
below the heme groups (see encircled residues). (B) Hemes a and a3 and CuB

and CuA, situated in subunit I. The position of Asp-171 (in the Gly171Asp
structural variant) is indicated together with the 2 functionally important
arginine residues; 481 and 482. The distance from Asp-171 to the Arg-482
residue and one of the heme a propionates is approximately 2 and 3 Å,
respectively. The figures were prepared using the Visual Molecular Dynamics
software (57). The energy minimization calculation on the Gly171Asp struc-
tural variant CytcO was performed using the HyperChem 7.1 software (Hy-
percube, Inc. ).

Fig. 2. Difference spectra (reduced-oxidized) of the solubilized membrane
fractions. The absorbance peak at 605 nm (typical for a-type hemes) indicates
that the Gly171Asp structural variant CytcO is expressed (cf. the difference
spectrum of the membrane fraction containing the wild-type CytcO). For the
Ala501Pro mutant, however, there is no peak at 605 nm, indicating that the
membrane preparation does not contain any detectable CytcO. It should be
noted that the absorbance values are not normalized; the spectra were
adjusted such that the peaks are of similar size.

Fig. 3. Absorbance changes associated with proton uptake and release
(pumping). An aerobic solution of CytcO reconstituted in phospholipids ves-
icles was mixed at a 1:1 ratio in a stopped-flow spectrometer with a solution
containing reduced cytochrome c. A decrease in phenol red absorbance in the
presence of valinomycin (K� ionophore used to dissipate the electrical com-
ponent of the proton gradient) is consistent with acidification, i.e., protons
are pumped out of the vesicles. The absorbance increase in the presence of the
proton ionophore FCCP is a result of alkalinization of the solution due to
proton uptake during CytcO turnover (the protons are taken up from the
inside of the vesicles and then equilibrate across the membrane). Experimen-
tal conditions: 0.5 �M CytcO reconstituted in lipid vesicles, 16 �M reduced
cytochrome c, 100 �M phenol red, 50 �M Hepes-KOH, 45 mM KCl, 44 mM
sucrose, 1 mM EDTA at pH 7.6, 250 �M O2.
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as that of cytochrome c oxidation, consistent with proton release
to the outside of the CytcO vesicles (Fig. 3).

After addition of the proton ionophore FCCP, the ‘‘pumped
protons’’ equilibrate across the membrane, and only the net
consumed (substrate) protons contribute to the dye absorbance
change, which is seen as an increase in the absorbance (Fig. 3).
Because it is known that approximately 4 protons are consumed
per CytcO molecule for each turnover, the amplitude of the trace
with FCCP can be used to quantify the number of protons
pumped per turnover. The data with the wild-type CytcO
showed a pumping stoichiometry of 0.75 � 0.1 H�/e� (SD of 3
measurements) (approximately 0.65 H�/e� in Fig. 3).

The data showed that the Gly171Asp structural variant ini-
tially displayed a smaller pumping stoichiometry than the wild-
type CytcO; however, the most striking observation is that with
the Gly171Asp CytcO, after the initial absorbance decrease
associated with acidification of the outside solution (t � 50 ms),
the absorbance increased over a time scale of approximately
0.3 s, which indicates that protons rapidly leaked back into the
vesicles. This rapid increase in absorbance was not observed with
the wild-type CytcO, which indicates that the proton leak is
found specifically within the Gly171Asp structural variant
CytcO. Furthermore, the apparently smaller initial pumping
stoichiometry with the Gly171Asp CytcO is presumably due to
the proton leak, which competes with pumping on the time scale
of the measurement (see also Discussion).

Oxidation of the Reduced CytcO. As indicated above, the steady-
state turnover activity of the Gly171Asp CytcO structural variant
was approximately one-third of that of the wild-type CytcO. To
identify the reaction step(s) responsible for the decreased overall
activity, we first investigated the reaction of the reduced CytcO
with O2, i.e., the oxidative part of the reaction cycle. The reduced
CytcO with the CO-ligand bound at the catalytic site was mixed
with an O2-saturated solution after which the ligand was disso-
ciated by a short laser flash, which enabled O2 to bind to the
catalytic site. The reaction of the reduced CytcO with O2 was
monitored at a number of wavelengths specific to transitions
between oxygen intermediates and redox changes of the metal
cofactors (Fig. 4). We first describe the reaction sequence with
the wild-type CytcO (30) and then point to the differences with
the Gly171Asp structural variant CytcO.

The initial, unresolved increase in absorbance at 445 nm (Fig.
4A) is associated with dissociation of the CO ligand. It is
followed in time by an absorbance decrease (� � 30–50 �s),
which is associated with electron transfer from heme a to the
catalytic site resulting in formation of a state that is called
‘‘peroxy’’ and denoted PR. The reaction is also seen at 580 nm
as an absorbance decrease on the same time scale (Fig. 4B). Next,
a proton is transferred from solution to the catalytic site with a
time constant of approximately 100 �s forming a state called
‘‘ferryl’’ (F). Formation of the F state is seen most clearly as an
absorbance increase at 580 nm (see time range approximately
0–200 �s in Fig. 4B). The reaction is also linked to fractional
electron transfer from CuA to heme a, which results in approx-
imately 50% oxidation of CuA, seen as an increase in absorbance
at 830 nm (see time range approximately 0–300 �s in Fig. 4C).
Formation of the fully oxidized (O) state (� � 1 ms) involves
electron and proton transfer to the catalytic site, and it is seen
as a decrease in absorbance at 445 and 580 nm (Fig. 4A and B)
due to oxidation of hemes a and a3 and an absorbance increase
at 830 nm (Fig. 4C) due to further oxidation of the fraction CuA
that remained reduced after the preceding reaction (PR 3 F
transition, � � 100 �s).

As seen in Fig. 4, the Gly171Asp structural variant was
oxidized over the same time scale as the wild-type CytcO.
However, there is one noteworthy difference on the time scale
of formation of the F state. In the Gly171Asp structural variant,

the absorbance increase at 580 nm was replaced by a plateau, and
the absorbance increase at 830 nm was absent. Taken together,
these data indicate that the fractional electron transfer from CuA
to heme a did not take place on the time scale of F formation,
and CuA remained reduced until the final reaction step (F3 O)
of the reaction where the site became fully oxidized.

Reduction Kinetics. As described above, the Gly171Asp CytcO was
oxidized over the same time scale as the wild-type CytcO, which
indicates that the lower turnover activity of the structural variant
CytcO is due to slowed reduction kinetics. To test this assump-
tion, we investigated also the reductive part of the catalytic cycle.
The overall reduction rate was slower with the Gly171Asp than
with the wild-type CytcO. Furthermore, inspection of the re-
duction kinetics at 605 nm (Fig. 5), where heme a has an
absorption peak in the reduced minus oxidized difference spec-

Fig. 4. Absorbance changes associated with the reaction of the fully reduced
CytcO with O2. The absorbance changes at 445 nm (A) and 580 nm (B) are
mainly due to ligand binding to the catalytic site and to redox reactions of the
heme groups; at 445 nm both hemes a and a3 contribute, while at 580 nm we
mainly observe redox changes of heme a, and formation and decay of the F
state. At 830 nm (C), an increase in absorbance is mainly associated with
oxidation of CuA. All traces are scaled to 1 �M reacting CytcO. Results with the
wild-type and Gly171Asp CytcO are shown in black and red, respectively.
Experimental conditions: approximately 1 �M reacting enzyme, 0.1 M Hepes-
KOH, 0.1% dodecyl-�-D-maltoside, and 1 mM O2 at pH 7.4 and 22 °C.
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trum, indicates that this slowed reduction kinetics is primarily
due to slowed reduction of heme a. In both the wild-type and
Gly171Asp CytcO, the reduction kinetics was biphasic; the time
constants were 20 ms (90% of the total amplitude) and 0.2 s
(10% of the total amplitude) with the wild-type CytcO, and 50
ms (60% of the total amplitude) and 0.3 s (40% of the total
amplitude) with the Gly171Asp CytcO. Thus, the amplitude of
the slower component was 4 times larger with the Gly171Asp
than with the wild-type CytcO.

Discussion
When Ala 501 was replaced by a proline, essentially no
detectable aa3-type CytcO could be found in the R. sphaeroides
cell membranes (see Fig. 2), i.e., the structurally modified
protein was not inserted into the membrane. This is perhaps
not surprising, because Ala 501 is situated in the middle of an
�-helix and proline is known to destabilize the helical struc-
ture. Assuming the same scenario in the mitochondrion, the
mutation could result in accumulation of reducing equivalents
in the respiratory chain leading to increased ROS production
(see below).

The data show that the Gly171Asp substitution did not have
any significant effect on the overall oxidation rate. However, as
a result of the structural alteration, the absorbance increase at
580 nm on the time scale of the PR3 F transition (� � 100 �s,
Fig. 4B) was replaced by a plateau, and there was no increase in
absorbance at 830 nm (cf. oxidation of CuA) on that time scale
(Fig. 4C), which indicates that the F state was formed over the
same time scale as in the wild-type CytcO, but the reaction was
not linked to simultaneous electron transfer from CuA to heme
a (cf. no absorbance increase at 580 or 830 nm). These obser-
vations indicate that the midpoint potential of heme a is lowered
in the Gly171Asp CytcO, which is qualitatively consistent with
the introduction of an acidic residue near the site.

We also investigated reduction of the oxidized CytcO (Fig. 5).
The results show that the structural alteration resulted in a
significantly slowed overall reduction rate, which could be either
due to slowed electron or proton transfer, linked to the electron
transfer. To discriminate between these 2 possibilities, we in-
vestigated proton transfer in a separate experiment and found
that the rate of this reaction was unaffected. Thus, the slower
reduction rate must be due to slowed electron transfer to the
catalytic site. Analysis of the spectral changes during oxidation

of CytcO showed that this decrease in reduction rate was mainly
due to slowed reduction of heme a, which is consistent with a
lower midpoint potential of the site (see above). Residue 171 is
located at a distance of approximately 10 Å from the heme a iron
and a few Å from the heme ring (Fig. 1B). Introduction of an
acidic amino acid residue close to heme a is likely to destabilize
the reduced state of this redox site, making electron transfer to
heme a less favorable, which would explain the above-discussed
results. This explanation is consistent with recent results from
studies of the Ser44Asp (Ser 44 is also located near heme a)
structural variant of the R. sphaeroides CytcO, where the Asp was
found to be deprotonated around neutral pH and the heme a
potential was significantly decreased (31).

The most striking result from this study is that the Gly171Asp
mutant CytcO appears to leak protons, as evidenced from the
rapid alkalinization (absorbance increase) after the initial acid-
ification (absorbance decrease) of the solution outside of the
CytcO-vesicles (Fig. 3). The experiments were done such that the
8 turnovers were completed within approximately 50 ms, while
the proton leak occurred over a time scale of approximately 0.3 s.
We note that the phenotype described here is mechanistically
different from an uncoupled oxidase (‘‘uncoupled’’ meaning that
the catalytic oxygen reduction is not linked to proton pumping).
An uncoupled CytcO would simply display lower energy-
conservation efficiency (50%), because only the electron trans-
fer to O2 and uptake of substrate protons would contribute to the
electrochemical proton gradient. Instead, a transmembrane pro-
ton leak in an intact system would act to dissipate the electro-
chemical proton gradient maintained also by complexes I and III.

Proton leaks in structural variants of CytcO are not unex-
pected. To pump protons across the membrane a proton pump
must accommodate transmembrane proton pathways, which
span across the entire thickness of the membrane. Proton
transfer through these pathways must be regulated to prevent
proton leaks from the positive to the negative side of the
membrane, often referred to as ‘‘gating’’ [reviewed in ref. 17].
The ‘‘gate’’ may be, for example, an amino acid side chain, but
the term may also refer to changes in the overall structure or
changes in barrier heights during the coupled electron and
proton transfer (32–35). A structural modification of CytcO may
result in changes in timing of electron or proton transfer, changes
in the equilibrium constant between the different positions of a
gate, the dynamics of the gate, or its pKa values in the different
conformations. Disease-related mutations have previously been
proposed to lead to intrinsic uncoupling (but not specific proton
leaks) of CytcO, even though in this case the mutations were
found in SU III (28).

Results from a number of experimental and theoretical studies
indicate that Arg-481 and Arg-482, together with the heme
D-propionates are involved in controlling proton access to either
side of the membrane (36–39). Because the Gly-171 residue is
located very close to these Arg residues, it is likely that the
structural modification would act to perturb the proton-gating
machinery of CytcO. Furthermore, the results from a recent
study indicate that the Gly-171 residue is part of a loop,
consisting of residues 169–175, which switches between different
conformations during turnover thereby controlling proton/water
access to CytcO (40). Specifically, this loop was found to undergo
a major conformational change during the P to F reaction, which
is linked to proton pumping and would involve opening of the
exit channel to the outside.

As noted above, one possible link between a mutation in the
mtDNA and development of disease is an increased production
of ROS. In mitochondria, ROS are primarily formed at com-
plexes I and III of the electron transport chain (41, 42) and
CytcO is normally not directly involved in release of ROS (43).
Nevertheless, it is likely that inhibition of CytcO activity, such as
that observed with the Gly171Asp CytcO, would result in an

Fig. 5. Reduction of wild-type and Gly171Asp CytcO. CytcO and the reducing
agents were rapidly mixed in a stopped-flow apparatus equipped with a diode
array detector. At 605 nm, reduced heme a has an absorption peak where an
increase in absorbance is due to reduction of this site. Experimental condi-
tions: 3 �M CytcO, 0.1 M Hepes-KOH, 0.1% dodecyl-�-D-maltoside, 5 mM
sodium dithionite, 12 �M Hexa-ammine-ruthenium chloride at pH 7.4 and
22 °C.
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increase in ROS production at complexes I and III due to
accumulation of reducing equivalents at these complexes
(19, 44). Furthermore, a slowed intramolecular electron transfer
to the catalytic site in CytcO would result in more long-lived
partly reduced oxygen intermediates and protein-derived radi-
cals, which could result in release of ROS also at complex IV.

Another link between the structure and function of the
Gly171Asp CytcO and the disease state may arise from the
proton leak in the structural variant, which would act to diminish
the energy efficiency of the respiratory chain and perturb
transport processes such as protein, ion, and metabolite traf-
ficking. In addition, other consequences of such a specific leak
may also be significant. The proton motive force (electrochem-
ical proton gradient), �p, in respiring mitochondria has a value
of 150–200 mV, where the electrical component, ��, contributes
with approximately 70% of the total �p (45). This distribution
between �� and �pH is determined by all ion fluxes through
transporters and channels across the membrane as well as by ion
leaks. Introduction of a specific proton leak in a non-equilibrium
system, where different ions flow across the membrane, is likely
to act to alter the ratio of �� and �pH, such that the relative
fraction of �� would presumably increase. A change in the
��/�pH ratio would, for example, influence transport into the
mitochondrion of Ca2�, which regulates the respiratory chain
(19, 46), thereby further perturbing the redox states of the
respiratory-chain complexes. Furthermore, it has been suggested
that an increase in �� beyond approximately 150 mV would not
accelerate ATP production, but would act to increase ROS
production due to inhibition of complexes I and III (19). In
addition, a tight regulation of the �� value is critical for tissue
homeostasis (47, 48), and increased �� values have been found to
be a characteristic feature of colonic tumor cells (49) and are linked
to an increased probability for tumor growth and development
(50, 51).

In summary, we have found that the cancer-associated muta-
tion 6277A�G (Gly125Asp or Gly171Asp in R. sphaeroides
CytcO subunit I) leads to a number of functional alterations: (i)
a decrease in the CytcO activity due to (ii) slowed intramolecular
electron transfer to the catalytic site and (iii) a specific proton
leak through the enzyme. The leak would not only act to diminish
the overall energy-conversion efficiency, but may also alter the
��/� pH ratio. Collectively, these functional alterations may
provide the link between the mutation and generation of disease.
Of course, the data are not sufficient to support a definitive
statement as the 2 mutations Gly125Asp and Ser458Pro lead to
different effects. Nevertheless, we believe that the current study
may provide some clues to the link between functional changes
at the molecular level and development of disease.

Materials and Methods
Site-Directed Mutagenesis and Purification of CytcO. To construct the
Gly171Asp and the Ala501Pro mutations in R. sphaeroides, the pUC-based
plasmid pJS3-SH, containing the gene encoding subunit I of CytcO, was used.
The mutations were introduced using the Quick-Change site-directed mu-
tagenesis kit (Stratagene) and verified by sequencing. The mutated fragment
was restricted and ligated into a pRK-based vector suitable for expression in
R. sphaeroides cells and containing subunits I–III of CytcO. Because Escherichia
coli cells were used during the mutagenesis procedure, the final step was to
conjugate the pRK vector containing the mutation into the R. sphaeroides
cells using established methods (20). The CytcO was purified from the cell
membranes using a Ni2�-NTA affinity column essentially as described in ref. 52.

Steady-State Activity. The steady-state activity was measured using a Clark
oxygen electrode. Purified CytcO was diluted to 10 nM in 50 mM
K�-phosphate at pH 6.5 and 0.05% DDM. After the addition of 983 �L of
phosphate buffer and 7 �L of 3.6 mM reduced cytochrome c to the oxygraph
chamber, 10 �L of the diluted enzyme was added. The oxygen consumption
was measured over time.

Reconstitution of CytcO into Liposomes. CytcO-containing lipid vesicles were
prepared essentially as described in ref. 53. Briefly, purified CytcO was diluted
to 4 �M in 0.1 M Hepes at pH 7.4 and 4% sodium cholate. Soybean lecithin was
dissolved in 0.1 M Hepes at pH 7.4 and 2% cholate to 40 mg/mL. The lipid
solution was sonicated and mixed with the CytcO solution at a 1:1 ratio. The
cholate was gradually removed using Bio-Beads SM-2 Adsorbent (Bio-Rad
Laboratories). The buffer was exchanged for a 0.1 M KCl solution at pH 7.4,
using a PD10 column (GE Healthcare Life Sciences). Using the above-
mentioned lipid-to-CytcO ratio, each vesicle typically contains at most 1 CytcO
molecule. Approximately 75% of the CytcO molecules are oriented with the
cytochrome c-binding site toward the outside solution, i.e., in the same
direction as in the native membrane (54).

Proton Pumping. Liposome-reconstituted CytcO at a concentration of 0.5 �M
in 50 �M Hepes-KOH, 45 mM KCl, 44 mM sucrose, 1 mM EDTA, and 100 �M
phenol red at pH 7.6 was mixed (1:1 mixing ratio) with 16 �M reduced
cytochrome c in 50 �M Hepes-KOH, 45 mM KCl, 44 mM sucrose, 1 mM EDTA,
and 100 �M phenol red at pH 7.6 in a stopped-flow spectrophotometer.
Absorbance changes of the pH dye phenol red were measured at 560 nm. In
the presence of the K� ionophore valinomycin (used to equilibrate the elec-
trical component of the electrochemical gradient), these absorbance changes
are due to pH changes and reflect proton pumping from the inside of the
vesicles to the outside. After addition of the proton ionophore carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), the net consumption
of protons during enzyme turnover was detected.

Preparation of Fully Reduced CO-Bound CytcO and Flow-Flash Measurements.
CytcO in 0.1 M Hepes at pH 7.4 and 0.1% DDM was diluted to a concentration
of 7 �M and transferred to an anaerobic cuvette. The redox mediator PMS was
added at a concentration of 1 �M, and the atmosphere in the cuvette was
exchanged for N2. The enzyme was reduced by adding 2 mM ascorbate.
Complete reduction of CytcO was verified from an analysis of the absorption
spectrum. The N2 atmosphere was exchanged for CO, which results in forma-
tion of the CytcO-CO complex where the ligand is bound to heme a3.

To study the reaction of the CytcO with O2, fully reduced CO-bound CytcO
was rapidly mixed, at a 1:5 ratio, with an O2-saturated solution of 0.1 mM
Hepes at pH 7.4 and 0.1% DDM in a stopped-flow spectrophotometer (Ap-
plied Photophysics) (55). Approximately 300 ms after mixing, the CO molecule
was dissociated from the heme a3-CuB site by means of a short laser flash
(Quantel, Brilliant B, approximately 200 mJ at 532 nm), allowing oxygen to
bind to the reduced catalytic site. The reaction was followed in time by
recording the absorbance changes at single wavelengths (see Figure Legends).

Reduction Kinetics. The reduction rate of the fully oxidized CytcO was moni-
tored using a stopped-flow spectrophotometer (Applied Photophysics) essen-
tially as described in ref. 56. A solution of 7 �M CytcO in 0.1 M Hepes at pH 7.4
and 0.1% DDM was rapidly mixed at a 1:1 ratio with a solution containing 25
�M hexa-ammine-ruthenium chloride, 10 mM sodium dithionite, 0.1 M Hepes
at pH 7.4, and 0.1% DDM. Absorbance changes reflecting reduction of heme
a and the heme a3-CuB sites were monitored at a number of different wave-
lengths simultaneously using a diode-array detector.
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