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X-ray structures of bovine heart cytochrome c oxidase have sug-
gested that the enzyme, which reduces O2 in a process coupled
with a proton pumping process, contains a proton pumping path-
way (H-pathway) composed of a hydrogen bond network and a
water channel located in tandem across the enzyme. The hydrogen
bond network includes the peptide bond between Tyr-440 and
Ser-441, which could facilitate unidirectional proton transfer. Re-
placement of a possible proton-ejecting aspartate (Asp-51) at one
end of the H-pathway with asparagine, using a stable bovine gene
expression system, abolishes the proton pumping activity without
influencing the O2 reduction function. Blockage of either the water
channel by a double mutation (Val386Leu and Met390Trp) or
proton transfer through the peptide by a Ser441Pro mutation was
found to abolish the proton pumping activity without impairment
of the O2 reduction activity. These results significantly strengthen
the proposal that H-pathway is involved in proton pumping.

mutagenesis � mitochondrial import � HeLa cell � peptide bond �
keto-enol tautomerism

The mechanism of the proton pumping process of cytochrome
c oxidase (CcO) is one of the most intriguing research

subjects in the field of bioenergetics. Three possible proton
transfer pathways (K-, D-, and H-pathways) have been identified
in the x-ray structures of bovine and bacterial CcOs at high
resolution (1–7). The K- and D-pathways connect the O2 reduc-
tion site with the inner space of the mitochondrial membrane
(negative side space), whereas the H-pathway, which is com-
posed of a hydrogen bond network and a water channel, extends
across the enzyme from the negative side surface to the surface
facing the outside space of mitochondrial membrane (positive
side space) (Fig. 1).

X-ray structures of bovine heart CcO have been determined
at 1.8 Å resolution for the oxidized state and 1.9 Å for the
reduced state (6). These structures indicate that the H-pathway
contains structural elements that are sufficient to drive the
proton pumping function (6). Asp-51 undergoes a redox-coupled
conformational change near the positive side surface of the
enzyme which could eject protons transferred from the negative
side surface via the hydrogen bond network. The peptide bond
between Tyr-440 and Ser-441 in the hydrogen bond network
could induce unidirectionality to the process of proton transfer
through the hydrogen bond network (6). Protons could be
transferred through a peptide bond via an imidic acid interme-
diate (OC(OH)AN�HO) formed upon protonation of the
peptide bond (8). The imidic acid intermediate provides the enol
form of the peptide (OC(OH)ANO) after removal of the
proton at the nitrogen atom. The enol form is then tautomerized
to the keto form (OCOONHO) because the enol form is less
stable than the keto form. The difference in the stability of the
two tautomers provides unidirectionality to the process of
proton transfer through the peptide bond. The low spin heme
(heme a) participates in the hydrogen bond network via two

peripheral substituents, the propionate group and the formyl
group (Fig. 1). In this arrangement, protons from the water
channel could be actively transported through the hydrogen
bond network by the net positive charge created upon oxidation
of heme a and delocalized to these peripheral groups (6).
A redox-coupled conformational change in the water-chan-
nel could promote collection of protons from the negative side
space (6).

In our previous paper, the function of one of the key residues,
Asp-51, was examined by investigation of an Asp51Asn mutant.
The mutation was found to abolish the proton pumping function
without impairment of the O2 reduction activity (6). However,
we cannot exclude the possibility that the mutation disrupts the
conformation of an alternative proton pumping pathway to
abolish the proton pumping function. To evaluate this possibility,
we examined two additional key structural features of the
H-pathway; the Tyr-440–Ser-441 peptide bond and the water
channel. The mutant enzymes had no proton pumping activity
and retained full electron transfer activity, demonstrating the
functions of these key structures, proposed by the x-ray structural
analyses (6).

Results
Evaluation of Potential Conformational Changes Induced by H-
Pathway Mutations. The Ser441Pro mutation was designed to
prevent formation of an imidic acid intermediate with a disso-
ciable proton at the peptide nitrogen. This mutation provides a
means to evaluate the likelihood of proton transfer occurring
through the peptide bond (Fig. 2 a and b). However, proline
substitution often induces additional conformational changes
that complicate the interpretation of the effect of the substitu-
tions.

A prediction of the structural effects arising from the
Ser441Pro mutation was performed based on x-ray structures of
bovine heart CcO. The dihedral angle, �, of Ser-441 was found
to be �84° in the x-ray structure of the oxidized form at 1.8 Å
resolution (6), which is within the allowable angle of a proline
residue (�100° � � � �50°) (9). The mutant structure was
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predicted by energy minimization using the program X-PLOR
(Fig. 2c). The main chain structure of Pro-441 converged to (� �
�64° and � � �31°) in the favored region (9). The side chain of
Asp-51 in the oxidized form was found to be rotated about the
C�OC� bond to reduce the repulsive energy between O�1 and
O�2 of Asp-51 and C� and C� of Pro-441, whereas the confor-
mation of the rest of the protein environment was found to be
identical to that of the native structure. Additional significant
structural changes arising as a result of the mutation are not
predicted for either the oxidized or reduced forms (Fig. 2c).

An energy minimization analysis for a double mutation of
selected residues in the water channel (Val386Leu/Met390Trp)
(Fig. 1) indicated the incidence of complete blockage of the
water channel without the occurrence of significant conforma-
tional changes in the rest of the protein.

Expression and Function of the Mutant Enzymes. Dodecylmaltoside-
solubilized mitochondrial proteins from stable transfectants of
HeLa cells expressing bovine subunit I were fractionated by blue
native PAGE (10). The presence of bovine subunit I in the CcO
fractions was demonstrated at 210 kDa by immunoblot analyses
with antibody specific to bovine subunit I (Fig. 3a). The analyses
clearly indicated that the wild type as well as the mutant subunit
I formed hybrid enzymes with the remaining 12 human subunits.
Immunoblot analyses of the mitochondrial proteins fractionated
by SDS/PAGE using an antibody specific to the human subunit

I showed that subunit I fraction from the HeLa cells transfected
with the gene encoding subunit I of bovine wild type or mutant
contained �20% of the residual human subunit I (Fig. 3b). These
results indicate that the hybrid enzymes were dominantly ex-
pressed over the endogenous human enzyme. The observation of
dominant expression of the hybrid enzymes is consistent with
previous results (6). Both mutant enzymes exhibited normal
absorption spectra (Fig. 4), indicating that the mutations have
minimal effects on the enzyme conformation. This work con-
firmed the predictions made on the basis of energy minimization
analyses of the mutant described in the previous section.

The wild-type enzyme exhibited rapid proton ejection after
initiation of the reaction (Fig. 5d), which was quenched by
addition of carbonyl cyanide p-trif luoromethoxyphenylhydra-
zone (FCCP), a proton ionophore. The initial rates of proton
ejection and ferrocytochrome c oxidation measured in four to
five independent experiments showed that the ratio of pumped
protons to electrons transferred (H�/e�) is 0.6–0.8. This finding
indicates efficient coupling of proton ejection with electron
transfer in the wild-type enzyme. The mutants exhibited normal
ferrocytochrome c oxidation (Fig. 5 b and c), with inefficient
proton ejection (Fig. 5 e and f ). The observation of weak proton
ejections for both enzymes is most likely due to the presence of
residual endogenous human enzyme in the mitochondria, be-
cause the proton ejection rate relative to that of the wild-type
enzyme is consistent with the amount of residual endogenous
enzyme relative to the total enzyme content determined by the
immunoblot analyses as described above. These results indicate
that these two mutants have essentially no proton pumping
activity. No significant differences in the specific electron trans-
fer activities (electron transfer rate/enzyme molecule, each
averaged for several assays) were detected between the mutants

Fig. 1. Schematic representation of the H-pathway of oxidized bovine heart
CcO. Hydrogen bond network extends from Arg-38 to Asp-51 including a
peptide bond between Tyr-440 and Ser-441. The dotted line represents the
hydrogen bond. The water channel (represented by the gray area) allows
access of water molecules in the negative side space to the formyl group of
heme a, which is hydrogen bonded to Arg-38. Heme a also interacts with the
H-pathway via the other hydrogen bond between the propionate group and
water (represented by the black sphere). Mutation sites are highlighted in red.
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Fig. 2. Proton transfer through the peptide bond between Tyr-440 and
Ser-441. (a) Mechanism of proton transfer through the peptide bond. Proto-
nation of the oxygen of the peptide bond by proton from the negative side
yields the imidic acid intermediate (OC(OH)AN�HO) (8), followed by removal
of the imidic acid proton by D51 to form the enol tautomer of the peptide
(OC(OH)ANO) (6). The enol form is then tautomerized back to the keto form
(OCO-NHO) because the latter is more stable. (b) Protonation of the peptide
bond by proton from the negative side in the Ser441Pro mutant. (c) Prediction
of the conformation of the Ser441Pro mutant. The purple structures show the
conformational changes of the oxidized form induced by the Ser441Pro
mutation as predicted by X-PLOR analysis. The dark blue structure denotes the
conformational change occurring upon reduction of the enzyme, wherein no
influence by the mutation is detectable. The red dotted lines indicate hydro-
gen bonds, and the red, yellow, and light blue structures denote oxygen,
carbon, and nitrogen atoms, respectively.
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and the wild-type enzyme, suggesting that the mutations have an
inhibitory effect on electron transfer activity.

The mutants exhibit proton uptake rates (due to the O2

reduction by the mutant enzymes after the initial burst of the
proton ejection by the residual human enzymes) that are signif-
icantly slower than the proton uptake rates in the presence of
FCCP (Fig. 5 e and f ). This acceleration of the proton uptake by
FCCP suggests that, for the mutants, the abolishment of the
proton pumping process is not due to the enhancement of passive
proton leakage caused by the artificial subunit assembly condi-
tions, if any. Furthermore, if the increase in passive proton
conductivity occurred for the mutants, similar conductivity
increase would also occur in the subunit assembly that includes
the wild-type subunit I, resulting in elimination of the proton
ejection.

Discussion
A Stable Expression System for the Subunit I Gene. Although the
hybrid enzyme has not been isolated from the mitochondrial
preparation, the formation and integrity of the hybrid enzyme
complex have been well established by various methods including
immunochemical analyses, proton pumping, and electron trans-
fer activity measurements and absorption spectral analyses (6).
The possibility of occurrence of homologous recombination
during the stable transfection of the bovine subunit I gene to
HeLa cells is negligible [see supporting information (SI) Text].

The mitochondrial codons for Met and Trp (ATA and TGA)
in the bovine heart subunit I gene were exchanged for the
universal codons (ATG and TGG), respectively, before incor-
poration of the gene into the vector. Transfection of HeLa cells
with the wild-type subunit I gene produced the hybrid enzyme
which was indistinguishable from the human nonhybrid enzyme
in terms of the enzymatic activities and the absorption spectra
(6). This result shows that the codon exchange procedure does
not influence the function of the expressed enzyme.

Proton Pumping Mechanism of Bovine Heart CcO. Examination of
x-ray structures of the fully oxidized and reduced states of bovine
heart CcO has led to the proposal that protons are pumped
through the H-pathway driven by heme a (6). This proposal has
been confirmed by analyses of three mutants. The Ser441Pro
mutant blocks irreversible proton transfer through the peptide
bond. The Val386Leu/Met390Trp double mutant blocks the
water transfer through the water channel. The Asp51Asn mutant
blocks the proton pumping site, as reported previously. It is
unlikely that each of these three different mutations destroys an
alternative proton pumping system other than the H-pathway to
give the identical phenotype (i.e., complete abolishment of the
proton pumping without having a significant inhibitory influence
on the electron transfer activity). These analyses demonstrate
that animal CcOs that include the H-pathway with Asp-51 pump
protons by H-pathway, whereas O2 is reduced at the heme
a3OCuB dinuclear O2 reduction site. The K- and D-pathways
connecting the negative side surface with the O2 reduction site
are only used to transfer protons used for water formation.

It should be noted that the proton pumping pathway is
separated from the system for O2 reduction. This separation is
indispensable for avoiding leakage of protons used in the proton
pumping into the pathway used to transfer protons used for
formation of water. Such leakage would result in dissipation of
the energy for proton pumping (11).

It has been reported that, upon oxidation of heme a, protons
are released from the bovine heart CcO to the positive side,
inconsistent with the redox coupled x-ray structural changes in
Asp-51 (12–14). However, x-ray structures of the bovine heart
enzyme in the oxidized and reduced states at 1.8 and 1.9 Å
resolutions suggest the existence of reversible proton accepting
system (Fig. 6). Two proton-accepting groups, His-138 and
Asp-445, are located 13–14 Å apart from Asp-51 in the reduced
state, each connected with Asp-51 with a hydrogen bond net-
work. The carboxyl group of Asp-445 is partially buried inside
the protein, where its proton affinity would be higher than in
aqueous solution. These two functional groups would be ex-
pected to retain protons under physiological conditions. Asp-50,
which is exposed to the bulk water phase, is also connected to
Asp-51 via two fixed water molecules as shown in Fig. 6. These
two negatively charged and closely located (�6 Å distance)

Fig. 3. Immunoblot analyses of CcO of HeLa cells. (a) Immunoblot analyses
of CcO fractionated by blue-native PAGE of solubilized mitochondrial frac-
tions. Solubilized mitochondria (70 �g) from HeLa cells harboring the expres-
sion vector without the bovine subunit I gene (lane 1) and with that of wild
type (lane 2), Ser441Pro (lane 3), and Val386Leu/Met390Trp (lane 4) were
fractionated on blue native PAGE (10). CcO complex electrophoresed at 210
kDa was demonstrated by immunoblot analysis to be positive for the bovine
subunit I specific antibody (6), indicating that the bovine subunit I formed the
hybrid enzyme with the other human subunits. (b) Immunoblot analysis of
human subunit I of CcO. Dodecylmaltoside (1.4%)-solubilized CcO (2.5 pmol)
from mitochondrial preparations was fractionated by SDS/PAGE. Mitochon-
drial samples were obtained from HeLa cells harboring the expression vector
without the bovine subunit I gene (lanes 1, 3, and 5), and with that of wild type
(lane 2), Ser441Pro (lane 4) and Val386Leu/Met390Trp (lane 6). Human subunit
I was detected by immunoblot analysis using the specific antibody (6). When
bovine subunit I was expressed simultaneously, the intensity of the subunit I
band detected by human subunit I antibody was �20% that of the pure
human subunit I, indicating that �80% of CcO contained bovine subunit I.
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Fig. 4. Absorption spectra of mitochondrial preparations. Visible difference
absorption spectra of samples before and after treatment with a slight excess
of dithionite. The mitochondrial preparations were isolated from HeLa cells
harboring the expression vectors without the bovine heart cytochrome c
subunit I gene (cnt.) and with that of the wild type (wt), Ser441Pro (441P), and
Val386Leu/Met390Trp double mutant (LW). The mitochondrial preparations
were treated with 1.4% dodecylmaltoside before obtaining absorption mea-
surements. The protein concentration for each measurement was �1 mg/ml in
100 mM HEPES-KOH buffer, pH 7.0, containing 0.14% dodecylmaltoside in a
1-cm cuvette.

4202 � www.pnas.org�cgi�doi�10.1073�pnas.0611627104 Shimokata et al.

http://www.pnas.org/cgi/content/full/0611627104/DC1


carboxyl groups are capable of trapping protons. These high-
resolution x-ray structures near Asp-51 site suggest that the
protons released from Asp-51 upon reduction are not readily
released to the bulk water phase of the external phase, but are
trapped and distributed over these amino acids and the hydrogen
bond networks under the negative charge influence of the
deprotonated Asp-51. Elimination of the negative charge influ-
ence from Asp-51 upon oxidation would decrease the overall
proton affinity of the surface structure given in Fig. 6 to release
protons to the external phase. Extensive infrared analyses for
these structures would evaluate this proposal based on the x-ray
structures.

Experimental Results in Support of Involvement of the D-Pathway in
the Proton Pumping Mechanism. An alternative proton pumping
mechanism in which D-pathway transfers both pumping and
water-forming protons has been proposed (15). All of the critical
experimental results supporting this mechanism should be dis-
cussed in light of the currently proposed H-pathway mechanism.
Effects of K- and D-pathway mutations on the F-to-O transitions. During
the complete oxidation process of the fully reduced CcO (R)
with the excess molecular oxygen, three intermediate species,
denoted A, P, and F, are detectable before the final fully oxidized
species, O, appears. The initial intermediate, A, is the oxygen-
ated species (Fea3OO2), whereas P and F represent two types of
ferryl species (Fea3AO). One electron equivalent is necessary
for the transition from F to O.

The effects of K- and D-pathway mutations on the F-to-O
transition were examined by a combined technique of the

flash-induced reduction and time-resolved electrometric moni-
toring of the membrane potential. A D-pathway mutant,
Asp132Asn of Rhodobacter sphaeroides shows no significant
electrogenic proton transfer, whereas K-pathway mutations
(Lys362Met and Thr359Ala) have virtually no effect on the
transition (16). It has been established that the F-to-O transition
is coupled with transfer of one equivalent each of electrons and
protons used in the proton pumping process and for water-
formation (17). These results have been often referred as
experimental evidence showing that both protons used in the
pumping and water-formation protons are transferred through
the D-pathway. However, the results simply indicate that the
three processes, (i) the proton transfer through the D-pathway,
(ii) the electron transfer to heme a3, and (iii) the proton pumping
are tightly coupled with each other. These results do not disprove
the presence of the proton pump system apart from the D-
pathway.
Effects of D-pathway mutations on the steady state turnover reactions of
CcO. A D-pathway mutant, Asn139Asp (R. sphaeroides) has no
proton pumping activity, but exhibits significantly higher elec-
tron transfer activity than that of the wild type enzyme (18).
Similar results were reported for CcO of Paracoccus denitrificans
(19). The proton pumping efficiency (H�/e�) is restored by
introduction of the Asp132Asn mutation into the Asn139Asp
mutant enzyme, although, its electron transfer activity is �20%
of that of the wild type enzyme (20). The Asp132Asn/Asn139Asp
double mutant enzyme pumps four protons per molecule of O2
reduced. The decoupling and recoupling by these mutations are
correlated with the change in the pKa of Glu-286 (20). It has been

a b c

d e f

Fig. 5. Ferrocytochrome c oxidation and proton pumping of bovine/human hybrid CcO. The experimental conditions are described in Materials and Methods.
(a–c) Ferrocytochrome c oxidation monitored at 550 nm, the absorption peak characteristics of cytochrome c in the ferrous state. (d–f ) Proton ejection from
mitoplasts by CcO after addition of ferrocytochrome c. The hybrid enzymes investigated were wild type (a and d), Ser441Pro mutant (b and e), and
Val386Leu/Met390Trp double mutant (c and f ). Proton ejection by the wild-type hybrid enzyme (d) in the initial 15 s after addition of ferrocytochrome c is
followed by a decrease in proton concentration due to the proton back-leak into the matrix space. Weak acidification in the initial 10 s for the Ser441Pro mutant
(e) and the double mutant ( f) is induced by 20% residual human CcO. �FCCP denotes the proton ejection trace obtained in the presence of FCCP, a proton
ionophore. The results of the two mutant enzymes in (b, c, e, and f ) were obtained at the enzyme concentration 20% higher than those of the wild-type enzyme.
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proposed that Glu-286 (R. sphaeroides), located at the end of
D-pathway, is the branching point for the pathways to the O2
reduction site and to the proton pumping site including the
propionates of the two hemes (17). The pKa of Glu-286 was
assigned as the pKa value determined from the pH dependency
of the P-to-F transition rate, assuming that the P-to-F transition
is controlled by the protonation state of Glu-286 (21). The pKa
of the P-to-F transition of Asn139Asp mutant is �1.6 pH units
higher than that of the wild type (pKa � 9.4) (21). The double
mutant exhibits about the same pKa value for the P-to-F tran-
sition as that of the wild type enzyme. Assuming that the pKa
values of the proton pumping site and the O2 reduction site are
�10 and 12, respectively, Glu-286 of the Asn139Asp mutant
enzyme, which has a pKa of 11, would be unable to protonate the
proton pumping site but could transfer protons to the O2
reduction site, which has a pKa higher than that of Glu-286 (21).
Thus, proton pump is decoupled from the electron transfer.

However, the identity of the functional group, which controls
the P-to-F transition rate to provide the pKa value of 9.4, has not
been deduced from experimental results. Thus, the following
alternative interpretation is equally possible for these results: the

P-to-F transition is controlled by Arg-52 (R. sphaeroides number,
equivalent to bovine Arg-38), which is located at one end of the
hydrogen bond network in the H-pathway and forms a hydrogen
bond with the formyl group of heme a. This is one of the trigger
sites for active proton transport through the hydrogen bond
network. The proton affinity of a guanidino group is lower within
a hydrophobic environment. Thus, assignment of a pKa of 9.4 for
Arg-52 is reasonable, considering the environment of Arg-38 of
bovine CcO indicated in the x-ray structure (6). Thus, a confor-
mational change in the guanidino group of Arg-52 arising from
the Asn139Asp mutation could weaken the hydrogen bond
between the formyl group and the guanidino group to increase
the pKa value. Both the increased pKa and the weakened
hydrogen bond between the formyl group and Arg-52 would
significantly decrease the efficiency of the coupling between the
proton pumping through the H-pathway and the electron trans-
fer through heme a. Therefore, these mutational results are not
in conflict with the H-pathway mechanism. Further discussions
on the K-pathway mutation and the possibility of the proton
transfer through a water exit pathway from the O2 reduction site
are provided in SI Text.
Mutational analyses of bacterial H-pathway. CcOs from P. denitrificans
and R. sphaeroides have possible proton transfer pathways that
are very similar to the H-pathway of bovine CcO (22, 23). One
notable exception is that the analogous location of Asp-51 of the
bovine CcO has a glycine residue and one or two water mole-
cules. Mutations of residues of the H-pathways of the bacterial
CcOs have been examined to evaluate the function of the
H-pathway (22, 23). The Arg52Met mutant exhibits only a small
percentage of the electron transfer activity of the wild-type
enzyme while retaining proton pumping efficiency (H�/e�) of
approximate unity (24). It has been proposed that the normal
proton pumping efficiency of the mutant enzyme, in which
proton transfer through the H-pathway appears to be blocked,
argues against the mechanism where transfer of the pumping
protons occurs through the H-pathway. However, the methio-
nine thioether is capable of forming hydrogen bonds with two
hydrogen donor groups to provide a proton transfer pathway. In
fact, both the K- and D-pathways of bovine heart CcO include
methionine thioesters of Met-273 and Met-71, respectively (6).
Therefore, the mutation would not disrupt the hydrogen bond
network of the H-pathway. Methionine cannot form a hydrogen
bond with the formyl group of heme a. However, if the methi-
onine is located close enough to the formyl group, proton
transfer through the methionine would be accelerated by the
delocalized positive charge on the formyl group (i.e., the net
electron density decrease in the formyl group). Therefore, these
results do not disprove the proposal that proton pumping occurs
through the H-pathway.

Tyr-414 (R. sphaeroides, equivalent to bovine Tyr-371) of the
hydrogen bond network of the H-pathway (Fig. 1) can be
replaced by Phe without causing significant effects on electron
transfer and proton transfer activities (23). However, X-PLOR
analyses of this mutant indicated that a fixed water molecule is
introduced at the site of the phenol OH group of Tyr-371 and
thus an essentially identical hydrogen bond network is retained.
Several amino acid residues of water channels were replaced with
less bulky amino acids. These mutations would not be expected
to block transfer of water molecules through the channel and this
interpretation is consistent with the finding that H�/e� ratios of
these mutant CcOs are normal (22, 23).

A double mutation of amino acid residues contributing to the
water channel of the bacterial enzyme (Val421Leu/Phe425Trp)
did not significantly affect the proton pumping efficiency (25).
The mutation points in the amino acid sequence correspond to
those of the double mutation of the bovine enzyme as given in
Results. X-ray structures of the bacterial water channel indicate
that the Phe425Trp mutation would expand the channel instead

D445I

R134II

R442II

D50I

D51I

N55I

Q52I
H138I

D445

D50

D51

H138

6.4

13.0
13.7

Fig. 6. Possible proton acceptor sites near Asp-51 in bovine heart CcO.
(Upper) Space filling model of bovine heart CcO at 1.9 Å resolution in the
reduced state. Red and blue spheres represent oxygen and nitrogen atoms of
acidic and basic amino acid side chains. Asp-51 and three possible proton
acceptors (H138, D50, and D445) from Asp-51 are indicated by arrows. The
distances from the Asp-51 carboxyl group are indicated by the digits in Å unit
on the double-headed arrows. (Lower) Hydrogen bond network connecting
Asp-51 with the possible proton accepting sites (H138, D50, and D445). Dotted
lines denote hydrogen bonds. The double headed dotted arrow shows a
possible pathway where either one of the two water molecules can migrate to
the other water molecule within the hydrogen-bond distance for proton
transfer.
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of blocking it. The x-ray structures of the bovine and bacterial
enzymes indicate that the structure of the water channel has
significant diversity.

The investigation of mutations of the bacterial H-pathway thus
far does not provide conclusive evidence against the H-pathway
mechanism.
Diversity of the H-pathway. Asp-51 is not conserved. Plant and
bacterial CcOs do not have it. Some bacterial CcOs do not have
the H-pathway. Furthermore, some bacterial CcOs have heme b
instead of heme a (26). The diversity of the H-pathway clearly
indicates that the proton pumping pathways of plant and bac-
terial CcOs are not identical to that of the animal CcOs.
However, the complete conservation of the low spin heme
suggests that proton pump is driven by the low spin heme also in
the plant and bacterial CcOs, although not in the same fashion
as that of the animal CcOs. In fact, it has been well known that
different sets of amino acids could drive an identical physiolog-
ical function (26). On the other hand, the O2 reduction system,
which includes the O2 reduction site and the two proton transfer
pathways (D and K), is well conserved. It seems unlikely that the
O2 reduction system pumps protons in plant and bacterial CcOs
but not in the animal CcOs. Therefore, the possibility of the
proton pumping driven by the low spin heme needs to be
reexamined for bacterial CcOs. A more detailed discussion is
given on physiological relevance of the diversity of H-pathway in
SI Text.

Many theoretical analyses have been conducted to examine
how the structures of the D-pathway and the O2 reduction site
in the enzyme are able to pump protons (27–32). Experimental
evaluations of these theoretical proposals have not yet been
provided.

Conclusion
The three mutations in the H-pathway of bovine heart CcO
clearly show that proton pumping is driven by heme a through
H-pathway in animal CcOs. Although the low spin heme is
completely conserved, further structural and functional studies
on the bacterial enzymes, especially x-ray structural analyses at
the resolution at least as high as those of the bovine enzyme, are

required for evaluation of the proposal for the proton pumping
system separated from the O2 reduction system and driven by the
low spin heme. However, we cannot exclude the possibility that
the proton pumping driven by the low spin heme occurs only in
the animal enzyme. Direct observation of proton transfer
through the key structures of these pathways by time-resolved
infrared spectroscopy is expected to provide the means of
conclusively identifying the pathway. The possibility that the low
spin heme functions as the driving element of the proton
pumping process has been proposed on several occasions back to
1978 (33–36).

Materials and Methods
Stable Transfectants of HeLa Cells. The subunit I gene was modified
to encode subunit I protein with an N-terminal presequence
identical to that of the nuclear encoded subunit IV of the bovine
enzyme, which is targeted to mitochondria. The processes of
transfection of HeLa cells with the expression vectors and
selection of the stable transfectants were also performed ac-
cording to previously described procedures (6).

Measurements of Enzymatic Activities. The catalytic activities of
wild type and mutant hybrid enzymes were measured by using
mitoplast samples prepared in hypotonic buffer. Ferrocyto-
chrome c oxidation by CcO was measured at 15°C, monitoring
absorbance changes at 550 nm on a PerkinElmer UV-Visible
spectrophotometer lambda 18 (Shelton, CT), equipped with a
temperature controlled cell holder. Measurements of proton
ejection and uptake by the mitoplast samples were taken at 15°C
according to described procedures (6).
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