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ABSTRACT: Heme-copper oxidases are membrane-bound
proteins that catalyze the reduction of O2 to H2O, a highly
exergonic reaction. Part of the free energy of this reaction is
used for pumping of protons across the membrane. The ba3
oxidase from Thermus thermophilus presumably uses a single
proton pathway for the transfer of substrate protons used
during O2 reduction as well as for the transfer of the protons
that are pumped across the membrane. The pumping
stoichiometry (0.5 H+/electron) is lower than that of most
other (mitochondrial-like) oxidases characterized to date
(1 H+/electron). We studied the pH dependence and
deuterium isotope effect of the kinetics of electron and proton transfer reactions in the ba3 oxidase. The results from these
studies suggest that the movement of protons to the catalytic site and movement to a site located some distance from the
catalytic site [proposed to be a “proton-loading site” (PLS) for pumped protons] are separated in time, which allows individual
investigation of these reactions. A scenario in which the uptake and release of a pumped proton occurs upon every second
transfer of an electron to the catalytic site would explain the decreased proton pumping stoichiometry compared to that of
mitochondrial-like oxidases.

Cytochrome c oxidases (CytcOs) are membrane-bound
enzymes that catalyze reduction of O2 to H2O. These

enzymes are characterized by a catalytic site, which consists of a
copper ion (CuB) and a heme group, where O2 binds and is
reduced by four electrons to water:

+ + →− +4e 4H O 2H O2 2 (1)

This chemical reaction is arranged topographically such that
electrons and protons are transferred from opposite sides of the
membrane to the catalytic site, yielding a charge separation that
is equivalent to that for moving a positive charge from the more
negative (n) to the more positive (p) side of the membrane. In
addition, most CytcOs studied to date are proton pumps, which
couple the transfer of electrons to O2 to translocation of
protons across the membrane:

+ + + → +− + +n n4e 4(1 )H O 2H O 4 Hnp 2 2 p (2)

where the subscripts refer to the two sides of the membrane
and n is the number of protons translocated across the
membrane (pumped protons) for each electron transferred to
O2. The free energy that is stored in the established
electrochemical gradient is used, e.g., for transmembrane
transport processes and ATP production. The electrons
required for the reaction are delivered by cytochrome c, a
small water-soluble protein residing on the p side, that docks to
the CytcO and transfers one electron at a time to the CuA site.

From there, electrons are transferred one by one, via a low-spin
heme, to the catalytic site, consisting of a high-spin heme and
CuB. Protons are taken up from the n side and transferred
through the membrane-spanning part of the CytcOs, via
specific proton pathways that are composed of polar and
protonatable residues as well as water molecules (refs 1−6
describe this process in detail).
The bacterial CytcOs from, for example, Rhodobacter

sphaeroides and Paracoccus denitrif icans, as well as the
mitochondrial CytcO, bind two A-type hemes, a low-spin
heme a and a high-spin heme a3, and are termed aa3 CytcOs.
The bacterial aa3 CytcOs harbor two proton uptake pathways
denoted by letters D (after a conserved Asp residue near the
entrance of the pathway) and K (after a conserved Lys residue
within the pathway).7−13 Analogously, the D and K pathways
are also found in the mitochondrial CytcO. However, in the
mitochondrial enzyme, a third (H) pathway has been proposed
to be used for transfer of pumped protons across the
membrane.14 The K pathway is required for the uptake of
only two “substrate protons” upon reduction of the catalytic
site15−17 (see also ref 18) (a substrate proton is defined as a
proton that is used for reduction of dioxygen to water at the
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catalytic site of CytcO), while the six remaining protons (two
substrate protons and all four pumped protons) are transferred
through another, D (or H) pathway.16,19,20 These aa3 oxidases
pump on average one proton per electron transferred to the
catalytic site (i.e., n = 1 in eq 2).
The ba3 CytcO from Thermus thermophilus is expressed at

high temperatures and low oxygen concentrations and displays
a low level of sequence identity to the mitochondrial-like
CytcOs. However, the overall structural assembly as well as the
distances between the redox centers is very similar to that of the
mitochondrial-like enzymes. As the name indicates, the ba3
CytcO contains a low-spin heme b replacing heme a. The
crystal structures of the ba3 CytcO from T. thermophilus
revealed several putative proton pathways,21−24 but only one of
these has been suggested to be functional23 (see also ref 25).
This pathway is located at a position in space that is equivalent
to that of the K pathway in the oxidases discussed above
(Figure 1a). This K pathway analogue is thus used for the
transfer of both substrate protons to the catalytic site and the
uptake of protons to be pumped from the n side of the
membrane. The reaction of fully reduced ba3 CytcO with
oxygen and internal electron transfer reactions have been
investigated, suggesting a basic sequence similar to that of the
aa3-type oxidases.26−31 In the reaction of the four-electron-
reduced ba3 CytcO with O2, initially, oxygen binds to the
reduced catalytic site (state R2, where the superscript indicates
the number of electrons added to the oxidized catalytic site, in
the reduced CytcO one electron each at heme a3 and CuB) with
formation of the intermediate A2 (O2 bound to heme a3) (k ≅

1.7 × 108 M−1 s−1,29 but see refs 32 and 33).29 Next, three
electrons are taken from the catalytic site and one is taken from
heme b, associated with breaking of the O−O bond, forming a
ferryl state, for historical reasons denoted “peroxy” (termed P3,
or PR) with a time constant of ∼15 μs. In the next step, a
proton is taken from the solution and the electron on CuA is
transferred to heme b with a time constant of 30−70 μs. Finally,
the fully oxidized state is formed concomitantly with the uptake
of the second proton from the solution with a time constant of
∼1 ms (at pH 7.5). The major difference from the aa3-type
CytcOs is that in the ba3 CytcO, no intermediate with a
spectrum indicating a ferryl state denoted F (here F3) is formed
at pH 7.5.29 Because in the aa3 CytcOs the absorbance changes
characteristic of state F3 are attributed to transfer of a proton to
the catalytic site, the proton taken up concomitantly with heme
b re-reduction in the ba3 CytcO presumably resides at a
location distant from the catalytic site31 (see also ref 29). Also,
the proton pumping stoichiometry is lower, and on average, 0.5
proton is pumped per electron transferred to the catalytic site
(i.e., n = 0.5 in eq 2).34,35

As mentioned above, in the bacterial aa3 CytcOs all protons
that are pumped are transferred through the D pathway. In
these CytcOs, the branching point from where protons are
transferred either to the catalytic site or to an acceptor site for
the pumped protons [defined as the proton-loading site (PLS);
see, for example, ref 36) is located at a highly conserved
glutamate residue, Glu286 (R. sphaeroides numbering).7

Because only a single pathway is used in the ba3 CytcO, a
branching point from where protons are transferred either to

Figure 1. Structure and O2 reduction mechanism of the ba3 T. thermophilus CytcO. (a) Schematic representation and overall mechanism of the T.
thermophilus ba3 oxidase.

21 Electrons are transferred from a water-soluble cytochrome c to the primary electron acceptor CuA and then via heme b to
the catalytic site (see the red arrow), composed of heme a3 and CuB, where O2 binds and is reduced to H2O. Protons are taken up from the n side,
via a single proton pathway, and are delivered to the catalytic side as well as to a proton-loading site (PLS) from which they are released to the p side.
Proposed key residues of the proton pathway are indicated. The overall reaction catalyzed by the ba3 oxidase is depicted below the picture
(subscripts n and p refer to the two sides of the membrane). (b) Schematic reaction cycle of the ba3 oxidase. The different states of the CytcO are
indicated by the one-letter codes, where the superscript indicates the number of electrons transferred to the catalytic site. With the fully oxidized
enzyme (state O4, equivalent to O0) as a starting point, consecutive reduction of the catalytic site (CS) by two electrons renders R2 (via E1), where
O2 binds. This binding is followed in time by splitting of the O−O bond and formation of the “peroxy” (P2) state. With the four-electron reduced
CytcO (R2 plus one electron on CuA and one electron on heme b) as a starting point, an electron is transferred from heme b to the catalytic site
forming state P3 that is chemically similar to P2 but carries one more electron. Both P3 → F3 and P2 → F3 reactions involve the transfer of a proton
to the catalytic site, but only the P2 → F3 reaction involves the transfer of an electron to the catalytic site. The F3 → O4 reaction involves the transfer
of an electron and a proton to the catalytic site as well as proton pumping. Proton uptake and pumping events are not indicated in that scheme.
Color codes of the arrows are explained below the scheme. Green and red boxes depict states in the reductive and oxidative half-cycles of the
reaction, respectively.
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the catalytic site or to the PLS must exist in this pathway as
well. The identity or location of this site is presently unknown;
there is no acidic residue equivalent to Glu286 in the ba3
oxidase.
Here, using microsecond resolution spectroscopy, we

investigated electron and proton transfer reactions occurring
upon the oxidation of the reduced ba3 CytcO by O2 as a
function of pH, as well as the solvent isotope effect in this
reaction.

■ MATERIALS AND METHODS
Purification of ba3 CytcO. His-tagged wild-type CytcO

was expressed and purified as described previously.31 The
purified protein was kept at 4 °C in 5 mM Hepes (pH 7.4) and
0.05% dodecyl β-D-maltoside (DDM) (Glycon).
Flash Photolysis Experiments. A sample containing ba3

oxidase (6−7 μM enzyme) in 100 mM buffer (MES for pH
5.5−6, HEPES for pH 7−8, and CHES for pH 9−10), 0.05%
DDM, and 0.1 mM EDTA was placed in an anaerobic cuvette,
and the atmosphere was exchanged for N2. Sodium dithionite
was added (final concentration of ∼200 μM) before the
atmosphere was exchanged for carbon monoxide. The
reduction and CO binding processes were followed spectro-
scopically. Dissociation of the CO ligand was initiated by a
short laser pulse (10 ns, 200 mJ, 532 nm, Nd:YAG laser from
Quantel), and CO rebinding was followed at 445 nm with an
oscilloscope (the experimental setup is described in ref 17).
Sample Preparation for Flow-Flash Measurements. A

sample containing ba3 oxidase [∼10 μM enzyme in 2 mM
Hepes (pH 7.4) and 0.05% DDM] was placed in an anaerobic
cuvette, and the atmosphere was exchanged for N2 on a vacuum
line. To reduce the enzyme, 0.5 μM PMS and 2 mM sodium
ascorbate were added, and the sample was incubated until
reduction of the enzyme was complete. The atmosphere was
then exchanged for CO. Reduction and CO binding processes
were followed spectroscopically.
For measurements in D2O, the purified enzyme was

concentrated in a centrifugal filter unit (Amicon Ultra, 0.5
mL, 100 kDa cutoff), and buffer was exchanged three times
with 2 mM Hepes/K+OD− (KOH pellets dissolved in D2O)
(pD 7.5) and 0.05% DMM (dissolved in D2O).
Flow-Flash Measurements. Measurements of the reaction

of the reduced enzyme with oxygen were performed in a locally
modified stopped-flow apparatus (Applied Photophysics) as
described in ref 17. Briefly, the enzyme solution [2 mM Hepes
(pH 7.5) and 0.05% DDM] was rapidly mixed in a 1:5 ratio
with an oxygen-saturated solution [100 mM buffer (pH 5−11)
and 0.05% DDM], and the reaction was initiated after 30 ms by
flash photolysis (10 ns, 200 mJ, 532 nm, Nd:YAG laser,
Quantel) of the enzyme−CO complex. The kinetic traces were
recorded at given wavelengths on a digital oscilloscope.
The following buffers were used: citric acid (pH <5.5), MES

(pH 5.5−6.5), HEPES (pH 7−8), CHES (pH 8.5−9.5), and
CAPS (pH 10−11). For D2O measurements, all the buffers
were prepared in D2O and the pH was adjusted with K+OD−.
Proton Uptake Measurements. The uptake of protons

from the solution during oxidation was performed as described
in ref 30. Briefly, the purified enzyme solution was run over a
PD-10 column (GE Healthcare) and the buffer was exchanged
for 150 mM KCl (pH ∼7.4) and 0.05% DDM. The protein was
then diluted in the same solution to the appropriate
concentration (∼10 μM) and placed in a Thunberg cuvette.
In the stopped-flow apparatus, the enzyme was mixed in a 1:5

ratio with an unbuffered solution containing 150 mM KCl,
0.05% DDM, and 50 μM pH sensitive dye (phenol red for pH
6−8.5 and m-cresol purple for pH 8.5−10), and the absorption
changes at 572 nm were followed. Quantification of proton
uptake was performed via spectroscopic titration of the exhaust
with defined additions of NaOH and HCl.28

For D+ uptake measurements, the unbuffered enzyme was
prepared as described above and the solvent was exchanged for
150 mM KCl and 0.05% DDM in D2O in a centrifugal filter
unit (Amicon Ultra, 0.5 mL, 100 kDa cutoff).

■ RESULTS

Binding of CO to Reduced ba3 CytcO. To probe any
protonation-linked changes at the catalytic site, we investigated
the pH dependence of CO−ligand binding after flash
photolysis of the complex between reduced ba3 and CO
using time-resolved optical absorption spectroscopy. The
reactions were followed in time at 445 nm, where CO ligand
binding results in absorbance changes. After flash photolysis of
the CO ligand, triggered by a short laser pulse, an unresolved
absorbance increase due to dissociation of the CO ligand from
heme a3 is observed (Figure 2a). This absorbance change was
followed in time by a very small (∼5% of the total absorbance
change) decrease in absorbance with a rate constant of ∼5500

Figure 2. pH dependence of the CO recombination kinetics. (a)
Absorbance changes at 445 nm associated with recombination of CO
with heme a3 in dithionite-reduced ba3 oxidase at pH 7. CO rebinding
is biphasic with rate constants of ∼5500 and ∼4 s−1, accounting for ∼5
and ∼95% of the signal amplitude, respectively. (b) pH dependence of
CO rebinding kinetics in the range between pH 5.6 and 10 [rapid
phase (●) and slow phase (○)].
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s−1 (τ ≅ 180 μs), presumably associated with dissociation of
CO from CuB (after dissociation from heme a3, the CO ligand
binds transiently to CuB

37−39), and a major decrease in
absorbance with a rate constant of ∼4 s−1 (τ ≅ 250 ms),
associated with recombination of the CO−heme a3 complex.
This rate constant is similar to that observed in one study38 but
slightly smaller than that observed in another study.39 As seen
in Figure 2b, both kinetic phases were independent of pH in
the range from pH 5.5 to 10.
Reaction of Reduced ba3 CytcO with O2. We, as well as

others, have previously investigated the reaction of the four-
electron-reduced wild-type ba3 CytcO with O2 at neutral pH.
On the basis of these studies, a reaction scheme similar to that
observed with the aa3 oxidases was formulated (see Figure
1b).28−31,40

We first discuss data obtained at pH 7 (Table 1). Figure 3a
shows absorbance changes at 560 nm, where mainly heme b
contributes. After CO dissociation at time zero, first O2 binds
with a time constant of ∼6 μs at 1 mM O2

29 and then we
observed a rapid decrease in absorbance (τ ≅ 15 μs) that is
associated with oxidation of heme b and thus the transfer of an
electron to the catalytic site. Results from earlier studies with
the aa3

41 and ba3
28,29 CytcOs have shown that this electron

transfer results in formation of the peroxy state, P3, at the
catalytic site. This P3 state displays an absorption maximum
near 610 nm,25,29 and a fit of the kinetic difference spectrum
associated with this phase,29 obtained from the same type of
experiment as described here, indicates that the same process is
seen also at this wavelength. Accordingly, we did observe an
increase in absorbance at 610 nm (Figure 3c) over the same
time scale (τ ≅ 15 μs) as heme b oxidation, seen at 560 nm
(Figure 3a).
Formation of the P3 state was followed in time by an increase

in absorbance at 560 nm with a time constant of ∼70 μs
(Figure 3a), which is associated with re-reduction of heme b. In
addition, we observed an increase in absorbance at 830 nm with
the same time constant (Figure 3d), which is associated with
simultaneous oxidation of CuA. This reaction occurred over the
same time scale as the uptake of protons from solution
(measured at 572 nm with pH sensitive dyes, first component
shown in Figure 4a). Siletsky et al. previously observed the
same electron transfer reaction, although with a time constant

of 29 μs, and a voltage change interpreted as proton uptake
with a time constant of 46 μs.29 Technically, we could also
reproduce this difference in the time constants of the electron
and proton transfer reactions; the former could be fit with a
smaller time constant (∼40 μs) than the latter (∼70 μs).
However, this difference in time constants between the electron
and proton transfer reactions is not sufficient to argue that
electron transfer is faster than proton transfer (but see data in
D2O below).
In the next step, the absorbance at 610 nm decreased with a

time constant of ∼1 ms (Figure 3c), which coincided in time
with an increase in absorbance at 580 nm (Figure 3b). The
absorbance at 560 nm decreased with a similar time constant of
∼1 ms (oxidation of heme b). This reaction was also linked in
time to the uptake of a proton from solution [second
component (Figure 4a)]. The product that is formed is the
oxidized CytcO (O4). In Figure S1 of the Supporting
Information, absorbance changes at 430 nm, which mainly
reports redox changes at heme b, and at 445 nm, which mainly
reports changes at heme a3, are shown. The rates determined
from studies at these wavelengths coincide well with those
found at 560 nm.
Below, we discuss each of the kinetic phases, along with their

pH dependencies, in more detail. Representative traces
obtained at pH 5, 7, 9, and 10 are shown in Figure 3, and
the rates as a function of pH are plotted in Figure 5 (see also
Table 1).

First Resolved Phase, the A2 → P3 Reaction. The first
reaction phase observed in our experiments is the A2 → P3

reaction, which follows immediately after binding of O2 to
heme a3 (i.e., formation of A2). The rate constant of the initial
absorbance decrease at 560 nm (Figure 3a) and the absorbance
increase at 610 nm (Figure 3c), associated with the transfer of
an electron from heme b to the catalytic site and the A2 → P3

reaction, changed from ∼7 × 104 s−1 (τ ≅ 13 μs) at pH 4 to
∼4.8 × 104 s−1 (τ ≅ 21 μs) at pH 10; i.e., the rate displayed a
very weak pH dependence (Figure 5a).

Transfer of an Electron from CuA to Heme b and the First
Proton Uptake. The pH dependence of the transfer of an
electron from CuA to heme b was obtained from the increase in
absorbance at 560 nm [heme b re-reduction (Figure 3a)]. As
seen in Figure 5b, this reaction rate displayed a very weak pH

Table 1. Summary of the Rate Constants of the Different Steps during the Reaction of the Four-Electron Reduced ba3 CytcO
with O2

a

rate (s−1) (time constant)

reaction

wavelength
(±increase/
decrease) pH 7 pD 7 KIEb pH 10

heme b → CS (A2 → P3 eT) 560 (−), 610 (+) 6.8 × 104 (15 μs) 6.5 × 104 (15 μs) 4.8 × 104

(21 μs)
CuA → heme b eT 560 (+), 830 (+) 1.5−2.5 × 104 (40−67 μs) 1.5−2.5 × 104 (40−67 μs)c 1.3 × 104

(80 μs)
first proton uptake dye (+) 1.4 × 104 (71 μs) 4.5 × 103 (220 μs) 3.1 1.0 × 104

(100 μs)
decay of P3 (i.e., the P3 → F3 reaction) 610 (−) 1100 (0.91 ms) 450 (2.2 ms) 2.4 650 (1.5 ms)
formation of F3 (i.e., the P3 → F3 reaction) 580 (+) 1100 (0.91 ms) nd − 560 (1.8 ms)
second proton uptake (interpreted to be linked
to the P3 → F3 reaction)

dye (+) 1100 (0.91 ms) 320 (3.1 ms) 3.3 450 (2.2 ms)

formation of O4 (heme b → CS eT) 560 (−) 850 (1.2 ms) 250 (4.0 ms) 3.4 100 (10 ms)
aAbbreviations: eT, electron transfer; CS, catalytic site; nd, not detected. Time constants [1/(rate constant)] are given in parentheses. bThe KIE is
not given for the first two (pure) electron transfer reactions. cA range is given for the CuA → heme b electron transfer as discussed in more detail in
Discussion.
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dependence in the pH range from 5 to 9 where the average rate
was ∼1.5 × 104 s−1 (τ ≅ 67 μs). It decreased slightly above pH
10, reaching a value of ∼9.8 × 103 s−1 (τ ≅ 95 μs) at pH 11. As
observed previously, this electron transfer was also linked in
time to the uptake of a proton from solution28,31 (Figure 4a).
At all pH values (6.0−9.8), two kinetic proton uptake phases
were observed. The rate of the first kinetic component
displayed a very weak pH dependence up to pH 9, where the
average rate was ∼1.5 × 104 s−1 (τ ≅ 67 μs) (Figure 5b). Above
pH 9, the rates dropped slightly to 1 × 104 s−1 at pH 9.8 (τ ≅
100 μs).
Second Proton Uptake. As discussed above, at neutral pH

the reactions after re-reduction of heme b displayed very similar
time constants of 1.0 ± 0.3 ms at all studied wavelengths (see
Table 1 and Figure 3), thus consistent with a decay directly
from P3 to O4. However, as reported previously,31 at high pH

values, faster rates were observed at 610 nm [interpreted as
decay of state P3 (see Discussion)] than at 560 nm (final
oxidation of the enzyme, i.e., formation of O4). In addition, the
faster but not the slower of these processes coincided in time
with the uptake of a proton from solution. The conclusion from
our earlier studies was that at pH 7 the 1 ± 0.3 ms reaction
reflects two distinct processes, which at higher pH values are
separated in time.31 These two processes are discussed in this
and the next subsections.
The pH dependence of the rate constant of the absorbance

decrease at 610 nm, together with the rate of proton uptake, is
shown in Figure 5c. The two processes coincided well in time,
and the rate exhibited a modest pH dependence; it decreased
from ∼1500 s−1 (τ ≅ 0.7 ms) at pH 5.5 to ∼500 s−1 (τ ≅ 2 ms)
at pH 11.
The F3 state displays a peak at 580 nm, relative to the

oxidized state.41,42 As seen in Figure 3b, we did observe an
increase in absorbance at 580 nm and the rate constants were
∼1100 s−1 (τ ≅ 0.9 ms) at pH 7 and 560 s−1 (τ ≅ 1.8 ms) at
pH 10. These values are approximately the same as those
observed at 610 nm and for the second phase of proton uptake
(Figure 5c). Furthermore, at pH 10, the absorbance increase at
580 nm was faster than the absorbance decrease at 560 nm (10
ms). In other words, these data indicate that the increase in
absorbance at 580 nm correlates in time with the decay of the
P3 state (decrease in absorbance at 610 nm), but not formation
of the oxidized state O4 (decrease in absorbance at 560 nm).

Figure 3. Absorbance changes associated with reaction of the fully
reduced ba3 CytcO with O2 at different pH values: (a) 560 nm,
representing redox reactions of heme b; (b) 580 nm, representing
formation of state F3; (c) 610 nm, representing formation and decay of
the P3 state (absorbance increase and decrease, respectively), and (d)
830 nm, representing the redox reaction of CuA. Experimental
conditions after mixing: 100 mM buffer according to pH (see
Materials and Methods), 0.05% dodecyl β-D-maltoside (DDM), and
∼22 °C. The CO ligand was dissociated by a laser flash at time zero.
Amplitudes are normalized to 1 μM reacting ba3 CytcO.

Figure 4. Uptake of protons from solution during the reaction of fully
reduced ba3 CytcO with O2 at different pH values. (a) Absorbance
changes of pH dyes phenol red and m-cresol purple at 572 nm during
reaction of the reduced ba3 CytcO with O2 in the pH range of 6−9.8
(see also Materials and Methods). (b) Amplitudes of the two kinetic
phases obtained from traces in panel a, first phase [average amplitude
between 0 and 0.5−0.6 ms (●)] and second phase [average amplitude
between 0.5−0.6 and 8−9 ms (○)]. Error bars represent averages
from three different measurements from two preparations. The inset
represents the ratio of the amplitude of the second phase to the total
amplitude. Sigmoidal fits were calculated using SigmaPlot.
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Formation of Oxidized CytcO. The pH dependence of the
final oxidation rate of the ba3 oxidase, as determined from the
slowest absorbance decrease at 560 nm [also seen at 430 and
445 nm (Figure S1 of the Supporting Information)], is shown
in Figure 5c. As seen in this figure, the rate displayed a relatively
strong pH dependence where the maximal and minimal rates
were ∼1300 s−1 (τ ≅ 0.8 ms) and ∼80 s−1 (τ ≅ 20 ms) at pH
5.5 and 11, respectively. The pH dependence was fit with a

Henderson−Hasselbalch titration curve with a pKa of 8.2
(Figure 5c).

Proton Uptake. As mentioned above, two proton uptake
reactions were observed; one coincided in time with the CuA-
to-heme b electron transfer (τ ≅ 70 μs at pH 7) and the second
with the decrease in absorbance at 610 nm [interpreted as the
P3 → F3 reaction (see Discussion)] (τ ≅ 0.95 ms at pH 7). As
seen in Figure 4a at all pH values ranging from 6.0 to 9.8, two
kinetic phases were observed. The rates of these components
displayed very weak pH dependencies as outlined above (see
Figure 5b,c). However, we did observe a significant decrease in
the net proton uptake stoichiometry with increasing pH. As
seen in Figure 4b, the first phase corresponded to a proton
uptake stoichiometry of ∼1 H+/CytcO in the pH range of 5.5−
9, after which the value decreased to 0.4 H+/CytcO at pH 9.8.
In contrast, the contribution of the second component
decreased with an increasing pH already at lower pH, from
∼0.9 H+/CytcO at pH 6.0 to ∼0.1 H+/CytcO at pH 9.8. As
seen in the inset of Figure 4b, the fraction of the slow
component decreased from ∼50% of the total amplitude at the
lower pH values to ∼25% at the highest value.

Solvent Kinetic Isotope Effect. We also investigated the
effect of exchanging the H2O solvent for D2O on the CytcO
reaction kinetics [kinetic isotope effect (KIE)] at pH/pD 7.5
(Figure 6a−d and Table 1). The A2 → P3 reaction, as seen at
560 nm (initial absorbance decrease) and 610 nm (absorbance
increase), displayed a KIE close to 1. In earlier studies with the
R. sphaeroides aa3 oxidase, a small KIE of ∼1.8 at a pH meter
reading of 7.5 was observed for this reaction and attributed to
internal proton transfer within the catalytic site upon formation
of P3.43

The transfer of an electron from CuA to heme b (increase in
absorbance at 830 and 560 nm) in H2O linked in time to the
first proton uptake with a rate constant of ∼1.5 × 104 s−1 (τ ≅
70 μs) was biphasic in D2O. In D2O, the first phase (90% of the
amplitude) displayed a rate constant of ∼2.5 × 104 s−1 (τ ≅ 40
μs) while the second phase was slower and linked in time to the
uptake of a proton from solution with a rate constant of 4500
s−1 (τ ≅ 220 μs); i.e., it displayed a KIE of ∼3. Thus, the
slower, but not the faster, of these components displayed a rate
constant that was the same as that of proton uptake in D2O.
The absorbance decrease at 610 nm displayed a KIE of 2.4 at

both pH 6 and 10.5. The associated second proton uptake
displayed a KIE of ∼3.3. The final oxidation of the CytcO
displayed a KIE of ∼3.3 at both pH 6 and 10.5.

■ DISCUSSION
The results from this study as well as previous studies of the T.
thermophilus ba3 CytcO

26−31 indicate that the overall sequence
of reactions during oxidation of this enzyme is similar to that
found with the aa3 CytcOs. However, the timing is different as
is the sequence of the proton uptake reactions and proton
pumping events. Heme b oxidation [as seen at 560 nm (Figure
3a)] and formation of the P3 state [as seen at 610 nm (Figure
3c)] occur with a time constant of ∼15 μs, which is faster than
with, e.g., the R. sphaeroides aa3 CytcO. This observation is
noteworthy given the fact that the ba3 CytcO normally operates
at temperatures much higher than those used in the
experiments presented here (at higher temperatures, the
formation rate of P3 would presumably be even faster).
In the steps following in time after P3 formation, the

situation is distinctly different in the aa3 and ba3 oxidases. In
the R. sphaeroides aa3 CytcO, after formation of P3 a proton is

Figure 5. pH dependence of the rates of the different kinetic phases
seen during reaction of reduced ba3 CytcO with O2 (see Figures 3 and
4). Shown are representative values for absorbance changes at 560 and
610 nm and proton uptake observed at 572 nm. Error bars were
omitted for the sake of clarity, but rates vary by up to 20% between
experiments from different protein preparations. (a) Initial oxidation
of heme b at 560 nm (red circles, fitted to one sigmoidal line with a
pKa of 9.75). (b) Re-reduction of heme b at 560 nm (red circles, fitted
to two sigmoidal lines with pKa values of 5.3 and 11.5) and first phase
of uptake of protons from solution (black circles). (c) Decay of P3 at
610 nm (red circles), second phase of uptake of protons from solution
(black circles), and oxidation of heme b at 560 nm (blue circles, fitted
to one sigmoidal line with a pKa of 8.2).
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taken up by the catalytic site to form F3, as well as the uptake
and release of a proton that is pumped across the membrane
(all with a time constant of ∼100 μs at pH 744,45). In the ba3
CytcO, formation of P3 with a time constant of ∼15 μs is also

followed in time by proton uptake, here with a time constant of
∼70 μs. However, this 70 μs reaction does not lead to
absorbance changes at 580 nm that would be characteristic of
formation of state F3, as convincingly shown by recording

Figure 6. Kinetic isotope effects for the reaction of the fully reduced ba3 with O2. Shown are the comparisons of the reaction in H2O at pH 7.5 (black
line) and D2O at pD 7.5 (red line). See Materials and Methods for experimental details: (a) 560 nm, representing redox reactions of heme b; (b) 610
nm, representing formation and decay of P3; (c) 830 nm, representing the redox reaction at CuA, and (d) uptake of a proton from solution measured
with the pH sensitive dye phenol red. Absorbance changes were converted to H+/D+ per enzyme as described in Materials and Methods.

Figure 7. Working model for the reaction of the fully reduced ba3 CytcO with O2. With R2 (with additional electrons on CuA and heme b) as a
starting point, oxygen binds to the reduced catalytic site. Upon transfer of an electron form heme b to the catalytic site and an internal transfer of a
proton from the catalytically important Tyr237 (237Y-OH), the oxygen bond is broken and state P3 is formed. Up to this point, the mechanism is
similar to that of the aa3 oxidases. Next, according to our data, the transfer of an electron from CuA to heme b is accompanied by the uptake of a
proton by a site distant from the catalytic site, presumably the loading site for a pumped proton (PLS, indicated by a star), indicated as state P3(H+).
In the next step, a second proton is taken up by the catalytic site forming F3. In the final step, the transfer of an electron from heme b to the catalytic
site and proton uptake as well as proton pumping take place (as observed via electrometric measurements29). At neutral pH values, the P3(H+)→ F3

and F3 → O4 reactions have similar rates constants and cannot be kinetically resolved. Release of the two water molecules is triggered upon
reduction of the fully oxidized state O4 (O0). To form R2, two electrons are transferred to the catalytic site and two additional electrons are
transferred to heme b and CuA, respectively. Two substrate protons are taken up, and presumably, one pumped proton is taken up and released at
the other side of the membrane.
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kinetic difference spectra during the reaction of the reduced ba3
CytcO with O2.

29 As also pointed out by Siletsky et al. in the
aa3 CytcOs, the proton that is taken up during the P3 → F3

reaction is presumably transferred to a hydroxide ion bound to
CuB, which is proposed to lead to the absorbance increase at
580 nm. However, there is also a second available protonation
site at the catalytic site, a Tyr residue (Y237), which is
covalently bound to His333, one of the CuB ligands.

21 Siletsky
et al. suggested that in the ba3 CytcO, the proton would be
transferred to the Tyr rather than to the hydroxide ion at CuB
over a time scale of ∼46 μs (time scale of ∼70 μs observed in
this work). They reasoned that because the Tyr site is located
some distance from heme a3, protonation of this site would not
lead to absorbance changes characteristic of formation of the F3

state. In a more recent study, we suggested that the proton is
rather transferred to a site outside of the catalytic site.31 In
other words, we offered a similar explanation for the absence of
F3-specific absorbance changes at 580 nm; Siletsky et al.29

suggested the transfer of a proton to Y237, while we proposed
that the 70 μs proton is transferred to a site outside of the
catalytic site. Our alternative conclusion is based on results
from studies of the reaction of the three-electron-reduced ba3
CytcO with O2. From studies with the aa3 oxidase, it is known
that this reaction stops at the F3 state and cannot proceed to
the O4 state because of the lack of a fourth electron. After
transfer of all three electrons to the catalytic site to form state
P3 in the ba3 oxidase, two distinct proton uptake phases were
observed with time constants of ∼70 μs and ∼1 ms.31 Only the
second proton uptake phase coincided in time with the decay in
absorbance at 610 nm and an absorbance increase at 580 nm,
suggesting that the second, but not the first, proton is
transferred to the catalytic site to form F3. Because a total of
one proton is expected to be transferred to the catalytic site
after the transfer of an electron from heme b, we proposed that
the first proton (∼70 μs) is transferred to a site some distance
from the catalytic site. In other words, the state of the catalytic
site after the 70 μs proton uptake would still be P3, but we call
it P3(H+) to emphasize that one additional proton is present
within the CytcO. Because any proton pump must harbor a
protonatable site having alternating access to the two sides of
the membrane,46 we speculated that the site mentioned above
outside of the catalytic site is the loading site for pumped
protons, previously denoted PLS (Figure 7) when discussed for
the aa3 oxidases (see the introductory section).
In this study, at pH 7 we observed an increase in absorbance

at 580 nm (Figure 3b) and a decrease in absorbance at 610 nm
(Figure 3c) with a time constant of ∼1 ms, which was
concomitant with the second proton uptake (Figures 4 and 5)
(see also the summary in Table 1). Even though at pH 7 all
these absorbance changes coincide in time with the final
oxidation of the ba3 CytcO, at high pH, oxidation of the CytcO
occurs after these events (see Table 1). Hence, taken together
with the data obtained with the three-electron-reduced CytcO
as discussed above, we conclude that after the formation of P3,
the first proton (τ ≅ 70 μs) is transferred to a site some
distance from the catalytic site [state P3(H+)] and F3 is formed
with a time constant of ∼1 ms (at pH 7 and 10). The final
oxidation of the CytcO (formation of O4) occurs over the same
time scale as formation of F3 at pH 7, which is the reason why
the state is not populated to any significant extent. At pH 10,
the final oxidation of the ba3 CytcO is slower (τ ≅ 10 ms) than
formation of F3.

We note that the absorbance at 580 nm does not decrease on
the time scale over which we propose decay of the F3 state, as is
observed with the aa3 oxidases. The reason may be that this
reaction is linked to oxidation of heme b rather than heme a
and these two hemes display significantly different redox
spectra at 580 nm.
We also note that the CO recombination data (see Figure 2)

indicate that there are no protonation-dependent structural
changes at the catalytic site of the T. thermophilus ba3 CytcO
that would affect ligand dissociation or binding, which is also in
agreement with the finding that binding of CO to CuB is
independent of pD.39 These results suggest that the effects of
pH changes on specific steps during reaction of the reduced
CytcO with O2 are not influenced by any protonation-
dependent changes at the catalytic site itself.
Formation of the P3 state displayed a very weak pH

dependence where the rate decreased by a factor of <2 with an
increase in pH from 6 to 11 (Figure 5a). This very weak pH
dependence is consistent with that observed for, e.g., the
mitochondrial and R. sphaeroides aa3 CytcOs, and the absence
of any proton uptake or release during this reaction.47,48 The A2

→ P3 step does involve an internal transfer of a proton from
Tyr288 (Tyr237 in ba3) to the O2 molecule at heme a3 in the
aa3 CytcO. The rate of this proton transfer in the aa3 CytcO
was found to display a small KIE of 1.8.43 In the ba3 CytcO, the
KIE of the A2 → P3 reaction was close to unity. This finding is
qualitatively consistent with the faster formation of P3 in the
ba3 than in the aa3 CytcO because the KIE typically decreases
with an increase in the driving force of a proton transfer
reaction.
With the ba3 CytcO, the rate of the first proton uptake (τ ≅

70 μs at pH 7) and the associated transfer of an electron from
CuA to heme b displayed only a very weak pH dependence
(Figure 5b). In contrast, with the aa3 CytcOs discussed above,
the first kinetic phase that involves proton uptake is pH-
dependent above pH ∼9 and displays a Henderson−
Hasselbalch titration with a pKa of 9.4. This pKa is attributed
to the protonation state of the Glu286 residue.49 According to
this model, the proton transfer rate is determined by the
protonation fraction of the Glu residue.49 The very weak pH
dependence for the rate of proton uptake in the ba3 CytcO can
be explained using the same model, but assuming that the
protonatable group within the K proton pathway analogue
displays a pKa that is outside of (above) the measured pH
range. In fact, some single-site mutations in the D pathway of
the R. sphaeroides and P. denitrif icans CytcOs result in an
elevation of the Glu286 pKa such that the proton uptake rate
becomes pH-independent in the experimentally available pH
range.50,51 Thus, the behavior of these mutant CytcOs is
qualitatively the same as that of the ba3 CytcO, i.e., a proton
uptake reaction displaying pH-independent kinetics. The
structural reason for the difference between the aa3 and ba3
CytcOs may be that in the latter case there is no protonatable
group in the K pathway analogue that would act as a transient
proton donor or acceptor on the pathway to the catalytic site in
the pH range in which our measurements were taken. The K
pathway analogue starts at Glu15 near the n side surface, but
above this site, there are no other acidic or basic amino acid
residues; the only protonatable residues are tyrosines. Even if
one Tyr residue near the catalytic site has been found to have a
pKa in the pH range of our measurements,25 it is likely that in
the protein environment typically these groups have pKa values
of >10. Alternatively, proton uptake may be rate-limited by

Biochemistry Article

dx.doi.org/10.1021/bi300132t | Biochemistry 2012, 51, 4507−45174514



another reaction, such as, for example, a structural change, that
displays pH-independent kinetics. We also note that the 70 μs
proton uptake did display a larger (∼3) deuterium KIE than the
preceding phase (∼1). However, such a small KIE cannot be
used to distinguish between the rate-limiting structural change
of a protonatable site and rate-limiting proton transfer.
The data show that after the initial oxidation of heme b, in

D2O, the electron at CuA equilibrated with heme b with time
constants of ∼40 μs (90% of the total amplitude) and 220 μs.
The first phase is faster than proton uptake in D2O (τ ≅ 220
μs), which suggests that the electron equilibrates between CuA
and heme b in a manner independent of proton uptake, but
proton binding shifts this equilibrium further toward heme b
over a time scale of ∼220 μs. In H2O, this proton uptake is
faster than in D2O, and therefore, it coincides in time with the
transfer of an electron from CuA to heme b. In this context, it
should be mentioned that also in H2O it is possible to fit the
electron transfer with a time constant of ∼40 μs (see Results),
which would yield a KIE of ≅1 for the transfer of an electron
from CuA to heme b (the KIE for the proton transfer is ∼3).
The rate of the absorbance decay at 610 nm (Figure 3c) or

the second proton uptake (Figure 4), associated with the decay
of the P3(H+) state and formation of F3 with a time constant of
∼1 ms at pH 7, displayed a relatively modest pH dependence,
where the rate decreased by a factor of ∼3 over the pH range
from 5.5 to 11 (Figure 5c). This reaction also displayed a
significant KIE of ∼3. The difference in the pH dependencies
for the two proton uptake kinetic phases is presumably due to
differences in the details of the proton transfer trajectories for
these reactions (transfer of a proton to PLS or the catalytic site)
as well as differences in the driving force (i.e., the difference in
pKa between the proton donor and acceptor). As discussed
above, we propose that, while the first proton is transferred to
the PLS, the second one is transferred to the catalytic site (see
Figure 7).
Given the very modest pH dependencies for the first two

components, linked to the uptake of a proton from solution, it
is surprising to note that the rate of the last component (F3 →
O4 reaction) displayed a significant pH dependence even
though the reaction was not linked in time to any net uptake of
protons from solution. Despite this absence of proton uptake, it
is clear that the F3 → O4 reaction requires the transfer of a
proton to the catalytic site (see refs 3 and 52). The absence of
any net proton uptake from solution was previously explained
in terms of simultaneous release of a pumped proton from the
PLS during the F3 → O4 transition (cf. the proton that was
taken up by the PLS during the 70 μs reaction).31 This
interpretation is consistent with results from earlier electro-
metric studies in which changes in voltage linked to internal
electron and proton transfer reactions were studied.29 These
results showed that over a time scale of 50 μs (same phase as 70
μs in this work), one proton is transferred a distance of ∼70%
across the membrane, which was interpreted in terms of the
transfer of a proton to the catalytic site, but the observation is
also fully consistent with the transfer of a proton to a PLS, if
this site is located slightly above the catalytic site. Furthermore,
in the last phase of the reaction, attributed to formation of the
O4 state, voltage changes corresponding to transfer of one
charge across the membrane and one charge to the catalytic site
were observed. According to our interpretation (see Figure 7),
around neutral pH, over this time scale two protons would be
transferred to the catalytic site, while one proton would be

released from the PLS, which is expected to generate the same
net voltage changes.
An important difference between the F3 → O4 reaction and

the preceding steps that involve proton uptake is that only in
the F3 → O4 reaction is the presumed proton uptake linked to
the simultaneous transfer of an electron to the catalytic site.
Results from experiments with the R. sphaeroides and P.
denitrif icans aa3 CytcOs indicate that the rate of this electron
transfer and the accompanying proton transfer to the catalytic
site may be controlled by the release of the “pumped proton”
from the PLS53 (see also ref 54). Because in the ba3 CytcO,
during reaction of the reduced CytcO and O2, only the F3 →
O4 reaction is linked to such a proton release,29 the stronger
pH dependence of the F3 → O4 kinetics could reflect the pH
dependence of the transfer of a proton from the PLS to the p
side of the membrane.
As seen in Figure 4, the net proton uptake stoichiometry

during the reaction of the reduced CytcO and O2 decreased
with an increase in pH. This decrease is mainly attributed to a
decrease in the second proton uptake phase (see the inset of
Figure 4b), while the amplitude of the first proton uptake phase
was relatively unaltered below pH 9.4. Results from early
studies with the mitochondrial bovine heart CytcO showed that
the proton uptake stoichiometry decreased with an increase in
pH for the P3 → F3 and F3 → O4 kinetic phases.47,55 A lower
proton uptake stoichiometry during oxidation of the CytcO
must imply that the proton uptake stoichiometry upon
reduction is larger (a net total of four protons must be taken
up to reduce O2 to H2O, i.e., during reduction and oxidation of
the CytcO).47

As discussed above, with the ba3 CytcO, the first proton
uptake component (τ ≅ 70 μs) presumably reflects the uptake
of a proton by the PLS, while the second one reflects the
transfer of a proton to the catalytic site. The relatively more
significant decrease in the amplitude of the second proton
uptake component with the ba3 CytcO (see the inset of Figure
4b) is consistent with the observations made with the
mitochondrial CytcO.47 The unaltered stoichiometry for the
first component may be explained in terms of a sufficiently large
pKa shift for the PLS such that in the pH range of 6−9.4 the
protonation state of the PLS changes from unprotonated to
80−100% protonated after the transfer of an electron to the
catalytic site (at the highest pH of 9.8, there is a decrease in the
amplitude of the first component).
As discussed above, with, for example, the R. sphaeroides or P.

denitrif icans CytcOs, during turnover, in every reaction step that
involves the transfer of an electron to the catalytic site, (i) a
proton is taken up from the n side to the PLS, (ii) a proton is
transferred to the catalytic site, and (iii) the proton at PLS is
released to the p side. Also in the reaction of the four-electron-
reduced aa3 CytcO with O2, after the transfer of an electron
from heme a to the catalytic site (to form P3, as outlined
above), proton transfer reactions i−iii (that occur during the P3

→ F3 reaction) all display the same time constant.44,45 Thus,
the order of proton transfer reactions is probably the most
striking difference between the ba3 CytcO and, for example, the
R. sphaeroides and P. denitrif icans aa3 CytcOs.
The marked separation in time of the transfer of a proton to

and from the PLS might be related to the presence of only one
proton pathway in the ba3 CytcO, because in all CytcOs the
proton is both the ion that is translocated (pumped) and the
ion that is used as a substrate for the reaction that drives
pumping (i.e., O2 reduction). Consequently, when using only
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one proton pathway, it is important to ensure that the proton
that is pumped across the membrane is separated in space and
time from the substrate proton; otherwise, the free energy
available for pumping would be lost. Furthermore, as for any
ion pump, the flow of pumped protons across the membrane
must be gated to ensure unidirectionality. A clear separation in
time of the proton loading event to the PLS (τ ≅ 70 μs) and
the transfer of a proton to the catalytic site (τ ≅ 1 ms) may
facilitate proton gating as outlined above. The price paid for
this adjustment of the pumping mechanism is a lower pumping
stoichiometry because a pumped proton is taken up or released
for every second electron transfer to the catalytic site (see a
more detailed discussion in ref 40). At the same time, this
mechanism allows studies of the transfer of protons to the
catalytic site and the PLS separately, which in future studies is
expected to offer further insights into the functional design of
the pump.
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