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ABSTRACT: The catalytic core of cytochromec oxidase is composed of three subunits where subunits I
and II contain all of the redox-active metal centers and subunit III is a seven transmembrane helix protein
that binds to subunit I. The N-terminal region of subunit III is adjacent to D132 of subunit I, the initial
proton acceptor of the D pathway that transfers protons from the protein surface to the buried active site
∼30 Å distant. The absence of subunit III only slightly alters the initial steady-state activity of the oxidase
at pH 6.5, but activity declines sharply with increasing pH, yielding an apparent pKa of 7.2 for steady-
state O2 reduction. When subunit III is present, cytochrome oxidase is more active at higher pH, and the
apparent pKa of steady-state O2 reduction is 8.5. Single-turnover experiments show that proton uptake
through the D pathway at pH 8 slows from>10000 s-1 in the presence of subunit III to 350 s-1 in its
absence. At low pH (5.5) the D pathway of the oxidase lacking subunit III regains its capacity for rapid
proton uptake. Analysis of theF f O transition indicates that the apparent pKa of the D pathway in the
absence of subunit III is 6.8, similar to that of steady-state O2 reduction (7.2). The pKa of D132 itself may
decline in the absence of subunit III since its carboxylate group will be more exposed to solvent water.
Alternatively, part of a proton antenna for the D pathway may be lost upon removal of subunit III. It is
proposed that one role of subunit III in the normal oxidase is to maintain rapid proton uptake through the
D pathway at physiologic pH.

As the terminal member of the respiratory electron-transfer
chain in mitochondria and many aerobic bacteria, theaa3-
type cytochromec oxidase reduces oxygen to water and uses
some of the energy of the electron-transfer process to pump
four protons through the protein, across the membrane, for
each O2 reduced. The three largest subunits, I, II, and III,
form the catalytic core of the enzyme. Electrons from
cytochromec are first transferred to the dicopper CuA center
in subunit II. Electrons from CuA flow to the six-coordinate
hemea in subunit I and then onto the hemea3-CuB site in
subunit I, where O2 is reduced. During catalysis, the protons
required for the reduction of oxygen, as well as those that
are pumped through the protein, are taken up from the inner
surface of the protein (facing the mitochondrial matrix or
bacterial cytoplasm). The protons are transferred through two
specific pathways to the buried hemea3-CuB active site
some 30 Å into the transmembrane region of the protein (1).
The K pathway (named for a conserved lysine of the
pathway) is responsible for the uptake of one or two protons
during the “reductive” phase of the catalytic cycle, when
hemea3 and CuB are being reduced prior to the binding of

O2 (2-4). The D pathway, named for a conserved aspartic
acid residue that serves as the initial proton acceptor of the
pathway, transfers the remaining “substrate” protons to the
active site for O2 reduction plus all of the pumped protons
(5-7). The D pathway is composed of different regions (8-
10). The first is a pathway that connects D132, the initial
acceptor, with E286, located∼26 Å above D132. A series
of highly ordered water molecules, plus an asparagine residue
(N139), forms a hydrogen-bonded proton-conductive path-
way between these two carboxylates. A second series of
waters extends from E286 to the hemea3-CuB center, a
distance of 10-12 Å (11). These waters may be oriented in
several conformers since they are not resolved in the crystal
structure (10). The maximum rate of proton transfer through
both of these hydrogen-bonded proton-conductive paths of
the D pathway is rapid, at least 10000 s-1 (12, 13). Finally,
protons presumably flow from E286 to the site of proton
pumping, located at or near the active site (14-16).

Much of the chemistry of O2 reduction by cytochrome
oxidase has been elucidated through optical and resonance
Raman analyses of the reduction of a single O2 by the fully
reduced oxidase (17-20). In the flow-flash technique (21)
carbon monoxide (CO) is bound to fully reduced cytochrome
oxidase, the CO-bound oxidase is mixed with oxygenated
buffer, and the reduction of O2 is simultaneously initiated
in the entire population of oxidase molecules by a laser flash
that releases the bound CO and allows O2 to bind. Reduction
of the bound O2 rapidly produces thePR intermediate, which
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consists of an oxyferryl on hemea3 (a3
4+dO) and a hydroxyl

group on CuB (CuB-OH-) (18, 22-24). Following this, the
F intermediate is formed by the transfer of a proton through
the D pathway to the hydroxyl group on CuB, forming one
water (12, 25). The final step is the conversion ofF to O
(oxidized), a step which requires the simultaneous reduction
and protonation of the hemea3 oxyferryl, leaving a hydroxyl
group in the active site (26). The proton required for this
step is also taken up through the D pathway.

The aa3-type cytochromec oxidase of Rhodobacter
sphaeroidesis highly similar to the catalytic core of the
mitochondrial oxidase (10, 27, 28). The bacterial oxidase is
composed of four subunits, where subunits I, II, and III are
the same as their counterparts in the mitochondrial enzyme
and subunit IV is small peptide with no homology to a
mitochondrial subunit (10, 29). Subunit III contains seven
transmembrane helices and little in the way of extramem-
brane loops; it binds to subunit I opposite the two trans-
membrane helices of subunit II (10). Even though subunit
III does not contain a redox center, it is clearly a member of
the ancestral catalytic core of the mitochondrial oxidase, since
it is encoded in the mitochondrial genome (30), its primary
sequence is highly conserved [45% identity betweenR.
sphaeroidesand humans (31)], and its unique two-domain
structure is seen in both the mitochondrial and theR.
sphaeroidesoxidase (10, 27). In the absence of subunit III,
the I-II oxidase ofR. sphaeroidesinactivates with turnover,
such that its catalytic lifetime is less than 0.5% that of the
normal oxidase containing subunit III (32). Suicide inactiva-
tion involves irreversible alterations at the hemea3-CuB

active site that culminate in the complete loss of CuB from
the enzyme. Thus, one of the key functions of subunit III in
the normal oxidase is to protect the integrity of the CuB center
during catalytic turnover. The rate of suicide inactivation
increases dramatically with increasing pH (32). During
studies of the inactivating oxidase it became obvious that
the initial rate of O2 reduction by the I-II oxidase, prior to
the onset of suicide inactivation, was also considerably more
affected by the bulk pH than was the normal oxidase that
contained subunit III. This pH dependence of the initial rate
was completely reversible and suggested that the proton
uptake characteristics of the I-II oxidase may be substan-
tially different from those of the normal enzyme.

Here, we have examined the rate of proton uptake through
the D pathway during the reduction of O2 by fully reduced
I-II oxidase ofR. sphaeroides. The results indicate that the
transfer of protons from bulk water through D132 to E286
is very slow at physiologic pH (7-9) in the absence of
subunit III but as rapid as the normal oxidase at low pH
values. We propose that another important role for subunit
III is to maintain rapid proton uptake by the D pathway in
the physiologic pH range.

MATERIALS AND METHODS

Enzyme Purification. ∆CoxIII, the aa3-type oxidase that
assembles in the absence of subunit III inR. sphaeroides,
was isolated using histidine affinity chromatography as
described in Bratton et al. (32). For most of the experiments
presented here∆CoxIII was further purified by high-
resolution anion-exchange chromatography using a 2 mL
DEAE-5PW column (TosoHaas) or a 6 mL Resource Q

column (Pharmacia) on an FPLC1 system, essentially as in
Bratton et al. (33), to remove subunit Ia, a free form of
subunit I that contains a single heme A. For some experi-
ments∆CoxIII was used without this further purification,
since it was determined that the presence of the catalytically
inactive subunit Ia had no effect on the experiments. For
clarity, the term “I-II oxidase” is used throughout to describe
the oxidase lacking subunit III. After purification, the I-II
oxidase was exchanged into 0.1 M Hepes (pH 7.4) and 0.2%
n-dodecylâ-D-maltoside (LM) on a PD-10 column (Phar-
macia), rapidly frozen in liquid nitrogen, and stored at-80
°C until use.

CO Binding and Flow-Flash Experiments.The enzyme,
typically diluted to 15µM in the appropriate buffer solution
(see figure legends), was transferred to an anaerobic cuvette,
and the electron mediator phenazine methosulfate (PMS) was
added to 0.7µM. Nitrogen was exchanged for air using a
vacuum apparatus, the enzyme was reduced by adding 2 mM
ascorbate, and the carbon monoxide adduct was formed by
exchanging CO for nitrogen. When necessary, the mixed-
valence enzyme (a3+a3

2+-CO) was prepared by diluting the
enzyme into 0.1 M Tris-KOH, pH 8.5, and 0.1% LM and
then incubating enzyme with CO (34).

The experimental setup for the flow-flash experiments has
been described in detail (34). Measurements of absorbance
changes associated with reaction of the fully reduced enzyme
with oxygen were performed as previously described (6, 26)
at three different wavelengths (445, 580, and 830 nm). In
experiments in which the pH dependence of the enzyme
kinetics was investigated, the enzyme solution was trans-
ferred into 100 mM KCl and 0.1% LM using a PD-10
column. It was then mixed in the stopped-flow apparatus
with an oxygen-saturated buffer containing 100 mM Caps,
100 mM Bis-Tris propane, 100 mM Mes, adjusted to the
desired pH, 0.1% LM, and 1 mM O2, all at a temperature of
22 °C. Using the wild-type oxidase, this procedure yields
results identical to those obtained by prior incubation of the
enzyme at the appropriate pH (13).

Proton Uptake Measurements.The kinetics of proton
uptake during O2 reduction were measured at pH 8.0 and
5.5 as described previously (6, 26). Briefly, the enzyme was
exchanged into an oxygen-saturated buffer-free solution
containing 100 mM KCl and 0.1% LM at pH 8.0 or 5.5 using
a PD-10 column. At pH 8.0 the pH-sensitive dye phenol red
was added to a final concentration of 50µM whereas at pH
5.5 the pH-sensitive dye bromocresol purple was added to a
concentration of 100µM. Ten to fifteen traces were collected
and averaged at 22°C using the buffer-free solution. To
obtain absorbance changes associated only with changes in
the proton concentration, a further 10-15 traces were
collected and averaged using an oxygen-saturated solution
containing 0.1 M Hepes-KOH, pH 8.0, 0.1% LM, and 50
µM phenol red, and these signals were subtracted from those
obtained with the buffer-free solution. The same procedure

1 Abbreviations: FPLC, fast-pressure liquid chromatography; TMPD,
N,N,N′,N′-tetramethyl-p-phenylenediamine; Hepes, 4-(2-hydroxyethyl)-
piperazine-1-ethanesulfonic acid; Taps,N-[tris(hydroxymethyl)methyl]-
3-aminopropanesulfonic acid; Bis-Tris, [bis(2-hydroxyethyl)amino]tris-
(hydroxymethyl)methane; Caps, 3-(cyclohexylamino)-1-propanesulfonic
acid; Mes, 2-morpholinoethanesulfonic acid; PMS, phenazine metho-
sulfate; LM, n-dodecyl â-D-maltoside; CI, confidence interval; TN,
turnover number (in e- s-1 aa3

-1); SD, standard deviation.
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was followed for proton uptake measurements at pH 5.5
except that the buffered solution contained 0.1 M Mes (pH
5.5), 0.1% LM, and 100µM bromocresol purple.

Fitting. Rate constants of O2 reduction and proton uptake
reactions described in the text were extracted from the
absorbance data by nonlinear regression analysis using
MatLab 5.3 (The Mathworks, Inc.). The equations and
processes used are described in Namslauer et al. (13) and
Ädelroth et al. (26). The standard error of each rate constant
was less than 5%, and the residuals of the fits are all less
than 10% of the amplitude of the signals.

Steady-State Oxidase ActiVity Measurements.The rates of
steady-state O2 reduction were measured at various pH values
using an oxygen electrode as described in Hosler et al. (35)
in a reaction mixture of 25 mM Hepes-KOH, 25 mM Taps,
87.5 mM KCl, 0.5 mM EDTA, 0.6 mM TMPD, 3 mM
ascorbate, 1 mg/mL phosphatidylcholine (soybean phospho-
lipids), 0.1% LM, and 2-4 pmol of oxidase at 25°C. Each
reaction was initiated by the addition of 40µM horse heart
cytochromec. The rates of nonenzymatic reduction of O2

by ascorbate/TMPD at each pH were subtracted.

RESULTS

CO Recombination.Figure 1 shows absorbance changes
at 445 nm after flash photolysis of CO from the complete
four-subunitaa3-type cytochromec oxidase and the I-II
oxidase ofR. sphaeroides. The initial increase in absorbance
is due to dissociation of the CO ligand from hemea3, while
the slower decrease in absorbance reflects the rebinding of
CO in the hemea3-CuB active site. The rate of CO
recombination in the I-II oxidase was 56 s-1, slightly faster
than the rate of 46 s-1 observed for the oxidase containing
all four subunits. The I-II oxidase also showed more of a
rapid component of CO recombination with a rate constant
of ∼4000 s-1 (Figure 1). This component may arise from a
fraction of the I-II oxidase which has undergone suicide
inactivation prior to isolation of the oxidase from the cell.
Suicide inactivation results in the loss of CuB (32), and
several oxidase mutants that have lost CuB show rapid
recombination of CO (36). The presence of small amounts

of inactivated oxidase has negligible effects on the experi-
ments presented below since the inactivated oxidase cannot
form the oxyferryl intermediatesP andF (32), and it shows
extremely slow rates of internal electron transfer (Millett and
Hosler, unpublished results).

Interheme Electron Transfer.The intrinsic (true) rate of
electron transfer between hemesa anda3 can be measured
from heme absorbance changes that follow flash photolysis
of CO from oxidase in which the hemea3-CuB center is
reduced while hemea and CuA are oxidized (37). Flash-
induced dissociation of CO from hemea3 lowers its apparent
redox potential, which provides the driving force for reverse
electron transfer from hemea3 to hemea. Using the normal
R. sphaeroidesoxidase the rate constant of this electron
transfer has previously been measured to be 4.4× 105 s-1

(τ ) 2 µs) (38). Figure 2A shows absorbance changes at
445 nm after flash-induced dissociation of CO from the
mixed-valence I-II oxidase and the normal (WT) oxidase.
The initial increase in absorbance is associated with the
dissociation of CO from hemea3. The following decrease
in absorbance, associated with the oxidation of hemea3 and
the reduction of hemea, displayed rate constants of 4.1×
105 s-1 and 4.4× 105 s-1 for the wild-type and I-II oxidases,
respectively. A kinetic difference spectrum of interheme
electron transfer by the I-II oxidase was created by fitting
the kinetic transients collected at wavelengths between 420
and 460 nm to an exponential function and then plotting the
extrapolated amplitude of the absorbance decrease as a
function of wavelength (i.e., the absorbance difference of
the 2µs kinetic phase att f ∞ and att ) 0). The kinetic
difference spectrum for the I-II oxidase (Figure 2B) is
compared to that of the four-subunit enzyme, which was
previously determined to show electron transfer from heme
a3 to heme a in 80% of the enzyme population. The
comparison shows that the extent of interheme electron
transfer was the same for the wild-type oxidase and the I-II
oxidase.

At pH values greater than 8, the 2µs electron-transfer step
is followed by a slower heme absorbance change that is
associated with the release of a proton from the active site
through the K pathway and not the D pathway (2, 34). The
kinetics of this reaction were measured at 598 nm (Figure
2C) in order to avoid overlapping signals from the recom-
bination of CO with hemea3 (2, 34). Rate constants of 410
s-1 and 340 s-1 were measured for the wild-type and I-II
oxidases, respectively (Figure 2C), suggesting that the
absence of subunit III does not significantly alter the proton-
transfer properties of the K pathway.

Electron Transfer during the Reaction of the Fully
Reduced Enzyme with O2. The reactions of both the fully
reduced normal oxidase and I-II oxidase with dioxygen were
monitored as time-resolved absorbance changes at 445 and
580 nm (Figure 3). Different phases of this reaction reveal
the rates of formation of various intermediates in the
reduction of O2 to water (26). At 445 nm theincreasein
absorbance att ) 0 is due to flash-induced dissociation of
CO from reduced hemea3. For the normal oxidase at pH
8.0, the following decrease in absorbance at 445 nm (Figure
3A) is associated with O2 binding to reduced hemea3 (k )
1.4× 105 s-1), followed by the oxidation of hemesa anda3

and formation of the “peroxy” intermediate,PR (k ) 2.5 ×
104 s-1). ThePR intermediate appears to be an oxyferryl form

FIGURE 1: Absorbance changes at 445 nm associated with CO
dissociation and recombination to the fully reduced wild-type and
I-II oxidases. Conditions: 10µM enzyme, 100 mM Tris-HCl, pH
8.5, 0.1% dodecyl maltoside, and 1 mM CO;T ) 21 °C. The
enzyme was reduced using sodium dithionite. The traces have been
normalized to 1µM reacting enzyme. The absorbance decreases
shown by the oxidases were each fit to the sum of two exponentials
(see Materials and Methods). This yielded rate constants of 46 s-1

(95% of the signal) and 4700 s-1 (5%) for the wild-type oxidase
and 56 s-1 (80%) and 4000 s-1 (20%) for the I-II oxidase. Lines
showing the fits are completely obscured by the data.
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of hemea3 (a3
4+dO) plus a hydroxyl group on CuB (CuB-

OH-) (16, 18, 23, 24). The ferryl intermediate (F) is then
formed with a rate constant of 8000 s-1 by protonation of
the hydroxyl group on CuB (26). The same rate for thePR

f F transition is measured from theincreasein absorbance
at 580 nm (Figure 3B) since theF intermediate shows an
absorbance maximum at 580 nm (39). Finally, a slow
decrease in absorbance at both wavelengths, with a rate
constant of∼800 s-1 in the wild-type enzyme, shows
formation of the fully oxidized enzyme (theF f O
transition). All of the kinetic phases seen with the normal
four-subunit oxidase at pH 8 were also seen with the I-II

FIGURE 2: Electron transfer from hemea3 to hemea after flash
photolysis of CO from the mixed-valence wild-type and I-II
oxidases. (A) Absorbance changes at 445 nm due to reverse electron
transfer. Experimental conditions were the same as those in Figure
1, except that sodium dithionite was not added. The traces have
been scaled to 1µM reacting enzyme. The absorbance decreases
following the initial rapid absorbance increase (see text) were both
fit to the sum of two exponentials (shown as smooth lines through
the data), one representing rapid electron transfer from hemea3 to
hemea and a minor component due to further electron transfer
between hemea and CuA (59). For the wild-type oxidase, 90% of
the absorbance decrease exhibits a rate of 4.1× 105 s-1 (a3 f a)
and 10% has a rate of 4.4× 104 s-1 (a f CuA). For the I-II oxidase
80% of the absorbance decrease has a rate of 4.4× 105 s-1 (a3 f
a) while 20% has a rate of 3.0× 104 s-1 (a f CuA). (B) Kinetic
difference spectra of the 2µs phase (electron transfer from heme
a3 to hemea) for the wild-type and I-II oxidases. See text for
details. (C) Absorbance changes at 598 nm associated with a
millisecond phase of proton release from the active site following
flash photolysis of CO from the mixed-valence wild-type and I-II
oxidases. Hemea absorbance is monitored at 598 nm since this is
an isosbestic point for the optical changes resulting from CO
recombination (2, 34). The proton release associated with this
absorbance change occurs in the K pathway (2, 34). The absorbance
traces of the two oxidases are offset for clarity. The lines through
the data are fits to single-exponential functions yielding rates of
410 s-1 for the wild-type oxidase and 340 s-1 for the I-II oxidase.

FIGURE 3: Absorbance changes at 445 nm (A) and 580 nm (B)
associated with the reaction of fully reduced wild-type or I-II
oxidase with O2, initiated by flash photolysis of CO. An absorbance
decrease at 580 nm att ) 0 due to a laser artifact has been truncated
for clarity. After mixing the solution contained 100 mM Hepes-
KOH, pH 8.0, 0.1% dodecyl maltoside, 1-2 µM reacting enzyme,
and 1 mM O2; T ) 22 °C. The traces have been scaled to 1µM
reacting enzyme. The initial absorbance decrease at 445 nm in panel
A, up to 400µs, was fit to a sum of three exponentials yielding
rate constants of 1.4× 105 s-1, 2.5× 104 s-1, and 8000 s-1. The
first rate is associated with the binding of O2 to the enzyme, the
second with the formation ofPR, and the third with thePR f F
transition (26). The absorbance decrease from 0.4 to 10 ms is due
to the finalF f O transition, and the data in this region were fit
by locking the three rates given above and fitting a fourth
exponential. This yielded rates for theF f O transition of 800 s-1

for the wild-type oxidase and 400 s-1 for the I-II oxidase. None
of the fits of the 445 nm absorbance traces are shown since they
are completely obscured by the data. At 580 nm (panel B) only
the formation ofF (PR f F) and the disappearance ofF (F f O)
are seen as absorbance increases and decreases, respectively. Each
data set was fit to the sum of two exponentials yielding rates for
the PR f F transition of 8000 s-1 for the wild-type oxidase and
6000 s-1 for the I-II oxidase, and rates for theF f O transition
of 770 s-1 for the wild-type oxidase and 400 s-1 for the I-II
oxidase. The fits are shown as smooth lines through the data.
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oxidase (Figure 3), consistent with normal oxygen reduction
chemistry. Up to the formation ofF the transition rates of
the I-II oxidase were the same as those of the normal
oxidase. However, the conversion ofF to O by the I-II
oxidase was 2-fold slower than the normal oxidase at pH 8
(Figure 3).

The rate of theF f O transition increased as the pH of
the bulk solvent decreased (Figure 4A). Comparison of the
pH dependence of theF f O transition rate of the I-II
oxidase to that of the normal oxidase (Figure 4B) reveals
two differences. First, the pH dependence profile of the I-II
oxidase is shifted to more acid values, with an apparent pKa

of 6.8, considerably lower than the apparent pKa of 8.6
measured with the normal enzyme. Second, the maximum
rate of theF f O transition at low pH was approximately
2-fold faster with the I-II oxidase (∼1600 s-1) than with
the four subunit enzyme (∼900 s-1).

In contrast, the slope of the absorbance increase at 580
nm, associated with thePR f F transition of the I-II oxidase,
showed little difference between pH 5.5 and pH 10 (Figure
4A). The time constant of thePR f F transition over this
pH range was 130( 60 µs (SD,n ) 6), similar to the rate
measured with the wild-type enzyme at pH 9 and below (τ
= 120 µs) (13, 40). However, while the rate and extent of
thePR f F transition in the wild-type oxidase decline above
pH 9.0 (13, 40), the I-II oxidase still formed intermediate
F at a rapid rate at pH 10 (Figure 4A).

Proton Uptake during the Reaction of the Fully Reduced
Enzyme with O2. The rate of proton uptake during the
reaction of the fully reduced oxidase with oxygen was
measured by following the absorbance changes of pH-
sensitive dyes in the absence of exogenous buffer. With the
normalR. sphaeroidesoxidase thePR f F and theF f O
transitions are each associated with the uptake of ap-
proximately one proton through the D pathway with rate
constants of 10600 s-1 and 600 s-1, respectively, at pH 8
(Figure 5). For the I-II oxidase, the faster of the two phases
was not observed in an otherwise identical experiment
(Figure 5). Rather, a single slow phase of proton uptake
predominated, with a rate constant of 350 s-1. The amplitude
of the slow phase was approximately the sum of the two
phases measured with the normal four-subunit oxidase,
indicating a slow uptake of approximately two protons. Thus,
at pH 8 the I-II oxidase showed no rapid proton uptake
during thePR f F transition; only slow proton uptake was
observed over the time scale of both thePR f F andF f O
transitions. The rate of proton uptake through the D pathway
of the I-II oxidase is pH dependent, however, since at pH
5.5 rapid proton uptake during the time scale of thePR f F
transition was restored (Figure 5B). Kinetic analysis of the
proton uptake tracing at pH 5.5 (Figure 5B) revealed the
presence of a rapid phase of proton uptake with a rate
constant of 7900 s-1, similar to that of the wild-type oxidase
at pH 8.0, and a slower phase of 1600 s-1 that matches the
rate of theF f O transition by the I-II oxidase at low pH
(Figure 4B).

The recovery of rapid proton uptake by the I-II oxidase
at pH 5.5 was also evidenced by the presence of a rapid
phase of CuA oxidation at this pH (Figure 6). Electron
transfer from CuA to hemea only occurs during thePR f F
transition if Glu 286 is rapidly reprotonated via the D
pathway, since the anionic form of Glu 286 slows electron

transfer to hemea due to an electrostatic interaction between
the carboxylate anion and the heme (41). The initial very
fast absorbance increase at 830 nm (Figure 6) is due to the
photolysis of CO from hemea3. The rate of CuA oxidation
at pH 5.5, beginning att ) 50 µs, indicates rapid electron
transfer (10890 s-1) from CuA to hemea during thePR f F

FIGURE 4: pH dependence of thePR f F andF f O transitions
of the I-II oxidase. (A) Absorbance changes at 580 nm following
flash photolysis of CO from the fully reduced I-II oxidase at pH
5.5, 8, and 10. An absorbance decrease att ) 0, due to a laser
artifact, has been truncated for clarity. After mixing, the solution
contained 100 mM CAPS, 100 mM Bis-Tris propane, 100 mM Mes,
adjusted to the indicated pH, 0.1% dodecyl maltoside, and 1 mM
O2; T ) 22 °C. Fits to the data (smooth lines) were prepared as
described in Figure 3. The rates derived for thePR f F transition
were 8500 s-1 at pH 5.5, 6000 s-1 at pH 8.0, and 7200 s-1 at pH
10.0, while the rates derived for theF f O transition were 1600
s-1 at pH 5.5, 400 s-1 at pH 8.0, and 220 s-1 at pH 10.0. (B) pH
dependence of theF f O transition rate in the wild-type and I-II
oxidases. The rates of theF f O transition were obtained at several
different pH values as described above. The solid lines are fits to
the sigmoidal function that assumes a single pKa value using the
equationkFfO ) kFfOmin + (kFfOmax - kFfOmin)/(1 + 10pH-pKa).
The fits yield an apparent pKa for the I-II oxidase of 6.8 [with a
95% confidence interval (CI) of 6.68-7.01] and 8.6 for the wild-
type oxidase (with a 95% CI of 8.53-8.68). Note the different scales
for the I-II and wild-type enzyme data, respectively, on the
ordinate. The data for the wild-type oxidase have been presented
previously (40).
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transition and slower electron transfer (1330 s-1) during the
F f O transition (Figure 6). This indicates the presence of
rapid proton transfer from D132 to E286 in the I-II oxidase
at pH 5.5 during thePR f F transition, similar to that seen
in the normal oxidase containing subunit III at pH 8.0. The
slow rate of CuA oxidation beginning att ) 50 µs at pH 8.0
(Figure 6) confirms that rapid proton uptake doesnot take
place during the time scale of thePR f F transition in the

I-II oxidase at pH 8.0, in contrast to the wild-type oxidase
(41).

pH Dependence of Steady-State Oxidase TurnoVer. The
rate of steady-state O2 reduction by cytochromec oxidase
is dependent upon the bulk pH in that the rate declines with
increasing pH (42-44). Previous analyses of the pH depen-
dence of detergent-solubilized and reconstituted cytochrome
oxidase show that the activity measured between pH 5 and
pH 8.5 can yield up to three apparent pKa values (42, 43).
Thus, it is likely that steady-state oxidase activity is
controlled by the protonation state of one or more groups
involved in the transfer of protons to the active site. The pH
dependence of the initial rate of O2 reduction by the I-II
oxidase ofR. sphaeroidesis markedly different from that of

FIGURE 5: Proton uptake by the I-II oxidase is slower than that
by the wild-type oxidase at pH 8.0 but rapid at pH 5.5. (A)
Absorbance traces at 560 nm associated with changes in the
protonation state of the pH dye phenol red are shown. The traces
in the figure are the difference between traces obtained at 560 nm
with an unbuffered (KCl) solution and a buffered (Hepes) solution,
both at pH 8. The traces have been scaled so that the length of the
arrow corresponds to 1 H+/enzyme molecule (see Materials and
Methods for details). The trace for the wild-type oxidase was fit to
a sum of three exponentials (smooth line): 40% with a rate of 10600
s-1 (similar to the rate of thePR f F transition, Figure 3B), 40%
with a rate of 600 s-1 (similar to the rate of theF f O transition,
Figure 3B), and 20% with a rate of 140 s-1. The event(s) associated
with this slower rate of proton uptake remains unidentified. The
trace for the I-II oxidase fit best to two exponentials (smooth
line): 82% with a rate of 350 s-1 (similar to the rate of theF f O
transition of the I-II oxidase, Figures 3B and 4) and 18% with a
rate of 61 s-1. Again, the event(s) associated with the slower rate
of proton uptake is (are) not known. The gradual increases seen
between 0.2 and 0.5 ms in the wild-type trace and between 0 and
0.5 ms in the I-II oxidase trace are the beginning of the slower
phases of proton uptake. (B) The experiment at pH 5.5 was
performed as described above but using bromocresol purple
(Materials and Methods). The pH 8 data are the same as that shown
on different time scales in panel A. The scale on the ordinate is
not shown because absorbance changes were recorded with two
different dyes at different dye concentrations. The traces have been
scaled to show proton uptake per reacting enzyme. Initial absor-
bance changes due to a laser artifact att ) 0 have been truncated.
The data at pH 8.0 are fit as described above to a predominant rate
of 350 s-1. The trace obtained at pH 5.5 was fit to the sum of two
exponentials (smooth line): 55% with a rate of 7900 s-1 and 45%
with a rate of 1600 s-1.

FIGURE 6: Electron transfer from CuA to hemea following the
photolysis of CO from fully reduced I-II oxidase at pH 5.5, 8,
and 10. Experimental conditions were as in Figure 4. The initial
absorbance increase is due to CO photolysis from hemea3 and the
rapid binding of O2. Fits to the data begin att ) 50 µs, after these
events, in the region where the increase in absorbance at 830 nm
corresponds to the oxidation of CuA as it transfers an electron to
hemea (41). At pH 5.5, the oxidation of CuA fits well to a sum of
two exponentials, with 74% of the signal corresponding to a rate
of 10890 s-1 and 26% of the signal corresponding to rate of 1330
s-1. At pH 8.0 and 10, the data are fit to single exponentials yielding
rates of 525 s-1 and 193 s-1, respectively.

FIGURE 7: The pH dependence of steady-state O2 reduction by the
I-II oxidase is shifted to more acid values. The initial rate of steady-
state O2 reduction was determined at different pH values as
described in Materials and Methods. The lines through each data
set are nonlinear regression curves (GraphPad Prism 3.0, GraphPad
Software) generated by a sigmoidal function that assumes a single
pKa value using the equation TN) TNmin + (TNmax - TNmin)/(1
+ 10pH-pKa). The fits yield a pKa of 7.2 for the I-II oxidase (95%
CI from 7.19 to 7.33) and 8.5 for the wild-type oxidase (95% CI
from 8.39 to 8.60).
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the normal enzyme that contains subunit III in that the
activity of the I-II oxidase declines sharply between pH 7
and pH 8 (Figure 7). By fitting the oxidase activity profiles
between pH 7 and pH 10 to a single pKa value (Figure 7),
apparent pKa values for steady-state O2 reduction of 8.5 and
7.2 were obtained for the normal oxidase and the I-II
oxidase, respectively. Only rates between pH 7 and pH 10
were analyzed by the curve fits, although extending the data
to pH 6.5 did not alter the apparent pKa values. Below pH
6.5 the ability of cytochromec to bind to the oxidase begins
to limit activity (43). The rates shown here were measured
using a high cytochromec concentration (40µM). Plots of
Vmax vs pH (not shown) yield the same result as Figure 7.

DISCUSSION

The rate of CO binding to the active site of the I-II
oxidase is similar to the wild-type oxidase, and the intrinsic
rate of electron transfer between hemesa3 anda is the same
for the two oxidase forms. These findings are consistent with
previous spectroscopic and functional studies that show that
the environments of the redox centers of cytochrome oxidase
are not significantly altered by the absence of subunit III
(32, 33, 45). However, the results presented here show that
the removal of subunit III alters the apparent pKa of the D
pathway in subunit I such that proton uptake at physiologic
pH (7-8) is greatly slowed.

Subunit III Affects the Rate of Proton Transfer from Bulk
Water to D132 to E286 in the D Pathway of Subunit I.
During the single-turnover reduction of O2 by fully reduced
cytochromec oxidase, one proton is taken up during thePR

f F transition and another during the conversion ofF to O
(Scheme 1); both of these protons move through the D
pathway to the hemea3-CuB active site (8). The removal
of subunit III from cytochromec oxidase eliminates rapid
proton uptake during thePR f F transition and slows proton
uptake through the D pathway approximately 30-fold at pH
8.0 (Scheme 1).

A simplified model of the D pathway (Scheme 2) includes
three protonatable groups, D132, E286, and the O2 reduction
intermediatesPR andF. These groups anchor two hydrogen-
bonded series of waters that perform rapid proton transfer.
Since the pKa of the PR and F intermediates is very high,
proton transfer from E286 to the active site may be
considered irreversible. One key question is whether the

removal of subunit III primarily inhibits proton transfer from
D132 to E286 or from E286 to the active site or both.

During thePR f F transition no electrons are transferred,
but a proton is abstracted from E286 and transferred to the
hydroxyl group on CuB (12, 25). In the normal oxidase, the
PR f F transition reaches a maximum rate around 10000
s-1 at pH 8 and below, where E286 is fully protonated at
the beginning of the reaction (andPR, of course, is fully
deprotonated) (13, 40). Thus, the normal rate of proton
transfer from E286 to the active site is approximately 10000
s-1. Subsequently, E286 is rapidly and stoichiometrically
reprotonated via D132 at a rate modeled to be greater than
10000 s-1 (12, 13).

In the I-II oxidase, thePR f F transition occurs at the
normal rate; thus the rate of proton transfer from E286 to
the active site must be normal:∼10000 s-1. However, the
rapid uptake (>10000 s-1) of one proton that normally
accompanies thePR f F transition is lacking. Only the
beginning of a very slow uptake of two protons is observed
on the time scale of this transition. Since the rate of proton
transfer from E286 to the active site is normal, the absence
of rapid proton uptake in the I-II oxidase must be due to
some alteration in the path from bulk water to E286,
including the initial protonation of D132. At low pH (5.5-
6.0) rapid proton uptake into the D pathway is fully restored
to the I-II oxidase. The reversible nature of D pathway
function by pH suggests the alteration of the pKa of a rate-
controlling group in the absence of subunit III as opposed
to more global structural instability due to absence of the
subunit.

During the conversion ofF to O, the final step in the
single-turnover reaction, an electron is transferred from heme
a to hemea3, and a second proton is abstracted from E286
and transferred to the active site (26). While the F f O
transition is slow in the normal oxidase, it is even slower in
the I-II oxidase. The rate of this transition at pH 8.0 (400
s-1) closely matches the rate of proton uptake (350 s-1),
strongly suggesting that theF f O transition of the I-II
oxidase is limited by the rate of proton delivery to E286 via
D132. Thus, the apparent pKa of 6.8 measured for theF f
O transition should also be the apparent pKa of the D pathway
of the I-II oxidase.

Interestingly, at low pH values, where rapid proton uptake
through the D pathway is reestablished, theF f O transition
of the I-II oxidase occurs at nearly twice the rate of the
normal oxidase. The reason for this is unclear; it could be
due to a slight decrease in the redox potential of hemea.

Even though the results indicate that the loss of rapid
proton transfer above pH 6.8 in the I-II oxidase is due to
changes around D132 in the D pathway, the environment of
E286 may also be altered. In the wild-type oxidase, the rate
of the PR f F transition declines at pH values above 9,
yielding an apparent pKa of 9.4 for E286 (13). In the I-II
oxidase, however, thePR f F transition remains rapid and
complete up to pH 10. Thus, E286 of the I-II oxidase
appears to be fully protonated at pH 10 prior to electron flow,

Scheme 1: Proton Uptake during the Single-Turnover
Reduction of O2 by Fully Reduced Wild-Type and I-II
Oxidase at pH 8.0a

a R ) fully reduced oxidase.

Scheme 2: Simplified Model of the D Pathway in Subunit I
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indicating an increase in its pKa as compared to the wild-
type enzyme. Indeed, recent experiments indicate that the
removal of subunit III can alter the environment of E286
(46).

Structural Explanations for Alteration of the D Pathway
in the Absence of Subunit III. The analysis presented above
indicates that the removal of subunit III slows proton transfer
from bulk water through D132 to E286 but not from E286
to the active site (Scheme 2). Two possible explanations for
this can be supported, in part, by examination of the recent
high-resolution structure of theaa3-type oxidase ofR.
sphaeroides(10). One, the pKa of D132 may be lower in
the absence of subunit III, thus slowing proton entry. Two,
the effectiveness of a proton antenna that delivers protons
to D132 may be diminished by the removal of subunit III.

The effect of removing subunit III is remarkably similar
to the effect of adding micromolar amounts of Zn2+ to the
wild-type oxidase that contains subunit III (47). In both cases
rapid proton uptake during thePR f F transition is lost and
replaced by the slower uptake of two protons on the
millisecond time scale. In addition, either the addition of zinc
or the removal of subunit III slows the rate of theF f O
transition to the same extent.

Zinc appears to bind near the mouth of the D pathway
(47) [zinc also binds on the outside of the enzyme in the
presence of a transmembrane voltage gradient (48)]. Recent
results (46) indicate that neither subunit III nor D132 is
necessary for zinc binding at its site near the D pathway
entrance. If D132 does not bind zinc, but Zn2+ binds near
D132, the cationic metal is likely to lower the pKa of the
carboxylate residue by stabilizing the deprotonated form
through an electrostatic interaction. Since removing subunit
III has the same effect on proton uptake as adding zinc, it is
reasonable to propose that at least one of the effects of
removing subunit III is to lower the pKa of D132, thus
lowering the efficiency of proton uptake at physiologic pH.

The crystal structure of the normalR. sphaeroidesoxidase
(10) shows that D132 is not completely surface exposed.
Rather, it is situated at the bottom of a shallow depression
formed by a ring of residues at an interface of subunits I
and III (Figure 8). One arc of this ring is composed of
hydrophobic residues of subunit III (Figure 8). In the absence
of subunit III, the carboxylate of D132 will be more exposed
to bulk water. Thus, it seems likely that the pKa of D132
will decline in the absence of subunit III. Since the effective
rate of proton transfer from D132 to E286 will be directly
proportional to the fraction of D132 that is protonated, a
decline in its pKa will lower the rate of proton uptake at pH
values above the new pKa. If, for example, the actual rate of
proton transfer through D132 to E286 in the normal oxidase
is assumed to be 20000 s-1 at pH 8, a decline of the pKa of
D132 by a little less than two pH units would lower the
proton-transfer rate to the rate observed in the I-II oxidase
(∼350 s-1).

An alternative or additional explanation for slow proton
uptake by the I-II oxidase at pH 8 involves a proton-
collecting antenna (49) that may assist in the uptake of
protons into the D pathway. In theory, such antenna are
composed of carboxylate and histidine residues, where the
carboxylates attract protons electrostatically and the histidine
residues function as a local reservoir of protons (50, 51).

The fastest proton uptake event observed during the reaction
of the fully reduced wild-type enzyme and oxygen occurs
during thePR f F transition (∼10000 s-1 at pH 8.0). With
the wild-type enzyme, about the same rate is observed at
pH 9 (13). Hence, the proton uptake rate at pH 9 is about a
factor of 100 faster than that expected if proton uptake was
limited by the rate of proton diffusion, through water, to the
entry point of the D pathway (kon ) 4 × 1010 M-1 s-1; for
review see ref51). Consequently, it is likely that in
cytochromec oxidase there exists a local, protein-derived
buffer that assists in proton uptake into the D pathway. The
N-terminal tail of subunit III contains three histidine residues
at positions 3, 7, and 10; the imidazoles of histidines 7 and
10 are within 9-11 Å of the carboxylate group of D132
(Figure 8). Thus, it is possible that the removal of subunit
III eliminates some of the protein-derived buffer near the
entry point of the D pathway and this slows proton delivery
to D132.

Mechanistic Consequences of Altered D Pathway ActiVity
for Steady-State O2 Reduction, Proton Pumping, and Suicide
InactiVation. The fact that proton uptake by the I-II oxidase
is slowed by a factor of 30 at pH 8 provides the explanation
for the strong inhibition of steady-state O2 reduction by the
I-II oxidase at pH values greater than 7. In the absence of
subunit III, the apparent pKa values of theF f O transition
and steady-state O2 reduction are similar (6.8 vs 7.2), which
strongly suggests that both processes are limited by the rate
of proton uptake through D132. It is less clear what limits

FIGURE 8: A ring of residues from subunits I and III surrounds
D132. The image, prepared using WebLab ViewerPro (Molecular
Simulations) and the high-resolution structure of wild-type cyto-
chrome c oxidase of R. sphaeroides(10), shows part of the
cytoplasmic (matrix) surface of cytochrome oxidase with the atoms
depicted in a space-filling format using van der Waals radii. Except
for the eight highlighted residues, subunit I is light blue and subunit
III is light yellow. D132 is near the center of the image with its
atoms colored by elements (N, blue; C, gray; O, red); D132 sits
within a shallow depression (5-8 Å in depth) with one of its
carboxylate oxygens pointing toward the surface. Four residues of
subunit III form part of the ring around D132 (Ile 11, magenta;
Leu 12, orange; Pro 13, green; and Pro 14, pink) while three
histidines that may form part of the proton antenna for the D
pathway are shown in blue. Clockwise, from right to left, these are
His 10 and His 7 of subunit III and His 549 of subunit I.
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the steady-state activity of the wild-type oxidase; proton
uptake via the K pathway is a possibility (52-54).

The subunit III-depleted oxidase ofR. sphaeroidesdoes
pump protons (46) albeit with lower efficiency (a lower H+/
e-) as has previously been noted for other cytochromec
oxidases lacking subunit III (55-57). The results reported
here provide two possible explanations for a lower H+/e- in
the absence of subunit III. Proton pumping apparently takes
place during theP f F and theF f O steps of the catalytic
cycle (15, 16, 58). The absence of proton uptake during the
P f F transition in the I-II oxidase would impair the
pumping event associated with this reaction. In contrast, the
matched kinetics of theF f O transition and proton uptake
may allow the pumping reaction to remain coupled during
this step of the catalytic cycle. An alternative explanation is
that the higher pKa of E286 in the I-II oxidase diminishes
its capability to drive the protonation of the proton accep-
tor(s) of the pumping apparatus. Alteration of the pKa of the
terminal carboxylate residue of the D pathway has been
proposed as an explanation of the lower pumping stoichi-
ometry of the E286A/I112E mutant ofR. sphaeroides(40).

One important consequence of slow proton uptake by the
I-II oxidase at pH values above 6.5-7 is that during steady-
state (continuous) O2 reduction theP and F intermediates
will persist for longer periods during the catalytic cycle. This
is likely to be significant for the mechanism of the suicide
inactivation reaction that takes place at the active site in the
absence of subunit III. The rate of suicide inactivation
increases with pH (32). Thus, an increased probability of
suicide inactivation directly correlates with increased life-
times of the potentially reactive oxyferryl intermediatesP
and F, with the implication that irreversible oxyferryl
chemistry is involved in the collapse of the active site in the
absence of subunit III.

CONCLUSIONS

The absence of subunit III alters the D pathway such that
proton transfer through D132 to E286 is very slow at
physiologic pH values (7-8), a pH range where proton
transfer in the oxidase that contains subunit III is extremely
rapid. Rapid proton uptake is restored to the I-II oxidase at
lower pH, as indicated by direct measurements of proton
uptakeandby observing the rate at which CuA reduces heme
a during thePR f F transition. In the absence of subunit
III, slow proton uptake into the D pathway appears to become
the rate-limiting step for steady-state O2 reduction by the
soluble enzyme. In a coupled system, such as a respiring
bacterial cell, proton uptake into the D channel is already
challenged by the presence of a membrane potential. Thus,
one role for subunit III may be to maintain the functional
pKa of the D pathway at a high enough value that proton
uptake from the bacterial cytoplasm or the mitochondrial
matrix, each with a pH∼7.6 or greater, is favored. The pKa

of E286 appears to be elevated in the absence of subunit III.
This alteration does not affect the rate of the proton transfer
to the active site, but it may affect the ability of E286 to
transfer a proton to the proton pump. In contrast to the D
pathway, proton transfer through the K pathway, the other
proton pathway leading to the active site from the inner
surface of the oxidase, appears unaffected by the absence of
subunit III.
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