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ABSTRACT: Cytochrome bo3 ubiquinol oxidase from Escherichia coli
catalyzes the reduction of O2 to water by ubiquinol. The reaction
mechanism and the role of ubiquinol continue to be a subject of discussion.
In this study, we report a detailed kinetic scheme of the reaction of
cytochrome bo3 with O2 with steps specific to ubiquinol. The reaction was
investigated using the CO flow-flash method, and time-resolved optical
absorption difference spectra were collected from 1 μs to 20 ms after
photolysis. Singular value decomposition-based global exponential fitting
resolved five apparent lifetimes, 22 μs, 30 μs, 42 μs, 470 μs, and 2.0 ms. The
reaction mechanism was derived by an algebraic kinetic analysis method
using frequency-shifted spectra of known bovine states to identify the bo3
intermediates. It shows 42 μs O2 binding (3.8 × 107 M−1 s−1), producing compound A, followed by faster (22 μs) heme b
oxidation, yielding a mixture of PR and F, and rapid heme b rereduction by ubiquinol (30 μs), producing the F intermediate and
semiquinone. In the 470 μs step, the o3 F state is converted into the o3

3+ oxidized state, presumably by semiquinone/ubiquinol,
without the concomitant oxidation of heme b. The final 2 ms step shows heme b reoxidation and the partial rereduction of the
binuclear center and, following O2 binding, the formation of a mixture of P and F during a second turnover cycle. The results
show that ubiquinol/semiquinone plays a complex role in the mechanism of O2 reduction by bo3, displaying kinetic steps that
have no analogy in the CuA-containing heme-copper oxidases.

Cytochrome bo3 from Escherichia coli belongs to the A-type
superfamily of the heme-copper oxidases and is expressed

under aerobic conditions.1,2 The enzyme catalyzes the
reduction of dioxygen to water by oxidizing ubiquinol (QH2)
to ubiquinone (Q) and couples the redox reaction to the
translocation of protons across the plasma membrane.3 The
enzyme is also able to reduce nitric oxide (NO) to nitrous
oxide (N2O), although with low turnover.4 The bo3 enzyme
contains four subunits, with the three redox centers, the low-
spin heme b, and the binuclear center, heme o (o3) and CuB, in
subunit I;5 the heme o3/CuB site is analogous to the heme a3/
CuB site found in the mitochondrial cytochrome c oxidase,
CcO.6 The high-spin heme o3 has the same structure as that of
heme a except the formyl group is replaced by a methyl group.7

Unlike the aa3 oxidases, the bo3 enzyme does not contain the
dinuclear CuA center. Rather, heme b receives electrons from a
bound ubiquinol molecule.8 There is considerable experimental
evidence indicating that cytochrome bo3 has two ubiquinone
binding sites, a low affinity site (QL), at which the substrate is
oxidized from ubiquinol to ubiquinone, and a high affinity site,
QH, which is proposed to mediate electron transfer from QL to
the metals centers.9−11 Figure 1 shows the active site of the E.
coli bo3 with ubiquinone-2 modeled into the proposed QH site.5

The kinetics of O2 reduction to water has been extensively
studied in the mitochondrial bovine heart enzyme using

transient absorption spectroscopy in combination with the
CO flow-flash method (see refs 12−14 for review), in which
the reaction is initiated by photolyzing the CO-bound enzyme
in the presence of O2.

15 Four processes have been resolved, and
the reaction has generally been analyzed in terms of a
unidirectional sequential mechanism. In this mechanism, the
fully reduced enzyme (R) binds O2 to form compound A,
followed by the simultaneous breaking of the O−O bond and
the oxidation of the low-spin heme a, which generates the PR

intermediate. Subsequent proton uptake forms the oxyferryl
(F) intermediate, concomitant with a partial rereduction of the
low-spin heme a by CuA. This step is followed by proton
uptake and electron transfer to the binuclear center to form the
oxidized (O) intermediate (for review see refs 12−14).
Because of the complexity of the bovine enzyme and the

general inability to assess the role of specific residues in ligand
binding and electron and proton transfer through mutagenesis
in this enzyme, bacterial heme-copper oxidases, including E. coli
bo3, are frequently used as models for the mitochondrial
enzyme. Early transient absorption flow-flash studies on the
reaction of O2 with cytochrome bo3 showed either monophasic
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or multiphasic kinetics depending on the isolation proce-
dure.8,16−18 Monophasic kinetics were observed when the
enzyme was isolated using the detergent Triton (TX), which
removed the bound ubiquinone, while multiphasic kinetics
were observed for the ubiquinone-bound enzyme isolated with
dodecylmaltoside (DM).8 The mechanism of O2 reduction by
the ubiquinone-bound bo3 has been postulated to be analogous
to the unidirectional sequential mechanism discussed above for
the bovine heart enzyme. Three kinetic phases, with time
constants of 45 μs, 700 μs, and 4 ms, have been reported.18 The
first phase was assigned to the oxidation of heme o3 and b and
the formation of the “peroxy” (P) intermediate, while the
second and third phases were attributed to electron transfer
from ubiquinol (QH2) to heme b, and electron transfer from
heme b to the binuclear center, respectively.18 The spectrum of
the dioxygen-bound intermediate, compound A, was not
resolved,18 presumably because the O2 binding is rate-limiting
for the subsequent electron transfer process.
In this study, the reactions of O2 and NO with the fully

reduced E. coli bo3 were investigated by time-resolved optical
absorption spectroscopy using the CO flow-flash technique.
The reactions were monitored using multiwavelength detec-
tion, which allowed us to resolve the early intermediates,
including compound A. We demonstrate that ubiquinol/
semiquinone plays a complex role in the O2 reduction
mechanism by E. coli bo3, which distinguishes the mechanism
of O2 reduction by bo3 from the conventional mechanism based
on experiments on the bovine enzyme.

■ MATERIALS AND METHODS

Growth and Purification of bo3. The wild type bo3
enzyme was isolated from an E. coli strain overexpressing the
enzyme (BL21 strain and pET plasmid) and purified as
described previously.19 The enzyme was tagged with a poly-
histidine tail for easy isolation by a Ni2+-NTA type column

matrix. The final enzyme was solubilized in 50 mM K-
phosphate (pH 7.5) chloride-free buffer containing 0.05% n-
dodecyl-β-D-maltoside detergent (Affymetrix) to ensure that
the quinone remained bound to the enzyme. The purified
enzyme was characterized by its UV−visible spectra.10 The
amount of ubiquinone-8 in the purified bo3 preparations was
determined by quinone extraction, followed by reversed phase
HPLC analysis.11 The enzyme homogeneity was assessed by
heme analysis using a previously described procedure.11

Sample Preparation. The reduced enzyme was prepared
by taking the oxidized enzyme through alternating cycles of
vacuum and nitrogen, followed by the addition of ruthenium
hexamine and ascorbic acid (final concentrations of 10 μM and
2 mM, respectively). The fully reduced CO-bound enzyme was
attained by incubating the reduced enzyme under CO for 30−
60 min.

Time-Resolved Optical Absorption Measurements.
The reactions of O2 and NO with the fully reduced bo3 were
investigated in the presence of CO using the CO flow-flash
method.15 The fully reduced CO-bound enzyme was mixed in a
1:1 ratio with O2- or NO-saturated buffer, followed by laser
photolysis of the CO bound to heme o3

2+ with a 532 nm laser
pulse from a Q-switched DCR-11 Nd:YAG laser (∼7 ns full
width at half-maximum).20

The time-resolved optical absorption difference spectra
(post- minus prephotolysis) were collected at logarithmically
spaced delay times from 1 μs to 20 ms. The data were analyzed
with singular value decomposition (SVD) and global
exponential fitting using programs written in Matlab (Math-
works),20−23 followed by algebraic kinetic analysis. The validity
of a proposed mechanism was judged by the quality of the
produced intermediate spectra and their agreement with model
spectra when available.

Figure 1. E. coli bo3 subunit I (PDB 1FFT, 5) as viewed from within the bacterial membrane (left), and the binuclear center (BNC), low-spin heme
b, and surrounding residues as viewed from the positive side of the bacterial membrane (right). Also included is a model of ubiquinol-2 in the
proposed binding site of Abramson et al.5
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■ RESULTS
Heme and Quinone Analysis. Heme analysis of the

purified cytochrome bo3 preparations resulted in a heme b/
heme o ratio of 1:1, indicating the absence of the cytochrome
oo3 species previously observed in various E. coli strains. The
quinone content varied between 1.1 and 1.3 quinone/enzyme.
Reaction of the Fully Reduced bo3 with O2 Using the

CO Flow-Flash Method. The time-resolved optical absorp-
tion difference spectra (post- minus prephotolysis) recorded
following photolysis of the fully reduced CO-bound wild-type
E. coli bo3 in the presence of O2 are presented in Figure 2. On

the basis of the assumption that all the processes involved in
the O2 reduction follow first-order kinetics, the data matrix, A,
can be fitted globally to a sum of time-dependent exponential
functions:

∑= − +b rtA Rexp( )
i

i i

where ri are the apparent rate constants and bi are the pre-
exponential factors at each wavelength λ, the so-called b-
spectra. The fit is considered satisfactory when the matrix of the
residuals, R, contains only random noise. Direct fitting of the
data matrix is cumbersome, and applying singular value
decomposition (SVD) to the data matrix greatly simplifies
the global exponential fit by reducing the number of time-
dependent vectors subject to the fit.20,22,24 In the SVD analysis,
the data matrix is split into three matrices: A = U*S*VT, where
the columns of the U matrix are the orthonormal basis spectra,
and the orthonormal V matrix contains the corresponding time-
dependent vectors. The diagonal matrix S contains the
significance values, i.e. the contributions of the U and V vector
pairs to the data. Because there are only a few intermediates
involved in the reaction, a limited number of orthogonal U and
V basis vector pairs reproduces the data matrix; the remainder
merely represents experimental noise.
On the basis of their significance values and shapes, six U and

V vector pairs were found to contain the kinetic information;
the rest, with relative significance below half percent, was
regarded as noise. The selected V vectors were subject to global
exponential fitting using three, four, and five exponential
functions. The residuals of the fit, V − Vreproduced, are shown in

Figure 3 together with the level of noise represented by the last
six least significant V vectors from the SVD. Each curve in

Figure 3 is weighted by the corresponding singular value to
represent its proper contribution to the data. It is clear that only
the combination of five exponential functions reduces the
residuals to the experimental noise level. The lifetimes (1/ri) of
the five-exponential fit are 22 μs, 30 μs, 42 μs, 470 μs, and 2.0
ms; the three longest lifetimes have been reported previously.18

The 22, 30, and 42 μs lifetimes are of primary importance in
our effort to resolve the early steps of O2 reduction by bo3.
These lifetimes are very close in value and, in most cases, fits of
this nature cannot be regarded as unique solutions. Indeed, by
varying the three lifetimes in this narrow time window, we
found other combinations that produced fits with similar
residuals. However, while all combinations suggested the same
kinetic pattern when analyzed by the technique outlined below,
only lifetimes with the average values reported here resulted in
acceptable intermediate spectra. The b-spectra corresponding
to these lifetimes were calculated using the U vectors and the
results of the five-exponential V-vector fit. When lifetimes are as
close as the ones reported here, the b-spectra become very
complex, large in amplitude, and difficult to interpret in terms
of transitions between intermediates. Converting the b-spectra
into intermediate spectra of a unidirectional sequential scheme
greatly simplifies the kinetic analysis, and this approach will be
followed below.

Deriving the Kinetic Mechanism. The apparent rate
constants obtained from the global exponential fit do not
represent the actual microscopic rate constants of the reaction
steps (except for a unidirectional sequential scheme). Rather,
the exponential time dependence observed in a data set is a
mathematical consequence of the reaction steps all being first
order or pseudo-first order. A proposed mechanistic model
connects the apparent rate constants to the microscopic rate
constants, and the b-spectra to the spectra of the intermediates
in the reaction.20 The mechanism is considered valid if the
experimentally derived intermediate spectra have the shapes
and amplitudes expected for the intermediates in the scheme or

Figure 2. Time-resolved optical absorption difference spectra (post-
minus prephotolysis) recorded following photodissociation of the fully
reduced CO-bound wild-type E. coli bo3 enzyme in the presence of O2
(625 μM). The Soret and visible spectra were recorded together at
logarithmically spaced time delays between 1 μs and 20 ms. The
arrows indicate the direction of change with time. The blue and green
traces represent the first (1 μs) and last (20 ms) time points,
respectively.

Figure 3. Residuals of three, four, and five exponential fits to time-
dependent V vectors, namely, V − Vreproduced, together with the level of
noise represented by the last six least significant V vectors from the
SVD. Each curve is weighted by the corresponding singular value to
represent its proper contribution to the data, and each group is
displaced for clarity.
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if they can be favorably compared to model spectra available for
the respective intermediates. The simplest mechanism is the
conventional unidirectional sequential mechanism in which
decreasing values of the experimental apparent rate constants,
or increasing values of the apparent lifetimes, are assigned to
the microscopic rate constants of consecutive steps.
Constructing a mechanism for the reaction of O2 with E. coli

bo3 requires either model spectra of the different bo3 forms or
spectra of intermediates obtained from O2 reduction experi-
ments on similar well-characterized cytochrome c oxidases, such
as bovine aa3 oxidase. In this study, model spectra were linear
combinations of the ground-state spectra of the bo3 in different
oxidation and ligation states and, as discussed below, analogous
frequency-shifted intermediate spectra of the bovine enzyme.
The spectra of compound A and the P and F forms of heme a3
used in modeling the bo3 intermediates are derived from the
actual intermediate spectra of the bovine enzyme obtained from
CO flow-flash experiments.
Intermediate Spectra Based on a Conventional

Sequential Mechanism. The intermediate spectra for the
reaction of O2 with fully reduced bo3 were first determined
based on the conventional unidirectional sequential mechanism
(Scheme 1), in which increasing lifetimes (decreasing rates)
were assigned to consecutive steps.

The spectra of the first two intermediates of bo3 in Scheme 1,
R (reduced enzyme) and Int 2, are shown in Figure 4 (blue
curves) together with the corresponding intermediate spectra of

the bovine enzyme (Figure 4, green curves). For easier
comparison, the amplitudes of all the bovine aa3 intermediate
spectra are normalized based on matching the maximum
absorbances of the reduced forms of the two enzymes (Figure
4a). The amplitude difference in the trough of the intermediate
difference spectra is attributed to the larger extinction
coefficient of the CO-bound bo3 enzyme, arising from its
narrower bandwidth, compared to the CO-bound bovine aa3
enzyme and will be discussed in more detail below. While the
spectrum of the fully reduced intermediate (R) of bo3 (Figure
4a, blue trace) is similar to the analogous intermediate
spectrum of the bovine enzyme (Figure 4a, green trace),
except for a wavelength shift, it is clear that when the
conventional mechanism is applied to the bo3 data, the shape of
the Int 2 spectrum of the bo3 (Figure 4b, blue trace), presumed
to represent the O2-bound compound A form, is very different
from that of the bovine compound A spectrum (Figure 4b,
green trace). The reason for requiring similar compound A
spectral shapes for the different enzymes will be addressed
below. Judging from its shape alone, Int 2 of bo3 in Scheme 1
contains a substantial amount of the reduced form (Figure 4b,
blue trace), which could occur if O2 binding were reversible.
Whether this is the case in bo3 can be tested by using the
algebraic kinetic approach we applied previously in our studies
of Thermus thermophilus ba3.

20 Introducing reversible O2
binding, changes the first step in the conventional scheme
(Scheme 2).

Our previous analysis of T. thermophilus ba3 showed that the
ratio of the observed apparent rates (r1 and r2) assigned to the
two steps of Scheme 2 restricts the degree of reversibility
allowed in the scheme, i.e., the value of K = k12/k21 must be
larger than its minimal value, Kmin = 4 r1r2/(r1 − r2)

2 (for details
see ref 20). Considering all the combinations of the three
fastest rates (shortest lifetimes), the smallest value for Kmin is
∼8, which corresponds to the 22 and 42 μs lifetime
combination; the 22 and 30 μs, and the 30 and 42 μs lifetime
combinations both give higher values for Kmin. A Kmin value of 8
corresponds to a very forward-shifted equilibrium or practically
nonreversible O2 binding, and it does not support the presence
of a large fraction of the reduced form in the second
intermediate spectrum of bo3.

The Slow-Fast Mechanism. The analysis above shows that
the difference between the experimental Int 2 and model
compound A spectra cannot be explained by the conventional
sequential mechanism having a reversible O2 binding. The
algebraic kinetic analysis shows that meaningful spectra of the
second and third intermediates in the bo3 O2 reaction can only
be obtained by using the mechanism in Scheme 3, in which the
42 μs lifetime is assigned to the first step, followed by two faster
steps, with lifetimes of 22 and 30 μs. We will refer to this
mechanism as the slow-fast mechanism. When a slow step

Scheme 1. Conventional Unidirectional Sequential
Mechanism of O2 Reduction by E. coli bo3

Figure 4. Spectra of the first two intermediates of bo3 in the
conventional (fast-slow) unidirectional sequential O2 reduction
mechanism (Scheme 1), R (panel a, blue curve) and Int 2 (panel b,
blue curve) and the corresponding intermediate spectra of the bovine
enzyme (green curve). The amplitudes of the bovine aa3 intermediate
spectra are normalized based on matching the maximum absorbances
of the reduced forms of the two enzymes in panel a. The red curve in
panel b represents the spectrum of compound A of bo3 obtained using
the slow-fast mechanism in Scheme 3.

Scheme 2. Reversible O2 binding

Scheme 3. Slow-Fast Sequential Mechanism for the Reaction
of O2 with the Fully Reduced E. coli bo3
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precedes a faster one in a reaction sequence, it is frequently
difficult to isolate the intermediate resulting from the slow step.
Nevertheless, using the combination of rates in Scheme 3, we
are able to extract the spectra of the previously unresolved
intermediates, compound A and Int 3.
Intermediates 1 and 2. As expected, the experimental

spectrum of the first intermediate, the fully reduced enzyme
(R), determined based on Scheme 3 and referenced versus the
fully reduced CO-bound form, is the same as that obtained
using the conventional fast-slow mechanism in Scheme 1
(Figure 4a, blue curve).
Figure 4b compares the spectrum of compound A of bo3

obtained using the slow-fast mechanism in Scheme 3 (red
trace) and that of Int 2 of the conventional fast-slow
mechanism in Scheme 1 (blue trace) to the bovine AR
intermediate spectrum (green curve). The spectrum of
compound A for the bo3 enzyme produced by the slow-fast
mechanism shows none of the reduced form observed when
using the conventional (fast-slow) scheme, and the shape of the
bo3 compound A (red trace) is similar to that of compound A
of the fully reduced bovine enzyme (green trace). As noted
above, the intensity difference in the trough between the two
spectra is due to the higher extinction coefficient of the CO-
bound o3 form than that of the a3-CO form. The 42 μs lifetime
of the first step at 625 μM O2 corresponds to a second-order
rate constant of ∼3.8 × 107 M−1 s−1 for O2 binding. This rate is
∼2.5 times slower than observed in the bovine and Rs aa3
enzymes, also both of the A-family.
Intermediates 3, 4, 5, and 6. The intermediate formed on

the 30−50 μs time scale in the conventional fast-slow
unidirectional sequential mechanism for the bovine enzyme is
the so-called PR intermediate in which heme a3 is presumed to
be in the oxyferryl P state and the low-spin heme becomes
oxidized. Using the slow-fast mechanism for the reaction of O2
with reduced bo3 (Scheme 3), we resolved in addition to
compound A, two more intermediates in the 20−50 μs time
window, Int 3 and Int 4, the spectra of which are shown in
Figure 5a and 5b (blue curves), respectively. Using the known
heme b reduced-minus-oxidized difference spectrum, a good
estimate of the heme b contribution to the experimental
intermediate spectra can be made. Subtracting the respective
heme b contribution (Figure 5, green curves) from the
intermediate spectra yielded the spectra of the heme o3 in the
different intermediates (red curves). These two principal
components, heme o3 and heme b, of the intermediate spectra
will aid in the derivation of the kinetic mechanism. In the slow-
fast mechanism, heme b gets completely oxidized in Int 3, in
contrast to becoming partially oxidized when the traditional
fast-slow mechanism is used (not shown). The nature of heme
o3 in Int 3 will be discussed in more detail below.
The spectrum of Int 4 is the same irrespective of which one

of the two mechanisms, slow-fast or fast-slow, is used. This is
expected because Int 4 is the last member in the chain of the
fast (early microsecond) events and it has a relatively long, ∼0.5
ms, decay time. The oxidized heme b in Int 3 becomes 60%
rereduced during the 30 μs formation of Int 4. Heme a
rereduction in the bovine enzyme is generally associated with
the formation of the F intermediate and takes place on a
significantly longer time scale (∼100 μs lifetime).25−27 In
earlier studies of the O2 reaction in bo3, only one intermediate
was resolved in the 20−50 μs time window.18 This intermediate
was characterized as PR, the analogue of the bovine PR
intermediate.

The experimental spectra of Int 5 and Int 6 are shown in
Figure 5, panels c (blue curve) and d (blue curve), respectively.
The level of heme b oxidation remains unaltered in the 470 μs
transition from Int 4 to Int 5 as reflected by the same
amplitude of the green curves in Figure 5b and 5c, and
complete oxidation of heme b is attained only during the 2 ms
formation of Int 6 (Figure 5d, green curve). In earlier studies
on the O2 reaction in bo3, the end product was formed with a 4
ms lifetime and was assigned to the fully oxidized form, while
the preceding intermediate, produced with 700 μs lifetime, was
attributed to the partial reduction of heme b by the ubiquinol.18

A brief comparison of the amplitudes of the o3 spectral
contributions in Int 5 and Int 6 at 400 nm, the wavelength at
which the absorbance is mostly due to the oxidized o3 form
(Figure 5c and 5d, red curves), shows that Int 5 is more likely
to be the oxidized form of o3 than Int 6. From the brief
description of the intermediates above, it is clear that we cannot
draw a direct analogy between the kinetics of the bovine
enzyme and that of bo3.

Reaction of Fully Reduced Wild-Type bo3 with NO. In
order to confirm the assignment of the 40 μs lifetime to the O2
binding step, we investigated the binding of NO, a substrate
analogue for O2, to heme o3

2+. NO binds to the bo3 enzyme
without subsequent redox chemistry, which allows us to
determine the rate of ligand binding accurately and
unambiguously. Although bo3 does have some NO reductase
activity, the reduction of NO to N2O takes place on millisecond

Figure 5. Experimental spectra of intermediates 3, 4, 5, and 6
determined based on the slow-fast unidirectional sequential mecha-
nism in Scheme 3 (blue curves). The spectral contributions of the o3
reaction center (red curves) and heme b (green curves) to the
intermediate spectra are shown separately. All the spectra are
referenced versus the fully reduced CO-bound enzyme. The heme b
is fully oxidized in Int 3, 60% reduced in Int 4 and Int 5, and fully
oxidized in Int 6. The contribution of heme o3 was obtained by
subtracting the heme b contribution from the corresponding
intermediate spectra.
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time scale,4 and thus it does not interfere with the much faster
binding process reported here.
The time-resolved difference spectra (post- minus prepho-

tolysis) following photolysis of the fully reduced CO-bound bo3
enzyme in the presence of NO (50% saturated NO solution;
0.9 mM after mixing) are presented in Figure 6a. The SVD-

based global exponential fitting resolved one lifetime of 33 μs;
the corresponding b-spectra are shown in Figure 6b. The single
lifetime of 33 μs at 0.9 mM NO concentration in the presence
of CO (0.6 mM) is attributed to NO binding based on the
corresponding b-spectrum (blue trace), which has the shape of
the difference spectrum between the reduced and NO-bound
forms of bo3. This lifetime corresponds to a second-order rate
constant of ∼3.4 × 107 M−1 s−1 for NO binding, which is the
same within experimental error as found for O2 binding (∼3.8
× 107 M−1 s−1) using the slow-fast mechanism.

■ DISCUSSION
The early flow-flash studies on the reaction of O2 with the fully
reduced E. coli bo3 were complicated by the observation of
different types of kinetics, monophasic versus multiphasic,
depending on the isolation procedure and the strain used for
the overexpression of the enzyme.8,17 In the current work, the
quality of the isolated E. coli bo3 is improved over that used in
previous studies so that the heme content is consistently 1
heme b/1 heme o3 and there is no oo3 species present. While
the monophasic kinetics obtained in previous studies could be
attributed to the ubiquinone-depleted enzyme and the
multiphasic kinetics to the ubiquinone-bound enzyme,8 the
binding of O2 to the heme o3 was not resolved, and the spectra
of the intermediates were not determined. To successfully
address this issue, we collected absorption spectra over a broad
wavelength range and in a wide time window. Combining this
data collection with a rigorous algebraic kinetic analysis allowed
us to derive the complete kinetic mechanism for the O2
reduction by bo3, which involves an unusual combination of
fast reaction rates that could not be resolved earlier.
As discussed above, the first step in our strategy for resolving

the chemistry in the kinetic steps of the O2 reaction in E. coli
bo3 was the separation of the contributions made by heme b

and the o3 reaction center to the intermediate spectra. The
second step, addressed below, involves identifying the state of
the o3 reaction center in the intermediates. To accomplish this
goal, we rely on the known spectral shapes of the bovine a3
reaction center in its different states, including compound A,
and P and F. For a direct comparison of the spectra of the o3
and a3 forms, we developed the spectral-shift method outlined
below.

Modeling the bo3 Enzyme Intermediates with Bovine
Enzyme Intermediate Spectra. The spectra of the o3
reaction center in E. coli bo3 and a3 in the bovine enzyme
cannot be overlaid by shifting one spectrum on the wavelength
scale because the bovine aa3 absorbance spectra are red shifted
by ∼25 nm in the visible region and by ∼13 nm in the Soret
region relative to the o3 spectra (Figure 4). However, the
spectral forms of heme o3 compare favorably with those of
heme a3 after shifting the latter on the energy or frequency
scale. This energy scale shift compensates for the difference in
energy gap between the electronic states of the two hemes
while leaving the shape of the energy distribution unaltered.
The net effect of applying the energy scale approach is a blue
shift of the bovine spectra, the extent of which depends on the
λmax of the bands, and some narrowing of the shifted bands
when visualized on the wavelength scale. This technique was
tested on the reduced-minus-reduced-CO difference spectra of
heme a3 and heme o3. As expected and shown in Figure 7a,

shifting the a3 spectrum on the energy scale results in different
shifts of the absorption maxima in the Soret region versus those
in the visible region when viewed on the wavelength scale,
resulting in a reasonable match between the positions of the
peaks in the spectra of the two enzymes in both spectral
regions. Applying the same amount of energy shift also results
in a good agreement between the absorption maxima of the
oxidized a3 and o3 absorption spectra and, as illustrated below,

Figure 6. (a) Time-resolved optical absorption difference spectra
(post- minus prephotolysis) of the reaction of fully reduced E. coli bo3
with NO following photolysis of the CO-bound enzyme. The Soret
and visible spectra were recorded at 15 delay time points,
logarithmically spaced between 0.2 μs to 10 ms. The NO
concentration after mixing was 0.9 mM. (b) b-spectra resulting from
a single-exponential fit of the time-resolved optical absorption
difference spectra. The blue curve shows the spectral change
corresponding to the 33 μs lifetime, and the green curve (b0)
represents the spectrum extrapolated to infinite time.

Figure 7. (Blue curves) The experimental spectra of Int 1 (R) (a) and
Int 2 (A) (b) in the reaction of reduced bo3 with O2 in the slow-fast
mechanism in Scheme 3. (Green curves) The frequency-shifted
spectra of the reduced enzyme, Rsh, and compound A (Ash) obtained
from a CO flow-flash experiment on the reaction of the reduced
bovine enzyme with O2. The spectra are all referenced versus the
respective fully reduced CO-bound enzyme.
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this is also the case for other known intermediates generated
during the O2 reaction.
Compound A. The mechanism of the reduction of

dioxygen to water in E. coli bo3 has been postulated to be
analogous to the mechanism commonly proposed for the
bovine heart enzyme (Scheme 1) based on previous CO flow-
flash studies of the fully reduced bo3.

8,18 An apparent lifetime of
27 μs at 1.25 mM O2 was attributed to O2 binding to fully
reduced bo3,

16 which corresponds to a second-order rate
constant of 3 × 107 M−1 s−1; the same O2 binding rate was
observed for the chloride-treated enzyme (monophasic kinetics
and presumably ubiquinone-depleted enzyme) and the sulfate-
treated enzyme (multiphasic kinetics and ubiquinone-contain-
ing enzyme). The spectrum of compound A was not resolved at
room temperature, and the O2 binding was postulated to be a
rate-limiting step in the dioxygen reduction.16

Our kinetic analysis that produced the slow-fast mechanism
does show that the O2 binding is rate limiting for the
subsequent electron transfer process, and using this scheme
also allowed us to extract the spectrum of compound A.
However, it should be noted that in our search for the proper
scheme, we required that the spectrum of the second
intermediate be similar in shape to that of compound A of
the bovine enzyme. This requirement is not without merit as it
is based on the general trend seen in the spectra of the high-
spin heme in the heme-copper oxidases interacting with
dioxygen/oxygen in different forms, particularly those of
compound A, P, and F states. The strongly allowed Soret
transitions of A, P, and F all have practically the same λmax,
spectral widths, and extinction coefficients. When the high-spin
heme interacts with CO, the λmax of the Soret transition is
practically the same as for the A, P, and F forms. However, the
bandwidth becomes smaller and the peak extinction coefficients
of the CO-bound forms are somewhat larger, suggesting that
the oscillator strength is similar to that of A, P, and F. As a
result, when the spectrum of compound A is referenced against
the respective CO-bound form, the difference spectrum shows
only a trough with a small hump on either side (Figure 7b).
The depth of the trough and the height of the humps depend
on how narrow the spectrum of the reduced CO-bound
enzyme is relative to that of the O2-bound state. The spectrum
of the CO-bound form of heme o3 is apparently narrower than
that of heme a3; hence the trough in the compound A-minus-
reduced-CO difference spectrum of o3 is deeper, and the humps
are somewhat taller than seen in the corresponding a3
difference spectrum (Figure 7b, blue and green curves,
respectively). As shown below, the same argument applies to
the difference spectra of P and F (referenced against the CO-
bound form).
The difference spectrum of the bo3 compound A in our study

is very similar to the first spectrum recorded following
photolysis of fully reduced CO-bound cytochrome bo3 in
membrane suspensions in the presence of O2 at −80 °C; in this
first difference spectrum (0.1 min after photolysis), the 430 nm
peak due to the reduced heme o3 has decayed as a result of O2
binding.28 Time-resolved resonance Raman studies on the
reaction of reduced E. coli bo3 with O2 indicated the
accumulation of compound A between ∼0−20 μs at 5 °C
based on a stretching frequency of 568 cm−1.29

The Nature of Int 3 and Int 4. To identify the state of
heme o3 in the bo3 Int 3 and Int 4 in Scheme 3, the respective
o3 spectra, without the spectral contributions of heme b, are
shown in Figure 8a and 8b (blue curves), together with the

frequency-shifted bovine P and F spectral forms (red and green
curves, respectively). It is clear that Int 3 in the bo3 enzyme
(Figure 8a, blue) does not match the frequency-shifted P form
of the bovine enzyme in the more characteristic visible region
(Figure 8a, red) and that there appears to be a better agreement
with the frequency-shifted F form (Figure 8a, green). However,
considering the small accumulation of Int 3 and its minor
contribution to the recorded spectra (as reflected by the rather
low signal-to-noise ratio), it cannot be stated with certainty that
a small fraction of the bo3 Int 3 is not P. Moreover, this
comparison assumes that the bovine aa3 P and F forms are
good representatives of the analogous states of bo3. The fraction
of P in Int 3, which we estimate to be ∼30%, could be larger or
smaller depending on the exact spectral shape of the P form of
the bo3.

30,31 The much more accurate Int 4 spectrum is in very
good agreement with the frequency-shifted bovine F form,
particularly in the less precise but more characteristic visible
region (Figure 8b). It is safe to conclude that the intermediate
we observe at the end of the early microsecond time scale, ∼ 50
μs, is not a P but rather an F form.
The observation that compound A is converted rapidly to an

F-like intermediate differs from recent findings on the dioxygen
reduction mechanism in T. thermophilus ba3, which does not
include the 580 nm F state.20,32,33 The results reported here are
more in line with multiwavelength time-resolved optical
absorption studies on the bovine enzyme in our laboratory,
which showed that PR is not a pure P form but rather a mixture
of the P, F, and compound A forms.23 Moreover, recent time-
resolved optical absorption studies on R. sphaeroides aa3 in our
laboratory demonstrated that at least at neutral pH (7.4) PR is
not observed in the O2 reduction mechanism of this enzyme
and that compound A is converted to the F intermediate.34 The
failure to detect P during O2 reduction in R. sphaeroides aa3

34

and the observation of a limited P fraction in E. coli bo3 (current
study) do not necessarily invalidate a hypothetical mechanism
that includes a very short-lived P-like intermediate state. The

Figure 8. (Blue curves) The experimental spectra of heme o3 in Int 3
(a) and Int 4 (b) in the slow-fast mechanism (Scheme 3). (Red and
green curves) The frequency-shifted bovine P (Psh) and F (Fsh)
spectral forms, respectively, obtained from a CO flow-flash experiment
on the reaction of the bovine enzyme with O2. The spectra are
referenced versus the corresponding reduced CO-bound enzyme.
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short lifetime of P might arise from very fast proton transfer,
leading to nearly instantaneous conversion of P to F, compared
to slower electron transfer from the low-spin heme to the
binuclear site.34 Time-resolved resonance Raman experiments
identified an oxyferryl F intermediate during the reaction of
reduced E. coli bo3 with O2 based on a stretching frequency of
788 cm−1,29 which is close to the frequency reported for the
oxyferryl F intermediate of the bovine enzyme (785
cm−1);35−37 the 788 cm−1 band in E. coli bo3 has been
correlated with the 557 nm absorption band of the oxyferryl F
state.38 Importantly, the rise time of the oxyferryl F
intermediate of the bo3 quinol oxidase (∼20−40 μs at 5 °C)
was found to be significantly faster than that of the bovine
enzyme under similar conditions, which is in accordance with
the accelerated formation of the oxyferryl, F, intermediate
reported here. In the bovine enzyme, two oxygen-sensitive
bands identified at 804 and 786 cm−1 during the reaction of O2
with the reduced enzyme were attributed to P and F,
respectively.39 The former was not observed in the E. coli bo3
enzyme.29

The spectrum of Int 4 generated on ∼30 μs time scale
(Figure 5b, blue curve) shows substantial, ∼60%, reduction of
the low-spin heme b, with heme o3 being in the F state. The
electron donor to heme b is assumed to be the ubiquinol,
producing semiquinone. The electron transfer from ubiquinol
to heme b observed here is significantly faster than reported
earlier (∼700 μs).18

Intermediate 5. The spectral amplitude of heme o3 in Int 5
(Figure 5c, red curve) is the largest among all the intermediates
around 400 nm where the oxidized heme o3 absorbs. This
strongly suggests that the 470 μs process involves the
conversion of the o3 F state in Int 4 to the o3 oxidized O
state in Int 5 and, significantly, that this conversion occurs
without the simultaneous oxidation of the reduced heme b. This
conclusion is supported by Figure 9a, which shows the
difference between the experimental Int 4 and Int 5 spectra
(blue curve), the difference between the bovine frequency-
shifted F and O forms (green curve) and the bench-made
difference spectrum between the o3 F and the oxidized o3

3+

forms obtained from the reaction of the oxidized bo3 with H2O2
at pH 9 (red curve). It is postulated that the electron required
to convert the oxyferryl o3 F state to the oxidized o3

3+ state is
supplied by the semiquinone/ubiquinol mixture present.
Whether the electron is donated directly to heme o3 or
indirectly via heme b is an open question. The choice of path
depends on the detailed structure of the energy landscape
separating the electron donor from the acceptor. The timing of
the 470 μs process may be linked to and controlled by the rate
of proton transport in the protein similar to that reported for
the final oxidation step in the bovine enzyme.40,41 Previous
flow-flash studies of the reaction of fully reduced bo3 with O2
indicated proton release on the 550 μs time scale.18

Intermediate 6. A comparison of the green curves in Figure
5c and 5d shows that the final step in the mechanism involves
the complete oxidation of heme b with 2 ms lifetime.
Concomitantly, the reduction in amplitude of the o3 form
around 400 nm in Figure 5d as compared to Figure 5c (red
curves) indicates that the oxidized o3 in Int 5 becomes partially
rereduced in Int 6 and, following O2 binding, regenerates a
form, which is apparently very similar to that of Int 3. This is
reflected in Figure 9b, which shows the difference spectrum
between the final intermediate, Int 6, and Int 5 (blue curve),
and 60% of the difference spectrum between Int 3 and Int 5

(green curve) after subtracting the heme b contribution from
each of the intermediate spectra involved. It should be noted
that the shape of the difference spectra in the visible region
suggests that some P is present in both Int 3 and Int 6. The
source of every electron necessary (1.2 electron equivalents) for
the partial rereduction of the binuclear reaction center is not
known. A total of one electron could come from heme b (0.6)
and the semiquinone (0.4) and the remainder could originate
from ubiquinol present in the sample in excess of 1 equiv of
quinone/enzyme, i.e., at the QLsite, and be mediated to the
binuclear site through the QH site; the rate of electron transfer
from the QL site to QH does not appear to be a limiting factor.
The extra electron equivalent (0.6) required to split the O2
bound to the o3 center may originate from QL, if present in
sufficient amount. The cross-linked tyrosine may also serve as
an electron donor.

The Molecular Mechanism. On the basis of the analysis
above, we propose the mechanism in Scheme 4 (top) for the
reduction of dioxygen to water in E. coli bo3. Scheme 4
(middle) represents possible intermolecular electron shuffling
on early millisecond time scale funneling the available electrons
to a fraction of the molecules, creating 60% of the transient
partially reduced form (RM) and 40% of the oxidized form.
While the electrons in the RM state are expected to be
redistributed among the redox centers according to their
electrochemical potentials, for simplicity, the electrons are
assigned to the binuclear center, which generates the equivalent
of a “mixed-valence” reduced state.
The bottom part of Scheme 4 shows a plausible route from

the transient RM state (60% of the original enzyme population)
to the observed P/F intermediate during the second turnover
cycle. Because our enzyme preparations contain between 1.1

Figure 9. (a) The difference between the bo3 experimental spectra of
Int 4 and Int 5 (blue curve), the difference between the bovine aa3
frequency-shifted F and O spectral forms (Fsh − Osh; green curve) and
the bench-made difference spectrum between the o3 F and the oxidized
o3

3+ forms obtained from the reaction of the oxidized bo3 with H2O2 at
pH 9 (red curve). (b) The difference spectrum between the final bo3
intermediate, Int 6, and Int 5 (blue curve), and the 60% of the
difference spectrum between the bo3 Int 3 and Int 5 (green curve)
after subtracting the heme b contribution from each of the
intermediate spectra involved.
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and 1.3 ubiquinone/enzyme, the extra electron equivalent
(∼0.6 in the above scheme) required to break the O−O bond
during the second cycle is postulated to come from the cross-
linked tyrosine.
Figure 10 shows the concentration profiles of the

intermediates in the slow-fast mechanism (Scheme 4) as a

function of time. Although the 42 μs O2 binding is followed by
two faster steps, a small, but still observable, accumulation of
the previously undetected compound A is predicted and indeed
resolved. Despite the similar accumulation of compound A and
P/F, it is much more difficult to resolve the latter than the
former because of the almost identical absorption spectra of the
“oxygen-bound” A, P, and F forms in the Soret region, the
spectral region that drives the global exponential fit due to its
high extinction coefficients. Because heme b oxidation in P/F is
quickly followed by its rereduction, the spectral contribution
coming from heme b is on the borderline of the detection limit.
Role of Ubiquinol/Semiquinone in the Catalytic

Mechanism. The involvement of ubiquinol and semiquinone
in the O2 reduction mechanism described above is supported
by previous studies. Cytochrome bo3 displays a semiquinone
EPR signal when the enzyme is partially reduced.43,44 The
stabilization of the one-electron reduced form at the high

affinity site (QH) is consistent with the ubiquinone at this site
being capable of being reduced by two electrons, and
subsequently transferring the electrons one at a time to an
electron acceptor, which is considered to be heme b.11 Rapid
freeze-quenching EPR experiments have also indicated that
semiquinone formed at the QH site is an intermediate in the
catalytic reduction of dioxygen to water by bo3.

45 Furthermore,
the generation of semiquinone in E. coli bo3 has been
demonstrated by pulse radiolysis, using N-methylnicotinamide
as a mediator.46 Following the 10 μs formation of the
semiquinone after pulse radiolysis, the semiquinone in turn
reduced both heme b and heme o3 with a first-order rate
constant of 1.5 × 103 s−1 (670 μs). Significantly, this lifetime is
quite similar to the 500 μs lifetime observed in our study, which
we attribute to electron transfer primarily from the semi-
quinone to the o3 F form. As mentioned above, the electron
from the semiquinone could be donated directly to the o3
reaction center or indirectly via heme b. The authors of the
pulse radiolysis study concluded that the reduction of the
hemes must take place through heme b, which would
subsequently transfer the electron to heme o3 until equilibrium
was reached between the two hemes;46 fast electron transfer
(∼3 μs) from heme o3 to heme b has been reported in reverse
electron transfer studies on the mixed-valence CO-bound bo3
enzyme.47

Electron Transfer Rate between Ubiquinol and Heme
b. Earlier studies suggested that the 700 μs lifetime observed
during O2 reduction by bo3 represented electron transfer from
the ubiquinol to heme b,18 while our results indicate a
significantly faster rate of 30 μs. We can estimate the rate of
electron transfer between the ubiquinol and heme b using the
semiclassical electron transfer theory formulated by Marcus and
Sutin.48 The theory expresses the rate constant for electron
transfer between a donor and acceptor at a fixed distance and
orientation in terms of three parameters: the driving force for
electron transfer, −ΔGo, a reorganization parameter, λ, and the
electron coupling (HAB) between the two redox centers at the
nuclear orientation of the transition state.49 On the basis of
modeling the ubiquinone-2 into the proposed QH ubiquinone
binding site as postulated by Abramson et al.,5 we find that the

Scheme 4. Proposed Mechanism for the O2 Reduction in E. coli bo3
a

aThe [ ] are “observed” intermediates proposed based on the correspondence between the experimental and model spectra while the { }
intermediates are not observed but represent plausible transient states. The {TyrO·} is the cross-linked tyrosine radical, and the {H+} can represent
either internal or external proton release/uptake. The semiquinone is shown in a neutral form.42

Figure 10. Concentration profiles of the intermediates in the slow-fast
mechanism (Scheme 4) as a function of time.
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shortest route between the ubiquinone and heme b is through
His106, Ile102, and His98 and involves 14 covalent bonds and
3 H-bonds (total distance of ∼26 Å) (Figure 11). Previous

studies have shown that the driving-force-optimized protein
tunneling depends exponentially on the distance with HAB =
H0

ABe
−β(r−r0)/2, which yields an electron transfer rate at close

contact (r0 = 3 Å) of 1013 s−1, and H0
AB of 0.0231 eV.

50 Using a
distance decay constant β of 1.1 Å−1, based on the similarity of
our pathway to that estimated for Ru-modified proteins such as
azurins,51,52 r = 16 Å for the distance between Fe of heme b and
the center of ubiquinone-2,5 −ΔG0 of 0.04 eV at pH 7.5 (ΔE0

= E0(b3+/2+) + E0(QH2/Q·) = 0.123−0.082 = 0.041 eV44,45), λ
of 0.6 eV (most reorganization energies for biological electron
transfer reactions vary between 0.6 and 0.8), we determined the
rate of electron transfer from ubiquinol to the Fe of heme b to
be 4.2 × 104 s−1 or 24 μs, which is in good agreement with the
rate of 30 μs observed in our experiment. It should be noted
that the experimental rate constant for electron transfer from
CuA to cytochrome a in cytochrome c oxidase is similar to that
reported here, ∼50 μs.23,24,53 Moreover, the direct electron
transfer pathway from CuA to heme a involves 14 covalent
bonds (the same as we postulate for the electron transfer from
ubiquinol to heme b) and 2 hydrogen bonds, with an effective
tunneling length of 25.2 Å; a reorganization energy, λ, between
0.5 and 0.6 eV was found to reproduce the experimental rate
for the bovine enzyme.54 Preliminary results in our laboratory
on the ubiquinone-depleted cytochrome bo3 support our
conclusions of rapid (30 μs) electron injection by the bound
quinol. Some of the discrepancies between our kinetic O2
reduction mechanism in E. coli bo3 and the conventional one
reported earlier,18 namely, the rate of heme b rereduction and
the involvement of ubiquinol in both early and late steps, may
be due to differences in the ubiquinone content of the bo3
samples used in the two experiments.

■ CONCLUSIONS
Several important findings have resulted from our studies. First,
we have resolved the spectrum of the O2-bound intermediate,
compound A, in the mechanism of O2 reduction by E. coli bo3
using an algebraic kinetic approach and demonstrated directly
that the O2 binding is indeed rate limiting for the subsequent
electron transfer process. Strong support for our slow-fast
mechanism comes from a comparison of the O2 and NO

experiments, which give the same second-order rate constants
of ligand binding only when the 42 μs lifetime is assigned to O2
binding, and is followed by two faster steps. Second, compound
A decays to the F form, through a short-lived mixture of P and
F intermediates, on the 30 μs time scale, which is generally
attributed to the PR formation in the bovine enzyme. Third, the
rereduction of heme b, presumably through electron transfer
from the bound ubiquinol to generate semiquinone, occurs
with a lifetime of 30 μs, which is significantly faster than the 700
μs lifetime reported earlier.18 Fourth, the 470 μs process
involves the conversion of the o3 F form to the fully oxidized
state, o3

3+, by semiquinone/ubiquinol, while heme b does not
change redox state. Hence the ubiquinol and semiquinone
appear to be involved in electron transfer chemistry on both the
early and late microsecond time scales in the O2 reduction
reaction. Fifth, the final millisecond process involves the
reoxidation of heme b as well as partial rereduction of the
binuclear center and, following O2 binding, the formation of an
o3 oxy-ferryl P/F intermediate. The role ubiquinol plays in bo3
O2 reduction kinetics is clearly more complex than previously
thought, and determination of the molecular structures of the
QH and QL sites should help gain additional insight into the
intramolecular electron transfer in this enzyme.
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