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Cytochrome ba3 (ba3) of Thermus thermophilus (T. thermophilus) is a member of the heme–copper oxidase
family, which has a binuclear catalytic center comprised of a heme (heme a3) and a copper (CuB). The
heme–copper oxidases generally catalyze the four electron reduction of molecular oxygen in a sequence in-
volving several intermediates. We have investigated the reaction of the fully reduced ba3 with O2 using
stopped-flow techniques. Transient visible absorption spectra indicated that a fraction of the enzyme
decayed to the oxidized state within the dead time (~1 ms) of the stopped-flow instrument, while the
remaining amount was in a reduced state that decayed slowly (k=400 s−1) to the oxidized state without ac-
cumulation of detectable intermediates. Furthermore, no accumulation of intermediate species at 1 ms was
detected in time resolved resonance Raman measurements of the reaction. These findings suggest that O2

binds rapidly to heme a3 in one fraction of the enzyme and progresses to the oxidized state. In the other frac-
tion of the enzyme, O2 binds transiently to a trap, likely CuB, prior to its migration to heme a3 for the oxidative
reaction, highlighting the critical role of CuB in regulating the oxygen reaction kinetics in the oxidase super-
family. This article is part of a Special Issue entitled: Respiratory Oxidases.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

The heme–copper oxidase family of enzymes catalyzes the four
electron reduction of molecular oxygen to water, concomitantly
producing a proton gradient across the associated membranes.
The chemical intermediates formed during the catalytic turnover
have been clarified by studies of a variety of mammalian and bacte-
rial aa3 enzymes, which show a progressive R→A→P→F→O
transition (where R, A, P/F and O are the fully reduced, O2-bound,
ferryl and oxidized states of the enzymes, respectively) (Fig. S1 in
Supplementary data). The cytochrome ba3 from Thermus thermophi-
lus shares the architecture of the catalytic sites with aa3 type of en-
zymes [1], although in this oxidase CuB is known to have an
unusually high affinity towards carbon monoxide (CO), with a Ka

of 104 M−1 with respect to 87 M−1 of the bovine aa3 enzyme
[2,3]. Thus, whereas the reaction of the enzyme with CO follows
the same pathway as other oxidases as illustrated in Eq. (1), k−2

is about 30-fold larger than that in bovine cytochrome c oxidase
thermophilus; RR, Resonance

atory Oxidases.
+1 718 430 8808.
. Rousseau).
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(CcO) [2] and consequently the CO-bound Cu species is readily
detected under equilibrium conditions [1,4].

Fe2þCuþ þ CO ⇄
k1

k−1

Fe2þCuþ−CO ⇄
k2

k−2

Fe2þ−CO Cuþ ð1Þ

However, although the CO-binding has been heavily investigated
in ba3, it is has not been determined if the CuB affinity for O2 is also
unusual, resulting in O2 reduction kinetics that are distinct from
that in other heme–copper oxidases.

Despite several studies, the reaction kinetics of the ba3 enzyme
with O2 is controversial [2,3,5]. With stopped-flow optical absorption,
Giuffré et al. observed a single exponential kinetic phase at 20 °C,
with a rate constant of 200 s−1, which is significantly slower than
that of the aa3 enzymes (700–1000 s−1) [2]. They assigned the
phase to the F→O transition, which is usually the rate-limiting in
the single turnover reaction of other heme–copper oxidases. In con-
trast, using the CO photolysis method, Smirnova et al. reported that
the reaction rate of the F→O step (1100 s−1 at 22 °C) was compara-
ble to that in the aa3 oxidases, and only a minor component (10–13%)
showed a slower reaction rate (~200 s−1) [5]. Similarly, using CO
photolysis combined with electrometric measurements at 23 °C,
Siletsky et al. showed that the major kinetic phase of the reaction as-
sociated with the F→O transition displayed a rate constant of
1300 s−1, while the minor (~3%) slower component showed a rate
constant of 400 s−1 [3].

http://dx.doi.org/10.1016/j.bbabio.2011.11.010
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In this study, we sought to clarify the origin of the aforementioned
differences, to gain a better understanding of the kinetics of the ba3
reaction, and to examine whether the CuB affinity for O2 plays a key
role in the catalytic turnover of ba3. To this end, we re-examined
the absorption changes upon stopped-flow mixing of O2 with the re-
duced enzyme, and studied the reaction with time resolved reso-
nance Raman spectroscopy.

2. Material and methods

2.1. Materials

Cytochrome ba3 was prepared as described previously [6]. The
protein was concentrated to ~100 μM in 10 mM potassium phosphate
buffer, pH 7.5, with 1 mM dodecylmaltoside. The samples were stored
at 4 °C. Bovine CcO was isolated and purified as described [7] and
stored at 77 K. The mixed valence F (mvF) preparation was made by
mixing the bovine CcO with H2O2 [8] and the mixed valence P
(mvP) sample was prepared by exposing the enzyme to a 1:1 mixture
of CO and O2 [9] at the room temperature.

2.2. Spectroscopic measurements

Time-resolved UV–visible absorption spectra were measured at
8 °C on an Applied Photophysics PiStar system equipped with a
stopped-flow apparatus, a photodiode array detection system, an
anaerobic accessory and a temperature control unit. The time zero
(t=0) point and its uncertainty of the stopped-flow system were
612
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Fig. 1. Optical absorption spectra obtained following 1:1 mixing of the fully reduced ba3 (R)
traces at 426 nm (B) and 558 nm (D). The spectra in (A) and (C) were obtained at 1.4 ms (th
dot-dashed lines were calculated from I1.4ms minus O, where I1.4ms and O are the intermediat
(A) and (C) are the R state spectrum. The thick dotted line in (C) was calculated from I1.4ms–(
data; the upright and inverted triangles indicate the absorbance level at t=0 (obtained by
The diamond in (D) is the absorbance level of the O state obtained at 280 ms.
determined employing a test reaction comprised of 2,6-dichlorophenol-
indophenol and ascorbic acid [10]; the uncertainty was determined to
be at the limit of the minimum sampling time (1.4 ms) of the system.
Thus we are unable to determine precisely the relative amplitude of the
missing early phase. The ba3 sample was fully reduced by a slight
excess amount of sodium dithionite, and mixed with an O2 saturated
buffer in the stopped-flow apparatus at a 1:1 ratio. Alternatively, the
enzyme (40 μM)was reducedwith ascorbate (2 mM)andN-methyl phe-
nazinium methyl sulfate (PMS) (5 μM). Similar results were obtained
with both reductants. The concentrations of ba3 and O2 after the mixing
were 20 and ~600 μM, respectively.

Time-resolved resonance Raman spectra were measured using a
home-made continuous flow apparatus [11]. Raman scattering was
excited by the 413.1 nm line of a Kr+ laser (Spectraphysics, BeamLock
2080), and collected into a Spex 1.25 m polychromator equipped with
a charge-coupled device detector (Princeton Instruments, Model
1100 PB). The spectra were calibrated with the Raman bands of
metMb, for which the accurate band positions were determined by
independent experiments using a spinning cell system and indene
as the Raman frequency standard.

3. Results

3.1. Stopped-flow optical absorption measurements

As shown in Fig. 1A and C, the fully reduced ba3 enzyme (R) has a
Soret band at 426 nm with a shoulder at ~440 nm (from the low spin
heme b and the high spin heme a3, respectively) and a visible band at
R
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558 nm (from reduced heme b) [3,5]. The weak shoulder at ~590 nm,
attributed to a low spin heme a3 species, suggest a micro heterogene-
ity in the enzyme sample [12], perhaps due to the partial absence of
CuB resulting in formation of bis-His heme a3 [6]. Immediately follow-
ing the mixing of the fully reduced enzyme (R) with O2-saturated
buffer, the Soret band shifted to ~422 nm, and decreased in intensity,
along with a decrease in intensity of the visible band at 558 nm. As
the reaction progressed, the 422 nm band shifted to 417 nm, accom-
panied by further reduction of the intensity of the visible band, cumu-
lating in a spectrum similar to that of the fully oxidized enzyme [13],
O, at 280 ms. The small residual intensity at 558 nm indicates that the
reaction has not yet reached completion. The difference spectrum
obtained by subtracting the O spectrum from the 1.4 ms spectrum
has a peak and trough at 426 and 408 nm, respectively, which was
assigned by Giuffre et al., as the F minus O difference spectrum [2].

The kinetic traces at 426 nm (λmax of the R state) and 558 nm
(λmax of the reduced heme b) shown in Fig. 1B and D are best-fitted
with a single exponential function with a rate constant of 400 s−1.
In both cases, the absorbance at t=0 (the upright triangle) obtained
by extrapolating the kinetic trace to time zero is lower than that of
the R state (the inverted triangle), indicating the existence of an addi-
tional kinetic phase unresolved with our instrument. However, the
amplitude of the missing phase cannot be precisely determined
with our current instrumentation. These optical changes, occurring
after 1.4 ms, may be compared to those reported by Sundi et al. be-
tween 10−6 and 10−2 s [14].

3.2. Resonance Raman measurements

To further explore the identity of the 1.4 ms intermediate, we
measured the RR spectrum (Fig. 2) of the sample at 1.0 ms following
the initiation of the oxygen reaction in a home-made continuous-flow
mixer [11]. The RR bands of ba3 have been previously assigned
[15,16]. Among them, a porphyrin core vibration mode in the
1350–1400 cm−1 region, ν4, is especially useful for the determination
of the oxidation states of the two heme centers. The ν4 mode, which is
sensitive to the electron density of the heme irons, exhibits systemat-
ic frequency shifts in the following order: ferrousb ferricb ferryl
(a34+=O2−) [17–19]. As a reference, we measured the ν4 bands
of the ferryl derivative of the bovine aa3 oxidase, with 413.1 nm
excitation, the same as that used to obtain the spectrum of the
ba3 intermediate. The data show that the frequency of the ν4
Fig. 2. The RR spectrum obtained at 1 ms following the mixing of the fully reduced ba3 (R) w
states of the enzyme are shown as references. The excitation wavelength was 413.1 nm.
band of the ferryl species derived from either mixed valence F or
mixed valence P intermediate (each of which is comprised of a ferryl
heme a3 (a3+a34+=O2−) [20,21] and a ferric heme a) was higher
than that of the oxidized enzyme (Fig. S2 in Supplementary data).

The RR spectrum of the intermediate at 1.0 ms exhibits ν4 modes
at ~1358 and ~1372 cm−1 (Fig. 3A), which are assigned to the R
and O states of the enzyme, respectively. The ν4 mode assigned to
the O state is identical to that of the oxidized enzyme shown in
Fig. 3A, and is similar to that of the published data [16]. To confirm
the assignment of the 1372 cm−1 mode to the O state, we calculated
a series of difference spectra by subtracting the O spectrum from the
1 ms spectrum with various ratios (Fig. 3B). None of these difference
spectra showed derivative-like shapes as that observed in the Ominus
F spectrum of the bovine aa3 enzyme (Fig. S2 in Supplementary data),
indicating that the intermediate is not F or any other ferryl species.
Consistent with the absence of evidence for a ferryl species, no oxy-
gen sensitive lines could be detected in the low frequency RR spec-
trum of the intermediate based on 16O2–

18O2 isotopic substitution
experiments (Fig. S3 in Supplementary data).

In contrast to the behavior of the oxidized component, if the R
spectrum is subtracted from the 1 ms spectrum with various ratios
(Fig. 3C), derivative-like shapes (with peak and trough at 1360 and
1353 cm−1, respectively) emerge. The fact that a clean cancellation
of the ν4 band at 1358 cm−1 could not be achieved via the subtrac-
tion procedure reveals the presence of a new species, which exhibits
its ν4 band at a slightly higher frequency than the ν4 of the R state at
1358 cm−1. It should be noted that the derivative shape indicates a
small band shift of ν4 to higher frequency but the positions of the
peak and trough in the spectrum do not indicate a 7 cm−1 shift but
rather they depend on the center frequencies, bandwidths and inten-
sities of the original bands [22]. Nonetheless, it is certain that the ν4
frequency of the intermediate is close to that of the equilibrium R
state, indicating that the hemes remain reduced but, importantly,
their structures are perturbed.

Additional information on the properties of the mixture of the O
state and the perturbed R state present at ~1 ms is provided by the
other lines in the resonance Raman spectrum (Fig. 2). The spectrum
may be simulated by a mixture of the equilibrium R and O states
with one interesting difference. The high spin marker line ν3 from re-
duced heme a3 at 1470 cm−1 is absent in the intermediate spectrum
indicating that the structure of the R state in the intermediate has low
spin character.
ith O2-saturated buffer. The RR spectra of the R (dotted line) and O (dot-dashed line)
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4. Discussion

4.1. Assignment of the intermediate structure

Taken together the data reported here suggest that the 1 ms inter-
mediate is a mixture of the fully reduced enzyme with a perturbed R
structure (named R′ hereafter) and the fully oxidized enzyme (O),
without any evidence for the formation of ferryl species. The data
shown in Fig. 1A support this conclusion as it indicates that heme b
in the intermediate is partially oxidized, while the F species of the
ba3 enzyme has been shown to have a reduced rather than an oxi-
dized heme b [3,5]. Moreover, the 610 nm band was not observable
in the 1.4 ms minus O spectrum shown in Fig. 1C, despite the fact
that in the F minus O spectrum obtained from CO photolysis mea-
surements [3,5] the intensity of the 610 nm band is about 70% of
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Fig. 4. The bifurcated oxygen reaction mechanism of the ba3 enzyme.
the 558 nm band originating from heme b2+ [3]. It is noted that al-
though the 1.4 ms spectrum has a weak shoulder at ~610 nm, it is
assigned to the 612 nm band of the residual R state.

As an additional test, we simulated the visible spectrum of the in-
termediate by a linear combination of the R and O spectra. The best
fitted spectrum, accurately reproduced the intermediate spectrum,
with negligible residuals (Fig. 1C). Thus, the difference between this
linear combination and the 1.4 ms spectrum (thick dotted trace in
Fig. 1C) is essentially featureless, confirming that the 1.4 ms minus
O state spectrum (Fig. 1A) can be fully accounted for by an R′ minus
O difference spectrum, if the visible spectrum of R′ is approximately
the same as that of R. In summary, our experimental findings show
that the R state ba3 decayed to the O state upon reacting with O2

without detectable build up of discrete intermediates in the
stopped-flow time range. Although there were minor differences,
the spectroscopic characteristics of the reduced state (R′) present at
~1 ms were very close to those of the initial R state.

The observation of two components in the oxygen reaction at
1 ms, one of which is a perturbed reduced state indicates that the
O2 has interacted with the enzyme in R′ and is likely trapped in a
docking site along its pathway to the heme a3 iron atom. In addition
to the obvious possibility of CuB, other potential ligand docking sites
have been identified in the past by crystallographic studies of Xe
and Kr binding and by CO photolysis studies. In the latter experi-
ments, reported by Varotsis and coworkers, B0 and B1 CO docking
sites were detected, analogous to such sites reported in myoglobin
[23]. Interestingly, the penultimate O2 binding site (Xe1) determined
from the crystallographic studies [24] lies close (~5 Å) from one of
the heme propionates and accordingly could be the same site as
that determined in the CO photolysis measurements [1].

To assess each of the potential binding sites we consider the prop-
erties of the putative O2 channel and the potential docking sites that
lie in the channel. Crystallographic studies determined that O2 could



670 T. Egawa et al. / Biochimica et Biophysica Acta 1817 (2012) 666–671
enter through a large unrestricted hydrophobic tunnel that extended
all the way into the space between the heme a3 iron and CuB [24,25].
Therefore the O2 would have no obstruction for gaining access to the
binuclear center [25]. As the non-CuB putative docking sites are locat-
ed along this pathway, their kinetics properties must be considered.
The CO off-rate kinetics of the B1 and B0 sites were determined by
Varotsis and coworkers to be 85 and 110 μs, respectively [23]. There-
fore, the CO off-rates of the docking sites (~100 μs) are much faster
than the decay of R′ (~2.5 ms). On the other hand it is well documen-
ted that CO binds to CuB and forms a metastable adduct in ba3 in
which the transfer rate of CO from CuB to the heme iron is quite
slow (35 ms, k2=28.6 s−1) [1]. This is slower than the observed
rate of 400 s−1 (2.5 ms) in our data. Therefore our observed rate is
too slow as compared to the non-CuB sites and too fast as compared
to the CuB site. However, in bovine CcO the transfer rate for CO from
CuB to heme a3 (k2) is ~103 s−1 [26] but it is much faster for O2

(~105 s−1) [27,28]. By comparison, we would expect that the O2

transfer rate in ba3 would also be significantly faster than the CO
transfer rate, making CuB the most likely docking site for the O2.
4.2. Reaction scheme

Based on the foregoing considerations we postulate that CuB is the
metastable binding site for O2 and the oxygen reaction follows the bi-
furcated reaction mechanism illustrated in Fig. 4. Following the initi-
ation of the reaction, in one fraction of the ba3 enzyme, O2 binds
rapidly to heme a3 (with a rate constant of k3), leading to an O2-com-
plex (the A state), which rapidly decays to the oxidized O state (with
a rate constant >1000 s−1), accounting for the missing phase in the
stopped-flow data shown in Fig. 1. In the other fraction of the en-
zyme, O2 binds to CuB, with a rate constant of k1, which leads to a
metastable intermediate, R′, with spectroscopic properties slightly
perturbed from those of the equilibrium R state. The R′ state subse-
quently converts to the A state via an intramolecular ligand transfer
from CuB to heme a3, with a rate constant of 400 s−1; the A state ul-
timately decays to the O state without populating any detectable in-
termediates. On the basis of this mechanism, the rate-limiting step
of the reaction is the intramolecular ligand transfer from CuB to
heme a3, manifesting the important role of CuB in regulating the oxy-
gen reaction kinetics of the ba3 enzyme. It is noteworthy that al-
though O2 also binds to CuB in aa3 enzymes [29], due to its short
lifetime, its influence on the oxygen reaction kinetics is not as prom-
inent as in ba3.

The structural basis for the two distinct phases of the oxygen reac-
tion of the ba3 enzyme remains to be further investigated. Native gel
electrophoresis on ba3 showed only a single band. However, this does
not mean that there is no conformational heterogeneity in the ba3
protein, as conformational differences in the region of the active site
would not be expected to be separated on a native gel. Indeed, FT-IR
studies of the CO-bound ba3 indicate that the heme-CO moiety re-
sides in three distinct conformations [1,4]. Our preliminary resonance
Raman experiments also demonstrate the presence of at least two ac-
tive site conformers of the CO-bound ba3 (T. Egawa et al., unpublished
results). Analogous heme-CO conformers have also been seen in other
terminal oxidases, and they are classified into either α or β forms,
depending on the frequencies of the iron–CO and C–O stretching
modes [30–32]. The relative populations of such two conformers
have been correlated with the catalytic activity of the enzyme [32].
Interestingly, in ba3, the multiple structures appear to fall in the
range of only the α conformation in the other proteins (T. Egawa et
al., unpublished data). MCD studies have also revealed the heteroge-
neity in the CO-adduct of the ba3 enzyme [12]. Thus the presence of
multiple conformations in terminal oxidases is well established and
the results reported here demonstrate the functional consequences
of the heterogeneity.
5. Conclusion

The data reported here indicate that the high affinity of CuB to-
ward O2 plays a pivotal role in regulating the oxygen reaction kinetics
of the ba3 enzyme. They also account for the discrepancy in the oxy-
gen reaction kinetic data resulting from stopped-flow mixing and
CO-photolysis studies. It is conceivable that, in the photolysis experi-
ments, the photolyzed CO transiently occupies the CuB site [3,5], and
prevents the reaction from being kinetically trapped in the R′ state,
thereby accounting for the major phase with a rate of >1000 s−1.
From a physiological point of view, the high affinity of CuB toward
O2 in the ba3 enzyme is plausibly beneficial for the survival of the T.
thermophilus bacterium under conditions of reduced oxygen tension
as it increases the efficiency of the enzyme to utilize O2 for energy
production.
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