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ABSTRACT. The mechanism of the dioxygen{@eduction conducted by cytochrorhe-type quinol oxidase

was investigated using submillisecond-resolved freegeench EPR spectroscopy. The fully reduced form

of the wild-type enzyme (WT) with the bound ubiquinone-8 at the high-affinity quinone-binding site was
mixed with an Q-saturated solution, and the subsequent reaction was quenched at different time intervals
from 0.2 to 50 ms. The EPR signals derived from the binuclear center andtheme weak in the time
domain from 0.2 to 0.5 ms. The signals derived from the ferric hbraed hydroxide-bound ferric heme

o increased simultaneously after 1 ms, indicating that the oxidation of heseoupled to the formation

of hydroxy hemep. In contrast, the enzyme without the bound ubiquinon@&8l{iA) showed the faster
oxidation of hemeb and the slower formation of hydroxy hemoghan WT. It is interpreted that the F
intermediate possessing ferrydxo hemeo, cupric Cy, and ferric hemeb is converted to the |F
intermediate within 0.2 ms by an electron transfer from the bound ubiquinonol-8 to ferric Inehie
conversion of the [Fintermediate to the hydroxy intermediate occurred after 1 ms and was accompanied
by the one-electron transfer from hetnéo the binuclear center. Finally, it is suggested that the hydroxy
intermediate possesses no bridging ligand between teeamel Cy and is the final intermediate in the
turnover cycle of cytochrombo under steady-state conditions.

Cytochromebo-type ubiquinol oxidase frontscherichia dioxygen (Q) reduction to pump protons across the mem-
coli is a member of the hemeopper terminal oxidase brane and establishes a protonmotive force to provide the
superfamily and catalyzes the reduction of dioxygen to water driving force for the ATP synthesis and other cellular
with ubiquinol-8 (@H,)! in the cytoplasmic membrané-{ processes. The mechanism on the coupling of the oxygen
3). The enzyme utilizes the energy released during the activation and electron transfer with proton pumping has been

extensively investigated.
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Ficure 1: Catalytic mechanism for the ;Qeduction reaction
conducted by the fully reduced cytochront®. The scheme
describes the structures of the binuclear site (inner box) and the
redox states of hemie and the bound ubiquinone-8 at the high-
affinity quinone-binding site. The redox centers whose redox states
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o and Cy and the redox states of the cross-linked tyrosine
and Q have not been directly observed in most of the
intermediates.

To obtain information on the binuclear center in the R, F
and F intermediates of the £xeduction of cytochroméo,
the isoelectronic structures of the binuclear center for these
intermediates have been prepared by reacting the pulsed
enzyme with hydrogen peroxide {8,) (21, 34—37). For
example, a resonance Raman investigation demonstrated that
both P and F intermediates prepared by th©Hreaction
possess ferrytoxo hemeo and suggested the presence of
the cross-linked tyrosine radical in the P intermedi&®.(
However, the reaction of the pulsed enzyme withOH
cannot provide information on the electron-transfer steps
from the hemdy/Qg system to the binuclear center. Further-
more, it was suggested that®h produces nonphysiological
radicals in the reactions of cytochromexidase 88, 39).
It is desirable to investigate directly the short-lived inter-
mediates generated in the @duction.

Electron paramagnetic resonance (EPR) spectroscopy is
a powerful method that can characterize the valence and
electronic states of the redox centers in cytochrom&t0).
The EPR signals for the low-spin herbare distinct from
those of the high-spin hente The signal for the cross-linked
tyrosine radical was assigned on the basis of thel'd-
labeled cytochromec oxidase (24) and on the model
compound 41, 42), although recent reports concluded that
the tyrosine radical in the P intermediate prepared by the
H,0, reaction is EPR silent39, 43). The signal from Cgl
was also observed in the;fhtermediate (corresponding to
F in Figure 1) of cytochrome oxidase prepared by the
triple-trapping method32, 44—46). However, it has been
impossible to apply the EPR spectroscopy for the direct
observation of the @reduction reaction, since the conven-
tional devices to freezetrap reaction intermediates require
a longer freezing time (510 ms) compared to a single
turnover (500 s1) of cytochromebo (40, 47, 48).

In this study, we used a novel freezguench device,
which has the mixing-to-freezing time interval of 0.2 M8)(

are established are indicated in bold face type. The establishedand studied the trapped intermediates in ther&luction

ligands for hemeo and Cy are also indicated in bold face type.

(Figure 1). Ferrous henmmin the fully reduced enzyme binds
dioxygen and cleaves the=€D bond in the resultant oxy
intermediate [Fgll)—O,] (15—17). The P intermediate is
assumed to form next, which possesses ferojo hemeo
[Fes(IV)=0], cupric Cu, the cross-linked tyrosine radical,
and ferrous hemé (18—26). The putative tyrosine radical
is reduced by heme in the F intermediate. The hemie
site is reduced again by the boungHR to become the |

reaction of cytochrombo by EPR spectroscopy. We sought
to observe the signals from the binuclear center in the
reaction intermediates accessible by the new device. Fur-
thermore, we compared the observed results for cytochrome
bo with and without the bound ubiquinone to characterize
the timing of the internal electron-transfer steps from the
hemeb/Qg system to the binuclear center.

MATERIALS AND METHODS

intermediate and subsequently donates an electron to the Purification of Cytochrome hadrhe wild-type cytochrome
binuclear center to make the hydroxy intermediate possessingo with the bound @ (WT) was isolated from GO103/
hydroxide-bound ferric heme [Fey(lll) —OH] (15, 27). pHN3795-1 as described previously0f. The bound @
Finally, the hydroxy intermediate is considered to decay to free enzyme AUbiA) was purified from the ubiquinone
the pulsed form that shows a characteristic EPR signgl at biosynthesis mutant MU1227/pMFO413). The HPLC

= 3.7 due to the magnetic interaction between henamd
Cus (28). The mechanism is mainly based on the flow-flash
optical absorption studiesl®, 27, 29—31) and on the
mechanism established for cytochrom@xidase (8, 32,

analysis 12) indicated that the contents of protein-bound
ubiquinone per enzyme ¢bo) in WT and AUbIA are 1.0
and <0.01, respectively. The purified enzymes were dis-
solved in 100 mM Tris-HCI (pH 7.4) containing 0.1%

33); however, the overlap of the absorption spectra for the sucrose monolaurate (SML; Mitsubishi-Kagaku Foods). All
two hemes precludes the detailed characterization of thesolutions used for the spectroscopic measurements had the
reaction. In particular, the coordination structures of heme same buffer and detergent composition.
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Stopped-Flow Rapid Scanning Absorption Spectroscopy
Spectral changes in the reaction of the fully reduced enzyme
with O, were measured using an OLIS rapid scan system
(RSM-1000) equipped with a stopped-flow apparatus
(UNISOKU). The mixing dead time of the apparatus was 0.8 -
3—5 ms. The sample solution containing A8l cytochrome
bo was degassed and reduced with dithionit€ 6 mM) in
one of the stopped-flow reservoirs. The other reservoir was
filled with the O,-saturated buffer, which was mixed with
the enzyme solution with a volume ratio of 1 to 1 at room 0.4
temperature {20 °C). #

Rapid Freeze Quench Deice. The construction of the
freeze-quench device was reported previously, which has ' I
the time interval of~0.2 ms from mixing to freezing4@). , , ] | , , :
In brief, two solutions continuously supplied from a syringe 0.8 1.0 1.2 14 16 1.8 2.0
pump are mixed in the T-shaped microchannel and form a Consumption rate / ml / min
jet that flushes against rotary silver disks cooled at 77 K. Figure 2: Estimated freezing times of the freezguench device
Copper could not be used as the cooling disks due to operated at different sample consumption rates. The azide-binding
contaminations of cupric copper signaltd); Special care TR 8 0 frebaing tmes that are the tme
was devoted to mal_ntaln the angeroblc condition of the intervals between the mixing and freeging. Circles, squares,
device. The sample inlet was designed to attach a septuMyjangles, and a diamond indicate the freezing times estimated with
through which the fully reduced enzyme can be transferred 100, 200, 400, and 800 mM sodium azide, respectively. The errors
anaerobically. Before the introduction of the sample solution, reflect the uncertainties in the estimated ratio of the azide-bound
the sample loap was washed twice wih the degassed buflefo %0, e evs ieais e sample srmumplen e sl
and once with the buffg:r Contglnlng 5, mM dithionite, which freezing blocks were fixed at 1 cm. The freezing times estimated
was prepared anaeroblca”y Wlth the nltrOgen-Saturated buﬁerus|ng dlfferent azide Concentrations are Consistent.

The interval between the sample introduction and the freeze
quench procedure was kept within a few minutes.

The sample solution containing 5@M1 cytochromebo
(250 uM for AUDbIA) was degassed and reduced with
dithionite (~2.5 mM). The fully reduced enzyme was
introduced anaerobically into the sample loop and pushed
toward the mixer by the buffer containing dithioniteZ.5
mM) introduced in one of the syringes. The other syringe
was filled with the @-saturated buffer. The reduced enzyme
and the G-saturated buffer were mixed with a volume ratio
of 1 to 1 at room temperature~0 °C), and freeze
quenched. The frozen powder in liquid nitrogen was manu-
ally collected and transferred to quartz EPR tubes or optical
cells for spectroscopic measurements. To remove a small
amount of frozen @ the EPR tubes were immersed in a
liquid isopentane bath adjusted-a120 K, evacuated, filled
with nitrogen gas, and sealed9).

Measurements of Absorption Spectra of Powdery Samples

. RESULTS
Absorption spectra of the powdery frozen samples were
recorded on a spectrophotometer (Lambda 19, Perkin-Elmer), Dead Times of the New Freez®uench Deice. We
which was modified to incorporate a cryostat (DN1704, previously reported the design and the performance of the
Oxford) and frosted quartz windowd9). The intensity of new freeze-quench device with the mixing-to-freezing dead
the reference beam was reduced to compensate for theime of 0.2 ms 49). To establish the freezing conditions to
intensity decrease of the sample beam. The sample tempertrap the cytochromebo reaction at different times, we
ature (~120 K) was monitored by a thermocouple inserted systematically investigated the dead times of the device at
directly in the cell. The slit width and the scan rate were 2 different jet velocities and distances between the mixer and
and 120 nm/min, respectively. Due to the difficulty to obtain the cooling disks. We freezdrapped the bimolecular
accurate absorption spectra for the powdery samples, thebinding reaction of sodium azide to metmyoglobin and
intensity scales for the spectra presented in Figure 3C,D wereobserved the absorption spectra of the quenched samples.
arbitrary. Upon the azide binding, the Soret peak of metmyoglobin

EPR SpectroscopyEPR spectra were measured on a changes from 408 to 420 nm, from which fractions of the
Varian E-12 spectrometer equipped with an Oxford ESR- azide-bound form were estimated (Figure 2). Using the
900 liquid helium cryostat. The microwave frequency was bimolecular rate constant of the reaction at room temperature
X-band (9.22 GHz), and the measurements were carried out(7.0 x 10°* s’ M~ at pH 7.0) 61) and the fractions, we
at 5, 15, and 35 K. The microwave power and modulation estimated the quenching times at the different cooling
were 10 mW and 1 mT at 5 and 15 K and 0.2 mW and 0.2 conditions (Table 1). While the quenching times depend on

1.0+

0.6 —

Freezing time / ms

mT at 35 K, respectively. To compare the signal intensities
for the samples obtained at different freezing conditions, a
set of intensity standards was obtained by freezing the resting
sample at the respective conditions. By comparison of the
intensities of ferric hemeé in the kinetic spectra and in the
reference spectra, the absolute spin contents for ferric heme
b were estimated (closed circles in Figure 5). Since it is not
possible to quantitate the total spin contents for hydroxy
hemeo due to spectral overlap, the changes in the relative
spin contents of hydroxy hentewere estimated, setting the
intensity for WT at 1 ms to 1 (open circles in Figure 5). The
intensity data for WT were the average of two to four
independent measurements (Figure 5A). The datAfdsiA
were estimated from a single observation except for the
datum at 0.4 ms that was observed twice (Figure 5B).
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Table 1: Freezing Times (ms) of the Rapid Free@eiench Device Operated at Different Freezing Conditions Estimated Using Various
Reference Reactions

freezing conditions

reference reactions 0.28 t5) 0.56 (1) 0.8 (1) 1.2(1) 1.6 (1) 2.0(1)
metmyoglobint NaN; (100 mM) —b — 0.7+ 0.2 0.5+0.1 - —
metmyoglobint+ NaN; (200 mM) - - 0.9+0.1 0.4+ 0.1 0.31+ 0.06 -
metmyoglobint+ NaN; (400 mM) - - - 0.6+0.1 0.37+ 0.05 0.13+ 0.03
metmyoglobint+ NaN; (800 mM) - - - — — 0.11+0.02
other reactions 50 100 - - - 0.2
estimations ~50 ~10 ~1.0 ~0.5 ~0.4 ~0.2

aThe rates of sample consumption at the mixer (mL/min). The numbers in parentheses denote the distance from the mixer to the freezing blocks
(in cm). ® Not determined® The estimated time intervals between mixing and freezing in milliseconds. The time intéywaésé calculated using
the formulat = In[(1 — a)~%J/(kINaN3]) in which a, k, and [NaN] represent the estimated ratio of the azide-bound form in the samples prepared
by trapping the azide-binding reaction to metmyoglobin, the bimolecular rate constant between metmyoglobin and azid€*&-OM* at pH
7.0), and the concentration of azide (M) in the reference reactions, respectively. The errors reflect the uncertainties in the estimated ratio of the
azide-bound form+5%). 4 The estimated time interval from a reaction between metmyoglobin and 3.3 mM. R&he estiamted time interval
from a reaction between metmyoglobin and 10 mM NaNhe estimated time interval from a reaction between the deoxymyoglobin and 0.14 mM
O, from ref 49.

the reference reactions and should be considered as rough
estimates 49), we confirmed that the freezing times from 08 1
0.2 to 50 ms can be systematically achieved using the device.

Dioxygen Reduction Reactions Monitored by Absorption o6 -
SpectroscopyTo observe the ©reduction reaction by the
fully reduced cytochrombo in the millisecond time domain
and to obtain the basis for understanding the data in the
submillisecond time domain, we first utilized a stopped-flow
rapid scanning method. The effect of the bound ubiquinone 92
was investigated by comparing data obtained for the enzymes
with (WT) and without the bound Q(AUbIA). Time- 0.0 . . 1 00 . . .
resolved absorption spectra confirm that the oxidation of the 4(',0 4;0 410 4(',0 4;',0 410
reduced hemel ando with the Soret peak at 427 nm was Wavelength / nm Wavelength / nm
mostly completed in both WT andUbIA within the dead c
time (3—5 ms) of our stopped-flow apparatus (Figure 3A,B).
However, the increase of the broad Soret peak is slower and
the peak maximum at 10 ms is red shifted AUbIA,
indicating the difference in the electronic structures of the
hemes in WT and\UbiA at 10 ms.

To observe the spectral changes within the mixing dead
time of the stopped-flow apparatus, we next trapped the y
reaction intermediates by the freezguench device and VL
recorded the absorption spectra at the cryogenic temperature <
(~120 K). Absorption spectra of WT anlUbiA frozen at — T — T
10 ms (Figure 3C,D) can be compared to the respective 400 420 440 400 420 440
spectra of the stopped-flow experiments (Figure 3A,B). Wavelength / nm {avelength [nm
Considering the uncertainty in the freezing times and the Ficure 3: Kinetic absorption spectra for the reaction of cytochrome
Spectra' deformations caused by powdery Samp'eS, thebo with 0O, obtained USing the StOpped-ﬂOW and freemlench
specta obtained at 10 ms by the two methods are consistenTE0eCE, Fenels % ae.© short ne soppecion scane for e
Furthermore, the submillisecond data demonstrate the distinClyotted, solid, and bold solid curves are the spectra recorded at 0
difference in the kinetics of WT andUbiA. The absence (corresponding to the spectrum before mixing), 6, 8, 10, and 50
of the 427 nm peak iAUbIA at 0.5 and 1 ms reveals that ~ms, respectively. Panels C and D show the kinetic absorption spectra
the two hemes are mostly oxidized. In contrast, the 427 nm ];grtrt]gecfr%eze(:ﬁ:utgr]r?hggt\(}/r-le— qrnh%légiﬁ\ﬁ ;;?:ﬁﬁ:g?r:)t/érc\)/g?f[)veﬁ con
peak is still present in the speptra Obt.amed at 0'.5 and 1 msmixing ;yndgfreezing rr:Ire 0.5 (solid curve), 1 (dotted curve), and 10
for WT. These results are consistent with the previousflow g (dashed curve).
flash studies15, 27) and suggest that herbeapidly donates
an electron to the binuclear center and is rereduced by thestates of the redox centers, the @duction by the fully
bound QH, in WT. In contrast, the oxidized henfiecannot reduced enzyme was studied by the freeqeench EPR
be rereduced iM\UbiA due to the absence of the bound spectroscopy in the time region from 0.2 to 50 ms. If signals
QgH2. Thus, we were successful in freezeapping the cyto- originated from ferric heme, Cus?", and the tyrosine radical
chromeboreaction for the first time with the submillisecond were to be observed, they are expected to appgeakadue
time resolution. to the broadening of these signals at the higher temperature.

Changes in Hemes b and o Monitored by Free@eiench At 5 K, a signal at around = 6, which is assigned to ferric
EPR Spectroscopyro monitor the coordination and valence hemeo lacking the magnetic interactions with gappears

0.4 -~

Absorbance

Absorbance
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Ficure 4: Time-resolved EPR spectra for the reaction of WT § 607 T @
cytochromebo with O,. Panels A and B show the spectra recorded g_"s 40 | 04 &
at 5 and 15 K, respectively. Traces a and h (resting form) and traces ©
g and n (pulsed form) show the spectra for static samples. Traces 20 § — 0.2
b—f of panel A show the spectra recorded5aK for the samples 0 % § 0

guenched at 0.2, 0.4, 1, 10, and 50 ms after mixing the fully reduced
WT with O,, respectively. Traces-im of panel B were recorded )
for the corresponding samples at 15 K. All spectra were obtained Time / ms

at 10 mW of microwave power with 1 mT of modulation. The  Figure 5: Time-dependent changes in the intensities of the EPR
intensities of the spectra were normalized on the basis of the sjgnals observed in the,@eduction of cytochrombo. (A) Changes
reference spectra of the resting sample frozen at the respectivein'the absolute contents of ferric herbéclosed circle, left scale)
conditions. and the relative contents of hydroxy hem@pen circle, right scale)
for WT. (B) Changes in the absolute contents of ferric hdme
(closed circle, left scale) and the relative contents of hydroxy heme
for all of the samples52) (Figure 4A). Similarly, a signal o (open circle, right scale) foAUbiA.
atg = 2.0 corresponds to a trace amount of free radicals.
Except for these signals and a weak signal from hérag We next observed the EPR spectraAdibiA at 0.4, 0.5,
g = 3.0, no distinct signal was observed at 0.2 and 0.4 ms. 1, and 10 ms to examine the effect of eliminating the bound
A signal atg = 6.9, which is assignable to a ferric hydroxide- QgH, on the electron-transfer steps from hem® hemeo.
bound heme (53), starts to appear at 0.4 ms. We could not The signals observed in the time-resolved spectra were
observe any signals from the cross-linked tyrosine radical similar to those of the WT enzyme (Figure 6). The= 6.9
and Cuy(1l) even with the smaller modulation width (0.5 mT) signal of the hydroxy heme appeared at 10 ms, but no
and with the higher microwave power$0 mW) (data not signals from Cyg and the cross-linked tyrosine were ob-
shown). Thus, the only EPR signal from the binuclear center served. A closer examination of the signal intensities,
was the hydroxide-bound hentethat begins to appear at however, suggests the slower increase of the hydroxy heme
0.4 ms. A rate constant for the increase can be roughly o and the faster increase of the ferric heimén AUbIA.
estimated as 500700 s! from the intensity plot of the  The intensity plots for the two signals confirm the distinct
hydroxy hemeo (Figure 5A). difference betweeAUbIA and WT (Figure 5). Together with
In contrast to the signals from the binuclear center, the the optical absorption data showing the absence of the 427
hemeb signals are more sensitively observed at 15 K. The nm peak inAUbIA (Figure 3), we conclude thahUbiA
redox states of hemecan be monitored using thgg = 3.0 exhibits the faster and slower appearances of the ferric heme
andgy, = 2.3 signals at 15 K of the ferric low-spin herbe b and the hydroxy heme signals, respectively, than those
(Figure 4B). The time-dependent plot of the absolute contentsof WT.
of hemeb, estimated on the basis of the reference spectra of Detection of the Ubisemiquinone Radicab examine the
the resting sample prepared in the respective freezingcontents of the ubisemiquinone radical, we recorded EPR
conditions, indicates that the contents were-85% at 0.2 spectra at 35 K. The ubisemiquinone radical is weak at the
ms but reached 60100% at~1 ms (Figure 5A). This lower temperatures due to the facile power saturation. A
behavior is reminiscent of the intensity change observed for radical signal ag = 2 in the WT spectrum showed a weak
the hydroxy hem® (g = 6.9) at 5 K. It is apparent that the  hyperfine splitting as reported previously in the redox
intensity increase for the two signals coincides in the time potentiometric studiess@, 55) and can be assigned to the
domain from 0.4 to 1 ms, indicating that the major changes ubisemiquinone radical. The signal did not change its
in the valence states of hembsand o occur in the same  intensity significantly at the freezing times from 0.2 to 50
kinetic phase. ms (Figure 7). The spin content of the ubisemiquinone radical

T T T TTTT] — T T T TTTT]
2 3 45678 2 3 45678
1 10
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respectively 6, 57). The binuclear center including the
cross-linked tyrosine in both,Fand Fk is one electron
oxidized than that of the pulsed form and is rather consistent
with the convention of “F". Except for the difference in the
nomenclature, the reaction scheme in Figure 1 is consistent
with the model proposed by Morgan et 82) and with the
model proposed for cytochronim (15).

We assign that the WT enzyme quenched at 0.2 and 0.4
ms is mostly in the [rintermediate of Figure 1. It has been
indicated that the initial several steps of the cytochrdroe
reaction are complete within 0.2 ms. FleWash studies
demonstrated the decay of the oxygenated intermediate
within 100 us (15, 29, 30, 50). A time-resolved resonance
Raman study identified the Fe(I¥0O stretching vibration
at 780 cmtin the time domain from 20 to 4@s (17), which
was assigned as the F intermediate in the reaction of the
pulsed enzyme with yD, (21). Furthermore, the ferric heme

samples quenched at 0.4, 0.5, 1, and 10 ms after mixing the reduced in F; was demonstrated to be rereduced by the boushth Q

AUDbIA with O,. Traces e-h of panel B were recorded for the
corresponding samples at 15 K. All spectra were obtained at a
microwave power of 10 mW with a modulation of 1 mT.

0.326 0.327 0.328

Magnetic field / T

Ficure 7: EPR spectra at 35 K for the,®@eduction by WT and
AUDIA. Traces a-d show the spectra for the samples quenched at
0.4, 0.5, 1, and 10 ms, respectively, after mixing the fully reduced
WT with O,. Trace e shows the spectrum fatJbiA quenched at
0.4 ms. All spectra were recorded at 0.2 mW of microwave power
and 0.2 mT of modulation.

0.329 0.330

at 10 ms was estimated to be onkB% of that of ferric
hemeb. While a similar signal was observed fatJbiA with

the reduced intensity~1/2.5 of WT), it should be derived
from the enzyme moiety, since the bound ubiquinone is
absent iMAUbIA. Thus, the bound ubiquinone is mostly EPR
silent in WT under our experimental conditions.

DISCUSSION

Dioxygen Reduction by Cytochrome bo with the Bound
Qs. Before interpreting the time-resolved data, we note that
the R intermediate in Figure 1, possessing ferric helmne
ferryl—oxo hemeo, and cupric Cy, corresponds to “® in
the reaction scheme of cytochrornexidase proposed by
Morgan et al. 82). We, however, adopted {Ffrom the
scheme proposed by Sucheta et &3)( The P and F

to make |y with a time constant 0f~0.6 ms (5, 27). The
current data indicate that a large fraction of helmia the
samples quenched at 0.2 and 0.4 ms is in the ferrous state
and are consistent with the assignment to thatermediate.

To explain the small amount of the ubisemiquinone radical,
we suggest that the putative ubisemiquinone radical,iis F
unstable and might be reduced by excess dithionite in the
reaction mixture before the quenching procedure.

We next assign that the quenched sample after 1 ms is in
the hydroxy intermediate. In the freezquenched EPR
spectra after 0.4 ms, we observed the simultaneous increase
of the hydroxide-bound ferric heme and ferric hemeb.
These observations indicate that an electron transfer from
the ferrous hemé to the ferryl-oxo hemeo produces the
hydroxy intermediate, as found for cytochrornexidase
by resonance Raman studie§9{61). In the freeze-
guenched EPR spectra at 10 and 50 ms, the hydroxide-bound
hemeo signal was persistently observed, but the= 3.7
signal of the pulsed form, which is ascribable to the coupling
between ferric hemeo and cupuric Cg (28, 62), was
insignificant. Considering the turnover of the enzym&(Q0
s1), the data suggest that the pulsed form may not be an
obligate intermediate in dioxygen reduction by cytochrome
bo under steady-state conditions.

It has been reported that some preparations of cytochrome
bo contain inhomogeneous components that may display
different oxygen reduction kinetics3Q, 63). We stress,
however, that the observed signals for heilmesdo cannot
be attributed to a possible minor component. We estimated
the contents of ferric hemk in the time-resolved spectra
and found the intensity at 1 ms reaches-800% of the
whole protein molecule (Figure 5A). It is not possible to
guantitate the hydroxy henmedue to the spectral overlap;
however, the coincidence in the kinetic behaviors of hemes
b ando also suggests that the hemeignal is not derived
from the minor component.

Dioxygen Reduction by Cytochrome bo without the Bound
Qs. The above mechanism is further confirmed by the
observations on the reaction AtUbiA. The optical absorp-
tion and EPR spectroscopic data demonstrated that fbeme
is oxidized at 0.4 ms iAUbiA, implying that heméb cannot
be rereduced in a single turnover. We therefore interpret that

intermediates have been considered as two- and one-electroAUDbIA in the time domain from 0.4 to 1 ms is trapped in

oxidized species from the ferriccupric binuclear center,

the F intermediate. While the formation of the hydroxy heme
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o was observed at 10 ms, it is significantly slower than that
of WT, indicating that the lack of reducing equivalents in

AUDIA decelerates the formation of the intermediate. The
electron donors to make the hydroxy intermediat& WbiA

Matsuura et al.

Summary Dioxygen reduction by cytochrombo-type
quinol oxidase was successfully studied for the first time
using the freezequench EPR and optical absorption spec-
troscopies with the submillisecond time resolution. The

and WT are different, as suggested in the red-shifted Soretobtained data can be interpreted on the basis of the reaction

absorption spectrum observed UbIA at 10 ms. Although
we could not detect signals arising from a tyrosine radical,
a candidate for the electron donor XUbIA is the cross-
linked tyrosine.

The comparison of the kinetic absorption and EPR spectra
for WT and AUbIA and the comparison with the previous
experiments 15, 27) confirm the timing of the internal
electron transfers associated with the @duction of
cytochromebo (Figure 1). The key feature of the scheme is
the stepwise electron transfers from the hdif@s system

to the binuclear center that are coupled to the conversions

scheme, in which the,intermediate possessing ferrybxo
hemeo, cupric Cy, and ferric hemév is converted to the

Fy intermediate by an electron transfer from the bougd Q

to the ferric heméd. Furthermore, it was demonstrated that
the conversion of the [ intermediate to the hydroxy
intermediate is coupled to the electron transfer from hbme
to the binuclear center. Finally, it was suggested that the
hydroxy intermediate having no bridging ligand between
hemeo and Cy is the final intermediate in the catalytic cycle
of cytochromebo under steady-state conditions.

of P to i and F; to hydroxy intermediates. The demonstra- ACKNOWLEDGMENT

tion of the latter coupling is a new finding of this study.
Furthermore, the current observations substantiate the reac
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tion mechanism that assumes the absence of the tyrosine}Or E. coli MU1227

radical in the I; F;, and hydroxide intermediates, since
electrons to generate the &d the hydroxy intermediates
are supplied from heme These features are consistent with
those of cytochrome oxidase 44, 64) and are important
for the understanding of the function of the cross-linked
tyrosine residue.

Electronic Structures of the Binuclear Center in the
Intermediate State®Ve intended to observe the EPR signals
from the binuclear center in the intermediate states of
cytochromebo; however, we could only detect the signals
derived from the hydroxy-bound henw Signals arising
from Cus(ll) or the cross-linked tyrosine radical could not
be observed in the current conditions. We inferred that the
tyrosine radical is not formed in the intermediate states after
F as we explained above. In contrast, we have to conclude
that Cw(ll) is EPR silent in these intermediate states.
Interestingly, the triple-trap EPR investigation on cytochrome
c oxidase demonstrated that the iRtermediate, correspond-
ing to R in Figure 1, exhibits a unique EPR signal from
Cus (32). The result is in contrast to the current observation
that i trapped forAUbIA did not show any signals from
coppers. Further investigations are necessary to clarify if the
discrepancy is caused by the difference in the method of

preparing the intermediate states or in the sample sources.
The current results suggest the moderate magnetic interac-

tion between Cgiand heme in the hydroxide intermediate.
The g value @ = 6.9) observed for the hydroxide-bound
hemeo is smaller than that of the hydroxide-bound high-
spin heme in metmyoglobirg(= 7.3) 65). As indicated in

a unique Fe(lll3-OH stretching vibration for the hydroxide-
bound hemeas in cytochromec oxidase §9, 65, 66), the
interaction between henwand Cwg should be responsible
for the smallemy, value. However, the interaction is weaker

than those observed in the pulsed, azide-bound and formate-

bound forms of the enzyme, all of which possess a broad
signal aroundy = 3 due to the coupling between heroe
and Cug (28). We therefore infer that the interaction between
hemeo and Cy in the hydroxy intermediate causes only
the efficient spin relaxation of GuConsidering that formate
and azide bridge between the binuclear cen8),(we
suggest that the hydroxide does not bridge between leeme
and Cu in the hydroxide intermediate.
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