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The sequence of the catalytic intermediates in the reaction of
cytochrome bd terminal oxidases from Escherichia coli and Azo-
tobacter vinelandii with oxygen was monitored in real time by
absorption spectroscopy and electrometry. The initial binding
of O, to the fully reduced enzyme is followed by the fast (5 us)
conversion of the oxy complex to a novel, previously unresolved
intermediate. In this transition, low spin heme bg;¢ remains
reduced while high spin heme b4 is oxidized with formation of
a new heme d-oxygen species with an absorption maximum at
635 nm. Reduction of O, by two electrons is sufficient to pro-
duce (hydro)peroxide bound to ferric heme d. In this case, the
O-O bond is left intact and the newly detected intermediate
must be a peroxy complex of heme d (Fe,>**-O-O-(H)) corre-
sponding to compound 0 in peroxidases. The alternative sce-
nario where the O-O bond is broken as in the P, intermediate of
heme-copper oxidases and compound I of peroxidases is not
very likely, because it would require oxidation of a nearby amino
acid residue or the porphyrin ring that is energetically unfavor-
able in the presence of the reduced heme b4 in the proximity of
the catalytic center. The formation of the peroxy intermediate is
not coupled to membrane potential generation, indicating that
hemes d and b, are located at the same depth of the membrane
dielectric. The lifetime of the new intermediate is 47 us; it
decays into oxoferryl species due to oxidation of low spin heme
bysg that is linked to significant charge translocation across the
membrane.

Heme enzymes such as peroxidases, catalases, cytochromes
P450, and terminal oxidases are suggested to share the key cat-
alytic intermediates, namely peroxy and oxoferryl. Reaction of
peroxidases with H,O, suggests sequential formation of a per-
oxy complex (compound 0, Fe*"-OOH), and the two oxoferryl
species, compound I (Fe** = O R, where R’ is a porphyrin or
amino acid radical) and compound II (Fe*" = O) (Ref. 1 and
references therein). Compound 0 could be detected at low tem-
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peratures (2) but not at room temperature (3). Studies on heme-
copper terminal oxidases reported the intermediates analogous
to compound I (P,,) and compound II (P, and F) (4-23). A
transient formation of an intermediate equivalent to com-
pound 0 has been proposed but never documented in heme-
copper oxidases.

Cytochromes bd comprise a peculiar class of terminal oxi-
dases performing a number of vitally important functions in
bacteria (Ref. 24 and references therein). Like heme-copper
oxidases, cytochrome bd conserves energy in the form of elec-
trochemical proton gradient (Au; ") across the membrane
accumulated in the reaction of the reduction of molecular oxy-
gen to water (25-29). Cytochrome bd, however, is not a proton
pump (30), and the formation of Ap,; ™ occurs only due to the
vectorial chemistry where the protons from quinol oxidation
are released into the positive (periplasmic) side of the mem-
brane whereas protons required for water formation are taken
up from the negative (cytoplasmic) side. Cytochrome bd uses
ubiquinol or menaquinol, but never cytochrome c, as a natural
respiratory substrate. Cytochrome bd contains three hemes
(bssgr bsos, and d) but no copper (27). The low spin heme b,
seems to be directly involved in quinol oxidation, whereas the
high spin hemes b.,5 and d likely form a di-heme catalytic site
for binding and activation of O,, reducing it further to H,O
(31-37).

The reaction of the fully reduced (RF°°™°*) cytochrome bd
with oxygen showed the sequential formation of the 650- and
680-nm absorbing species (38, 39). The 680-nm species can also
be generated by the addition of excess H,O, to the “as-isolated”
or fully oxidized (O)? form of the enzyme (39 —43). The 650-
and 680-nm species were identified by resonance Raman spec-
troscopy as the ferrous oxy (A) (44) and oxoferryl (F) (45) inter-
mediates, respectively. It was reported that during the reaction
of the R enzyme with O,, A decays directly into F without any
in-between intermediate (38, 39).

In this work, we studied the reaction of the R cytochromes bd
from Escherichia coli and Azotobacter vinelandii with oxygen,
using the flow-flash method by means of spectroscopic and
electrometric techniques that allow the recording of absorption
spectra and membrane potential development with 1-us time
resolution. We were able to detect a transient formation of a
spectrally discernible intermediate between A and F.

3 The abbreviations used are: O, fully ferric species; A, ferrous oxy species; P,
peroxy species; F, oxoferryl species; R, fully ferrous species; 7, time con-
stant, reciprocal of rate constant; CcO, cytochrome ¢ oxidase; MOPS,
4-morpholinepropanesulfonic acid.
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FIGURE 1. Reaction of the fully reduced cytochrome bd with oxygen at +21 °C. A, absorbance time wave-
length surface of optical changes after flash-induced dissociation of CO from the E. colienzyme in the presence
of O,. Shown are the selected spectra taken at 0, 1, 2, 3, 5, 9 us, and further in 10-us increments. The direction
of signal development in time is indicated by arrows. B, time courses of the reaction at 654-minus-635 nm with
cytochromes bd from E. coli (main panel) and A. vinelandii (inset). The theoretical curve (gray solid line) to the
data (dots) gives unresolved CO photolysis (R-CO — R) followed by three exponentials with time constants of
1.4 (1.6) us (R —A), 4.5 (9.7) us (A — P), and 47 (20.4) us (P — F). The 7 values in parentheses refer to the A.
vinelandii enzyme. C, kinetic difference spectra of the 1.4-us (dotted line), 4.5-us (solid line), 47-us (dashed line),
and 1.1-ms (gray solid line) phases in the visible spectral region. Conditions were: enzyme, 8.8 um; O,, 365 um;
CO, 0.5%; Mops-KOH, 65 mm; phosphate-KOH, 35 mm (pH 7.0); sodium ascorbate, 1.25 mm; N,N,N’,N'-tetram-
ethyl-1,4-phenylenediamine, 2.5 um; and either N-lauroyl-sarcosine, 0.05% (the E. coli enzyme) or dodecyl-3-
D-maltoside, 0.02% (the A. vinelandii enzyme); all concentrations after 1:1 mixing; optical path, 1 cm. For other

conditions, see “Experimental Procedures.”

EXPERIMENTAL PROCEDURES

Carbon monoxide, oxygen, nitrogen, and argon gases were
from AGA; plant L-lecithin was from Avanti Polar Lipids (Ala-
baster, AL). Other basic chemicals and biochemicals were from
Sigma-Aldrich, Merck, Anatrace, Fluka, and Serva.

E. coli cells were obtained from GO105/pTK1 strain accord-
ing to Ref. 46, and cytochrome bd oxidase was isolated from cell
membranes as described (37, 47). Cytochrome bd from A. vine-
landii strain MK8 was isolated as reported in Ref. 48. Concen-
tration of the enzymes from E. coli and A. vinelandii was deter-
mined from the dithionite-reduced minus as isolated difference
absorption spectra using A€q,g 4o, 0f 10.8 mmM ™~ ' cm ™! (33) and
A€grg 05 0f 9.5 mM ™ ' cm ™' (49), respectively.

Time-resolved Spectrophotometric Measurements—Time-
resolved spectrophotometric measurements were performed
using a home-built CCD-based instrument. The setup allows
acquiring absorption change surfaces with a time resolution of
1 us between the spectra. Details of the methodology can be
found in Ref. 50. To obtain the CO complex of the R enzyme,
the as-isolated enzyme was (i) deoxygenated by argon equili-
bration, (ii) reduced under anaerobic conditions with 2.5 mm
sodium ascorbate and 5 uMm N,N,N',N’-tetramethyl-1,4-phe-
nylenediamine, and (iii) equilibrated with 1% CO. The R-CO
enzyme was transferred to the stopped flow module in a gas-
tight Hamilton syringe preflushed with argon and then mixed
with oxygen. CO photolysis was initiated by a laser flash (Bril-
liant B; Quantel, Les Ulis, France; frequency-doubled YAG, 532
nm; pulse energy, 120 m]).

Time-resolved Measurement of Electric Potential Generation—
Reconstitution of cytochrome bd into liposomes, the anaerobic
sample preparation, and time-resolved electrometric measure-
ments were made as reported (Refs. 37, 39 and references
therein).

Software for Experiments and Data Analysis—Instrumental
software for experimental setups was written by Dr. N. Belevich
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cytochrome bd oxidases from E. coli
and A. vinelandii in the R state with
oxygen on the microsecond time
scale at +21 °C. To resolve the tran-
sient formation and decay of the
reaction intermediates, we recorded
the optical changes with a time res-
olution of 1 spectrum/us. The spec-
tra on Fig. 1A show the develop-
ment of the optical changes during
the first 100 us of the reaction with
the E. coli enzyme. The changes at
560, 595, and in the range of 630 — 680 nm indicate that all of the
three hemes, b..q, o5, and d, are involved in this reaction. Fig.
1B shows a time course of the absorbance changes at 654 — 635
nm. The kinetic behavior at the selected pair of wavelengths
clearly shows all sequential phases, because each next phase has
an opposite direction of the signal development. The initial
unresolved decrease of absorbance reflects the photolysis of CO
from the reduced enzyme (R-CO — R transition) and is fol-
lowed by the three more transitions that can be well resolved.
Global analysis of the surface of the spectra reveals that these
transitions can be fitted as three sequential steps with time con-
stants of 1.4, 4.5, and 47 us (Fig. 1B, main panel) and the cor-
responding kinetic difference spectra can be obtained (Fig. 1C).
The spectrum of the 1.4-us phase has a trough at 630 nm and a
peak at 654 nm (Fig. 1C, dotted line), which is typical of O,
binding to ferrous heme d (52). Thus, the 1.4-us phase can be
clearly assigned to the formation of the A intermediate (R — A
transition). It has to be noted that the rate of the A formation
(7= 1.4 ps at [O,] = 365 um) linearly depends on the concen-
tration of O, (data not shown; see also Refs. 38, 49).

The spectrum of the 4.5-us phase shown in Fig. 1C (solid
line) has a minimum at 654 nm (decay of the A intermediate)
and a maximum at 635 nm that reflects the formation of an
intermediate that has not been resolved in earlier studies (38,
39). We denote this new reaction intermediate as P and the
4.5-pus phase as the A — P transition. The rate of the P forma-
tion does not depend on the concentration of O,. The spectrum
of the 47-us phase (Fig. 1C, dashed line) has troughs at 561 nm
(due to the oxidation of heme b..4) and at 640 nm (decay of the
P intermediate) and a peak at 680 nm. The 680-nm peak is
diagnostic of the heme d oxoferryl species (F) (45); thus, the
47-us phase corresponds to the P — F transition.

As shown in the inset of Fig. 1B, the oxygen-induced absorp-
tion changes of the A. vinelandii cytochrome bd are very similar
to those of the E. coli enzyme. With the A. vinelandii enzyme,
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FIGURE 2. Kinetic difference spectra of the 4.5-us (solid line) and 47-us
(dashed line) reaction phases in the Soret spectral region. Conditions
were as for Fig. 1.

400

the apparent time constants for the R—>A, A —-P,and P —F
transitions are 1.6, 9.7, and 20.4 us, respectively.

Because cytochrome bd carries the three redox groups, it is
three electron-reduced in the R state. The reaction of the three
electron-reduced enzyme with oxygen stalls at the F state, as
expected (38, 39). However, under specific conditions of the
enzyme isolation, it is possible to purify cytochrome bd from
E. coli that retains some quantity of bound quinol (37). Such a
reduced enzyme contains five reducing equivalents, and the O,
reaction proceeds beyond F. Our experiments with this enzyme
preparation show an additional phase with 7 = 1.1 ms. The
spectrum of the 1.1-ms phase has a minimum at 680 and a
maximum at 645 nm (Fig. 1C, gray solid line) that may be
assigned to the conversion of F to the oxidized enzyme (O) or
more likely into the oxy complex (A) because bound quinol is a
two electron donor.

The Role of the Heme Groups in the Formation of the Catalytic
Cycle Intermediates—When the complex of the ferrous heme d
with oxygen forms (R — A transition), the b-type hemes remain
reduced, as evidenced by the lack of the distinct troughs at 560
and 595 nm in the spectrum of the 1.4-us phase (Fig. 1C). In
contrast, the spectrum of the 4.5-us phase corresponding to the
A — P transition has minima at 560 and 595 nm, which are
typical features of the oxidized-minus-reduced spectrum of
heme b, (37,53, 54). Further support for the conclusion that
heme b, gets oxidized during the A — P transition comes
from the fact that the difference spectrum of the 4.5-us
phase in the Soret is dominated by the bleaching at 440 nm
(Fig. 2, solid line). The 440-nm band was identified as the
Soret band of ferrous heme b, (34, 55). Although the heme
d absorption change also contributes to the Soret difference
spectrum, its contribution to the Soret is usually minor com-
pared with a b-type heme (56). It is clear that the P formation
is accompanied by the oxidation of heme b.,,. At the same
time, there is no evidence for the oxidation of heme b, at
this stage.

The oxidation of heme b4 occurs during the next transition,
the P —F, transition as evidenced by a prominent trough at 561
nm in the spectrum of the 47-us phase (Fig. 1C, dashed line).
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FIGURE 3. Comparison of the electrometric and optical time courses for
the reaction of the three electron-reduced E. coli cytochrome bd with
oxygen. Conditions for the electrometric experiment (dashed trace, left axis):
Mops-KOH, 100 mm (pH 7.0); N,N,N',N’'-tetramethyl-1,4-phenylenediamine,
10 uMm; hexaamineruthenium, 10 um; glucose, 50 mm; catalase, 0.5 mg/ml;
glucose oxidase, 1.5 mg/ml; CO, 1%. Reaction was started by a laser flash after
450 ms from the beginning of injection of 100 wl of oxygen-saturated buffer
([0,] = 1.2 mm). For the optical experiment (solid trace, right axis), see Fig. 1. All
measurements were performed at +21 °C.

Furthermore, the P — F transition is accompanied by a loss of
absorbance at 430 nm and its increase at 414 nm (Fig. 2, dashed
line). The peaks at 430 and 560 nm were reported to be the Soret
and « bands of ferrous heme b, respectively (29). There is no
indication that the oxidation of heme b, observed during the
P formation, contributes also to the F formation. A trough at
589 nm (Fig. 1C, dashed line) is most probably a specific spec-
tral feature of the compound F. A similar feature was observed
in the F-minus-0O difference absorption spectrum where F was
generated by the addition of excess hydrogen peroxide to cyto-
chrome bd in the O state (41).

The Distribution of the Charge Translocation Events along the
Catalytic Cycle—An electrometric recording of the reaction of
the fully reduced enzyme from E. coli with oxygen is shown in
Fig. 3, dashed trace. It consists of an initial non-electrogenic
phase (the lag) followed by the electrogenic phase, in agreement
with previous reports (37, 39). The fit of the electrometric trace
with the rate constants obtained in spectrophotometric meas-
urements revealed that the first two processes, which were
assigned to the formation of compound A followed by the tran-
sition from A to P, are electrically silent. Thus, both R — A and
A — P transitions are not coupled to any charge translocation
across the membrane plane.

In the three electron-reduced cytochrome bd (no bound qui-
nol), the electrically silent lag is followed by an electrogenic
(Fig. 3, dashed trace) phase that develops concurrently with the
47-us phase observed in the spectrophotometric experiment
(Fig. 3, solid trace). Thus, it corresponds to the transition of the
P intermediate to the F state (P — F transition). When the
enzyme contains bound quinol, an additional electrogenic
phase with 7 of 0.6—1.1 ms is observed. This slow phase
matches the corresponding spectral phase reflecting the F — A
transition (37).
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FIGURE 4. Reaction scheme. The three rhombuses represent hemes bssg, bsos, and d, respectively. The minus
sign denotes that heme is in the ferrous state. The rate constants refer to the E. coli cytochrome bd.

DISCUSSION

Why P Has Not Been Detected Previously—In this work, we
examined the reaction of cytochromes bd from E. coli and A.
vinelandii in the R state with oxygen. Earlier studies of this
reaction reported that the initially formed intermediate A
decays directly to F without any transient intermediate between
A and F (38, 39). This apparently contradicts the identical reac-
tion catalyzed by cytochrome ¢ oxidase (CcO), where under the
same conditions a transient formation of Py intermediate
between A and F was documented (7). It was concluded that in
the reaction of cytochrome bd with O, there is either no inter-
mediate between A and F or this intermediate is too short-lived
to be detected (39). In this study, we were able to clearly resolve
the transient formation of a spectrally discernible intermediate
between A and F with a time constant of 4.5 us at +21 °C (Fig.
1), which was denoted P. We suggest that P was not detected in
earlier studies (38, 39) due to some limitations of the method-
ologies used. In the work of Hill et al. (38), the measurements
were performed on the appropriate time scale of a few hundred
microseconds; however, the measurements were done at
selected wavelengths (Fig. 3 in Ref. 38) where the contribution
of P was small and therefore could not have been trapped.
Jasaitis et al. (39) tried to catch P both in the reaction of the R
enzyme with O, at —20 °C and in the reaction of the O enzyme
with excess H,0O, at room temperature. Despite recording the
entire spectra, the time resolution (1 ms) appeared to be not
sufficient to detect P in that study, even at low temperature
(39). A question may arise why the P formation was not found
in the electrometric measurement (39). The present work
shows that the initial electrically silent lag phase is actually a
sum of the R — A and A — P transitions (Fig. 3). This lag phase
was also observed in Ref. 39 and compared with the similar lag
phase in CcO. It was established that in CcO the lag can be
reasonably modeled as two sequential steps correspond-
ing to the R — A and A — Py transitions (15). Based on the fact
that the lag in cytochrome bd is markedly shorter than that in
CcO, the former was fitted as a single step (39). However, it was
not taken into consideration that binding of O, to cytochrome
bd (R — A transition) is ~10 times faster compared with CcO
(38, 57). Much faster R — A transition in the bd oxidase obvi-
ously reduces the entire non-electrogenic lag in cytochrome bd.
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generate a two electron-reduced
form of O, at the active site, ie.
bound (hydro)peroxide. It is not
clear, however, whether the O-O bond is broken at this stage of
the reaction. If the O-O bond is still intact, P corresponds to
compound 0 in peroxidases, i.e. a true peroxy complex (Fe,*" -
0-0O-(H)). Compound 0 was monitored in horseradish peroxi-
dase at subzero temperatures (2). Although an intermediate
analogous to compound 0 was postulated for CcO, it has never
been trapped.

If the O-O bond is already broken, P is an oxoferryl species.
Formation of the oxoferryl species requires four electrons to
break the O-O bond. In the P state, two electrons may be taken
from heme d and one from heme b.,.. However, the forth elec-
tron cannot be taken from heme b, because no oxidation of
heme b4 is observed at this stage (Figs. 1C and 2). Hence, if P
is oxoferryl, the fourth electron should come from a nearby
group, most likely amino acid residue (Fe,** = Oj R’). In the
latter case, P would be analogous to compound I of cytochrome
¢ peroxidase or P, species of CcO. However, withdrawal of an
electron from an amino acid residue requires rather high redox
potential, typically higher than +0.8 V (58), and the oxidation
of heme b4 (E,, ~ +0.15 V) (27) would be much more favor-
able (~0.65V potential difference, or 10 orders difference in the
equilibrium constant). At the same time, in our experiments the
formation of P is not coupled to the oxidation of the low spin
heme, in contrast to that detected during the formation of the
P oxoferryl species in heme-copper oxidases. The oxidation of
the low spin heme b4 is observed only during decay of P, i.e. in
the next transition. This is the reason why we suggest that in the
case of cytochrome bd P is a true peroxy intermediate. Never-
theless, some further studies are required to establish its precise
chemical structure.

Reaction Scheme—The scheme describing the reaction
reported in this work is shown in Fig. 4. The initial complex of
the R cytochrome bd with CO (R-CO) is photolyzed in the
presence of oxygen. The unliganded R enzyme generated by the
photolysis binds O, very rapidly, forming the ferrous heme d
oxy species (A). The R — A transition is not electrogenic, and
its rate is proportional to [O,] (k,, = 1.9 X 10° m ' s~ 1) (38,
49). The A formation is followed by electron transfer from
heme b,y to form P. The A — P transition occurs with k =
2.2 X 10° s~ ! and is also non-electrogenic. The finding that
electron transfer from heme b, to heme d is not coupled with
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membrane potential generation is fully consistent with a recent
study (37). The chemical structure of P needs to be established.
As depicted in the scheme, it is likely that P is a peroxy complex
of ferric heme d. If this is the case, the bound peroxide is likely
not in the anionic form but at least singly protonated. The pro-
ton may come from one of the two protonatable groups linked
to the b.ys/d binuclear site (37) upon its oxidation. We cannot
exclude, however, that at the P state the O-O bond is already
broken and P could be similar to P,, in CcO. The latter would
be apparently inconsistent with the same reaction catalyzed by
the R CcO where no P,,-like intermediate preceding the for-
mation of Py has been observed (7, 16, 17). The P intermediate
is further converted into F with k = 2.1 X 10* s™'. This is
accompanied by the oxidation of heme b..,. In agreement with
previous studies (37, 39), formation of F is coupled to genera-
tion of a membrane potential. There is no doubt that at the F
state the b-type hemes are in the ferric state and heme d is in the
oxoferryl state. When cytochrome bd contains bound quinol,
the reaction proceeds further to form the oxidized enzyme (O).
The F — A transition occurs with k = 0.9 X 10°s™ ! (Fig. 1C,
gray solid line) and is electrogenic (37).

The fact that in the course of the reaction the oxidation of
heme b, precedes that of heme b, may indicate that heme
b.qs is located closer to heme d than heme b .. This is in line
with the proposal of physical proximity of hemes d and b, and
their functional cooperation in the O,-reducing site (31-37).

Because an intermediate spectrally and kinetically very sim-
ilar to P of the E. coli cytochrome bd is also observed with the bd
enzyme from A. vinelandii, P is most likely a catalytic interme-
diate inherent in all members of the bd-family of terminal
oxidases.
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