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Abstract

Acidianus ambivalens is a hyperthermoacidophilic archaeon which grows optimally at V80³C and pH 2.5. The terminal
oxidase of its respiratory system is a membrane-bound quinol oxidase (cytochrome aa3) which belongs to the heme^copper
oxidase superfamily. One difference between this quinol oxidase and a majority of the other members of this family is that it
lacks the highly-conserved glutamate (Glu(I-286), E. coli ubiquinol oxidase numbering) which has been shown to play a
central role in controlling the proton transfer during reaction of reduced oxidases with oxygen. In this study we have
investigated the dynamics of the reaction of the reduced A. ambivalens quinol oxidase with O2. With the purified enzyme, two
kinetic phases were observed with rate constants of 1.8c104 s31 (at 1 mM O2, pH 7.8) and 3.7U103 s31, respectively. The first
phase is attributed to binding of O2 to heme a3 and oxidation of both hemes forming the `peroxy' intermediate. The second
phase was associated with proton uptake from solution and it is attributed to formation of the `oxo-ferryl' state, the final
state in the absence of quinol. In the presence of bound caldariella quinol (QH2), heme a was re-reduced by QH2 with a rate
of 670 s31, followed by transfer of the fourth electron to the binuclear center with a rate of 50 s31. Thus, the results indicate
that the quinol donates electrons to heme a, followed by intramolecular transfer to the binuclear center. Moreover, the
overall electron and proton-transfer kinetics in the A. ambivalens quinol oxidase are the same as those in the E. coli ubiquinol
oxidase, which indicates that in the A. ambivalens enzyme a different pathway is used for proton transfer to the binuclear
center and/or other protonatable groups in an equivalent pathway are involved. Potential candidates in that pathway are two
glutamates at positions (I-80) and (I-83) in the A. ambivalens enzyme (corresponding to Met(I-116) and Val(I-119),
respectively, in E. coli cytochrome bo3). ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The hyperthermoacidophilic crenarchaeon Acidia-
nus ambivalens is a member of the Sulfolobales, that
grows optimally at V80³C and pH 2.5 [1,2]. When
using colloidal sulfur as an electron donor and oxy-
gen as an acceptor it expresses a very simple mem-
brane-bound respiratory system. The terminal oxi-
dase of this system is a quinol oxidase which is the
major membrane-bound heme-chromophore [3,4].
The oxidase has a molecular mass of 150 kDa and
it is composed of ¢ve subunits, the largest of which
(65 kDa) contains the ligands to heme a and the
binuclear center heme a3 and CuB [5]. The enzyme
receives electrons from caldariella quinol [3,4], which
are transferred intramolecularly to the binuclear cen-
ter where oxygen binds and is reduced to water. The
bound quinol has been shown to be essential to com-
plete the oxygen reaction [4] and to modulate a con-
formational change at the binuclear site upon reduc-
tion, which may be correlated to the proton pumping
mechanism of this oxidase [6]. The structures at
atomic resolution of two other oxidases belonging
to the same heme^copper oxidase superfamily as
the A. ambivalens enzyme have been determined: cy-
tochrome c oxidase from bovine heart [7^9] and Pa-
racoccus denitri¢cans [10,11].

The reaction with O2 of several cytochrome c oxi-
dases and the ubiquinol oxidase cytochrome bo3

from Escherichia coli have been investigated in detail
using the so-called £ow-£ash technique (for a review
see, e.g., [12,13]). The reduced enzyme with carbon
monoxide bound to heme a3 (heme o3) is mixed rap-
idly with an O2-containing solution. The reaction of
the reduced enzyme with O2 is limited by the CO-o¡
rate. Within a time frame that is shorter than that of
CO dissociation, the CO ligand is £ashed o¡ with a
short laser £ash which enables O2 to react with the
reduced enzyme. With both the bovine cytochrome
aa3 and E. coli cytochrome bo3, initially, O2 binds to
reduced heme a3 (heme o3) with a rate of V105 s31

(at 1 mM O2, forming transient intermediate A)
[14,15]. In the next step both hemes a and a3 (heme
b and heme o3) are oxidized forming the so-called
`peroxy' intermediate (P) with a rate of V3U104

s31 [16^19]. The `oxo-ferryl' (F) intermediate is
formed with a rate of V104 s31, associated with
proton uptake from solution through the D-pathway

[20^22] including the highly-conserved Glu(I-286)
and Asp(I-132). In cytochrome c oxidase, the fourth
electron is transferred to the binuclear center, a pro-
ton is taken up through the D-pathway and the oxi-
dized enzyme (O) is formed with a rate of V103 s31.
Quinol oxidases lack the CuA center and have only
three redox-active metal sites [23]. Thus, during re-
action of the fully-reduced E. coli ubiquinol oxidase
with O2 the ¢nal state is F [20,24]. The same situa-
tion was observed for the A. ambivalens enzyme [4].
With bound quinol in the E. coli cytochrome bo3,
heme b is re-reduced rapidly by QH2 after the initial
oxidation of heme b, which is followed by transfer of
the fourth electron from heme b to the binuclear
center [17,18].

Numerous studies show that the D-pathway is in-
volved in the uptake of both substrate and pumped
protons during reduction of oxygen to water in mi-
tochondrial-like oxidases (for review see [25]). The A.
ambivalens quinol oxidase lacks many of the key res-
idues in this pathway, including the essential gluta-
mate E(I-286) and it has been suggested that the A.
ambivalens enzyme generates a proton gradient only
by `chemical' charge separation [5], i.e., only through
the uptake of substrate protons speci¢cally from the
`input side' of the membrane. Thus, one question
addressed in this work is the kinetics of proton up-
take during O2 reduction. To approach this problem
we have employed the £ow-£ash technique to inves-
tigate the kinetics of electron and proton transfer
during reaction of the fully-reduced A. ambivalens
cytochrome aa3 with oxygen. The results show that
the reduced enzyme reacts with O2 on a microsec-
onds time scale. Initially, both hemes a and a3 were
oxidized with a rate of 1.8U104 s31, presumably
forming intermediate P. A proton was taken up
from the bulk solution and the F intermediate was
formed with a rate of 3.7U103 s31. In the presence of
caldariella quinol (in the solubilized membrane ex-
tract), heme a was re-reduced by the quinol with a
rate of 670 s31, followed by transfer of the fourth
electron from heme a to the binuclear center with a
rate of 50 s31. Thus, the results show that the cal-
dariella quinol ¢rst donates electrons to heme a,
which are then transferred intramolecularly to the
binuclear center. Moreover, the A. ambivalens quinol
oxidase picks up protons from solution with the
same rate as the E. coli ubiquinol oxidase (and cyto-
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chrome c oxidases from bovine heart and R. sphae-
roides), which indicates that other residues (presum-
ably carboxylates) in the A. ambivalens oxidase play
the role of Glu(I-286).

2. Materials and methods

2.1. Enzyme puri¢cation

A. ambivalens (DSM 3772) cells were grown as
described in [26] and the membranes and the puri-
¢ed oxidase were obtained as previously described
[4]. The solubilized membrane extract was prepared
by adding dodecyl-L-D-maltoside to a membrane
suspension at a ratio of 2 g of detergent per g of
total protein, in potassium phosphate bu¡er at
pH 6.5. After mixing at 4³C for 3 h the suspension
was ultracentrifuged to remove unsolubilized mem-
branes. The puri¢ed enzyme is almost fully depleted
of quinone, as determined from quinone extraction
and HPLC analysis (our unpublished data). The en-
zyme concentration was determined from the re-
duced-minus-oxidized di¡erence spectrum using an
absorption coe¤cient of 23.2 mM31 cm31 at 605
nm [27].

2.2. Flow-£ash measurements

The solution of the reduced quinol oxidase^CO
complex (see [28]) was transferred anaerobically to
one of the drive syringes (volume 500 Wl) of a locally
modi¢ed stopped-£ow apparatus (Applied Photo-
physics, DX-17MV). The other syringe (volume 2.5
ml) was ¢lled with the same bu¡er solution supple-
mented with 0.1% dodecyl-L-D-maltoside, equilibrat-
ed with pure O2 at 1 atm. Typically, the enzyme/O2-
solution mixing ratio of 1:5 gave an O2 concentra-
tion after mixing of V1 mM. Actinic light at 532 nm
was provided by a Nd-YAG laser (Spectra Physics)
about 40 ms after mixing. The pulse length was V10
ns and the energy per pulse was V50 mJ. Typically,
5^20 traces were averaged. The laser and observation
equipment have been described in detail elsewhere
[16]. The concentration of reacting enzyme was cal-
culated from the CO-dissociation absorbance change
at 445 nm, using an absorption coe¤cient of 67
mM31 cm31 [29].

2.3. Proton-uptake measurements

The kinetics of proton uptake during O2 reduction
was measured as described previously [16,21]. The
bu¡er was removed from the enzyme solution by
washing two times with 0.1 M KCl, 0.1% L-D-dodec-
yl maltoside at pH 7.5 on a PD-10 column (Pharma-
cia). The pH dye phenol red at a ¢nal concentration
of 40 WM was added after which the enzyme solution
was £ushed with nitrogen. To reduce the enzyme,
ascorbate and phenazine methosulfate (PMS) were
added to ¢nal concentrations of 1 mM and 5 WM,
respectively. After incubation for V10 h at +4³C,
nitrogen was exchanged for carbon monoxide and
the pH was adjusted to 7.8. The measurements
were performed as described above and in [16]. A
relation between the observed absorbance changes
and the number of protons taken up by the enzyme
(cf. bu¡er capacity) was determined as described else-
where [16].

3. Results

3.1. Reaction of the puri¢ed enzyme with O2 electron
transfer

The enzyme^CO complex was mixed in a stopped-
£ow apparatus with an O2-saturated solution. The
CO ligand was £ashed o¡ about 40 ms after mixing.
Since the CO-o¡ rate from heme a3 was V1 s31

under the current experimental conditions, during
the time between mixing and the £ash V4% of the
enzyme with CO bound to heme a3 reacted (see also
below). In contrast to the bovine cytochrome aa3 in
which CO binds to heme a3 in the entire enzyme
population, in the A. ambivalens quinol oxidase the
ligand equilibrates between heme a3 and CuB, with
about 40% of the enzyme population having CO
bound to CuB [28]. Since the CO-dissociation time
constant from CuB is much shorter (V100 Ws, [28])
than the time between mixing and the laser £ash (40
ms), the enzyme population in which CO is bound to
CuB reacts with O2 before the £ash and does not
contribute to the light-induced absorbance changes
(see also Section 4).

Fig. 1 shows absorbance changes following £ash-
induced dissociation of CO from the A. ambivalens
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quinol oxidase (from the population in which CO is
bound to heme a3) after mixing with an O2-saturated
solution in a stopped-£ow apparatus. At 445 nm
(Fig. 1A), the increase in absorbance at t = 0 is asso-
ciated with dissociation of CO from heme a3. It is
followed by a decrease in absorbance with a rate
constant2 of 1.8 þ 0.4U104 s31 at pH 7.8, associated
with oxidation of hemes a and a3 and presumably
formation of the so-called peroxy intermediate (P).
The yield of CO dissociation was 6 100%. Since the
enzyme fraction in which CO does not dissociate
reacts with O2 with a rate of V1 s31 (see above),
the absorbance changes of this fraction do not con-
tribute on the time scale in Fig. 1.

Since the puri¢ed A. ambivalens enzyme `contains'
three electrons, upon reaction with O2, the ¢nal state
is expected to be the oxo-ferryl intermediate (F) [4].
This intermediate has its maximum contribution
(compared with the oxidized enzyme) at 580 nm.
At this wavelength the absorbance increased with a
rate constant of 3.7 þ 0.4U103 s31 at pH 7.8 (deter-
mined from a global ¢t of the data, see 2) (Fig. 1B),
which in the bovine and R. sphaeroides cytochrome
aa3 is characteristic for the formation of the F inter-
mediate [16,21]. In addition, a small component with
a rate constant of V650 s31 was observed, presum-
ably due to a small fraction tightly bound caldariella
quinol, which cannot be displaced by stigmatellin
(see below). The rate of the ¢rst phase following
that associated with CO dissociation, tentatively as-
cribed to formation of the P intermediate was the
same at pH 5 as at pH 7.8.

Fig. 2A shows the apparent ¢rst-order rate con-
stant of the kinetic phase immediately after CO dis-
sociation as a function of the O2 concentration. As
seen in the ¢gure, the rate constant ¢rst increases
with increasing O2 concentration and then it satu-
rates. The curve was ¢tted with a hyperbolic function
(solid line in Fig. 2A):

kobs � kmax�O2�
Km;app � �O2� �1�

with values kmax = 1.8 þ 0.2U104 s31 and KM;app =
65 þ 15 WM (see also model in Fig. 2B, discussed
below). The initial slope at low O2 concentra-
tions corresponds to a second-order rate constant
of 2.7 þ 1.0U108 M31 s31, i.e., similar to those ob-
served with the bovine and R. sphaeroides cyto-
chrome c oxidases, and the E. coli cytochrome bo3

Fig. 1. Absorbance changes after £ash photolysis of CO from
the fully-reduced puri¢ed A. ambivalens quinol oxidase after
rapid mixing with an O2-saturated solution at a ratio of 1:5
(A) 445 nm; (B) 580 nm; (C) 605 nm. Conditions after mixing:
100 mM potassium phosphate bu¡er, pH 7.8, 0.1% dodecyl-L-
D-maltoside, 2 mM sodium ascorbate, 5 WM phenazine metho-
sulfate (PMS), V170 WM CO, V1 mM O2, 22 þ 1³C. The en-
zyme concentration was 10^15 WM, but all traces have been
normalized to 1 WM reacting enzyme (normalized to the CO
dissociation absorbance change at 445 nm using O= 67
mM31 cm31 [29]).

2 The rate constants of the kinetic phases were determined
from a multi-wavelength ¢t to traces collected at eight di¡erent
wavelengths: 420, 430, 436, 437, 445, 580, 600 and 605 nm. In
addition, absorbance changes at 560 nm associated with proton
uptake were included in the global ¢t.
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(V1.4U108 M31 s31, with the bovine enzyme)
[16,30,31].

3.2. Reaction of the puri¢ed enzyme with O2 proton
uptake

The kinetics of proton uptake associated with O2

reduction by the puri¢ed enzyme was investigated by
monitoring absorbance changes at 560 nm of the pH-
indicator dye phenol red in the absence of bu¡er. To

correct for the small contribution of the enzyme ab-
sorbance at 560 nm, absorbance changes were also
recorded in the presence of bu¡er. The di¡erence
trace (Fig. 3) displayed the same rate constant of
3.7U103 s31 as that attributed to the PCF transi-
tion (see above). As in the experiments described
above, a small component (V10% of the total ab-
sorbance change) with a rate of 650 s31 was ob-
served.

3.3. Reaction of the membrane quinol-bound enzyme
with O2

As discussed in Section 1, the major heme chro-
mophore in the membrane fragments from A. ambi-
valens is the quinol oxidase, cytochrome aa3. Thus, it
is possible to investigate the reaction of the fully-
reduced enzyme with O2 using optical absorption
spectroscopy also with the enzyme in the membrane
extract without interference from absorbance
changes originating from other protein complexes.
Previous studies have shown that in this state the
enzyme fully reduces oxygen to water, using bound
quinol [4,6].

Fig. 4 shows absorbance changes following £ash-

Fig. 2. (A) The rate of the initial kinetic phase after CO-disso-
ciation, measured at 445 nm (£ow-£ash experiment) as a func-
tion of the O2 concentration after mixing in the £ow-£ash ap-
paratus. Conditions were the same as in Fig. 1, except that
mixing ratio was 1:1 and the O2 concentration was varied as
indicated in the ¢gure. (B) Simulated curves for O2 binding to
heme a3 with a second-order rate constant of 108 M31 s31, lim-
ited by the CO-o¡ rate from CuB (di¡erent values of koff c.f.
kmax in Eq. 1). As seen in the Figure, a small koff gives a small
apparent Km value (see Eq. 1).

Fig. 3. Proton uptake associated with reaction of the reduced,
puri¢ed A. ambivalens quinol oxidase with O2. The ¢gure shows
absorbance changes of the dye phenol red at 560 nm. An in-
crease in absorbance re£ects proton uptake. The trace is the
di¡erences of the traces obtained in non-bu¡ered and bu¡ered
solutions at pH 7.8. Experimental conditions were the same as
in Fig. 1, except that in the bu¡er-free solution, the sample was
supplemented with 0.1 M KCl, the concentration of phenol red
was 40 WM and the enzyme concentration was 25^30 WM. The
absorbance change corresponds to an uptake of V1H�/enzyme
molecule.
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induced CO dissociation from the membrane extract
quinol oxidase in the presence of O2. At 445 nm (Fig.
4B), the initial absorbance changes were the same as
those observed with the puri¢ed enzyme, i.e., a rapid
increase in absorbance, associated with CO dissocia-
tion; these changes were followed by a decrease in
absorbance with a rate constant of V1.5U104 s31,

associated with oxidation of both hemes and presum-
ably formation of the P intermediate. However, in
contrast to the absorbance changes observed with the
puri¢ed enzyme, in the membrane-extract we ob-
served an increase in absorbance at 445 nm and
605 nm and a decrease in absorbance at 430 nm
with a rate constant of 670 s31, attributed to re-re-
duction of heme a by the bound quinol (Fig. 4 c.f.
Fig. 1). This kinetic phase was followed by a slower
change in absorbance with a rate constant of 50 s31,
attributed to the transfer of the fourth electron to the
binuclear center forming state O.

Qualitatively, the same behavior was observed pre-
viously with the ubiquinol-containing cytochrome
bo3 from E. coli [17,18], in which the electron was
transferred from the protein-bound quinol to heme b
with a rate of 1.4U103 s31, followed by transfer of
the fourth electron to the binuclear center forming
the oxidized enzyme (state O) with a rate of 250 s31

[18].

4. Discussion

In this study we have investigated the reaction of
the fully-reduced quinol oxidase from Acidianus am-
bivalens with oxygen, in the puri¢ed form as well as
in membrane extracts. We have previously shown
that in the fully-reduced enzyme, the heme a3^CO
complex is formed in about 60% of the enzyme pop-
ulation. Assuming that only one CO molecule can
bind to each enzyme molecule, in the remaining pop-
ulation, CO is bound to CuB. Upon mixing of the
enzyme^CO complex with oxygen the enzyme frac-
tion in which CO is bound to CuB reacts with O2 on
a time scale of V100 Ws because the CO-o¡ rate
from CuB is V1.4U104 s31 [28]. In the remaining
enzyme population, in the dark, the reaction rate is
limited by the CO-o¡ rate from heme a3 of V1 s31,
which allows the use of the £ow-£ash methodology
for the investigation of the reaction of the reduced
enzyme with O2, provided that CO is £ashed o¡
within a time much shorter than 1 s after mixing.

The reactions of the fully-reduced bovine and R.
sphaeroides cytochrome c oxidases with O2 have been
investigated in detail previously (see, e.g., [12,13,16]).
On the basis of a comparison of the absorbance
changes observed with these enzymes and the A. am-

Fig. 4. Absorbance changes after £ash photolysis of CO from
the fully-reduced A. ambivalens quinol oxidase in the membrane
extract after rapid mixing with an O2-saturated solution at (A)
430 nm; (B) 445 nm; (C) 605 nm. See Fig. 1 for details. Condi-
tions were the same as in Fig. 1, except that the potassium
phosphate concentration was 50 mM (pH 7.8) and the dodecyl-
L-D-maltoside concentration was 5%.
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bivalens cytochrome aa3, the initial decrease in ab-
sorbance at 445 nm (Fig. 1A) after the CO-dissocia-
tion absorbance change, is attributed to binding of
O2, oxidation of both hemes and formation of inter-
mediate P with a rate constant of 1.8U104 s31. With
the bovine and R. sphaeroides enzymes, formation of
intermediate F can be detected in the alpha region of
the spectrum as a slight increase in absorbance at 580
nm where the F intermediate has its maximum ab-
sorbance relative to that of the oxidized enzyme. If
the reaction stops at intermediate P (e.g., in the
EQ(I-286) mutant of the R. sphaeroides enzyme), in-
stead a signi¢cant decrease in absorbance is observed
[21]. With the A. ambivalens enzyme, a small increase
in absorbance was observed at 580 nm (and there
was no decrease in absorbance) (Fig. 1B), which is
attributed to formation of the F intermediate. This is
also con¢rmed by the observation of proton uptake
from solution with a rate constant of V3.7U103 s31

(Fig. 3). Formation of the F intermediate was also
detected after rapid mixing of the fully reduced en-
zyme with dioxygen [4].

When the same experiment was done with the en-
zyme in the membrane extract, containing bound
caldariella quinol, additional kinetic phases with
rates of 670 s31 and 50 s31 were observed, presum-
ably associated with electron transfer from QH2 to
heme a (increase in absorbance at 445 nm and 605
nm, and decrease in absorbance at 430 nm, see Fig.
4) and the transfer of the fourth electron from heme
a to the binuclear center (decrease in absorbance at
445 nm and 605 nm, see Fig. 4), respectively.

In cytochrome c oxidase the re-reduction of heme
a by CuA displays the same rate constant (V104 s31)
as the PCF transition and proton uptake from so-
lution. In the A. ambivalens cytochrome aa3 the elec-
tron transfer from quinol to heme a is slower than
the PCF transition, presumably because the elec-
tron-transfer rate is limited by proton release from
QH2 with a rate of 670 s31 (see [18]). It is di¤cult to
quantify the observed absorbance changes associated
with this phase because we were not able to deter-
mine the fraction of enzyme with bound quinol ac-
curately.

After the 50-s31 electron transfer from heme a to
the binuclear center, heme a is re-reduced by the
`second electron' from the quinol (¢fth electron in
the enzyme), which equilibrates between the semiqui-

none state and the redox centers of the enzyme. This
explains why the 50 s31 decrease in absorbance at
445 nm and 605 nm is relatively small (Fig. 4). Qual-
itatively, a similar behavior was observed previously
with the ubiquinol-containing quinol oxidase cyto-
chrome bo3 from E. coli [17,18] in which electrons
from ubiquinol are donated to the low-spin heme b
and then to the oxygen-reducing binuclear center
heme o3^CuB [17,18].

In the bovine enzyme O2 binds to heme a3 with a
second-order rate constant of 1.4U108 M31 s31

forming the ferrous-oxo intermediate (RCA transi-
tion). Thus, at 1 mM O2 (and WM enzyme concen-
trations), the apparent ¢rst-order rate constant is
V105 s31 [15,30,31]. With the bovine enzyme, the
kinetic phase associated with O2 binding (formation
of intermediate A) is observed as a decrease in ab-
sorbance at 445 nm immediately following dissocia-
tion of CO. The O2 binding is followed by the fur-
ther decrease in absorbance with a rate of 3U104 s31

associated with oxidation of the hemes and forma-
tion of the P intermediate. At lower O2 concentra-
tions the two phases merge and below V300 WM O2

the P-formation rate is limited by O2 binding to
heme a3. Consequently, the slope of the apparent P
formation rate as a function of O2 concentration at
low O2 concentrations re£ects the second-order rate
constant for binding of O2. As seen in Fig. 2A, the
slope with the A. ambivalens enzyme corresponds to
a second-order rate constant for O2 binding of
V2.7U108 M31 s31 (see Eq. 1), i.e., similar to that
observed with the bovine cytochrome aa3.

If there were no other rate-limiting events for O2

binding in the A. ambivalens enzyme and if the A
intermediate was formed at signi¢cant concentrations
(see below), at 1 mM O2 a kinetic phase associated
with A formation with a rate constant of V2.7U105

s31 should be observed. With the bovine enzyme, the
two initial phases (105 s31 and 3U104 s31, RCA and
ACP, respectively, at 1 mM O2) have the same sign
at 445 nm. Since their rates di¡er only by a factor of
V3 at 1 mM O2, it is often di¤cult to resolve them
at this wavelength. However, in the range V430^440
nm there are wavelengths at which the two phases
display di¡erent signs. In addition, there are wave-
lengths at which each of them displays an isosbestic
point, which simpli¢es their resolution [30]. With the
A. ambivalens quinol oxidase we were not able to

BBABIO 44950 4-12-00

G. Gilderson et al. / Biochimica et Biophysica Acta 1503 (2001) 261^270 267



resolve the O2-binding phase in this wavelength
range.

There are several possible explanations for the lack
of a resolved O2-binding phase in the A. ambivalens
quinol oxidase. One possibility is the relatively slow
CO-dissociation rate from CuB in the A. ambivalens
enzyme (1.4 þ 0.5U104 s31 [28]). With the bovine en-
zyme it has been proposed that the CO-dissociation
from CuB is rate-limiting for O2 binding. In a study
of the O2 binding rate as a function of O2 concen-
tration at O2 concentrations up to 16 mM [31], a
saturation behavior was found, similar to that ob-
served with the A. ambivalens enzyme (Fig. 2A).
With the bovine enzyme, the rate saturated at
V106 s31 [31], which is consistent with the CO-dis-
sociation rate of V5U105 s31 [32]. Consequently, it
was proposed that the saturation behavior at high O2

concentrations re£ects the (rate-limiting) CO dissoci-
ation from CuB. Since with the bovine enzyme the
CO-dissociation rate (5U105 s31) is faster than that
of O2 binding at 1 mM O2 (V1U105 s31) and much
faster than the ACP transition there is essentially no
interference between CO dissociation and O2 binding
at this O2 concentration and a kinetic phase associ-
ated with O2 binding to heme a3 is clearly resolved
[30].

Also with the A. ambivalens cytochrome aa3 the
apparent O2-binding rate saturated at about the
same value (kmax w 1.8U104 s31, see Eq. 1) as the
CO dissociation rate from CuB (V1.4U104 s31).
However, since this rate is much slower than the
expected rate for O2 binding at 1 mM O2 and pre-
sumably also the ACP transition, in the A. ambi-
valens cytochrome aa3 the P formation rate is deter-
mined by the CO dissociation. In addition, due to the
slower CO dissociation rate in the A. ambivalens than
in the bovine enzyme, the apparent Km value for O2

binding is much smaller in the A. ambivalens (V65
WM) than in the bovine (7.7 mM, [31]) enzyme (see
Fig. 2B).

Also in the ubiquinol oxidase from E. coli, after
dissociation of CO from the reduced enzyme (heme
o3), CO binds transiently to CuB and dissociates with
a time constant of V1 ms [33,34]. On the other
hand, O2 reacts with the fully-reduced E. coli enzyme
with a rate of V105 s31 (at 1 mM O2) [14,20,35],
which seemingly contradicts the requirement for CO
to dissociate before O2 binding (see also discussion in

[34]). Thus, it is possible that O2 can bind to heme o3

(heme a3) even though CO is bound to CuB. How-
ever, even if this is the case the O^O bond cannot be
cleaved until CO dissociates from CuB because the
O^O bond breakage requires binding of OH3 (H2O)
to CuB. Therefore, in the A. ambivalens enzyme for-
mation of P (in which the O^O bond is cleaved, see
e.g., [36]) is rate-limited by CO dissociation. Also, a
direct binding of O2 to heme a3 is likely to be slowed
by the presence of CO at CuB.

The 104 s31 proton uptake during the PCF tran-
sition in the R. sphaeroides cytochrome c oxidase
takes place through the D-pathway (for review see
[25]) in which one of the key residues is Glu(I-286).
Replacement of the Glu by a Gln in the R. sphae-
roides enzyme results in blockage of the 104 s31 pro-
ton uptake and inhibition of the PCF transition.
The latter is most likely blocked because formation
of the F intermediate requires an internal proton
transfer to the binuclear center [22]. In the R. sphae-
roides cytochrome c oxidase this proton is presum-
ably taken from E(I-286) with a rate of 104 s31,
followed by a rapid (s 104 s31) re-protonation of
E(I-286) from the bulk solution [22,37]. The proton
uptake during the PCF transition was also observed
with the A. ambivalens enzyme with a rate of
3.7U103 s31, i.e., similar to that observed with the
R. sphaeroides, bovine and E. coli oxidases.

The A. ambivalens quinol oxidase lacks the amino-
acid residue corresponding to E(I-286) (as well as all
the other amino-acid residues of the D-pathway),
which indicates that other residues must play a cen-
tral role in proton transfer in the A. ambivalens en-
zyme (see below). Also in other enzymes related to
the mitochondrial-type enzymes, alternative proton
transfer pathways are operative (see e.g. [38]). For
example, the caa3 oxidase from Thermus (Th.) ther-
mophilus has all the residues of the D-pathway con-
served, with the exception of the glutamate [39], but
pumps protons with the stoichiometry of 1H� per
electron [40]. This enzyme is part of a subgroup of
the mitochondrial-type terminal oxidases which have
a conserved substitution pattern in helix VI,
YSHPXV, instead of XGHPEV. Homology model-
ing of one of these enzymes, the caa3 oxidase from
Rhodothermus marinus, showed that the tyrosine res-
idue may occupy a spatial position equivalent to that
of the glutamate residue, thus being proposed to be
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its functional substitute [41]. Also, the cytochromes
ba(o)3 from Th. thermophilus and Bacillus stearother-
mophilus, which lack the canonical D-pathway, are
indeed proton pumps [42,43]. Therefore, it is clear
that oxidases have di¡erent molecular strategies to
achieve proton transfer.

Modeling of the three-dimensional structure of the
A. ambivalens quinol oxidase (Fig. 5) shows that even
though the residue corresponding to E(I-286) at helix
VI is not present, there is another glutamate at about
the same position in space, but bound to a di¡erent
helix (Glu (I-80) A. ambivalens numbering, Met(I-
116) in E. coli cytochrome bo3, Fig. 5). In the struc-
tural model, there is also another glutamate (E(I-
83)), A. ambivalens numbering, Val(I-119) in E. coli
cytochrome bo3) `below' the I-286 position (E. coli
cytochrome bo3 numbering, see Fig. 5). Thus, it is
possible that the residues E(I-80) and/or E(I-83) in
the A. ambivalens enzyme may be part of the proton

transfer pathway to the binuclear center in this oxi-
dase.
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