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ABSTRACT: Arginine 54 in subunit I of cytochromec oxidase fromParacoccus denitrificansinteracts
with the formyl group of hemea. Mutation of this arginine to methionine (R54M) dramatically changes
the spectral properties of hemea and lowers its midpoint redox potential [Kannt et al. (1999)J. Biol.
Chem. 274, 37974-37981; Lee et al. (2000)Biochemistry 39, 2989-2996; Riistama et al. (2000)Biochim.
Biophys. Acta 1456, 1-4]. During anaerobic reduction of the mutant enzyme, a small fraction of heme
a is reduced first along with hemea3, while most of hemea is reduced later. This suggests that electron
transfer is impaired thermodynamically due to the low redox potential of hemea but that it still takes
place from CuA via hemea to the binuclear site as in wild-type enzyme, with no detectable bypass from
CuA directly to the binuclear site. Consistent with this, the proton translocation efficiency is unaffected
at 1 H+/e- in the mutant enzyme, although turnover is strongly inhibited. Time-resolved electrometry
shows that when the fully reduced enzyme reacts with O2, the fast phase of membrane potential generation
during thePR f F transition is unaffected by the mutation, whereas the slow phase (F f O transition)
is strongly decelerated. In the 3e--reduced mutant enzyme hemea remains oxidized due to its lowered
midpoint potential, whereas CuA and the binuclear site are reduced. In this case the reaction with O2

proceeds via thePM state because transfer of the electron from CuA to the binuclear site is delayed. The
single phase of membrane potential generation in the 3e--reduced mutant enzyme, which thus corresponds
to thePM f F transition, is decelerated, but its amplitude is comparable to that of thePR f F transition.
From this we conclude that the completely (4e-) reduced enzyme is fully capable of proton translocation.

The electron-transfer pathway in the cytochromec oxi-
dases has usually been considered to strictly follow the
sequence CuA f hemea f binuclear center, where the
binuclear center of O2 reduction consists of hemea3 and the
CuB ion next to it and where CuA is the entry port of electrons
into the enzyme from cytochromec (see refs1-3). However,
from time to time there have been suggestions of direct
electron transfer from the CuA center to the binuclear site,
bypassing hemea. Recently, Kannt et al. (4) suggested such
a bypass in the R54M mutant of subunit I in cytochromec
oxidase from Paracoccus denitrificans. In this mutant
enzyme the strong interaction of arginine-54 with the formyl
group of hemea is destroyed, which leads to a dramatic
lowering of the midpoint redox potential (Em,7)1 of this heme,
a large blue shift in its optical spectrum, and strong inhibition

of enzyme activity (4, 5). Lee et al. (6) reported similar
changes in the corresponding R52A mutant of cytochrome
c oxidase fromRhodobacter sphaeroidesand showed a large
change in the formyl stretching mode of hemea by resonance
Raman spectroscopy, proving a hydrogen-bonding interaction
between the formyl group and the arginine. In 1983, Babcock
and Callahan (7) had suggested, on the basis of the optical
and Raman properties of hemea, that its formyl group is
hydrogen-bonded to an amino acid side chain.

In the past, there have been suggestions that the fully
reduced cytochromec oxidase may yield only incomplete
proton translocation upon its oxidation by O2, in line with
the assumption that this state of the enzyme would have
minimal occupancy under aerobic conditions in vivo. More
specifically, it has been proposed that proton translocation
associated with the first reactions of the fully reduced enzyme
with O2, after formation of the dioxygen adduct, may be
bypassed (2, 8, 9). In contrast to this, we have recently shown
that oxidation of the fully reduced enzyme by O2, followed
by its immediate rereduction, yields translocation of four
protons, i.e., the full complement of proton pumping (10).
This question is an important issue with regard to the
interpretation of several kinds of experiments that start out
with fully reduced cytochromec oxidase, e.g., measurements
of proton ejection and formation of membrane potential
(∆ψ).
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Here, we have set out to analyze the phenotype of the
R54M mutant enzyme by optical spectroscopy and time-
resolved electrometry. The results show that electron transfer
from CuA to hemea is impaired in the mutant enzyme for
thermodynamic reasons but that electron transfer from CuA

to the binuclear site still takes place via hemea. The R54M
mutant enzyme was also found to be a valuable tool for
assessing whether the proton translocation efficiency is
different when the fully and partially reduced enzyme reacts
with O2.

MATERIALS AND METHODS

Enzyme Preparation.Site-directed mutagenesis, bacterial
growth conditions, and purification of cytochromeaa3 from
P. denitrificanswere as described previously (11).

Reconstitution of the Enzyme into Phospholipid Vesicles.
Cytochromeaa3 was reconstituted into phospholipid vesicles
to form proteoliposomes, using a modification of the
methodology developed by Rigaud et al. (12), as described
in Jasaitis et al. (13). The sucrose gradient step was omitted,
and the isolated cytochromeaa3 was added to a final
concentration of 0.5µM.

Proton translocationwas determined at room temperature
by the O2 pulse method under constant argon flow as
described before (14) but omittingN,N,N′,N′-tetramethyl-p-
phenylenediamine. The rate of reduction of ferricytochrome
c by ascorbate was determined separately by stopped-flow
spectrophotometry under the same conditions but in the
absence of proteoliposomes. On the basis of this, the kinetics
of proton release in this reaction (0.5 H+/e-) is plotted in
Figure 3 after scaling to the measured buffer capacity of the
extravesicular space.

Electrometric Measurements.The direct, time-resolved
electrical measurements are based on a method originally
developed by Drachev and co-workers (15). In the present
system Ag/AgCl2 electrodes record the voltage between the
two compartments of a cell, separated by a measuring
membrane, which consists of a lipid-impregnated Teflon
mesh. Proteoliposomes were fused to this measuring mem-
brane [see Figure 2 in Verkhovsky et al. (16)]. The voltage
across the measuring membrane follows the∆ψ across the
proteoliposome membranes proportionally, allowing the
kinetics of charge translocation across the latter to be
recorded in a time-resolved fashion. The complete measure-
ment and sample preparation procedure is described in
Jasaitis et al. (13).

Measurement Electronics.The electrometric measurement
system consisted of a homemade operational preamplifier
whose output could be recorded using a 12-bit CompuScope
512 (Gage Applied Sciences, Montreal, Canada) running a
data acquisition software written by Nikolai Belevich.

Optical Flow-Flash.The kinetics of the reaction ofaa3

oxidase with dioxygen were followed on a millisecond time
scale at room temperature using the flow-flash technique
developed by Gibson and Greenwood (17). The CO-inhibited
enzyme, at different levels of reduction, was mixed with
oxygen-saturated buffer in the dark. The reaction was then
initiated by photolyzing CO from the enzyme with a xenon
camera flash. To prevent premature photolysis by the probe
beam, a camera shutter was used to block the beam until a
few milliseconds before the flash. The subsequent reaction

was followed optically using a diode array kinetic spectro-
photometer made by Unisoku Instruments (Kyoto, Japan).
The mixing was done using the RX2000 mixer from Applied
Photophysics (Leatherhead, U.K.) with a mixing ratio of 1:1.

RESULTS AND DISCUSSION

We first set out to measure the kinetics of reduction of
the oxidized R54M mutant enzyme with dithionite, using
ruthenium(II) hexammine as a redox mediator. In such
conditions, the redox centers of the enzyme are reduced in
an order essentially determined by their relative midpoint
redox potentials (Em,7), high-potential centers being reduced
before low-potential centers. Figure 1 (left panel) shows the
kinetics of reduction at 445 nm. A relatively fast phase of
reduction is followed by two slower phases. The spectra of
these three reduction phases are shown in the right panel.
The fastest phase (k ) 12 s-1) can mainly be attributed to
reduction of hemea3 from its absorption maximum at 445
nm in the Soret and its broad low-intensity band around 600
nm. This is in contrast with the wild-type enzyme where
hemea is reduced first, in milliseconds, long before reduction
of hemea3 (not shown; cf. ref18). However, as Figure 1
shows, the 12 s-1 phase clearly includes a small fraction of
hemea reduction, the absorption peaks of which are shifted
to ca. 590 and 439 nm in the R54M mutant enzyme (4-6).
The main part of hemea reduction takes place in the second
phase (k ) 0.062 s-1), whereas the slowest phase (k ) 0.0012
s-1) is due to reduction of hemeo (Figure 1; right panels).
Hemeo replaces hemea in about one-half of the mutant
enzyme molecules, which results in a cytochromeoa3

complex (4). The mutant enzyme preparation can thus be
described as an approximately 1:1 mixture of cytochrome
aa3 and cytochromeoa3. The results in Figure 1 are in
agreement with the loweredEm,7 of heme a in the aa3

complex due to the mutation (4, 5) and with the observation
of a still lower Em,7 value for hemeo in the oa3 complex
(4). The fact that a small part of hemea is reduced together
with hemea3 in the first kinetic phase suggests that the
reduction of the binuclear site may actually take place by
the normal electron-transfer route via hemea. While electron
transfer from CuA to hemea is impaired, probably due to

FIGURE 1: Kinetics of heme reduction in the R54M mutant enzyme.
Stopped-flow experiment with 0.2 M HEPES (pH 8), 0.05%
dodecyl maltoside, 10µg/mL catalase, and 3.5µM R54M mutant
enzyme in one syringe and with 0.2 M HEPES (pH 8), 0.05%
dodecyl maltoside, 0.4 mM ruthenium(II) hexammine, and 10 mM
sodium dithionite in the other. Mixing volume ratio 1:1. Left
panel: kinetic trace of enzyme reduction measured at 445 nm. Right
panel: Spectra of kinetic components of enzyme reduction obtained
by global multiexponential fitting of the data surface (see Materials
and Methods).
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the lower driving force, a small part of hemea is reduced
with the same kinetics as hemea3. The low extent of
reduction of hemea in the first kinetic phase can be attributed
to its lowEm,7 value relative to hemea3 in the R54M mutant
enzyme. It should be emphasized that the reduction of the
small fraction of hemea together with hemea3 can easily
be missed, especially under less reducing conditions. We note
that in Figure 5 of Kannt et al. (4) a fraction of hemea was
clearly reduced together with hemea3 in the first spectrum
shown and in agreement with the present time-resolved data.

Figure 2 shows another interesting consequence of the
uniquely loweredEm,7 of heme a. Here, the mutantaa3

enzyme is first allowed to form the mixed valence state,
where CO stabilizes the reduced forms of hemea3 and CuB.
Upon further reduction, the hemea and CuA centers become
reduced, and in the wild-type enzyme this happens roughly
simultaneously due to their similarEm,7 values. However, in
the mutant enzyme CuA is reduced first in a distinct phase,
well before reduction of the low-potential hemesa and o.
This makes it possible to record a clean oxidized minus
reduced difference spectrum of CuA (Figure 2), which is not
possible in the wild-type enzyme due to the strongly
interferring absorption bands of hemea. To our knowledge,
this is the first optical difference spectrum of CuA recorded
over the visible range for the complete enzyme, and it is
indeed very similar to previously reported spectra of the
separately expressed CuA domain of subunit II (19).

Although the turnover velocity of the R54M mutant
enzyme is low (ca. 20 s-1 per aa3; not shown), proton
translocation can still be measured by an application of the
O2 pulse technique (see Materials and Methods). Figure 3
shows that the H+/e- ratio is close to unity, i.e., the same
coupling efficiency as in the wild-type enzyme. This
observation supports the idea that the mutation specifically
affects the rate of thedriVing electron transfer reactions rather
than thedriVen proton translocation, or the coupling of the
two processes, and it is also in line with the conclusion that

electron transfer takes place by the normal route in the
mutant. In this connection it may be noted that the conserved
residue R54 has been proposed to be part of a proton transfer
pathway (“H-channel”; see refs6 and20) that was suggested
to be involved in proton translocation by cytochromec
oxidase from bovine heart mitochondria (21), where R54
corresponds to R38. The observations presented here and in
refs 6 and 22, together with the high degree of homology
between the mitochondrial and the bacterial enzymes, are
not consistent with this proposal.

The electrometric flow-flash method may be used to
determine charge translocation by cytochromec oxidase,
which can be kinetically correlated to the individual reaction
steps observed in time-resolved optical and Raman measure-
ments of the catalytic cycle (13). In brief, the latter
measurements (see refs1-3) have shown that when fully
reduced wild-type cytochromec oxidase reacts with O2,
formation of the initial dioxygen adduct, compoundA, is
followed by fast (τ ∼ 30 µs) transfer of an electron from
hemea to the binuclear center. This reaction yields the so-
calledPR state of the binuclear site (23), which subsequently
relaxes to the ferryl stateF with τ ∼ 60 µs in the wild-type
Paracoccus aa3 enzyme (not shown). Roughly simulta-
neously with this, the electron in CuA equilibrates with heme
a. Transfer of the fourth electron shared between CuA and
hemea to the binuclear site yields the oxidized ferric/cupric
form of the site, which is formed withτ ∼ 1-3 ms. In
contrast, if the reaction is initiated from the so-called mixed
valence, 2-electron-reduced state, formation of compound
A is followed by its decay to thePM intermediate at which
state the reaction stops. Formation ofPM is five to six times
slower than formation ofPR. Analogously, if the reaction
starts off with the 3-electron-reduced enzyme, it is truncated
at intermediateF.

FIGURE 2: Spectrum of oxidized minus reduced CuA. The spectrum
of 2-electron-reduced CO-enzyme minus approximately 3-electron-
reduced CO-enzyme was obtained by subtracting the optical
spectra at two different time points during the slow reduction of
the enzyme by the glucose and glucose oxidase system in the
presence of carbon monoxide. Conditions: 0.1 M HEPES (pH 8),
0.1% dodecyl maltoside, 0.5µM ruthenium(II) hexammine chloride,
1 atm of CO, and 3µM R54M mutant enzyme.

FIGURE 3: Proton translocation by the R54M mutant enzyme. (Top
panel) Solid trace: pH response on addition of 2µL of air-saturated
water and 2µL of anaerobic 1 mM HCl. Conditions: 0.1 M KCl,
5 mM potassium ascorbate, 15µM cytochromec, 1 µM valino-
mycin, and∼0.5 µM R54M mutant enzyme in proteoliposomes,
pH 7.4. Dashed trace: expected release of protons upon reduction
of ferricytochromec by ascorbate (see Materials and Methods).
(Bottom panel) Solid trace from top panel from which the dashed
trace has been subtracted.
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Figure 4 shows the spectra of the kinetic components
observed in the reaction of the fully reduced (left panels,
1-3) and approximately 3-electron-reduced (right panels,
4-6) R54M mutant enzyme with O2. It is important to stress
that the enzyme was reduced in the presence of ruthenium-
(II) hexammine and glucoseplus glucose oxidase. In such
conditions the enzyme is reduced very slowly and the redox
centers become reduced essentially in the order of their
respectiveEm,7 values, as verified by optical difference
spectra taken during the process (not shown). It is also
important to recall that the mutant enzyme preparation
actually contains two types of enzyme, cytochromeaa3 and
cytochromeoa3, in roughly equal proportions, as indicated
above, and that theEm,7 of the hemeo is extremely low (4).
Optical spectra taken during reduction of the enzyme indicate
that in conditions where theaa3 enzyme fraction is fully
reduced, i.e., where even the low-potential hemea is reduced,
hemeo in theoa3 enzyme still remains oxidized. Therefore,
in panels 1-3 of Figure 4, cytochromeaa3 is fully reduced,
but cytochromeoa3 is 3-electron reduced before the reaction
with O2. In panels 4-6, both the cytochromeaa3 and
cytochromeoa3 fractions of the enzyme are 3-electron
reduced (i.e., both hemea and hemeo remain oxidized).

Panels 1 and 4 (Figure 4) are not time-resolved but show
the difference spectrum of the events that occur within 1 ms
after photolysis of CO in the presence of O2. Extensive
oxidation of hemea dominates the first phase of the fully
reduced enzyme (panel 1). Recall here that the absorption
maximum of ferrousminus ferric hemea is shifted to ca.
590 nm in the R54M mutant enzyme. In addition, there is
an absorption peak at ca. 610 nm due to formation of theP

stateplus,although less clear (but see below), formation of
the F state which absorbs maximally at ca. 580 nm. TheP
seen to be formed in the fully reduced case (panel 1) must
belong to theoa3 fraction of the mutant enzyme, because
thisP is not seen to relax until the seconds time scale (panel
3). In particular, no relaxation ofP is seen in the next 50
ms kinetic phase (panel 2). Instead, this phase shows the
typical spectrum of relaxation of theF state intoO in the
aa3 population. We conclude that when the enzyme with fully
reducedaa3 and 3-electron-reducedoa3 (Figure 4, panels
1-3) reacts with O2, both the cytochromeaa3 and cyto-
chromeoa3 fractions in the sample initially form theP state.
In the aa3 population the formedP (PR) is converted into
theF state within 1 ms, in accordance with the fact that heme
a was reduced prior to the reaction with O2. In contrast, the
P formed in theoa3 population is equivalent toPM because
there is no electron available in the low-potential hemeo.
ThePM state of theoa3 population remains stable for seconds
because electron transfer from CuA to the binuclear site is
strongly impeded by the energetically very unfavorable
transfer of an electron from CuA to the binuclear center via
hemeo. This finding further supports the notion that there
is no measurable direct electron transfer from CuA to the
binuclear site that would bypass the low-spin heme (see also
below).

Figure 4 (panels 4-6) shows the observed kinetic phases
upon reacting the 3-electron-reducedaa3 andoa3 enzymes
with O2. The 1 ms spectrum (panel 4) is typical for formation
of the P intermediate, which in this case is thePM state in
both enzyme populations due to the delayed transfer of an
electron from CuA to the binuclear site via hemea (and heme
o). In the second phase (τ ∼ 20 ms, panel 5) thePM state
disappears with appearance ofF. This event must occur in
theaa3 population, because disappearance ofPM in theoa3

population occurs much later in time (panels 3 and 6).
Figure 5 shows the kinetics of membrane potential

generation when fully reduced (trace 1) and approximately
3-electron-reduced R54M mutant enzyme (trace 2) reacts
with O2. In the fully reduced case a fast initial development
of membrane potential (amplitude∼12.5 mV; see inset) is
observed with a time constant (τ ∼ 60 µs) similar to that in
the wild-type enzyme. This is followed by very slow∆ψ
development beyond the time scale shown here, which is
best described as the sum of at least two phases. The summed
amplitude of these slow phases is similar to that of the fast
phase. Figure 6 (upper panel) summarizes our interpretation.
The fast electrogenic phase can be ascribed to the conversion
of the PR intermediate toF and is kinetically the same as
the analogous reaction for the wild-type enzyme. ThePR

state is indeed expected to be formed at a normal rate in the
mutant enzyme since hemea is reduced initially. This
reaction might even be faster than in the wild-type enzyme
due to the higher driving force that results from the lowEm,7

of hemea in the mutant, but this reaction has not been time-
resolved in this study. The formation ofPR is not an
electrogenic step, and therefore it yields no electrometric
response, but it is seen as an initial lag (Figure 5, inset).
The subsequentPR f F step does not involve electron
transfer, but it is associated with net proton uptake (24-26)
and proton translocation (10). Figure 5 (trace 1) shows that
this step proceeds at a normal rate in the R54M mutant
enzyme. However, the final reaction step (F f O) is slowed

FIGURE 4: Optical changes during the reaction of fully reduced
(left panels) and 3-electron-reduced (right panels) R54M mutant
enzyme with O2. Spectra of the kinetic components of the flow-
flash reaction were obtained by a global exponential fit to the
experimental data surfaces. Panels: 1 and 4, change in the spectrum
during 1 ms after flashing off CO; 2 and 5, spectra of kinetic
components with rate constants of 15 and 93 s-1, respectively; 3
and 6, spectra of kinetic components with rate constants of 0.6 and
1.1 s-1, respectively. Conditions: syringe 1, 0.1 M HEPES (pH
8), 0.1% dodecyl maltoside, 10µg/mL catalase, 55 mM glucose,
12 µg/mL glucose oxidase, 0.5µM ruthenium(II) hexammine
chloride, 1 atm of CO, and 3µM enzyme; syringe 2, oxygen-
saturated 0.1 M HEPES (pH 8) and 0.1% dodecyl maltoside.
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about 20-50-fold relative to the wild-type enzyme. This is
consistent with the fact that theF f O step involves transfer
of the fourth electron from CuA via hemea to the binuclear
site, which is impeded in the mutant enzyme due to the low
Em,7 of hemea. These electrometric results are consistent
with our observation that the mutation does not affect the
efficiency of proton translocation but merely slows down
electron transfer via hemea.

Due to the loweredEm,7 of hemea, the mutantaa3 enzyme
can be successfully titrated to a 3-electron-reduced state,
where CuA and the binuclear site metals are reduced, but
hemea remains oxidized (see above). In the 3-electron-
reduced enzyme the reaction sequence after O2 binding is
truncated at intermediateF. Figure 5 (trace 2) shows the
electrometric response for this reaction. Here, the first main
electrometric phase has a time constant of ca. 12 ms and an
amplitude of ca. 15 mV. This is followed by a much slower
phase with small amplitude (beyond 100 ms; not shown),
which probably results from a small fraction of fully reduced
enzyme, the presence of which is also indicated by a low-
amplitude fast blip in the beginning of the trace (Figure 5,
inset). Figure 6 (lower panel) summarizes our interpretation.
In the 3-electron-reduced enzyme hemea is the center that,
in the main, remains oxidized due to its lowEm,7, which was
confirmed by optical spectroscopy (Figure 4, panels 4 and
5). In this case, the binuclear site is expected to form
intermediatePM instead ofPR upon its reaction with O2, due
to the delayed transfer of the electron from CuA via hemea
to the binuclear site. Further conversion ofPM into inter-
mediateF will be limited by the transfer of this third electron,
and the corresponding electrogenic phase is indeed observed
at a rate much slower than in the wild-type enzyme. The
time-resolved optical data in Figure 4 (panel 5) confirm that
the electrometric 12 ms phase indeed corresponds to the
transition ofPM to F.

These findings are consistent with our conclusion that the
R54M mutation exerts its effect on theaa3 enzyme purely
by lowering theEm,7 of hemea. A bypass of hemea and
direct electron transfer from CuA to the binuclear site, as
suggested by Kannt et al. (4), is contradicted by the present
results. We should reiterate that although the R54M mutant
enzyme preparation contains about one-half cytochromeoa3

in addition to cytochromeaa3 (cf. ref 4), hemeo is not
reduced prior to the reaction with O2 in the flow-flash
experiments reported here due to its very lowEm,7 value.
While theP intermediate is formed also in the cytochrome
oa3 enzyme fraction in its reaction with O2, the extent of
the subsequent decay of theP state is only about one-half
of the P formed initially (Figure 4, panels 4 and 5), which
indicates that the reaction beyondP in the oa3 enzyme
fraction is too slow to be part of the reactions studied
electrometrically here. In agreement with this, we find by
optical spectroscopy that the second half ofP (in the oa3

FIGURE 5: Generation of transmembrane electric potential during
the reaction of the fully reduced and 3-electron-reduced R54M
mutant enzyme with O2. Trace 1: fully reduced cytochromeaa3
(and 3-electron-reduced cytochromeoa3; see text). Trace 2:
approximately 3-electron-reduced cytochromeaa3 (andoa3). The
inset shows the same curves on a shorter time span. Conditions:
0.1 M HEPES (pH 8), 50 mM glucose, 20µM ruthenium(II)
hexammine chloride, 0.12 mg/mL glucose oxidase, 12µg/mL
catalase, and 1 atm of CO. The laser flash was fired att ) 0.

FIGURE 6: Reaction sequence. In the fully reduced case (upper
panel), the binuclear center (Fea3CuB) is reduced by two electrons,
and one electron each resides in hemea (Fea) and CuA prior to the
reaction with O2. The R54M mutation is shown to increase the
energy level of the electron in Fea (loweredEm,7). The reaction
sequence indicates the 8 and 30µs steps in which the reduced
binuclear site (R) forms the oxygen adduct (A) and the PR
intermediate. Formation ofPR involves transfer of the electron in
Fea to the binuclear site, and this is unimpeded in the R54M mutant
relative to the wild-type enzyme. Further conversion ofPR to F
involves electrogenic proton transfer and proton translocation and
takes place as in the wild-type enzyme. The final transition ofF to
O also generates membrane potential but requires transfer of the
fourth electron in CuA to the binuclear center. This step is slowed
in the R54M mutant due to the thermodynamically unfavorable
electron transfer via Fea. In the 3-electron-reduced case (lower
panel), the low-potential Fea remains oxidized. The reactions of
the R54M mutant enzyme with O2 are unimpeded until thePM
intermediate. Conversion ofPM to F requires that the electron in
CuA is transferred to the binuclear site via Fea and is therefore
considerably decelerated in the R54M mutant enzyme. While slow,
this electrogenic step, which is associated with proton translocation,
nevertheless creates about the same membrane potential as the step
from PR to F (see text).
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enzyme) decays at an extremely slow rate that is far outside
the present time regime (Figure 4, panels 3 and 6).

The extent of membrane potential generation associated
with the 20 ms decay of thePM intermediate toF in the
3-electron-reducedaa3 enzyme is only approximately 20%
larger than the amplitude by which membrane potential is
formed in the fast transition ofPR into F in the reaction of
the fully reduced mutant enzyme (Figure 5). This allows us
to draw an important conclusion: The fully reduced enzyme
is not impaired with respect to its capability of proton
translocation, as recently suggested (9). In Michel’s model
the reactions from intermediateA to intermediateF were
proposed to be associated with pumping of one proton across
the dielectric when initiated from the fully reduced enzyme,
but two protons were proposed to be pumped when the
reaction occurs via thePM intermediate (9). However, the
comparable electrogenic amplitudes of thePR f F andPM

f F transitions reported here show that an approximately
equal number of electrical charges are translocated across
the membrane in both cases. In fact, the∼20% larger
amplitude associated with the latter transition can be ac-
counted for by the electrogenic electron transfer from CuA

to the binuclear site, which does not occur duringPR f F
in the mutant enzyme. It follows from this that the enzyme
is quite robust with respect to its proton translocating
mechanism, which functions normally also when initiated
from the fully reduced state where the uptake of four
electrons has not been fully charge-compensated by uptake
of protons (9, 25).
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