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Abstract
N139L substitution in D-channel of cytochrome oxidase from Rhodobacter sphaeroides results in a
∼15-fold decrease of turnover number and in loss of proton pumping. Time-resolved absorption and
electrometric assays of the F→O transition in the N139L mutant oxidase result in 3 major findings.
(1) Oxidation of the reduced enzyme by O2 shows ∼200-fold inhibition of the F→O step (k ∼ 2
s-1 at pH 8) which is not compatible with the enzyme turnover (∼30 s-1). Presumably, an abnormal
intermediate Fdeprotonated is formed under these conditions, one proton-deficient relative to a normal
F-state. In contrast, the F→O transition in N139L oxidase induced by single-electron photoreduction
of intermediate F, generated by reaction of the oxidized enzyme with H2O2, decelerates to an extent
compatible with enzyme turnover. (2) In the N139L, the protonic phase of Δψ-generation coupled
to the flash-induced F→O transition greatly decreases in rate and magnitude and can be assigned to
proton movement from E286 to the binuclear site, required for reduction of heme a3 from
Fe4+=O2- to Fe3+-OH- state. Electrogenic reprotonation of E286 from the inner aqueous phase is
missing from the F→O step in the mutant. (3) In the N139L, the KCN-insensitive rapid electrogenic
phase may be actually composed of two components with lifetimes of ∼10 and ∼40 μs and the
magnitude ratio of ∼3:2, respectively. The 10 μs phase matches vectorial electron transfer from
CuA to heme a, whereas the 40 μs component is assigned to intraprotein proton displacement across
∼20% of the membrane dielectric thickness. This proton displacement might be triggered by rotation
of the charged K362 side-chain coupled to heme a reduction. The two components of the rapid
electrogenic phase have been resolved subsequently with other D-channel mutants as well as with
cyanide-inhibited wild-type oxidase. The finding helps to reconcile the unusually high relative
contribution of the microsecond electrogenic phase in the bacterial enzyme (∼ 30%) with the net
electrogenicity of the F→O transition coupled to transmembrane transfer of 2 charges per electron.

The aerobic respiratory chains of mitochondria and many bacteria contain cytochrome c
oxidase (COX)1 as the terminal oxygen-reactive enzyme (1-3). Two input centers of
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cytochrome oxidase, CuA and heme a, transfer electrons from the native donor, cytochrome c,
to the oxygen-reducing site, formed by the high-spin iron of heme a3 and copper ion, CuB,
inside the hydrophobic core of the protein, where oxygen is reduced to water (4,5).

The highly exergonic reduction of dioxygen to water catalyzed by cytochrome c oxidase is
coupled to the generation of a transmembrane difference of proton electrochemical potential,
ΔμH+. The mechanism of generation of the ΔμH+ by COX consists of two processes. Firstly,
as proposed originally by Mitchell (6), in the course of dioxygen reduction to water, the
“chemical” protons are taken up electrogenically from the inner aqueous phase to the heme
a3/CuB binuclear center where they combine with the electrons, coming from cytochrome c
on the opposite side of the membrane. Secondly, it was discovered by Wikström (2,7) that in
addition to uptake of the chemical protons, a single proton is pumped electrogenically across
the membrane for each electron transferred by cytochrome oxidase from cytochrome c to
dioxygen, and a model was proposed (8,9) which predicted involvement of 3 intraprotein
proton channels in proton pumping by the enzyme.

Crystal structures of COX from different sources (4,5,10,11) reveal 3 “pores” that could
potentially serve as input protonic channels (K-, D- and H-channels) through which protons
are taken up from the inner aqueous phase during catalytic turnover. The functional significance
of the K- and D-proton channels has been well documented for prokaryotic enzymes (reviewed,
(12,13)) while evidence for the role of the H-channel has been obtained only for the mammalian
oxidase (14-16).

Starting with the fully oxidized cytochrome oxidase, the catalytic redox cycle of the enzyme
binuclear center can be depicted schematically as follows:

It is established that after O2 reacts with the reduced form of the binuclear center to form the
“PM” intermediate, the next two electrons delivered to the binuclear center (the “PM” →F and
F →O transitions) are accompanied by protons that are taken up exclusively via the D- channel
(17-19). The proton transfer events in the first half of the reaction cycle (O → ….→ “PM”)
are not yet fully understood, partly due to the existence of multiple forms of the oxidized state
(20,21). The K-channel is known to deliver the two chemical protons to the oxygen-reducing
site, one accompanying each of the first two electrons required to reduce the fully oxidized
heme a3/CuB metals in O (Fe3+/Cu2+) to the Fe2+/Cu+ state in R2. In addition, the K-channel
may be involved in reprotonation of the active-site tyrosine (Y288 in Rhodobacter
sphaeroides), which is likely to provide the chemical proton required for O-O bond cleavage
during formation of the “PM” state (17,22-26).

The proton-input channels of cytochrome oxidase have been studied extensively by biophysical
techniques combined with site-directed mutagenesis (reviewed, (3,12,13)). Several theoretical
investigations, including energy minimization and molecular dynamics simulations of proton
transfer through the D-channel, have been reported recently (27-32). While mutations of many
of the amino acid residues forming the “walls” of the D-channel do not affect functional activity
of COX (33-35), several amino acid replacements in the lower part of the D channel result in
a loss of proton pumping activity. Thus the D135N mutant of bo3-type quinol oxidase from
Escherichia coli (36) and the homologous D132N and D132A mutants of cytochrome c oxidase
from R. sphaeroides (37) were shown to be devoid of proton pumping while partly retaining
electron transfer activity.
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A landmark finding in the proton pumping studies - the N131D mutant of COX from
Paracoccus denitrificans and the equivalent mutant N139D of the oxidase from R.
sphaeroides, were reported not to pump protons but to retain full or even enhanced catalytic
activity (35,38). N139 is located near the entry of the D channel and is one of three asparagines
(N139, N121 and N207, R. sphaeroides numbering) that form a constriction or neck in the
channel. The N207D mutation has also been shown to decouple the proton pump without
altering the oxidase activity of the enzyme (39).

The effect of decoupling the proton pump from electron transfer by a single amino acid residue
substitution is remarkable, and the behaviour of the N139D mutant has been analyzed in
considerable detail both experimentally (38,40-42) and theoretically (30,43). In our previous
work (41), the kinetics of charge translocation across the membrane coupled to the F→O
transition was examined by the one-electron photoreduction of the liposome-reconstituted
N139D oxidase poised in the F state by reaction with H2O2. With the wild type bacterial
oxidase, membrane-potential generation during the F→O transition is comprised of three
phases (17,41,44), as observed earlier with the bovine enzyme (45,46). A rapid phase (∼ 15
μs) is insensitive to KCN and is conventionally assigned to vectorial electron transfer from
CuA to heme a. An intermediate phase (∼0.4 ms) and a slow phase (∼1.5 ms) are suppressed
by KCN and are due to proton movements that accompany electron transfer from heme a to
the heme a3/CuB binuclear center (17). The intermediate electrogenic phase was found to be
missing in the non-pumping but catalytically active N139D mutant (41). Hence, this phase can
be assigned to translocation of the “pumped” proton in the wild type oxidase. Accordingly, the
slow protonic phase (∼1.5 ms in wild type enzyme) retained by the N139D mutant oxidase
was attributed to transfer of the proton required for oxygen chemistry from the inner water
phase to the binuclear center (41).

To get further insight into the critical role of the N139 residue in the proton pump, we have
studied in this work the N139L mutant of the R. sphaeroides cytochrome c oxidase, in which
a hydrophobic amino acid residue has been substituted in the same location. The N139L
replacement results in about 15-fold deceleration of enzyme turnover, and the residual activity
(∼7% at pH 6.5-8.5) is fully decoupled from proton pumping. The inhibition of turnover is
found to be associated with inhibition of the F→O transition in the catalytic cycle as observed
earlier for the non-pumping mutant D132(N,A) of the R. sphaeroides oxidase (17,19) and its
P. denitrificans homologue, D124N (47). Surprizingly, oxidation of the fully reduced N139L
mutant oxidase by O2 reveals ∼200-fold inhibition of the F→O step (kv =1.8 s-1 at pH 8) which
is not consistent with turnover rate at this pH (∼30 s-1). At the same time, the F→O transition
induced in the mutant by single electron photoreduction of F is much faster, and its slowest
phase agrees with the turnover rate.

The results of the time-resolved electrometric measurements of charge transfer across the
membrane coupled to single-electron photoreduction of Compound F in liposome-
reconstituted N139L mutant oxidase are consistent with inhibition of the proton uptake into
the D-channel in the mutant, so that when protonated E286 donates the “chemical” proton to
the binuclear site, its reprotonation from the inner aqueous phase is suppressed. Most
interestingly, time-resolved electrometric studies of the generation of the membrane potential
in the N139L oxidase, have revealed a new electrogenic phase (∼40 μs) within the KCN-
insensitive microsecond part of the photoelectric response. Upon re-analysis of previous data,
this second phase can also be discerned in the photoelectric response of the KCN-inhibited
wild-type enzyme. The additional charge separation step in the KCN-insensitive electrogenic
phase of the bacterial oxidases that is not present in the bovine oxidase, provides an explanation
for ∼1.5-fold higher fractional contribution of the microsecond phase in the bacterial oxidase
as compared to the bovine enzyme, a long-recognized discrepancy in the calibration of the
voltage amplitudes for bacterial enzyme in relation to the observations with the bovine oxidase.
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The new KCN-insensitive electrogenic phase can be assigned provisionally to the K-channel
dependent internal charge displacement coupled to the electron transfer from CuA to heme a
or to the displacement of proton inside of the output proton path above the E286 residue.

Materials and Methods
Enzyme preparation and reconstitution into phospholipid vesicles

The his-tagged cytochrome oxidase was isolated from the R. sphaeroides cell membranes as
described in (48).

Reconstitution of oxidase in proteoliposomes
Cytochrome oxidase vesicles (COVs) were made by the following method. Purified asolectin
was suspended at 40 mg/mL in 2% cholate and 75 mM HEPES-KOH, pH 7.4, and sonicated
until the solution was clear. Cytochrome oxidase (4 μM) was incubated on ice in 75 mM
HEPES-KOH, pH 7.4, and 4% cholate for 1 h and then mixed with the sonicated asolectin to
a final concentration of 2 μM oxidase and 20 mg/mL of lipid. COV formation was attained by
stepwise addition of Bio-Beads which removes the cholate from the solution and the enzyme,
leaving the protein incorporated into the vesicles. Then Bio-Beads were removed and the COV
solution was dialyzed against 60mM KCl.

The steady state activity of the wild type cytochrome c oxidase and the N139L mutant enzyme
was assayed amperometrically with a Clark-type oxygen electrode connected to an oxygen
meter (Yellow Springs Instrument Co. Inc) in a buffer containing 50 mM potassium phosphate,
pH 6.5, with 10 mM ascorbate, 0.5 mM TMPD (N,N,N′,N′-tetramethyl-p-phenylenediamine)
and 45 μM cytochrome c as electron donor system. The reaction was started by the addition
of cytochrome c oxidase to the solution. With the wild type enzyme, the final concentration of
the enzyme was about 5 nM. Since the turnover of the N139L mutant is slow, about 30 nM
oxidase was used in the assay.

Proton pumping measurements
Proton pumping was measured in a stirred cell as described (39). The cytochrome oxidase
vesicles (COVs) in a 1.5 mL reaction mixture contains 60 mM KCl, 40 μM cytochrome c, 300
μM ascorbate, 10 μM valinomycin, and ∼0.4 μM liposome-reconstituted oxidase. After all of
the components were added, except for ascorbate, the headspace of the cell was flushed with
a constant stream of water-saturated argon for 30 minutes to remove the O2 from the sample.
Ascorbate was then added. After equilibration, the reaction was initiated by injecting into the
reaction mixture a small volume (10 μL) of air-saturated H2O equilibrated at 25° C. Calibration
of the pH changes was performed by adding the same volume of a degassed solution of 1 mM
HCl. The number of turnovers of the enzyme was calibrated based on calculating the amount
of O2 in 10 μL of water at 25° C, assuming O2 concentration of 250 μM. Under these conditions,
proton extrusion induced by O2 addition (at proton-pumping efficiency, H+/e- =1), as well as
proton consumption observed in the presence of the uncoupler should equal the magnitude of
Δ[H+] observed with HCl addition. The proton-pumping efficiency (H+/e-) of the oxidase was
calculated as the ratio of pH decrease outside the vesicles induced by O2 addition to the pH
change induced by addition of HCl.

Time-resolved measurement of electric-potential generation
Generation of the electric potential difference across the vesicle membrane was monitored by
an electrometric technique (49), adapted for time-resolved experiments with COX (45). Details
of the sample preparation and the method have been described in detail in the previous papers
(41,46).
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Time-resolved spectrophotometric measurements in photoreduction experiments
Time-resolved absorption changes were followed by using a home-built spectrophotometer.
The sample was placed in a rectangular semi-microcell with an optical pathway of 4 mm (Starna
Cells). The monitoring light from a 100-watt halogen lamp was passed through a grating
monochromator (Jobin-Yvon) and projected onto the cell in the sample holder at the 90° angle
relative to the excitation laser beam (10 mm in diameter), passing through the entire sample
volume vertically (downwards). After passing through the sample, the monitoring light was
passed to the photomultiplier via a second grating monochromator and a dark-blue glass filter
(OD540/OD450 = 7.5).

The reaction was initiated by a flash from a frequency-doubled neodymium YAG laser (Spectra
Physics, Lab-170-10; λ=532 nm; 9 ns; 200-300 mJ). The photomultiplier signal (as well as the
electrometric signal, see above) were digitized using a PC-installed Gage 8012A card (time
scale, 2,000,000 points with programmed distribution; ordinate scale, 12-bit). The basic
effective time resolution of the system was set to 0.1 μs for both electrometric and optical
measurements. For the spectrophotometric measurements in the time window >10 μs, an RC
filter was placed before the analog-to-digital converter to improve the signal-to-noise ratio.
15–36 traces spaced by 3–5 s were averaged for each absorption trace.

Routinely, the intraprotein electron transfer was measured by following of the reduced heme
a absorption band (444 nm). In case of the short (microsecond) time-scale measurements, the
signal at reference wavelength (470 nm) was subtracted from the 444 nm kinetics to remove
the unspecific absorbance changes, caused by the influence of the laser beam on the
photomultiplier.

Stopped-flow absorbance spectroscopy was performed using an Applied Photophysics DX
17MV rapid-mixing spectrophotometer operated in a diode array mode. The solution entering
the flow cell is fully mixed within 1-2 milliseconds.

In the experiments shown, syringe A contained an anaerobic solution of 10 μM cytochrome c
oxidase fully reduced by about 400 μM dithionite in a buffer containing 10 mM Tris-HCl, pH
8.0, 0.05% dodecylmaltoside and 100 μg/ml of catalase. Syringe B contained an O2-saturated
(1 mM O2), 10 mM Tris-HCl buffer, pH 8.0, with 0.05% dodecylmaltoside. The solutions were
mixed at a 1:1 ratio and the progress of the reaction was monitored at several different time
sweeps.

Data analysis
Global analysis of the spectral/time surfaces was carried out using either MATLAB 6.1 (The
MathWorks, South Natick, MA), with subroutines DISCRETE and SPLMOD (50)
implemented as in (51) or Pro-Kinetisist version 1.5 program (Applied Photophysics). The
experimental kinetics traces were fitted by programs Origin 7 and Discrete (52).

Results
Steady-state turnover of the enzyme and proton pumping

The cytochrome c oxidase activity of the N139L mutant (77 e-/s at pH 6.5), is less than 10 %
that of the wild type enzyme (∼1100 e-/s at pH 6.5) but shows a very similar pH-dependence
of the turnover rate (see Supporting Information (SI), Figure S1). For pH 8 at which all the
time-resolved measurements were made, the turnover rate of the N139L mutant oxidase was
about 30 e-/s as compared to ca. 500 s-1 in the wild type enzyme.
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Both the wild type and N139L mutant oxidases were reconstituted into phospholipid vesicles.
The cytochrome c oxidase activity of the wild type enzyme is stimulated about 10-fold by the
uncouplers. However, the presence of the uncouplers has little influence on the steady state
turnover of the vesicle-reconstituted N139L mutant enzyme. Rather, there is a small decrease
of activity (∼20%). The “reverse respiratory control” has been previously observed with several
non-pumping mutants of cytochrome c oxidase in which proton flux through the D-channel is
inhibited (e.g., D132A (53,54) and G204D (55)).

The vesicle-reconstituted oxidase was used to measure proton pumping using a pH-meter
equipped with a fast-response glass electrode by adding 2.5 nmol of O2 (10 μl of air-saturated
H2O) in the presence of excess reductant. As shown in Figure S2, protons are ejected from the
vesicles with the wild type oxidase, while no proton pumping is observed with the N139L
mutant oxidase.

Reaction of the fully reduced N139L mutant with O2 reveals inhibition of the F→O step
The N139L mutation inhibits dramatically oxidation of the fully reduced oxidase by oxygen
(Figure 1). For the wild type enzyme, oxidation of the enzyme is essentially complete within
a dead-time of the stopped-flow system, except for a tail of heme a oxidation in a small fraction
of the enzyme (Figure 1A). In case of the N139L mutant, the oxidation process evolves for at
least 10 s (Figure 1B). Global analysis of the spectra/time surface for N139L oxidation reveals
3 exponential processes with the rate constants of 8.5 s-1, 1.8 s-1 and 0.09 s-1. The difference
spectra of the components that decay in these 3 phases are shown in Figure 2. The major
component with a rate constant of 1.8 s-1 is rather close to a spectrum of the F→O transition
observed for the wild type P. denitrificans oxidase (courtesy of Dr. M.Verkhovsky, University
of Helsinki) as well as to the spectrum of the F→O transition in a N131V mutant of P.
denitrificans oxidase (26).

The F→O step during the oxidation of the fully reduced oxidase by O2 involves transfer of an
electron shared by heme a and CuA to the ferryl-oxo (Fe4+=O2-) complex of heme a3,
converting the latter to the ferric-hydroxy (Fe3+-OH-) state. The data in Figure 2 are consistent
with such a process. Decay of the shoulder around 577 nm in the visible, together with the
disappearance of the troughs at 413 nm and at 660 nm clearly reports the transition of heme
a3 from the ferryl to the ferric state. Simultaneously, heme a is oxidized, as evidenced by
intermediate position of the maximum in the Soret band at 442 nm (a band at 436 nm is expected
for disappearance of the F580 state and a band at 448 nm for the oxidation of heme a) and by
disappearance of the peak at ∼608 nm in the visible. Notably, the position of the maximum of
the α-band is red-shifted by about 2 nm relative to the characteristic peak of heme a oxidation
(∼606 nm). Therefore, it is possible that the difference spectrum includes some contribution
from the decay of the “PR” to the F580 state.

The F→O transition of the N139L oxidase observed during oxidation of the fully reduced
enzyme by oxygen at pH 8 shows an effective rate constant of about 2 s-1, which is about 200-
times slower than is characteristic of the wild type enzyme (56). Presumably, the N139L
mutation inhibits proton uptake required for the F→O transition.

Interpretation of the two minor components of the pre-steady state kinetics (8.5 s-1 and 0.09
s-1) is less obvious. The difference spectrum of the 8.5 s-1-phase shows a maximum at 435 nm
with a trough at 414 nm in the Soret and a trough at ∼660 nm. These changes may be consistent
with decay of heme a3 from a ferryl-oxo complex as in F580 or “PR” intermediates to the high-
spin ferric state, but the absence of significant changes around 605 nm indicates that the electron
is delivered to the binuclear site from CuA rather than from heme a. The very low-intensity
changes in the ∼550-630 nm region (broad maxima at about 615-618 nm and ∼575 nm, minor
minimum at ca. 600 nm) as well as a small but distinct trough at ∼448 nm may reflect
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superposition of the oppositely directed changes arising from reduction of heme a by CuA
(maximum at ∼605 nm) and decay of a Ferryl-oxo form with a maximum at ∼608 nm (“PR”
or modified F) in the small fraction of the enzyme. The slowest phase with k = 0.09 s-1 reflects
a late process in which oxidation of heme a (decay of the maxima at 606 and 448 nm), is
accompanied by reduction of the ferric/cupric binuclear site and formation of some oxygen
intermediate (decay of the 660 nm charge–transfer band, and increase of the absorbance at 430
nm).

In conclusion, oxidation of the fully reduced oxidase by oxygen is drastically impaired by the
N139L mutation, perhaps at several partial steps, of which inhibition of the F→O transition
is the most evident. A similar conclusion has been arrived recently with respect to the
homologous N131V mutant oxidase from P. denitrificans (26).

Single-electron photoreduction of the ferryl-oxo complex of the N139L oxidase
The impaired F→O step in the N139L mutant was further studied by an alternative approach
involving single-electron photoreduction of Compound F to the O state (57). To this end the
F580 state was prepared by treatment of the solubilized or liposome-reconstituted oxidase with
H2O2 (58), and then using a photoreductant (RuBpy + aniline) to inject one electron into the
enzyme. The electron initially reduces CuA, then heme a, and finally, moves to the heme a3/
CuB center. This approach has been used earlier with the wild type and several mutant forms
of cytochrome oxidase from R. sphaeroides (17,41) and P.denitrificans (44,59,60). The
oxidized N139L enzyme reacts with H2O2 to form compound F580 with normal spectral
characteristics and with about the same efficiency as does the N139D mutant (41). About
65-70% of the enzyme is converted to the F state and, accordingly, in both N139D and N139L,
65-70% of the flash-reduced heme a undergoes rapid reoxidation. Flash-induced, single-
electron reduction of the F state with the RuBpy/aniline system allows for time-resolved
spectrophotometric and electrometric studies of the isolated F→O transition in the peroxide-
reactive fraction of the enzyme.

Optical monitoring of the reoxidation kinetics of heme a—A striking difference has
been found between the kinetics of the F→O step as observed during the oxidation and
photoreduction experiments with the N139L mutant oxidase (Figure 3). The F→O transition
induced by single electron photoreduction of Compound F (trace 2) is very much faster than
the F→O step observed during the oxidation of the fully reduced enzyme (trace 1). The finding
points to significant differences between the mechanisms of the F→O transition under these
two sets of conditions.

Nevertheless, inhibition of the F→O step in N139L mutant relative to the wild type enzyme
is observed in the photoreduction experiments as well, but the effect is much less dramatic than
in the case of the oxidation of the fully reduced enzyme by oxygen. Flash-induced reduction
of heme a by RuBpy/aniline and its subsequent reoxidation by the binuclear site for N139L
and the wild type oxidases are compared in Figure 4. The reduction of heme a proceeds with
the same rate for the wild type and mutant enzymes (not shown), but reoxidation of heme a
differs significantly. For the wild type oxidase, reoxidation of the flash-reduced heme a is
virtually complete and reaches the plateau in ∼10 ms (Figure 4A). In the N139L mutant, the
magnitude of the reoxidation is less (65-70%) and the process is slower. The incomplete
reoxidation of heme a in the N139L oxidase (Figure 4A) is in agreement with the ∼70%
conversion of heme a3 to the F state by the reaction with H2O2 as determined by absorption
changes in the Soret band (ΔA436-414). A similar lower yield of peroxide-generated Compound
F was previously reported for N139D and other mutants within the D channel (41). The
reoxidation of heme a in both the wild type and N139L mutant oxidases is fully prevented by
cyanide (not shown).
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In Figure 4B, the traces of the reoxidation of heme a from the N139L and wild type oxidases
have been normalized by the amplitude of reoxidation of heme a. It is clear that the N139L
mutation results in a significant decrease in the rate of electron transfer from heme a to the
binuclear center. Results of the heme a oxidation kinetics fitting for N139L and wild type
oxidase are shown in Table 1 (see also Figure S3). The deconvolution of the reoxidation of
heme a in the N139L mutant gives three exponentials (Table 1). The slowest component with
τ of 16-22 ms corresponds reasonably well to the turnover number of the N139L mutant (∼
30 s-1 at pH 8; τ ∼ 33 ms) as well as to the rate of the electrogenic protonic phase associated
with reoxidation of heme a (τ = 25-40 ms, Table 2). More detailed comparison of the optical
and electrometric responses associated with heme a oxidation in the mutant oxidase is limited
by relatively poor signal-to-noise ratio for both the absorption and the electrometric traces with
N139L. The fast component of heme a reoxidation, with τ of 0.15-0.18 ms, is not observed
with the wild type oxidase (Table 1, Figure S3), but a similar fast phase was found in the
reoxidation kinetics of heme a of the N139D mutant oxidase (41).

Electrogenic processes coupled to the F→O transition—Time-resolved
electrometric measurements using the single-electron photoinjection technique were
performed to characterize the effect of the N139L mutation on membrane potential generation
during the F→O transition. The data are illustrated by Figure 5 (see also Figures S4, S5) and
are summarized in Table 2. Figure 5 compares the time-resolved electrogenic response for the
N139L mutant with the results obtained previously for the wild type oxidase and the N139D
mutant (17,41). Each of the three oxidases exhibits a microsecond phase of voltage generation,
and the data have been normalized to the magnitude of this phase.

The KCN-sensitive phase of photoelectric response observed for N139L mutant is much
smaller and slower than for the pumping wild type oxidase or for the non-pumping but active
N139D mutant. In fact, the phase can be hardly resolved in N139L oxidase unless passive
discharge of Δψ has been subtracted from the trace (Figures S4, S5). The amplitude of the
KCN-sensitive electrogenic phase in the N139L oxidase constitutes only about 20% of the
protonic electrogenic phase in the non-pumping N139D mutant. The phase is dominated
(∼75%) by a slow component with τ of 25-40 ms, which is in reasonable agreement with the
turnover number of the mutant enzyme under these conditions (∼30 s-1) and with the slowest
component of the F→O transition measured optically (Table 1). There is also a minute faster
phase with lifetime of ∼0.5-2 ms (∼25%).

For all three of the oxidase samples, the addition of KCN has no effect on the microsecond
phase, but it eliminates the voltage generation in the millisecond region. Cyanide binds to ferric
heme a3 and blocks electron transfer from heme a to heme a3. Therefore, the KCN-insensitive
microsecond part of the photoelectric response is confined to the electron transfer from CuA
to heme a and to any other charge transfer events that are coupled to this reaction, whereas the
KCN-sensitive millisecond phase is due to proton movements associated with the electron
transfer from heme a to heme a3.

As noted above, the F→O transition induced by single electron photoreduction of Compound
F in N139L is much faster than the F→O decay observed during oxidation of the fully reduced
mutant oxidase by oxygen (τ ∼ 0.5 s, Figures 1-3). Similar very slow F→O decays (τ of 0.4
– 0.6 s) have been observed at pH around 8 during the oxidation of the fully reduced D132N
mutants (61), as well as in D124N and N139V mutants of P.denitrificans oxidase (26, 62).
Under these conditions, the F→O decay is likely to be limited by slow electrogenic
reprotonation of E286Rs (E278Pd) from the inner phase, as evidenced by the data obtained by
FTIR (62) and electrometric measurements (47, 63).
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In contrast, the photoreduction-induced F→O transition with the N139L mutant does not show
evidence for electrogenic reprotonation of E286. Reprotonation of E286 from the N-phase with
τ ∼0.5 s would give rise to Δψ generation simulated in Figure S5 by trace d (dotted line).
Clearly, the curve is not compatible with the experimental data. Thus, the electrometric data
provide further evidence for different mechanisms of the F→O transition as observed during
the oxidation of the fully reduced oxidase by O2 (47, 62) and during single-electron
photoreduction of Compound F.

Deconvolution of the microsecond phase of the electrogenic response of the
N139L oxidase—In past studies, the initial KCN-insensitive microsecond phase of the
electrogenic response observed in the flash-induced, single-electron redox transitions of
cytochrome oxidase from either R. sphaeroides (17,41,64) or P. denitrificans (44,59,60,65)
was approximated routinely by a single exponential with τ of 10-20 μs (see also (66) for detailed
analysis). This initial transient is followed by slower cyanide-sensitive protonic phases (Table
2). The very low contribution of the protonic phases in N139L oxidase makes it possible to
analyze the kinetics of the initial microsecond phase with higher precision. Conventional fitting
of the microsecond electrogenic phase in the N139L mutant to a single exponential gives a
time constant of 15-17 μs, similar to the results obtained with the R. sphaeroides wild type
oxidase and various mutant forms of the enzyme studied previously (17). However, the fit is
very significantly improved by using a two-exponential deconvolution (Figures 6 A, B). The
biphasic pattern of the response is retained in the cyanide-inhibited N139L oxidase (Figure 6
C, D), which excludes any contribution from the processes associated with electron transfer to
the binuclear site. Moreover, a very similar biphasic pattern is evident upon re-analysis of the
data for the cyanide-inhibited wild type oxidase (Figure 6 E, F).

The optically monitored electron transfer from CuA to heme a in the wild type oxidases from
R. sphaeroides (67) and P. denitrificans (65) has been firmly established to be monophasic
with τ∼10μs. The same τ value of ∼10 μs is also observed in this work for the flash-induced
reduction of heme a in the N139L mutant (Figure 7, circles). This time constant is noticeably
less than the lifetime of 17 μs found for the microsecond electrogenic phase in a single-
exponential fitting. Moreover, as shown in Figure 7, the kinetics of the microsecond
electrogenic phase clearly deviates from the kinetics of reduction of heme a. It is noteworthy,
that no such discrepancy between the absorption and electrometric curves associated with heme
a reduction has been observed with bovine cytochrome oxidase (S.A. Siletsky, unpublished).

As shown above (Figure 6), a much better fit is obtained for the rapid, KCN-insensitive
electrogenic phase with the N139L mutant as well as with the KCN-inhibited wild type enzyme
using a two-exponential approximation. If the time constant for the first exponential is assigned
a fixed value of 10 μs, the second exponential takes on a value of τ ∼35-40 μs, and the two
components show relative apparent amplitudes of ca. 60% (10 μs) and 40% (40 μs). Hence,
60% of the charge transfer in the KCN-insensitive electrogenic phase matches the 10 μs
vectorial electron transfer from CuA to heme a, and 40% of the charge transfer is delayed to
about 40 μs. This is observed for both the N139L and wild type oxidases.

Resolution of the electrogenic responses of the wild type and N139L mutant oxidases into
individual phases taking into account biphasic character of the microsecond, KCN-insensitive
part of the response is summarized in Table 2 (the columns “this work”).

Discussion
Abolition of proton pumping

Replacement of N139 by either aspartate (38,41), threonine (68), or leucine (this work) results
in the loss of proton pumping. Similar loss of proton pumping is observed for other amino acid
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substitutions in the lower part of the D-channel, e.g. D132N and D132A (37), G204D (55),
N207D (39) as well as N131(V,D,E,C) in the oxidase from P. denitrificans (26,69). The unique
explanation for the decoupling of the proton pump is not known and, in fact, it may not be the
same for all of these mutations.

In those studies in which a non-ionizable residue was replaced by an ionizable one (e.g.,
N139D, N207D or G204D) or vise versa (D132N or D132A (70)), the analysis was focused
on a possible shift of the pKa of E286 induced by a change in electrostatic interactions of E286
with the residues replaced (e.g., (42)) but computational work has questioned the possibility
of any significant electrostatic interactions at such distances (30,43,71). In any case, the
electrostatic explanation cannot be invoked to explain how the N139L replacement results in
the loss of proton pumping.

A flawless operation of the proton pump machinery may depend critically on the exact timing
of proton delivery to residue E286 via the D-channel, consistent with the models in which
proton transfer from residue E286 to the so called “Pump Loading Site” (PLS), coupled to
oxidation of heme a2+, must precede proton transfer from E286 to the oxygen reducing site
(41,60,72). The decoupling mutations in the D-channel have been shown to alter the
intrachannel water structure, the energetic profile of the proton trajectory along the D-channel
and configuration of E286 (29,30,69,73), and therefore should affect the kinetics of H+ transfer
through the D-channel. Presumably, the delay of H+ delivery through the D-channel in the
N139L mutant of the oxidase results in all protons ending up at the oxygen reducing site where
they are consumed in the formation of H2O.

Inhibition of the catalytic cycle at the F→O step
The N139L mutation inhibits enzyme turnover about tenfold. As in the case of the D132N
mutation (17,19) or the D124N and N131V replacements in the P. denitrificans oxidase (26,
74), the inhibition of turnover involves primarily the F→O step of the catalytic cycle.
Presumably the N139L mutation restricts proton transfer from D132 to the chain of waters
resolved in the D-channel by crystal structure analysis (32,75), starting just beyond the
constricted “neck” consisting of three asparagines (N139, N121 and N207) in the wild type
oxidase, and leading to E286.

A new important observation is that inhibition of the F→O step observed for oxidation of the
fully reduced enzyme by O2 is much stronger than inhibition of the F→O transition induced
by photoreduction of Compound F (Figure 3). Therefore, the mechanisms of the impaired
F→O transitions in the N139L mutant oxidase may be different in the two types of experiments
and are to be considered separately (Figure 8 A,B).

The F→O transition initiated by single-electron photoreduction of Compound F
The slowest step of electron transfer induced by single-electron photoreduction of F to O is
characterized in N139L at pH 8 by τ ∼ 20 ms (Table 1). This result is in fair agreement with
the ∼15-fold inhibition of the steady state cytochrome c oxidase activity of the N139L mutant
but it is difficult to reconcile with the 200-300-fold inhibition of the F→O step observed during
aerobic oxidation of the fully reduced enzyme. Conceivably, if the rate constant for the
F→O step were 2 s-1 as found for oxidation of the fully reduced N139L enzyme by oxygen,
it would not be possible for the enzyme to turn over with a rate of ∼30 s-1. The only
straightforward inference at this point is that the behavior of the N139L enzyme in the F→O
step in the photoreduction experiments is, in some critical way, more close to its behavior under
steady state conditions, than oxidation of the fully reduced enzyme by oxygen.
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Electrogenic phases observed with the N139L oxidase upon photoinjection of an electron
into Compound F

The initial microsecond part of Δψ generation observed after photoinjection of a single electron
into Compound F of cytochrome oxidase is associated with the e- transfer from CuA to heme
a and is called the rapid electrogenic phase. In the bovine cytochrome c oxidase (45,46) as
well as in the wild type enzyme from R. sphaeroides (17,41) or P. denitrificans (44,60), the
rapid phase is followed by two major electrogenic steps associated primarily with proton
movements within the enzyme that accompany electron transfer from heme a to the heme a3/
CuB active site. These two electrogenic steps are named the intermediate and slow electrogenic
phases or protonic electrogenic phases I and II, respectively. Previous data-fitting protocols
estimated the magnitude of the voltage generated during the slow phase to be about 3-fold
larger than in the intermediate phase (17,44,45,59). However, fitting of the data using a model
of two consecutive, rather than two parallel protonic, electrogenic steps, shows that the
intermediate and slow electrogenic phases have similar magnitudes (64,66,76). Hence, the
intermediate and slow phases are likely to represent essentially the same proton transfer
processes, namely, the two consecutive reprotonations of E286 via the D-channel (64,76), with
minor contributions from other coupled intraprotein charge movements. In each of the
“PM”→F and F→O transitions, the first reprotonation occurs after the initially protonated
E286-COOH donates its proton to the Pump Loading Site (protonic phase I). The second
electrogenic phase (protonic phase II) corresponds essentially to reprotonation of E286,
following transfer of the proton required for the oxygen chemistry from E286-COOH to the
oxygen-reducing site.

In the N139D mutant, proton pumping is absent. Accordingly, only one of the two protonic
electrogenic phases is observed, corresponding to the transfer of the “chemical” proton from
the N-phase to the oxygen reducing site (41). The total voltage generated during the F→O
transition in this mutant is, as expected, about half of the magnitude observed with the wild
type oxidase (41) (Figure 5).

With the N139L mutant, the extent of the electrogenic proton movement is further dramatically
decreased when the equivalent experiment is performed (Figure 5, Table 2). It is clear that the
magnitudes of both of the major KCN-sensitive electrogenic proton transfer phases are
suppressed in the mutant and, accordingly, that neither of the two reprotonations of E286 from
the N-phase take place in the F→O transition of the mutant enzyme.

Origin of the residual electrogenic protonic phase in the N139L oxidase upon electron
photoinjection

The very slow F→O transition during oxidation of the fully reduced D132N mutant by O2 (ca.
2 s-1, (61)) is coupled to the uptake of protons (70) and to an electrogenic phase with a large
magnitude ((63,77). Similar observations have been made for oxidation of the fully reduced
D124N mutant oxidase from P. denitrificans (47,62) Hence, the severe inhibition of the
F→O step under these conditions can be naturally explained by the slow H+ uptake from the
N-side to reprotonate E286 (or E278Pd). The same explanation may apply to the strongly
inhibited F→O transition during oxidation of the fully reduced N139L studied in this work
(Figure 8 B).

In contrast, the very low magnitude of the protonic electrogenic phase rules out such an
explanation in case of the F→O transition induced in the N139L mutant by the single-electron
photoreduction of Compound F (Figure 5). The magnitude of the residual protonic electrogenic
phase accompanying the photoinduced F→O transition with the N139L mutant corresponds
to about 20% of the protonic phase observed with the decoupled N139D mutant, i.e. to less
than 15% of charge transfer across the entire membrane. Such a magnitude is in agreement
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with the electrogenicity expected for proton transfer from E286 to the binuclear site (66).
Therefore, we tentatively assign the residual electrogenic protonic phase with τ of 25-40 ms,
observed in the single electron photoinjection-induced F→O transition of the N139L mutant,
primarily to the transfer of the “chemical” proton from the protonated E286 to the Fe4+=O2-

species of heme a3 (Figures 8A,10). In the simplest case, E286 will remain deprotonated
following this proton transfer (Figure 8A), but it is possible that E286 could be partly or
completely reprotonated by adjacent intrachannel proton donors, e.g. Zundel cation (30,31,
78), should such a proton donor exist (32).

Hence, in the photoreduction experiments and, supposedly, under steady-state turnover
conditions, the N139L mutant oxidase is likely to reach the O state with a single proton
deficiency (presumably, deprotonated E286) (Figure 8A). Refill of this deficiency
(reprotonation of E286) under multiple turnover conditions may take place upon addition of
the next electron to the oxidized enzyme, i.e. in the O→E transition of the next turnover. In
this case it can involve the K-channel that is known to service proton delivery associated with
the O →E transition (24, 59, 79). Alternatively, the missing proton may be taken up from the
P-phase as proposed originally for D132A mutant by East-Lancing group (12, 53) to explain
the “inversed respiratory control” in the liposome-reconstituted mutant enzyme. Actually, the
two processes may compete with each other depending on availability of electrons and protons.
It is interesting that in either case, the N139L mutant oxidase should be able to turn over under
steady-state conditions without participation of its blocked D-channel at all.

Inhibition of the F→O step during oxidation of the fully reduced N139L
Oxidation of the fully reduced N139L mutant oxidase by oxygen is inhibited at the F→O step
to a much greater extent than is the F→O transition induced by single-electron reduction of
Compound F (Figure 3, Figure 8A,B). A likely scenario for the impaired oxidation of the fully
reduced N139L oxidase by oxygen, taking into account relevant data on other oxidase mutants
with the blocked D-channel (26,47,61,62,70,77,80), is illustrated by Figure 9. After several
steps, an abnormal proton-deficient form of intermediate F is formed (Fdeprotonated) in which
E286 is deprotonated, and the reaction halts because there is no internal H+ available for
conversion of ferryl-oxo intermediate of heme a3 (a3

4+ =O2-) to the oxidized ferric-hydroxy
state (a3

3+ - OH−) (Figure 8A). In contrast, in the F580 state of N139L obtained by treatment
of the mutant enzyme by H2O2 or formed during the steady-state turnover, E286 is presumed
to be protonated, so that the intermediate is ready for the F580→O step (Figure 8A).

The reductive conversion of Compound Fdeprotonated to the O state (Fe3+-OH−) requires two
more protons – one to form the heme a3

3+ -bound hydroxide and the other to regenerate the
protonated form of E286. Uptake of 2 protons coupled to the very slow F→O transition in
D132A mutant oxidase was indeed demonstrated in (70). However, the magnitude of the slow
electrogenic phase coupled to the F→O transition in either membrane-reconstituted D132N
oxidase ((63,77) and personal communication of P.Brzezinki) or in a homologous D124N
mutant enzyme from P.denitrificans (74) and personal communication from M.Verkhovsky)
corresponds to electrogenic uptake of only 1 proton. Therefore, if the data on the D132N
(D124Pd) mutants apply to N139L, only one of the two protons required for the Fdeprotonated
→O transition in N139L is delivered from the N-phase. The second proton may reach the active
site from the P-phase (Figures 8B,9; cf. refs. (53,81)).

What is the reason for the extra proton deficiency during oxidation of the fully reduced N139L
enzyme as compared to the photoreduction experiments or turnover conditions?

Comparing the scenarios, we conclude that during the oxidation of the fully reduced oxidase
in which D-channel is blocked near the N-side orifice, the enzyme arrives at the
Fdeprotonated state with 1 proton less then in case of the F580 state obtained with H2O2
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treatment, or under turnover conditions. The photoreduction experiments and the experiments
under multiple turnover conditions have in common the fact that intermediate F580 of
cytochrome oxidase is formed by passing through the “PM” state as a major relatively long-
lived intermediate, rather than through the “PR” state as in the case of oxidation of the fully
reduced enzyme.

It is proposed that on a way from ferric-peroxy state (Compound 0) to intermediate F580
(Compound II) via the compound “PM” (Compound I), the oxygen-reducing center is able to
recruit additional proton(s) relative to the reaction trajectory via Compound “PR”. The exra
proton(s) could be borrowed from internal water/hydronium molecules around Y288 (25,82,
83) to refill the H+ vacancy created in the binuclear site during the splitting of the O-O bond
with subsequent reprotonation via the K-channel (17,22) that should occur before closing of
the K-channel triggered by scission of the O-O bond and formation of Compound I (“PM”)
(24). The lifetime of the open state of the K-channel after scission of the O-O bond may be
related to the lifetime of cytochrome oxidase Compound I (“PM”) but in any case, the channel
closes before Compound II-type intermediate (“PR” or F580 state) is formed (17,19). During
the oxidation of the fully reduced COX (Figure 9), the Compound I intermediate (“PM”) is
very short-lived (84,85), so that the ferrous-oxy complex of COX (“Compound A”) proceeds
in effect directly to Compound II-type intermediate “PR”. Accordingly, the K-channel closes
untimely, before reprotonation of the group(s) participating in the proton-dependent scission
of the O-O bond takes place.

Origin of a novel KCN-insensitive microsecond electrogenic phase. Rapid internal charge
transfer may accompany electron transfer from CuA to heme a

The rapid (microsecond) phase of the electrogenic response with the N139L mutant can be
analyzed more accurately than is usually possible due to the very low contribution of
subsequent protonic phases. This circumstance has revealed that the microsecond phase in
N139L appears to be a biphasic process. A very similar biphasic pattern was confirmed in
several other cases, including the KCN-inhibited wild type enzyme (Figure 6 E, F, Table 2)
and E286Q mutant (data not included). At the same time no evidence for biphasic pattern of
the rapid electrogenic phase could be found for bovine oxidase (S.A. Siletsky, unpublished
data; ref. (64)).

It is clear that both components of the rapid electrogenic phase must be associated with electron
transfer from CuA to heme a. However, the electron transfer process itself, measured optically,
is monophasic, as reported from several laboratories (refs. (65,67), Figure 7 in this work). The
first of the two microsecond phases discerned in the electrometric response is, therefore,
assigned to charge separation resulting directly from the vectorial electron transfer from CuA
to heme a with τ of ∼10 μs (Figure 10). The second microsecond phase with τ of about 40 μs,
may then originate from internal proton or other charge transfer process triggered by or coupled
to the reduction of heme a. The amplitude of the second KCN-insensitive electrogenic phase
corresponds to a charge translocation across about 20% of the membrane dielectric thickness.

The finding of an additional component to the rapid electrogenic phase in the bacterial oxidase
can explain why in the wild type oxidases from either R. sphaeroides (17,41) or P.
denitrificans (44) the contribution of the rapid electrogenic phase to the overall response is
consistently about 30%, whereas it is close to 20% with the bovine enzyme (45,46). It also
resolves a controversy pointed out at Sigrid Juselius Foundation International Symposium
“Currents of Life” in Helsinki (2000) and considered later on in (60). If the entire microsecond
phase in the bacterial oxidases corresponds to electron transfer from CuA to heme a across 1/3
(or even 40% (66)), of the membrane dielectric, than the overall charge translocation coupled
to the F→O step attains a value close to 1 per electron (Table 2, column “earlier works”),
which is much less than 2 charges per electron expected for the transition. However, if it is
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only the 10 μs component of the rapid electrogenic phase that corresponds to the vectorial e-

transfer from CuA to heme a, then the overall electrogenicity of the F→O transition in the wild
type enzyme becomes very close to translocation of 2 charges per electron across the membrane
(Table 2, column “this work”).

The physical process underlying the 40 μs electrogenic phase remains to be identified. There
are at least 4 reasonable specific possibilities:

1. intraprotein proton displacement within the D-channel “below” E286 (e.g.,
polarization of the water wire inside the channel (17);

2. charge displacement along the proton conducting water chain from E286 to the “pump
loading site”, e.g., polarization of this water chain coupled to heme a reduction, as
proposed in (86);

3. proton release from the cluster [−OH-Mg2- (II-E254)-H3O+] to the P-phase triggered
by heme a reduction by CuA, as proposed recently by M. Sharpe et al. (78,87) and
corroborated by molecular dynamics simulations in (88);

4. charge displacement within the K-channel (cf. (63,68)).

Explanation (1) and to a lesser extent (2), may be compromised by the fact that all of the mutants
in the D-channel for which the data of sufficient quality are available to us (D132N, E286D,
E286Q, N139D, N139L) reveal the same biphasic pattern of the rapid phase. Nevertheless, it
is worthy noting that the magnitude and rate constant of the putative 40 μs phase are not that
different from those of the ∼70 μs electrogenic phase resolved during oxidation of the fully
reduced P.denitrificans oxidase and assigned to E278 → “pump loading site” proton transfer
coupled to “A” →“PR” transition (74).

Possibility (3) based on a proposal by M. A. Sharpe et al (78,87) supported by a recent work
(88) would be in ideal agreement with the size of the effect (40% of the rapid phase) as well
as with the insensitivity of the phase to heme a3 binding with cyanide. However, the proposed
release of H+ from the Mg2+ -(II-Glu254) -bound water to the P-phase coupled to heme a
reduction is expected to occur in both bovine and bacterial oxidases (87,88), whereas the
additional component of the rapid electrogenic phase appears to be absent from the bovine
oxidase.

Internal charge displacement within the K-channel coupled to reduction of heme a has been
demonstrated experimentally (68), hence possibility (4) can be invoked to explain the 40 μs
component of the rapid electrogenic phase (Figure 10). This charge displacement would likely
include rotation of the charged K362 side chain in the direction of the binuclear site. It is noted
that such a rotation can account for only part of the magnitude of the 40μs phase, however this
event could trigger additional proton displacement(s) around the binuclear site through
electrostatic interactions with the Y-288/CuB domain (85). The lack of discernible H/D-solvent
kinetic isotope effect of the rapid electrogenic phase (41) would be in excellent agreement with
K362 side chain movement limiting the rate of the process. Therefore, we assume provisionally,
that (i) the novel 40 μs component of the rapid electrogenic phase in the bacterial oxidase is
associated with electrogenic swinging of K362 charged side-chain within the K-channel, and
that (ii) this process does not take place during the rapid electrogenic phase in the bovine
oxidase.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. N139L replacement decelerates oxidation of dithionite-reduced enzyme by oxygen
(A) Wild type enzyme. (B) N139L mutant. The WT and mutant enzyme were reduced
anaerobically by 400 μM dithionite and mixed with oxygen in a stopped-flow diode array
spectrophotometer. Spectra of the reaction mixture were taken each 4 ms for WT and 5 ms for
N139L. The panels show difference absorption spectra versus the final spectrum of the oxidized
enzyme that was taken as a baseline. Only 1 of each 10 spectra is shown in the figure. Final
concentrations after mixing: COX, 5 μM, oxygen 500 μM. For other conditions, see
Experimental procedures.
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Figure 2. Spectra of the kinetic phases resolved by global analysis for N139L oxidation
The spectra/time surface recorded during the oxidation of the fully reduced N139L by oxygen
could be fitted to a linear transition of the enzyme through 4 states: 1→2→3→4 (i.e., 3
exponential phases). The difference spectra (vs the final oxidized state) of the components
which decay at the steps 1→2, 2→3 and 3→4 with the rate constants of 8.5, 1.8 and 0.09 s-1,
respectively, are shown in the figure.

Siletsky et al. Page 21

Biochemistry. Author manuscript; available in PMC 2011 April 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Different kinetics of the F→O transition in N139L mutant oxidase as induced by single-
electron photoreduction of Compound F (trace 2) and observed during oxidation of the fully
reduced enzyme by O2 (trace 1)
Trace 1, oxidation of heme a followed at 608 minus 630 nm has been constructed from the
dataset in Figure 1A. Trace 2, oxidation of heme a measured at 445 nm in the F→O transition
triggered by single-electron photoreduction of Compound F (see Figure 4 and Table 1 for
conditions and more details). The traces are given normalized to the magnitude of the
absorption changes at each wavelength pair.
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Figure 4. Reoxidation of photoreduced heme a during the F → O transition in the wild type and
N139L mutant form of cytochrome oxidase
The optical cell (see Experimental procedures) contained COX (10-20 μM) in 5 mM Tris-
acetate, pH 8, and 0.05–0.1% dodecyl maltoside, with 40 μM RuBpy, 10 mM aniline and 2
mM H2O2. 16 traces have been averaged in each case. The absorption curves have been
normalized: (A) by the magnitude of heme a photoreduction and (B) by the magnitude of heme
a reoxidation.
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Figure 5. Comparison of the electrogenic protonic phases in N139L, N139D and wild type
cytochrome oxidase
Experiments with collodion film-adhered liposomes with COX have been carried out in the
buffer containing 5 mM Tris-acetate, pH 8, with 40 μM RuBpy and 10 mM aniline as the
photoreducing system. 2 mM H2O2 was added to convert COX to the ferryl-oxo state prior to
the flash. The traces have been normalized by the magnitude of the microsecond KCN-
insensitive part of the response (indicated by a dashed line) and contribution of the membrane
passive discharge has been subtracted from all the curves (cf. Figures S4, S5).
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Figure 6. Biphasic pattern of the microsecond electrogenic phase in N139L and wild-type oxidase
For each of the enzyme samples, the adjacent panels compare deconvolution of the
electrometric traces into one (A,C,E) or two (B,D,F) exponentials. Each panel shows an
experimental trace, a fitted curve and their difference (plot of the residuals). Basic conditions,
as in Figure 5. (A,B), N139L oxidase; (C,D), N139L oxidase in the presence of 0.5 mM KCN
and 200 μM ferricyanide; (E,F), wild type oxidase in the presence of 0.5 mM KCN and 200
μM ferricyanide. Ferricyanide was added in case of the KCN-inhibited enzyme to ensure the
oxidized state of heme a.

Siletsky et al. Page 25

Biochemistry. Author manuscript; available in PMC 2011 April 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. The kinetics of rapid phase of membrane potential generation does not match the kinetics
of heme a reduction during single-electron photoreduction of Compound F in N139L oxidase
Conditions for the absorption measurements, as in the Figures 4, S5; for the electrometric
measurements, as in Figures 5,6. The amplitude of ΔΨ generation is 0.75 mV for the
electrometric trace and the maximal value of ΔA445 for the absorption trace is 0.0067 O.D.
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Figure 8. Different mechanisms of the F→O step observed with N139L oxidase during oxidation
of the fully reduced enzyme and induced by photoreduction of Compound F
(A) In the photoreduction experiments and, presumably, during turnover, the inhibited F→O
step is rate limited (ca. 30 s-1) by internal transfer of the chemical proton from the protonated
E286-COOH to heme a3-bound oxene oxygen reduced to hydroxide state by an electron from
ferrous heme a. The process is slower than in the wild type since E286-COO- anion formed at
this step cannot be reprotonated rapidly in the mutant; accordingly, the driving force for
protonation of the binuclear site is lower than in the case of proton delivery via E286 from the
N-phase. (B) During oxidation of the fully reduced enzyme by oxygen, N139L mutant arrives
at abnormal F state (Fdeprotonated) in which E286 is already deprotonated and cannot provide
the chemical proton required for reduction of the oxene anion bound to heme a3. In this case,
the step Fdeprotonated →O has to await for very slow (∼2 s-1) delivery of the external protons,
that come possibly from the different sides of the membrane (see the text).
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Figure 9. Proposed mechanism for impaired oxidation of the fully reduced N139L oxidase by
oxygen
EH and YH denote the protonated glutamic acid E286 and tyrosine Y288, respectively. The
transition of the oxycomplex of the fully reduced oxidase (Fe2+-O2 CuB

1+) to the initial ferryl-
oxene state (Fe4+=O2- Cub2+-OH-) during the reductive splitting of the O-O bond requires
extraction of at least one proton from the protein by oxygen. The proton is most likely donated
initially by Y288-OH, oxidized to the neutral radical Y288-O• at the O-O-bond breaking step
(80,89-91). In concordance with recent views (84,85), we assume that the O-O-bond splitting
mechanism may be essentially the same for oxidation of the fully reduced and the mixed-
valence enzyme, and in either case it results initially in formation of a peroxidase Compound
I-type intermediate of the binuclear site (Fe4+=O2- state of heme a3 + amino acid radical, Y288-
O•). In this intermediate of cytochrome oxidase, the O-O bond is already broken (92), but it is
still labeled here as “Peroxy” state (“PM”) solely to avoid discrepancy with the outdated
traditional nomenclature in the literature (see (17,22) for more consistent possible
nomenclature of the oxidase compounds). Insofar, this intermediate has not been directly
observed during the oxidation of the fully reduced COX and therefore is shown in a dashed
line box. When the reaction starts from the fully reduced state of the oxidase with both CuA
and heme a initially reduced, the neutral Y288• radical in the putative “PM” intermediate is
rapidly reduced by heme a to tyrosine anion, Y, forming a peroxidase Compound II-type
intermediate denoted as “PR” in cytochrome oxidase literature. This designation, although
widely used, is misleading because the oxygen-reducing site in “PR” contains 1 reducing
equivalent more than “PM” and, actually, its redox state corresponds to the next intermediate
F580 analogous to Compound II of peroxidases. For the reasons not yet understood, the “PR”
intermediate retains a strong absorption band of heme a3 at 607 nm, typical of the Compound
I-type intermediate of cytochrome oxidase (“PM”), and hence may be denoted as F607. In the
wild type enzyme, the F607 (“PR”) intermediate converts to the “normal” F580 state with a
maximum at ∼580 nm upon H+ uptake by the enzyme. The proton converting F607 (“PR”) to
F580 is believed to be provided by E286-COOH that is then rapidly reprotonated via the D-
channel. Where exactly the proton goes, has not been established yet with certainity. Originally,
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it was believed that the proton goes to the Y288 anion. However, according to the recent data
(26), Y288 is likely to remain deprotonated in F580 at pH >8. Alternatively, the H+ may be
accepted by CuB-bound hydroxide (cf. ref. (85)) as depicted provisionally in Figure 9, or by
some other group (e.g. water) in the surroundings of the oxygen reducing site. In the N139L
or D132(N,A) mutants, in which the entrance to D-channel is blocked, the “chemical” proton
can still be extracted from E286-COOH, allowing for transition to the F580 state, but subsequent
rapid reprotonation of E286 is no longer possible. This conclusion is corroborated by the fact
that there is no proton uptake coupled to the “PR”→F580 transition in the D132A mutant
oxidase of R. sphaeroides (70); moreover, deprotonated state of E286 (E278Pd) has been
directly demonstrated for D124N mutant oxidase from P. denitrificans by ATR-FTIR
spectroscopy (62). Accordingly, cytochrome oxidase gets stuck at a specific intermediate
denoted as Fdeprotonated (Figures 8, 9) that is 1 proton deficient relative to the normal F state.
At this unusual state, the proton deficiency is shown to reside on E286 anion, but actually it
may be shared among E286 –COOH/E286-COO-and [Y288-OH/Y288-O- ---CuB-H2O/OH-]
proton acceptors. Subsequent reduction of Fdeprotonated to the oxidized state by the fourth
electron stored within the equilibrating heme a/CuA pair is rate limited (k ∼ 2 s-1) by delivery
of at least one, but probably two protons required to protonate the reduced oxygen at heme
a3 and reprotonate E286. Only one of the 2 protons is delivered electrogenically from the N-
phase (see the text).
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Figure 10. Electrogenic reactions coupled to single-electron photoreduction of Compound F to O
in N139L mutant of cytochrome c oxidase
There are 3 electrogenic phases associated with single-electron photoreduction of compound
F of N131L oxidase. First, there is 10 μs vectorial electron transfer from CuA to heme a across
ca. 0.3 of the membrane dielectric thickness. Second, there is a residual KCN-sensitive protonic
phase with τ∼20-30 ms matching roughly the slowest phase of electron transfer from heme a
to the oxygen-reducing site; the phase corresponds to elementary charge transfer across ca.
0.15 of the membrane dielectric and is assigned to transfer of the “chemical” H+ from the
protonated E286 to heme a3

4+=O2- intermediate. Third, there is a newly-resolved KCN-
insensitive electrogenic phase with τ of ca. 40 μs and with a magnitude corresponding to ca.
2/3 of the 10 μs CuA → heme a electron transfer phase, or to ∼20% of transmembrane charge
transfer. This phase is discerned in both pumping and non-pumping mutants of
R.sphaeroides oxidase and is tentatively proposed to be triggered by displacement of the
charged side chain of K362 in the K-channel (see the text for other possibilities). The magnitude
of the phase corresponds to elementary charge transfer across ca. 0.2 of the membrane dielectric
thickness; therefore it cannot be fully accounted for by K362 movement and should include
some other charge(s) displacements triggered by K362 rotation (see the text).
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TABLE 1

Kinetics of heme a reoxidation in the wild type and N139L oxidases from R. sphaeroides

Phase Wild type N139L

τ, ms amplitude, % τ, ms amplitude, %

1 0.4 30-35 0.26-0.32 24-29

2 1.6 50-60 2.1-3.3 39-42

3 8-10 5-15 16-22 29-37

The data for N139L, have been obtained by deconvolution of the traces shown in Figure 4. For the wild type oxidase, a separate set of data with a
better signal-to-noise ratio was used and deconvolution of heme a reoxidation to exponentials was performed by two different protocols (see Figure
S3). The Table shows the results of the fitting procedure used in Figure S3,B (and see Figure S3,A and (41) for the other version).
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