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ABSTRACT: A comprehensive study of the thermodynamic redox behavior of the hemes from thecbb3

oxygen reductase fromBradyrhizobium japonicumwas performed. This enzyme is a member of the C-type
heme-copper oxygen reductase superfamily and has three subunits with six redox centers: four low-spin
hemes and a high-spin heme and one copper ion, composing the site where oxygen is reduced. In this
analysis, the visible spectra and redox properties of the five heme centers were deconvoluted. Their redox
profiles and the pH dependence of the midpoint reduction potentials (redox-Bohr effect) were investigated.
The reference reduction potentials (defined for a state where all centers are reduced) and homotropic
interaction potentials were determined in the framework of a model of pairwise interacting redox centers.
At pH 7.7, the reference reduction potentials for the three hemesc are 390, 300, and 220 mV, with low
interaction potentials between them, weaker than-15 mV. For hemesb and b3, reference reduction
potentials of 375 and 290 mV, respectively, were obtained; these two redox centers show an interaction
potential weaker than-60 mV. The midpoint reduction potentials of all five hemes are pH-dependent.
The study of these thermodynamic parameters is important in understanding the coupling mechanism of
the redox and chemical processes during oxygen reduction. The analysis of the thermodynamic redox
behavior of thecbb3 oxygen reductase contributes to the investigation of the mechanism of electron transfer
and proton translocation by heme-copper oxygen reductases in general and indicates a thermodynamic
coupling for the electron and proton transfer mechanisms.

Oxygen reductases are the terminal electron-accepting
enzymes of respiratory chains, using O2 as the final electron
acceptor. These complexes catalyze the transfer of electrons
to molecular oxygen, producing water with consumption of
protons. Most oxygen reductases are members of the heme-
copper oxygen reductase superfamily (1). These enzymes

couple the catalytic reaction to the translocation of protons
across the membrane, creating a transmembrane difference
of electrochemical potential responsible for the ATP produc-
tion by ATP synthase (2).

On the basis of sequence analyses of functional relevant
amino acid residues for proton transfer (3), later supported
by the properties of the catalytic center (4), the heme-copper
oxygen reductase superfamily was organized into three
different families, named A, B, and C (3). Subunit I, which
harbors the catalytic center and a low-spin heme, is common
to all members of this superfamily. The catalytic bimetallic
center consists of a high-spin heme and a copper ion, CuB.
A- and B-type oxygen reductases have an equivalent subunit
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II, which in the case of oxygen reductases oxidizing
periplasmatic metalloproteins [cytochromec, high-potential
iron-sulfur protein (HiPIP), or Cu proteins] contains a
binuclear copper center, CuA. All the members of C-type
family arecbb3-type enzymes, consisting of a subunit I with
the low-spin hemeb and the binuclear oxygen reducing
center hemeb3-CuB, and two other cytochromec subunits:
the monohemic subunit II and the dihemic subunit III (3).
These mediate the transfer of electrons from soluble electron
carriers to subunit I.

Oxygen reductases have been extensively studied over the
last decades, and different models have been proposed for
the oxygen reduction catalytic cycle and the proton pumping
mechanism (5-11). However, there are still many questions
to be addressed. It is not clear yet how these enzymes couple
the electron transfer through the redox centers to the pumping
of protons across the membrane, especially for thecbb3

oxygen reductases, which are the less studied enzymes of
this superfamily, albeit having the highest oxygen affinity
(12). It has been shown thatcbb3 oxygen reductases are
proton pumps (13), but the H+/e stoichiometry must be
investigated further. The D- or K-channel amino acid residues
typical of the A-type enzymes are not present, and the
existence of the tyrosyl covalently bound to the copper
hystidyl ligand proven for the A- and B-type enzymes, and
which has been considered fundamental for the catalytic
reaction, is still under debate for C-type enzymes (3, 14, 15).
Furthermore, these enzymes contain three extra redox heme
centers. All these issues raise questions about the possibility
of different coupling and/or different proton entry/gating
mechanisms.

Studies concerning the thermodynamic redox behavior of
a cbb3-type oxygen reductase are first steps toward further
understanding the mechanism of electron transfer and proton
uptake and translocation for this subfamily of heme-copper
oxygen reductases. In this study, the thermodynamic redox
behavior of the five heme centers present in thecbb3-type
oxygen reductase isolated fromBradyrhizobium japonicum
and its pH dependence (redox-Bohr effect) are investigated.
It is the first time that such an exhaustive study of a member
of the C-type family of heme-copper oxygen reductases has
been conducted.

MATERIALS AND METHODS

Bacterial Growth and Protein Purification. B. japonicum
strain Bj4639, containing the pRJ4639 plasmid in which the
FixNHisOQP operon, encoding thecbb3 oxygen reductase,
was cloned (13), was grown in a 30 L reactor at 28°C, at
150 rpm and low aeration (oxygen tensions below 1%) for
5 days. Under these conditions, the FixNOQP operon was
induced and thecbb3 oxygen reductase had its expression
enhanced. The enzyme was purified to homogeneity accord-
ing to ref 13, as judged by SDS-PAGE and visible
spectroscopy.

Redox Titrations.Anaerobic potentiometric titrations were
monitored by visible spectroscopy between 380 and 700 nm
in a Shimadzu UV-1603 spectrophotometer, at 25°C, and
at several pH values in a glass cuvette with a path length of
1 cm and a working volume of 2.5 mL. Each titration was
carried out using 50 mM Mes-BisTrisPropane, 10% glycerol,
and 0.01%n-dodecylâ-D-maltoside as the buffer (adjusted

to the selected pH value), 1.5µM purified cbb3 oxygen
reductase, and the following redox mediators at a final
concentration of 15µM: ferrocenecarboxylic acid, potassium
ferricyanide, N,N-dimethyl-p-phenylenediamine,p-benzo-
quinone, 1,2-naphthoquinone-4-sulfonic acid, 1,2-naphtho-
quinone, trimethylhydroquinone, phenazine methosulfate,
1,4-naphthoquinone, duroquinone, and menadione. The cu-
vette was home-adapted to ensure an anaerobic environment
during the titration process. The cuvette and sample were
flushed with argon before and during the titration, and the
sample was continuously stirred to produce a homogeneous
solution. Sodium dithionite was used as a reductant and
potassium hexachloroiridate (IV) as an oxidant. Reductive
and oxidative solutions were prepared in 250 mM Tris-HCl
(pH 8.7) and 100 mM Tris-HCl (pH 7.5), respectively, and
made anaerobic by being degassed and flushed with argon.
These solutions were kept under an argon atmosphere during
the titration. Small additions were made with a 10µL gastight
Hamilton syringe to yield 5-10 mV oxidation/reduction
steps. A combined silver/silver chloride electrode was used,
calibrated with a saturated quinhydrone solution at pH 7.0
and 25°C. The reduction potentials were quoted versus the
standard hydrogen electrode.

Data Analysis.Visible spectra were measured from 380
to 700 nm at each reduction potential. The data were
analyzed using MATLAB (Math Works). Due to the strong
overlap of the different hemes at the Soret region, the analysis

FIGURE 1: Schematic representation of the transitions between the
reference (fully reduced) microstate and each of the other partially
or fully oxidized microstates for a two-redox center (a) and three-
redox center (b) system. The reduction potentials shown are the
ones following a Nernst equation (eq 1). The white ovals represent
oxidized centers and the black ovals reduced centers.
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was focused mainly at theR-band region, which allowed
the deconvolution of the different heme centers by inspection
of the individual spectra or by means of successive subtrac-
tions. Once all optical components were identified and
deconvoluted, the changes in absorbance at the corresponding
maxima at theR-band region (551.5 and 560 nm for C- and
B-type hemes, respectively) as a function of the solution
reduction potential were used to determine the redox transi-
tions of each heme center. The data collected were fit in the
framework of a model of pairwise interacting redox centers,
which describes the thermodynamic behavior of the system.
In this model, a system withN redox centers has 2N different
redox microstates, each of which can be represented by a
vectora ) (a1, a2, ..., aN), whereai ) 0 or 1 depending on
whether centeri is reduced or oxidized, respectively. When
the state populations are related to each other, it is convenient
to consider a reference microstate, which will be taken here
as the fully reduced state0 ) (0, 0, ..., 0). Thea f 0
reduction reaction involves the capture ofna ) ∑i ai electrons,
having an associated reduction potential given by the Nernst
equation

whereP(a) is the probability of statea. Rearranging terms,

we obtain

where the condition∑a P(a) ) 1 (assuming that the sum
extends over all the 2N microstates) is here taken into account
by introducing the normalization constant

Given the probabilitiesP(a), a typical macroscopically
measurable redox propertyXmacrocan be easily expressed as
the average of its microscopic (molecular) counterpartXa:

For example, the oxidation probability of the whole system
is

FIGURE 2: (a) Visible spectra of the oxidized (‚‚‚) and dithionite-reduced (s) cbb3 oxygen reductase fromB. japonicum. (b) Difference
between the spectrum of the reducedcbb3 enzyme and the spectrum of the oxidized enzyme. (c) Difference between the spectra of the
reducedcbb3 oxygen reductase upon successive additions of sodium dithionite and the spectrum of the fully oxidized enzyme. The difference
spectra were obtained during the redox titration of the enzyme from 522 to 0 mV, at pH 7.7.
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where

is the oxidation probability of centeri (i.e., the probability
of centeri in the oxidized form).

A pairwise interaction model may be introduced by
assuming that all theEa reduction potentials can be written
as

If we consider a vector whereai ) 1 and allai*j ) 0, it
is easy to see thatei is the reduction potential of centeri
when all other centers remain in the reference (reduced) state;
thus,ei may be called the reference reduction potential of
site i. Sometimes, thisei is called the low asymptotic value
of the midpoint potential. The termIij can be regarded as
the interaction between centersi and j, with a positive or
negative signal indicating a cooperative or anticooperative
effect between the centers, respectively. This term does not
represent a mere Coulombic electrostatic interaction, since
it also reflects changes in all properties of the system not
explicitly included in the model, such as conformational
changes, changes in the oxidation state of other redox groups,
and also protonation/deprotonation reactions of protolytic
groups; in other words, eachIij is a free energy. A different
reference state can be chosen (e.g., the fully oxidized state),
but the physical meaning ofei and Iij has to be changed
accordingly.

In the particular case whereI ) 0, this model implies the
situation equivalent to the sum of individual Nernst curves.

FIGURE 3: Changes in absorbance as a function of the solution
reduction potential obtained for thecbb3 oxygen reductase at pH
7.14 during reductive and oxidative redox titrations. Data were
collected atR-band maxima, 551.5 nm [(×) reductive and (0)
oxidative] and 560 nm [(O) reductive and (b) oxidative], for c-
andb-type hemes, respectively.

FIGURE 4: Reductive redox titration curves obtained forB. japonicum cbb3 oxygen reductase at pH 6.25, 6.9, 7.7, and 8.3. Data were
collected atR-band maxima, 551.5 (×) and 560 nm (O). Solid lines are the best fits obtained by the model of three interacting centers for
the c-type hemes and by the model of two interacting redox centers for theb3- and b-type hemes. The reference reduction potentials
obtained for each redox titration are summarized in Table 1.
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Given some experimentally measured quantities,Xmacro,
Ymacro, Zmacro, ..., we can find the set ofei andIij values that
gives the optimal fit between those quantities and the
computedXa, Ya, Za, ... That set corresponds to the pairwise
model that better describes the experimental data. In par-
ticular, the experimental quantities may be the values
defining one or severalE-dependent properties (e.g., they
may be the points of one or several reduction curves).

In the absence of structural data, the localization of the
five hemes is not known; it was chosen to consider the C-
and B-type hemes separately. For the B-type hemes, located
in subunit I, we applied a model of two interacting centers
(Figure 1a). For the C-type hemes, located on subunits II
and III, we applied a model of three interacting centers
(Figure 1b).

The fit of the heme B species data took into account the
difference between the molar absorption coefficients of a
low- and high-spin cytochromeb. As an approximation of

molar absorption coefficients, the ones from horse heart
myoglobin, a high-spin cytochromeb (13.8 mM-1 cm-1)
(16), and fromEscherichia colicytochromeb562, a low-spin
heme-containing protein (32 mM-1 cm-1) (17, 18), were
used. The three C-type hemes were considered to have equal
molar absorption coefficients at the respectiveR-bands.

As discussed above, the parametersei andIij are determined
as those giving the best fit to the measured populations. Once
the parameters are obtained, it is possible to calculate the
populations of all microstates as a function of the solution
reduction potential. From these populations, the oxidized and
reduced fractions of the centers can be determined, as well
as their midpoint reduction potentials. The midpoint reduction
potential of each redox center was determined as theE value
at which half of the centeri population is reduced.

The equilibrium constant that describes the electron
transfer between two centers is given by

To obtain better visual guidance for the pH dependence
of the heme center midpoint reduction potentials, straight
lines (without physical meaning) were adjusted to the data
points in Figure 7.

RESULTS AND DISCUSSION

Several redox titrations of thecbb3 oxygen reductase were
carried out at different pH values, monitored by visible
spectroscopy between 380 and 700 nm, to obtain a general
description of the reductive profile of the enzyme. The
difference between the spectrum of the reduced protein and
the spectrum of the oxidized protein shows a broad maximum
at 424.5 nm (Soret band), andR-bands at 551.5 and 560 nm
corresponding to hemesc andb, respectively (Figure 2).

Due to the large spectral overlap at the Soret region, as
expected forb- andc-type hemes, the analysis was mainly
focused on theR-bands, and a complete deconvolution of
the redox properties was performed on the basis of this
spectral region. The data were analyzed by monitoring the
absorbance changes at 551.5 and 560 nm (Figures 2 and 3),
as a function of the solution reduction potential.

The redox titrations were fully reversible as exemplified
by the profiles presented in Figure 3; in Figure 4, several
reductive titrations are presented. The appropriateness of the
chosen wavelengths to follow the reduction ofc- andb-type
hemes was corroborated by the spectral deconvolution shown
in Figure 5. Three redox transitions were observed (Figure
5a,b). The first corresponds to the reduction ofc- andb-type
hemes (Figure 5b, spectrum a). In the second, alsoc- and
b-type hemes are reduced (Figure 5b, spectrum b- a). In

FIGURE 5: (a) Difference between the spectra of the partially
reducedcbb3 oxygen reductase at 350 (a), 250 (b), and 150 mV
(c) and the spectrum of the fully oxidized enzyme, obtained for
the titration at pH 7.7. (b) Difference between the spectrum of the
partially reduced enzyme at 350 mV and the spectrum of the
oxidized enzyme (a). Difference between the spectra of the partially
reduced enzyme at 350 and 250 mV (b-a). Difference between the
spectra of the partially reduced enzyme at 250 and 150 mV (c-b).

Table 1: Reference Reduction Potentials and Interaction Potentials
Obtained for the Five Heme Centers at Different pH Values

pH
eCH

(mV)
eCM

(mV)
eCL

(mV)

ICHCM/ICMCL/
ICHCL (mV)

(weaker than)
eB

(mV)
eB3

(mV)

IBB3
(mV)

(mean value)

6.15 430 335 290 -15 420 310 -30
6.25 420 350 300 -15 430 340 -30
6.90 415 320 280 -15 405 310 -30
7.14 400 300 230 -15 395 275 -30
7.70 390 300 220 -15 375 290 -30
7.90 395 290 190 -15 385 280 -30
8.30 375 280 210 -15 355 225 -30

Keq ) P(ai)0,aj)1)/P(ai)1,aj)0) (8)
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the third, only the reduction ofc-type hemes is observed
(Figure 5b, spectrum c- b). Furthermore, it can be observed
from Figure 5 that spectral overlapping of the different heme
types is negligible at the chosen wavelengths.

Reference reduction potentials were determined using the
model for pairwise interacting redox centers. For the three
c-type hemes, located at subunits II and III, a model of three
interacting redox centers (Figure 1b) was applied. Although
the relative locations of thec-type hemes is not known, we
assumed that they are sufficiently close to experience
homotropic cooperativities between them, since all these
redox centers are probably involved in transfer of electrons
to subunit I. Electrostatic interactions between hemesc and

b were not accounted for. On the basis of a putative
resemblance between the location of the monohemic and
dihemic subunits with respect to subunit I and that of subunit
II for A- and B-type enzymes, hemesc andb were considered
to be located at least 20 Å apart. Given the amino acid
sequence comparisons, as well as the available three-
dimensional models (14, 15), the b-type hemes, located in
subunit I, should be located at the same distances as in A-
or B-type enzymes, i.e., at 13-14 Å (19, 20), distances at
which electrostatic interactions may be relevant. In this case,
we applied a model of two interacting redox centers (Figure
1a).

In the catalytic subunit I, there is still a third redox entity,
the copper center CuB that together with the high-spin heme
b3 constitutes the catalytic oxygen reducing binuclear site.
In this case, a model of three interacting redox centers should
be applied, with three reduction potentials and three interac-
tion potentials as variables. However, the redox profile of
the CuB center could not be monitored by visible spectros-
copy, and it would be completely arbitrary to assign any
value to the reduction potential of CuB, as well as to the
interaction between this center and each of the hemes. Recent
studies performed with theaa3 oxygen reductase from
Paracoccus denitrificans, an A-type enzyme, have shown
that the redox behavior of the two heme centers in subunit
I can be described without taking into account CuB (21).

At pH 7.7, the reference reduction potentials for thec-type
hemes are 390, 300, and 220 mV, with small interaction
potentials, weaker than-15 mV. The threec-type hemes
were namedcH, cM, andcL, which stand for high-, medium-,
and low- potentialc-type hemes, respectively.

For theb-type hemes, reference reduction potentials of
375 and 290 mV were determined at the same pH value.

FIGURE 6: Relative occupancies of the different microstates at pH
7.7 and average number of electrons involved. Microstate prob-
abilities were defined by the model of two interacting centers (a)
and by the model of three interacting centers (b) used to describe
the reductive profile of hemesb andc, respectively.

Table 2: Relative Occupancies of the Different Microstates When
the Total Average Number of Electrons Loaded on Hemeb Species
Is 1, at Different pH Values, According to the Model of Two
Interacting Redox Centersa

pH (1,1) (%) (1,0) (%) (0,1) (%) (0,0) (%)

6.15 5.7 1.2 87.4 5.7
6.25 7.9 2.5 81.7 7.9
6.90 6.6 2.0 83.3 8.1
7.14 4.8 0.9 89.5 4.8
7.70 7.7 2.9 80.0 9.4
7.90 5.6 1.4 86.2 6.8
8.30 3.3 0.6 91.2 4.9
a Microstates are shown as (ab,ab3).

Table 3: Percentage of Reduction of Hemesb andb3 When the
Total Average Number of Electrons Loaded on These Hemes Is 1,
at Different pH Values, According to the Model of Two Interacting
Redox Centersa

pH Ehalf- red(mV)
hemeb reduced (%)

(0,0)+ (0,1)
hemeb3 reduced (%)

(0,0)+ (1,0)

6.15 450 93.1 6.9
6.25 460 89.6 10.4
6.90 435 91.3 10.1
7.14 425 94.3 5.7
7.70 405 89.3 12.3
7.90 415 92.9 8.3
8.30 385 96.2 5.9

a Microstates are shown as (ab,ab3).

Table 4: Relative Occupancies of the Different Microstates When
the Total Average Number of Electrons Loaded on Hemec Species
Is 1.5, at Different pH Values, According to the Model of Three
Interacting Redox Centersa

pH
(1,1,1)

(%)
(1,1,0)

(%)
(1,0,1)

(%)
(0,1,1)

(%)
(0,1,0)

(%)
(1,0,0)

(%)
(0,0,1)

(%)
(0,0,0)

(%)

6.15 1.7 0.2 1.2 49.5 6.3 0.1 36.4 4.6
6.25 3.4 0.4 2.9 44.7 5.4 0.3 38.2 4.7
6.90 1.7 0.2 1.2 49.3 7.3 0.2 34.9 5.2
7.14 1.2 0.1 0.9 48.9 2.8 0.1 43.5 2.5
7.70 1.5 0.1 1.4 47.4 2.0 0.1 45.6 1.9
7.90 0.8 0.1 0.7 48.2 1.0 0.1 48.1 1.0
8.30 1.4 0.1 1.2 48.6 2.8 0.1 43.3 2.5

a Microstates are shown as (acH,acM,acL).
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The difference in the molar absorption coefficient for hemes
b andb3 was taken into account in the fit, meaning that the
first reference reduction potential can now be attributed to
low-spin hemeb and the second to high-spin hemeb3. The
fits were equally good using interaction parameters in the
range of-60 to 0 mV. Thus, an interaction between the
heme groups of thecbb3 enzyme may not be present, but its
presence cannot be neglected. As mentioned in Materials and
Methods, in the particular case whereI ) 0, this model
implies the situation equivalent to the sum of individual
Nernst curves.

The results obtained at different pH values are summarized
in Table 1. The reference reduction potentials determined
are within the range of those reported in preliminary studies
for the Pseudomonas stutzeri(22) andRhodobacter capsu-
latus (23) cbb3 enzymes.

The model-derived populations of the four microstates of
hemeb species, as well as the number of uptaken electrons,
are shown for pH 7.7 in Figure 6a and Tables 2 and 3. It
can be observed that when the average number of total
electrons taken up by both hemeb species is one (i.e., at
their joint half-reduction), there are different contributions
from each heme (Table 3). It is shown that it is the low-spin
hemeb that is predominantly reduced at this stage, or in
other words, that the hemes have quite different reduction
potentials with a transfer equilibrium constant of 27, and
that the reduction potential of low-spin hemeb is higher
than that of high-spin hemeb3. Thus, theR-band with a
maximum at 560 nm present in spectrum a of Figure 5 is
assigned to hemeb, while theR-band with a maximum at
560 nm present in spectrum b- a corresponds to hemeb3.
Figure 6b and Tables 4 and 5 describe the relative occupan-
cies of the eight possible microstates of the three hemec
species and the number of electrons taken up at the same
pH. It is observed that at the joint half-reduction of the three
hemec forms, approximately at 300 mV, both microstates

a ) (0,1,1) anda ) (0,0,1), containing only the CH or the
CH and CM reduced, are the most populated and equally
probable.

The electron affinity of a redox center can depend on the
protonation state of acidic/basic group(s), the proton affinities
(pKa) of which can change according to the oxidation state
of that center, what is generally called the redox-Bohr effect
(6, 24-26), a heterotropic (proton-electron) interaction.
Homo- and heterotropic cooperativities between redox and
protonatable centers have already been suggested and
reported for oxygen reductases (21, 27-31), showing that
they play an important role in the overall functional mech-
anism. This pH dependence is here characterized using the
midpoint reduction potential of each heme. This quantity is
given by the solution potential for which that heme is half-
reduced, meaning the solution potential at which the heme
is most frequently exchanging electrons, information not
provided by the reference reduction potentials derived from
the model. The midpoint reduction potentials of all heme
centers are pH-dependent in the physiological pH range
(Figure 7 and Table 6). The pH dependencies of the midpoint
reduction potentials for hemesb andb3 are, approximately,
-30 and-37 mV/pH unit, respectively, in the studied pH
range. For thec-type hemes, the three midpoint potentials
were assigned to hemecH, cM, andcL, corresponding to the
hemes having the highest, medium, and lowest reference
reduction potential, respectively. However, at least in the case
of cM and cL, they cannot be assured to correspond to the
same heme at all pH values. Two of the hemec forms have
weak pH dependence, approximately-23 and-29 mV/pH
unit, whereas the other one has a stronger pH dependence
of -49 mV/pH unit.

As mentioned in the data analysis description in Materials
and Methods, the straight lines shown in Figure 7 are just
intended to help in the visualization of the change in the
midpoint reduction potentials at different pH values. There
were no attempts to relate the pH dependence of the midpoint
reduction potentials with the effect of protonatable groups
by means of the equation

Although of widespread use, this equation holds only in
the case where a single redox center is under the influence
of a unique protonatable center that undergoes only one
ionization, which is not the case in large multiredox center
proteins, such as heme-copper oxygen reductases. In these

Table 5: Percentage of Reduction of HemescH, cM, andcL When the Total Average Number of Electrons Loaded on These Hemes Is 1.5, at
Different pH Values, According to the Model of Three Interacting Redox Centersa

pH Ehalf -red (mV)
hemecH reduced (%)

(0,0,0)+ (0,1,1)+ (0,0,1)+ (0,1,0)
hemecM reduced (%)

(0,0,0)+ (1,0,1)+ (0,0,1)+ (1,0,0)
hemecL reduced (%)

(0,0,0)+ (1,0,1)+ (0,1,0)+ (1,0,0)

6.15 345 96.7 42.3 11.2
6.25 355 92.9 46.1 10.9
6.90 330 96.6 41.3 12.9
7.14 305 97.7 47.1 5.5
7.70 300 96.9 49.0 4.1
7.90 290 98.4 50.0 2.0
8.30 285 97.3 47.1 5.5

a Microstates are shown as (acH,acM,acL).

Table 6: Midpoint Reduction Potentials and Joint Half-Reduction
Potentials (Ehalf-red) for c andb Heme Centers at Different pH
Values

pH
EcH

(mV)
EcM

(mV)
EcL

(mV)
Ehalf-red

(mV)
Eb

(mV)
Eb3

(mV)
Ehalf-red

(mV)

6.15 430 335 290 345 450 310 380
6.25 420 350 300 355 460 340 400
6.90 415 320 280 330 435 310 370
7.14 400 300 230 305 425 275 350
7.70 390 300 220 300 405 290 345
7.90 395 290 190 290 415 280 345
8.30 375 280 210 285 385 225 300

E ) Eacid + RT
F

ln(KRed+ [H +]

KOx + [H +] )
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enzymes, there is more than a single redox center present,
and certainly each one is influenced by several protonatable
sites, as clearly shown by multiple theoretical studies (32-
36). Applying this equation to oxygen reductases will lead
to the determination of pKox and pKred without precise
microscopic meaning, and clearly not attributable to a single
protonatable group.

The redox behavior observed forB. japonicum cbb3
oxygen reductase differs from that described so far for bovine
(30, 37, 38) andP. denitrificansenzymes (21) (A-type), in
the sense that the hemeb species present in subunit I show
a considerable difference between their reduction potentials.
The studies described for these two A-type enzymes indicate
that the hemes have similar reduction potentials and thus
each loaded electron equilibrates equally between the two
hemes (21, 30, 37, 38). The pH dependence of the midpoint
reduction potential of the hemes strongly indicates a ther-
modynamic linkage between at least some of the steps of
the catalytic and proton uptake mechanisms, possibly im-
portant for proton translocation. The fact that thec-type
hemes also have a non-negligible pH dependence of the
midpoint reduction potentials, which may appear irrelevant
since those are most probably extrinsic to the membrane and
facing the periplasm, may be quite important if localized
proton circuits are operative in energy transduction (39).

This was the first time that an exhaustive study of the
thermodynamic redox behavior of a member of the C-type
family was performed. A large difference in the midpoint
reduction potentials of both hemesb andb3 present in subunit
I was observed, which is in contrast to the reports for the
A1-type enzymes for which similar reduction potentials for
both hemes were proposed (21, 30, 37, 38). These findings
may have implications in the catalytic mechanism of C-type
enzymes and in the coupling between electron transfer and
proton translocation.
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