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ABSTRACT: Cytochromecbb3 oxidase, fromPseudomonas stutzeri, contains a total of five hemes, two of
which, ab-type heme in the active site and a hexacoordinatec-type heme, can bind CO in the reduced
state. By comparing thecbb3 oxidase complex and the isolated CcoP subunit, which contains the ligand
binding bishistidine-coordinatedc-type heme, we have deconvoluted the contribution made by each center
to CO binding. A combination of rapid mixing and flash photolysis experiments, coupled with computer
simulations, reveals the kinetics of the reaction ofc-type heme with CO to be complex as a result of the
need to displace an endogenous axial ligand, a property shared with nonsymbiotic plant hemoglobins and
some heme-based gas sensing domains. The recombination of CO with hemeb3, unlike all other heme-
copper oxidases, including mitochondrial cytochromec oxidase, is independent of ligand concentration.
This observation suggests a very differently organized dinuclear center in which CO exchange between
CuB and hemeb3 is significantly enhanced, perhaps reflecting an important determinant of substrate affinity.

Cytochromecbb3 oxidase is a bacterial respiratory enzyme
that catalyzes the four-electron reduction of dioxygen to
water. Thecbb3-type heme-copper oxidases (HCOs)1 are
members of the same superfamily of enzymes that includes
cytochromeaa3 (mitochondrial cytochromec oxidase), the
bacterial quinol oxidase cytochromebo3, and the bacterial
nitric oxide reductase (NOR) (1, 2). What appears to
distinguish cytochromescbb3 from the other proton-motive
terminal oxidases of the HCO superfamily is the very high
affinity for oxygen (Km ∼ 7 nM) that has been reported for
the enzyme isolated fromBradyrhizobium japonicum(3).
This property, coupled with an ability to conserve energy in
the form of a proton gradient (4), is likely to be important
to the proposed role of these distinctive oxidases in allowing
bacteria to colonize anoxic environments (5).

Cytochromecbb3 is encoded by theccoNOQPoperon (6,
7), but is usually purified as a three-subunit complex
CcoNOP (8). The catalytic subunit, CcoN, which is homolo-
gous to subunit I of other HCOs contains the active site.
This is a dinuclear center composed of a high-spinb-type
heme, known as hemeb3,2 magnetically coupled to a nearby
copper ion (CuB). A second, magnetically isolated, low-spin
b-type heme in the CcoN subunit is responsible for transfer-

ring electrons to the active site. There is considerable interest
in the catalytic subunit ofcbb3-type oxidases, because many
of the residues that have been shown to be essential for
proton movements during turnover of cytochromeaa3 are
not conserved in the derived amino acid sequences of CcoN
(7, 9). The absence of these residues together with the
presence of ab-type heme, which lacks the hydroxyethyl-
farnesyl side chain of Heme O and Heme A, in the dinuclear
center may influence the substrate binding properties of the
cbb3-type oxidases.

Although cytochromecbb3 receives its substrate electrons
from the cytochromebc1 complex via cytochromec, it has
no CuA center in its electron-receiving domain. Instead, this
role is fulfilled by one of two membrane-anchored subunits,
CcoO and CcoP, which contain one and twoc-type hemes,
respectively. There is some evidence that subcomplexes
containing only CcoN and CcoO are catalytically competent
(9, 10), leaving some uncertainty about the role of, or
requirement for, CcoP. We have recently completed a
detailed biochemical and spectroscopic analysis of the
cytochromecbb3 oxidase purified fromPseudomonas stutzeri
in which we demonstrated that CcoP contains a bishistidine-
coordinatedc-type heme (8). A subsequent spectro-electro-
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chemical analysis showed that the potential of this heme,
although relatively low (E°′ ) 185 mV), does not exclude a
role for CcoP in electron transfer into the complex (11).

Reduced hemes often bind carbon monoxide (CO), a
diatomic gas that is a substrate analogue of oxygen. The
binding of CO induces marked spectroscopic changes in the
absorption spectrum of the ferrous heme and thus provides
a convenient method for distinguishing between those hemes
in which the sixth ligand is absent (pentacoordinate species)
or can be displaced by CO and those hemes in which both
axial ligands are stable (12). The complex that is formed
contains an Fe(II)-CO bond that is photolabile. Transient
illumination causes this bond to break, an event which is
followed by CO recombination to the now pentacoordinate
ferrous heme. The kinetics of such CO recombination events
are a very sensitive probe of the environment of the oxygen
binding heme that has been applied to a number of proteins,
including both globins and HCOs (13, 14).

The rate of recombination of CO to the reduced active
site heme of HCOs (7× 104 M-1 s-1) (13) is significantly
slower than the rate of recombination to myoglobin (5×
105 M-1 s-1) (14) because of the photolyzed CO interacting
with the reduced CuB. The transient ligation of CO at another
site is reflected in saturating recombination kinetics at
concentrations above 10 mM in bovine mitochondrial cy-
tochromec oxidase (15) and cytochromebo3 oxidase from
Escherichia coli(16). The intermediate species, CuB-CO,
has been directly observed by low-temperature FTIR spec-
troscopy and is diagnostic of the heme-copper dinuclear
center (17). Consequently, those forms of cytochromebo3

that lack CuB in the dinuclear center exhibit a rate of CO
recombination that is higher (kon ) 2-4 × 105 M-1 s-1)
than that of copper replete cytochromebo3 and proportional
to the concentration of CO over the range of 0-20 mM (16).
In bacterial NOR, the rate of CO recombination to the
reduced active site heme is 4 orders of magnitude greater
(1.7× 108 M-1 s-1) than that seen in other HCOs (18). This
is presumably because after photolysis CO does not interact
with non-heme iron that replaces CuB in the dinuclear center
of NOR (19).

Investigating the kinetics of CO recombination to the
active site heme of a cytochromecbb3 oxidase would give
new information about the organization of the dinuclear
center. In addition, it is a necessary prelude to other
experiments in which CO-bound forms of the enzyme are
used as a starting point to assess internal electron transfer
(20) and a single turnover of the reduced enzyme with
oxygen (13). Unfortunately, these initial experiments have
been complicated by evidence of heterogeneous binding of
CO to the hemes of cytochromescbb3. For example, the
enzyme isolated fromB. japonicumapparently binds CO to
both b- andc-type cytochromes (3, 21).

In this paper, we report a detailed study of the interaction
of reduced cytochromecbb3 oxidase fromP. stutzeriwith
CO using flash photolysis and rapid mixing kinetics. This
enzyme exhibits a complex pattern of interaction with CO,
but by comparing the kinetics of CO recombination to the
holoenzyme with the isolated hemec containing subunit
CcoP, we have been able to deconvolute the contribution
made by each center and comment on the possible signifi-
cance of their quite different CO binding properties.

MATERIALS AND METHODS

Growth Conditions and Protein Purification.Methods for
the batch culture ofP. stutzeriZoBell (ATCC 14405) and
E. coli JM109 (DE3), transformed with pCcoPall and pEC86,
and the subsequent purification of cytochromecbb3 oxidase
from P. stutzeriand recombinant CcoP fromE. coli were as
previously described (8). The purity of cytochromecbb3

oxidase (>95%) and CcoP (>99%) was assessed by SDS-
PAGE and a combination of UV-vis and EPR spec-
troscopies. The heme content of the purified proteins was
determined using the pyridine hemochromogen method (22).
Purified proteins were stored in aliquots at-80 °C until they
were needed.

Spectroscopy.Electronic absorption spectra (UV-vis)
were recorded under strictly anaerobic conditions using a
Hitachi U3100 spectrophotometer as previously described
(8). The concentrations of oxidized cytochromecbb3 and
CcoP were calculated on the basis of their molar extinction
coefficients: ε411 ) 5.85× 105 M-1 cm-1 andε408 ) 2.7×
105 M-1 cm-1, respectively (8). Reduction of the purified
proteins was achieved by either the addition of small aliquots
of sodium dithionite (final concentration of∼50 µM) or
sodium ascorbate (final concentration of 1 mM).

The reduced CO adduct was prepared by two different
methods depending on the final concentration of CO in
solution. When low final concentrations of CO were required
(e100 µM), small aliquots of CO-saturated buffer [20 mM
sodium phosphate, 50µM EDTA, and 0.02% (w/v) DM (pH
7.5)] were added to an anaerobic cuvette containing reduced
protein using a gastight syringe. When higher final concen-
trations were required, appropriate mixtures of oxygen free
buffer [20 mM sodium phosphate, 50µM EDTA, and 0.02%
(w/v) DM (pH 7.5)] prepared in an anaerobic cabinet and
CO-saturated solutions of the same buffer (total volume of
∼3.9 mL) were added as appropriate to a small volume
(<150 µL) of concentrated reduced protein in a sealed
anaerobic cuvette prepared as described above.

Optically Monitored Titrations of CO Binding.Titrations
with CO were monitored spectroscopically after successive
additions of small aliquots of CO-saturated buffer to a sealed
cuvette filled completely with either a solution of fully
reduced CcoP or cytochromecbb3 oxidase. A small magnetic
stirrer was added to the cuvette to facilitate mixing. Anaero-
bic conditions were maintained by using gastight syringes
for all additions of CO, and a small aliquot of a sodium
dithionite solution was added to the CO-saturated buffer to
remove any traces of oxygen.

Kinetic Measurements.The recombination of CO with
fully reduced cytochromecbb3 oxidase (1-3 µM) and CcoP
(1-5 µM) over a range of CO concentrations (10µM to 1
mM, prepared as outlined above) was assessed using an
LKS.50 laser kinetic spectrometer (Applied Photophysics,
Leatherhead, U.K.). Photolysis of CO was initiated by a laser
pulse (6 ns) generated by a frequency-doubled Nd:YAG laser
(Spectron Laser Systems, Rugby, U.K.). The progress of
reactions was monitored at single wavelengths between 400
and 450 nm and recorded using a Hewlett-Packard 54520A
digitizing oscilloscope. At each wavelength, five to nine
separate transients were acquired and the data averaged.

The reaction between fully reduced CcoP (1-3 µM) and
CO was assessed in an Applied Photophysics Bio-Sequential
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DX.17MV stopped-flow spectrophotometer, with a dead time
of ∼2 ms, using a 1 cmpath length cell. At least 1000 data
points were collected for each experiment with a split time
base with a maximum time resolution of 0.2 ms. A minimum
of five traces were collected at each concentration and the
data averaged.

Analysis of Kinetic Data.All rapid reactions were per-
formed under pseudo-first-order conditions, and reaction time
courses were analyzed in terms of either single-exponential
processes or the sum of exponential processes. All reactions
were performed at 20°C. All kinetic traces were exported
as ASCII files and analyzed using Tablecurve 2D (Jandel
Scientific). Spectra and fits were replotted in Origin version
4.1 (Microcal).

Our earlier work had indicated that bothc-type hemes in
CcoP were hexacoordinate in the ferric state (8). Conse-
quently, kinetic data resulting from the postphotolysis
recombination of CO with a singlec-type heme in CcoP were
fitted to a model developed by Hargrove to characterize CO
recombination in plant hemoglobins that contain a hexaco-
ordinated heme (23). After photolysis, the heme, which is
initially six-coordinate (PCO), becomes pentacoordinate (P)
and can undergo two competing reactions, either forming
the hexacoordinate form H or else recombining with the
ligand to yield the initial CO-bound form (PCO) (eq 1). An
analytical solution for the time course for the production of
PCO exists when the reaction proceeds from P (24).

where the observed rate constant for the fast phase (γ1) is
described by

and the observed rate constant for the slow phase (γ2) is
described by

As Scheme 1 could not account for the kinetic complexity
seen in the rapid mixing experiments, the reaction of reduced

CcoP with CO after rapid mixing was analyzed using a model
developed by Trent and colleagues to characterize the initial
reaction of CO with the reduced heme of plant hemoglobin
in rapid mixing experiments (Scheme 2) (25). In our
experiments, and presumably under physiological conditions,
the CO-bindingc-type heme in CcoP would exist as an
equilibrium mixture of hexacoordinate (HO) and pentacoor-
dinate (PO) “open” forms that can bind CO. In addition there
is a “closed” subpopulation of hexacoordinate heme (HC)
that is neither able to bind CO nor in rapid equilibrium with
the ligand binding forms on the time scales of our experi-
ments.

Using steady-state approximations for HO and PO, the
observed rate constant (kobs) for the formation of PCO

following rapid mixing is described by eq 4. Note that the
rate constantsk-H, kH, andkCO in this expression are identical
to those used in eqs 2 and 3.

RESULTS

Effect of CO Binding on the Electronic Absorption
Spectrum of Cytochrome cbb3. The effect of CO binding to
fully reduced cytochromecbb3 oxidase is readily seen in the
electronic absorption spectrum (Figure 1A). The Soret band

Scheme 1

Scheme 2

[PCO] ) [P]o{1 - [kCO[CO](k-H - γ1)

γ1(γ2 - γ1) ]e-γ1t -

[kCO[CO](k-H - γ2)

γ2(γ1 - γ2) ]e-γ2t} (1)

γ1 )
(kH + k-H + kCO[CO]) + [(kH + k-H + kCO[CO])2 - 4k-HkCO[CO]]1/2

2
(2)

γ2 )
kH + k-H + kCO[CO] - [(kH + k-H + kCO[CO])2 - 4k-HkCO[CO]]1/2

2
(3)

FIGURE 1: (A) Electronic absorption spectrum of cytochromecbb3
oxidase fromP. stutzeri(1.5µM) recorded at room temperature in
20 mM sodium phosphate, 50µM EDTA, and 0.02% (w/v) DM
(pH 7.5). The air-oxidized enzyme as purified (- - -) was fully
reduced by the addition of excess sodium dithionite (‚‚‚) before
treatment with 1 mM CO (s). (B) Reduced-COminus reduced
difference spectrum calculated from the traces shown in panel A.
The inset of panel B shows the region between 500 and 600 nm in
detail.

kobs)
k-HkOkCO[CO]

kHk-O + kO(k-H + kH) + (kO + k-O + k-H)kCO[CO]
(4)

Complex CO Binding to acbb3-Type Oxidase Biochemistry, Vol. 42, No. 38, 200311265



is at a slightly shorter wavelength, 416 nm, compared to the
reduced state, and its intensity has increased (ε ) 717 mM-1

cm-1). These features are typical of CO binding to a ferrous
c-type heme. There is also a shoulder present on the Soret
band at a longer wavelength that indicates CO binding to a
ferrousb-type heme. These changes are even more apparent
in the reduced-COminusreduced difference spectrum which
clearly contains features associated with the binding of CO
to bothc- andb-type hemes (Figure 1B). Specifically, the
maximum at 415 nm and a trough at 551 nm indicate binding
of CO to ac-type heme, while a shoulder at ca. 424 nm and
an inverted shoulder at 560 nm are typical of CO binding to
a b-type heme, presumably hemeb3. The binding of CO to
both heme b3 and a singlec-type heme is probably
responsible for the broad asymmetric trough located in the
Soret region at ca. 440 nm.

Saturation of a solution of fully reduced CcoP with CO
elicited a number of changes in the electronic absorption
spectrum (Figure 2A). Notably, the Soret maximum moved
from 417 to 416 nm, and increased in intensity (ε ) 316
mM-1 cm-1). The reduced-COminus reduced difference
spectrum of CcoP (Figure 2B) contains a sharp derivative-
shaped feature with a maximum at 415 nm and a minimum
at ca. 428 nm as well as a trough in the visible region
centered at 551 nm (Figure 2B). These features are all
consistent with CO binding to ferrousc-type hemes. How-
ever, we noted that the spectral changes associated with CO
binding were only fully developed when both hemes were
completely reduced with dithionite. This is consistent with

CO binding only to thec-type heme with the lower reduction
potential, which we had previously determined to have
bishistidine axial ligation.

CO Binding to CcoP and Heme b3. Fully reduced
cytochromecbb3 was titrated with CO and the extent of
binding monitored at 415 nm, a wavelength chosen because
it reports only the binding of CO to ac-type heme (Figure
3A). Fitting the experimental data yielded a dissociation
constant (Kd) of 1.3 × 10-6 M for the binding of CO to a
singlec-type heme in the holoenzyme. This value compares
favorably with the experimentally determined value for the
dissociation constant (Kd ) 2.2 × 10-6 M) that describes
the binding of CO to the bishistidine-coordinatedc-type heme
in isolated CcoP (Figure 3A). The similarity of these values
suggests that CO binding to the active site hemeb3 does not
compete with CO binding to CcoP in the cytochromecbb3

complex. We interpreted these observations in terms of a
dissociation constant for CO binding to ferrous hemeb3 that
is at least 1 order of magnitude greater than the constant for
binding to CcoP.

FIGURE 2: (A) Electronic absorption spectrum of recombinantP.
stutzeriCcoP (5.7µM) recorded at room temperature in 20 mM
sodium phosphate, 50µM EDTA, and 0.02% (w/v) DM (pH 7.5).
The spectrum of the protein was recorded after oxidation with
potassium ferricyanide (- - -). After the addition of excess sodium
dithionite, the spectrum of the fully reduced protein was recorded
(‚‚‚), before treatment with 1 mM CO (s). (B) Reduced-COminus
reduced difference spectrum calculated from the traces shown in
panel A.

FIGURE 3: (A) Samples of fully reduced CcoP (2.4µM) and
cytochromecbb3 oxidase (4.5µM) were made in 20 mM sodium
phosphate, 50µM EDTA, and 0.02% (w/v) DM (pH 7.5) in sealed
cuvettes. The samples were titrated with CO at room temperature,
and the resultant absorbance changes at 415 nm were used to
calculate the fractional saturation (Y) of the ferrousc-type heme
with CO. To obtain the dissociation constant for CO binding, the
data obtained with CcoP (4) and cytochromecbb3 oxidase (9) were
independently fitted using the functionY ) (KD[CO])/(1 + KD-
[CO]), assuming that CO binds to only a single site. The fits are to
the data obtained for cytochromecbb3 oxidase (s) and CcoP (‚‚‚)
are shown separately. (B) The total change in transient absorption
at 424 nm associated with CO recombination to hemeb3 after
photolysis was measured at a range of CO concentrations and used
to calculate the fractional saturation (Y) of ferrous hemeb3 with
CO. All transients were recorded at room temperature. The
dissociation constant was calculated from the data using the function
Y ) (KD[CO])/(1 + KD[CO]), again making the assumption that
CO binds to only a single site (s).
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The small change in absorbance associated with CO
binding to reduced hemeb3 in the holoenzyme, together with
the prediction of weaker binding, suggested that it was not
appropriate to determine this dissociation constant in a static
titration. Instead, the amplitude of the photolysis-induced
absorbance change at 424 nm, a wavelength at which theb3

heme contributes almost exclusively to the total absorbance
change (see Figure 6), was determined over a range of CO
concentrations (Figure 3B). These data yield aKd for CO
binding to hemeb3 of 2.9 × 10-5 M. The change in
absorption due to photolysis measured at 415 nm, which only
reports CO binding toc-type hemes, indicated that the CO-
binding heme in CcoP was completely saturated at CO
concentrations of 10µM. This was true irrespective of
whether CcoP was examined as an isolated subunit or as
part of the cytochromecbb3 complex.

Kinetics of CO Recombination to CcoP.The transient
absorption changes following photolysis of the CcoP-CO
adduct are best described by two exponentials at all
wavelengths and CO concentrations that we examined
(Figure 4A). Although at lower (<200 µM) CO concentra-
tions the contribution of the fast phase was difficult to
deconvolute and was excluded from subsequent analysis, at
415 nm, at which the absorption change is largest in the static
CO difference spectrum (Figure 2B), the fast (80% of the
total absorbance change) and slow (20% of the total
absorbance change) components had apparent rates of 9.1
× 103 and 1.7× 103 s-1, respectively, at a CO concentration
of 1 mM. The total amplitude of this biphasic process was
dependent on the wavelength used to monitor the reaction
and closely followed the reducedminusreduced-CO differ-
ence spectrum obtained from equilibrium spectroscopic
studies.

The fast (γ1) and slow (γ2) observed rate constants
associated with CO recombination to isolated CcoP show
an obvious dependency on CO concentration (Figure 4B,C)
that was anticipated by Scheme 1. Simulation of these
concentration dependencies using eqs 2 and 3 (Figure 4B,C)
yields the three elemental rate constants (kH, k-H, andkCO)
presented in Table 1. Each of the three rate constants was
calculated independently usingγ1 andγ2, and the values are
in good agreement with each other (Table 1). A time course
simulated with the program Gepasi 3 (26-28) using the rate
constants given in Table 1 closely approximates our experi-
mental data for CO recombination to CcoP (Figure 5) and
provides further evidence for the relevance of Scheme 1 to
our experimental data.

Kinetics of CO Recombination to Cytochrome cbb3. Since
CO binds to bothc- andb-type cytochromes, CO recombina-
tion to cytochromecbb3 oxidase was initially monitored at
a series of wavelengths between 400 and 451 nm at 3 nm
intervals. Inspection of the reaction time courses revealed
that at particular wavelengths two processes identical in both
rate and amplitude to those observed in isolated CcoP were
present (see Figure 4 and Table 1). Consequently, these two
components are attributed to CO recombination to CcoP as
part of the cytochromecbb3 oxidase complex.

When the transient absorbance associated with CO re-
combination to CcoP is subtracted from the time courses
recorded between 400 and 451 nm for thecbb3 oxidase
complex, it is possible to reconstruct, from the residual
absorbance, a derivative-shaped kinetic difference spectrum

(Figure 6A). This closely resembles the reduced-COminus
reduced difference spectrum resulting from CO binding to a

FIGURE 4: (A) Recombination of CO to isolated CcoP after
photolysis (9) was monitored at 415 nm. The best fits to the
experimental data using a single exponential (‚‚‚) and the sum of
two independent exponentials (s) are shown. The protein concen-
tration was 4.6µM in 20 mM sodium phosphate, 50µM EDTA,
and 0.02% (w/v) DM (pH 7.5), and the CO concentration was 1
mM. (B) Dependence upon CO concentration of the fast phase of
recombination after photolysis to CcoP either as the isolated subunit
(2) or as a component of the cytochromecbb3 complex (9). Each
data point represents an average of three separate experiments, each
of which comprises the average of five to nine transients. The
experimental data were fitted to eq 2 for both isolated CcoP (s)
and the cytochromecbb3 complex (- - -). (C) Dependence upon
CO concentration of the slow phase of recombination after
photolysis to CcoP either as an isolated subunit (2) or as a
component of the cytochromecbb3 complex (9). Each data point
represents an average of three separate experiments, each of which
comprises the average of five to nine transients. The experimental
data were fitted to eq 3 for both isolated CcoP (s) and the
cytochromecbb3 complex (- - -).

Complex CO Binding to acbb3-Type Oxidase Biochemistry, Vol. 42, No. 38, 200311267



ferrousb-type heme. Time courses measured at 424 nm, at
which the absorption change associated with CO recombina-

tion to hemeb3 is largest but where there is no contribution
from events at thec-type heme, can be described by a single
exponential with an observed rate constant (kobs) of 794 s-1

which is not dependent upon CO concentration (Figure 6B).
Kinetics of the Initial Binding of CO to Reduced CcoP.

The initial reaction between reduced CcoP and CO was
studied in rapid mixing experiments in which the concentra-
tion of CO was varied. The time course of this reaction at
high CO concentrations (>25µM) can be described in terms
of a single-exponential process (Figure 7A). When the CO
concentration was decreased to less than 25µM, the reaction
becomes distinctly biphasic (Figure 7B). Note that the single
exponential observed at higher CO concentrations (>25µM)
corresponds to the slower of the two concentration-dependent
processes observed at low CO concentrations. We presume
that this is because at CO concentrations greater than 25µM
the fast phase is complete within the dead time of the
stopped-flow spectrometer (∼2 ms).

The rate constant that describes the fast process in these
rapid mixing experiments clearly corresponds tokCO, the rate
of CO recombination to the pentacoordinate ferrous heme
(P) in Scheme 1. However, Scheme 1 does not account for
the slow process we observe at lower CO concentrations.
As a consequence, we used the slightly more complex model
outlined in Scheme 2 to account for our experimental data.
This scheme proposes that in CcoP the ferrousc-type heme
that binds CO exists in a mixture of ligation states prior to
mixing with CO. Consequently, the slow phase of CO
binding that we observe arises from that fraction of the
protein (HC) that must undergo conformational change to
bind CO. Analysis of the dependence of the observed rate
of this slow process upon CO concentration using eq 4 and
constrainingk-H, kH, andkCO to the values obtained from
the flash photolysis experiments (Table 1) yields values of
200 and 350 s-1 for kO, andk-O, respectively (Figure 8).

To ensure that Scheme 2 adequately describes the initial
binding of CO toc-type heme in CcoP, we simulated the
experimental time courses acquired by rapid mixing at high
(Figure 7A) and low (Figure 7B) CO concentrations [simu-
lated traces are depicted with the dashed lines (- - -)]. The
first 2 ms was removed from the simulated time courses to
take into account the absorbance changes that are lost during
the dead time of mixing. The experimentally acquired and
simulated data are in good agreement.

DISCUSSION

Spectroscopic Changes Associated with CO Binding to
Cytochrome cbb3. The spectroscopic changes exhibited by
reduced cytochromecbb3 oxidase in response to CO binding

FIGURE 5: Recombination of reduced CcoP (4.6µM) with CO (750
µM) after photolysis was monitored at 415 nm (9) in 20 mM
sodium phosphate, 50µM EDTA, and 0.02% (w/v) DM (pH 7.5).
The time course of the reaction was simulated (s) with the program
Gepasi 3 according to Scheme 1 using rate constantskH, k-H, and
kCO given in Table 1.

FIGURE 6: (A) Recombination of CO (1 mM) to cytochromecbb3
oxidase (2.5µM) in 20 mM sodium phosphate, 50µM EDTA, and
0.02% (w/v) DM (pH 7.5) was monitored at a series of wavelengths
between 400 and 451 nm at 3 nm intervals. Each time course was
analyzed in terms of three independent exponentials to take into
account the biphasic reaction of CO with the reducedc-type heme,
and the monophasic reaction with hemeb3. The total absorbance
change associated with the two phases of CO recombination to the
c-type heme (0) and the total absorbance change associated with
the slowest phase assigned to CO recombination to hemeb3 (2)
were plotted as a function of wavelength. (B) Rate of CO
recombination to hemeb3 after photolysis plotted as a function of
CO concentration. Each data point represents an average of three
separate experiments, each of which comprises the average of five
to nine transients. The reaction was monitored at 424 nm, and the
enzyme concentration was 2.3µM in 20 mM sodium phosphate,
50 µM EDTA, and 0.02% (w/v) DM (pH 7.5).

Table 1: Summary of the Rate Constants Used in eqs 2-4 To Fit
the Data Shown in Figures 5-8a

k-H (s-1) kH (s-1) kCO (M-1 s-1)

γ1 (isolated CcoP) 2198 294 6.8× 106

γ2 (isolated CcoP) 2117 617 5.0× 106

γ1 (CcoP as part of cytochromecbb3) 2152 250 6.9× 106

γ2 (CcoP as part of cytochromecbb3) 2394 251 4.3× 106

average 2215 354 5.7× 106

rHb1 1911 517 6.0× 106

a The equivalent rate constants for recombination of CO to reduced
nonsymbiotic plant hemoglobin 1 (rHb1) are shown for comparison
(23).
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appear to be quite different from those reported for all other
heme proteins, including other HCOs, with the single
exception of bacterial NOR (18). For example, a derivative-
shaped feature dominates the Soret region of the reduced-
COminusreduced difference spectrum of myoglobin, which
contains a singleb-type heme. The ratio between the
maximum (421 nm) and the minimum (438 nm) of this
derivative is 1.2:1. In contrast, the Soret region of the
reduced-COminus reduced difference spectrum of cyto-
chromecbb3 is rather broader and much more complex,
suggesting either that CO is displacing an endogenous ligand
to hemeb3 or that it can also bind to a second heme. Earlier
spectroscopic studies on periplasmic extracts that contained
either overexpressed CcoO or CcoP indicated that only CcoP
was capable of binding CO (29), and the data we present
here are consistent with fully reduced CcoP binding CO
stoichiometrically. Consequently, the form of the reduced-
CO minusreduced difference spectrum of cytochromecbb3

is almost certainly a consequence of the overlapping features
that result from CO binding to bothb- and c-type hemes
(see below).

There are inevitably some limitations to the accuracy of
the kinetic difference spectrum (reduced-COminusreduced)

that we have determined for cytochromecbb3 oxidase.
However, the contribution arising from CO recombination
to CcoP is in good agreement with both the static and kinetic
reduced-COminus reduced difference spectra we have
recorded for isolated CcoP. The peak at 424 nm in the kinetic
CO difference spectrum corresponds to the shoulder at
approximately the same wavelength in the static CO differ-
ence spectrum. Likewise, the broad asymmetric trough in
the static CO difference spectrum of cytochromecbb3 oxidase
can be explained in terms of overlapping features arising
from CO binding to both heme types. It is possible that the
considerable spectral overlap in the Soret region due to the
contributions from CcoP and hemeb3 can account for some
of the differences in the static CO difference spectra of
cytochromecbb3 oxidase present in the literature. CcoP and
hemeb3 have different affinities for CO. Consequently, if
the CO adducts were prepared in different ways (for example,
some may have been acquired by the addition of a small
aliquot of CO while others may have been bubbled with CO
for several minutes), the resultant spectra might represent
different degrees of occupancy by CO at the two hemes.

Within the experimental error discussed above, it would
appear that the static CO-difference spectrum and the kinetic
difference spectrum regarding hemeb3 are in reasonable
agreement. This suggests that hemeb3 becomes pentacoor-
dinate upon reduction and accounts for its spectral similarities
with postphotolysis hemeb3. This is consistent with evidence
from resonance Raman spectroscopy that indicates that the
b3 is pentacoordinated in the reduced state (30).

CO Binding to CcoP.The pattern of kinetics of CO
recombination to CcoP is similar to those seen in plant
hemoglobins containing a hexacoordinated heme. This
implies that CO binding must be preceded by displacement
of an endogenous heme ligand. Several lines of evidence
suggest that in the case of CcoP this is likely to be the distal
histidine ligand, previously identified by NIR-MCD spec-
troscopy (8). First, CcoP must be fully reduced to allow
complete formation of the CO adduct, suggesting that it is
the heme with the lower potential (e.g., the bishistidine-
coordinated heme) that binds CO. Second, when the me-

FIGURE 7: (A) Initial binding of CO (250µM) to CcoP (1.1µM)
after rapid mixing in a stopped-flow spectrophotometer monitored
at 415 nm (9). The experimental data were initially fitted using a
single exponential (s). Subsequently, the time course of the reaction
was simulated with the program Gepasi 3 according to Scheme 2
(‚‚‚) using the previously determined values forkH, k-H, andkCO
(Table 1) and values of 200 and 350 s-1 for kO andk-O, respectively.
(B) Initial binding of CO (7.5µM) to CcoP (1.1µM) after rapid
mixing in a stopped-flow spectrophotometer monitored at 415 nm
(9). The experimental data were initially fitted using either a single
exponential (- - -) or two independent exponentials (s). Sub-
sequently, the time course of the reaction was simulated with the
program Gepasi 3 according to Scheme 2 (‚‚‚) using the previously
determined values forkH, k-H, andkCO (Table 1) and values of 200
and 350 s-1 for kO andk-O, respectively. In both experiments, the
reactions were carried out in 20 mM sodium phosphate, 50µM
EDTA, and 0.02% (w/v) DM (pH 7.5).

FIGURE 8: Concentration dependence of the observed rate constant
for the slow phase of CO binding to CcoP in rapid mixing
experiments. Each data point (9) is the average of two separate
experiments, each of which comprises the average of five transients.
The line is the best fit to the experimental data generated using eq
4 and constrainingkH, k-H, andkCO to the values listed in Table 1,
which yielded values of 200 and 350 s-1 for kO and k-O,
respectively.

Complex CO Binding to acbb3-Type Oxidase Biochemistry, Vol. 42, No. 38, 200311269



thionine residue, which provides the sixth axial ligand for
cytochromec551 from P. stutzeri, is substituted with a
histidine residue, by site-directed mutagenesis, CO is able
to bind at neutral pH within seconds (31). Finally, the rate
constants associated with binding of CO to CcoP are similar
to those obtained for the replacement of an axial histidine
ligand to the hexacoordinate heme in recombinant plant
hemoglobin with CO (Table 1). It is noteworthy that theE.
coli direct oxygen sensor (EcDos) protein also contains a
hexacoordinate heme iron where it is a distal methionine
ligand that is displaced by exogenous gaseous ligands rather
than the proximal histidine ligand (32). However, the
bimolecular rate constant for binding of CO toEcDos is
extremely slow (kon ) 1.1 × 103 M-1 s-1) (33).

The binding of gaseous ligands to the low-potential heme
in CcoP appears then to be a competition between the binding
of the exogenous ligand and endogeneous coordination by a
local amino acid side chain. It is interesting to note that CO
binding to ac-type cytochrome has also been reported in
the cbo-type oxidase ofMethylobacillus flagellatus, a
member of the HCO superfamily that contains ac-type heme
and heme O-CuB dinuclear center (34). However, it is
probably not a general characteristic of this family of
enzymes, since there is no indication of CO ligation to the
reduced heme C present in cytochromecaa3 oxidase of
Bacillus subtilis(35). Why should one of the hemes in CcoP
bind a gaseous ligand such as CO? Previously, it was
generally believed that only pentacoordinate ferrous heme
could bind exogeneous ligands. However, recently, a new
class of “heme-based sensors” involved in gene regulation
have been described in which the heme iron is coordinated
at both axial ligands by amino acid residues (33, 36), one of
which must be displaced by an exogenous ligand to allow
its binding. Could it be that the binding of gaseous ligands
to the low-potential heme of CcoP has a similar function?

There are a number of lines of circumstantial evidence to
suggest that this might be the case. First, there is an apparent
redundancy in the electron input strategy of cytochromecbb3

as highlighted by the observation that a subcomplex of the
enzyme which lacks CcoP is catalytically competent (9, 10).
Second, in purple photosynthetic bacteria, CcoQ is proposed
to mediate a signal that is generated by electron flow through
cytochromecbb3 oxidase (37). The response to this signal
is the repression of photosynthetic gene expression (38, 39).
However, CcoQ itself does not contain any redox active
cofactors that could sense electron flow directly. Finally, the
kinetics of CO recombination displayed by some plant
hemoglobins, which contain a six-coordinate heme and are
involved in physiological stress responses such as hypoxia,
are very similar to those we report for CcoP. These
arguments are also consistent with the view expressed in a
recent review by Myllykallio and Liebl (40) that the absence
of oxidative stress regulators such as OxyR, SoxR, and SoxS
in Helicobacter pyloricould suggest that cytochromecbb3

might directly sense environmental changes and transduce
the signal. Recall that cytochromecbb3 is the only terminal
oxidase in this organism.

Since CO is a substrate analogue of NO and O2, it has
found wide application as a molecular probe of hemes in
sensory domains that respond to these two physiologically
important ligands. There are also examples of heme-based
sensors that specifically respond to CO in both prokaryotes

and eukaryotes (36, 41). All heme-based gas sensors
described to date containb-type heme in their sensory
domains. However, the recently reported X-ray structure of
SHP (sphaeroidesheme protein), a 12 kDa oxygen binding
cytochromec from Rhodobacter sphaeroides, suggests that
this may not be universally true (42). In the oxidized state,
the single c-type heme of SHP is hexacoordinate, with
histidine and asparagine as axial ligands. On reduction, the
heme sheds the distal asparagine ligand and can readily bind
CO (Kd ) 3.3 × 10-5 M) (43). The simple kinetics of
association of CO with this pentacoordinate heme are quite
slow, unlike the complex CO binding kinetics exhibited by
CcoP. Reduced SHP also binds oxygen transiently, but the
heme readily autoxidizes (t1/2 ∼ 3 min), a property that is
rather reminiscent of the gas-sensing heme of FixL rather
than an oxygen binding pigment such as myoglobin (44).

It is hard to envisage a requirement for CO sensing inP.
stutzeri. However, if the low-potential heme of CcoP could
bind either oxygen or NO it could, in principle, provide a
mechanism for reporting the environmental concentrations
of these gases and moderating the activity of thecbb3 oxidase
complex.

Binding of CO to Heme b3. The process of CO binding to
the active site of cytochromecbb3 oxidase, as identified here,
is also worthy of comment. HCOs typically have bimolecular
rate constants for CO recombination of 6-10 × 104 M-1

s-1 with off rates of<1 s-1 and as a result an equilibrium
dissociation constant of ca. 1× 106 M (13, 35, 45). Thus,
the results reported here concerning the rate of interaction
of CO and hemeb3 were unexpected. It has recently been
demonstrated by time-resolved room-temperature FTIR
spectroscopy that in contrast to other HCOs the transient
decay of the CuB-CO complex in cytochromecbb3 oxidase
of P. stutzeriis concurrent with the formation of the Fe-
(II)-CO complex (46). Moreover, Stavrakis and colleagues
(46) found no evidence that CO escapes from the dinuclear
center. Their findings are consistent with the concentration-
independent rate of CO recombination reported here. Fur-
thermore, the rates reported here (ca. 800 s-1) for the
formation of theb3-CO complex and by Stavrakis and
colleagues (46) (ca. 5× 103 s-1) for the transfer of CO from
CuB to b3 are in reasonable agreement, considering the
different experimental setups.

The origin of this rather unusual reactivity of the active
site of cbb3 toward CO is not certain, but it undoubtedly
reflects other properties of cytochromecbb3 that are markedly
different from those of the well-characterized bacterial HCOs,
cytochrome aa3 and cytochromebo3. Recall that cbb3

oxidases apparently have a high affinity for oxygen [km ∼ 7
nM (3)] but retain the ability to pump protons (4). In addition,
many of the ionizable residues that form two structurally
defined channels, known as the D- and K-channels, that
facilitate proton transport from the cytoplasm to the buried
dinuclear center during turnover in cytochromeaa3 are absent
in the derived amino acid sequence of CcoN (7, 9). Notably,
cbb3-type oxidases lack a homologue of Tyr280 (the residue
numbering corresponds to thePseudomonas denitrificans
cytochromeaa3 sequence), which is covalently attached to
His284 in theaa3 oxidase (47) forming a site capable of
stabilizing a radical species during oxygen reduction (48).
The absence of this His/Tyr pair in thecbb3-type oxidases
and the presence of ab-type heme may contribute to a very
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differently organized dinuclear center in which exchange of
CO between CuB and hemeb3 is significantly enhanced. This
may reflect an important determinant of substrate affinity.

CONCLUSIONS

The work described here establishes that there is a clear
difference between the interaction of CO with the active site
of cytochrome cbb3 oxidases and other HCOs. It also
establishes that CO binds to CcoP as well as hemeb3. The
mechanism of CO combination to CcoP appears to be similar
to that observed in a hexacoordinate plant hemoglobin (23).
The interaction between cytochromecbb3 oxidase and CO
is complex, and it appears that this reactivity may not only
provide insight into the nature of the ligand capture by the
active site of cytochromecbb3 oxidase but also indicate a
sensing function for CcoP.
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