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The cytochrome ‘bo’ quinol oxidase of Escherichia coli contains 2 mol of haem, one or both of which are ‘haem O’. One of the
haems forms, with the single copper present, a binuclear site for ligand binding and oxygen reduction. Cytoplasmic membranes
from a strain of E. coli lacking the alternative cytochrome bd quinol oxidase, and having amplified levels of cytochrome bo, were
used to study oxygen and carbon monoxide reactivity with this oxidase. The high-spin ligand-binding haem was identified from its
contribution to the Soret region and the shift in midpoint potential from +211 to +477 mV in the presence of CO. Oxidative
titration of a CO-liganded sample was accompanied by a decrease in the contribution from a photodissociable CO-binding haem.
The photodissociation spectrum was typical of a high-spin haem. Photolysis of CO-liganded, reduced membranes in the presence
of O, at sub-zero temperatures revealed O, binding and cytochrome oxidation characterized by differential absorbance changes
in the a-spectral region. Monitoring by epr spectroscopy of the same reaction sequence at —80°C revealed a slight increase in
g = 6 signal intensity immediately after photolysis attributable to cytochrome o oxidation prior to Cu oxidation. Subsequent
decline in the g = 6 signal and appearance of a g = 3 signal indicated sequential electron flow from low-spin to high-spin haems

and copper oxidation, suggesting that a second haem carries electrons from ubiquinol to the binuclear centre.

Introduction

Bacterial cytochrome oxidases represent a function-
ally and structurally diverse group of electron-transfer
proteins [1,2]. Like most bacteria, Escherichia coli syn-
thesizes more than one terminal oxidase, each catalyz-
ing the oxidation of ubiquinol by molecular oxygen [3].
One of these, cytochrome bo, contains two haems and
one copper. The high-spin haem binds CO and, with
the copper, forms a binuclear reaction centre [4] where
oxygen is bound and reduced [5]. The other haem is
low-spin and six-coordinate. All three prosthetic groups
are located in subunit I of the oxidase [6]. The nature
of the haems and the lack of Cu, distinguishes this
oxidase from mitochondrial and bacterial aa,-type cy-
tochrome oxidases which, in other respects, it closely
resembles [7-9]. Recently, the E. coli oxidase has also
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been shown to pump protons across the cytoplasmic
membarne [3,10].

Although the spectral characteristics of the CO
compound of cytochrome o were clearly established in
Chance’s photochemical action spectroscopy [11,12] and
later photodissociation spectra [5], the contributions of
the two haems to reduced minus oxidized difference
spectra have remained controversial despite numerous
attempts to resolve them, particularly using potentio-
metric titrations (for surveys of early work, see Refs.
1,2,13). The original suggestion made by Scott and
Poole [14] that the ligand-binding cytochrome o makes
only a small contribution to the «-region of the ab-
sorbance of the reduced state has recently received
support from spectral studies of the isolated oxidase
(3,15]. The absorption characteristics reflect the pres-
ence in this oxidase of a novel haem O with a haem
A-like structure [15] that gives a pyridine haemochrome
spectrum in which the « and B bands in the reduced
form are shifted about 4 nm to the blue relative to the
corresponding spectrum of haem B (protohaem). The
atypical pyridine haemochrome was first reported by us
[16] in membranes of a cytochrome o-over-producing
strain (RG145; [17]), in which detailed potentiometric
analyses of the spectral contributions of the oxidase to
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the a- and Soret regions were also made [16]. It has
been suggested [15] that the oxidase complex contains
two haems of the O-type, and that preparations of the
oxidase contain in addition variable, sub-stoichiometric
amounts of cytochrome b-556. For clarity, however,
and consistent with contemporary work on this oxidase,
the complex is described here as cytochrome bo. In this
paper, we extend previous redox analyses to titrations
performed in the presence of CO and exploit the
technique of low temperature photodissociation to de-
scribe the reactions of cytochrome o with CO and O,
and the subsequent oxidation of cytochrome(s) b.

Materials and Methods

Strains and growth conditions

E. coli K-12 strains RG145 and GO103 were pro-
vided by R.B. Gennis, University of Illinois, Urbana.
Strain GO103 (F~, rpsL, thi, gal, Acydl:KmR®) is a
mutant deficient in the d-type cytochrome oxidase.
Strain RG145 (F~, rpsL, thi, gal, nadA, lon 100, cyo,
srl::Tn10 recA56 (ApR, TcR)) is a cytochrome o oxi-
dase over-expressing strain, which also lacks the cy-
tochrome bd-terminal oxidase [17]. Cells were grown at
37°C with high aeration on ‘56’ media [18] (pH 7.0),
supplemented with a Mo- and NOj-free trace ele-
ments solution ([19]; 10 ml/1), Luria broth ([20]; 50
ml/1), and glycerol (4 ml/1). After autoclaving, the
medium was aseptically supplemented with nicotinic
acid and thiamine HCI (each at 0.5 mg /1, final), MgCl,
(1 mM final) and ampicillin (100 wg/ml, final). A 500
ml 18.5 h starter culture, grown in a 2 | flask, was used
as inoculum for a 10 | batch growth in a stirred Biostat
V 121 fermenter (Braun) sparged with air at 8 1/min.
Cells were harvested in the stationary phase of growth
(apparent absorbance at 600 nm of 3) after 17-24 h
growth, by centrifugation using an Alpha-Laval contin-
uous flow centrifuge and subsequently by centrifuga-
tion of the slurry at 12500 X g (r,, 14.4 cm) for 15 min.
Cells were frozen at —20°C until required. Cells typi-
cally contained 0.32 nmol cytochrome o/mg protein,
an approx. 6-fold amplification over levels in wild-type
cells.

Cytoplasmic membrane preparation

All procedures were carried out at 4°C. Thawed
cells were washed twice with a buffer that contained
0.1 M Tes, 20 mM magnesium acetate, 0.25 M sucrose
and 0.25 mM EGTA (pH 7.0) and were resuspended to
approx. 1/10 the original volume in the same buffer.
To a homogenized suspension was added the pro-
teinase inhibitor phenylmethylsulphonyl fluoride (1 mM
final) and a few grains of proteinase-free DNase I.
Cells were broken by one passage through a French
Pressure cell (Aminco) at 138 MPa and the cell lysate
was obtained by centrifugation at 12500 X g (r,, 10.7

cm) for 20 min. Membrane fragments were then ob-
tained by centrifuging the lysate (low-speed super-
natant) at 150000 X g (r,, 7.35 cm) for 90 min at 4°C.
The membrane fraction was suspended in 50 mM Tes,
5 mM EDTA (pH 7.0), homogenized and respun as
above. The washed membranes were resuspended in
the Tes/EDTA buffer, homogenized and frozen.
Membranes contained around 0.52 nmol cytochrome
0/mg membrane protein.

Potentiometric titrations

Redox titrations were based on [21] as modified by
Bolgiano et al. [16]. The buffer (pH 7.0) contained 150
mM Tes, 3 mM EDTA. Titrations in the presence of
CO were performed by reducing the sample in the
titration cuvette [21] to approx. —150 mV with an
anaerobic solution of Na dithionite, then sparging for 5
min with CO through a fine tube, which had been
smeared with a trace of antifoam, and could be lifted
in and out of the membrane suspension as required.
Where redox states were measured at room tempera-
ture, CO was blown over the surface of the stirred
sample for an additional 40 min before beginning the
oxidative titration. For low-temperature experiments,
the titration was performed in a fume hood under a
slight positive pressure of CO. Samples were removed
from the stirred titration chamber into 0.2 cm path-
length cuvettes via a transfer tube that could be low-
ered into the membrane suspension. The cuvette, which
had been previously gassed for a few min with CO, was
then immediately frozen in liquid nitrogen. Redox
titration data were analyzed by fitting the absorbance
values to the Nernst equation [16].

Spectroscopy

Optical difference spectra were recorded using a
Johnson Foundation SDB-3 dual-wavelength scanning
spectrophotometer [22]. A 4 nm spectral bandwidth
was used and the scan rates were as indicated. The
reference wavelength was 580 nm. During a redox
titration, a fully reduced or fully oxidized scan was
usually used as a reference. For CO titrations, the
CO + reduced scan was used as baseline.

For low-temperature photodissociation spectra [23],
redox-poised samples in liguid N, were equilibrated in
the dark at —78°C in a solid CO,/ethanol bath for
about 20 min until transfer to the cuvette holder at
—60 to —100°C + 1°C, as indicated in the legends. The
sample was scanned twice to obtain a baseline and
then photolyzed by 90 s exposure to light from a 150 W
projector lamp focused onto one limb of a bifurcated
light guide [23]. After photolysis, the sample was imme-
diately scanned using the pre-photolysis spectrum as
baseline.

EPR spectra were obtained using a Bruker ER200D
spectrometer (Bruker Analytische Tesstechnik, Silber-



streifen, D-7512 Rheinstetten H, Germany) equipped
with a variable temperature cryostat and liquid helium
transfer line (Oxford Instruments, Osney Mead, Ox-
ford, UK).

Sample preparation for low temperature ligand exchange
For ligand-exchange experiments, the method of
Chance et al. [24] was followed with the following
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modifications. Samples were prepared in 1 ml capacity
(0.2 cm path length) Perspex cuvettes. Membranes
were diluted (approx. final conc. 10 mg/ml for optical
spectra, 20 mg/ml for EPR spectra) in a buffer that
contained 25 mM Tes, 2.5 mM EDTA (pH 7.0); ethy-
lene glycol (30% v /v) and sodium succinate (pH 7) (20
mM, final) were added. The sample was incubated at
room temperature for 30 min to allow reduction of the
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Fig. 1. Potentiometric analysis of E. coli RG145 membranes at 25°C in the presence of carbon monoxide. (A) Difference spectra were recorded

over the range 400 nm to 600 nm with 575 nm as reference wavelength. Spectra shown are of samples poised at +6, +144, +221, +306 and

+421 mV during an oxidative titration with ammonium persulfate. The spectrum of the reduced sample bubbled with CO (poised at —117 mV)

is the subtracted baseline. (B) Plots of redox potentials versus absorbance at 455 minus 432 nm (left), and 580 nm minus 560 nm (right). Lines

drawn represent the best fit analyses for three components (SSR = 0.018 (left) and 0.013 (right)). Membrane protein concentration was
15 mg/ml.
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oxidase and then bubbled with CO for 3-4 min. All
subsequent procedures were carried out in dim light.
Cuvettes were cooled in a solid CO,/ethanol bath at
—25°C for 5 min. Where indicated, O, was added by
stirring the sample with a coiled stainless steel wire
(2/s) for 30 s to give about 360 uM O, [24]. Immedi-
ately, the cuvette was placed in a —78°C dry
ice /ethanol bath and stored for at least 5 min. Samples
(0.5 ml total) were prepared in EPR tubes in a similar
manner using appropriate stirrers and bubbling tubing.
After equilibration at —78°C, cuvettes were trans-
ferred to the sample compartment of the dual-
wavelength spectrophotometer. Temperature control
(4 1°C) was achieved by blowing a stream of N,, cooled
by circulation through a copper coil immersed in liquid
N,, over the base of the cuvette [23]. Photolysis was
performed as described above and samples scanned at
indicated times following photolysis.

Analytical methods

Protein was determined according to a modified
Lowry method [25] using bovine serum albumin as a
standard. The following extinction coefficients for the
calculation of cytochromes b and o at room tempera-
ture were used [26): €414 430 om = 145 cm™! mM ™! for
cytochrome o from CO difference (CO + reduced mi-
nus reduced) spectra and €sqy_sgoum = 187 cm ™' mM ™!
for cytochrome b from fully reduced minus fully oxi-
dized spectra. The former value is probably too low
{16] perhaps by as much as 2-fold [15].

Ubiquinol oxidase assays [27] were performed spec-
trophotometrically following the oxidation of
ubiquinol-1 (gift of Hoffman LaRoche) in 60 mM Tris-
HCI (pH 7.5). An ethanolic solution of ubiquinol was
reduced by adding ul aliquots of an acidified solution
of sodium borohydride (5 mg/ml) until almost colour-
less. To a quartz cuvette, 10 wl of ubiquinol solution
was added to buffer (2.5 ml final), and the reaction was
started by adding 10-50 w] of a membrane suspension.
The absorbance increase at 275 nm accompanying
ubiquinol oxidation was followed to completion at 25°C.
A few crystals of ammonium persulphate were added
to confirm the endpoint. An extinction coefficient for
ubiquinone of €,,s=1225 mM~! cm~' was used [28].

Chemicals

General reagents were from Fisons or BDH and
were of AnalaR grade wherever possible. 1,2-Naph-
thoquinone was from ICN Pharmaceuticals (Plainview,
New York), 1,2-naphthoquinone-4-sulphonic acid was
from Koch-Light, and 2,3,5,6-tetramethyl phenylene-
diamine was from Aldrich. Bovine serum albumin, Tes,
PMSF, proteinase-free DNase I, 2-hydroxy-1,4-naph-
thoquinone, benzyl viologen, and phenazine metho-
sulfate were from Sigma. Argon, oxygen-free nitrogen
and CO were from BOC Special Gases.

Results and Discussion

Ubiquinol oxidase activity

The ubiquinol oxidase specific activities in both the
over-expressing strain (RG145) and in the cytochrome
bd-deficient strain (GO103) were similar with turnover
numbers (uM ubiquinol oxidized/s per uM cy-
tochrome o) of 300 s~! and 341 s~ !, respectively. The
reaction was found to be first order with respect to
ubiquinol concentration in both cases (data not shown).
Thus, the RG145 membranes used in this paper al-
lowed spectral analysis of the amplified cytochrome bo
complex, without interference from the alternative oxi-
dase, cytochrome bd, and without recourse to purifica-
tion of the oxidase, which may result in alteration of
redox potentials and loss of cytochrome(s) b involved
in electron transfer from ubiquinone [15].

Potentiometric titrations in the presence of CO

Previous potentiometric analyses of membranes from
an E. coli strain containing amplified levels of the
cytochrome bo terminal oxidase were performed in the
absence of CO [16] and revealed three potentiometri-
cally distinct contributions to the Soret band and two
to the a-band. Early [14] and recent [15] evidence
shows that the ligand-binding cytochrome makes only a
small, broad contribution to the «-band, suggesting
that the Soret region should provide less equivocal
data on the b and o type cytochromes. CO binds at the
O,-binding haem in its Fe(II) state, forming, in the
absence of O,, a stable adduct and raising the redox
potential of the bound haem. Thus, using membranes
from strain RG145, reduced and bubbled with CO in
an anaerobic cuvette, we recorded absorption spectra
in the Soret and a-regions during an oxidative titration
with ammonium persulphate.

Spectra in Fig. 1A are presented as difference spec-
tra with the reduced, CO-liganded sample, poised at
—117 mV, as reference. During the course of the
titration, troughs appeared at 418, 431, 530 and 560
nm. The 418 nm trough was attributed to loss of the
CO-liganded form, whereas troughs at about 431, 530
and 560 nm were attributed to oxidation of low-spin b-
or o-type cytochromes. In the early stages of titration,
the 418 nm trough dominated the Soret region but the
maximum intensity of the trough later shifted to 431
nm; the a- and B-bands developed throughout. Fig. 1B
plots the changes at 432 and 560 nm relative to appro-
priate reference wavelengths as a function of ambient
potential. The data for the absorbance changes at
455-418 nm were not well fitted by the Nernst equa-
tion (not shown), two n =1 components of E_,+ 61
mV and 213 mV giving sum of squared residuals (SSR)
= 0.11. The adjacent 431 nm trough, however, titrated
with E_, values of +67.5 mV (26%), +202.5 mV
(30%) and +476.2 mV (38%); the fit for three n =1



TABLE 1

Analyses of potentiometric titrations of the Soret and a-regions in the
absence and presence of CO

The best-fitting parameters for the areas under absorbance peaks in
the absence of CO are from Ref. 15. Values from oxidative titrations
in the presence of CO are from Fig. 1. Values given are E,; (mV)
and relative amount (in parentheses). Arrows indicate midpoint
potential shifts elicited by CO.

Soret region a-region
-CO +CO -~CO +CO
-97(0.22)
+55(0.48) —» +68(0.26) +57(0.59) > +33(0.44)
+211(0.22)—-  +202(0.3) +227(0.45)%2 >  +190(0.19)
N +477(038) N +423 (0.38)
+408 (0.14)

2 broad signal, 556 to 565 nm.

components was good (SSR = 0.018). These values were
close to those observed at 560 nm with E,_ . values of
+33.3 mV (44%), +189.6 mV (19%) and +422.9 mV
(38%), with SSR = 0.013.

Table I compares titrations in the absence and pres-
ence of CO for both Soret and « regions. As proposed
previously [16], in the absence of CO, the major Soret
contribution (E_,, +55 mV) probably corresponds to
the component titrating at around +57 mV in the
a-region. During titration with persulphate, the pres-
ence of CO increased the apparent mid-point potential
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of the former by 13 mV and decreased the latter by 24
mV. These shifts in the mid-point of the low potential
component suggest little binding of CO, and were
much smaller than those reported by Withers and
Bragg [29] who described CO-induced shifts from —58
to —92 mV and from +127 to +51 mV during oxida-
tive titrations with ferricyanide of the purified oxidase
complex. Their results were interpreted as reflecting
sensitivity of a low potential haem to modification by
ferricyanide. The simplest interpretation of the present
data is that a major contributor to the +211 mV
(Soret) band is the ligand-binding cytochrome ¢ whose
mid-point potential is raised to +477 mV in the pres-
ence of CO. Similar conclusions were drawn previously
[29]. The corresponding band in the « region had its
mid-point raised from +227 to +423 mV,; it is notable
that the +227 mV component has a broad «a-ab-
sorbance [16], consistent with the view [15] that its
contribution to the a-region is small.

Photodissociability during redox titrations in the presence
of CO

In an attempt to confirm the contribution of the
CO-binding haem to potentiometric titrations, redox-
poised samples from an oxidative titration in the pres-
ence of CO were frozen and used for photodissociation
spectroscopy. The characteristic photodissociation
spectrum of cytochrome o, peak at 430 nm and a
trough at 414 nm [5], is detectable only when CO
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Fig. 2. The effect of redox potential on photodissociation of E. coli cytochrome o at —100°C. (A) Photodissociation spectra were taken of

samples poised at the solution potentials shown after 90 s exposure to white light, with the pre-photolysis spectrum as subtracted baseline.

Spectra were scanned with 580 nm as reference wavelength, at 1.43 nm/s. Spectra were recorded in cuvettes with a pathlength of 0.2 cm. (B)
Best-fitting Nernst curve of 4 439_414 nm versus redox potential (£, ). Membranes were suspended at 9.6 mg/ml.
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remains bound to the reduced haem in samples with-
drawn from the titration cuvette; thus, spectra recorded
after exposure to light indicate the amount of pho-
tolysable haem-CO complex in the samples. The spec-
tra in Fig. 2A are post-photolysis minus pre-photolysis
photodissociation spectra recorded at — 100°C. Fig. 2B
shows results pooled from a number of such titrations.
At progressively higher potentials, the absorbance dif-
ference at 430 minus 414 nm declined as predicted.
Most of the total charge occurred between +90 and
+130 mV, with E_, =120.2 mV (n = 1; 68.9% of the
total signal). At higher potentials, a more gradual
decrease in the level of the photosensitive CO com-
pound occurred with an apparent mid-point of +297.4
mV (n = 1; 30.1% of the total). The SSR was 0.075. An
alternative analysis (not shown) of the data treated the
titration as being monophasic and gave an E_, of
+154 mV (n = 1), but the fit was poor (SSR = 0.314).
The probability that the data were not the same as the
one-component model is 0.96.

In assigning cytochrome o to one of these phases,
there are a number of points to consider. Previous
studies have shown that the half-time for CO reassoci-
ation with the Fe(II) haem is about 20 min at —92°C
[5], so that the concentration of cytochrome o is un-
likely to be underestimated by rapid combination of
CO following exposure to actinic light. However, the
experimental design might underestimate the assay of
the photodissociable CO-cytochrome o complex on
two counts. First, detection of the unliganded cy-
tochrome o after photolysis relies on relatively slow
recombination of the dissociated CQO. There is good
evidence that the ‘fast’ recombination (i.e., complete at
—100°C within the time taken for conventional wave-
length scanning) observed for many protohaem pro-
teins (i.e., myoglobin) and for cytochrome d [30] in the
E. coli bd terminal oxidase is due to the absence of
copper and CO recombination directly to the haem.
However, in the case of cytochromes a; and o, the
copper atom ‘traps’ the dissociated CO, which returns
only slowly to haem a5 or o in a photo-independent
fashion. This view is supported by infrared observation
of a Cu-CO band in mitochondrial cytochrome aa;
[31,32], Thermus thermophilus cytochrome aa, [33] and
E. coli cytochrome o [34]. Furthermore, copper deple-
tion of the cytochrome bo complex in E. coli by
copper-limited chemostat growth causes gross under-
estimation of the amount of cytochrome o when as-
sayed by photodissociation spectroscopy [35], due to
rapid recombination of CO. In the experiment of Fig.
2B, Cu(I) oxidation (E,_, ~ 370 mV;[4]), as high poten-
tials are approached, would allow rapid recombination
to the unliganded cytochrome o, underestimating the
amount detectable on photolysis and tending to raise
the apparent E_,.

Second, the low spin, low potential cytochrome b

component of the complex, which does not bind CO,
would be oxidized early in the oxidative titration; elec-
tron re-distribution following photolysis might also un-
derestimate photogeneration of the undissociated cy-
tochrome o. Finally, a change in the geometry of the
Fe-CO bond with respect to the haem plane, due to
solvent interaction or amino acid changes in the
ligand-binding pocket, are likely to affect photodissoci-
ation [36]. With these caveats, and given the difficulty
of obtaining numerous data points in this type of
experiment, we assign the higher potential phase of the
titration in Fig. 2b to the CO-binding cytochrome o.

Low temperature ligand exchange reactions

The reactions of cytochrome o with carbon monox-
ide or with oxygen and subsequent electron transfer
following photolysis of the CO-liganded oxidase at
sub-zero temperatures have previously been reported
only with intact cells [5]. Membranes from the cy-
tochrome o over-producing strain were reduced with
succinate, bubbled with CO, then frozen at —78°C
before transfer to the temperature-equilibrated sample
compartment of the dual-wavelength spectrophotom-
eter. Photolysis at —100°C in the absence of oxygen
gave a difference spectrum (with the prephotolysis
spectrum as reference) that showed troughs at 415, 535
and 566 nm attributed to loss of the CO-liganded form
(Fig. 3). The band positions were similar to the absorp-
tion maxima reported [12] in photochemical action
spectra and in the conventional CO difference spec-
trum of the isolated oxidase [15]. Further, as reported
in Ref. 15, there was no significant band (i.e., peak in
Fig. 3; trough in their Fig. 1) that could be attributed
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Fig. 3. Reaction of cytochrome o with carbon monoxide at — 100°C.

Repetitive scans of dithionite-reduced membranes photolyzed in the

absence of oxygen are shown with a baseline (reduced +CO) sub-

tracted. The reference wavelength was 580 nm, scan rate 1.43 nm/s,

and protein concentration 11 mg/ml. The absorbance bar represents
0.04 A for the Soret and 0.008 A for the o region.



to the a-band of the reduced form, as can the 430 nm
peak in Fig. 3.

Continued spectral scanning at —100°C after pho-
tolysis revealed recombination of CO, as the symmetri-
cal approach towards the baseline (representing the
liganded form) of the 415 and 430 nm signals [5]. At 15
min {(not shown), the Soret absorbance difference had
decayed by about 50% and the rebinding was sensitive
to further photolysis, restoring the original photodisso-
ciation spectrum (results not shown). Photosensitivity is
generally taken to indicate binding of CO rather than
O, [37]. The changes in the a region were similar but
of lower magnitude. The ratio of the peak-trough am-
plitude in the Soret region (430415 nm) to that in the
a region (566-550 nm) was about 29. This compares
with a value of 32 for myoglobin and higher values for
several high spin b-type haem proteins [38] and with a
value, measured from the CO difference spectrum in
[15], at the above wavelength pairs, of 24.

The above experiment was modified by aerating the
CO-treated, succinate-reduced sample at —25°C be-
fore freeze-trapping. Under these conditions, in the
dark, the O, introduced does not displace CO from
the carbonmonoxy compound, allowing activation of
the reaction between the oxidase and O, in the frozen
state after photolysis of the CO adduct [5,24]. At
—80°C, the first difference spectrum (using the
prephotolysis, CO-liganded state as reference) showed
a trough at 415 nm and a split trough at 554 /562 nm
(Fig. 4). At this temperature, the 430 nm peak of the
unliganded cytochrome o had decayed within the time
taken to complete the first scan. This results from O,
binding; in the absence of O, at these temperatures,
the 430 nm band decays only slowly, whether the
experimental material is intact cells (above, [5]) or
membranes (RK. Poole and 1. Salmon, unpublished
data). The a region in Fig. 4 was also quite distinct
from that observed in the absence of oxygen (Fig. 3)
the 565 nm trough having been replaced by a promi-
nent band centred at about 572 nm and a split trough
with 562 nm as the dominant absorbance difference.
Repetitive scanning of the photolysed sample revealed
intensification of the trough at 428 nm and differential
development of the troughs at 554 and 562 nm, all
attributable to oxidation of b-type cytochrome(s). The
later oxidation of the b-type cytochrome at 554 nm is
consistent with the lower mid-point potential of the
short wavelength component {16]. The fully oxidized
minus reduced + CO difference spectrum (Fig. 4, bot-
tom) had features similar to that of the sample 30 min
after photolysis. The sample appeared to be only 25%
oxidized at this point. This can be attributed to incom-
plete occupancy of the CO adduct, partial photolysis,
and/or formation of uncharacterized intermediates.
For example, in comparison with cytochrome aa;, haem
a is thought to be only partially oxidized (approx. 40%)
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Fig. 4. Reaction of cytochrome bo with oxygen after photolysis of the
carbonmonoxy compound in membrane suspensions at —80°C. The
spectrum of the pre-photolysis (CO+reduced) sample was used as
subtracted baseline. The absorbance bar represents for the timed
scans, .04 A (Soret) and 0.2 A (« region) and for the fully oxidized
sample, 0.08A (Soret) and 0.04A (a region). Reference wavelength
was 580 nm, scan rate 143 nm/s and protein concentration
11 mg/ml.

in intermediates II and III [39] with full reduction
occurring only on electron transfer from cytochrome ¢
at temperatures above — 60°C {40].

The absorbance changes in the difference spectra of
Fig. 4 are plotted in Fig. 5. The increasing depth of the
cytochrome b troughs (562, 554 and 428 nm) are shown
as increases in AA after photolysis of the carbon-
monoxy compound. A Guggenheim analysis [41] gave a
good fit (not shown) to first-order kinetics and an
apparent rate constant of 0.06 min~' (¢, ,, = 11.5 min).
First order kinetics were also observed at —60°C and
—70°C (results not shown). At 38 min after the initial
photolysis, a second exposure to the actinic light was
given, causing further increases in absorbance at 428,
554 and 562 nm. In contrast, the diminishing trough
depth at 415 nm was reversed by the second exposure
to actinic light. Such light-reversibility is generally taken
[37] as demonstrating combination of an oxidase with
CO rather than with O,. Uno et al. [42] have reported
two CO binding sites in this oxidase with different
sensitivities to photolysis, suggesting that some CO
recombination with the oxidase might accompany cy-
tochrome oxidation.

The absorbance changes following photolysis are
more easily visualised if the scan obtained 30 min later
(part-oxidized) is subtracted from the scan started im-
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Fig. 5. Plots of absorbance versus time after photolysis of the
carbonmonoxy compound of cytochrome o shown in Fig. 4. Ab-
sorbance values at the following wavelength pairs are shown: (a)
540-562 nm ( &), 540-554 nm ( 4 ); (b) 450-415 nm (O); 450-428 nm
(®). At 38 min following the first 90 s exposure to active light,
samples were again irradiated with actinic light (arrow).

mediately (0.1 min) after switching off the actinic light
(Fig. 6a). The difference spectrum showed a prominent
peak at 430 nm suggesting that b-type cytochrome was
oxidized in the 0.1 to 30 min interval. Similarly, the 415
nm trough showed that this component further de-
creased with time (i.e., approached the baseline) as

569
554 |
430 535 |
| [ a
T T
r”‘ AA=0.02 AA=0.008
ssa 87
5§35 | r
415J l
565 b
555 |
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Fig. 6. Difference spectra following photolysis in the presence of

oxygen. Scan (a) shows the difference spectrum of the scan taken at

0.1 min in Fig. 4 minus the scan taken after 30 min (part-oxidized

sample) at —80°C. Conditions are as described in Fig. 4. Scans (b)

and (c) are similar difference spectra from experiments performed at
—70°C and —60°C, respectively.

shown in Fig. 5. The a and B regions are of special
interest. The 569 nm band (572 nm in the difference
spectrum of Fig. 4) was at too long a wavelength to be
attributable to the reduced form of any b-type cy-
tochrome described in E. coli. Since the signal was at
its most intense immediately after photolysis, it is un-
likely to arise from the CO adduct which it closely
resembled in band position. Since the O, and CO
complexes of myoglobin, for example, [38] are similar,
as are the O, and CO forms of cytochrome a; [43], we
tentatively attribute the 569 nm band to the difference
spectrum (with a part-reduced form as reference) of
the oxy-form of cytochrome o, which then decays dur-
ing the 0.1 to 30 min interval. The broadness of the
peak suggests that the band may have contributions
from other reduced b-type cytochrome(s) near 562 nm.
The 554 nm peak was weak but well-resolved and
presumably reflected net oxidation of a cytochrome,
with an absorption maximum near this wavelength,
during the 30 min of observation. The very broad 535
nm band may also have contained contributions from
the putative oxy form. Similar difference spectra (i.e.,
first after photolysis minus last at 30 min) observed at
—-70°C (Fig. 6b) and — 60°C (Fig. 6¢) were similar but
for the gradual shift of the a peak to 567 then 565 nm,
and increase in the 554 nm band. The absence of a 415
nm trough in Fig. 6¢ indicates that any CO recombina-
tion was complete within the first scan after photolysis.

It is striking that the 569 nm absorbance was very
intense relative to the Soret band. Using wavelength
pairs of 430-450 nm and 569-583 nm, respectively, the
Soret/a ratio measurement from Fig. 6 was 3.1. This
compares with 11.8 for the reduced (TMPD plus ascor-
bate) minus oxidized spectrum of the isolated cy-
tochrome bo complex [15], and similar values reported
by others [26,44], but is close to the ratio (2.8) observed
for absolute spectra of cytochrome a [45). Examination
of spectra such as those in Fig. 4 recorded within the
first 3 min after photolysis predicts that the oxy form,
equivalent to compound A of cytochrome a; [43] would
have a low absorption coefficient relative to the CO
form. Thus, the 415 nm trough due to dissociation of
CO from reduced cytochrome persisted during cy-
tochrome b oxidation indicating that the oxy form has
a much weaker absorption than the carbonmonoxy
form at this wavelength. Furthermore, if the oxy species
were spectrally very similar to the reduced form (430
nm), photodissociation of CO would be followed by
little change at 430 nm; in fact, the 430 nm peak
decayed prior to extensive cytochrome b oxidation. We
conclude that the oxy-form of cytochrome o resembles
the CO form more closely than it does the reduced
form in the Soret region and has a prominent a band
near 570 nm relative to the oxidized form. The possibil-
ity that a mixed population of oxidase intermediates
will be present, however, during the reaction sequence



following photolysis as in cytochrome aa, [46] allows
other interpretations.

EPR studies of the reaction with oxygen

The potentiometric behaviour of the high spin and
low spin haems in the cytochrome bo complex has
recently been studied by EPR in this strain [4]. The
high spin signal, which we attribute to the haem of
cytochrome o titrated as a bell-shaped curve. Mid-
points of +180 and +280 mV on the low potential
side were attributed to the cytochrome(s), whereas the
high potential side was monophasic and the E_; of
+370 mV was attributed to Cu. In its Cu(II) state, the
Cu is thought to be coupled to cytochrome o resulting
in a net even spin and EPR undetectability. A low spin
haem signal was attributed to cytochrome b [4]. In the
experiment shown in Fig. 7, membranes in EPR tubes

g=6.0 g=4.3 g=3.0
I I I

time (min)

. el

3.0 W\M\
30.0 %;\_/\Hv\
W

45.0

oxidized

Fig. 7. Development of EPR signals at g =6 and g =3 following
photolysis of a CO-treated and reduced sample to which 0, had been
added at —25°C. Spectra show samples trapped in liquid nitrogen at
the indicated times following photolysis at —80°C. The bottom scan
is of a sample oxidized by adding a few grains of ammonium
persulphate. EPR operating conditions were: temperature, 15 K;
microwave frequency, 9.46 GHz; microwave power, 10 mW; field
modulation amplitude, 1.25 mT; instrument gain, 5-10%; time con-
stant, 0.5 s.
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were reduced with succinate, bubbled with CO, and
oxygenated at low temperature by stirring with a coiled
wire before rapid freezing. Photolysis was performed at
—80°C and the samples were trapped at 77 K at the
time intervals shown. The magnitude of the high-spin
signal at g = 6 increased slightly between 0.1 and 1.2
min and then steadily decreased through the rest of the
experiment. Even at 1.2 min, the signal was only 25%
of the intensity seen in persulphate-oxidized samples.
This is probably due to the difficulties of obtaining
high occupancy of CO in EPR tubes and of introducing
oxygen in a controlled fashion to prevent CO displace-
ment and oxidation prior to photolysis. The small in-
crease in the g=6 signal probably reflected cy-
tochrome o oxidation prior to that of Cu(I) which,
when oxidised, would have caused a diminution of the
g = 6 signal through spin-coupling. The low-spin signal
(g = 3) was not evident until 30 min after photolysis,
when it achieved 40% of its maximum intensity. Un-
equivocal assignment of the signal intensity changes is
problematic given that redox changes in the copper
and cytochrome o each influence the g =6 signal
height and that a mixed population of intermediates
probably existed over the time period studied. The
optical experiments (Fig. 4), however, suggested that
oxidation of cytochromes (principally cytochrome o)
began within 3 min after photolysis. The gradual de-
crease in the intensity of the g = 6 signal, therefore,
might reflect gradual reduction of cytochrome o by
electron transfer from the low-spin cytochrome b, while
the copper is part-reduced, as well as copper oxidation.
The initial rise in the g =6 signal is presumably a
result of some electron transfer from reduced cy-
tochrome o to oxygen, the oxy-form (being EPR-silent)
having formed prior to the recording of optical (Fig. 4)
or EPR spectra.

Conclusions

Potentiometric redox titrations in the presence of
CO have allowed us to determine the contributions to
optical spectra of cytochrome o, the ligand-binding
haem O in the ‘cytochrome bo’ terminal oxidase. We
assign a dominant signal in the Soret region and a
broad a-band to this haem, having an E _,, between
+211 and +227 mV. The Soret/« ratio in photodisso-
ciation spectra is 29, indicative of a high-spin state.
Following reaction with oxygen, oxidation of a cy-
tochrome b (or perhaps a second haem o) with lower
E .. and absorbing at shorter wavelengths in the a
region is observed at low temperatures. EPR spec-
troscopy of samples trapped at time intervals, after
photolysis of the carbonmonoxy compound in the pres-
ence of oxygen, reveal oxidation of the respiratory
chain components in the order, cytochrome o, Cu,
cytochrome(s) b/o. These oxidations are preceded by
the formation of an ‘oxy’ species of cytochrome o,
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which resembles the CO form in the Soret region but
appears to have an additional distinctive absorbance
near 570 nm relative to the oxidized form. Further
characterization of this form, and an explanation of the
apparent photolability of the oxygen adduct, or of
super-stoichiometric binding of CO to the oxidase com-
plex, will require further study.
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