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Isolated cytochrome-c oxidase ligated with cyanide was titrated by Flash-Induced chemical photoREduction (FIRE)
(Moody, A.J. and Rich, P.R. (1988) EBEC Short Rep. 5, 69) using cytochrome ¢ as a redox indicator. Haem a is found
to titrate in a complex manner consistent with its interacting anticooperatively with at least two other components. We
assign Cuy as the major interactant at neutral pH, and Cu, as the minor interactant. In the pH range 7.0-8.1 the
strength of the interaction with Cuy is found to decrease with increasing pH, while the interaction with Cu, remains
essentially constant. The decrease in the interaction with Cuy appears to continue above pH 8.1 such that at pH 9.2 the
titration curve for haem a is only slightly distorted from an ‘n = I’ shape, although it is not possible from the titration
data to assess the relative contributions of Cug and Cu, to the total interaction observed at pH values greater than 8.1.
Haem a and Cug show similar pH-dependence and, to account for this, we present a model in which the
oxidoreductions of both haem a and Cuy are linked to the (de)protonation of a common acid /base group. The model
predicts a pH-dependent indirect cooperative interaction between haem a and Cug in addition to the direct
anticooperative interaction, thereby explaining the observed pH-dependence of the redox interaction between haem a

and Cug.

Introduction

Cytochrome-c oxidase (EC 1.9.3.1), the terminal elec-
tron acceptor of the mammalian electron transfer chain,
contains four redox-active components, two haems, a
and a,, and two copper centres, Cu, and Cuy ({1], but
see Ref. 2 for evidence of a fifth centre). It is well
established that there is an electronic interaction be-
tween the two haems such that reduction of one makes
reduction of the other more difficult. This, the neo-
classical model [3], has been used successfully [4] to
explain quantitatively why haem a titrates in a biphasic
manner in unliganded oxidase [5,6], where haem a; is
redox-active, but almost as a simple Nernstian compo-

Abbreviations: Ay and ApH, the difference in electric potential and
pH across a membrane, respectively; PES, S-cthyl phenazinium etho-
sulphate; TMPD, N,N,N’,N’-tetramethyl-p-phenylenediamine.

Correspondence: A.J. Moody, Glynn Research Institute, Bodmin,
Cornwall PL30 4AU, UK.

nent (‘n= 1) in CO-liganded oxidase {5}, where haem
a, is held in the reduced form.

A prediction of the neoclassical model is that haem a
should also titrate as an ‘n = I’ component in cyanide-
liganded cytochrome oxidase, where haem aj is held in
the oxidised form. However, in this state haem a is
found to titrate in a distorted manner which can be
fitted approximately with an ‘n= 0.5 curve [7-9] (but
see exceptions, Refs. 10, 11). This behaviour is seen as
resulting from the anticooperative interaction between
haem a and another centre, which Goodman [12] has
shown, from EPR data, to be Cuy [13-15]. A further
extension to the neoclassical model, to include an anti-
cooperative interaction between haem a and the other
copper centre, Cu,, has been made by Chan and co-
workers [13] to explain slight distortions that they have
observed in the titration curves of haem a and Cu, in
CO-liganded oxidase [15,17].

We have been conducting a systematic study of the
effects of membrane potential (Ay) and transmembrane
pH gradient (ApH) on the midpoint potentials of the
redox centres in cytochrome oxidase. Recently, as part
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of this ongoing research strategy aimed at locating the
proton pumping activity of the enzyme [18], we ob-
served a considerable decrease in the distortion of the
haem a titration curve in cyanide-liganded mito-
chondria on imposition of a protonmotive force across
the inner membrane [19]. Since the distortion in the
haem « titration curve is due, at least in part, to Cuy,
we began a study of the redox behaviour of Cuy in
cyanide-liganded oxidase, with a view to understanding
this phenomenon. Cuy has no measurable optical signal
so we have attempted to study its behaviour by analysis
of haem a titration curves.

We applied the technique of flash-induced chemical
photoreduction {20,21] (FIRE, [22]) to the reductive
titration of cyanide-liganded oxidase, using cytochrome
¢ as an indicator of redox potential. The results, which
we present here, are novel for several reasons.

(a) High quality titration data have been obtained for
isolated oxidase over a wide range of pH (6.2-9.2). The
quality of the data is the result of: (1) the use of the
FIRE technique, which has the advantage, since only
light is used to promote reduction, that the titration
vessel is not mechanically disturbed after the initial
additions; (2) the use of the indicator method, which
avoids the problems of mediation often associated with
electrode measurements; and (3) the use of essentially
simultaneous triple-wavelength measurements of haem
a and cytochrome ¢, which give exceptionally stable
baselines, and which allow deconvolution of these two
components.

(b) The behaviour of haem « is not entirely ex-
plained by a single interaction with another component.
Instead, we conclude that interactions between two
other components and haem a are required to explain
the titration curves, the major interaction at neutral pH
being with a component of similar potential to haem a,
probably Cug, as previously concluded [12], and the
minor interaction being with a component with a pH-
independent midpoint potential of about 230 mV, con-
sistent with the known properties of Cu, {23,24].

(c) The shape of the haem g« titration curve is found
to be pH-dependent. While the curve observed at pH
7.5 or less has an approximately ‘n= 0.5’ shape, as
previously reported [9], that observed at pH 9.2 is only
slightly distorted from simple ‘n = 1’ behaviour. This
appears to be caused by a decrease in the strength of
the interaction between haem a and Cug as the pH
increases from neutrality. To explain this, we present a
minimal model in which the oxidoreduction of haem a
and the oxidoreduction of Cuy are linked to the
(de)protonation of a common acid/base group. We
propose that the decrease in the interaction energy at
high pH arises from the combination of a direct antico-
operative interaction between the centres and an indi-
rect cooperative interaction occurring via the common
acid / base group.

Preliminary accounts of this work have already been
presented [25,26].

Materials and Methods

Keilin-Hartree particles were prepared from bovine
heart as described in [27]. Cytochrome-c oxidase was
isolated from the particles essentially by the method of
Kuboyama et al. {28). Cyanide-liganded oxidase was
prepared by incubation with 45 mM KCN for 3-6 days
at pH 7.0-7.5 and 4°C.

Reductive titration of haem a using FIRE

The titrations were carried out in a stirred Thunberg
cuvette thermostatted at 20°C. Buffered medium con-
taining 75 uM nboflavin and 1 mM potassium EDTA
was placed in the cuvette. For pH < 7.5, 0.1 M potas-
sium phosphate was used as buffer. Potassium
glycylglycine/ potassium phosphate (0.1 M each) was
used for pH > 7.5. PES, cytochrome ¢ and potassium
ferricyanide were then added (3 nmol, 8 nmol and 10
nmol, respectively; final concentrations 2, 5 and 7 uM,
respectively). The level of oxygen in the cuvette was
reduced by bubbling with nitrogen for 2 min before
sealing. Optical measurements were then begun (see
below). The sequence of operations was generally as
follows (see, for example, Fig. 1A).
(1) Full reduction of cytochrome c in a single step or a
few steps by FIRE.
(2) Full re-oxidation of cytochrome ¢ by addition of
ferricyanide.
(3) Addition of cyanide-liganded cytochrome-c oxidase
(final concentrations of oxidase and cyanide about 2.3
#M and 1.2 mM, respectively).
(4) Full reduction of cytochrome oxidase and cyto-
chrome ¢ in small steps by FIRE.
(5) Partial re-oxidation of cytochrome oxidase and cyto-
chrome ¢ by oxygen.
(6) Full re-oxidation of cytochrome oxidase and cyto-
chrome ¢ in a single step by addition of ferricyanide.

Comments on the method

The FIRE system, riboflavin/EDTA, is based on
that of Ahmad et al. [20,21]. PES was added to improve
the end-point of the titration [22]. At pH 6.2 there is
significant overlap between the PES and haem a titra-
tion curves, so pyocyanine, which has a lower midpoint
potential [29), was used instead. Additions subsequent
to the initial sealing of the cuvette were made through a
nitrogen atmosphere. However, the additions them-
selves were aerobic because low-oxygen rather than
anoxic conditions were wanted. This minimises auto-
xidation of FIRE intermediates while keeping haem
a;-cyanide clamped in the oxidised state. Cytochrome ¢
was used as a redox indicator/mediator. The main
problem with this is that cyanide slowly ligates ferricy-



tochrome c¢. However, a correction for this can be made
as described in Appendix 1.

Optical measurements

Optical measurements were made with a single-beam
spectrophotometer constructed round a Bentham
M300HR monochromator (Bentham Instruments,
Reading, U.K.) fitted with a G312R0u7S ruled grating
(1200 lines/mm; blazed at 750 nm). The detector was a
photodiode with integral amplifier (E.G.&G. Photon
Devices HUV-4000B; supplied by Metax, Tunbridge
Wells, U.K.). Cytochrome ¢ and haem a were moni-
tored by using a cycle of eleven measurements at 540,
550, 558, 582, 606, 630, 606, 582, 558, 550 and 540 nm.
The triple-wavelength absorbance [19] for each compo-
nent, A A, was then calculated from these signals using
the formula:

QAr=Ac— AL +(Ay—AL)-(Ac—AL/Ay—Ay) (1)

where 4,, A and A4, are the average absorbances at
AL, Ac and Ay, respectively. For cytochrome ¢, A, A
and A, are 540, 550 and 558 nm, respectively. For
haem a they are 582, 606 and 630 nm, respectively. The
triple-wavelength technique was used because it effec-
tively eliminates baseline drift due to changes in light
scattering. Note that the time taken for a set of three
measurements (5 s at most) is short compared to the
rate of change of absorbance. In addition, the possibil-
ity of systematic error is reduced further by taking the
average of the two measurements at the same wave-
length in a given cycle.

After every fifth cycle of measurements sampling was
stopped temporarily to allow additions to be made or
the cuvette to be flashed.

Flash system

The flash system consisted of an E.G.&G. Xenon
guided-arc lamp FX-200 and Lite-Pac FY-604; an
E.G.&G. Electro-optics PS-350 power supply (operated
at 1000 V) and triggering circuitry, powered by a
Coutant GPE 500,/24 power supply (supplied by STC
Instrument Services, Harlow, U.K.); and a 15 uF work-
ing capacitor (LASER discharge type) (supplied by
Hivolt Capacitors, Londonderry, N. Ireland). The white
flashes were filtered with a 520 nm short pass filter and
directed perpendicular to the measuring beam using a
glass-fibre light guide. The detector was protected from
the flash using a GG495 or GG475 Schott glass high-
pass filter.

Spectral deconvolution

The wavelengths used were selected by examination
of the pure reduced-oxidised spectra of cytochrome ¢
and haem a. The spectrum of haem a was generated by
FIRE of cyanide-liganded oxidase in the absence of
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cytochrome ¢ (Fig. 4). The contribution by {cyt ¢** —
cyt ¢**} to the haem a wavelength triplet (€T haema =
E606.630 = 20 mM ~!-cm ™! [30]) is small but significant
(¢=0.54 mM~'.-cm™!), whereas the contribution of
{haem a’* —haem a>*) to the cytochrome ¢ wave-
length triplet (&7, =202 mM™'-em™! [31)) is
negligible (e = —0.01 mM~'-cm™"). It is therefore a
simple matter to correct the haem a measurements for
the contribution by cytochrome c.

Results and Discussion

Comments on the validity of the titration data

The effects of pH on the aerobic reductive titration
of haem a in cyanide-liganded cytochrome-c oxidase
were studied. Cytochrome ¢ was used as a redox indica-
tor/ mediator. The problem with this is that cyanide
slowly ligates ferricytochrome ¢, the product of the
reaction being essentially redox inactive in the range of
potentials met during these experiments. However, it is
possible to allow for this and the correction procedure
used is described in the Appendix 1. It should be noted
that at low pH (< 7.5) less than 10% of the cytochrome
¢ was converted to cyanoferricytochrome ¢ by the end
of the titrations so that the correction was almost
negligible. At high pH (9.2, i.e., close to the optimum
for the reaction of cyanide with cytochrome c¢ {32])
about 50% of the cytochrome ¢ was converted to
cyanoferricytochrome ¢, so that the correction was
somewhat larger (Fig. 2B, compare open and closed
symbols). The correction procedure has been validated
at pH 7.5 by titrating cytochrome ¢ in the presence of
cyanide, using TMPD as redox indicator, in which case,
after correction, good quality ‘n =1’ curves were ob-
tained. Note that TMPD is unstable at potentials above
about 400 mV [33], the instability increasing as pH
increases, making it unsuitable as a redox indicator for
the redox titration of cyanide-liganded cytochrome-c
oxidase.

At low pH (< 7.5) a significant level of autoxidation
was observed, despite the presence of cyanide (Fig. 1A).
Here, it proved possible to let the system back-titrate to
around 50% haem a’* before the rate of autoxidation
became negligible *, and, in such cases, there was
negligible hysteresis in the titration curves (Figs. 1B ‘1’
and 2A, compare open and closed symbols in the latter).
Above pH 7.5 the extent to which back-titration using
autoxidation was possible decreased such that it was
insignificant at pH 9.2. Where autoxidation was negligi-
ble, successive data at a given potential showed no
time-dependence (Fig. 1B ‘2’). This, and the lack of

* Presumably, the rate of autoxidation relates to occupancy of the

haem a}*-cyanide state, in which haem a, has a low affinity for

cyanide [48].



208

A
AA 005 100
cytc
haem &
- - c
1 TI ! ! 100 0 100
7 2‘;3 a7 180 (pM) £ (mv)

Fig. 1. (A) Raw data from a titration of haem a (2.3 gM) in cyanide-liganded cytochrome-c oxidase at pH 7.5 and 20°C in 0.1 M potassium
glycylglycine containing 0.1 M potassium phosphate, 1 mM potassium EDTA. 1 mM KCN, 5 uM cytochrome ¢, 2 pM PES, and 75 pM riboflavin.
The triple-wavelength signals (4 A ) for cytochrome ¢ and haem a are shown. These were derived from measurements at 540, 550 and 558 nm, and
582, 606 and 630 nm, respectively (see Materials and Methods). The ‘ticks’ on the upper trace mark when the sample was photoreduced; the
numbers indicate the quantity of flashes used. Cyanide-liganded oxidase was added as indicated. The arrows on the lower trace mark additions of
potassium ferricyanide; the cumulative final concentrations in the sample are shown. The titration curve derived from these data, after
deconvolution and correction for ligation of cytochrome ¢ by cyanide, is shown in (B) (see also Fig. 2, a). E_ is defined as the potential relative to
cytochrome ¢, i.e., 58-log,q(cyt ¢>*/cyt ¢2*) at 20°C. The solid line is an ‘n = 0.5 curve with midpoint 22 mV more positive than the midpoint
of cytochrome ¢. The regions labelled ‘1’ and ‘2’ are referred to in the text.
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Fig. 2. Plots of percentage haem a reduction versus E. (A) and E,, (B) for titrations at pH 6.2, v; pH 7.5, a; and pH 9.2, ®. E_ is as defined in
Fig. 1B. The data within each successive 5% range of percentage cyt ¢ reduction, starting at 0-5%, were averaged. This tends to give more weight to
data at potentials close to the E,, of cytochrome ¢, since there are usually more data at the extremes. The solid lines in each case were obtained by
fitting to the averaged reductive data on the basis that haem a interacts anticooperatively with another, unseen, component. See Appendix 2 for
method of simulation. E_, and E,  are the midpoint potentials for one component with the other oxidised and reduced, respectively. The fit
parameter values relative to E,, ... . at the pH given were: pH 6.2 haem a, E,q =73 mV and E g =5 mV, and interactant, E_ o =72 mV; pH 7.5
haem a, E,,=53 mV and E,g=—12 mV, and interactant, E_ ;=151 mV; and pH 9.2 haem a, E,,=28 mV and E, g =9 mV, and
interactant, E; o =17 mV, E, was calculated using E,, ;=265 mV for cytochrome ¢ and pK,;, for ferricytochrome ¢ =9 (Ref. 46 and own
measurements on 695 nm band). Note that E,, 4, and E, ;s for cytochrome c are about 24 mV higher than E, 4 ,. The open and filled symbols in
(A) are averaged oxidative and reductive data, respectively; in (B) they are averaged reductive data, uncorrected and corrected for ligation of
cytochrome ¢ by cyanide, respectively. The inset in (A) shows the residuals for the pH 7.5 data.



hysteresis, indicate that the system was in rapid equi-
librium.

A qualitative description of the titration curves

Sample titration curves are shown in Figs. 1B, 2 and
6. The effects of pH in the range 6.2-9.2 can be divided
into two phases. Between pH 6.2 and 7.5 the titration
curve has the approximate ‘n=0.5" form previously
described [9]. The observed midpoint potential de-
creases by 15-20 mV in this range. As the pH is
increased above 7.5 the titration curve becomes more
like a simple ‘n=1" curve. Again, the observed mid-
point potential shows slight negative pH-dependence,
decreasing by about 25 mV in the pH range 7.5-9.2.
Overall, the average pH-dependence of the observed
midpoint at about —13 mV /pH unit (Fig. 3) is lower
than the —30 mV/pH unit value reported by
Artzatbanov et al. [9] for cyanide-liganded oxidase in
situ in mitochondria.

The pH-dependent change in the shape of the haem
a titration curve was not observed by Artzatbanov et
al., using conventional redox potentiometry with a Pt
electrode. However, the limited results (two pH values)
of Wikstrom [15], also for mitochondria but using en-
dogenous cytochromes ¢ and ¢, as redox indicators,
confirm the results presented here. In addition, conven-
tional redox titrations carried out in our laboratory on
isolated oxidase and on mitochondria also show the
same shape change (Mitchell, R., unpublished results).

Quantitative interpretation of the titration curves in terms
of interacting redox centres

To a first approximation, at each pH studied, the
data presented here can be interpreted in two ways:

340%\6

2601 \f\

240

6 7 8 9
pH

Fig. 3. The effect of pH on E_ jypurveq: Emo and E, g for the
titration of haem a in cyanide-liganded oxidase. E,,, and E, p were
obtained from fits to the titration curves on the basis that haem a
interacts anticooperatively with another component (see text and Fig.
2 legend). E jpeervea is self-explanatory: the solid line was obtained
by linear regression and has a slope of —13.4 mV /pH unit. The bars
represent the range of values obtained for 3, 4, 4, 3, 3 and 2 titrations
atpH 6.2, 7.0, 7.5, 8.1, 8.7 and 9.2, respectively.
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Fig. 4. Redox spectra of haem a generated by FIRE of cyanide-

liganded cytochrome oxidase in the absence of cytochrome c¢. The

medium was as described in the legend to Fig. 1. The concentrations

of oxidase and KCN were 6 pM and 6 mM, respectively. The sample
was flashed eight times between each spectrum.

either as the reduction of 2 one-electron (‘n = 1’) com-
ponents or as the reduction of a single ‘n =/’ compo-
nent interacting anticooperatively with another unseen
‘n=1" component (interactant). The latter interpre-
tation is appropriate because haem a; is held oxidised
by the bound cyanide, and so we expect to observe only
haem a. This is largely confirmed by the spectra ob-
tained in the range 530-680 nm on flash-reduction of
cyanide-liganded oxidase in the absence of cytochrome
¢ (Fig. 4). However, it should be noted that there is a
slight blue shift (<1 nm) in the ‘606 nm’ peak as the
extent of reduction is increased, which is probably
caused by slight spectral interaction, as well as elec-
tronic interaction, between haem a and the interactant.
With respect to our triple-wavelength measurement of
haem a this peak shift is negligible, but it is also
possible that the amplitude of the ‘606 nm’ peak is
affected by oxidoreduction of the interactant. We have
assumed that this is not the case, the assumption being
partly justified by the known insensitivity of the redox
spectrum of haem a in this region to the redox state of
haem a; [34]. The solid lines in Fig. 2 are the results of
least-squares fits made to the averaged reductive data.
A summary of such fits is shown in Fig. 3.

On subtraction of the single-interactant fits from the
data it was noted that the residuals obtained at pH 7.0
and 7.5 were consistently non-random (Fig. 2A, inset),
and to a lesser extent this was true at pHs 6.2 and 8.1.
The residuals at high pH values (8.7 and 9.2) appeared
to be random, although the level of noise was higher.
The non-random residuals may be explained by the
presence of a second, minor, interactant.

Identity of the interactants
The cytochrome oxidase preparation used in these
experiments was predominantly in the ‘slow’ form (‘re-
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sting’ oxidase) as opposed to the ‘permanently-fast’
form recently described [35,36], which, like ‘pulsed’
oxidase, binds cyanide rapidly and shows rapid reduc-
tion of haem a, by dithionite. Because the rate of
intramolecular electron transfer from haem a/Cu, to
haem a;/Cuy is found to be much too slow in the
‘slow’ form to be consistent with the observed rate of
turnover of the enzyme, this form is not considered to
be involved in the normal catalytic cycle. However, it is
important to note that the barrier to intramolecular
electron transfer is broken, i.e., Cuy can be titrated, on
ligation of oxidase with cyanide [37-39]. There are,
therefore, three potential interactants with haem g in
cyanide-liganded oxidase, namely, haem a itself, Cu,,
and Cup. A mutual interaction between the two haems
a in oxidase dimers was proposed by Wikstrom et al. [1]
as a possible explanation for the haem a titration curve
in the cyanide-liganded enzyme. However, the EPR
data of Goodman [12] provide strong support for the
assignment of Cup as the major interactant at neutral
pH, since it was found on titration of cyanide-liganded
oxidase that changes in the ‘g = 3.0’ signal, i.e., from
haem a**, were mirrored by changes in the ‘g = 3.6’
signal, which is thought to indirectly indicate the redox
state of Cup (ie., it comes from haem a3*-cyanide
when the magnetic coupling between haem a, and Cug
is broken by reduction of Cuy [38,39)).

We favour assignment of Cu, as the second inter-
actant at neutral pH, since evidence has also been
presented for an anticooperative interaction (20-40 mV)
between Cu, and haem a in CO-liganded oxidase
[16,17], and, as we shall see below, the fitted midpoint
potential of the second interactant is in good agreement
with published values for Cu, [23].

A scheme of interactions in cyanide-liganded oxidase

On the basis of spectroelectrochemical titrations of
unliganded and, CO-liganded, and unpublished titra-
tions of cyanide-liganded oxidase, Blair et al. [13] have
proposed a scheme of anticooperative interactions be-
tween the redox components in unliganded cytochrome
oxidase in which (a) haem a, haem a; and Cuy mutu-
ally interact, and (b) haem a and Cu, mutually inter-
act. In cyanide-liganded oxidase, where haem a, is held
in the oxidised state, we are left with anticooperative
interactions between haem 4 and Cuy, and haem a and
Cu,. The similarity in the midpoint potential of Cu,
observed for unliganded and cyanide-liganded oxidase,
where Cup is redox active, and CO-liganded oxidase,
where Cug is held reduced, implies that there is no
significant interaction between Cuy and Cu, [40]). When
curves are fitted to the titration data on this basis much
better fits than the single-interactant fits are obtained,
so our data are at least in qualitative agreement with
such a scheme.

It should be noted that there is no unique ‘best fit’
(minimum in squared residuals) for each set of data,
particularly at pH values where the single-interactant
fits are satisfactory anyway. However, at pH 7.0, 7.5
and 8.1 two “best fits’ are obtained for all of the sets of
data. Of these two fits, one can be eliminated because it
predicts a cooperative interaction between Cu, and
haem a, whereas anticooperativity was observed by
Ellis et al. [16] in the CO-liganded enzyme. The other fit
is in good agreement with the interaction scheme pro-
posed by Blair et al. [13]. Further, the predicted mid-
point potentials of Cuy and Cu, (320 mV and 230 mV,
respectively, at pH 7.5) are in excellent agreement with
published values for these centres [23,41]. The fitted

Cuy & Cu,
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Fig. 5. The effect of pH on fits to the titration of haem a in cyanide-liganded oxidase obtained on the basis that haem a interacts anticooperatively

with two other components (see text). (a) Haem @ midpoints, and (b) Cug and Cu, midpoints. The nomenclature for the midpoints is as follows.

The order of components in the suffix is Cu,, then haem a, and then Cujy. 0 indicates that the component is oxidised; 1 indicates that the

component is reduced; [] indicates that the midpoint refers to oxidoreduction of this component; and () indicates that the redox state of this

component is unimportant. For example, E,,x, is the midpoint for Cu, when haem a is oxidised, which is independent of whether Cuy is

oxidised or reduced. The bars represent the range of values obtained for 4, 4 and 3 titrations at pH 7.0, 7.5 and 8.1, respectively. The solid lines are
the results of simulations using the model shown in Fig. 7 (and using the parameter values given in the legend to that figure).
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Fig. 6. Plots of percentage haem a reduction versus E, for titrations
at pH 7.0, v, and pH 8.1, a. E, was calculated as in Fig. 2. Averaged
reductive data are shown. The solid lines in each case were obtained
by fitting to the averaged data on the basis that haem a interacts
anticooperatively with two other components (see text). The fit
parameter values were: pH 7.0, E_ o =328 mV, E_ o; = 276 mV,
Eppao =304 mV, E_ 4 =332 mV and E_ 1o, =250 mV; and pH
8.1, Eqp =309 mV, E, o =273 mV, E,0=276 mV, E, o =
320 mV and E,, o, = 242 mV. See Fig. 5 legend for an explanation of
this nomenclature. Note that in both cases equaily good fits can be
obtained using the approximately same values of E, o, Ep o and
E g but with the interaction between haem a and Cu,, though of
the same magnitude, being cooperative, instead of anticooperative. In
this case the magnitude of the anticooperative interaction between
haem a and Cuyg is correspondingly increased so that the same
overall interaction is maintained.

parameters for each set of data are summarised in Fig.
5. Fig. 6 shows the averaged data from titrations at pH
7.0 and 8.1 with the two interactant fits overlaid for
comparison.

The effects of pH on the potentials of and interactions
between the redox centres in cyanide-liganded oxidase: a
minimal model

We can see from Fig. 5 that the potential of Cu, is
essentially pH-independent over the pH range 7.0-8.1,
in agreement with direct observations by visible and
EPR spectroscopy [23,24]). In addition, the strength of
the interaction between Cu, and haem a is also pH-in-
dependent in this range. By contrast, the midpoint
potentials of haem a when Cuy is oxidised (E,, op and
E,, o) behave as if there were an acid/base group on
the enzyme with a pK of about 7.5 when haem a is
oxidised. The midpoint potential of Cuy when haem a
is oxidised (E,, () shows a similar pH-dependence.
Also the strength of the interaction between haem a
and Cuy decreases markedly as pH increases. These
trends appear to continue above pH 8.1, although it is
impossible from the haem a titration data alone to
assess the relative contributions of Cu, and Cuy to the
interaction observed at haem a.
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Fig. 7 shows a minimal model to explain the effect of
pH in the range 7.0-9.2 on the midpoint potentials of
haem a and Cuy (for simulations see the solid lines in
Fig. 5). In this model the oxidoreduction of haem a and
the oxidoreduction of Cuy are linked to the (de)proto-
nation of a common acid/base group. In other words,
the model system can exist in two states that are inter-
converted by (de)protonation of a single acid/base
group, the two states being characterised by differing
redox midpoint potentials for the redox couples. The
titration data are diagnostic of this type of model
because the pH-dependence of the oxidoreduction of
haem a is obviously very different when Cu g is oxidised
compared to when Cuy is reduced. If haem a and Cuyg
were linked to entirely different acid/base groups, we
would expect the pH-dependence of haem a to be
independent of the redox state of Cug. However, the
model is minimal in the sense that a model with multi-
ple common acid /base groups could also fit the data.

An interesting feature of the model is that interaction
between the redox centres can occur via the linkage of
their oxidoreduction to the common acid/base group.
More generally, such ‘indirect’ interaction can occur
whenever two redox centres are linked to a common
‘event’, e.g., ligand binding. Wikstrom et al. [1] and
Wikstrom [42] considered the possibility of anticooper-
ative interaction by this means when they discussed a
similar model to explain the effect of pH on the mid-
point potentials of haem a and haem a; in unliganded

STATE 2 1

pK
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Emn,(10H Em10)
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Fig. 7. A two-state model to explain the effect of pH > 7.0 on the
titration curve of haem a in cyanide-liganded oxidase (see text for
details). For clarity Cu, is omitted. Otherwise, the nomenclature is
the same as in Figs. S and 6, the order of components being haem a
and then Cug. In state 1 the acid /base group is protonated; in state 2
it is deprotonated. The arrows point in the direction of electronation
or deprotonation, as appropriate (see Appendix 2). The parameter
values used in the simulations (not best fits) in Fig. 5 were: State 1,
E ot =339 mV, E_on =309 mV, E quu=27TmV, E jyn=
247 mV and E on = 347 mV; State 2, Ej g0 =255 mV, Eq o =
225 mV, E,oqn =193 mV, E_ ,;; =163 mV and E;, ) = 265 mV;
and pKy, = 7.55.
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Fig. 8. Simulated E_, /pH profiles for the model given in Fig. 7 (using
the parameters given in the legend to that figure). The profiles shown
are for haem a; for the couple where Cu, and Cuy are both oxidised
(Emqp0), and the couple where Cu, is oxidised by Cuy is reduced
(Epio)- Note that Cu, is omitted for clarity, as in Fig. 7. The
strength of the interaction is given by the difference between these
two midpoints. The strength of the direct interaction between haem a
and Cuy is set at —62 mV for either pure state. At pH 9 the apparent
interaction reaches a minimum of about —12 mV because of ad-
ditional indirect cooperative interaction. The dashed lines are ideal-
ised £, /pH profiles (Pourbaix diagrams) for the same couples.

oxidase, but there is no reason, in principle, why the
interaction should not be cooperative. In fact, the titra-
tion of the Cug/haem a, binuclear centre in CO-
liganded oxidase as an ‘n = 2’ component at saturating
concentrations of CO [41] is an example of such be-
haviour.

Cooperative indirect interaction will occur when the
common event favours the same redox state of each
interactant. This is the case for haem a and Cuy in the
cyanide-liganded system - both centres show negative
pH-dependence, i.e., protonation of the group favours
reduction of the centre and vice versa, and deprotona-
tion of the group favours oxidation of the centre and
vice versa. Therefore, we can explain most or all of the
decrease in the anticooperative interaction between
haem a and Cug at high pH by the addition of a
cooperative indirect interaction in this pH range. To
illustrate this, Fig. 8 shows E_/pH profiles for the
parameter values given in the legend to Fig. 7. The
direct interaction in both states is set at —62 mV, but
this value is observed only when the system is in a
single state, i.e., State 1 at pH 6, and State 2 at pH 12,

+ 1.45 pH units

=

haem g «—

-84 mV

Cu
A - 30mV
{pH-dependent?)

Note that we have quantitative information on the
potentials of haem a and Cuy only in the pH range
7.0-8.1, and semi-quantitative information only up to
pH 9.2. Because the model predicts pK values that are
at the limit of or outside this range, the range of
possible parameter values that give reasonable fits to
the data is extremely large. The values chosen here for
the simulations in Figs. 5 and 8 are in no way ‘best fit’
values and hence, the simulation outside the range of
observation (e.g., Fig. 8, > pH 9.2) should be regarded
as very qualitative predictions.

Although our minimal model can explain the effects
of pH in the range 7.0-9.2, it fails to explain the
pH-dependence observed between pH 7.0 and 6.2. The
minimal model predicts that the midpoint potential of
haem a when Cuy is reduced (labelled E, ;0 in Fig. 8)
should be pH-independent in this range. However, it is
clear from Figs. 2B and 6 that the titration curves for
haem a at pH 6.2, 7.0 and 7.5 are essentially parallel,
instead of being coincident at low potential (i.e., where
Cuy is more likely to be reduced) as would be expected.
This can also be seen from the fits made to the data on
the basis of a single interactant (Fig. 3), where E,_ g is
pH-dependent in the range 6.2-7.5. It appears, there-
fore, that at least two acid/base groups are needed to
explain the pH-dependence of the haem a titration
curve in the presence of cyanide over the entire range of
pH, 6.2-9.2. This is reminiscent of the two-acid/ base-
group model used by Wikstrom et al. [1] to explain the
effect of pH on the midpoint potentials of haem a and
haem a, in unliganded oxidase over a similar range of
pH.

A summary scheme of the proposed redox interac-
tions in cyanide-liganded oxidase is shown below.

Relationship to proton-pumping activity

The common acid/base group model allows us to
make testable predictions as to the quantity of protons
taken up at a given pH on reduction of haem a or Cu,
alone, or on reduction of both centres together. It is
apparent from this model that at physiological pH the
acid /base group will be partially protonated when both
haem a and Cuy are oxidised but will always be fully
protonated when both centres are reduced. It has been
speculated (see review by Krab and Wikstrém {43]) that
this represents the ‘priming’ of a group that is involved

acid /base group 1

+ 1. 41 pH units
-2 mv

—62mV — . Cuy
(pH-dependent?) -

?

acid /base group 2



in the proton-pumping function of the oxidase, in which
case, the group would presumably have to be located on
the matrix side of the enzyme. Indeed, Artzatbanov et
al. [9] have presented evidence that the oxidoreduction
of haem a in situ in mitochondria is sensitive specifi-
cally to the matrix pH. However, similar experiments
performed in this laboratory [44] indicate the converse,
i.e., that haem a is only in rapid protonic contact with
the extramitochodrial aqueous phase. Also, it is clear,
even if the pump were primed in this way, that the
major energetic step of the pump cycle must be associ-
ated with the reoxidation of Cug via the oxygen reduc-
ing ‘pole’ of the oxidase [45,46].

Appendices

(1) Correction for cyanide ligation of cytochrome ¢

The ligation of ferricytochrome ¢ by cyanide has two
effects on the titration data. The major effect is to
decrease the concentration of cytochrome ¢, since
cyanoferricytochrome ¢ is essentially redox-inactive in
the range of potential encountered in these experiments.
There is also a minor contribution by cyanoferricytoch-
rome ¢ at both wavelength triplets.

The ligation of ferricytochrome ¢ by cyanide is repre-
sented by the following kinetic scheme:

cyanide

\ ocyt ¢t
.7—%—‘cyan yt ¢

e
2L 3+
cyt ¢ cyt ¢
Ke _
cyanide

Under the conditions used here the concentration of
cyanide is greatly in excess of that of cytochrome c, so
that k, can be replaced with a pseudo-first-order rate
constant, k;, which is equal to k, - [cyanide]. The con-
centrations of unliganded cytochrome ¢ or of cyanofer-
ricytochrome ¢ after a given time interval, A¢, are given
by:

eyt ], 4 a0 = [cyt ¢], Xexp{ — k;-(1/R, + R, /(1 + R,))-4r1}

A+Ry)
(1+ R, TR, R,) <leytelr

X (1—exp{—k;-(1/Ry+ R, /(1+ R,))-4r}) 2
[cyanocyt ¢], + a, = [cyt c]7 — [unliganded cyt c], + 4, 3)

where R, is the ratio cyt ¢**:cyt ¢2*, R, is the
equilibrium ratio cyanocyt ¢** : cyt ¢**, [unliganded-cyt
c], is the concentration at the beginning of the time
interval, and [cyt c¢]; is the total concentration of
cytochrome ¢, liganded or unliganded. The time-courses
of the decrease in unliganded cytochrome ¢ and of the
formation of cyanoferricytochrome ¢ were estimated by
calculating the change in concentration in the small
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time intervals between one datum and the next using
Eqns. (2) and (3) (with the approximation that R, stays
constant during these intervals). The value of k; used
for a particular set of data was obtained by iteration
until there was agreement between (a) the estimated
concentration of unliganded cytochrome ¢, i.e., that
predicted on the basis of the chosen k; and the initial
concentration, the latter being measured by fully reduc-
ing the cytochrome c¢ before the addition of the
cyanide-liganded oxidase; and (b) the final concentra-
tion of unliganded cytochrome c, i.e., that observed
when the cytochrome ¢ was fully reduced at the end of
the titration.
When R, is large, Eqn. 2 reduces to Eqn. 4

[eyt €]es a, = [yt ], Xexp{ — k;-(R, /(1 + Ry))-At} (C))

At pH > 7.5 this condition is approximately satisfied,
i.e, R, is greater than 10 (Ref. 32, pH 7.5; own
observations at pH > 8). Values of R, at pH 6.2 and
7.0, approx. 1 and 5, respectively, were estimated from
Kcn data reported by George and Tsou {32].

The {cyanoferricyt ¢ — ferricyt ¢} difference spec-
trum is pH-dependent; ferricytochrome ¢ undergoes a
pH-dependent isomerisation. The contributions by
cyanoferricytochrome ¢ at the cytochrome ¢ and haem
a wavelength triplets were estimated from difference
spectra at pH 8.7 and pH 10 on the assumption that the
pK,,p. for the isomerisation of ferricytochrome ¢ is 9
([47] and own measurements on 695 nm band). For the
cytochrome ¢ wavelength triplet the contributions by
the ‘low pH' and ‘high pH’ difference spectra were
found to be 0.70 and 0.58 mM~'.cm™!, respectively,
and for the haem a wavelength triplet, —0.26 and
—0.18 mM~'-cm™!, respectively.

(2) The method of simulation

Fig. 7 is a representation of the model system dis-
cussed in the main text. The arrows point in the direc-
tion of electronation or deprotonation as shown. Ratios,
R, for electronation, and R, , for deprotonation, can
be defined as:

R, = [red.]/[ox.] =10¢Ems=En/3H)  (5020°C) (5)
R, , = [deprot.] /[prot.] =10®H—PK,) (6)

The solid arrows ‘connect in’ all of the possible
substates of the system. The number of solid arrows is
the number of equilibria needed to define the whole
system, the choice of equilibria being arbitrary provided
that there is only one route between any two substates,
1.e., the solid arrows from a ‘tree’ and not a network.

The general method of simulation is as follows. We
start with an arbitrary ‘root’ substate for which the
concentration is set at unity. The concentrations of the
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remaining substates are then easily obtained using the
ratios (calculated for the chosen values of E, and pH,
as appropriate), and the occupancy of a particular sub-
state (or set of substates) is given by the concentration
of that substate (or the sum of the concentrations of the
substates in the set) divided by the sum of the con-
centrations of all the substates. For example, using the
model shown in Fig. 7, if we choose substate ‘00"’ as
the root substate then the concentrations of substates
‘00M°, 10", ©00°, 10" and ‘11’ are 1, R jon Ry
Ry00° Rego and Ry R0 Ry, respectively. The oc-
cupancy of the set of substates in which component 1 is
reduced, i.e., ‘101’ ‘11"’ ‘10’ and ‘11’ is given by
Eqn. 7:

fractional reduction of component 1

={Repor+ Repor Roygn + R0 R o

+Ryoo' Rego Reyp }

X {1+ Rejot+ Regqn + Regor Rt + Ryo
+ Rigo Rego+ Rigo Regyy + Rigo Regor Rengy} ™' @)

At a given pH the two-state system shown in Fig. 7 is
analogous to a single-state system, i.e., it can be de-
scribed using three apparent midpoint potentials, the
apparent interaction (/’) between the components, if
any, being given by the difference for either component
between its apparent midpoint when the other compo-
nent is oxidised and its apparent midpoint when the
other component is reduced. These apparent midpoints
can be obtained using Eqn. 5. For example E, o0 for
component 1, is obtained as follows:

Repon + R0 Regpo

= 10U Empoty — £4)/58) o
TRy 10 Emapett — £ (at20°C)  (8)

Rc_”on =
Hence:

Em.”ou =58 {log,o(Remn + Rh.OO'Re,[)O) —loge(1+ Rh‘oo)} + Ey,

(9
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