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Abstract—Kinetics of the reduction of the hemes in cytochrome ¢ oxidase in the presence of high concentration of rutheni-
um(IIl)hexaammine chloride was examined using a stopped-flow spectrophotometer. Upon mixing of the oxidized enzyme
with dithionite and Ru(NH;)3", three well-resolved phases were observed: heme a reduction reaching completion within a
few milliseconds is followed by two slow phases of heme a; reduction. The difference spectrum of heme a; reduction in the
visible region is characterized by a maximum at ~612 nm, rather than at 603 nm as was believed earlier. It is shown that in
the case of bovine heart cytochrome ¢ oxidase containing a special cation-binding site in which reversible binding of calci-
um ion occurs, heme a; reduction is slowed down by low concentrations of Ca?". The effect is absent in the case of the bac-
terial cytochrome oxidase in which the cation-binding site contains a tightly bound Ca?* ion. The data corroborate the inhi-
bition of the cytochrome oxidase enzymatic activity by Ca?* ions discovered earlier and indicate that the cation affects

intramolecular electron transfer.
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Cytochrome ¢ oxidase (COX) is the terminal enzyme
of the respiratory chains of mitochondria and many bac-
teria, which performs electron transfer to oxygen coupled
with membrane potential formation and translocation of
H* ions through the coupling membrane (see reviews [1-
3]). Electron transport is mediated by four redox centers
containing transition metal ions. These are two hemes
(low-spin heme a and high-spin heme a;) and two copper
centers (binuclear (Cu,) and mononuclear (Cug)).
Electrons enter the enzyme via Cu,. Cuy and the Fe ion
of the high-spin heme a5 are located at a distance of 4.5 A
from each other and form an oxygen-reducing center.
The sequence of electron transfer through the enzyme
can be described by the scheme:

cyt ¢ > Cu, — heme a — heme a;/Cuy — O,.

Along with the transient metal ions, mitochondrial
COX contains tightly bound Mg?* and Zn?" ions [4] that

Abbreviations: CBS, cation-binding site; COX, cytochrome ¢
oxidase; RuAm, hexaammineruthenium (Ru(NH;):*).
* To whom correspondence should be addressed.
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play structural and, presumably, other functions.
Moreover, about 15 years ago the presence of an addi-
tional cation-binding site (CBS) in mitochondrial and
some bacterial cytochrome oxidases was demonstrated
using X-ray structure analysis [5-8], but the role of this
site has remained unknown until recently (Fig. 1; see
color insert).

The site is located at the very periphery of the main
catalytic subunit of the enzyme (subunit I), not far from
heme a and within just a few angstroms from the enzyme
surface protruding from the membrane into the external
water phase (Fig. 1a). In the bacterial enzymes, the CBS
is occupied by tightly bound calcium ion [6-8]. As for the
mitochondrial COX, it was initially presumed that the
CBS contained bound Ca", but following the data in [9]
and taking into account the conditions of crystallization,
e.g. the excess of Na* in the crystallization buffer, the
authors came to conclusion that this is more likely Na*
ion [5] (Fig. 1b). The structure of the CBS in the animal
COX with Ca?" ion bound has not been published yet but
has been modeled [10, 11]. It is likely that the doubly
charged Ca?* cation interacts in addition to the other
groups with the carboxylate of Asp442 next to Ser44l,
which may form a bond with the cation via a water mole-
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cule [10], similarly to the structure resolved for the bacte-
rial enzyme [7, 8].

It is worth noting that reversible selective binding of
Ca’?" and Na" ions, but not of the other metal cations,
with cytochrome ¢ oxidase was described long before the
discovery of the CBS in the 3D-structure of COX. Ca>"
was shown to induce a red-shift of the absorption spec-
trum of heme a in mitochondria and in isolated COX [9,
12-14], whereas Na* did not affect the spectrum by itself
but was able to reverse the Ca-induced spectral shift by
displacing Ca?" from the cation-binding site [9, 10, 14].
The equilibrium dissociation constant for Ca?* binding is
about 10~ M [9]. One Ca?* ion competes with two Na*
ions for the cation-binding site, with the affinity of Na*
ions for the site being three orders of magnitude lower
than that of Ca>* [9, 10].

In the bacterial COX, Ca** ion is tightly bound in the
CBS. EGTA is unable to extract the ion, so external Ca>"
can not affect spectral properties of the enzyme [9]. It is
possible, however, to obtain preparations of bacterial
COX by replacing specific amino acid residues [7, 8, 10,
11] that reveal reversible binding of Ca?>* and Na* similar
to that in the mitochondrial enzyme.

The role of the CBS and reversible cation binding in
COX has remained obscure for a long time as no influ-
ence of calcium or sodium on the enzyme function could
be observed. However, in the recent studies of our group,
a small Ca-induced shift of the redox midpoint potential,
E,, of heme a was observed (about +20 mV) [15, 16],
and, in addition, it was found that Ca?* ions inhibit the
cytochrome oxidase activity at physiological electron-
transfer rates (about 10 sec™!) [17]. In case of the COX
from bovine heart muscle, the inhibition was about 50%
and was characterized by a titration curve with K, ~ 1 uM
that is almost exactly the same as the K value determined
from the concentration dependence of the Ca-induced
red-shift of the heme a absorption spectrum obtained for
the same sample. Stronger inhibition (up to 80-90%) was
observed for COX from liver mitochondria [17]. These
results suggest that Ca?* binding in CBS may directly reg-
ulate the activity of the mitochondrial cytochrome ¢ oxi-
dase, and thus the rate of electron transfer via the entire
respiratory chain. This effect may be of great physiologi-
cal significance, so it is interesting to find out which steps
of the catalytic cycle can be affected by the cations.

To reveal the mechanism of the inhibitory action of
Ca’" on the COX catalytic activity, we have studied an
effect of Ca?" ions on intramolecular electron transfer
during reduction of the enzyme by dithionite in the pres-
ence of redox-mediator ruthenium(IlIl)hexaammine,
Ru(NH;)¥* (RuAm). In its reduced form, RuAm is a
highly efficient artificial electron donor to COX [18-21],
interacting with the enzyme at the same site as
cytochrome ¢, the natural donor [19, 21]. It is shown that
under these conditions Ca?" induces a retardation of
intramolecular electron transfer to hemes a and as;.
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MATERIALS AND METHODS

Materials. Sodium dithionite, calcium chloride, and
catalase from bovine liver (C-30, 23,000 units/mg pro-
tein) were purchased from Sigma-Aldrich (USA), and
hexaammineruthenium(III) was from Alfa Division
(USA). pH buffers, EGTA, and magnesium sulfate were
purchased from Amresco (USA).

The aa;-type cytochrome c oxidase was isolated from
bovine heart mitochondria by ammonium sulfate precip-
itation using a modified protocol by Fowler et al. [22], or
from Rhodobacter sphaeroides strain containing enzyme
with His-tag at subunit I using a Ni**-affinity column
packed with Ni**-NTA Sepharose from Qiagen (USA)
[23]. Dodecyl maltoside of SOL-GRADE purity
(Anatrace, USA) was used as a detergent.

Steady-state absorption spectra were recorded with a
Cary-300 Bio (Varian, USA) spectrophotometer.
Concentration of cytochrome oxidase was determined
using molar extinction coefficient Aggs.g30
27 mMtcm™! for the “dithionite-reduced minus oxi-
dized” difference absorption spectrum.

Fast reduction kinetics was studied with stopped-flow
spectrophotometer SX20 (Applied Photophysics,
England). The apparatus allows fast recording of absorp-
tion spectra in the 350-750 nm range using a photodiode
array (up to 1000 spectra per second with programmable
distribution of the acquisition points). According to the
SX20 manual, mixing time for the 20 pl cuvette with opti-
cal path of 10 mm is about 1 msec. Before the start of the
experiments, the inner tubing was filled with appropriate
buffer without enzyme, and the baseline was recorded.

A typical scheme of the experiment was as follows.
Oxidized COX (about 6 pM) in solution containing
100 mM Tris-Hepes buffer with pH 8.0, detergent (0.1%
dodecyl maltoside), 100 uM EGTA and, where specified,
200 uM Ca** or Mg?*, was rapidly mixed with the equal
volume of the same buffer with additional 20-40 mM
dithionite, necessary concentrations of RuAm, and cata-
lase. The latter was essential for eliminating the traces of
hydrogen peroxide, evolving from interaction of dithionite
with oxygen. To lower oxygen concentration and prevent
hydrogen peroxide formation, the solutions were bubbled
with argon for a few minutes before the addition of
dithionite. During the mixing dead time and recording of
the first spectrum, oxygen in the reaction volume was
nearly completely eliminated by its interaction with excess
dithionite, and there began reduction of the enzyme.
Heme a and a, reduction was monitored by fast sequential
recording of the absorption spectra (400 spectra in time
interval from 1 to 10 sec) with an effective photodiode
array working range ~350-750 nm. Measurements at
shorter wavelengths are limited by the emission spectrum
of the xenon lamp. To better resolve the kinetics, we used
logarithmic distribution of the sampling points with the
maximal resolution in time of 1 msec per spectrum.
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To resolve the kinetic components of the spectral
changes, three-dimensional arrays obtained in the exper-
iments (absorption/wavelength/time) were examined by
the “global analysis” technique implemented in the Pro-
Kineticist (Pro-K) program supplied by Applied
Photophysics together with the SX20 spectrophotometer.
For additional analysis and data presentation, the kinetic
curves at selected wavelength were transferred to the
Origin 7 program (MicroCal, USA) and were decom-
posed into exponential components with an aid of the
nlreg subroutine (non-linear regression).

RESULTS

Kinetics of heme a and a; reduction by dithionite in the
presence of RuAm. Typical spectral changes observed after
fast mixing of the oxidized enzyme with dithionite in the
presence of RuAm are shown in Fig. 2.

Figure 2A shows a typical set of absolute absorption
spectra recorded after mixing COX with dithionite and
RuAm. Direction of the changes with time for different
absorption bands is indicated by the arrows. In the Soret
region, intensity of the overall absorption band of the oxi-
dized hemes a and a; at ~420 nm decreases rapidly
(absorption maximum of heme a3" is located at ~415 nm
and that of heme a*" at ~426 nm) while the absorption
peak of the reduced hemes at ~444 nm increases. In the
visible range, one can observe formation of a peak at
~605 nm, which belongs primarily to the reduced heme a.
One can notice different behavior of the spectral changes
for different bands: in the visible, where heme a largely
absorbs, the growth of the 605 nm peak is nearly complete
after recording of the first several spectra, whereas in the
Soret region, where the hemes a and a; absorb roughly
equally, the spectral changes take more time for comple-
tion. This suggests that, in agreement with the literature
[18, 19], there are fast reduction of heme a and much
slower reduction of heme a; observed in the experiment.

Difference absorption spectra for the same experi-
ment provide a more informative picture of the reaction
time-course (Fig. 2B), together with the kinetic curves
showing changes of optical density at selected wave-
lengths (Fig. 2C). The reaction includes at least two phas-
es. In the Soret band, the minimum of difference spectra
corresponding to loss of the oxidized heme absorption,
shifts rapidly from ~424 nm (characteristic of the oxi-
dized heme a decay) to ~415 nm (reflecting progressing
decay of the oxidized heme a;). A set of difference spec-
tra corresponding to the early reaction steps (first 10-20
spectra with an interval between the scans of about
1 msec) is characterized by a nearly isosbestic point at
~432 nm (not shown). This result indicates that redox
changes of only one heme take place at this stage.
Approximately in the same time range the increase of the
maximum at 605 nm (where heme a provides the main
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contribution) is completed (Fig. 2C). Subsequently, the
peak at 444 nm and the trough at 415 nm continue to
grow for 1-2 sec. At this stage, a new isosbestic point is
formed in the Soret region at ~426 nm, characteristic for
heme a; oxidation-reduction (Fig. 2B).

Global analysis of the data shown in Fig. 2B gives
good results for the simplest model including three expo-
nential reaction phases and, correspondingly, four inter-
mediates: a - b — ¢ — d. Analysis according to a two
phase model, a —> b — c, yields the spectral line shapes
for the intermediates b and c that are nearly identical to
those of b and (¢ + d) in the four intermediate model.
However, in this case the agreement of the calculated
kinetic curves for AA4, () with the experimental curves in
the Soret region is much worse. The difference spectra
corresponding to the intermediates a, b, ¢, d and rate
constants obtained in this particular experiment are
shown in Fig. 2D. To obtain the difference spectra, the
first spectrum recorded in 1 msec after mixing was taken
as a baseline. Accordingly, the difference spectrum of the
initial intermediate, a, is represented in Fig. 2D by the
straight line. Intermediate b corresponds to completion of
the rapid reaction phase, and intermediates ¢ and d cor-
respond to the two subsequent states generated during the
slow phase of spectral changes. One can see that the line
shapes of the spectra of intermediates ¢ and d are nearly
identical, and both phases b — ¢ and ¢ — d are charac-
terized by a common isosbestic point at ~426 nm.

Figure 2E shows the difference spectra of the fast and
slow phases of COX reduction. The difference spectrum
for the first reaction step a — b shows a minimum at
~424 nm and two maxima at ~445 and ~605 nm that is
typical of heme a reduction. It is worth noting that a sig-
nificant part of this phase occurs during the mixing time,
so the magnitude of the spectral changes for the fast com-
ponent in Fig. 2E is undervalued (and so is the magnitude
of the spectrum of intermediate b in Fig. 2D). Moreover,
the kinetics of the initial phase is not precisely exponen-
tial (see, for example, Fig. 2C). Presumably, the effective
mixing takes slightly longer than the value claimed by the
manufacturer (1 msec), and this may result in a small lag
phase of the response. For these reasons, the rate constant
of the first phase, k; ~ 200 sec™!, is defined less accurate-
ly. Spectral line shapes of the phasesb — c and ¢ — d are
practically identical (data not shown). Therefore Fig. 2E
gives for simplicity the sum of these two phases, corre-
sponding to the overall slow phase of the reaction b —
¢ — d. In the Soret region, this slow part is characterized
by a difference spectrum that is broader than that of the
fast phase, with a maximum at ~443 nm and a minimum
at ~412 nm. These characteristics correspond to heme a;
reduction. In the visible region, the observed changes are
very much smaller than for the fast phase. The heme a
peak at 605 nm is absent, but there is a small o.-band max-
imum at 612 nm and a very broad weak band at 560-
580 nm. The low ratio of spectral changes in the a.- and y-
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Fig. 2. Kinetics of the spectral changes observed upon COX reduction by dithionite in the presence of RuAm. A) A set of the absolute absorp-
tion spectra obtained in a typical experiment. Arrows near the characteristic absorption bands indicate direction of the changes with time. For
better visual resolution, only each 10th spectrum is presented. B) Difference spectra for the same experiment; a spectrum, recorded in 1 msec
after mixing, is taken as a baseline. C) The kinetics of the absorption changes at some characteristic wavelengths: 416 nm — disappearance of
the oxidized forms of hemes @ and a3, 445 nm — appearance of the reduced forms of hemes a and a;, 605 nm — mainly formation of the reduced
form of heme a. D) Resolved spectra of the kinetic intermediates found by standard global analysis of the data on panel (B). E) Line shapes
of the difference spectra, characteristic of the rapid and slow phases of the enzyme reduction (correspondingly, reduction of hemes a and a;).
Conditions: oxidized COX from beef heart (6 pM) in a buffer containing 100 mM Tris-Hepes, pH 8.0, 0.1% dodecyl maltoside, and 100 pM
EGTA was mixed with an equal volume of the same buffer containing additionally 20 mM sodium dithionite, 6 mM ruthenium(IIT)hexaam-
mine, and catalase to remove H,0, (Sigma, C-30, indicated activity 23,000 units/mg protein, 2 pl/5 ml of the solution). Following the mix-
ing, 400 spectra were scanned during 10 sec with a logarithmic distribution of spectra sampling.
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bands (a/y < 0.1) is typical of high-spin hemoproteins
and verifies that the slow phase corresponds to heme a;
reduction.

It is noted that the exact values of the rate constants
defined by global analysis of the same run can vary
(though not that much) depending on the procedure of
analysis chosen, for example, with selection of different
spectral region or with the Iength of time domain ana-
lyzed. Besides, the approximation of the reaction by a lin-
ear sequence of monoexponential phases is, generally
speaking, provisional. More precise results can be
obtained by preliminary analysis of the entire spectral
range followed by optimized global analysis of selected
spectral regions and of distinct time intervals. For accu-
rate analysis and for comparison among different experi-
ments, it may be useful sometimes after primary evalua-
tion to transfer the data to the Origin program and per-
form a standard non-linear regression analysis of the
kinetic curves at selected characteristic wavelengths (for
example, at 445 nm relative to some reference wave-
length). Results of such detailed analysis will be present-
ed elsewhere. In this work, we simply give averaged results
for several independent experiments obtained by two dif-
ferent methods, namely, by standard global analysis of
spectral changes in the whole range 380-700 nm and by
decomposition of kinetics at 445 nm relative to reference
wavelength 474 nm into components (see table). Such a
comparison gives an idea about the actual accuracy of the
calculated absolute rate constants.

The fact really essential for the purposes of this work
is that under our experimental conditions, the phases of
the fast heme a reduction and subsequent intramolecular
electron transfer to heme a; are well separated. This
allows study of the effect of different agents on the rate of
intramolecular electron transfer from heme a to heme as;.

Effect of Ca" ions. The effect of Ca?" on the kinetics
of intramolecular electron transfer from heme a to heme a,

905

has been studied. To this end, experiments analogous to
those presented in Fig. 2, have been performed in the pres-
ence of 100 uM excess of free Ca>* over EGTA (200 uM
Ca’" against 100 uM EGTA). To exclude unspecific effects
of Ca?", control experiments have been carried out with
equal concentrations of Mg?* instead of Ca’*, as Mg?"
does not interact with the calcium binding site of COX but,
similarly to Ca®* ion, binds nonspecifically with the nega-
tively charged sites on the enzyme surface.

Typical kinetic traces of heme a; reduction in the
presence of Ca>* and Mg?* ions are presented in Fig. 3.
One can see that in the presence of Ca’*, electron trans-
fer to heme a; in bovine COX is markedly slower than in
the presence of Mg?* (Fig. 3a). Mg?" itself does not affect
heme a; reduction significantly.

The second important control as to the possible
unspecific effects of Ca?* is provided by experiments with
bacterial COX isolated from R. sphaeroides. In the bacte-
rial COX, the CBS is permanently occupied by tightly
bound Ca?*ion, which cannot be extracted by EGTA [7].
Accordingly, addition of Ca®* to the wild-type bacterial
enzyme does not affect spectral properties of heme a or
cytochrome ¢ oxidase activity of the enzyme [8, 9]. It can
be seen that in contrast to the experiments with the mito-
chondrial enzyme, the traces of heme a; reduction in the
presence of Ca’>" and Mg?* virtually coincide in case of
COX from R. sphaeroides (Fig. 3b).

The Ca?*-induced inhibitory effect on COX reduc-
tion is not that great but is well reproducible (the table),
although a minor effect on the rapid first phase of the
reaction requires validation. The absolute values of the
rate constants obtained for a particular set of data depend
somewhat on the specific details of global analysis proce-
dure application (e.g. on a spectral range selected for the
analysis and on the length of time span analyzed). With
the spectral changes analyzed in the entire wavelength
range 380-700 nm within a time interval from 1 msec to 1

Effect of 100 pM Ca** on the rate constants of heme a; reduction

Rate constant, sec™!

global analysis, 380-700 nm range | analysis of the kinetic traces at 445 nm versus the 474 nm reference
+Mg2+ +Ca2+ +Mg2+ +Ca2+
k, 190 £ 2 168 + 8 210 £ 17 176 £ 6.6
k, 37.3+£2 29.7+2.8 30.1 £2.1 229+ 1.1
k3 57+0.3 4.3+0.6 53+0.14 3.21+0.19

Note: Rate constants are presented for three phases of COX reduction by dithionite in the presence of 3 mM RuAm (mean + S.E. for six inde-
pendent experiments with each of the cations). Conditions are described in the legends to Figs. 2 and 3a. For comparison, the results are pre-
sented as obtained by two different types of analysis of the data sets: standard global analysis of the overall data file (time span analyzed,
1 msec-1 sec) and decomposition of the kinetic traces at 445 nm versus 474 nm extracted from the overall data file into individual exponen-

tials.
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Heme a; reduction
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Time, sec

Fig. 3. Deceleration of heme a; reduction by Ca** ions. Conditions as in Fig. 2, but the buffer was supplemented additionally with 100 uM
excess of Ca?" or Mg?" ions (200 uM of each cation against 100 uM EGTA). Solid lines, experiment in the presence of Ca®*; dotted line, in
the presence of Mg?*. Kinetics of the absorption changes at 445 nm versus the reference at 474 nm was extracted from the overall data file
(contributions from reduced hemes a and a; to A5 are roughly equal at this wavelength pair). Only the upper parts of the AA444s.474 curves, cor-
responding to the slow phases of the reaction (heme a; reduction), are shown. The rapid initial phase of the curve, dominated by the reduc-
tion of heme a, is omitted. a) 3 pM bovine COX; b) 2.9 uM bacterial COX from R. sphaeroides. In all cases, the concentrations indicated cor-

respond to the final state after mixing.

or 2 sec, the inhibition of heme a; reduction rate is 20-
30% which is, as discussed below, in reasonable agree-
ment with the inhibition of the steady-state cytochrome ¢
oxidase activity of bovine COX by ~50% [17]. The inhibi-
tion increases to 30-50% and even more if we include in
the analysis the data on a longer time scale (5-10 sec),
however such an analysis seems to be less reliable because
of interference of the slow absorption drifts beyond the
reaction timescale increases.

DISCUSSION

COX reduction by dithionite in the presence of RuAm
at high concentrations. To evaluate the site of the Ca?"
effect on the intramolecular electron transport in COX,
pre-steady state kinetics of reduction of the oxidized COX
by dithionite has been studied under anaerobic conditions
in the presence of redox-mediator [Ru(III)(NH;)]*"
(RuAm) at high concentrations. Na,S,0, is thermody-
namically a very strong reductant (effective redox poten-
tial of a millimolar dithionite solution is about —0.6 V).
However, in the reaction of COX reduction [24, 25],
dithionite is not that active kinetically for several reasons.
First, steady-state concentration of the active species,

anion-radical SO7, formed by fast equilibrium dissocia-
tion of dithionite dianion (S,0} <> 2 SO3, K =
1.4:10~° M [26]), is within the micromolar range at the
commonly used dithionite concentrations of ~107> M.
Second, the site of electron entry in COX, Cu,, is sur-
rounded by negatively charged carboxylic groups that
stimulates interaction of the enzyme with the positively
charged natural electron donor cytochrome ¢ but impedes
reaction with negatively charged reductants including
anion-radical SO7. The [Ru(III)(NH;)¢]*" cation is
reduced to [Ru(II)(NH;)¢]*" by excess of negatively
charged dithionite, and at concentrations of ~10~° M it
delivers electrons to Cu, in COX much faster than
dithionite itself. It was shown that within the range stud-
ied 40-200 uM, the rate of reaction depends linearly on
RuAm concentration with &, ~ 5:10> M~!'sec™! at pH 6.0
[18]. Actually, the role of dithionite under these condi-
tions is to remove oxygen and to maintain RuAm in a fully
reduced state. Varying concentrations of added RuAm, it
is possible to modify over a wide range the rate of electron
input into the enzyme from the excess dithionite. The
sequence of electron transfer under these conditions can
be described by the simplified scheme:

dithionite > RuAm — Cu, — heme a — heme a;/Cuy,

BIOCHEMISTRY (Moscow) Vol. 77 No. 8 2012
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where the reduced RuAm serves as the actual electron
donor. Reduction of heme a and a; is easily followed
spectrophotometrically, while Cu ions contribute but lit-
tle to absorption changes as compared to the hemes.
Intramolecular electron transfer from Cu, to heme a is
very fast (t ~ 50 psec [27, 28]). Therefore, the rapid mix-
ing technique with millisecond time resolution allows fol-
lowing the reduction of heme a, the rate of which is deter-
mined by the rate of electron input from Ru(IT)Am to
Cu,, and the subsequent intramolecular electron transfer
from heme a to heme a; in the oxygen-reduction center
of the enzyme [18, 20]. Spectral changes of hemes a and
a, strongly overlap in the Soret region, so it is necessary to
find conditions under which redox transitions of the two
hemes are separated in time.

To obtain the rates of heme a and a; reduction in dif-
ferent forms of the oxidized COX, Palmer’s laboratory
employed an experimental technique based on the use of
excess dithionite in the presence of millimolar concentra-
tions of RuAm [29, 30]. Under these conditions, heme a
reduction occurs partly during the time of mixing already
and is well separated kinetically from the subsequent
intramolecular electron transfer from heme a to heme a;,
the rate of which is independent of RuAm concentration
[18, 20]. Such an experimental model allows study of the
effects of various agents on the intramolecular electron
transfer from heme @ to heme a;, and we used this
approach in this work to evaluate the effect of Ca** ions
on the rate of heme a; reduction.

We were able to reproduce the conditions under
which the relatively slow reduction of heme a; is well sep-
arated in time from the fast reduction of heme a. The
results are generally in agreement with the literature [19,
20, 29, 30]. As in the experiments described in [29, 30],
we observed three phases of reaction: rapid, only partly
resolved reduction of heme a (k; ~ 200 sec™'), and two
phases of heme a; reduction with rate constants differing
from each other by an order of magnitude (k, = 30-
40 sec™!, ky; = 5-6 sec™!). The absolute values of the rate
constants of heme a; reduction in our experiments are
slightly lower (~1.5-fold) than in [29, 30]. These discrep-
ancies could be explained by different properties of COX
preparations (characteristics of the oxidized COX are
known to vary considerably for different preparations
[31]), as well as by more alkaline pH values of the media
and some other differences in the experimental condi-
tions. It is also noted that at pH > 7.0, there is increased
probability of RuAm alkaline hydrolysis [18] so that the
actual concentration of RuAm in our experiments might
be lower than in references [29, 30], which may explain in
part slower reduction of heme a, the rate of which is pro-
portional to concentration of RuAm [18].

Reasons for the biphasic reduction of heme a;. Re-
duction of heme a; has a pronounced biphasic character
in agreement with the data of Palmer’s group obtained
under similar conditions [29, 30]. In our experiments,
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contribution of the slowest phase with k; ~ 5 sec™! is sig-
nificantly less than the contribution of the middle phase
with k, ~ 40 sec™!. Such ratio of contributions is typical of
the so-called “fast” (activated) COX preparations [29]
and correlates with the position of the Soret band at
~426 nm in the oxidized enzyme. In the “slow” prepara-
tions of the enzyme, the Soret peak of the oxidized form
is shifted to 417-420 nm [31], and contributions of the
two phases of heme a; reduction are roughly equal [29].
The first obvious reason for the biphasic character of
electron transfer to heme a; might consist in the well-
known heterogeneity of heme a; state in the oxidized
enzyme [2, 31]. Second, the reduction of the oxygen-
reducing center, a;/Cuy, involves in fact two competing
processes. In a fraction of the enzyme population, the
first electron delivered to this center from heme a is trans-
ferred to heme a;, so that heme a; is reduced under the
conditions when Cug is oxidized. In the other fraction of
the enzyme molecules, the first electron is transferred
from heme a to Cug, and only the second electron goes to
heme as, so that heme a; undergoes reduction under the
conditions when Cuy is already reduced [30]. Taking into
account anticooperative redox interactions between heme
a; and Cug [1-3], the two pathways of heme a; reduction
are expected to be characterized by significantly different
values of the rate constants; namely, reduction of Cug by
the first electron should slow down reduction of heme a;
by the second electron.

Revealing the difference spectrum of heme a; in the
visible region. Absorption spectra of the two a-type hemes
in COX are strongly overlapping [32]. In the Soret band,
hemes a and a; have similar contribution to the absorp-
tion, and individual spectra of hemes a and a; have been
resolved quite a long time ago. At the same time, the
absorption of COX in the a-band is dominated ~90% by
the low-spin heme a both in the oxidized and reduced
forms of COX. Therefore, it is difficult to reveal experi-
mentally characteristics of the absorption spectrum of
heme a; in the visible against the background of the dom-
inating contribution of heme a, and, accordingly, the line
shape of heme a; a-band in the aa;-type oxidases has
remained unknown. According to the indirect calcula-
tions, based on comparison of the static absorption spec-
tra of mitochondrial COX in the presence of different lig-
ands, the difference spectrum of heme a; (reduced minus
oxidized) is characterized in the visible region by a weak
a-band with a maximum at ~603 nm and a narrow -
band at ~565 nm [32]. At the same time, experiments
with the ba;-type COX from the thermophilic bacterium
Thermus thermophilus in which the absorption bands of
the low-spin heme b and the high-spin heme a; in the vis-
ible are well separated, show that the reduced heme a; in
this enzyme is characterized by a maximum of the a.-band
at 613 nm [33, 34].

It is therefore interesting to note that the spectrum of
the slow phase of absorption changes that is observed dur-
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ing COX reduction by dithionite in the presence of RuAm
and which corresponds in all probability to the reduction
of heme a5, is characterized by a weak peak at 612 nm
with Aggpy630 ~ 5 mM~cm™" (Fig. 2D), which is similar
to characteristics of heme a; in ba; oxidase. The data,
however, may not be sufficient for final conclusions
because it cannot be excluded that heme a; and/or Cuy
reduction is accompanied by a small change in a line
shape of the intensive absorption band of the reduced
heme a, which overlaps the difference spectrum of heme
a,;. Additional experiments are necessary. Unfortunately,
in the preceding papers of Palmer’s group [29, 30] only
the kinetics of the absorption changes at selected wave-
lengths was presented with no spectra of the individual
phases of COX reduction by dithionite + RuAm; there-
fore, it is not possible to compare our results with the data
obtained by those authors in this respect.

Effect of calcium ions. The principal result of this
work consists in revealing the effect of Ca®* on the rate of
intramolecular electron transfer in COX. The observed
effect is modest, 20-30%, which however, is comparable
to the roughly 2-fold decrease in the cytochrome ¢ oxi-
dase activity induced by Ca?* ions as revealed in our pre-
vious studies [16, 17]. Control experiments with addition
of Mg?" instead of Ca?" indicate that the effect is specific
for calcium ions. Also, the absence of the calcium-
induced effect in case of the bacterial COX in which the
specific cation-binding site is pre-occupied by tightly
bound Ca’" ion confirms the specificity of the calcium
effect.

Deceleration of electron transport from heme a to
heme a; may be a consequence of a small (15-20 mV)
increase of heme @ midpoint redox potential, E,,, induced
by Ca*' ions [15]. Such a shift of E, corresponds to
roughly a 2-fold change in redox equilibrium constant,
K., between heme a and heme a;. K, is related to the rate
constants of electron transfer from heme a to heme a; (k)
and the reversed reaction (k_,) by the ratio K., = k,/k_,.
Accordingly, decrease of K., must be accompanied by a
decrease of rate constant, k;, of electron transfer from
heme a to heme a; and/or by an increase in the rate con-
stant of the reversed reaction, k_,. In a typical case, when
a change in K, value is bound to simultaneous decrease of
k, and increase of k_, by the same percentage, the twofold
change in K., would be accompanied by a decrease of k,
~1.4-fold, i.e. by ~30%, that is in good agreement with
our data.

More detailed analysis of the kinetics of heme a;
reduction in our experimental system and relation of the
observed effective rate constant of heme a, reduction with
the true microscopic rate constants of electron transport
between all the redox centers of enzyme is beyond the
scope of this work and will be considered elsewhere
together with a more detailed set of data.

To clarify the mechanism of Ca®* inhibitory action,
it would be worthwhile to study the effect of the cation on
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the kinetics of heme a; reduction in liver COX, where the
Ca’"-induced inhibition of activity is much stronger than
in COX from heart.
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