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factors in Saccharomyces cerevisiae

Camilla Rydstrém Lundin?, Christoph von Ballmoos®, Martin Ott?, Pia Adelroth?, and Peter Brzezinski®"

®Department of Biochemistry and Biophysics, The Arrhenius Laboratories for Natural Sciences, Stockholm University, SE-106 91 Stockholm, Sweden;
and "Department of Chemistry and Biochemistry, University of Bern, 3012 Bern, Switzerland

Edited by Harry B. Gray, California Institute of Technology, Pasadena, CA, and approved June 10, 2016 (received for review January 24, 2016)

The respiratory supercomplex factors (Rcf) 1 and 2 mediate supramo-
lecular interactions between mitochondrial complexes Il (ubiquinol-
cytochrome c reductase; cyt. bc;) and IV (cytochrome c oxidase;
CytcO). In addition, removal of these polypeptides results in de-
creased activity of CytcO, but not of cyt. bc;. In the present study,
we have investigated the kinetics of ligand binding, the single-
turnover reaction of CytcO with O,, and the linked cyt. bc,-CytcO
quinol oxidation-oxygen-reduction activities in mitochondria in
which Rcf1 or Rcf2 were removed genetically (strains rcf1A and
rcf2A, respectively). The data show that in the rcf1A and rcf2A
strains, in a significant fraction of the population, ligand binding
occurs over a time scale that is ~100-fold faster (t = 100 ps) than
observed with the wild-type mitochondria (t = 10 ms), indicating
structural changes. This effect is specific to removal of Rcf and not
dissociation of the cyt. bc;—CytcO supercomplex. Furthermore, in the
rcf1A and rcf2A strains, the single-turnover reaction of CytcO with O,
was incomplete. This observation indicates that the lower activity of
CytcO is caused by a fraction of inactive CytcO rather than decreased
CytcO activity of the entire population. Furthermore, the data sug-
gest that the Rcf1 polypeptide mediates formation of an electron-
transfer bridge from cyt. bc; to CytcO via a tightly bound cyt. c. We
discuss the significance of the proposed regulatory mechanism of
Rcf1 and Rcf2 in the context of supramolecular interactions between
cyt. bc; and CytcO.

cytochrome c oxidase | electron transfer | membrane protein |
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he respiratory chain in mitochondria drives formation and

maintenance of a proton electrochemical gradient across the in-
ner membrane. The free energy stored in this gradient is used, for
example, to generate ATP from ADP in the F,F,-ATP-synthase or to
drive transmembrane transport. In mammalian mitochondria, the
first component of the respiratory chain is the integral membrane-
bound complex I (or type I NADH dehydrogenase), which receives
electrons from NADH. In Saccharomyces cerevisiae, complex I is
replaced by type I NADH dehydrogenases, which are peripheral
dimeric membrane proteins (1, 2). In both cases, the electrons are
used for reduction of quinone to quinol, which diffuses within the
membrane to donate electrons to complex III [ubiquinol-cytochrome
¢ reductase (cyt. bey)]. Cyt. be; reduces water-soluble cyt. ¢, which is
the electron donor to complex IV [cytochrome ¢ oxidase (CytcO)].
CytcO catalyzes oxidation of four molecules of cyt. ¢, which is linked
to reduction of molecular oxygen to water and proton pumping
across the membrane (e.g., reviewed in ref. 3).

The catalytically active core of CytcO is composed of the
mitochondrially encoded subunits I-III, which are largely con-
served across the family of homologous prokaryotic and eukary-
otic oxidases. The mitochondrial CytcOs are typically composed of
a number of additional, smaller subunits that are encoded in the
nucleus in S. cerevisiae (eight additional subunits; Fig. 1) and Bos
taurus (10 additional subunits). In S. cerevisiae, CytcO associates
with cyt. beq, forming supercomplexes (4-12) composed of a cyt.
bc; dimer bound to either one or two CytcOs. These super-
complexes are stabilized by cardiolipin (13-16). In recent years,
two additional polypeptides, the respiratory supercomplex factors
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1 and 2 (Rcfl and Ref2, respectively), were shown to associate
with CytcO and cyt. be; (8, 17-20), thereby stabilizing the cyt. bey—
CytcO interactions.

Although the Rcf2 polypeptide is conserved only among fungi,
Rcf1 orthologs are conserved in prokaryotes and eukaryotes. The
role of the Rcf polypeptides in supercomplex formation at a mo-
lecular level is not yet fully understood. Results from recent studies
indicate that in the absence of Rcfl, interactions required for
stability of the CytcO—cyt. bc; supercomplex are disrupted (17-19).
In S. cerevisiae, the Rcfl polypeptide is not required for correct
assembly of the core subunits of CytcO itself (or the cyt. bc;
complex), although effects on assembly of the CytcO subunits
Cox12 and Cox13 (Fig. 1) were noted, which may be linked to a
diminished stability of the cyt. bc;—CytcO supercomplex (18) [but in
Podaspora anserina, Rcfl appears to be important for CytcO
assembly (20)]. Effects of Ref2 deficiency are less defined. The
polypeptide also has a role in stabilizing the supramolecular in-
teractions between CytcO and cyt. bcy, but the effects of removal of
Ref2 are less pronounced than the effects of removing Rcfl.
However, when both Rcfl and Rcf2 were deleted, the fraction of
CytcO and cyt. be; in supercomplexes was significantly smaller than
seen upon removal of Refl alone (18). In Fig. 1, we have indicated
the approximate, putative interaction surface between CytcO and
cyt. bey, which is based on structural modeling (7, 9).

On a functional level, removal of Rcfl alone resulted in re-
duced activity of CytcO (17-19), which could be fully restored
upon expression of His-tagged Rcfl in a §. cerevisiae strain
lacking Rcfl (18). Interestingly, deletion of Rcf2 alone had es-
sentially no effect on CytcO turnover (17, 18), even though it
resulted in a significant increase in levels of incompletely re-
duced dioxygen (17). Furthermore, removal of both Rcfl and
Rcf2 resulted in a larger decrease of CytcO activity than removal
of Rcfl alone (18), indicating overlapping functions of the two
Rcf polypeptides.

Significance

The last steps of energy conversion in aerobic eukaryotes take
place in cellular organelles called mitochondria. The process in-
volves a number of protein complexes, referred to as the re-
spiratory chain, that reside in the inner mitochondrial membrane.
This chain shuttles electrons, which originate from degradation
of foodstuff, to the acceptor dioxygen. The process is regulated
to optimize the energy supply, depending on requirements and
external factors. We found that two small proteins that have
been found to associate with the respiratory-enzyme complexes
regulate the electron flux at the last two components of the
chain. Furthermore, we identified the regulatory mechanism at
the molecular level.
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Fig. 1. Structural model of the S. cerevisiae CytcO. The core subunits I-lI
(Cox1-Cox3) (in cyan, marine, and light blue, respectively) are shown. The
accessory subunits are shown in gray, except for Cox12 (VIb, yellow), Cox13
(Vla, pink), and Cox5 (IV, light red) (the roman numerals refer to the num-
bering of the CytcO from bovine heart). Cardiolipin (CL) is shown in dark
pink. Cox2 holds Cup, the entry point for electrons from cyt. c. From Cua,
electrons are transferred via heme a to the catalytic site composed of heme
az and Cug in Cox1. Results from functional studies indicate that Cox12 and
Cox13 (as well as Cox3) interact with Rcf1 and that Rcf1 mediates the cyt.
bc;-CytcO interactions (main text). However, the latter is not consistent with
structural models indicating that the cyt. bc;—CytcO interactions are seen
near Cox5 (blue arrows; Discussion). The O, entry channel is indicated (Left)
and is seen as a cavity (Right). The Protein Data Base structural model is from
Maréchal et al. (22). The figure was prepared using the program Pymol (57).

Crystal structures of the mitochondrial CytcO from B. faurus as
well as from several bacteria have been determined at atomic
resolution (reviewed in ref. 21), and a homology model of the
S. cerevisiae CytcO has also been published (22). Early spectro-
scopic studies and the more recent CytcO structures show that all
these enzymes harbor the same four redox-active metal sites. The
water-soluble cyt. ¢ docks near Cuy, which is bound in subunit II.
After reduction of Cup, the electron is transferred consecutively to
the intermediate electron acceptor, heme a, and the catalytic site
composed of heme a3 and Cug, all bound in subunit I (the structure
and function of CytcOs are reviewed in refs. 21 and 23-29).

Rcfl is very similar to the protein products of members of the
hypoxia-induced gene 1 (Higl) family. Because the Higl poly-
peptides are expressed at low oxygen tensions, members of this
protein family may modulate oxygen binding to the CytcO cat-
alytic site. Such a regulatory role is supported by the observation
that the Rcfl polypeptide interacts with Cox3, Cox12, and Cox13
(17-19) (i.e., near the O, channel in CytcO). However, these
three subunits are located at a distance from the cyt. bc;—CytcO
interaction surface in the structural models of the supercomplex
(7, 9) (Fig. 1), which is not compatible with the role of Rcfl in
stabilizing the supramolecular interactions. To address the
functional role of the Rcf polypeptides in S. cerevisiae, we in-
vestigated the quinol oxidation/O,-reduction activity of the cyt.
bc; and CytcO complexes, as well as the kinetics of ligand
binding and the single-turnover reaction of CytcO with O,. All
measurements were performed with inner mitochondrial mem-
branes, either wild type or mutants in which Rcfl (r¢fIA), Ref2
(rcf2A), or the cyt. bey complex (ger8A) was removed genetically.
The data suggest a mechanism by which the Rcf polypeptides
regulate the activity of the respiratory chain in S. cerevisiae.

Results

Optical Absorbance Spectra. As seen in Fig. 24, the absorbance
difference spectrum (reduced minus oxidized) of wild-type mi-
tochondria (with the outer membrane removed; Materials and
Methods) shows the characteristics of CytcO and cyt. bcy: a peak
at 605 nm (mainly heme a); a shoulder at 445 nm (about equal
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contributions from hemes a and a3); peaks at ~560 nm and 430
nm (hemes b); and a peak at 550 nm, a shoulder at ~420 nm, and
a trough at ~410 nm (hemes ¢). For the r¢fI A mitochondria, the
peaks originating from hemes b and ¢ were larger, indicating
larger amounts of cyt. bcy relative to CytcO in this sample (the
spectra were normalized to the heme a peak at 605 nm). In
particular, we noted that the relative amount of cyt. ¢ was sig-
nificantly increased in the rcfIA sample (Fig. 24). In the Soret
region, the shoulder at 445 nm is smaller in rcfI A mitochondria
but larger at 420 nm, which indicates that a fraction of heme a3
remains oxidized after addition of the reductant. After reduction
of the mitochondria, the reduced form of CytcO binds CO to
heme a; (the “as-isolated” oxidized form does not bind CO). The
reduced CO-bound minus reduced difference spectrum is shown
in Fig. 2B. Here, the spectrum of the wild-type mitochondria
shows the characteristic features of CO binding to reduced heme
as in CytcO: peaks at 430 nm and 590 nm and a trough at 445
nm. In the difference spectrum of rc¢fI A mitochondria, the “430-
nm peak” is larger and slightly blue-shifted. The trough at 445 nm
(arising from subtraction of the peak at 445 nm in the reduced
minus oxidized spectrum) is very small in rcfl A, consistent with

30 T T II{ T T T T
A
20F x5 s
10+ .
0 b i
8 -10+ — WTred-ox -
i —— ref1A red-ox
>< 1 1 II/, 1 1 1 1
< 1 0 T T T T T T
< B
| W 5 |
5t ]
—— WT redCO-red
-10F rcf1A redCO-red T

400 450 500 550 600 650
wavelength (nm)

Fig. 2. Optical absorbance difference spectra. (A) Reduced (red) minus oxidized
(ox) difference spectra of wild-type and rcffA mitochondria, where the two
spectra have been normalized to the absorbance at 605 nm (the rcf1A data were
multiplied by a factor of 2). (B) Difference spectra of reduced CO-bound minus
reduced mitochondria. In both panels, the data in the range 515-650 nm have
been multiplied by a factor of 5 for clarity. The samples were prepared in a buffer
of 20 mM Hepes (pH 7.4) and 60 mM sorbitol, reduced with 100 pM sodium
dithionite (final concentration). The CO pressure in B was ~130 kPa (~1.3 mM).
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Table 1.

CO ligand-
binding time
constant, ms
(fraction, %)

Summary of the activities as well as time and rate constants of the reactions studied in this work

Coupled cyt. bci-CytcO

! activity,* e™-s™"

Cyt. bcy activity, e™-s™

Mitochondria  Rapid  Slow CytcO activity, es™" S.c. cyt. ¢ Horse cyt. ¢ Horse cyt. ¢ (+KCN) S.c. cyt. ¢ Horse cyt. ¢
Wild type 0.27 (15) 8.9 230 34 50 70 130 170
rcf1A 0.11 (55) 6.5 70 34 53 65 52 102
rcf2A 0.11 (28) 6.5 184 n.d. n.d. n.d. n.d. n.d.

Errors are given in the main text. n.d., not determined; S.c.; S. cerevisiae.
*Coupled activity refers to measurements of the O,-consumption rate upon addition of excess reduced DQH,.

the lack of a shoulder at 445 nm in Fig. 24. Furthermore, with
the rcf1 A mitochondria, at 590 nm, the expected peak is replaced
by a trough, which is explained by further reduction of the cyt.
bc; complex upon addition of CO.

Ligand Binding. Mitochondria with added excess ascorbate and
the electron mediator TMPD were incubated under an atmo-
sphere of pure CO (~1.3 mM), which binds to the reduced heme
a3 at the catalytic site of CytcO, seen as an absorbance decrease
at 445 nm (Fig. 2B) (in principle, CO may also bind to other
heme proteins; Discussion). Upon illumination of the sample
with a short laser flash, the ligand dissociates and rebinds, which
results in absorbance changes that were measured as a function
of time (Fig. 3). The increase in absorbance at zero time at
445 nm is the result of CO dissociation, presumably from heme
as, whereas the following decrease in absorbance is associated
with rebinding of the CO ligand. With the wild-type mitochon-
dria, we observed a main component with a time constant of 8.9 +
0.9 ms (SD, n = 6), which is similar to the time constant measured
with detergent-solubilized CytcOs (30, 31) and whole cells (32).
In addition, we observed a small component with a time constant
of 270 + 130 ps (n = 6; the large error is a consequence of the
very small amplitude) and amplitude of 15 + 5% (n = 6) of the
total absorbance change at 445 nm (Fig. 3). The time constants
are summarized in Table 1.

The signal obtained with mitochondria from rcfIA cells showed
an increase in the relative amplitude of the rapid component to
55 + 2% (n = 4) of the total absorbance change at 445 nm, but
the time constants of the two components were similar to the time
constants measured with the wild-type mitochondria [110 + 20 ps
and 6.5 + 0.8 ms (n = 4), respectively]. In the absence of Rcf2, the
fraction of rapid component was larger (~28%) than with the
wild-type mitochondria, but smaller than in the r¢fIA mitochon-
dria (Fig. 3).

As noted above, results from earlier studies suggest that re-
moval of the Refl polypeptide may destabilize the CytcO—cyt. bc,
supercomplex (17-19). To investigate if the rapid component is a
result of removal of the Rcfl polypeptide or an indirect effect of
dissociation of the supercomplex, we also measured the CO ligand
binding to mitochondria extracted from a S. cerevisiae strain in
which the cyt. bey complex was removed genetically (ger8A). The
variant displayed similar behavior to the wild-type S. cerevisiae
mitochondria (Fig. 3), which indicates that the effects seen in
strains rcfI A and rcf2A are specific to interactions of Rcf with the
CytcO and not disruption of the CytcO—cyt. bc; supercomplex.

The faster component (t = 110 ps for rcfIA) could, in principle,
be associated with events other than CO recombination [e.g., a
structural relaxation as a consequence of illumination (33)]. To test
whether or not both components are associated with CO re-
combination, we repeated the measurements with different con-
centrations of CO. If, after flash-induced dissociation, CO leaves
the enzyme and equilibrates with the surrounding bulk solution
before rebinding, this rebinding is expected to be dependent on the
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bulk CO concentration. As seen in Fig. 4, both kinetic components
displayed a CO-concentration dependence, which indicates that
they are associated with rebinding of CO from the bulk solution
after flash-induced dissociation.

Next, we repeated the measurements at a number of wave-
lengths in the range of 420450 nm (the signal-to-noise ratio with
mitochondria was too small to perform measurements in the
alpha region of the spectrum). Fig. 5 shows the relative ampli-
tudes of the slow component for the wild-type mitochondria and
both components for rcfI A mitochondria as a function of
wavelength (i.e., a kinetic difference spectrum). The kinetic
difference spectra of the slow components with the wild-type and
rcfI A mitochondria were similar. As noted above, the time
constant of the slower component in the CO recombination was
similar to the time constant observed with pure CytcOs, and its
difference spectrum agrees well with CO recombination to heme
as (e.g., ref. 32). However, a comparison of the difference
spectra of the slow (t = 6.5 ms) and fast (t = 110 ps) components
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Fig. 3. Absorbance changes associated with flash-induced CO dissociation
and recombination. The sample was illuminated by a laser flash at t = 0, which
results in an increase in absorbance associated with CO dissociation. The fol-
lowing decrease is associated with CO recombination. With the wild-type and
qcr8A strains, mainly one component was observed with a time constant of
~8.9 ms (in addition, there was a small component with a time constant of
~270 ps; main text). With the rcflA and rcf2A mitochondria, the slow com-
ponent displayed a time constant of ~6.5 ms, whereas the significantly larger
rapid component displayed a time constant of ~110 ps. All data were nor-
malized to yield the same CO-dissociation absorbance change at t = 0. A laser
artifact at t = 0 has been truncated. Experimental conditions: The samples
were prepared in a buffer of 20 mM Hepes (pH 7.4) and 60 mM sorbitol and
reduced with 1 pM phenylmethylsulfonyl (PMS) and 4 mM ascorbate (final
concentrations) in an atmosphere of ~130 kPa CO (~1.3 mM).
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Fig. 4. Kinetics of CO recombination at lower CO concentrations. (A) The
100% plot is the same as shown for rcf1A in Fig. 3 (but normalized to the
other traces). The CO partial pressure was lowered to ~5% and ~50%, where
the remaining part of the gas phase was replaced by N,. (B) Data with the
wild-type mitochondria for approximately the same CO concentrations as in
A. The CO concentration was only approximately determined by changing
the partial pressures of CO and N,, respectively, and was estimated from the
time constant of the slow component. The data show that both the rapid
and slow components are dependent on the CO concentration in bulk water.
Experimental conditions were the same as in Fig. 3, except for the different
CO concentrations.

from the rcfl A mitochondria shows that they were not the same.
In other words, the fast component reflects either CO binding to
CytcO in a different structural state or CO binding to a site other
than heme as.

Activity of CytcO. Using ascorbate, TMPD, and cyt. ¢ as electron
donors, we measured the O,-reduction activity, which reflects the
CytcO activity. As seen in Fig. 64 (also Table 1), these activities for
the refI A and ref2A mitochondria were 31 + 5% and 80 + 8% (SD,
n = 3), respectively, of the activities measured with wild-type mi-
tochondria, consistent with data obtained previously (17-19). Using
horse heart cyt. ¢ as an electron donor/mediator, a typical prepa-
ration of wild-type mitochondria displayed an activity of 230 +
20 e™s! (SD, n = 3), normalized to the total CytcO concentration
(legend for Fig. 64). We also investigated inhibition of the wild-
type and r¢fIA CytcO by potassium cyanide (KCN) and did not
observe any significant differences in the remaining residual ac-
tivities after addition of KCN (~10 s™', measured using an
O, electrode).

Activity of the Cyt. bc; Complex. The Rcfl polypeptide was shown
earlier to associate not only with CytcO but also, to a minor extent,
with the cyt. bc; complex (17-19). Consequently, we also measured
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the cyt. bc; activities in the wild-type and rcfIA mitochondria by
following in time absorbance changes at 550 nm (the initial slope),
associated with reduction of horse heart cyt. ¢ upon addition of the
electron donor decylubiquinol (DQH,) (Fig. 6). When normalized
to the cyt. bc; concentration, the activities were 50 + 14 e~s' and
53 + 13 e~s™* (SD, 1 = 6) for the wild-type and rcfIA mitochon-
dria, respectively. In other words, these activities were about the
same, which is also consistent with the data obtained previously
(17-19). We noted that for both wild-type and rcfl A mitochondria,
the cyt. bey activities were lower when measured with S. cerevisiae
cyt. ¢ (68 + 14% and 66 + 12% of the cyt. bc; activities obtained
with horse heart cyt. c, respectively). The activities obtained in the
presence of KCN, which blocks CytcO, were ~70 e™-s~ and 65 e™-s~
for the wild-type and rcfI A mitochondria, respectively (i.e., similar
to those activities obtained in the absence of KCN).

The Coupled Quinol Oxidation/O,-Reduction Activity by Cyt. bc;-CytcO.
Next, we combined the two experiments above and followed in
time reduction of O, upon addition of DQH,, which reflects the
coupled activity of cyt. be; and CytcO. In this reaction, electrons
are transferred from DQHj via cyt. bc; to cyt. ¢ and then from cyt.
c via CytcO to O,. Compared with the artificial electron donors
(ascorbate and TMPD), the rates in the cyt. bej-coupled system
were slightly lower (~75%), indicating that the electron transfer
within or from cyt. bc; to cyt. ¢ was at least partly rate-limiting. As
seen in Fig. 64, for the r¢fIA mitochondria, the activities were
~60% (horse heart cyt. ¢) and ~40% (S. cerevisiae cyt. c) of the
activities obtained with wild-type mitochondria, which reflects the
lower activity of CytcO in rcfl A mitochondria. However, the ob-
served effect of Rcfl removal in the coupled assay was smaller
than when measuring only the CytcO activity, presumably because
the rate-limiting step(s) is not only associated with CytcO itself. In
addition, the rcf1 A mitochondria contain more cyt. bc; than CytcO
(Fig. 24), which would increase the electron flux via cyt. ¢ into the
CytcO in rcfl A mitochondria.

For the wild-type mitochondria, the coupled cyt. bci-CytcO
activities were 170 + 24 e™s” (n =4) and 130 = 11 e™s™ (n = 3)
for cyt. ¢ from horse heart and S. cerevisiae cyt. c, respectively
(normalized to the CytcO concentration in the membrane). We

40
rcf1A fast

o i
8 20 \
i
X /o
< SS~wT

20 | rcf1A slow

-40 | . ' .

430 440
wavelength (nm)

Fig. 5. Kinetic difference spectra. Each point in the difference spectra is the
total absorbance change at a specific wavelength for each of the two com-
ponents (only the main, slow component for the wild-type mitochondria is
shown) in the CO recombination (compare data at 445 nm in Fig. 3). The solid
lines are added as a guide for the eye. Conditions were the same as in Fig. 3.
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Fig. 6. Steady-state activities with whole mitochondria. (4) Activity of CytcO:
CytcO activity was measured upon addition of ascorbate (5 mM), TMPD
(0.5 mM), and horse-heart cyt. ¢ (20 uM) and then by following in time O,
consumption (starting concentration ~270 pM O,) using a Clark-type oxygen
electrode in 20 mM Hepes (pH 7.4), 60 mM sorbitol, and 0.1 mM EDTA at room
temperature. The activity was normalized to the CytcO concentration (Materials
and Methods), typically in the range of 2-20 nM. Activity of cyt. bc;: Activity of
the cyt. bc; complex was measured by following in time absorbance changes at
550 nm (reduction of cyt. ¢) upon addition of DQH, (as shown in B and C). The
activities were determined from the initial slopes of the 550-nm absorbance
changes. The rate of uncatalyzed reduction of cyt. ¢ by DQH, was typically 6-7%
of the cyt. bci-catalyzed rate (this value was subtracted). The same cyt. bc;
activities were obtained in the presence of KCN, which blocks CytcO. The ac-
tivities were normalized to the concentration of cyt. bc; in each sample, which
was determined as described in Materials and Methods (typically ~100 nM).
Conditions were as follows: 40 pM cyt. ¢, 100 pM DQH,, 1 mM KCN (when
present), and 20 mM Hepes (pH 7.4) at room temperature. Coupled cyt. bcy-
CytcO activity: Coupled activity was measured after addition of 100 pM DQH,
and cyt. ¢ from either horse heart or S. cerevisiae in the presence of O,
(~270 pM). The O, reduction was followed in time using a Clark-type oxygen
electrode and normalized to the total concentration of CytcO. Conditions were
as follows: 20 pM cyt. ¢, 20 mM Hepes (pH 7.4), 60 mM sorbitol, and 0.1 mM
EDTA at room temperature. The reduction levels of cyt. ¢ from horse heart (B)
and S. cerevisiae (C), measured at 550 nm upon addition of DQH, to wild-type
and rcf1A mitochondria in the presence of O,, are shown. The increase in ab-
sorbance at 550 nm is associated with reduction of cyt. c by the cyt. bc; complex,
whereas a decrease is associated with oxidation by CytcO. The concentrations of
cyt. bc; were 16 nM and 15 nM for rcf1A and wild type, respectively, and the
CytcO concentrations were ~7.5 nM in both strains. Conditions were as follows:
40 uM cyt. ¢, 100 pM DQH,, 20 mM Hepes (pH 7.4), and 60 mM sorbitol.

note that these coupled cyt. bc-CytcO activities were higher than
the activities of the cyt. bc; complex alone, which presumably
is due to the higher concentration of cyt. bcy than CytcO in the
mitochondrial membrane. In other words, more than one cyt. bc,
complex per CytcO contributes to the overall reduction rate of cyt. c.

Next, we measured absorbance changes at 550 nm upon addi-
tion of DQH, to a solution of wild-type and rcfI A mitochondria in
the presence of O,, with cyt. ¢ from either S. cerevisiae (red traces) or
horse heart (black traces) as an electron mediator (Fig. 6 B and C).
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The initial increase in absorbance is associated with reduction of
cyt. ¢ by the cyt. bc; complex, whereas the following decrease in
absorbance is associated with reoxidation of cyt. ¢ by CytcO. As
indicated above, this increase, when normalized to the total
amount of cyt. bc; complex, displayed about the same slopes with
the rcfI A as with the wild-type strains, reflecting similar activities
of the cyt. bc; complex in the two strains. The most significant
differences were observed upon comparison of the oxidation ki-
netics of cyt. ¢ by CytcO. Fig. 6B shows data obtained with the
wild-type mitochondria. Although horse heart cyt. ¢ was reoxi-
dized by CytcO after the initial rapid reduction by cyt. bcy,
S. cerevisiae cyt. ¢ was first rapidly reduced, but the reduction level
then continued to increase slowly over the time scale of mea-
surement. Fig. 6C shows data from the same experiment obtained
with the rc¢fl A mitochondria. Here, the behavior observed for the
two cyt. ¢ species was similar; the absorbance first increased and
then slowly decreased again. We note in particular the significant
difference in the traces obtained with the S. cerevisiae cyt. ¢ for the
wild-type and rcfIA mitochondria; although the activity of the
CytcO in wild-type mitochondria was larger than in the rcfIA
mitochondria, the cyt. ¢ reoxidation rate was larger in the latter.
Such a behavior can be explained by binding of at least one
S. cerevisiae cyt. ¢ (but not of horse heart cyt. ¢) at a site where it can
mediate direct electron transfer from cyt. bc; to CytcO in the wild-
type mitochondria, but not in the rc¢fI A mitochondria (Discussion).

Time-Resolved Single-Turnover Reaction of Reduced CytcO with 0,.
The above-discussed data indicate that the overall activity of
CytcO is significantly lower in rc¢fIA than in the wild-type mito-
chondria. However, results from measurements of the turnover
activity cannot discriminate between a situation where the entire
CytcO population displays a lower activity and a situation where
a fraction of CytcO is inactive (or significantly less active), whereas
a fraction is fully active. In an attempt to resolve this issue, we
studied the single-turnover reaction of CytcO with O, using the so-
called flow-flash technique. In the past, this approach has been
used to investigate the kinetics of specific steps of the reaction of
reduced CytcO with O, (reviewed in refs. 34 and 35). When using
this technique, the CytcO is fully reduced, after which the sample
is incubated under an atmosphere of CO. This CytcO-CO com-
plex is then rapidly mixed with an O,-saturated solution, after
which the CO ligand is dissociated by a short laser flash (~10 ns)
that displaces the CO ligand and allows O, to bind at the catalytic
site of CytcO. The reaction of the reduced CytcO with O is then
followed in time with microsecond time resolution by monitoring
absorbance changes at wavelengths that are specific (e.g., to redox
changes of the hemes). In earlier studies, primarily with the
detergent-solubilized enzyme, the reaction of reduced CytcO with
O, was investigated in detail using several spectroscopic tech-
niques, which offered detailed information on the sequence of
electron- and proton-transfer reactions (reviewed in refs. 34 and 35).
With the detergent-solubilized S. cerevisiae CytcO (36), at 445 nm,
we observed three kinetic components with time constants of 23 ps
(binding of O, and electron transfer from heme a to the catalytic
site, forming a state that is called “peroxy” and denoted as Pg),
0.4 ms, and 6 ms, where the two latter time constants are associated
with electron transfer from Cua/heme a to the catalytic site,
forming the fully oxidized state, denoted O. Formation of the so-
called oxoferryl state, denoted F, with a time constant of ~90 ps, is
not seen at 445 nm (36). Here, with the wild-type mitochondria, we
observed about the same absorbance changes at 445 nm as ob-
served previously with detergent-solubilized S. cerevisiae CytcO
(36) (Fig. 7). Because the slowest component in this reaction has a
time constant of ~1 ms, the CytcO is ~90% oxidized after a few
milliseconds (Fig. 74). As seen in Fig. 7 B and C, absorbance
changes with similar time constants were observed with the rcfl A
and r¢f2A mitochondria, but the reaction was incomplete with the
mutants and stopped (over a time scale of ~0.1 s) at a level where a
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fraction of CytcO was incompletely oxidized. As discussed else-
where in this report (Discussion), these data indicate that in the
refl A and ref2A mitochondria, a fraction of CytcO is fully active,
whereas another fraction is inactive.

Discussion

Ligand Binding. We first discuss the kinetics of CO ligand binding
after light-induced photolysis. The ligand binds mainly to the
iron of heme a3 in the catalytic site of CytcO, and the kinetics of
CO binding reveal structural changes at this site. Results from
earlier studies with oxidases from several different species have
shown that after light-induced dissociation from heme a3, the CO
ligand equilibrates with Cup, after which it dissociates into so-
lution (31) (Scheme 1)

hy 71095
Fea3 Cup (CO)

10351 108M s 1

Fe,, (CO)Cug

The dissociation rate constant from heme a3 in the dark is very
small (e.g., with the bovine mitochondrial CytcO, it is ~0.03 s™%);
upon pulsed illumination (v), the ligand moves to Cug in <<10 ns.
With the bovine heart CytcO, the dissociation rate constant from
Cug is ~7-10° s™! (31). The recombination of the CO ligand also
occurs via Cug, where binding of CO to Cug is a second-order
process (1-10° M~".s™"). The internal transfer of CO from Cug to
heme a3 displays a rate constant of 1-10> s™'. With the rate con-
stants in Scheme 1, the observed CO-recombination rate is ap-
proximately given by the fraction of CO bound to Cug (middle
state) multiplied by the CO-transfer rate from Cug to heme a;
lie., 0.13 x 1,000 s' =130 s (v = 8 ms) at 1 mM CO].

The rcflA and rcf2A mitochondria displayed clearly biphasic
CO-recombination kinetics (Fig. 3); that is, there were two
components, one of which displayed a rate constant similar to
the rate constant observed with the wild-type mitochondria
(110 s™', = = 9 ms, main, ~85% component) and one that was
about 100-fold faster (9-10° s™, T = 110 ps). We note that the
kinetic difference spectrum of the slow component agrees well
with a CO-reduced minus reduced static difference spectrum
(32) (Fig. 5). Consequently, we assume that the fraction of
CytcOs corresponding to the slow CO-recombination component
in the rcfI A/rcf2A strains is in the same state as the major pop-
ulation of the wild-type CytcO. Then, we address the origin of
the fast component (t = 110 ps) while focusing on rcf1 A, because
the effect was more pronounced with r¢fI A than with rcf2A. The
kinetic difference spectrum of this fast component differs from
the kinetic difference spectrum of the slower component. As-
suming the model in Scheme 1 for the yeast CytcO, the observed
CO-recombination rate cannot be accelerated beyond the value
of 10% s7! (i.e., the rate constant for CO transfer from Cug to
heme a3), unless there are structural changes or loss of Cug at
the catalytic site. In this context, we note that the fraction of
rapid component at 445 nm presumably does not quantitatively
reflect the fraction of the CytcO population with altered CO-
binding kinetics because the absorption coefficient associated
with the rapid process is not known.

Because the Rcf proteins were shown to interact with both cyt.
bcy and CytcO, we also considered the possibility that the rapid
CO-recombination component is associated with binding of the
ligand to another heme [e.g., the high-potential heme by (heme by,
is not reduced by ascorbate), the heme ¢ of the cyt. bc; complex, or
heme a in CytcO]. We exclude water-soluble heme proteins, other
than cyt. ¢, because they were presumably washed away during
preparation of the samples. Because hemes b and ¢ normally
do not bind CO, a scenario where any of these hemes would bind
CO would also require structural changes caused by removal
of the Rcfl or Ref2 polypeptide. It is not straightforward to
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Fig. 7. Reaction of the reduced CytcO with O,. A sample containing mito-
chondria was reduced and then incubated under an atmosphere of CO. The
sample was transferred to a stopped-flow device, where it was mixed with an
O,-saturated solution. About 200 ms after mixing, the mixture was illuminated
by a short laser flash (at t = 0), which resulted in a rapid increase in absorbance,
associated with dissociation of the CO ligand and binding of O, (decrease in
absorbance after the rapid increase). The following absorbance changes were
associated with stepwise oxidation of the CytcO. Data are shown with wild-
type (A), rcf2A (B), and rcf1A (C) mitochondria. Experimental conditions were
as follows (before mixing): 1 pM PMS, 4 mM sodium ascorbate, ~1.3 mM CO,
20 mM Hepes (pH 7.4), and 60 mM sorbitol. The sample containing mito-
chondria was mixed 1:1 with an O,-containing (~1.2 mM O,) buffer composed
of 20 mM Hepes (pH 7.4) and 60 mM sorbitol. A laser artifact at t = 0 has been
truncated.

identify the CO-binding species from the kinetic difference spec-
trum of the rapid component (Fig. 5) because CO binding would
be caused by weakening or dissociation of one of the two axial
amino acid ligands of the six-coordinated heme, resulting in
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Fig. 8. Schematicillustration of the data interpretation. The picture illustrates

cyt. bc; and CytcO in the preparation of mitochondria with the outer mem-
brane removed, as studied in this work, and with added cyt. c. DQH; delivers
electrons to cyt. bcy, which reduces the cyt. ¢ pool. Electrons from the cyt. ¢
pool are transferred to CytcO, which reduces O,. With the wild-type mito-
chondria, the CytcO is fully active, and in the presence of added S. cerevisiae
cyt. ¢, electrons are transferred from cyt. ¢; of the cyt. bc; complex via a cyt. ¢
that is attached at CytcO or in the interface between cyt. bc; and CytcO,
possibly at Rcf1 (Left). Under steady-state conditions, the direct electron
transfer, via the bound cyt. ¢, is faster than the equilibration of electrons with
the cyt. ¢ pool (during this direct electron transfer, the cyt. ¢ pool is slowly
reduced because the pool is in equilibrium with the bound cyt. ). This direct
electron transfer does not take place in the absence of Rcf1 [i.e., electrons are
only transferred via the cyt. ¢ pool: first to the pool and then from the pool
(Right)]. When using horse heart cyt. ¢, there is no prebound cyt. c and electron
transfer between cyt. bc; and fully active CytcO occurs only via the cyt. ¢ pool
(i.e., as on the Right, but with fully active CytcO).

unknown spectral changes. However, we note that for CO binding
to heme ¢ of the cbb; oxidase (37), genetically modified S. cerevisiae
cyt. ¢ (38), or carboxymethylated cyt. ¢ (39), the difference
spectra for CO dissociation are more blue-shifted than the ~6-nm
shift of the rapid component observed here. Consequently, CO
binding to heme c is less likely. Furthermore, we note that dis-
sociation of an axial ligand would also lower the midpoint po-
tential of the heme (40, 41), which would alter the activity of the
enzyme containing the altered heme. No such changes were ob-
served for cyt. bey in the rcfIA variant. Collectively, these data
suggest that the rapid CO-recombination component is associated
with a fraction of structurally modified CytcO. However, in future
studies, the possibility of CO binding to hemes other than CytcO
hemes should be kept in mind.

As indicated above, there is a possibility that removal of the
Refl polypeptide results in a weaker interaction between one of
the heme a axial ligands and the iron, allowing CO to bind. We
discuss this scenario because, in a recent study, Hayashi et al. (42)
showed that the Higd1A polypeptide, which belongs to the same
protein family as Rcf1, associates with CytcO from B. faurus heart,
resulting in increased CytcO turnover activity and a structural
change around heme a. The effect on the activity of HigdlA
binding to the B. taurus CytcO is similar to the effect observed for
Rcfl binding to the S. cerevisiae CytcO. However, the observed
structural changes at heme a upon Higd1A binding yielded a
fraction of high-spin heme a, which cannot explain the data with
reflA in the S. cerevisiae mitochondria. At present, the interaction
surface of the Rcfl protein with the surface of CytcO is not
known. Even though the structure of two Higl proteins has been
determined using NMR (43), the structure of the Refl protein is
not known because this protein has an additional stretch of ~65
amino acid residues, which could participate in the Rcfl-
CytcO interactions.

Collectively, the data described above indicate that removal of
the Rcfl or Ref2 polypeptides results in structural changes,
presumably in CytcO. Because these changes are specific to
removal of Rcfl or Ref2, but not to dissociation of the super-
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complex (Fig. 3), these protein components appear to have an
influence on CytcO function (Fig. 8).

Reaction with 0,. The conclusion above is also supported by the
data from the flow-flash experiments. In these experiments, we
followed in time absorbance changes associated with the single-
turnover reaction of the four-electron reduced CytcO with O,
with microsecond time resolution, which allowed observation of
all kinetic steps associated with progressive oxidation of CytcO.
First, these data show that in the absence of Rcfl or Rcf2, oxi-
dation was incomplete in a fraction of the CytcO population over
a time scale of ~0.1 s because the final absorbance level was
found to be above the absorbance level observed with the wild-
type mitochondria. Furthermore, we note that the fraction of
CytcO that did become oxidized with rcfl A/rcf2A reacted over
about the same time scale (a few milliseconds) as CytcO in the
wild-type mitochondria. In addition, the kinetic components
observed with the wild-type mitochondria (formation of states Pg
and O with time constants of 23 ps and 0.4/6 ms, respectively;
Results) were also represented in the rcfl Ajrcf2A mitochondria,
but with smaller relative amplitudes. These observations indicate
that with the rcflA/rcf2A mitochondria, the same sequence of
reactions takes place as in the wild-type mitochondria, but in a
smaller population of the CytcO. Consequently, the data suggest
that in the r¢fI A mitochondria, there is a fraction of CytcO that
is fully active and a fraction that is inactive (compare a situation
in which the entire CytcO population is 1/3 active with a situation
in which 1/3 of the population is fully active and the remaining
part (2/3) is inactive; compare Fig. 6). It is possible that there is
an equilibrium between the two forms of the oxidase and this
equilibrium is altered toward the inactive form by removal of
either of the two Rcf polypeptides, but with a more significant
effect for Refl than for Ref2 (Fig. 8). Even though the data
discussed here are independent of the presence or absence of
supercomplexes, we note that dynamic equilibrium of super-
complexes and free forms of cyt. bc; and CytcO was noted by Cui
et al. (44).

A lower activity of CytcO, without a decrease in the electron
flux into the respiratory chain, would result in accumulation of
reducing equivalents (e.g., at the quinol pool). These reducing
equivalents could react with O,, resulting in an increase in the
amount of nonenzymatically (partly) reduced O,, collectively re-
ferred to by the unspecific term “reactive oxygen species” (ROS).
Effects of ROS formation in the rcfIA and rcf2A mutants have
been discussed (17, 19).

Steady-State Activity. Measurements of the levels of reduced cyt. ¢
upon addition of DQH, in the presence of O, (Fig. 6 B and C)
showed that when using cyt. ¢ from horse heart, the cyt. ¢ was
first reduced (by cyt. bcy) and then reoxidized (slower reox-
idation by CytcO) with both wild-type and rcfl A mitochondria.
The oxidation rate was slower with rcfI A than with the wild-type
mitochondria, reflecting the lower activity of the CytcO in the
former. However, when using S. cerevisiae cyt. c, the data dis-
played a very different behavior. The reductive phase (increase
in absorbance) was similar to the reductive phase seen with the
horse heart cyt. ¢, but oxidation of cyt. ¢ by CytcO displayed a
reversed behavior (i.e., the apparent rate of cyt. ¢ oxidation was
faster with rcfIA than with the wild-type mitochondria).

This behavior (Fig. 6 B and C) can be explained as follows. We
do not expect the horse heart cyt. ¢ to form a 1:1 complex with the
S. cerevisiae cyt. bcy or CytcO. Consequently, when using horse
heart cyt. ¢, the entire cyt. ¢ population would be present in the
bulk water solution, in equilibrium with the membrane-bound cyt.
bc1-CytcO. Because the observed absorbance changes at 550 nm
(Fig. 6 B and C) reflect this bulk population (cyt. ¢ is added in
large excess to cyt. bci-CytcO), the absorbance first increases,
followed in time by a decrease. After this decrease, the reduced
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cyt. ¢ level would reach a steady-state level, which is dependent on
the relative concentration of DQH, and O,, as well as the turn-
over rate of cyt. bei-CytcO.

To explain the behavior with the S. cerevisiae cyt. ¢, we assume
formation of a tight complex between cyt. bc;-CytcO and at least
one cyt. ¢ molecule, as reported previously (4, 32). Assuming this
scenario, in the wild-type mitochondria, the bound cyt. ¢ would
bridge electron transfer between the two respiratory—enzyme
complexes (also refs. 12 and 45). Upon addition of DQH,, the
cyt. ¢ pool would be rapidly reduced by cyt. bc,. This cyt. ¢ pool
would then remain largely reduced, and electron transfer to
CytcO would take place primarily via the tightly bound cyt. c.
Consequently, no decrease in absorbance, due to oxidation by
CytcO, is observed with the S. cerevisiae cyt. ¢ (Fig. 6B) because
the direct electron transfer from cyt. bc; to CytcO is presumably
faster than via bulk solution. In this context, we note that the
O,-reduction turnover activity of wild-type mitochondria upon
addition of DQH, was about the same when using cyt. ¢ from
horse heart or S. cerevisiae (Fig. 64). In other words, even though
the reduction levels of the cyt. ¢ pools differ significantly for the
two types of cyt. ¢ (Fig. 6B), the electron flux from DQH; to O,
via cyt. bcy and CytcO, is not significantly different, suggesting
that the behavior observed upon addition of S. cerevisiae cyt. ¢ to
the wild-type mitochondria is not due to an altered steady-state
activity. The scenario outlined above is also consistent with the
findings of Trouillard et al. (32) (i.e., that the prebound cyt. ¢
would be in redox equilibrium with the cyt. ¢ pool).

In conclusion, these data indicate that in the S. cerevisiae mi-
tochondria, there is at least one cyt. ¢ bound to the cyt. be;—CytcO
supercomplex, that this cyt. ¢ mediates electron transfer between
the two complexes, and that the binding of cyt. ¢ to the super-
complex is dependent on the presence of the Refl protein (Fig. 8).
The involvement of the Refl protein in coordinating cyt. ¢ is fur-
ther supported by the observation that the amount of expressed cyt.
¢ was elevated in rcfIA cells (Fig. 2). In other words, under con-
ditions when direct electron transfer, presumably via a prebound
cyt. ¢, is lost, the amount of bulk cyt. ¢ is increased by the cell.

Structural and Functional Considerations and Conclusions. The de-
tailed molecular interactions between Rcfl and CytcO are not
known, but combined data from several studies point to possible
interactions with subunits Cox3, Cox12, and Cox13 (17-19). It
is not straightforward to discuss these findings in the frame-
work of the structural models of the S. cerevisiae cyt. bci—
CytcO supercomplex (7, 9) because these models indicate that
the cyt. bc;—CytcO interaction surface is located away from
Cox12 or Cox13. In other words, there is presently disagree-
ment between the data from the functional and structural
studies published earlier because the former point to interac-
tions of Rcfl with Cox3, Cox12, and Cox13, whereas the latter
point to interactions near Cox5. The functional model in Fig. 8
is based on the structural models of the cyt. bc;—CytcO super-
complex (7, 9), suggesting interactions as indicated by the blue
arrow near Cox5.

Even though our data suggest interactions of Rcfl near Cox5,
we discuss possible interactions of Refl with Cox13, which would
have to occur independently. Subunit VIa (B. faurus mitochon-
drial CytcO), which is a homolog of Cox13 in the S. cerevisiae
CytcO, houses an allosteric nucleotide binding site close to the N
terminus on its matrix side (46). In a recent study, Maréchal et al.
(22) noted that in the model of the S. cerevisiae CytcO, the
residues presumably involved in nucleotide binding are not
conserved. Instead, in the S. cerevisiae CytcO, there is a stretch of
37 amino acid residues, which together form an extension at the
N terminus (not present in the B. taurus CytcO). This domain
was suggested to be a possible regulatory site of the S. cerevisiae
CytcO (22), where Rcfl binding may play a role independent of
the supramolecular interactions discussed above.

Rydstrém Lundin et al.

The data from the present study indicate that Rcfl directly
regulates the activity of CytcO, but this regulatory role is in-
dependent of the role of Rcfl in stabilizing the cyt. bc;—CytcO
supramolecular interactions (the function of CytcO, as assessed,
e.g., in the CO-binding experiments, is independent of removal of
the cyt. bc; complex). An obvious question is whether or not there
is a functional relation between a decrease in CytcO activity and
dissociation of the cyt. bc;—CytcO supercomplex. A possible an-
swer to this question is offered by the data in Fig. 6, discussed in
detail above. If the Rcfl polypeptide does coordinate cyt. ¢ that
mediates direct electron transfer from cyt. bey to CytcO, an in-
creased amount of Rcfl would stimulate CytcO activity, induce
formation of the cyt. bc;—CytcO supercomplex, and recruit a
tightly bound cyt. ¢ that would bridge the distance between cyt. bc;
and CytcO (9). This role would be equivalent to the role of
the membrane-anchored cyt. ¢, in Rhodobacter sphaeroides or
Rhodobacter capsulatus (47, 48).

In future studies, it will be important to address structural aspects
of the Rcfl-CytcO interactions because this information is key to
understanding the effects observed here at the molecular level (and
the currently available data are not consistent). It would also be
interesting to address the role of the Rcf proteins in controlling the
ratio of O, reduction over ATP formation (the P/O ratio) because
changes in structure, such as those changes presumably induced by
removal of Refl, may interfere with proton pumping (49-52).

Materials and Methods

Materials. All chemicals were purchased from Sigma-Aldrich, except Zymolyase-
20T (from Arthrobacter luteus), which was purchased from Nacalai Tesque.
Yeast strains were purchased from the European Saccharomyces Cerevisiae
Archive for Functional Analysis (EUROSCARF, University of Frankfurt). Decy-
lubiquinone (DQ) was reduced as follows: A few grains of sodium borohydrate
were added to 20 mM DQ dissolved in ultrapure ethanol and left for a few
minutes on ice. When the solution was clear, a few drops of HCl were added,
followed by centrifugation to remove excess borohydrate. The reduced DQH,
was kept at —20 °C before use.

Strains and Growth Conditions. All strains used were S. cerevisiae BY4741
carrying the following deletions: wild type (Mat a; his3A1, leu2A0, met15A0,
ura3A0), rcf1A (Mat a; his3A1, leu2A0, met15A0, ura3A0; YMLO30w::kanMX4),
rcf2A (Mat a; his3A1, leu2A0, met15A0, ura3A0; YNRO18W::kanMX4), and
qcr8A (Mat a; his3A1, leu2A0, met15A0, ura3A0; YJL166W::kanMX4). All
deletions were confirmed using PCR. The S. cerevisiae cells were grown
at 30 °C under vigorous shaking in standard YP medium (pH 5.4) sup-
plemented with either 2% (vol/vol) glycerol (wild type) or 2% (wt/vol)
galactose (deletion strains).

Preparation of Mitochondria. Cells were harvested by centrifugation at 3,000 x g,
and mitochondria were prepared essentially according to the protocol of
Meisinger et al. (53) with some adjustments. Briefly, after harvest, the cells
were incubated for 10 min in 100 mM Tris-base at pH ~10, followed by
washing in 1.2 M sorbitol, and they were then incubated in a zymolyase
buffer [1.2 M sorbitol, 20 mM KP; (pH 7.4), zymolyase (3 mg/g wet weight)]
for ~60 min at 30 °C while shaking. Spheroplasts were centrifuged at 3,000 x g
and resuspended in 6.5 mL/g wet weight of homogenization buffer [10 mM
Tris-HCI (pH 7.4), 1 mM EDTA, 1 mM PMSF, 0.6 M sorbitol] and broken using a
glass-Teflon homogenizer (10 times). The homogenized spheroplasts were
spun (3,000 x g, 5 min, 4 °C), and the supernatant was kept while the pellet
was homogenized once more. After centrifugation, the supernatants were
pooled and spun (17,000 x g, 12 min, 4 °C), and the pellet was resuspended in
a buffer composed of 20 mM Hepes (pH 7.4) containing 0.6 M sorbitol, frozen
in liquid nitrogen, and stored at —80 °C until use.

Preparation of Fully Reduced and CO-Bound Mitochondria. Mitochondria were
centrifuged (10,000 x g, 12 min, 4 °C) and resuspended in a hypotonic buffer
[20 mM Hepes (pH 7.4) containing 60 mM sorbitol] to remove the outer mito-
chondrial membrane. Mitochondrial inner membranes were then washed three
times in the same buffer and resuspended in a volume that was adjusted to yield
0.2-4 uM CytcO (concentration determination is discussed below). The redox
mediator phenylmethylsulfonyl was added (1 pM final concentration) to the
samples before they were transferred to an anaerobic, locally modified
Thunberg cuvette (total sample volume of ~1.5 mL, path length of 1.00 cm)
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prepared with ascorbate in the side bulb to yield a final concentration of ~4 mM
after mixing. The gas in the cuvette was exchanged for N, on a vacuum line
before ascorbate was mixed in. Samples were allowed to reduce (for ~10 min)
before N, was replaced with CO (~130 kPa). The effects of the gas exchange,
reduction, and CO binding were monitored spectrophotometrically (Cary 4000
UV-Vis; Agilent Technologies).

Flash-Photolysis Kinetics. The Thunberg cuvette was placed in a flash photolysis/
flow-flash setup from Applied Photophysics. The absorbance of the reduced
sample under a CO atmosphere was monitored at a specific wavelength that
could be adjusted to any value in the visible range. The CO ligand was dis-
sociated by a short laser flash (8 ns at 532 nm, Brilliant B; Quantel) that il-
luminated the sample at a 90° angle. The flash-induced absorbance changes,
associated with CO dissociation and recombination, were monitored with
a time resolution of ~100 ns at a specific chosen wavelength using
a photomultiplier tube.

For the kinetic difference spectra, absorbance changes were determined every
2 nm in the wavelength interval of 420-450 nm. The amplitudes of the kinetic
components were determined from a fit of the data with a sum of exponential
functions. The amplitudes of these components were plotted at each wave-
length. To investigate the CO-concentration dependence, the CO-recombination
rates were first monitored at 445 nm with a CO-saturated sample, after which a
fraction of CO was removed on the vacuum line and replaced with N,.

Flow-Flash Kinetics. The flow-flash setup was purchased from Applied Pho-
tophysics. It is composed of a stopped-flow apparatus, connected to a laser
(8 ns at 532 nm, Brilliant B) that is used to illuminate the cuvette (1.00-cm path
length) at a specified time after mixing. The samples were prepared as de-
scribed above for the flash-photolysis studies. In a flow-flash experiment, the
anaerobic CO-bound sample was mixed in ~10 ms at a ratio of 1:1 with a
buffer (same composition as the mitochondrial sample) that was saturated
with pure O, (~1.2 mM). About 200 ms after mixing, CO was removed by the
laser flash, which allowed O, to bind to the CytcO catalytic site to initiate the
reaction (under the conditions used, O, binding and trapping is a factor of
~10° faster than CO recombination). Absorbance changes were recorded
with a time resolution of ~100 ns. The rate constants of the absorbance
changes at 445 nm (contributions of both hemes a and a3) were determined
using the software Pro-K (Applied Photophysics).

Determination of CytcO and Cyt. bc, Concentrations.

Concentration determination of CytcO. Mitochondria in suspension are highly
light scattering. To obtain a sufficiently transparent sample, the samples were
diluted with appropriate volumes of buffer by eye. The CytcO concentration
was determined either from the dithionite reduced-oxidized absorbance
difference spectrum at 605 nm (absorption coefficient of 24 mM~".cm™") or
from the laser flash-induced absorbance change at 445 nm using the ab-
sorption coefficient of 67 mM~".cm™". The CytcO concentration was typically
in the range 0.2-4 pM.
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Determination of the cyt. bc, concentration. To determine the concentration of
the cyt. bcy complex, the samples were reduced with dithionite (both hemes
b are reduced). The equation used for determining the concentration (Cy.,)
was as follows (54, 55):

Coc, = (AA27377)*35.1072 — (AA®354)%1.7. 1073 (mM),

where AA*7Y is the difference in absorbance at wavelength x minus the
absorbance at wavelength y.

The concentration of cyt. ¢ was determined using the absorption co-
efficient 21.1 mM~".cm™" for the reduced minus oxidized spectrum at
550 nm (56).

Steady-State Activity Measurements.

Oxygen consumption. Multiple turnover activity was measured either for CytcO
alone, by reduction with ascorbate/TMPD and cyt. ¢, or as the coupled ac-
tivity of cyt. bc; and CytcO upon addition of DQH, as an electron donor to
cyt. bcy using cyt. ¢ as an electron mediator. The oxygen reduction was
monitored using a Clark-type oxygen electrode (Hansatech) with a chamber
volume of 1 mL. When measuring the CytcO activity alone, a baseline was
recorded first with measurement buffer [20 mM Hepes (pH 7.4), 60 mM
sorbitol, 0.1 mM EDTA] containing 5 mM ascorbate and 0.5 mM TMPD be-
fore addition of inner mitochondrial membranes. The final concentration of
CytcO varied between preparations and was adjusted in the range of 2-20 nM.
The ratio of substrate to mitochondria was adjusted to make sure that
electron input was not rate-limiting. After recording for a few minutes,
KCN was added to block the CytcO, verifying that oxygen consumption
was mediated by the oxidase. In the case of coupled cyt. bci-CytcO activity, a
baseline in the measurement buffer containing 0.1 mM DQH, and 20 pM
cyt. c was recorded before inner mitochondrial membranes were added. As
above, the activity was blocked with KCN at the end of the experiment.
Cyt. bcy and CytcO activities as measured by absorbance changes of cyt. c. The
steady-state activity of cyt. bc; was measured by following in time absor-
bance changes at 550 nm (reduction of cyt. ¢) upon addition of DQH, in the
presence or absence of KCN to block cyt. ¢ oxidation by CytcO. First, oxidized
cyt. ¢ (from horse heart or S. cerevisiae at 20 pM) and mitochondria were
resuspended in measurement buffer, and a baseline was recorded. The re-
action was initiated by addition of DQH, (100 pM). Similarly, if KCN was
omitted, the coupled activity (reduction of cyt. ¢ by cyt. bcy, followed by its
reoxidation by CytcO) was measured following absorbance changes at
550 nm. Direct reduction of cyt. ¢ by DQH, was measured independently,
and the rate was found to be negligible compared with the rate of the
enzyme-catalyzed reaction.
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