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Abstract

Data from earlier studies showed that minor structural changes at the surface of cytochrome ¢
oxidase, near one of the proton-input pathways (the D pathway), result in dramatically decreased
activity and a lower proton-pumping stoichiometry. To further investigate how changes around the
D pathway orifice influence functionality of the enzyme, here we modified the nearby C-terminal
loop of subunit | of the Rhodobacter sphaeroides cytochrome ¢ oxidase. Removal of 16 residues
form this flexible surface loop resulted in a decrease in the proton-pumping stoichiometry to

<50 % of that of the wild-type enzyme. Replacement of the protonatable residue Glu552, part of
the same loop, by an Ala, resulted in a similar decrease in the proton-pumping stoichiometry
without loss of the O,-reduction activity or changes in the proton-uptake kinetics. The data show
that minor structural changes at the orifice of the D pathway, at a distance of ~40 A from the
proton gate of cytochrome ¢ oxidase, may alter the proton-pumping stoichiometry of the enzyme.

Introduction

Cytochrome ¢ oxidase (CytcO) is the terminal electron acceptor in the respiratory chain of
mitochondria and aerobic bacteria where it receives electrons from cytochrome cand
transfers these electrons to O,. The primary electron acceptor in CytcO is Cup, which
donates electrons consecutively to an intermediate electron acceptor heme @ and the O,-
binding catalytic site, which is composed of heme a3 and Cug. The electron transfer is
linked to proton pumping from the negative () to the positive (p) side of the membrane with
a stoichiometry of ~1 H* per electron transferred to O, (for reviews on the structure and
function of CytcO, see [1-3]). In the canonical type-Al CytcOs (e.g. from mitochondria,
Rhodobacter sphaeroides) [4, 5] protons used in the reduction of O, to H,O are transferred
from the r-side of the membrane to the catalytic site via two pathways called K and D,
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respectively. The latter pathway is also used for uptake of protons that are pumped across the
membrane. It starts at Asp132 (R. sphaeroides numbering), at the s+side surface, and is
composed of ~10 water molecules that span the distance from Asp132 to Glu286, both
highly conserved and functionally essential residues of the D pathway [6, 7]. The Asp132
residue is located in the inner part of a cone-shaped cleft (Figure 1A), which is decorated by
protonatable residues that form a protoncollecting antenna (Figure 1A) [8, 9].

Results from earlier studies with e.g. the R. sphaeroides CytcO showed that replacement of
Aspl32 by a non-protonatable analog results in loss of activity and proton pumping [9, 10],
but the effect of the mutation could be reversed by altering residues further "up" the D
pathway [11], which suggests plasticity in the structural design of the D pathway and that
the proton-transfer rates could be modulated by minor structural changes. Consequently, the
question arises whether also structural changes outside of the D pathway, at the 7-side
surface, may alter the turnover activity or proton-pumping stoichiometry of the CytcO.
Because the D pathway architecture is conserved among the A1 CytcOs [4, 5] and the
functional properties of the CytcOs investigated to date are very similar, it is likely that the
results obtained with any of the Al CytcOs can be generalized.

In the R. sphaeroides CytcO residues near the orifice of the D pathway are found at the C
terminus of subunit I. The last 16 amino-acid residues of this C terminus (residues 551-566,
Figure 1A) are not observed in the two-subunit crystal structure of the CytcO [12],
indicating that this tail may be flexible in nature [13]. The C terminus contains a large
fraction protonatable residues (4 Asp/Glu, 1 His, 3 Arg/Lys), which are likely to collectively
contribute to facilitate proton uptake. The C-terminal loop of subunit I is bound to residues
of subunit 111, but the last six residues of this loop are flexible, hence are not resolved in the
four-subunit structure (residues 561-566, Figure 1A).

To further investigate the effect of changes at the protein surface on proton uptake by the
CytcO, here, we prepared structural variants of CytcO from R. sphaeroides in which the 16-
residue C-terminal loop of subunit | was altered. The study was motivated by analysis of a
recently determined structure of a supercomplex composed of cyt. bccand cytochrome ¢
oxidase from Mycobacterium smegmatis [14, 15]. This structure showed that a C-terminal
loop of the QcrB subunit of the cyt. bcc complex forms a "lid" that covers the orifice of the
D pathway [14], which suggests a mechanism to regulate the proton-pumping stoichiometry
and activity of this supercomplex by structural changes at the D pathway orifice. In the
present study the C-terminal loop at the R. sphaeroides CytcO was either shortened or
removed (CiA6, C;A16), or the first protonatable residue of the loop (i.e. the 16! residue
from the C terminus), Glu552, located at the protein surface ~10 A "below" Asp132, was
replaced by a non-protonatable Ala (Glu552Ala). We crystallized the C;A16 as well as the
C;A6 CytcO variants under conditions where the two-subunit CytcO forms crystals [12] and
determined their structures. To investigate the effects of these alterations we measured the
activity, proton-pumping stoichiometry as well as the electron and proton-uptake kinetics.
The data show that the Glu552Ala replacement resulted in slowing proton uptake during O,
reduction and lowering the proton pumping stoichiometry to <50 % of that of the wild-type
CytcO.
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Results and Discussion

We first removed the entire 16-residue C terminus of the R. sphaeroides CytcO subunit |
(CjA16). The activity was measured by following in time O, reduction using a Clark
electrode. As seen in Figure 2 the C;A16 CytcO displayed a lower activity as compared to
the wild-type enzyme, but this lower activity was most likely a consequence of the smaller
fraction of bound subunit 111 (see Figure S1) [16]. We also prepared a variant in which six
residues from the C terminus of subunit I (C;A6) were removed (see description of the
structure below). This construct yielded fully active CytcO without loss of subunit 111. We
also prepared a structural variant in which the first acidic residue of the 16-residue terminus,
Glu552 (16 residues from the C terminus), was replaced by Ala. Here, the charge properties
of the loop were altered as close to Asp132 as possible with retained subunit I11. As seen in
Figure S1, even though the subunit 111 band for the Glu552Ala variant was more narrow than
that of the wild-type CytcO, it was stronger than that of C;A16 CytcO, which suggests that a
larger fraction of the CytcO was intact with the single mutant CytcO. Furthermore, as seen
in Figure 2, the steady-state activity of the purified Glu552Ala CytcO was the same as that
of the wild-type CytcO in the entire measured pH range, which suggests that subunit 111
remained bound in the mutant. This conclusion is drawn because results from earlier studies
(e.g. [16-18]) showed that the O,-reduction activity of CytcO without subunit I11 dropped to
about 10 % of that of the wild-type CytcO above pH 8 (~100 s~ at pH 8 and <20 s™1 at pH
9-10).

Proton pumping
To determine the proton-pumping stoichiometry of the CytcO we reconstituted the enzyme
into lipid vesicles and monitored absorbance changes of the pH dye phenol red, outside of
the liposomes, upon addition of cyt. cto initiate CytcO turnover in a stopped-flow apparatus.
The initial lag phase or slight decrease in absorbance is indicative of an initial proton
extrusion to the outside of the liposomes (black traces, Figure 3). The appearance of this
initial lag is dependent, e.g. on the relative rates of proton pumping and proton leaks in the
controlled state. The slower increase in absorbance is due to a transmembrane proton leak
across the membrane. Because this increase in absorbance was slower than that seen with
the proton and K* ionophores (red traces in Figure 3, see below), the data show that the
liposomes were sufficiently tight to protons to allow measurements of proton pumping.

When the same experiment was done in the presence of the K* ionophore valinomycin we
observed a decrease in absorbance associated with proton release to the outside of the
liposomes (green traces, Figure 3). Valinomycin short-circuits the electrical component of
the electrochemical gradient thereby relieving the membrane potential, allowing CytcO
turnover and protons to be pumped. In the presence of the proton ionophore FCCP as well as
valinomycin, the membrane is fully permeable to both H* and K*(red traces in Figure 3). As
a result, a net proton uptake is observed associated with O, reduction to H,O. Because the
stoichiometry of this proton uptake is well defined, 1 H*/e™, the signal could be used for
normalization. Comparison of the amplitudes of the red and green traces yields the proton
pumping stoichiometry, which was ~30 % and ~50 % of that of the wild-type CytcO for the
CiA16 and Glu552Ala CytcOs, respectively. Hence, structural changes at the 7-side surface
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of the CytcO resulted in lowering the proton-pumping stoichiometry of the CytcO. The
lower stoichiometry obtained with the CjA16 than with the Glu552Ala CytcO is likely to be
caused by the fractional loss of subunit 111 in the former (Figure S1) [16, 17, 19, 20], which
is discussed in detail below.

Single-turnover electron transfer and proton uptake

The purified Glu552Ala CytcO was reduced by four electrons per enzyme molecule and
incubated under an atmosphere of CO, which results in formation of the reduced CytcO-CO
complex. The CytcO-CO complex was mixed with an O,-saturated solution, followed in
time by flash-photolysis of the CytcO-CO complex. The dissociation of the CO ligand
allows O, to bind to heme &5 to initiate the reaction, which was monitored using time-
resolved absorption spectroscopy at wavelengths that are specific to redox changes at the
cofactors of the CytcO [21]. At 580 nm (Figure 4A) the initial, unresolved decrease in
absorbance is associated with dissociation of CO from heme &3 forming the reduced state of
the CytcO, called R. Next, O, binds to heme &3 with a time constant of ~10 ps at 1 mM O,
but this kinetic component is not resolved in Figure 4A. The first observed kinetic
component (decrease in absorbance with a time constant of ~50 ps) is associated with
formation of the so-called peroxy state, Pr. The amplitude of this component was much
smaller at pH 7.5 than at pH 10 because at the lower pH it is followed in time by an increase
in absorbance, associated with formation of the ferryl state, F, with a similar time constant of
100 ps. This increase in absorbance was slower at pH 10 (t = 250 ps), which explains why
the amplitude of the 50-ps absorbance decrease was larger at the higher pH. The slowest
decrease in absorbance, with time constants of 1 ms and 5 ms at pH 7.5 and pH 10,
respectively, is associated with the final oxidation step of the CytcO, which yields state O. A
similar behavior was observed earlier for the wild-type CytcO [22].

Panels B, C in Figure 4 show the pH dependence of the two reactions that are linked to
proton uptake and pumping, i.e. Pr — F and F — O, respectively. The pH dependence of
the former reaction is determined by the protonation state of Glu286 [23], which has a pKj
of ~9.4. As seen in the figure, this pKjin the pH dependence of the P — F reaction was
unaltered in the Glu552Ala variant indicating the pK; of Glu286 was unaltered.
Furthermore, the data indicate that the kinetics of proton transfer through the D pathway was
unaltered by the Glu552Ala replacement.

The pH dependence of the F — O rate titrates in two regimes with one pKj of ~8.5,
presumably also determined by the protonation state of Glu286, and a pKj; <6.5 [10], which
has previously been attributed to reflect the protonation state of a heme propionate [24].

As already discussed above, we argue that subunit 111 is lost in the C;AL16 variant, but intact
in the major fraction of Glu552Ala population. We note that results from earlier studies
showed that loss of subunit I11 results in a shift in the pH dependence of the F — O reaction
to a lower pH range, yielding a decrease in the pKj; by ~1.8 units [18]. The data from the
present study show qualitatively a shift in the pH dependence in the opposite direction, i.e.
the F — O rate with the Glu552Ala CytcO titrated at higher pH values than the wild-type
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CytcO. Hence, these data suggest that the effect of the mutation on the F — O rate is not
caused by loss of subunit I11.

It has been suggested that surface groups around the D pathway orifice may be involved in
controlling the pH dependence of proton uptake [25], This scenario may explain the absence
of the lower pKj in the pH titration of the F — O rate with the Glu552Ala variant.

Next, we measured proton uptake with detergent-solubilized CytcO by following in time
absorbance changes of the pH dye phenol red added to the solution in the absence of buffer
(Figure 5). With the wild-type CytcO, two components are observed [26], overlapping in
time with the PR — F and F — O reactions, respectively, and with approximately equal
amplitudes (~0.8 H* in each reaction) [21]. The same two components were observed with
the Glu552Ala variant, however, the amplitude of the faster, Pr — F, component was 30
+ 7 % of the total absorbance change, i.e. equivalent to 0.5 + 0.1 H*/CytcO while proton
uptake during F — O amounted to 1.1 + 0.1 H*/CytcO (SD of 11 and 6 measurements on
each of two samples). The numbers were obtained from a fit of the data with a sum of two
exponential functions. The data report the net proton uptake because the reaction was
studied in detergent solution. Consequently, the signal amplitudes are expected to be the
same for the wild-type and Glu552Ala CytcOs because the net reaction that is observed is
reduction of O, to H,O by the reduced CytcO. However, the relative amplitudes of the two
components are modulated by the uptake and release of protons that are pumped. Even
though proton uptake and release typically display the same time constants with e.g. the
mitochondrial or R. sphaeroides wild-type CytcO [27, 28], a fraction of protons that are
taken up during the Pr — F reaction may be released in the F — O reaction, as has been
observed with the wild-type bas oxidase from 7. thermophilus [29]. The smaller amplitude
with the Glu552Ala variant would then explain the increase of the absorbance-change
amplitude of the F — O component on the expense of that of the Pr — F component.

Results from earlier studies have shown that the removal of the flexible portions of proteins
can improve crystal quality. As already discussed above, the 16 amino acid residues at the C
terminus of subunit | of the R. sphaeroides CytcO subunit | is presumably flexible and not
observed in the two-subunit structural model of the CytcO. The last six residues were not
seen in the four-subunit model. Here, we crystallized both the C;jA16 and CijA6 CytcO
variants and under conditions where the two-subunit CytcO forms crystals [12] and observed
X-ray diffraction at 2.1 A and 2.5 A, respectively (Table S1). Although the crystal of C;A16
has a similar space group (p212121) to that seen with the wild-type CytcO, the cell
dimensions of the crystals were slightly different from those of wild-type crystals (Table
S1). This difference might be caused by the C-terminal deletion, which influences the crystal
packing. Consequently, molecular replacement, instead of rigid body refinement, was
performed to obtain the correct phase information of this crystal. The data show that the
overall structure of this variant is essentially the same as that of the wild-type CytcO with
structural changes only around the site of mutation (T550 region, Figure 6). The two-subunit
crystals of CjA6 CytcO were essentially identical to those of the wild-type CytcO having the
same space group (p212121) similar unit cell dimensions and crystal contacts. Even though
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we did not obtain the crystal structure of the Glub52Ala variant, the structural data from the
more major alterations suggest that this single residue replacement would result in changes
only around the orifice of the D pathway.

Conclusions

The data show that the proton-pumping stoichiometry of the Glu552Ala structural variant
was <50 % of that of the wild-type CytcO. A similar effect was noted for the C;A16 CytcO
in which Glu552 was also removed, but in this variant subunit 111 was lost in a fraction of the
CytcOs. This observation complicates interpretation of the data because loss of subunit 111
also yields CytcO with a ~50 % proton pumping stoichiometry [17, 19, 20], presumably as a
result of removal of subunit 111 residues that extend toward the orifice of the D pathway in
subunit | [16]. As outlined above, we exclude the loss of subunit 111 in the Glu552Ala variant
for the following reasons: (/) The subunit Il band in the SDS-PAGE was stronger than with
the C;A16 variant (although it was less broad than with the wild-type CytcO, as discussed
above). (/) The activity of CytcO without subunit I11 is lower than that of the wild-type
CytcO at pH=7 and approaches ~10 % at pH >8 [16-18], while the activity of the Glu552Ala
variant was the same as that of the wild-type CytcO (Figure 2). (///) The pH dependence of
the F — O reaction with CytcO without subunit 111 was shifted to lower pH values [18], but
with the Glu552Ala it was shifted to higher pH values (Figure 4C). (/V) Proton uptake during
the Pgr — F reaction (t = 100 us) was not observed without subunit I11 [18], but it was
observed with the Glu552Ala variant.

The observation of a lower proton-pumping stoichiometry with the Glu552Ala variant is
thus intriguing because the segment of the CytcO that controls proton pumping (often
referred to as the proton-loading site, PLS) is presumably located in the membrane-spanning
region of the CytcO, above the heme groups, i.e. at least 40 A from Asp552 (see e.g. [1-3,
30, 31]). A lower proton-pumping stoichiometry was also observed earlier upon replacing
specific residues along the D pathway (summarized in [32]). These variants could be divided
into two categories, those in which the proton-uptake rate through the D pathway was
slowed and those in which it was unaltered [9, 10]. The Glu552Ala variant studied here
belongs to the latter category. Another example of a structural alteration that yields CytcO of
this latter category is replacement of Asn139 by Asp, which resulted in completely impaired
proton pumping while the proton-transfer rate through the D pathway was retained [22]. The
residue is located at the lower part of the D pathway at a considerable distance from Glu286
and the PLS. Siegbahn and Blomberg presented data based on theoretical calculations,
which showed that the lower pumping stoichiometry could be explained by an increased
back-leak of protons from the PLS to the 7-side, caused by changes in the energy level of the
"resting state™ for the proton near the orifice of the D pathway [33, 34]. They considered a
scenario where proton transfer through the D pathway is initiated by protonation of His26
(Figure 1), which results in rotation of Asp132 placing the side chain close to Asn139 from
where the proton is transferred through the pathway toward Glu286. According to these
calculations, any changes in the pKj of His26 would alter the proton back-leak rate, which
would lower the proton-pumping stoichiometry. Even though residue Glu552, investigated
here, is located about 10 A from His26, these calculations indicate that structural changes
near the CytcO surface may influence the stoichiometry of proton pumping.
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The data from the present study point to a possible mechanism by which structural changes
around the D pathway orifice could modulate the proton-pumping activity of the CytcO.
This mechanism may be discussed in the framework of a recently-determined structure of an
obligate supercomplex from the gram-positive bacterium Mycobacterium smegmatis. It is
composed of a cyt. bec dimer flanked by two CytcO monomers [14, 15, 35]. The structure of
this supercomplex shows that a loop in subunit QcrB (cyt. 4 of the cyt. bcec complex)
consisting of ~100 amino-acid residues forms a "lid" that covers the Asp132 cleft [14]
(Asp115 in M. smegmatis) (see Figure 1BC, blue). This arrangement would provide a
mechanism to regulate the CytcO activity and pumping stoichiometry by changes in the cyt.
bee complex, as illustrated in the present study.

Materials and Methods

Genetic construction of CytcO variants from R. sphaeroides.

The expression strain for C;A16 was constructed by removing the last 16 amino acids of the
subunit I C-terminus from the plasmid pJL-33. The expression strain for C;A6 was created
by changing the codon of E561 to a stop codon, in the plasmid pJL-49, so that the last six
residues of subunit | were not translated. The modified plasmid constructs were then
conjugated into the R. sphaeroides D1D4 strain. To introduce the mutation Glu552Ala
(subunit I) into the plasmid PJS3-SH the following PCR primers were used:
CCGGAGCATACGTTCGCGCAGCTTCCCAAGCGG (upper primer),
CCGCTTGGGAAGCTGCGCGAACGTATGCTCCGG (lower primer). After the mutation,
a fragment containing subunit I1-111 operon genes was inserted into the Pst | site on PJS3-SH
to form plasmid pJL-44. The DNA fragment containing subunit | with the Glu552Ala
mutation and the subunit 11-111 operon was then ligated into pRK415-1 to form the
expression plasmid pJL-45. pJL-45 was then conjugated into the R. sphaeroides strain A123.
Histidine tags were added onto either the C-terminus of subunit | (done for GIu552Ala) or
the C-terminus of subunit Il (done for C;A6 and C;A16) as described in [36].

Purification of CytcO enzyme.

The R. sphaeroides strains were grown as described in [36]. The proteins of PJL33, pJL-45
and PJL49 were purified with a Ni-NTA FPLC column and a further purification step with a
DEAE-5pw column was also performed to facilitate the reconstitution of CytcO into
liposomes (see below) [36]. For crystallization, the enzyme was purified via a single step Ni-
NTA FPLC purification method [12].

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

Approximately 10 pg of protein in sample buffer containing 25 mM Tris, pH 6.5, 40 %
glycerol, 8 % SDS and 0.08 % bromophenol blue was loaded onto an 8 % acrylamide
stacking gel at pH 6.8 on top of an 18 % acrylamide separating gel at pH 8.8. The gel was
electrophoresed at 100 V at room temperature [37]. The gel was then stained with
Coomassie blue and destained with 7.5% glacial acetic acid for three times [38]. Polypeptide
sizes were estimated from low-molecular weight range markers from New England Biolabs.
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CytcO activity assay.

The CytcO activity was measured using a Clark-type oxygen electrode (Gilson model 5/6H).
The assay was performed at 25°C in a 1.75 mL reaction cell containing 50 mM KH,POy4, pH
6.5, 0.05 % dodecyl maltoside, 2.8 mM ascorbate, 0.55 mM TMPD and 30 pM of horse
heart cytochrome ¢. The CytcO concentrations were in the range of 5 nM to 50 nM. Soybean
phospholipids, asolectin (1 mg/mL) was also added to stimulate the enzyme for full activity.
The activity of CytcO is calculated as described in [39, 40].

Reconstitution of CytcO into vesicles.

To investigate proton pumping ability purified CytcO was reconstituted into small
unilamellar vesicles made of soybean polar lipid extract (asolectin) obtained from Avanti
Polar Lipids (product number 541602) [38]. A cholate dialysis method [38] was used for the
reconstitution. Before usage, the asolectin was precipitated with acetone and then extracted
with diethyl ether. The cholate was removed by dialysis as previously described [39].

Proton Pumping assay.

For the measurement of alkalization inside the vesicle, 4.2 pM of horse heart cytochrome ¢
was mixed with 0.04 pM of oxidase (in the proteoliposomes; inside buffer was 50 mM
HEPES-KOH, pH 7.4, 43 mM KCI). Data scans were collected (1000 scans/s) using a
stopped-flow apparatus (Applied Photophysics).

Flow-flash kinetics.

Flow-flash experiments were performed to study the single-turnover oxidation kinetics of
CytcO as described in [41, 42]. Briefly, the purified CytcO was transferred to a Thunberg
cuvette and air was exchanged for N». The sample was fully reduced by addition of 2 mM
ascorbate and 1 mM phenazine methosulfate (PMS). The N, atmosphere was then
exchanged for CO. Absorbance spectra were acquired on a Cary 4000 spectrophotometer
(Agilent) to monitor the redox state of CytcO and the binding of CO to heme a;. The kinetic
measurements were done using a flow-flash instrument (Applied Photophysics). The delay
time between mixing and photo-dissociation of CO was 200 ms and the cuvette path length
was 1.00 cm (for other conditions, see the Figure legend of Figure 4). The kinetic data were
analyzed using the Pro-K software (Applied Photophysics).

Proton uptake measurements.

A PD-10 column (GE Healthcare) was used to exchange the sample buffer to 100 mM KCI
(pH 7.8), 100 uM EDTA, 0.05 % DDM. The pH dye phenol red (40 pM) was added to the
sample and the pH was set to 7.8. The sample was then prepared as for the flow-flash
experiments (see above) except that 0.2 uM hexaammineruthenium(ll) chloride was used as
an electron mediator (see also the legend of Figure 5). The exhaust solution from the
stopped-flow apparatus (unbuffered solution) was collected and titrated with HCI for
calibration purposes.
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Crystallization.

Purified PIL33 CytcO was crystallized with two-subunit crystallization conditions [12]: 6 pl
of enzyme solution containing 10 mM Tris, pH 8.0, 50 mM NacCl, 0.20% decyl maltoside
and 120 pM CytcO was mixed with 3 pL of reservoir solution containing 100 mM MES, pH
6.3, 27 % PEG-400 and 3 pl of crystallization additive solution containing 5 % heptanetriol,
32 mM MgCl,, 1.3 mM CdCl, and 0.026 % Dodecyl maltoside. Two subunit crystals were
observed after three days growing under 4 °C incubation. After two weeks, the crystals of
PJL33 were collected and examined at Argonne National Lab. The best resolution of the
crystals was 2.1 A (Table S1). Two-subunit crystals of PJL49 CytcO were also obtained
under the sitting drop condition with slightly different conditions: well solutions containing
100 mM MES, pH 6.3, 27-29% PEG-400. The drop also contained 1.3 % heptanetriol, 8
mM MgCl,, 0.4 mM CdCl, and 0.06% Dodecyl maltoside. The best resolution of the crystal
of PJL49 was 2.5 A (Table S1).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Importance of the C-terminal of Cox1 (subunit I) for cytochrome ¢ oxidase
activity.
. Changes in protonatable surface residues modulate the proton-pumping
stoichiometry.
. Possible implications for function of the M. smegmatis supercomplex.
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Figure 1. The R. sphaeroides (A) and M. smegmatis (B, C) Al-type CytcOs.
(A) Membrane view of subunit | of the R. sphaeroides CytcO. Five protonatable residues of

the C-terminus (E552-D559) are highlighted. Due to the flexibility of the C-terminus, its last
six residues, including the protonatable residues E561, R562 and H566, are missing in the
structure. The negatively charged E552 is situated about 10 A from H26. The D pathway,
which starts at D132 and ends at E286, is displayed by the red arrow. (B) Membrane view of
subunit CtaD (corresponding to subunit | in R. sphaeroides CytcQ) and subunit QcrB in M.
smegmatis. A loop (blue), extending from subunit QcrB (light purple) of the cyt. bce
complex forms a "lid" that covers the entry point (D115) of the D pathway. The D pathway
(D115 to E266) is shown by the red arrow. (C) Same as in B, but a top view. The figures
were prepared using the program PyMOL from the PDB files 1M56 (R. sphaeroides) and
6HWH (M. smegmatis).
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Figure 2. Steady-state O reduction activity.
The activities (in electrons per second per CytcO molecule) for the wild-type CytcO as well

as the C;A6, CjAl16, Glu552Ala variants (as indicated) were measured using an O,-electrode.
See the Materials and Methods section for experimental conditions. Errors are SD based on
three measurements. The lines are guides for the eye.
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Figure 3. Proton pumping.
CytcO reconstituted in liposomes was mixed with ascorbate and cyt. ¢ in the presence of O,.

Absorbance changes of the pH dye phenol red, associated with changes in the proton
concentration, were measured as a function of time (black traces). The green traces were
obtained after addition of the K* ionophore valinomycin (2 uM), while the red traces were
obtained after addition of both valinomycin and the proton ionophore FCCP (5 uM).
Experimental conditions: 4.2 uM cyt. ¢, 0.04 uM CytcO in liposomes, which contained 50
mM HEPES-KOH, pH 7.4, 43 mM KCI.
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Figure 4. Electron-transfer kinetics.
The reduced CytcO was incubated under an atmosphere of CO and mixed in a stopped-flow

apparatus with an Op-saturated solution. (A) Absorbance changes at 580 nm. The reaction
was initiated at £= 0 by photolysis of the CytcO-CO complex (unresolved decrease in
absorbance). The following small decrease in absorbance is associated with formation of the
PR state. The increase in absorbance with a time constant of ~100 ps or ~400 ps at pH 7.5
and pH 10, respectively, is associated with the P — F reaction. The final decrease in
absorbance with time constants of 1 ms and 5 ms, respectively, is associated with formation
of the oxidized (O) CytcO. The traces are scaled to 1 UM reacting enzyme. A laser artifact at
t=0 has been truncated for clarity. (B,C) pH dependence of the Pr — F (B) and F — O
(C) rate constants (red) compared to the equivalent rates obtained with the wild-type CytcO
(black trace, [23, 43]).

The rates in (B) were obtained from measurements at 580 nm while those in (C) were
obtained from measurements at 445 nm, 580 nm and 605 nm. The error bars are SD based
on 2-4 measurements. Experimental conditions: the mixing ratio was 1:5. Syringe 1
contained 5 UM CytcO, 5 mM Bis-trispropane pH 8.0, 100 uM EDTA, 0.05 % DDM.
Syringe 2 contained 33 mM of Bis-tris-propane, CAPS, and CHES supplemented with 100
UM EDTA, 0.05 % DDM.
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Figure 5. Proton-uptake kinetics.
The reduced CytcO was incubated under an atmosphere of CO in a solution containing the

pH dye phenol red, in the absence of buffer. The experiment was carried out as described in
Figure 4. An increase in absorbance is associated with proton uptake. For comparison of the
relative amplitudes of the two kinetic components, the Glu552Ala (red) and wild-type
(black) traces have been scaled to yield the same total amplitude. To remove absorbance
changes that are not associated with changes in protonation, the experiments were repeated
with buffer at pH 7.8 (syringe 2 contained 100 mM HEPES pH 7.8 instead of KCI) and the
absorbance changes were subtracted from those obtained in the absence of buffer.
Experimental conditions before mixing (1:1): syringe 1 contained: 100 mM KCI (pH 7.8),
100 uM EDTA, 40 uM phenol red, 0.05 % DDM; 2 mM ascorbate; 0.2 UM
hexaammineruthenium(11) chloride (HexaRu(11)), 10-20 uM CytcO. Syringe 2 contained
an oxygen-saturated solution (~1.2 mM) with the same composition as that in syringe 1,
except that no ascorbate/HexaRu(11) were added.
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Figure 6. Structures of the C-terminus of wild-type, CijA6, and C;A16.
The major structural changes in the C;A16 strain (PDB ID: 6PW1) were found in the T550

region. In the wild-type [12] and C;A6 (PDB ID: 6PW0) CytcOs, there are electron densities
attributed to two water molecules or a metal ion (e.g. Mg2*) and a water molecule bound
between T550 and H26. In C;A16, the loss of the last 16 residues of subunit | make T550 the
new C-terminus. Here the T550 side chain is folded closer to H26, forming a hydrogen
bond. This region is very close to the entrance of the D-pathway at residue D132.
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