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ABSTRACT: The functionality of membrane proteins is often
modulated by the surrounding membrane. Here, we investigated
the effect of membrane reconstitution of purified cytochrome ¢
oxidase (CytcO) on the kinetics and thermodynamics of
internal electron and proton-transfer reactions during O,
reduction. Reconstitution of the detergent-solubilized enzyme
in small unilamellar soybean phosphatidylcholine vesicles
resulted in a lowering of the pK, in the pH dependence profile
of the proton-uptake rate. This pK, change resulted in decreased
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proton-uptake rates in the pH range of ~6.5—9.5, which is explained in terms of lowering of the pK, of an internal proton donor
within CytcO. At pH 7.5, the rate decreased to the same extent when vesicles were prepared from the pure zwitterionic lipid 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) or the anionic lipid 1,2-dioleoyl-sn-glycero-3-phospho(1-rac-glycerol) (DOPG).
In addition, a small change in the internal Cuy—heme a electron equilibrium constant was observed. This effect was lipid-
dependent and explained in terms of a lower electrostatic potential within the membrane-spanning part of the protein with the
anionic DOPG lipids than with the zwitterionic DOPC lipids. In conclusion, the data show that the membrane significantly
modulates internal charge-transfer reactions and thereby the function of the membrane-bound enzyme.

he heme-copper oxidases are membrane-bound enzymes,

which catalyze reduction of oxygen to water in the
respiratory chain of aerobic organisms. In the cytochrome ¢
oxidases (CytcOs), electrons are transferred one by one from
cytochrome ¢, which binds at the more positive (p) side of the
membrane. The initial electron acceptor in CytcO is a copper
site, Cu,, from which electrons are then transferred
consecutively to a heme group, heme 4, and to the catalytic
site, which consists of heme a5 and Cug. In the bacterial CytcOs
studied to date, protons are transferred through one or two
pathways, which start at the more negative (n) side of the
membrane (for reviews of the structure and function of CytcOs,
see, for example, refs 1—7). Because electrons and protons are
transferred from opposite sides of the membrane, this process
results in a charge separation across the membrane, which
conserves part of the free energy available from the O,-
reduction process. In addition, the reaction is also linked to
proton pumping from the n side to the p side, across the
membrane, thereby increasing the overall energy conservation
efficiency to two translocated charges per electron transferred
to O,.

In the Rhodobacter sphaeroides CytcO (aa; oxidase), two
proton pathways have been shown to be used for proton uptake
from the n side of the membrane">® (Figure 1A). Upon
reduction of heme a; and Cug, two protons are transferred

through the K pathway, which spans the distance from Glu101"
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in subunit II (the superscript indicates the subunit number) to
the catalytic site in subunit I, via a highly conserved Lys362
residue. After O, binds to heme a;, the two remaining protons
are taken up through another proton pathway denoted by the
letter D after a conserved Asp132 residue located at the orifice
of the pathway. This pathway leads via a highly conserved
Glu286 residue to the catalytic site as shown in Figure 1A.>"°
All protons that are pumped by the CytcO are also taken up
through the same, D pathway, but the trajectory of these
protons leads from Glu286 to an acceptor site that is located
above the hemes.

Most functional studies of CytcO to date have been
performed with the detergent-solubilized CytcO. The results
from these studies have provided information about rates of
internal electron- and proton-transfer reactions as well as pK,
values of internal proton donors. However, understanding the
function of a membrane-bound protein such as CytcO requires
studies of reactions catalyzed by CytcO also in a membrane
environment, which would mimic the natural environment of
this protein. For example, early measurements of CytcO
turnover showed that the reaction is modulated by the lipid
composition.'' More recent crystallographic and functional
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Figure 1. (A) Schematic view of the structure of the R. sphaeroides
CytcO (Protein Data Bank entry 1M56°) embedded in a membrane.
The redox-active metal sites and some amino acid residues lining the
two proton-transfer pathways are shown, and those mentioned in the
text are indicated. (B) Reaction of the fully reduced CytcO with O,.
Red and white circles denote the reduced and oxidized metal centers,
respectively (when partly red, the site is partly reduced). The one-
letter codes denote the state of the catalytic site with the number of
electrons residing at the catalytic site as a superscript. When the CytcO
is fully reduced, the catalytic site harbors two electrons (state R?).
After O, binds to the reduced heme a; (forming state A%), the O—O
bond is broken, associated with transfer of an electron from heme a to
the catalytic site forming the P? state. During the subsequent P* — F°
reaction, a proton is transferred to the catalytic site, and there is a
fractional electron transfer from Cu, to heme a over the same time
scale. The forth electron is then simultaneously transferred to the
catalytic site with uptake of a proton to the catalytic site forming the
O* state. In addition, one proton at a time is translocated across the
membrane during P> — F* and F* — O* reactions.

studies have revealed a number of functionally important,
specific lipid—CytcO interactions and lipid-binding sites in
CytcO. In addition, there are numerous reports of functional
modulation of other integral membrane proteins by the
surrounding lipid bilayers.""*>° An example of a highly
specific protein—membrane interaction in CytcO was demon-
strated in a recent study, which showed that the uptake of
protons through the K pathway was accelerated by a factor of
almost 10 upon reconstitution of the CytcO into a
membrane.”’™>* In this case, the effect was attributed to
interactions between the lipid headgroups and a protonatable
site at the proton pathway orifice, which is located very close to
the protein—membrane interface.**

In this study, we examine the O,-reduction reaction in R.
sphaeroides CytcO reconstituted into membranes. In this
reaction, proton uptake takes place through the D pathway,
which has an entry point that is located >10 A from the nearest
protein—membrane interface. We used an experimental
approach called the flow-flash technique in which the CytcO
is first reduced by four electrons residing at each of the redox
sites and a blocking CO ligand is bound at heme a;. The CO—
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CytcO complex is rapidly mixed with a solution containing O,,
after which the CO ligand is dissociated by means of a short
laser flash, allowing O, to bind to heme a; (the reaction is
summarized briefly in Figure 1B) (for reviews, see refs 4 and
24). The state in which heme a; and Cug are reduced and O, is
bound to heme aj is denoted A% where the superscript reflects
the number of electrons residing at the catalytic site. Results
from numerous earlier studies, primarily with the detergent-
solubilized CytcO, have shown that after O, binds to the R.
sphaeroides CytcO an electron is transferred from heme a to the
catalytic site with a time constant of ~50 s, which is associated
with breaking of the O—O bond and formation of a state called
peroxy, P>, This reaction is followed in time by the uptake of
two protons through the D pathway with a time constant of
~100 us, one that is pumped across the membrane to the p side
and one to the catalytic site to form a ferryl state, F°. On the
same time scale, there is also a fractional electron transfer from
Cu, to heme a that yields ~50% oxidation of Cu,. Finally, the
electron from the Cuy—heme a equilibrium is transferred to the
catalytic site, forming the oxidized state O* with a time
constant of ~1 ms, linked to uptake of two protons through the
D pathway as described for the P> — F° reaction described
above.

Here, we investigated the pH dependence of the reaction
with O, of reduced CytcO, reconstituted in membranes with
different lipid compositions. The results show that both the
proton-transfer rates and electron equilibria were modulated
upon reconstitution into the membrane.

B MATERIALS AND METHODS

Growth of Bacteria and Purification of Cytochrome ¢
Oxidase. R. sphaeroides was grown in Sistrom medium, and
His-tagged CytcO was purified with affinity chromatography
using a Ni-NTA column as described previously.” After
elution, the buffer was exchanged into 100 mM HEPES (pH
7.4) containing 0.1% n-dodecyl f-p-maltoside (DDM, Glycon,
Germany) before being frozen in liquid nitrogen. The purified
enzyme was stored at —80 °C until it was used.

His-tagged Thermus thermophilus ba; CytcO was expressed
and purified as described previously”® with the following
modifications. The enzyme was prepared in the presence of 2%
Triton X-100 overnight at 4 °C. The membrane extract was
then bound to a 5 mL precast Ni-NTA column (His Prep HP,
Amersham Biosciences) in the presence of 10 mM imidazole.
Washing and elution of the ba; oxidase bound to the column
were performed in the presence of 50 and 200 mM imidazole,
respectively.

Reconstitution of Cytochrome ¢ Oxidase in Vesicles
with Different Lipid Compositions. A lipid extract from
soybean phosphatidylcholine (type II, Sigma) was made by
diethyl ether extraction and acetone precipitation. Pure 1,2-
dioleoyl-sn-glycero-3-phospho-(1"-rac-glycerol) (DOPG) and
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipids (Av-
tani Polar Lipids, Alabaster, AL) were dissolved to a
concentration of 50 mg/mL in a 2:1 chloroform/methanol
mixture. For DOPG and DOPC samples, the solvent was
evaporated under a flow of nitrogen forming a dry lipid film.
Small unilamellar vesicles (SUVs) with a diameter of 60—70 nm
were prepared as described in ref 27. Lipids were dissolved in
100 mM KCl, 25 mM HEPES (pH 7.5), and 100 uM EDTA to
a final concentration of 3.9 X 1075 mol/mL (DOPG and
DOPC) or 30 mg/mL (soybean lipids). The vesicles were
formed by sonication (Ultrasonic VCX 130, Chemical Instru-

dx.doi.org/10.1021/bi201795c¢ | Biochemistry 2012, 51, 1092—1100



Biochemistry

ments AB) in 30 s on and off cycles at 50% output energy until
the solution was transparent. The solution was then centrifuged
for 20 min at 4500g to remove particles from the sonicator tip
before being mixed with sodium cholate and CytcO to final
concentrations of 1% and S uM, respectively. Samples were
incubated for 1 h at room temperature before the detergent was
removed using a gel filtration column (PD-10, GE Healthcare
Bio-Sciences AB, Uppsala, Sweden) equilibrated with same
buffer that was used for vesicle preparation. The orientation of
the CytcO in the membrane was determined using an assay in
which the CytcO was first reduced by cytochrome ¢, which
reduces only the CytcOs in which the cytochrome c-binding site
faces the outside, and then by dithionite, which reduces also the
inward-facing population. The orientation was found to be 70—
80% with the cytochrome c-binding site toward the outside for
all lipid compositions. The respiratory control ratio (RCR) was
determined as the ratio of the activities in the presence and
absence of proton and potassium uncouplers (FCCP and
valinomycin). RCR values of 3—6 were obtained for vesicles
composed of soybean and DOPC lipids, while DOPG vesicles
had a lower RCR of ~2. Samples were stored at 4 °C overnight.

Reconstitution of Cytochrome ¢ Oxidase into Vesicles
for pH Dependence Measurements. To obtain tighter
vesicles for pH dependence measurements, we used the same
protocol that was previously used for measurements with
different pH values on the two sides of the membrane®
Purified CytcO (initial concentration of ~130 uM) was diluted
to 4—6 uM in a buffer containing 4% (w/v) cholate, 0.15 M
KCl, 25 mM bis-tris propane, 25 mM CAPS, and 50 mM
sucrose (pH 7.4). Soybean lipids were extracted as described
above. A lipid solution was prepared at a concentration of 40
mg/mL in the same buffer as the CytcO, except that the
concentration of cholate was 2% (w/v). The lipids were then
sonicated under an atmosphere of N, while being kept on ice,
using a tip sonicator (Microson ultrasonic cell disruptor XL,
Novakemi AB) at S0% energy output during repetitive cycles of
30 s on and 30 s off at a rate of 2 min/mL. After sonication, the
SUVs were centrifuged at 1500¢ for 20 min to remove titanium
particles and lipid aggregates. The SUVs containing CytcO
were prepared using a modified version of the protocol
described in refs 29 and 30. Briefly, the CytcO and lipid
samples were mixed at a ratio of 1:1, and CytcO was inserted
into the SUVs upon removal of detergent using Bio-Beads SM-
2 Adsorbent (Bio-Rad Laboratories) and a PD-10 desalting
column (Amersham Pharmacia Biosciences). Then, the pH was
adjusted to different specific values. Typically, the SUVs were
stored on ice in a refrigerator overnight and used the next day.
The orientation of CytcO in the SUVs was ~75% cytochrome
c-binding site to the outside, and they displayed an RCR of
~10.

Preparation of Fully Reduced CO-Bound Enzyme. The
SUVs prepared in different lipids [lipid dependence studies
(see above)] had the same buffer on both sides of the
membrane [100 mM KCl, 25 mM HEPES (pH 7.5), and 100
uM EDTA]. The samples were transferred to Thunberg
cuvettes, and the atmosphere was exchanged for nitrogen
before reduction with 2 mM ascorbate and 1 M PMS as a
mediator reducing all CytcO regardless of orientation. The
SUVs used for the pH dependence study contained 150 mM
KCl, 25 mM bis-tris propane, 25 mM CAPS, and 50 mM
sucrose (inside the SUVs) and 150 mM KCl, 100 mM sucrose,
200 uM bis-tris propane, 100 uM EDTA, 100 uM FCCP, and
10 yM valinomycin (outside the SUVs). The samples were
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reduced using 2—3 mM ascorbate and 0.5—-1 uM
hexaammineruthenium(II) chloride. This redox mediator did
not enter the SUVs and therefore it reduced only CytcOs with
Cu, facing outward. When samples were reduced, the
atmosphere in the cuvette was exchanged for CO.

Flow-Flash Experiments. A locally modified combined
stopped-flow/flash photolysis apparatus was used (Applied
Photophysics; see ref 31 for a detailed description). Briefly, the
reduced CO-bound enzyme was mixed at a ratio of 1:1 with an
oxygen-saturated solution containing 100 mM KCl, 25 mM
HEPES (pH 7.5), and 100 uM EDTA or 150 mM KCl, SO0 mM
bis-tris propane, 50 mM CAPS, and 100 yuM EDTA (see
above). The reaction was initiated 200—300 ms after the
samples had been mixed by a short laser flash (532 nm, Brilliant
B, Quantel, 200 mJ), which dissociated the CO ligand. The
subsequent reaction with oxygen was monitored at different
single wavelengths.

B RESULTS

Figure 2 shows absorbance changes after initiation of the
reaction of the four-electron-reduced CytcO reconstituted in
lipid vesicles composed of soybean lipids (see Materials and
Methods) and in a detergent solution with O,. At 580 nm in a
detergent solution (black traces in Figure 2A), there is first a
small decrease in absorbance associated with oxidation of heme
a upon formation of the P* state (7 2 50 us; A* — P? reaction).
This decrease in absorbance is more pronounced at high pH
because at lower pH values it is masked by an increase in
absorbance (7 2 100 ys at pH 7.5), associated with formation
of the F® state (P* — F° reaction) and the fractional reduction
of heme 4. Finally, the absorbance decreases with a time
constant of ~1 ms (at pH 7.5), associated with the transfer of
an electron from the Cuy—heme a equilibrium to the catalytic
site and oxidation of the enzyme, ie., the F? — O* reaction.

As mentioned above, with the detergent-solubilized CytcO at
pH 6 and 7.5, the P> — F* absorbance increase at 580 nm
displays a time constant of ~100 ps. This reaction becomes
gradually slower with an increasing pH (cf. the pH 10 trace in
Figure 2A), displaying a pK, of 9.4 in the pH dependence of the
rate (Figure 3A). At very high pH values (see the pH 11 trace
in Figure 2A), the rate becomes so slow that the P* — F3
reaction absorbance increase merges with the absorbance
decrease associated with the next step, the F> — O* reaction.**
This scenario explains why the absorbance changes at 580 nm
vanish beyond ~100 us at this pH.

Upon reconstitution of the CytcO into SUVs, the increase in
absorbance associated with the P* — F> reaction was seen only
at the lowest pH values (see the pH 6 green trace in Figure
2A). At pH 7.6, this increase in absorbance was seen only as a
small lag in the time range of ~100—300 s, and at pH 10, it
merged fully with the absorbance decrease associated with the
F?> — O* reaction. These data suggest that at a given pH, upon
reconstitution into a membrane, the P? — F° reaction becomes
slower such that the qualitative shape of the curve becomes
similar to that observed at a higher pH value in a detergent
solution.

Because it was difficult to determine the P> — F? rate for the
membrane-reconstituted CytcO from the data at S80 nm alone
due to the small amplitude of the P* — F* absorbance changes
at pH >7.5, we also did measurements at 830 nm where
oxidation of Cu, is monitored (Figure 2B). This oxidation
reaction occurs in two steps with time constants corresponding
to those of the P> — F* and F* — O* reactions. Because both
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Figure 2. Comparison of absorbance changes upon O, reaction with
the fully reduced CytcO at different pH values. (A) In the detergent
soluble CytcO (black, DDM), a rapid decrease in absorbance at 580
nm corresponding to P* formation is followed by an absorbance
increase and an absorbance decrease due to formation and decay,
respectively, of state F*. For CytcO reconstituted into soybean vesicles
(green, SUV), the absorbance increase corresponding to F? formation
is seen only at low pH (e.g,, pH 6). (B) Oxidation of Cu, is monitored
at 830 nm as an absorbance increase in two kinetic phases that occur
over the same time scale as the P> — F° and F* — O* transitions. The
comparison of traces at pH 6.5, 7.4, and 7.5 also highlights the
different pH dependence profiles with or without a membrane (see
Figure 3). All traces are scaled to 1 M reacting enzyme. The data with
detergent-solubilized CytcO are from ref 32. In the experiments,
vesicles with 150 mM KCI, 25 mM bis-tris propane, 25 mM CAPS,
and 50 mM sucrose (inside the SUVs) and 150 mM KCI, 100 mM
sucrose, 200 uM bis-tris propane, 100 uM EDTA, 100 M FCCP, and
10 M valinomycin (outside the SUVs) were mixed at a 1:1 ratio with
an oxygen-saturated buffer containing 150 mM KCl, SO mM bis-tris
propane, 50 mM CAPS, and 100 yuM EDTA at different pH values.

these kinetic phases display the same signs at 830 nm (increase
in absorbance), it is easier to extract the rates at this wavelength
than at 580 nm. With the detergent-solubilized CytcO at pH
7.4, two kinetic phases were observed with time constants of
~90 ps (~50% oxidation of Cu, during the P> — F reaction)
and 1.5 ms (oxidation of Cu, during the F* - O reaction). At
pH 7.4-7.5 and 9.4—9.5 the P> — F° reaction was significantly
slower with the membrane reconstituted (7 2 240 s and 1 ms,
respectively) than with detergent-solubilized CytcO (z = 90
and 210 ps, respectively). The data in Figure 2B also show that
the rate of the P* — F?® reaction at pH 7.5 in membrane-
reconstituted CytcO was significantly slower than that at pH
6.5; i.e., with the membrane-reconstituted CytcO, there was a
significant pH dependence in the rate in this pH region. At pH
10.0—10.4, the rates with detergent-solubilized and membrane-
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Figure 3. pH dependence of the P* — F* (A) and F* — O* (B) rates
in the wild type and the P> — F? reaction with the N139D (C) mutant
CytcO. The rates were determined from 580 nm for detergent-
solubilized CytcO (black dots) or 830 nm for CytcO reconstituted into
soybean vesicles (green squares). The solid lines are fits of data with a
pK, of 9.4 (black line, detergent-solubilized CytcO) or 6.8 (green line,
membrane-reconstituted CytcO; here we assumed that the rate is
saturated at low pH at the same maximal value as with the detergent-
solubilized CytcO). (B) Rates for the F* — O* transition as a function
of pH. The same color coding as in panel A was used, with two pK,
values (<6.2 and ~8.9) for CytcO in a detergent solution (black dots
and line) and one pK, of 7.3 for CytcO in vesicles (green squares and
line). (C) For the N139D CytcO, the P> — F° rates were determined
from 580 nm and the fits yielded pK, values of >10.8 and ~10.2 for the
mutant CytcO in a detergent solution (black dots) and in vesicles
(green squares), respectively. The data with detergent-solubilized
CytcO are from refs 32 and 41. Experimental conditions were as
described in the legend of Figure 2.

reconstituted CytcO were similar. Figure 3A shows the P> — F°
rate as a function of pH for the detergent-solubilized®* and
membrane-reconstituted CytcO. As seen in this figure, the
decrease in this rate occurred at lower pH values with the
membrane-reconstituted than with detergent-solubilized
CytcO. A pK, of 6.8 was determined for the membrane-
reconstituted CytcO, assuming that the maximal rate at low pH
was the same for the membrane-reconstituted and detergent-
solubilized CytcOs.

Results from earlier studies have shown that the F* — O*
reaction in detergent solution displays two pK, values of <6.4

dx.doi.org/10.1021/bi201795c¢ | Biochemistry 2012, 51, 1092—1100
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and 8.9.* Upon reconstitution into a membrane, the higher pK,
was not observed and the rate titrated with a pK, of <7.3
(Figure 3B). This behavior is interpreted in terms of a lowering
of the high-pK, titration so that it merges with the lower-pK,
titration.

Because with the membrane-reconstituted CytcO the pK, in
the pH dependence of the P> — F? reaction was shifted such
that the maximal value at low pH could not be obtained, we
repeated the experiments with a mutant CytcO (N139D) in
which the pK, of its pH dependence is shifted from 9.4 (in
wild-type CytcO) to >11 in a detergent solution. As seen in
Figure 3C, upon membrane reconstitution of the N139D
mutant CytcO, the maximal rates at low pH were slightly higher
than with the detergent-solubilized CytcO and the pK, was
slightly lowered to ~10.2.

We also investigated the reaction of reduced CytcO with O,
in membranes composed of only the zwitterionic DOPC or
anionic DOPG (Figure 4) at pH 7.5. As seen in Figure 44, with
DOPC there was an increase in absorbance at 580 nm in the
time range of 0—0.2 ms, associated with the P> — F° reaction,
comparable to that observed with detergent-solubilized CytcO.
For vesicles composed of only DOPG, the P* — F* absorbance
change could not be resolved. A qualitatively intermediate
behavior was observed with the soybean lipids. The P* — F?
rates with DOPG and DOPC were determined from the data at
830 nm (Figure 4B) and found to be approximately the same
for the P3 - F3 and F? - O* reactions: 170 + 50 pusand 1.9 +
0.3 ms with DOPC, 200 =+ 60 us and 1.9 & 0.3 ms with DOPG,
and 190 + 50 ps and 2.2 + 0.4 ms with soybean lipids,
respectively. Consequently, differences in rates between the
different lipid compositions could not account for the
differences in the shapes of the absorbance changes observed
at 580 nm. The absorbance change at 580 nm contains
contributions from both the P> — F? reaction itself and also
reduction of heme a (Cu, to heme a electron transfer). Thus,
also a change in the Cus—heme a equilibrium constant may
result in changes in the shape of the absorbance changes. To
determine whether the Cuy—heme a equilibrium differed with
the different lipid compositions, we determined the relative
contribution of the P* — F kinetic phases at 830 nm (Figure
4B). With DOPC and DOPG, this contribution was 64 + 4 and
41 + 4%, respectively, of the total absorbance change at 830 nm
(Figure 4C). As seen in Figure 4C, with the soybean lipids, the
fraction P®* — F? absorbance change at 830 nm was
intermediate between those observed with DOPC and
DOPG (54 + 2%).

As a comparison, we investigated the effect of membrane
reconstitution (in nanodiscs; see ref 23 for a detailed
description) on the O, reduction reaction in the ba; oxidase
from T. thermophilus. This enzyme presumably uses only a
single proton-uptake pathway both during reduction of the
enzyme and during oxidation, after binding of O, to the
reduced ba, oxidase.”® This pathway overlaps in space with the
K pathway in the R. sphaeroides CytcO, and it is thus termed a
K pathway analogue. At pH 7.5, we observed an acceleration in
the first proton-uptake phase from ~1.0 X 10* to ~2 X 10* 5™
upon reconstitution of the CytcO into a membrane (Figure
SA). The second proton uptake displayed approximately the
same rate in a detergent solution as in the membrane. In
addition, we observed a shift in the Cuy—heme b equilibrium
such that less heme b was reduced in the membrane
environment (Figure SB).
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Figure 4. Absorbance changes during the O, reduction reaction at 580
(A) and 830 nm (B) in wild-type CytcO either in a detergent solution
(black) or reconstituted into vesicles composed of soybean (green),
zwitterionic DOPC (blue), or anionic DOPG (red) lipids. All traces
were scaled to 1 yM reacting enzyme. For the experiments, vesicles
containing 100 mM KCl, 25 mM HEPES (pH 7.5), and 100 yM
EDTA on both sides of the membrane were mixed in a 1:1 ratio with
an oxygen-saturated buffer with the same composition. For the
detergent-solubilized samples, DDM at a concentration of 0.05% was
added. (C) Fraction of the total amplitude of the absorbance increase
at 830 nm, associated with the transfer of an electron from Cu, to
heme a (during the P> — F° reaction). In vesicles composed of DOPC
and DOPG, this fraction was 64 + 4 and 41 + 4%, respectively, while
in soybean lipids as well as in a detergent solution, the fraction was
intermediate between those observed with DOPC and DOPG, with
values of 54 + 2 and 46 + 2% in soybean vesicles and a detergent
solution, respectively. The size of the circles corresponds to the
electron-transfer rate, where the smaller ones correspond to rate
constants in the range of 5.0—5.9 X 10° s (z = 170—200 us), while
the larger circle (in DDM) corresponds to a rate constant of 1.1 X 10*
st (7 =90 ps).

B DISCUSSION

In this study, we determined the rate of the P> — F° reaction in
membrane-reconstituted CytcO at different pH values. At 580
nm, the increase in absorbance [most clearly seen with
detergent-solubilized CytcO (Figure 2A, black traces)] reflects
both formation of the F® state itself and a contribution from the
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Figure S. Absorbance changes associated with proton uptake (A) and
the redox reaction of heme b (B) upon reaction of fully reduced
cytochrome ba; with O,. Black and green traces were obtained with
CytcO in a detergent solution and reconstituted into a membrane
using the nanodisc technology (for the reconstitution procedure, see
ref 23), respectively. (A) Uptake of protons from solution was
measured with the pH-sensitive dye phenol red, and the absorbance
changes at 570 nm (converted to H'/ba; enzyme) were followed,
where an increase in absorbance is equivalent to the uptake of protons
from solution. (B) Absorbance changes followed at S60 nm, where
mainly redox reactions of heme b are observed (a decrease or increase
in absorbance is associated with oxidation or reduction of the heme,
respectively). Experimental conditions after mixing were as follows:
pH 7.5 and ~22 °C with (A) 150 mM KCl and 40 uM phenol red or
(B) 100 mM HEPES-KOH. In the detergent-solubilized sample,
additional 0.05% DDM was present. The CO ligand was dissociated by
a laser flash at time zero. Amplitudes are normalized to 1 M reacting
bas.

reduction of heme a. At 830 nm, the absorbance changes reflect
oxidation of Cu,, ie, Cuy—heme a electron transfer (Figure
2B). This transfer of an electron from Cu, to heme a occurs
over the same time scale as the P> — F? reaction at the catalytic
site, but the two reactions are independent.a'4 As seen in Figure
4, differences were observed for the Cuy—heme a equilibrium
constant in DOPC or DOPG vesicles where during the P> —
F? reaction, 64 + 4 and 41 + 4%, respectively, of Cu, was
oxidized. The decrease in the fraction of oxidized Cu, when the
lipid is changed from the zwitterionic DOPC to the anionic
DOPG cannot be due to electrostatic interactions between the
lipid headgroups and Cu, because an opposite behavior would
be expected from an increase in the negative charge at the
surface. The Cu, site is located >15 A from the protein—
membrane interface, and electrostatic interactions near the
protein—water interface are expected to be weak. Alternatively,
the change in surface charge may alter the electrostatic field
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within the membrane-spanning part of the protein such that the
heme a midpoint potential would decrease upon introduction
of negative charge at the surface. To explain the difference in
the Cuy—heme a equilibrium constant, a difference of ~30 mV
is required, which is relatively modest.

The major effect of membrane reconstitution on CytcO
function was a decrease in the rate of the P> — F° reaction at
neutral pH. This effect was independent of lipid composition
for soybean lipids, DOPG, and DOPC at neutral pH. On the
basis of experiments with CytcO reconstituted in soybean
lipids, the lower rate at neutral pH can be explained in terms of
alower pK, value in the pH dependence of the rate of the P* —
F? reaction. The actual rate of the P> — F° reaction (cf. proton-
transfer rate) approaches the same value as in detergent
solution at low pH (Figure 3). Earlier studies of the pH
dependence of the P> — F transition indicate that transfer of a
proton from solution, through the D pathway, to the catalytic
site proceeds in two steps. First, a proton is transferred from
Glu286 to the catalytic site with a time constant of ~90 us, and
then the Glu286 is rapidly (<90 us) reprotonated from
solution.*” According to this model, Glu286 is in rapid (<90
us) equilibrium with the bulk solution and the overall proton-
uptake rate is determined by the fraction of protonated Glu286
(agy) multiplied by the rate of transfer of a proton from
Glu286 to the catalytic site, ky (1.1 X 10* 575 7 = 90 us)**

kH
1+ 10PH 7P

kpp = Ogpky =

(1)

where pKgg is the pK, of Glu286 (9.4) (see also Figure 3A).
We note that an alternative model was suggested recently,> but
that model would imply a high pK, for the surface-exposed
Asp132 (for CytcO in detergent solution), which we find highly
unlikely.

Results from studies of different mutant CytcOs in which
single-site amino acid residue replacements were made in the D
pathway showed that the pK, of Glu286 may be altered by
several units (reviewed in ref 36). The pK, both inicreased and
decreased from the value in wild-type CytcO of 9.4,>> and pK,
changes were observed also in cases where the net charge of the
modified residue was unaltered.>**"** To explain these
observations, we previously extended the model outlined
above to include two positions of the Glu286 side chain, E;
and E,, with different pK, values, pK, and pK,, respec-
tively.****** The transfer of a proton to the catalytic site would
occur only from one of these positions, E,. Depending on the
equilibrium constant between states E; and E,, any apparent
Glu286 pK, value in the range between pK;, and gl(az would be
observed even if the pK, values were fixed.**** To explain
changes in the apparent Glu286 pK, as a result of the structural
alterations within the D pathway discussed above, we proposed
that these alterations modulate the Glu286 equilibrium, thereby
stabilizing one of the E states relative to the other. Similarly,
introduction of a membrane around the CytcO may result in
changes in the E,—E, equilibrium constant. When considering
the specific parameters used in refs 36 and 43, the membrane
would stabilize state E, relative to state E,. However,
introduction of a membrane may result not only in alteration
of the equilibrium constant between the two E states but also in
alteration of the pK, values of Glu286 in these states (ie., pK,;
and pK,,), which makes it difficult to present any quantitative
analysis here. Such an analysis could be further complicated by
a possible contribution of Asp132 to the pH dependence profile
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because this residue may have a pK,* in the region where the
rate of the P* — F> reaction titrates in the presence of a
membrane (Figure 3). Nonetheless, we consider changes in the
equilibrium constant between the two E states to significantly
contribute to the pK, shifts observed here because such changes
are qualitatively supported by results from a recent theoretical
study.*

Because with the membrane-reconstituted wild-type CytcO
we could not observe a maximal saturation rate at low pH
values, we repeated the experiments discussed above with the
N139D mutant CytcO in which the EI<3 in the P* — F° pH
dependence is shifted from 9.4 to >11.*' We reasoned that with
this elevated pK, value we would be able to compare the
maximal proton-uptake rates at low pH in detergent solution
and in SUVs. As seen in Figure 3C, the maximal rates in the
low-pH range were slightly accelerated upon reconstitution of
the CytcO into SUVs. Furthermore, the pK, decreased from
>11 to ~10.2. In the framework of the model described above
(see eq 1), these results indicate that, upon membrane
reconstitution, the rate of internal transfer of a proton from
Glu286 to the catalytic site is somewhat accelerated. The small
increase in the rate may be explained in terms of changes in the
structure or electrostatic field around the Glu286 upon
membrane reconstitution (see below). The lowering of the
Glu286 pK, upon membrane reconstitution was qualitatively
similar to the results with wild-type CytcO. However, this effect
was smaller presumably because the effect of the N139D
mutation dominates over the effect of membrane reconstitu-
tion.

The effect of membrane reconstitution on the pH depend-
ence of the F* — O* reaction is more complicated than for the
P? — F° reaction.”’” This is presumably because, in contrast to
the latter reaction, the former involves the transfer of an
electron to the catalytic site in addition to the transfer of a
proton. Earlier analyses of the pH dependence of this reaction
showed that the protonation state of two protonatable groups
determines the rate of the F* — O reaction . One group is
Glu286, which affects the proton-transfer rate as it does for the
P* — P’ reaction (pK, ~ 9). The second group is located
around the heme a; D-ring propionate, and its protonation
state determines the electron equilibrium within the enzyme,
which determines the reduction rate of the catalytic site.*” As
seen in Figure 3B, the high-pH titration was not observed with
the membrane-reconstituted CytcO. Instead, a titration in the
pH range of <8 was observed, which is consistent with the
lowering of the pK, for the P* — F° reaction. The low-pK,
titration in detergent solution either may be shifted to lower
pH values outside of the accessible pH range upon membrane
reconstitution or may overlap with the observed high-pH
titration (that is lowered upon membrane reconstitution).

In general, slower turnover rates are observed upon
reconstitution of CytcO into lipid vesicles at neutral pH (see,
for example, refs 48 and 49), which is qualitatively consistent
with the data from this study. However, data from turnover
experiments cannot be directly compared to the results from
measurements of specific reaction rates because events other
than those studied here may be rate-limiting for the CytcO
turnover.

Results from studies of the proton-transfer kinetics through
the K pathway in the absence of O, showed that the rate
increased by a factor of almost 10 upon membrane
reconstitution.””** In that study, the effect was attributed to
specific interactions between lipid headgroups and an acidic
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residue near the orifice of the K pathway.>* This site is located
close to the protein—membrane interface,’™* and therefore,
such interactions are likely to be significant. In this study, we
investigated reactions linked to proton uptake through the D
pathway, which has its orifice >10 A from the protein—
membrane interface. Consequently, interactions with the lipid
headgroups are less likely, and the observed effects are expected
to originate from changes in the internal electrostatic field and/
or membrane stabilization of specific structural substates (cf.
stabilization of a specific configuration of an amino-acid residue
side chain*®).

For comparison, we also studied the reaction with O, of the
reduced ba; CytcO from T. thermophilus, which uses the single
K pathway analogue for all proton-uptake reactions. In the ba;
CytcO, the rate of the first proton-uptake reaction through the
K pathway analogue was a factor of 2 faster in the membrane-
reconstituted CytcO than in detergent solution, which is
opposite of the effect observed for the CytcO oxidation of the
aaz R. sphaeroides oxidase (see Figure S). On the other hand,
the acceleration in rate upon ba; CytcO membrane
reconstitution is consistent with the results for the transfer of
a proton through the K pathway in the aa; CytcO in a different
experiment.”” Thus, these data further confirm that the slowed
proton-uptake rate at neutral pH upon membrane reconstitu-
tion of the aay CytcO is an effect that is attributed to changes
around or in the D pathway.

The structure and function of membrane proteins are often
dependent on specific interactions between membrane lipids
and the protein. In many cases, lipids occupy specific binding
sites within a protein and can be considered as structural (and
functional) components of the protein (for reviews, see refs 15
and 17-19). For example, a comparison of CytcOs from
different organisms showed that lipids and detergents occupy
highly conserved binding sites,'”" and reglacement of these
lipids may modulate the CytcO function.”® Furthermore, the
surrounding membrane can influence the function of a
reconstituted enzyme, for example, by altering the electrostatic
environment or by stabilizing specific structural states. In
CytcO, functionally relevant structural changes have been
observed; however, these changes primarily involve specific
amino acid residues or movement of helices,sz_56 and most
likely they do not extend toward the enzyme surface.
Consequently, as already mentioned above, the effect on the
pH dependence profile of the P* - F* and F* — O* reactions
most likely originates from changes in the electrostatic field
within the CytcO upon membrane reconstitution.

Summary. Earlier results from studies of the transfer of a
proton through the K pathway, which begins near the CytcO—
membrane interface, showed that this rate is accelerated upon
incorporation of the CytcO into a membrane. This effect was
explained in terms of extension of the proton-collecting surface
area around the orifice of the proton pathway. In contrast, the
maximal proton-uptake rate through the D pathway at low pH
was only slightly accelerated upon membrane reconstitution
(see Figure 3C). Qualitatively, the much smaller effect on the
proton-uptake rate is consistent with the D pathway orifice
being located >10 A from the CytcO—membrane interface.
When considering our model describing the uptake of a proton
through the D pathway during O, reduction (see eq 1), the
uptake of a proton by Glu286 is not rate-limiting, so that any
acceleration in this rate would not be observed. The most
significant effect of membrane reconstitution was a lowering of
the pK, in the pH dependence of the proton-uptake rate, which
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results in slower proton uptake at neutral pH. We propose that
this effect is due to changes in the environment of the CytcO
such that the dynamics and structural equilibrium*® of the
Glu286 side chain changes result in a lowering of the apparent
pK, associated with the proton-transfer reaction.

In general, the data from this study show that there are
significant functional differences between the detergent-
solubilized and membrane-reconstituted CytcO. The latter is
presumably a better mimic of the native system, although the
membrane curvature and the lipid:protein ratio are larger in the
SUVs than in the cell. Furthermore, in our experiments, there is
no transmembrane electrochemical proton gradient. Never-
theless, the results show that the kinetic and thermodynamic
parameters of the studied CytcO reactions are affected by the
lipid environment.
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