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Characterisation of cytochrome bos activity in a
native-like surface-tethered membrane

Sophie A. Weiss”, Richard J. Bushby', Stephen D. Evans’, Peter J. F. Henderson*and
Lars J. C. Jeuken® ™2,
“School of Physics and Astronomy, "Centre for Self Organising Molecular Systems,

*Institute of Membrane and Systems Biology, University of Leeds, Leeds, .52 93T, UK

Synopsis

We have developed a simple native-like surface-tethered membrane system to
investigate the activity of cytochrome bos (cbos), a terminal oxidase in Escherichia
coli. The tethered membranes consist of E. coli inner membrane extracts mixed with
additional E. coli lipids containing various amounts of the cbos substrate ubiquinol-10
(UQ-10). Tethered membranes are formed by self assembly from vesicles onto gold
electrodes functionalised with cholesterol derivatives. Cytochirome bos activity was
monitored using cyclic voltammetry with electron transfer to cboz mediated by UQ-
10. The apparent Ky for oxygen with this system is 1.1+0.4 uM, in good agreement
with literature values for whole cell experiments and for purified cbos. Increasing the
concentration of lipophilic UQ-10 in the membrane leads to an increase in cbos
activity. The activity of cbos with long chain ubiquinones appears to be different to
previous reports using short chain substrate analogues such as UQ-1 in that typical
Michaelis Menten Kinetics are not observed using UQ-10. This native-like membrane
model thus provides new insights into the interaction of transmembrane enzymes with
hydrophobic substrates which contrasts with studies using hydrophilic UQ analogues.

Short Title: Cytochrome bos activity in native-like membranes
Keywords: ubiquinol oxidase, tethered bilayer, cytochrome bos, quinone pool

Introduction

Bacteria have extremely flexible respiratory systems which allow them to
thrive in a variety of environments and growth conditions. The bacterial respiratory
chain is highly branched and consists of a range of enzymes which can transfer
electrons from many different substrates into a common pool of lipid soluble electron
carriers, known coliectively as quinones [1]. Quinones are substrates for a wide range
of bioenergetic enzymes such as the photosynthetic reaction centre, the bc; complex
and nitrate reductase. There are a number of different quinones expressed in
organisms including ubiquinone or coenzyme Q, menaquinone and plastogquinone.
The composition of the quinone pool in the membrane is dependent on the species and
growth conditions and ubquinone-8 is the predominant electron carrier in aerobically
grown Escherichia coli [2].

The respiratory flexibility of prokaryotic organisms is also evident in the
multiple terminal oxidases expressed by bacteria compared to the single terminal
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cytochrome c oxidase found in eukaryotic species. In the E. coli aerobic respiratory
pathway there are two terminal oxidases [3] that catalyse the oxidation of ubiquinol to
ubiquinone and reduce molecular oxygen to water. Cytochrome bos (cbos) is
expressed under high oxygen conditions whereas cytochrome bd is expressed under
microaerophilic growth conditions and has a much higher affinity for oxygen [4].
Cbogs is structurally related to the mammalian terminal oxidase, cytochrome ¢ oxidase
[5] and its catalytic cycle is coupled to the pumping of two protons from the
cytoplasm to the periplasm for every ubiquinol which is oxidised [6]. Cbos contains
two ubiquinol binding sites, a low affinity site (Q_), which binds the substrate
ubiquinol for catalysis and is in equilibrium with the free ubiquinone pool In the
membrane, and a high affinity site (Qu), which stabilises the  semiquinone
intermediate during catalysis [7]. Ubiquinol binding at the Q. site is thought to occur
in the periplasmic domain of subunit 11 [8] and the Qu binding site occurs within the
membrane domain of subunit I of cbos [5].

The characterisation of transmembrane redox enzymes can be problematic due
to the atypical nature of their substrates. Analysis of enzyme Kinetics with
hydrophobic substrates can be complicated by incomplete knowledge of the true
substrate concentration in the membrane [9]. Long chain quinones such as UQ-10 are
extremely hydrophobic and rapidly aggregate in aqueous solution, so water soluble
substrate analogues such as UQ-1, UQ-2 and duroquinol are commonly used to derive
kinetic and mechanistic information [10].

Appropriate membrane models are also important as it has previously been
shown that some membrane bound enzymes exhibit kinetic differences compared to
solubilised forms of the enzyme. The activity of cytochrome ¢ oxidase is enhanced
when solubilised with detergent. This is not due to a change in substrate availability,
but is possibly related to changes in protein-protein interactions or conformational
changes within the protein [11]. For cbos the membrane environment has been shown
to have a significant effect on the activity with UQ-1 with Kus ranging from 10 to 333
KM depending on the membrane composition [12, 13].

Model membrane systems are increasingly providing a suitable experimental
platform to overcome these problems and study membrane peptides and proteins in
their natural lipid environment [14, 15]. One such model membrane is the tethered
bilayer lipid membrane (tBLM) in which a membrane is bound to a gold surface with
the use of tether molecules [16, 17] that anchor the bilayer to the surface support and
provide an aqueous space between the lower leaflet of the bilayer and the solid
surface. These tether molecules generally contain three distinct parts, a surface
reactive group which attaches to the surface substrate, a spacer group to ensure an
aqueous reservoir is retained beneath the membrane and a membrane anchor. The
tether molecule used in this work is EO3-cholesteryl [16, 18], which keeps the
membrane close to the substrate surface. The overall quality and properties of the
tethered membrane, especially in relation to its insulating properties, is dependent on
many parameters including the roughness of the underlying substrate surface, grafting
density of the tether molecules and their chemical composition [18, 19].

Electrochemical methods are used to investigate activity of redox enzymes
using techniques such as protein film voltammetry [20]. The current produced by the
oxidation or reduction of substrate is a direct measure of the turnover rate of the
enzyme. The oxidation or reduction currents which are observed represent the flow of
electrons from the electrode to the enzyme possibly via a mediator. The limiting
current at high overpotential increases with increasing substrate concentration in an
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analogous manner to the reaction velocity that is measured in solution studies and
analysed in terms of Michaelis-Menten kinetics [20].

We have previously described tethered membranes that included purified cbos
[21]. Here, we incorporate native E. coli inner membranes directly into tethered
membranes using a recently developed methodology in which the inner membranes
are mixed with lipid vesicles [22]. In this paper we describe the formation of these
native-like tethered membranes to characterise the activity of cbos; with native-like
substrates. This method offers several advantages over more traditional methods used
to characterise transmembrane bioenergetic proteins. The amount of the highly
hydrophobic quinone content in the bilayer can be varied while directly monitoring
the activity of the enzyme. The enzyme has been retained in its native environment
and not exposed to detergents or other possible denaturing chemicals that may have an
adverse effect on the protein structure or activity.

Materials and Methods

Materials

EO3-cholesteryl was made as previously described [16]. 6-Mercaptohexanol
(Fluka) was used without further purification. All solvents were HPLC grade (Fisher)
and used as received. Ubiquinone-10 (Sigma) was made up as 1mg/ml stock solution
in chloroform and stored at -20° C. E. coli polar extract (Avanti) was stored in 5 mg
dry aliquots stored under nitrogen at -20° C. 20 mM MOPS buffer with 30 mM
Na,SO, adjusted to pH 7.4 was used for the preparation of membrane extracts and all
electrochemistry experiments.

E. coli inner membrane purification

E. coli inner membranes were prepared from strain GO105/pJRhisA in which
the cbos protein is overexpressed and no cytochrome bd is present [23]. E. coli was
grown to mid-log phase at 37° C with shaking in LB medium supplemented with 500
MM CuSQO,4 and 100 pg/ml carbenicillin. E. coli cells were harvested from the growth
medium by centrifugation at 12000 g for 30 minutes and cell paste was frozen at -20°
C overnight. Thawed E. coli cell paste was resuspended in MOPS/Na,SO, buffer at
approximately 30 mL buifer per 10 g cell paste and passed through a cell disrupter or
French pressure cell at 25000 psi. Cell debris was removed by centrifugation at 12000
g for 30 minutes. The supernatant containing the membrane fraction was centrifuged
at 131000 g for 2 hours and the membrane pellet was resuspended in 25% w/w
sucrose-MOPS/Na;S0,4 buffer. A 30% w/w to 55% w/w sucrose gradient with
centrifugation at 131000 g for 16 hours with no deceleration or breaking was used to
separate the inner membrane from the outer membrane [24]. The inner membrane
fraction was removed from the sucrose gradient and washed several times with buffer
and centrifugation at 131000 g for 2 hours. The protein concentration of the inner
membrane preparation was determined using the Schaffner-Weissman assay [25].
Inner membrane vesicles were resuspended in buffer and stored in 5 mg/ml protein
aliquots at -80° C.

Mixed Vesicle Preparation

Ubiquinol-10 solution was added to E. coli polar extract lipids at the desired ratio and
dried under nitrogen to form a multilammelar film on the sides of a glass vial. The
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lipid/UQ-10 film was resuspended in buffer with vortexing and vesicles were formed
by sonicating the solution to clarity for 30 minutes at 4° C. To make mixed vesicles
the total weight of the inner membranes (lipid and protein) were estimated to be two
times the protein weight. Inner membrane fractions were mixed with the lipid/UQ-10
vesicles at different weight ratios and sonicated for a further 30 minutes. The
sonicated mixed membrane sample was centrifuged at 14500 g for 30 seconds to
remove any titanium particles from the sonicator tip. For preparation of samples by
extrusion, lipid/UQ-10 mixture was passed 11 times through a 100 nm nucleopore
track etched membrane, mixed with inner membrane extract and freeze-thawed three
times before passing through the membrane another 11 times.

Electrodes and tethered membrane formation

Template-stripped gold (TSG) surfaces were formed as previously described
[26]. Briefly, 150 nm of gold was evaporated onto a clean, polished silicon wafer.
12 mm by 12 mm clean glass microscope slides were glued to the gold surface using
Epo-tek 377 and cured for 2 hours at 120° C. Once cooled. the glass slides could be
removed from the silicon wafer to expose the template-stripped goid surface ready for
the formation of the self-assembled monolayer (SAM).

SAMs were formed by incubating a freshly exposed TSG slide in 0.11 mM
EO3-cholesteryl and 0.89 mM 6-mercaptohexanol in propanol for 16 hours. This
forms a 60%/40% EO3-cholesteryl/6-mercaptohexanol area ratio on the surface which
was checked with impedance spectroscopy before each experiment as described by
Jeuken et al [18]. The slides were rinsed with propanol and methanol and dried under
nitrogen before being incorporated into the electrochemical cell.

To form mixed tethered membranes mixed membrane vesicles were added to
the SAM surface at a final concentration of 0.5 mg/ml in the presence of 10 mM
CaCl; and incubated for 2 hours. The surface was then rinsed several times with
buffer and 1 mM EDTA to remove any traces of calcium ions in the cell.

Electrochemistry

Electrochemical measurements were carried out in a glass electrochemical cell
which holds 2 mL of buffer and was thermostatted at 20° C. A saturated calomel
electrode (SCE) or saturated Ag/AgCIl reference electrode was used as the reference
electrode (Radiometer Analytical) and a platinum wire was used as the counter
electrode. All potentials in this manuscript are given versus the standard hydrogen
electrode (SHE). The gold-SAM working electrode was secured at the open base of
the electrochemical cell with rubber o-rings and PTFE electrode holder. The
electrochemical cell was housed in a Faraday cage to minimise electrical noise and
argon was used to purge the cell of oxygen. For the oxygen-activity measurements the
experimental apparatus was stored and assembled inside a nitrogen filled glovebox
(MBraun MB 150 B-G) where the O, levels were <1 ppm. No oxygen leakage from
the electrochemical cell was observed during the course of the experiment. A5 x 10
mm cross shape magnetic stirrer bar was added to the cell and the electrochemical cell
was placed on a magnetic stirrer plate. This was to ensure adequate mixing of the air
equilibrated buffer within the cell, especially at the working electrode region. The cell
assembly with stirrer bar is shown in Figure 1. Electrochemical measurements were
recorded using an Autolab (Ecochemie) electrochemical analyser with a PGSTAT30
potentiostat and a FRA2 frequency analyser. All cyclic voltammetry experiments
were carried out by holding the potential at 0.444 V for 5 seconds and cycling to -
0.356 V and back at a scan rate of 0.01 V/s. The UQ-10 coverage was determined at
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the end of each experiment by adding 1 mM NaCN to the electrochemical cell, to
inhibit cbo;, and taking a cyclic voltammogram. The area under the reduction peak
gives the amount of charge required to reduce all the UQ-10 within the mixed
membrane and thus the UQ-10 coverage can be calculated.

Results

Formation of tethered mixed membrane bilayers

Electrochemical impedance spectroscopy (EIS) was used to characterise the
formation of tethered membranes at template-stripped gold (TSG) electrodes coated
with a SAM of 60/40 (£10%) EO3-cholesteryl/6-mercaptohexanol after addition of
mixed vesicles consisting of E. coli inner membranes mixed with phospholipids and
UQ-10. EIS is very sensitive to dielectric and structural changes at surfaces and has
been widely used to characterise lipid structures on electrode surfaces [18, 27]. To
characterise the formation of a planar membrane the double layer capacitance was
estimated from the Cole-Cole plots using the diameter of the capacitative semi-circle
as shown in Figure 2a. The formation of pure phospholipid membranes on the EO3-
cholesteryl system has been well characterised with a typical double layer capacitance
of 0.7+0.1 pF/cm? for E. coli polar extract [18, 21]. Figure 2b shows that mixing in of
even relatively small proportion of E. coli inner-membranes already leads to an
increase in the double layer capacitance. For surfaces formed with 5 to 60% (b%/
weight) inner membranes, we find a double layer capacitance of 1.20+0.16 uF cm™.
With higher amounts of inner membrane the capacitance increases and becomes
irregular, which suggests that the surface is increasingly covered with vesicles. This
change from bilayer to adsorbed vesicles as a function of the inner membrane particle
concentration is in agreement with similar work carried out by us in which mixed
supported membranes on silica were characterised using QCM-D, FRAP and AFM
[22].

We note that surfaces formed with mixed membrane vesicles that were
prepared with different techniques did not significantly alter the results. Inner
membrane vesicles formed using a French pressure cell disruption method appeared to
be smaller, more regularly shaped and intact as observed by TEM (images not shown)
compared to inner membrane vesicles formed using a cell disruptor. However, this did
not influence the double layer capacitance. Increasing the concentration of UQ-10 (up
to 3% by weight) had no effect either. Mixed vesicles were formed using two different
techniques, either extrusion after freeze/thawing or by tip sonication. Both techniques
resulted in similar bilayer formation and cbos activities. From these experiments it
was decided to continue and carry out the enzyme activity experiments with a 17%
fraction of E. coli inner membrane formed using the cell disruptor and with the mixed
vesicles formed by tip sonication. 17% E. coli was used as this concentration gave the
most reproducible surfaces and activity in the cyclic voltammetry experiments.

Enzyme Kinetics: oxygen affinity

The activity of cbos in the native membrane could be readily measured using
cyclic voltammetry. The co-substrate of chos is UQ-8 (or UQ-10), which is
electroactive and acts as a mediator between the electrode surface and cbos. The
electrochemistry of quinones has been extensively studied using membrane models
[26, 28]. The catalytic current in cyclic voltammetry is a measure of the coupling
between the enzyme oxidation and the electrochemical reduction rate of the quinone
pool [29]. At high overpotentials the electrochemical reduction rate is fast and the

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2008 The Authors Journal compilation © 2008 Biochemical Society

THIS IS NOT THE VERSION OF RECORD - see d0i:10.1042/BJ20081345



Bl Biochemical Journal Immediate Publication. Published on 26 Sep 2008 as manuscript BJ20081345

current directly reports on the turnover activity of the enzyme. We used 8-10
pmol/cm? UQ-10 in the tethered membranes to measure the kinetics as a function of
oxygen concentration, because this UQ-10 content gives the maximum activity (see
below).

The solution within the cell was stirred to minimise possible diffusion effects
of oxygen. As seen in Figure 3a, stirring has a significant effect at low oxygen
concentrations and stirring the solution in the glovebox environment with < 1 ppm
oxygen already produces a detectable catalytic signal. However, at higher oxygen
concentrations the stirring effect becomes less significant and we have found no
significant effect on the determined apparent Ky. The apparent Ky of cbos for oxygen
was determined by adding air equilibrated buffer into the anaerobic electrochemical
cell and taking a single CV (Figure 3a). Under anaerobic conditions the cyclic
voltammogram is the same as a control voltammogram for a phospholipid tethered
membrane containing UQ-10 [26]. At low oxygen concentrations some catalytic
activity is observed but the UQ-10 reduction signal still appears as a peak and the
reverse trace is clearly different from that of the forward trace. As the concentration of
oxygen within the electrochemical cell is increased the catalytic reduction signal
increases and the voltammogram changes from a peak-shape to an approximate
sigmoidal wave, in which the forward and reverse secans overlay. At the highest
substrate concentration the voltammogram exhibits a characteristic polarogram-like
shape and the reverse trace is almost superimposible on the forward trace.

The current at -0.156 mV on the reverse scan (from low to high potential) was
taken and plotted versus the overall oxygen concentration within the cell (Figure 3b).
We have determined the apparent Ky for cbos with oxygen to be 1.1+0.4 uM, which
is within the range of previously published values [30-33].

Enzyme kinetics: UQ-10 affinity

An important aspect of this work was to develop a model membrane which
can incorporate transmembrane redox proteins in their fully functioning native state
and allow assays with native substrates to be carried out. Typically, activity
measurements using naturally occurring quinone substrates have been problematic
due to the insolubility of long-chain quinones in water, leading to the use of short-tail
homologues such as duroquinol [34] and decylubiquinone [35]. The mixed membrane
vesicles are made by mixing inner membranes with lipid vesicles. The latter can be
made with varying amounts of ubiquinol since UQ-10 can be added to lipids before
preparing the vesicles (see Materials and Methods). Here, we have formed multiple
planar membranes using equal amounts of inner membranes (17% w/w) each time,
but varying the amount of UQ-10. Importantly, the amount of UQ-10 within each
individual bilayer could be accurately determined at the end of each experiment by the
addition of 1 mM NaCN which completely inhibits cbos activity.

To determine the effect of variations of UQ-10 concentration on cbos activity
the current at -0.156 V on the forward scan for the maximum activity was taken and
plotted against the UQ-10 concentration as shown in Figure 4. The maximum activity
is taken from a CV measured at ambient oxygen conditions. The large spread in the
data is due to each point being derived from a separate experiment and tethered
membrane. The data suggests cooperative behaviour (see dotted line in Figure 4),
consistent with the fact that cbos contains two distinct quinone binding sites [7].
Although the spread in the data and complex behaviour excludes an unambiguous
interpretation, this technique still provides important information about the activity of
cbos with quinone in the native environment. As can be seen in Figure 4 a maximum
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activity of cbog is observed with UQ-10 around 6 to 8 pmol/cm?. Using the maximum
activity of 0.6 pA and assuming that the tBLM is 5 nm thick (about 0.6 ng/cm?), the
turnover number is 4 pmol/min/mg total protein in the membrane extract. This is in
good agreement to previously published values using isolated cell membranes of a
similar E. coli strain [36].

The lowest quinone concentration determined in the mixed bilayer: was
measured as ~2 pmol/cm? at which point no UQ-10 was added and all quinone is
native UQ-8 already present in the E. coli membrane and lipid extracts. This coverage
is probably representative of native membranes and agrees with the concentration
determined for tethered bilayers formed from E. coli polar extract only [21]. The UQ-
10 concentration at the maximum activity for chos (6 to 8 pmol/cm?) is much higher
than the native concentration and also higher than the Ky determined for the
peripheral membrane protein pyruvate oxidase which has a Ky of 2 pmol/em” [29]. It
is also interesting to note that at even higher concentrations of UQ the activity of cbos
seems to decrease again, although the spread in the data makes this an ambiguous
observation. This type of inhibition of quinol oxidases with UQ homologues and
analogues has previously been reported in the literature [10, 37].

Discussion

We have shown that the activity of a particular transmembrane electron
transfer enzyme, cytochrome bos, can be characterised using electrochemical methods
in a near native model membrane environment. To our knowledge, there are only a
few other reports that use whole cell membrane extracts to form tethered membranes
[22, 38-40]. There may be a number of reasons why the double layer capacitance of
the membrane increases when inner membrane particles are incorporated into the
tethered bilayer. On average, proteins have a higher dielectric than lipids and this will
result in some increase in the double layer capacitance of the membrane.
Alternatively, a large decrease in resistance of small regions in the tethered membrane
could have an impedance response that looks like an overall increase in capacitance.
The breakdown of planar membrane formation at high inner membrane concentrations
is probably due to the high proportion of protein in the sample inhibiting direct
contact between the electrode surface and the vesicle lipids.

The tethered membrane has a mobile pool of ubiquinol, similar to that of a
native membrane. Importantly, only a single homogenous UQ-10 population is
observed with cyclic voltammetry indicating that the two vesicle species used to form
the planar bilayer, the inner membrane particles and the E. coli lipids form a single
continuous mixed layer across the electrode surface. The UQ concentration can be
varied for each tethered membrane formed enabling studies with a physiological UQ
with long hydrophobic tails rather than water soluble short chain UQ analogues.

A broad range of Kus (10 — 625 uM) for cbos with the hydrophilic substrate
analogue UQ-1 [5, 7, 10, 12, 13, 33, 35, 41] have been reported, illustrating the
problems that can arise from using non-native analogues for activity studies. This
diversity in Ky comes from a number of different experimental conditions that are
used to assay activity. Short-chain UQ analogues have also been shown to have an
inhibitory effect on enzyme activity for cbos [35] and other quinol binding enzymes
including complex | [35], NADH oxidase [42] and cytochrome bd [37], although the
mechanism of inhibition is still not fully understood. As each data point in Figure 4 is
obtained from a different experiment there is a broad spread in the data which seems
characteristic for activity studies using long chain quinones [43, 44] adding to the
difficulty in determining an accurate Ky.
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We believe that some of the differences observed between cbos activity with
the UQ-10 used in this work and previous reports using UQ-1 may be due to
localisation of different length quinones in phospholipid bilayers. Very hydrophobic
quinones such as UQ-10 are known to lie parallel to the membrane plane in a
homogeneous dispersion whereas shorter quinones such as UQ-1 are known to self
organise more readily in highly concentrated regions with the benzoquinone ring
located close to the phospholipid headgroups and with the short isoprenoid chain
parallel to the phospholipid acyl chains [45, 46]. This is relevant as the Q_ site in chos
is predicted to be in the extrinsic domain of subunit Il [47] and thus closer to the
phospholipid headgroups than the midplane of the bilayer. UQ-1 may actually give
artificially enhanced reaction rates compared to native hydrophobic quinones. We
suggest that the observed sigmoidal effect shown in figure 4 is likely to be due to the
difference between using hydrophobic quinone substrates (our data) compared to
previous Kinetic studies on cbos which have utilised water soluble quinones. We note
that the data points with the lowest quinone concentrations in the bilayer (Figure 4)
were measured without added UQ-10 and only contained endogenous UQ-8. It cannot
be excluded that this is responsible for the observed effect, although we do not believe
this likely as both quinones are highly hydrophobic and focated at the same positions
within the bilayer. Furthermore, no differences in voltammograms were observed
between bilayers containing UQ-8 and ones with additional LUQ-10. Sigmoidal effects
have also been reported in kinetic studies of other quinone binding enzymes from E.
coli such as nitrate reductase [48] and cytochrome bd.[37]

The development of a model membrane in which all the substrates and
proteins are retained and the quinones diffuse freely within a membrane is significant.
When an enzyme is linked to a membrane the access and exit of quinones from the
active site are necessarily restricted. The reduction from three to two dimensions for a
membrane bound enzyme may have a number of important physiological
consequences. These include imposing vectoriality, specific cellular location and
formation of supramolecular complexes. The reduction in dimensionality may also
help facilitate collisional interactions for electron transfer chains and the diffusion of
hydrophobic substrates to active sites within the membrane soluble part of the
enzyme.

We have demonstrated that it is possible to form a biologically relevant native-
like tethered-membrane electrode surface in which the protein of interest can be
assayed electrochemically. All membrane bound components are fully retained and
mobile within the original native membrane and can be assayed with native substrates.
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Figure Legends
Figure 1: Labelled diagram of the electrochemical cell with stirring.

Figure 2: Cole-Cole plots of electrode characterisation

Cole-Cole plots of template-stripped electrodes modified with 60/40% (by area) of
EO3-cholesteryl/6-mercaptohexanol. (open circles) without vesicles; (closed circles)
inner membrane vesicles from E. coli and (closed triangles) mixed vesicles of 17%
w/w inner membrane/lipid. The arrow indicates where the diameter of the semi-circle
is to estimate the double layer capacitance. (b) Double layer capacitance of tethered
native membrane surfaces at different inner membrane concentrations. The line is a
guide for the eye and highlights the transition from planar bilayer to an adsorbed
vesicle surface.

Figure 3: Activity of cbo; with oxygen

(@) Cyclic voltammograms at 0.01V/s showing the effect of increasing oxygen
concentration on the UQ-10 pool. All CV except the first C\/ at 0 uM are carried out
with stirring (b) Data obtained by extracting the current at -0.159 V on the reverse
scan and normalising the data as % of maximum activity graph showing extracted
data from three separate experiments. The solid line shows a fit to the Michaelis-
Menten equation for the combined data. After the break in the x-axis, the data is
plotted on a log scale for greater clarity.

Figure 4: Cbogs activity as a function of UQ-10 coverage.

Activity was determined by taking the current at -0.159 V of the forward scan. Each
data point is obtained from a separate bilayer experiment. The dotted line is guide for
the eye to highlight possible cooperative behaviour as described in the discussion. The
points in grey are considered to be outliers, possibly due to damaged electrode
surfaces.
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