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Energy conversion in biological systems is underpinned by membrane-bound proton transporters that
generate and maintain a proton electrochemical gradient across the membrane which used, e.g. for
generation of ATP by the ATP synthase. Here, we have co-reconstituted the proton pump cytochrome
bo; (ubiquinol oxidase) together with ATP synthase in liposomes and studied the effect of changing
the lipid composition on the ATP synthesis activity driven by proton pumping. We found that for 100
nm liposomes, containing 5 of each proteins, the ATP synthesis rates decreased significantly with
increasing fractions of DOPA, DOPE, DOPG or cardiolipin added to liposomes made of DOPC; with e.g.
5% DOPG, we observed an almost 50% decrease in the ATP synthesis rate. However, upon increasing
the average distance between the proton pumps and ATP synthases, the ATP synthesis rate dropped
and the lipid dependence of this activity vanished. The data indicate that protons are transferred along
the membrane, between cytochrome bo; and the ATP synthase, but only at sufficiently high protein
densities. We also argue that the local protein density may be modulated by lipid-dependent changes in
interactions between the two proteins complexes, which points to a mechanism by which the cell may
regulate the overall activity of the respiratory chain.

Energy conversion in biological systems involves a transmembrane proton electrochemical gradient that is main-
tained by membrane-bound proton transporters. The gradient is used, for example, for production of ATP by
the F,F, ATP synthase or for transmembrane transport (for review, see'). The enzymes that generate the trans-
membrane electrochemical gradient vary greatly between species. For example, mitochondria or aerobic bacteria
employ a series of proton-transporting respiratory-chain complexes while phototrophic bacteria or plants use
photosynthetic reaction centers to generate the transmembrane electrochemical gradient. Many of these primary
proton pumps and transporters have been studied in detail. However, far less is known about their interactions
within the membrane or the involvement of the membrane in the energy-conversion process. Of particular inter-
est is the role of the membrane in functional interactions between membrane proteins that maintain the proton
electrochemical gradient (e.g. proton pumps) and those that use the gradient (e.g. F,F, ATP synthase). For exam-
ple, membrane surface groups may be involved in lateral proton transfer that would compete kinetically with
transfer via bulk water. This phenomenon has been addressed in the past in a number of experimental and theo-
retical studies??!. For example, in a landmark study with purple membranes of H. salinarium, Heberle et al. found
that protons released upon illumination of the light-driven pump bacteriorhodopsin are transferred significantly
faster along the membrane surface than from the surface to bulk water?!. Co-reconstitution of bacteriorhodopsin
and ATP synthase in liposomes has been demonstrated in the past?>-26.

In a recent study we described a system where the bo; ubiquinol oxidase from E. coli was co-reconstituted
with ATP synthase from the same bacterium?”. The bos oxidase is a proton pump, which couples oxidation of
membrane-soluble ubiquinol QH, (Qg in E. coli) to reduction of dioxygen to water?®-*°. The protons used for O,
reduction are taken up from the more negative (1) side of the membrane while the protons from QH, oxidation
are released to the more positive (p) side of the membrane. In addition, protons are pumped across the mem-

. brane, yielding a total stoichiometry that is equivalent to the transport of two positive charges from the # to the
: pside per electron transferred to O,. The combined system composed of the bo; oxidase and ATP synthase in
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Figure 1. Coupled bo;-ATP synthase activity. (A) Changes in luminescence of the luciferin-luciferase couple
as a result of ATP synthesis driven by an electrochemical gradient generated by the bo; oxidase. The reaction
was started at t= 0 upon addition of ubiquinol UQ, (20 uM after mixing) to a tube containing liposomes with
co-reconstituted ATP synthase and bo; oxidase and DTT (2 mM). The reaction was stopped by addition of
potassium cyanide (500 uM, at 22 100's), which inhibits the bo; oxidase. At t= —50s, a small amount (5 pmol)
of ATP was added to normalize the signals. The traces shown are for 100 nm liposomes with DOPC fractions
of (the remaining part is DOPG): 100, 90, 80, 70, 60% from the top to the bottom. The traces are divided in
30-s segments for technical reasons. Measurements were performed at ~22°C in 20mM Tris-PO, at pH 7.5,
2.5mM MgSO,, 80 uM ADP. (B) The ATP synthesis rates (slopes of the traces in A) measured (# is the number
of measurements) with increasing amounts of DOPG (black circles, n=9-12), DOPA (black squares, n=5-7),
DOPE (white diamonds, n=2 (points at 5% and 15%), 7 (remaining points)) or cardiolipin (white triangles,
n=4 (point at 5%), 12 (remaining points)). The relative ATP synthesis rates are shown as a fraction of the
activity in 100 nm liposomes with 100% DOPC (~90 ATP x s™! x enzyme~! for dialysis reconstitution).

the same liposomes is thus a minimum model of oxidative phosphorylation of aerobic bacteria or mitochondria.
In the present study, we used this model system to investigate the influence of the lipid composition on proton
pumping coupled to ATP synthesis. We found that the ATP synthesis activity (rate) decreased dramatically upon
addition of small amounts of negatively charged lipids such as DOPG, DOPA or cardiolipin, while the decrease in
activity was less pronounced upon addition of the zwitterionic lipid DOPE. Furthermore, we found that this lipid
effect on the coupled bo;-ATP synthesis activity is dependent on density of the two enzymes in the membrane.

Results

The effect of lipid composition on the coupled activity. In a first series of experiments, bo; oxidase
and ATP synthase were co-reconstituted in 100 nm DOPC liposomes, containing increasing relative amounts of
DOPG, ranging from 0 to 40% DOPG. The protein concentration was adjusted to yield about five bo; oxidases
and five ATP synthases per liposome. Proton pumping of the bo; oxidase was initiated by addition of DTT and
ubiquinone UQ, (Fig. 1A). Turnover of the bo; oxidase results in formation and maintenance of a proton elec-
trochemical gradient that is used by the F,Fy ATP synthase to convert ADP and inorganic phosphate to ATP.
Production of ATP was monitored in situ using the luciferin/luciferase system (i.e. the luminescence was moni-
tored). The ATP synthesis rate (referred to below as the coupled activity) was determined from the average of the
slopes of the 2nd and 3rd segments after UQ, addition (see Fig. 1A). At t= 100 s the reaction was impaired by
adding KCN, which blocks oxygen binding to the bo; oxidase.

As seen in Fig. 1A, the coupled activity decreased, from that obtained with the 100% DOPC liposomes, with
increasing DOPG content. Already at 5% DOPG, almost a 50% decrease in ATP synthesis rate was observed.
(Fig. 1B). Less than 10% coupled activity was found in liposomes containing 40% DOPG. We also investigated the
effect of addition of other lipids to the DOPC liposomes on the respiration-driven ATP synthesis (Fig. 1B). First,
we added an increasing fraction of the negatively charged DOPA that lacks the head group of e.g. DOPC, render-
ing an additional ionizable group on the phosphate (pK, 2 8). Similarly to DOPG, increasing amounts of DOPA
led to a strongly decreased coupled activity, slightly more prominent than with DOPG. Next, we used cardiolipin
as an additive to our DOPC liposomes and measured the coupled activity. The presence of cardiolipin severely
decreased the coupled activity such that at 15% cardiolipin, less than 10% of the coupled activity was observed,
compared to 100% DOPC liposomes. In order to investigate if this effect is restricted to additions of negatively
charged lipids to the zwitterionic DOPC, we added increasing fractions of another zwitterionic lipid, DOPE. This
lipid has a more conical shape and tends therefore to destabilize a flat membrane. However, it does not alter the
overall surface charge. Although much less pronounced than for the negatively charged lipids, the presence of
DOPE led also to a decreased coupled activity.

The size of the liposomes was only slightly affected by the different lipid compositions. When using a fil-
ter with a pore diameter of 100 nm for preparation of liposomes (used in the above-described measurements)
we obtained a population with a mean diameter of 90 & 25 nm with an asymmetric distribution (see Figure S1,
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supporting information). The mean diameter was independent of the lipid composition for DOPC:DOPG ratios
0f 100:0 or 60:40%, or DOPC:Cardiolipin 70:30%. However, the DOPC:DOPE vesicles were slightly larger, e.g. at
a 70:30% mixture a mean diameter of 120 &= 15 nm was found. The size distribution did not change significantly
upon protein reconstitution within the liposomes?”. Below, we refer to the diameter of the liposomes by the size
of the filter used to prepare the liposomes, even if the actual diameter is slightly different from that of the filter
pore size (see Figure S1).

The effect of lipid composition on the enzymatic activities. Next, we investigated the effect of lipid
composition on the activities of ATP synthase and bo; oxidase alone. Because similar effects were observed upon
addition of DOPG, DOPA or cardiolipin to the DOPC vesicles, in the following we focus on effects of addition of
DOPG. To measure the ATP synthesis activity, the proteoliposomes were first incubated in a buffer with low pH
and low potassium (in equilibrium with the inside) and then the bulk solution was rapidly diluted into a buffer
with high pH, containing a higher potassium concentration and valinomycin (Fig. 2A). This procedure yields
liposomes with a pH gradient (inside acidic) and a membrane potential (inside positive), the latter resulting from
valinomycin-mediated diffusion of potassium into the liposomes (for a detailed procedure, see Materials and
Methods section, and Figure S2). With increasing DOPG concentrations, the initial rates increased mildly, reach-
ing a 1.6-fold increase with liposomes containing 40% DOPG (see panels A (traces) and D (rates) in Fig. 2), i.e.
the lipid effect on the ATP synthase activity was opposite to that observed for the coupled activity. This result is in
agreement with that from an earlier study?? showing that after build-up of an electrochemical proton gradient by
bacteriorhodopsin, the ATP synthesis rate was a factor of ~2 higher upon addition of DOPA to DOPC liposomes.

We also determined the effect of lipid composition on the oxygen consumption rate of the bo; oxidase after
addition of quinol to proteoliposomes containing cytochrome bo; (Fig. 2B). Within the tested range (0-40%
DOPG), no influence of the lipid composition was observed on the steady-state activity of the bo; oxidase
(Fig. 2D).

Taken together, these data show that the activities of the two enzymes alone did not decrease with increasing
fraction DOPG, which indicates that the decrease in the coupled bo;-ATP synthase activity was not due to a
decrease in the activities of any of the two enzyme components.

Influence of lipid composition on the proton permeability. Another explanation for the observed
lipid effect could be an altered proton permeability with the different liposome preparations. A higher proton
permeability with an increasing amount of DOPG would lead to a faster loss of the electrochemical proton gra-
dient and consequently decreased ATP synthesis rates. Therefore, in the next series of experiments we estimated
the leak rates for the different lipid compositions. First, we quantified the total amount of ATP formed upon
establishment of a proton electrochemical gradient across a liposome membrane (Fig. 2A). The data show that the
total change in luminescence (total amount of ATP formed) was similar, but slightly increasing with increasing
DOPG content (Fig. 2A, inset), which indicates that over the time scale of the measurement (~20 s), the mem-
brane did not significantly dissipate the proton gradient to different extents in the different lipid compositions.
Furthermore, we also estimated the membrane proton permeability for the different lipid compositions by meas-
uring the fluorescence of ACMA as a result of ATP driven proton translocation by the ATP synthase®* (Fig. 2C).
ACMA fluorescence is quenched upon acidification of the inner volume, reflecting the proton-concentration dif-
ference across the membrane. Upon addition of ATP, the outwardly oriented F,F, ATP synthases pump protons to
the inside of the liposomes. Accordingly, we observed a decrease in fluorescence with a slope that is approximately
proportional to the proton-transfer rate (the unresolved initial change in Fig. 2C is a mixing artifact). This rate
increased upon addition of the uncoupler valinomycin, which dissipates the opposing electrical component of the
electrochemical gradient formed by the ATP synthase. The ratio of the slopes after and before addition of valin-
omycin reflects the tightness of the membrane. The data for different DOPC:DOPG fractions are summarized in
Fig. 2D and suggest that the leak rates were independent of the lipid composition.

The above-described ACMA-based method was used rather than measuring the respiratory-control ratio
(RCR) of the bo; oxidase because the bo; oxidase has been shown to orient randomly in the membrane®** and
the electron donor (ubiquinol) presumably does not discriminate between the two bo; orientations. Therefore, the
RCR value is small and does not reflect the true membrane tightness*. Nevertheless, we determined the RCR of
the liposomes and found values in the same range (1.35= 0.15) for all lipid ratios (60-100% DOPC, with addition
of DOPG).

Finally, the membrane proton permeability of membranes with the different lipid compositions were investi-
gated by studying the changes in ACMA fluorescence upon establishment of a pH gradient across the liposome
membrane with and without reconstituted ATP synthase and bo; oxidase (see Figure S3, supporting information).
No significant differences were observed over time scales of minutes between the different samples, which indi-
cates that the observed decrease in the coupled bo;-ATP synthase activity with increasing DOPG content is not
due to an increased proton leak.

Effect of lipid composition on quinol diffusion within the membrane. Ubiquinone Q, is a
non-natural short chain length quinone that is soluble in aqueous solution at low concentrations. Unlike nat-
ural ubiquinone (Qg in E. coli or Q,, in mitochondria), it can readily be reduced in aqueous solution by e.g.
DTT. Because of its amphiphilic properties, it also partitions in the membrane, where it can reduce the bo; oxi-
dase. Consequently, UQ, is commonly used as an electron mediator for different quinol-binding enzymes. To
explore the possibility that loss of the coupled bos;-ATP synthesis activity with increasing DOPG content is due
to altered membrane partition or slowed UQ, diffusion within the membrane, we measured the activity at dif-
ferent UQ, concentrations. Upon increasing the UQ, concentration from 20 uM to 40 uM, the coupled activity
with 100% DOPC liposomes increased by <10% and no further increase was observed upon increasing the UQ,
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Figure 2. Individual activities of bo; oxidase and ATP synthase. (A) Changes in the luminescence as a result
of ATP synthesis. A transmembrane pH gradient was established as described in the Materials and Methods
section (100 nm liposomes with ATP synthase, 60-100% DOPC (with DOPG). “a.u” is “arbitrary units”. The
inset shows the total amounts of ATP produced within the first 20 s (normalized to 100% DOPC, 145 pmol).
Error bars: 4 measurements with two different samples. (B) Changes in oxygen concentration during turnover
of the bo; oxidase in 100 nm liposomes. The reaction was initiated at ¢ = 0 by addition of ubiquinol UQ, (20 uM)
in the presence of 2mM DTT (with valinomycin (10 uM) and FCCP (20 uM)) and stopped by addition of KCN
(0.32mM). The trace shown is for DOPC:DOPG = 80:20% (see panel D for data with other ratios). The rate

was determined from the slope indicated as v. (C) Changes in fluorescence of (2.6 uM) ACMA (100% DOPC
100 nm liposomes with ATP synthase). Upon addition of 2.5 mM ATP (the rapid change is a mixing artifact) at
t=0 the fluorescence decreased with a slope, v, which reflects the rate of proton pumping into the liposomes.
Upon addition of 130 nM valinomycin, the acidification rate increased (v,). A “respiratory-control ratio” was
calculated as v,/v,. (D) Summary of the data presented in panels (A-C). Within each data series, every point

is normalized to that obtained with 100% DOPC (the remainder is DOPG). The (black squares) is the coupled
bo;-ATP synthase activity shown for reference (taken from Fig. 1B). (black triangles) Initial slope (~3s) of the
luminescence change for each of the traces in panel (A). This slope reflects the maximal ATP synthesis, i.e. the
activity of the ATP synthase (2 measurements). (white circles) Oxygen consumption activities of the bo; oxidase
(c.f. panel B) in the presence of uncouplers (3 measurements). (white diamonds) The ratio v,/v, from panel C)
(3 measurements).

concentration to 100 uM. This control shows that at 20 uM UQ, (the concentrations used in our experiments),
electron transfer from UQ), to the bo; oxidase in the membrane was not rate limiting for the overall process. When
lowering the UQ, concentration to 2 M, the cyt. bo; activity decreased by a factor of 10, while the coupled activ-
ity decreased by a factor of ~3 (100% DOPC). We then measured the cytochrome bo, and the coupled bo;-ATP
synthase activities for liposomes consisting of different DOPC:DOPG ratios. As seen in Fig. 3, the activity of
the bo; oxidase was essentially independent of the lipid composition for both UQ, concentrations (in the range
60-100% DOPC). The coupled bo;-ATP synthase activity decreased similarly with increasing fraction DOPG for
both UQ, concentrations, showing that the overall process of UQ, diffusion, binding and electron transfer to the
bo; oxidase was not affected by the different lipid compositions.

Effect of protein density on the coupled activity. The data discussed above show that the catalytic
activities of bo; oxidase and ATP synthase did not decrease with increasing fractions of the lipids added to the
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Figure 3. ATP synthesis and O, consumption as a function of the fraction of DOPC for two different UQ,
concentrations. The remainder of the lipids is DOPG. The rates were measured with co-reconstituted bos-
ATP synthase in 100 nm liposomes for 2 uM and 20 uM UQ,, respectively (in the presence of 2mM DTT). The
activities were normalized to those obtained for 100% DOPC. Under these conditions, the ATP synthesis rates
measured with 2 uM UQ, were a factor of 3 smaller than those measured with 20 uM UQ);. The corresponding
difference in the O,-consumption rates was a factor of 10.
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Figure 4. Coupled bo;-ATP synthase activity as a function of the protein density and vesicle size. (A) The
coupled activity as a function of lipid composition for vesicles obtained with 100 nm (filled diamonds) and

200 nm (filled triangles) pore-size filters. The data is normalized to 100 nm vesicles containing 100% DOPC. The
average number of proteins per vesicle was 5 cyt. bo; and 5 ATP synthase. For the 100 nm vesicles, DOPC was
mixed only with DOPG, while for the 200-nm vesicles DOPC was mixed with both DOPG (filled triangles up)
and cardiolipin (filled triangles down). (B) The coupled activity as a function of lipid composition for vesicles
obtained with 200 nm pore-size filters and with different number of proteins (as indicated) keeping the 1:1

ratio of bo,:ATP synthase. Data is normalized to 100% DOPC vesicles with 21 of each enzyme, which yields
approximately the same lipid/enzyme ratio as for 5 of each enzyme in 100 nm vesicles (~2000 lipids/enzyme).
The number of measurements was 2—4.

DOPC liposomes. Consequently, the observed effects on the coupled activity are presumably attributed either to
changes in the medium between the two proteins or interactions between the components. We thus also investi-
gated the effect of the protein density (average distance between proteins) on the coupled activity. To investigate
the coupled activities with a lower protein density, we prepared liposomes with about a factor of two larger diam-
eter (using a 200-nm filter, yielding a mean diameter of ~170 nm, see Figure S1) keeping the protein concentra-
tions the same, i.e. with an approximately four times smaller protein density. As seen in Fig. 4A, the dependence
of the coupled activity on the lipid composition was lost with the larger liposomes. To test whether or not this
absence of activity change upon altering the lipid composition was specific to DOPG, we also included cardi-
olipin in the DOPC liposomes and obtained the same results as with DOPG (Fig. 4A). To test whether or not the
observed effect could be attributed to the larger liposomes rather than the smaller protein density, we also studied
the coupled activity as a function of lipid composition for different protein-lipid ratios (while keeping the ratio
bo;:ATP synthase at 1:1) in liposomes prepared with the 200-nm pore filter (Fig. 4B). As seen in the Figure, the
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dependence of the coupled activity on the lipid composition gradually appeared with the higher protein densities.
However, the effect for the highest protein concentration was smaller than that observed for the liposomes pre-
pared with the 100 nm pore size.

Discussion

We have investigated the effect of lipid composition on rates of ATP synthesis catalyzed by ATP synthase, driven
by an electrochemical proton gradient created and maintained by a co-reconstituted bo, ubiquinol oxidase.
Addition of small amounts of DOPG, DOPA or cardiolipin (negatively charged head groups) to the DOPC mem-
branes resulted in a drop in the activity (see Fig. 1). When a gradually increasing fraction of the zwitterionic
DOPE was added to the DOPC liposomes we also observed a drop in the activity, but not as dramatic as with the
negatively charged lipids. Before we discuss possible explanations of the observed effect at a molecular level, we
first argue that a number of trivial lipid-dependent effects (i-iv, listed below) could be excluded:

(i) The activities of the two enzymes themselves did not decrease upon addition of the other lipid components to
the DOPC-containing liposomes (summarized in Fig. 2D). The increase in the activity of the ATP synthase
with increasing fraction DOPG (by a factor of ~1.6 at 40% DOPG) is qualitatively consistent with earlier
results from studies of the effect of addition of DOPA to DOPC liposomes?. The activity of cytochrome ¢
oxidase is dependent on lipid composition, but primarily when changing the hydrocarbon chain length?*
(for review see also’). In a recent study we found that the rate of specific proton-coupled electron transfer
steps in cytochrome c oxidase are dependent on the presence of a surrounding membrane (as compared to
detergent-solubilized oxidase), however, the reaction steps that are most strongly affected by changing the
lipid composition (!4, e.g. proton uptake during reduction and the so-called P — F reaction, 722100 us*),
are not rate-limiting for the overall turnover for the membrane-reconstituted oxidase.

(#i) The diffusion of the quinol electron donor was lipid independent (Fig. 3).

(#if) We also argue that the reconstitution efficiency was lipid independent. First, the activity of the reconstituted
bo; oxidase or ATP synthase alone were independent of lipid composition (point (i)). Second, the liposome
size and thereby the concentration was lipid independent upon addition of DOPG, DOPA or cardiolipin
to the DOPC liposomes, which means that the activity per liposome was lipid independent suggesting a
lipid-independent reconstitution efficiency.

(iv) Lipid-dependent proton leaks across the membrane were excluded based on a number of independent obser-
vations: (a) the total amount of ATP formed upon establishment of a proton-concentration gradient was
independent of lipid composition (Fig. 2A,D, (b) the ratio of the rates of ACMA-fluorescence changes with/
without valinomycin, as a result of formation of an ATP driven proton gradient, was independent of lipid
composition (Fig. 2C,D), (c) the decay rate of an artificial proton gradient, formed by changing the pH on
the outside of the liposomes, was independent of lipid composition (Figure S3). The proton leak rate can also
be determined by measuring the respiratory control ratio (RCR) for the bo; oxidase. As already mentioned
above, this ratio is defined as the oxidase activity in liposomes in the absence (coupled liposomes) and pres-
ence of ionophores (uncoupled liposomes), i.e. the RCR is a measure of how tight the membrane is to proton
leaks. Even though the obtained RCR values were small for reasons outlined in the Results section, they were
relatively constant for the different lipid compositions, which is also consistent with an unchanged leak rate.
We also note that results from earlier studies show that the proton permeability coefficients may vary by
several orders of magnitude depending on the lipid composition, especially between natural sources and syn-
thetic lipids (summarized in®*®). However, the experimental conditions in our study differ from those of the
studies summarized in*. Furthermore, in general, the reported proton conductance (leakiness) across native
mitochondrial membranes is much larger than that of artificial membranes®®. Because this proton conduct-
ance apparently does not interfere with ATP production in the native membranes, the smaller proton leaks
measured across artificial membranes are presumably not relevant when measuring ATP synthesis driven by
charge separation and proton pumping.

Another point that must be considered is the orientation of the enzymes in the membrane and the fraction
of the liposome population in which ATP synthesis occurs. Data from earlier studies have shown that the ATP
synthase exclusively orients with the F, headpiece to the outside®. In other words, electrochemically-driven ATP
synthesis requires the membrane potential to be positive inside the liposomes (i.e. promoting a proton flux from
the inside to the outside). Even though the bo; oxidase orients randomly in the membrane, our data show that
in a significant fraction of the liposomes the majority of the bo; oxidases are oriented such that the net proton
flux is from the outside to the inside of the liposomes (because we observe synthesis of ATP). The question then
arises, how large is this fraction of liposomes? The ATP synthesis rate of the investigated system was up to 90 ATP
s~ enzyme™!, which is similar to rates reported earlier for other in vitro systems?”*°. Because the activity is given
per ATP synthase molecule, this observation indicates that a majority of the ATP synthases (i.e. a majority of the
liposomes) are involved in the studied reaction. A related question is, whether or not the orientation of bo; oxi-
dase changes with an altered lipid composition. The relatively constant RCR values indicate a lipid-independent
orientation of the bo; oxidase, but this is a weak argument given the small RCR values. A stronger argument for
an unaltered bo; oxidase orientation as a function of lipid composition is obtained from the data in Fig. 4A. These
data show a lipid-independent coupled activity for the 200-nm liposomes, which indicates that the relative ori-
entation of the ATP synthase and bo; oxidase is preserved. Because the 100 nm liposomes are prepared using the
same method, only using a filter with smaller apertures, these data indicate that the observed lipid dependence
in the coupled activity is not due to changes in orientation of the enzyme. This conclusion is also supported by
the data in Fig. 4B, which show a gradual increase in the lipid dependence of the coupled activity with increasing
protein density in the membrane.
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The overall coupled bo;-ATP synthase reaction, as studied here, can roughly be divided into three steps: pro-
ton pumping by the bo; oxidase, proton transfer from the oxidase to the ATP synthase and ATP synthesis by
the F|F, ATP synthase. The data show that neither the activity of the bo;-oxidase nor that of the ATP synthase is
sensitive to the membrane lipid composition (with the lipid combinations tested here). The effect of lipid compo-
sition is only observed on the coupled activity (see Fig. 1), which suggests that the lipid composition influences
proton exchange between the two proteins. The data in Fig. 4A show that the coupled activity at 100% DOPC
decreased by about a factor of 10 upon increasing the diameter of the liposomes by a factor of ~2 (i.e. the surface
area by a factor of ~4), which suggests that the coupled activity is strongly dependent on the distance between
proton donor and acceptor enzymes. The observation that the lipid composition influences the coupled activity
and that this activity is dependent on the average distance between the bo; oxidase and the ATP synthase suggests
that the proton exchange between the two proteins does not occur exclusively via bulk solution, but involves the
membrane. This conclusion is also supported by the observation that the lipid influence was lost in the larger
liposomes, indicating that the membrane influences the coupled activity only when the distance between the oxi-
dase and the ATP synthase is below a certain threshold (the weaker dependence of the coupled activity observed
with the DOPE liposomes, Fig. 1, is also consistent with the slightly larger size of these liposomes, see Figure S1).
The lipid effect could be partly recovered in the larger liposomes by increasing the protein density (Fig. 4B). In
other words, below a certain protein density threshold, proton exchange presumably occurs via the bulk solution
yielding a lipid-independent coupled activity. Another support for this scenario is offered by our recent finding
that ATP synthesis during proton pumping by the bo; oxidase is observed also in the presence of small concen-
trations of uncouplers?, a phenomenon reported earlier in the literature and referred to as “mild uncoupling™'.
We note that the system investigated here is not at equilibrium because protons are continuously pumped by
the oxidase. Consequently, the phenomenon earlier termed “mild uncoupling™! could be explained by a local
surface-to-surface proton gradient during proton pumping even in the presence of an ionophore.

As briefly outlined in the Introduction, it has been proposed that protons may be transferred laterally, along
the membrane surface from a donor to an acceptor, if the lateral proton transfer is faster than proton equilibration
with the bulk solution. Assuming lateral proton transfer, the proton transfer on the p-side surfaces can be divided
into three main steps (Fig. 5A): (i) the proton would originate from a protonatable group located at the end of a
proton-exit pathway of the bo; oxidase from where it would be transferred, possibly via other protonatable surface
groups on the enzyme, to the membrane (k, in Fig. 5A), (ii) lateral proton transfer along the membrane surface
(1), (iii) proton transfer from the surface, possibly via other protonatable surface groups on the ATP synthase,
to a protonatable group at the entry point of a proton pathway (k;,). The same sequence of events would take place
at the n-side surface where the ATP synthase is the proton donor and the bo; oxidase is the acceptor (not shown
in Fig. 5).

Because we find it unlikely that proton exchange between the proteins and the membrane (c.f. rate constants
ki, and k) is influenced by the protein density (the proteins occupy less than 10% of the surface area), the data
in Fig. 4 suggest that rather proton transfer along the surface (c.f. rate constant ki, ) is responsible for the lipid
effect on coupled activity. Assuming a mechanism where proton transfer between the two proteins occurs via the
membrane surface, the observed effect of lipid composition on coupled activity could be explained either by (i)
lipid-dependent changes in the distance/rate of lateral proton transfer (i.e. how far the proton is transferred along
the surface before dissipating into solution) or by (i) lipid-dependent changes in the average distance between
bo; oxidase and ATP synthase in the membrane. At present we can not discriminate between these two scenar-
ios, but briefly discuss a number of relevant issues related to these mechanisms. Point (i) has been addressed
extensively in the literature (see references in the Introduction section). Lateral proton transfer involves multiple
proton transfers between surface groups with overlapping Coulomb cages that extend over distances on the order
of ~1 nm (reviewed in®*?). If the transfer involves multiple hops, e.g. between lipid head groups, the proton may
be transferred over longer distances, where the largest values extend beyond the size of the vesicles used in this
study®. In other words, lateral proton transfer is possible. Next, we discuss the effect of changes in lipid head
group composition on lateral proton transfer. About the same effect on the coupled bo;-ATP synthase activity
was observed for all negatively charged lipids, DOPG, DOPA or cardiolipin. Results from earlier kinetic*** and
equilibrium'>'* studies have shown that an increased fraction of negatively charged groups accelerates protona-
tion of a site at the membrane. These earlier observations qualitatively contradict the findings from the present
study. Furthermore, the coupled bo;-ATP synthase activity decreased also upon addition of DOPE to the DOPC
membrane, which indicates that charge alone is not responsible for the observed effect as both head groups are
zwitterionic. On the other hand, the decrease in the coupled activity was much less pronounced with DOPE than
for the negatively charged head groups. As noted in*, for the PC and PE head groups, the relative positions of
the positive and negative charges differ. These differences in the geometrical arrangement could yield a scenario,
where with DOPE the membrane proton acceptor or donor displays a behavior that, at least to some extent,
resembles that observed for the negatively charged lipids. Furthermore, as already noted above, DOPE has a
more conical shape than DOPC and tends therefore to destabilize a flat membrane, which may influence proton
diffusion along the surface. On the other hand, Springer et al.*® suggested that protons migrate along membrane
surfaces not via surface groups but through an interfacial water layer and that this proton diffusion is independent
of the lipid composition (but, see®). Independently of the mechanism of surface proton diffusion, the trajectory
of proton transfer between two surface sites (e.g. a proton donor and acceptor site) is dependent on the relative
rates of proton transfer along the surface and proton escape to the bulk solution (as well as diffusion in the bulk
phase). Even if the proton diffusion rate along the membrane would be independent of the head group compo-
sition, the probability of proton escape to the bulk solution could be lipid dependent. Assuming that the average
distance that a proton is transferred along the surface before its escape to the bulk water decreases with increasing
fraction negative lipids (or DOPE), the ATP synthesis rate would decrease (see Figs 1B and 4). This is because for
a given average density of cytochromes bo; and ATP synthases, the probability that a proton migrates from the
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Figure 5. Schematic model illustrating the conclusions. See text for explanation.

bo; oxidase to the ATP synthase along the surface decreases when the average distance of proton transfer along
the surface decreases. Consequently, a progressively larger fraction of protons is transferred via the bulk solution.
At 60% DOPC with 100 nm liposomes, the ATP synthesis rate saturates at the lowest level (see Fig. 4), which
according to the model would mean that under these conditions all protons escape into the bulk solution. This
scenario (model) is supported by the observation that the rate at the saturation level (measured at 60% DOPC) is
about the same as the (lipid-independent) rate measured with 200-nm liposomes (see Fig. 4). In the latter case,
the lipid-independent rate of ATP production is assumed to indicate that proton transfer occurs only via the bulk
solution.

As outlined in point (ii) above, an alternative explanation for the lipid effect on the coupled activity is that the
average equilibrium distance between the bo; oxidase and ATP synthase is dependent on lipid composition, but
only if the membrane protein density is increased above a certain threshold. Above this threshold direct inter-
actions between bo; oxidase and ATP synthase would be possible, but vary with lipid composition. According
to this scenario, the mechanism of proton transfer between the bo, oxidase and ATP synthase would involve the
membrane surface, but the rate of this transfer would not change with lipid composition (or this process is never
rate-limiting). Instead, the main effect of the lipid composition would originate from changes in the average dis-
tance between the bo; oxidase and ATP synthase. Relatively large patches composed of the complexes involved in
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oxidative phosphorylation were observed in the E. coli membrane* indicating a non-random distribution of these
complexes. Even though during the time of proton transfer between bo; and ATP synthase the two proteins may
diffuse a significant distance (compared to the size of liposome) (see e.g.*®), the probability of close encounter of
the two proteins could be lipid dependent. Of course, we can not exclude a combined effect of (i) and (if).

Summary. Our data show that the coupled activity may be decreased by a factor of 10 (from that observed
with pure DOPC liposomes) by changing the lipid composition. We argue that the effect is attributed to pro-
ton exchange between the proton pump (bo; oxidase) and the ATP synthase along the membrane surface.
Our data can not uniquely discriminate between lipid-dependent changes in rates of lateral proton transfer
or lipid-dependent changes in distance between the bo; oxidase and ATP synthase. In any case, the observa-
tions point to a mechanism by which the living cell may regulate ATP synthesis by modulating interactions
between proton pumps and the ATP synthase rather than by regulating the activity of each component separately.
In addition to being regulated by the lipid composition, such interactions may be regulated through up- and
down-regulation of small proteins that mediate more specific interactions between the components of the res-
piratory chain®.

Materials and Methods

Enzyme expression and purification. F,F, ATP synthase was expressed from plasmid pBWU13-3His
in E. coli strain DK8 and purified as described®. Quinol-type bo; oxidase was expressed from plasmid pETcyo in
E. coli strain C43 and purified as described (see® also®").

Liposome preparation. Liposomes were prepared from 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPCQ), 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE), 1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (DOPG) and 1’,3’-bis[1,2-dioleoyl-sn-glycero-
3-phospho]-sn-glycerol (TO-cardiolipin), all purchased from Avanti Polar Lipids Inc. The lipids were stored in
chloroform at —20°C until use. The lipid stock solutions were mixed at different ratios (see Figure legends)
and the chloroform was evaporated under nitrogen followed by vacuum evaporation. The lipid mixture was
re-suspended at a 10 mg/ml lipid concentration in a buffer containing 20 mM HEPES pH 7.5, 2.5 mM MgSO,,
50g/1 sucrose and subjected to at least 6 freeze-thaw cycles (1 min in liquid nitrogen, then at 30 °C until thawed
followed by 30 s vortexing). Finally, liposomes were formed by extrusion (>20 times) of the mixture through
100 nm or 200 nm Nuclepore membranes (Whatman Ltd).

Enzyme reconstitution. A solution of 0.70 uM F,F, ATP synthase and 0.70 uM bo; oxidase was mixed with
0.14 uM liposomes in the presence of 0.4% sodium cholate, yielding a theoretical protein-per-liposome ratio of ~5
for each enzyme (see “supplementary information”). The detergent was removed using a pre-packed gel filtration
column (PD-10, GE healthcare). Alternatively, to keep the sample volume at a minimum, we designed a simple
dialysis method, which allowed us to dialyze 100 pl volumes. The dialysis was performed in the caps of standard
1.5 ml Eppendorf tubes. Dialysis membranes (8 kDa, Millipore) were stretched across the cap and the cap was
plugged into the tube to secure the membrane. About 80% of the tube was cut off, which allowed access of the
dialysis buffer to the membrane. The samples were then dialyzed over night at 4 °C against 100 ml dialysis buffer
(20 mM Hepes, pH 7.5, 2.5 mM MgSO,, 50 g/l sucrose). For samples used for ACMA and oxygen-consumption
measurements (see below), 100 mM KCl was included in the dialysis buffer.

Respiration-driven ATP synthesis measurements. Measurements of respiration-driven ATP synthesis
were performed as described?. To a solution containing 480 pl of measuring buffer (20 mM Tris-PO,, pH 7.5,
10 ul of luciferin/luciferase (CLSII, Roche, prepared according to the manufactures protocol), 2 ul ADP (20 mM)
and 1yl DTT (1 M), 10 pl liposomes was added and a baseline was recorded. Next, 5yl ATP (25 uM) was added at
the beginning of each measurement to normalize the signal against a defined ATP amount. The reaction was then
started by addition of 1 ul of ubiquinol Q, (10 mM) and ATP synthesis was followed for at least 90 s.

Measurements of the ATP synthase activity. ATP synthesis driven by the combination of an acid-bath
treatment and a potassium/valinomycin diffusion potential was performed as described. First, a sample of 20 ul
proteoliposomes was mixed with 20 ul acidification buffer (0.2 M MES-NaOH, pH 5.5, 1 mM KCl) and incubated
for 10 min at room temperature to allow equilibration of the inner and outer proton concentration. The liposome
sample was then supplemented with 2 pl valinomycin (20 uM stock solution) and placed into the luminometer
(10 points per second). ATP synthesis was initiated by rapid addition of 480 ul measuring buffer containing
20mM Tris-PO,, pH 8, 100 mM KCl, 2.5 mM MgSO,, 10 ul of luciferin/luciferase (HS, Roche, prepared according
to the manufactures protocol) and 2 pl ADP (20 mM). Mixing time of the two solutions was estimated to be ~1 s.
After ATP synthesis had ceased, 5ul ATP (25 uM) was added to calibrate the measured changes in light intensity.
The initial (maximal) activity was estimated using the initial slope of the trace (first 3 seconds).

bo; oxidase activity measurements. The bo; oxidase steady state activity was determined by measuring
oxygen consumption using an oxygraph equipped with a Clark-type electrode (Hansatech). To a solution con-
taining 970 ul buffer (20 mM Tris-HCI pH 7.5, 2.5 mM MgSO,, 100 mM KCl), 4l DTT (1 M), 5 pl valinomycin
(2mM) and 5pl FCCP (5mM), 20 ul liposomes was added and a baseline recorded. The reaction was initiated
upon addition of 2 pl ubiquinone Q, (10 uM) and turnover was recorded for several minutes. In control exper-
iments, the reaction was stopped by addition of 8 pl KCN (40 mM) blocking oxygen binding to the bo; oxidase.

ATP hydrolysis and membrane tightness measurements. ATP dependent H*-transport into prote-
oliposomes by reconstituted E. coli ATP synthase was measured as described®. Briefly, to 1.5 ml of measurement
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buffer (10 mM Hepes-NaOH, pH 7.5, 2.5 mM MgSO,, 100 mM KClI), 2 ul 9-Amino-6-Chloro-2-Methoxyacridine
(ACMA) (2mM) and 30 ul liposomes was added and a baseline recorded. Proton-pumping was initiated by the
addition of 5pl ATP (200mM) and recorded as a decrease in fluorescence. After 30 s, 1 ul valinomycin (100 M)
was added to dissipate the opposing membrane potential. The ratio of the slopes in fluorescence decreases before
and after addition valinomycin addition was used to estimate the tightness of the membrane. Fluorescence sig-
nals were measured on a Cary Eclipse (Varian) and excitation and emission wavelengths were set at 410 nm and
480 nm, respectively.

References

1.
2.

3.

11.
12.
13.
14.
15.
16.

17.
. Antonenko, Y. N. & Pohl, P. Coupling of proton source and sink via H4--migration along the membrane surface as revealed by

19.
20.
21.

22.

23.

24.

25.
26.
27.
28.
29.

30.

31.
32.
33.

34.

Rich, P. R. & Maréchal, A. The mitochondrial respiratory chain. Essays in Biochemistry 47, 1-23 (2010).

Mulkidjanian, A. Y., Cherepanov, D. A., Heberle, J. & Junge, W. Proton transfer dynamics at membrane/water interface and
mechanism of biological energy conversion. Biochemistry (Mosc) 70, 251-256 (2005).

Mulkidjanian, A. Y., Heberle, J. & Cherepanov, D. A. Protons @ interfaces: Implications for biological energy conversion. Biochimica
et Biophysica Acta - Bioenergetics 1757, 913-930 (2006).

. Heberle, J. Proton transfer reactions across bacteriorhodopsin and along the membrane. Biochimica et Biophysica Acta - Bioenergetics

1458, 135-147 (2000).

. Adelroth, P. & Brzezinski, P. Surface-mediated proton-transfer reactions in membrane-bound proteins. Biochim. Biophys. Acta 1655,

102-115 (2004).

. Smondyrev, A. M. & Voth, G. A. Molecular dynamics simulation of proton transport near the surface of a phospholipid membrane.

Biophys. J. 82, 1460-1468 (2002).

. Gopta, O. A, Cherepanov, D. A., Junge, W. & Mulkidjanian, A. Y. Proton transfer from the bulk to the bound ubiquinone Q(B) of

the reaction center in chromatophores of Rhodobacter sphaeroides: retarded conveyance by neutral water. Proc Natl Acad Sci USA
96, 13159-13164. (1999).

. Gutman, M., Nachliel, E. & Moshiach, S. Dynamics of proton diffusion within the hydration layer of phospholipid membrane.

Biochemistry 28, 2936-2940 (1989).

. Gutman, M. & Nachliel, E. The Dynamic Aspects of Proton-Transfer Processes. Biochim. Biophys. Acta 1015, 391-414 (1990).
. Sacks, V. et al. The dynamic feature of the proton collecting antenna of a protein surface. Biochim. Biophys. Acta-Bioenerg. 1365,

232-240 (1998).

Marantz, Y., Nachliel, E., Aagaard, A., Brzezinski, P. & Gutman, M. The proton collecting function of the inner surface of cytochrome
c oxidase from Rhodobacter sphaeroides. Proc Natl Acad Sci USA 95, 8590-8595 (1998).

Bréndén, M., Sandén, T., Brzezinski, P. & Widengren, J. Localized proton microcircuits at the biological membrane-water interface.
Proc Natl Acad Sci USA 103, 19766-19770 (2006).

Ojemyr, L., Sanden, T., Widengren, ]. & Brzezinski, P. Lateral proton transfer between the membrane and a membrane protein.
Biochemistry 48, 2173-2179 (2009).

Sandén, T., Salomonsson, L., Brzezinski, P. & Widengren, J. Surface-coupled proton exchange of a membrane-bound proton
acceptor. Proc. Natl. Acad. Sci. USA 107, 4129-4134 (2010).

Nisvik Ojemyr, L., Lee, H. J., Gennis, R. B. & Brzezinski, P. Functional interactions between membrane-bound transporters and
membranes. Proc Natl Acad Sci USA 107, 15763-15767 (2010).

Ojemyr, L. N., Von Ballmoos, C., Faxén, K., Svahn, E. & Brzezinski, P. The membrane modulates internal proton transfer in
cytochrome c oxidase. Biochemistry 51, 1092-1100 (2012).

Serowy, S. et al. Structural proton diffusion along lipid bilayers. Biophys. J. 84, 1031-1037 (2003).

double patch-clamp experiments. FEBS Lett. 429, 197-200 (1998).

Medvedev, E. S. & Stuchebrukhov, A. A. Kinetics of proton diffusion in the regimes of fast and slow exchange between the membrane
surface and the bulk solution. ] Math Biol 52, 209-234 (2006).

Alexiev, U., Mollaaghababa, R., Scherrer, P,, Khorana, H. G. & Heyn, M. P. Rapid Long-Range Proton Diffusion Along the Surface of
the Purple Membrane and Delayed Proton-Transfer into the Bulk. Proc. Natl. Acad. Sci. USA 92, 372-376 (1995).

Heberle, J., Riesle, J., Thiedemann, G., Oesterhelt, D. & Dencher, N. A. Proton Migration Alone the Membrane-Surface and Retarded
Surface to Bulk Transfer. Nature 370, 379-382 (1994).

Pitard, B., Richard, P, Duiiach, M., Girault, G. & Rigaud, J. L. ATP synthesis by the FOF1 ATP synthase from thermophilic Bacillus
PS3 reconstituted into liposomes with bacteriorhodopsin 1. Factors defining the optimal reconstitution of ATP synthases with
bacteriorhodopsin. Eur. J. Biochem. 235, 769-778 (1996).

Richard, P, Pitard, B. & Rigaud, J. L. ATP synthesis by the FOF1-ATPase from the thermophilic Bacillus PS3 co-reconstituted with
bacteriorhodopsin into liposomes: Evidence for stimulation of ATP synthesis by ATP bound to a noncatalytic binding site. J. Biol.
Chem. 270, 21571-21578 (1995).

Pitard, B., Richard, P,, Dufiach, M. & Rigaud, J. L. ATP synthesis by the FOF1 ATP synthase from thermophilic Bacillus PS3
reconstituted into liposomes with bacteriorhodopsin 2. Relationships between proton motive force and ATP synthesis. Eur. J.
Biochem. 235, 779-788 (1996).

Kagawa, Y. Incorporation of purple membrane into vesicles capable of light-stimulated ATP synthesis. Methods in Enzymology 55,
777-780 (1979).

Yoshida, M., Sone, N., Hirata, H. & Kagawa, Y. ATP synthesis catalyzed by purified DCCD-sensitive ATPase incorporated into
reconstituted purple membrane vesicles. Biochemical and Biophysical Research Communications 67, 1295-1300 (1975).

von Ballmoos, C., Biner, O., Nilsson, T. & Brzezinski, P. Mimicking respiratory phosphorylation using purified enzymes. BBA -
Biochimica et Biophysica Acta, Biochim Biophys Acta. 1857 4, 321-31. Apr; (2016).

Svensson-Ek, M., Thomas, J. W, Gennis, R. B., Nilsson, T. & Brzezinski, P. Kinetics of electron and proton transfer during the
reaction of wild type and helix VI mutants of cytochrome bo3 with oxygen. Biochemistry 35, 13673-13680 (1996).

Yap, L. L. et al. The quinone-binding sites of the cytochrome bo3 ubiquinol oxidase from Escherichia coli. Biochimica et Biophysica
Acta - Bioenergetics 1797, 1924-1932 (2010).

Trumpower, B. L. & Gennis, R. B. Energy transduction by cytochrome complexes in mitochondrial and bacterial respiration: The
enzymology of coupling electron transfer reactions to transmembrane proton translocation. Annual Review of Biochemistry 63,
675-716 (1994).

Fregni, V. & Casadio, R. Kinetic characterization of the ATP dependent proton pump in bacterial photosynthetic membranes: a
study with the fluorescent probe 9-amino-6-chloro-2-methoxyacridine. BBA - Bioenergetics 1143, 215-222 (1993).

Turina, P. & Melandri, B. A. A point mutation in the ATP synthase of Rhodobacter capsulatus results in differential contributions of
ApH and Ay in driving the ATP synthesis reaction. Eur. J. Biochem. 269, 1984-1992 (2002).

Casey, R. P, Ariano, B. H. & Azzi, A. Studies on the transmembrane orientation of cytochrome ¢ oxidase in phospholipid vesicles.
Eur. J. Biochem. 122, 313-318 (1982).

Puustinen, A., Finel, M., Haltia, T., Gennis, R. B. & Wikstrom, M. Properties of the two terminal oxidases of Escherichia coli.
Biochemistry 30, 3936-3942 (1991).

SCIENTIFICREPORTS | 6:24113 | DOI: 10.1038/srep24113 10



www.nature.com/scientificreports/

35. Montecucco, C. et al. Bilayer thickness and enzymatic activity in the mitochondrial cytochrome c oxidase and ATPase complex.
FEBS Lett. 144, 145-148 (1982).

36. Lee, A. G. How lipids affect the activities of integral membrane proteins. Biochim Biophys Acta 1666, 62-87 (2004).

37. Nisvik Ojemyr, L. et al. Reaction of wild-type and Glu243 Asp variant yeast cytochrome c oxidase with O2. Biochimica et Biophysica
Acta - Bioenergetics 1837, 1012-1018 (2014).

38. Deamer, D. W. Proton permeation of lipid bilayers. J. Bioenerg. Biomembr. 19, 457-479 (1987).

39. Wiedenmann, A., Dimroth, P. & von Ballmoos, C. A\ and ApH are equivalent driving forces for proton transport through isolated
FO complexes of ATP synthases. Biochimica et Biophysica Acta - Bioenergetics 1777, 1301-1310 (2008).

40. Fischer, S. & Graber, P. Comparison of ApH- and A¢-driven ATP synthesis catalyzed by the H+-ATPases from Escherichia coli or
chloroplasts reconstituted into liposomes. FEBS Lett. 457, 327-332 (1999).

41. Starkov, A. A. ‘Mild’ uncoupling of mitochondria. Bioscience Reports 17, 273-279 (1997).

42. Gutman, M. & Nachliel, E. The Dynamics of Proton-Exchange between Bulk and Surface Groups. Biochim Biophys Acta 1231,
123-138 (1995).

43. Medvedeyv, E. S. & Stuchebrukhov, A. A. Mechanism of long-range proton translocation along biological membranes. FEBS Lett.
587, 345-349, doi: 10.1016/j.febslet.2012.12.010 (2013).

44. Marantz, Y., Nachliel, E., Aagaard, A., Brzezinski, P. & Gutman, M. The proton collecting function of the inner surface of cytochrome
c oxidase from Rhodobacter sphaeroides. Proc. Natl. Acad. Sci. USA 95, 8590-8595 (1998).

45. Langner, M. & Kubica, K. The electrostatics of lipid surfaces. Chemistry and Physics of Lipids 101, 3-35 (1999).

46. Springer, A., Hagen, V., Cherepanov, D. A., Antonenko, Y. N. & Pohl, P. Protons migrate along interfacial water without significant
contributions from jumps between ionizable groups on the membrane surface. Proc. Natl. Acad. Sci. USA 108, 14461-14466 (2011).

47. Erhardt, H. et al. Organization of the Escherichia coli aerobic enzyme complexes of oxidative phosphorylation in dynamic domains
within the cytoplasmic membrane. MicrobiologyOpen 3, 316-326 (2014).

48. Ziemba, B. P. & Falke, J. J. Lateral diffusion of peripheral membrane proteins on supported lipid bilayers is controlled by the additive
frictional drags of (1) bound lipids and (2) protein domains penetrating into the bilayer hydrocarbon core. Chemistry and Physics of
Lipids 172-173, 67-77, doi: 10.1016/j.chemphyslip.2013.04.005.

49. Stuart, R. A. Chapter 11 Supercomplex Organization of the Yeast Respiratory Chain Complexes and the ADP/ATP Carrier Proteins.
Methods in Enzymology 456, 191-208 (2009).

50. Frericks, H. L., Zhou, D. H,, Yap, L. L., Gennis, R. B. & Rienstra, C. M. Magic-angle spinning solid-state NMR of a 144 kDa
membrane protein complex: E. coli cytochrome bo3 oxidase. Journal of Biomolecular NMR 36, 55-71 (2006).

51. Nordlund, G., Brzezinski, P. & Von Ballmoos, C. SNARE-fusion mediated insertion of membrane proteins into native and artificial
membranes. Nature Communications 5, 4303, doi: 10.1038/ncomms5303 (2014).

52. Wiedenmann, A., Dimroth, P. & Von Ballmoos, C. Functional asymmetry of the FO motor in bacterial ATP synthases. Mol.
Microbiol. 72, 479-490 (2009).

53. Laubinger, W. & Dimroth, P. The sodium ion translocating adenosinetriphosphatase of Propionigenium modestum pumps protons
at low sodium ion concentrations. Biochemistry 28, 7194-7198 (1989).

Acknowledgements
These studies were supported by the Knut and Alice Wallenberg Foundation (KAW) and grants from the Swedish
Research Council and the Swiss National Science Foundation (SNFS).

Author Contributions
C.v.B.,, PA. and PB. planned the research; T.N., C.R.L., G.N. and C.v.B. performed the experiments; P.B., C.v.B.
and P.A. wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Nilsson, T. et al. Lipid-mediated Protein-protein Interactions Modulate Respiration-
driven ATP Synthesis. Sci. Rep. 6, 24113; doi: 10.1038/srep24113 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
MM o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:24113 | DOI: 10.1038/srep24113 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Lipid-mediated Protein-protein Interactions Modulate Respiration-driven ATP Synthesis

	Results

	The effect of lipid composition on the coupled activity. 
	The effect of lipid composition on the enzymatic activities. 
	Influence of lipid composition on the proton permeability. 
	Effect of lipid composition on quinol diffusion within the membrane. 
	Effect of protein density on the coupled activity. 

	Discussion

	Summary. 

	Materials and Methods

	Enzyme expression and purification. 
	Liposome preparation. 
	Enzyme reconstitution. 
	Respiration-driven ATP synthesis measurements. 
	Measurements of the ATP synthase activity. 
	bo3 oxidase activity measurements. 
	ATP hydrolysis and membrane tightness measurements. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Coupled bo3-ATP synthase activity.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Individual activities of bo3 oxidase and ATP synthase.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ ATP synthesis and O2 consumption as a function of the fraction of DOPC for two different UQ1 concentrations.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Coupled bo3-ATP synthase activity as a function of the protein density and vesicle size.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Schematic model illustrating the conclusions.



 
    
       
          application/pdf
          
             
                Lipid-mediated Protein-protein Interactions Modulate Respiration-driven ATP Synthesis
            
         
          
             
                srep ,  (2016). doi:10.1038/srep24113
            
         
          
             
                Tobias Nilsson
                Camilla Rydström Lundin
                Gustav Nordlund
                Pia Ädelroth
                Christoph von Ballmoos
                Peter Brzezinski
            
         
          doi:10.1038/srep24113
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep24113
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep24113
            
         
      
       
          
          
          
             
                doi:10.1038/srep24113
            
         
          
             
                srep ,  (2016). doi:10.1038/srep24113
            
         
          
          
      
       
       
          True
      
   




